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1 Introduction

In order to exploit frequency diversity by means of frequency domain scheduling in LTE, the eNodeB needs accurate channel state information for scheduling and link adaptation. Since the transmission bit rate in uplink is limited, not the full channel state information can be transmitted by each UE. Therefore different schemes for lossy compression have been proposed in studied in previous contributions to 3GPP RAN1.

In this document several CQI reporting and compression schemes are discussed and the errors caused by the lossy compression of CQI are analysed. Further, a fast analysis methodology to evaluate various compression schemes in various scenarios is introduced. The validity of this methodology is confirmed by checking the results with system level simulation results presented in [3]. Finally, we propose a way forward for future discussion.
2 Error sources for inaccurate CQI at eNodeB

In general, we can classify the error sources for inaccurate channel state information as available at the eNodeB into the following categories:

1. Feedback and processing delay

2. Lossy compression of full CQI at UE prior to transmission

3. Erroneous channel state measurement in the UE (e.g. DL noise / interference)

4. Quantisation errors of CQI values due to fixed point representation

5. Erroneous reception of reported CQI values (e.g. UL noise / interference)

In the following, the causes and effects of categories 1. and 2. are elaborated upon in more detail. Within this document, we will assume that the signalled CQI is an SINR value derived from downlink reference symbols by means of channel estimation. Even though the resource block size has been determined as 12 sub-carriers, throughout this document we assume that the CQI is reported per reporting block consisting of 24 sub-carriers.

2.1 Feedback and processing delay

Due to the nature of the measurement and reporting cycle, there is a certain delay between the time that a channel is measured by the UE and the time when that measurement is available at the eNodeB for scheduling and link adaptation purposes (feedback delay), plus a delay until transmission of the scheduled data actually takes place (cf. Figure 1).

Depending on the coherence time of the channel, this delay may result for slow fading channels only in slightly suboptimum link adaptation, while for faster fading channel the whole scheduling may assign resource blocks to users who by the time of transmission face quite different channel states for these resource blocks. The effects are either a waste of power or frequency resources (in case the channel has become better), or a waste of time resources by running into (H)ARQ processes (in case the channel has become worse).
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Figure 1. Feedback and processing delay for CQI

Figure 2 shows the cumulative density function (CDF) of the signal power error between the channel coefficient for a given reported block as it occurs at a given time, and the channel coefficient for the same reported block as it is assumed at the eNodeB as the result of a full (i.e. lossless) CQI feedback. Assumptions used in generating the graph are given in Table 1.
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Figure 2. Error statistic for delayed CQI in a TU6 channel

The interpretation of this graph is quite straightforward. In case of a negative Signal Power Error, a scheduled resource block will use a too optimistic link adaptation, since the channel is actually worse than what the eNodeB assumes; consequently the left half of the diagram represents the area where (H)ARQ events will be triggered to compensate. On the other hand, for positive Signal Power Errors, the channel condition at transmission time will be more beneficial than eNodeB assumes. Therefore the link adaptation assigns a too conservative modulation/coding scheme in this case, so that the right half of the diagram represents the area where channel capacity in terms of power or data rate is wasted.

From Figure 2(a) we can conclude that in a 3 km/h case, a reasonable feedback delay does not incur too many large errors on average. For a delay of 2 TTI, the channel will be within ±0.5 dB of the reported channel 92% of the time. In case of 6 TTI delay, there is still a 79% probability that the channel is within ±1 dB of the reported channel.

Obviously these numbers depend on the feedback delay in conjunction with the Doppler frequency and the feedback interval. For example, if only every 4th TTI a full (i.e. uncompressed) CQI was transmitted with 2 TTI delay, the perceived delay for the CQI information ranges from 2 to 5 TTI.

Assuming this quite realistic case of 2 TTI delay and a feedback interval of 2 TTI (2 ms), the probability of staying within ±1 dB of the reported channel ranges from 96% to 99%; with a feedback interval of 4 TTI (4 ms), the respective probability ranges from 85% to 99%. Consequently, for 3 km/h and full feedback with a feedback interval of 2 ms we should see almost no reduction in performance compared to instantaneous feedback; the sector throughput for a feedback interval of 4 ms should be reduced slightly, while for larger feedback intervals, the sector throughput reduction should become more and more notable.

From Figure 2(b) we can see that for a 15 km/h case and a feedback delay of 2 TTI, even with uncompressed (i.e. full) CQI feedback, about 42% of the reported CQI values are more than 1 dB stronger or weaker than the channel actually is at transmission time. If only every 4th TTI a full (i.e. uncompressed) CQI was transmitted with 2 TTI delay, the perceived delay for the CQI information ranges from 2 to 5 TTI, increasing the probability of deviations larger than +/-1 dB to values between 42% and 73%. This explains the loss seen in system level simulations when considering full feedback with delay and feedback intervals larger than one TTI for 15 km/h compared to instantaneous feedback.

Table 1. Assumptions for the feedback and processing delay error simulation

	Channel model scenario
	Typical Urban 6-path

	Doppler frequency
	5.56 Hz (3 km/h @ 2GHz)
27.78 Hz (15 km/h @ 2GHz)

	Average CQI    (
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)
	0 dB

	System bandwidth / Number of reported blocks per TTI
	10 MHz / 25

	Number of simulated TTIs
	10000 non-continuous,
continuous within feedback and processing delay

	Feedback and processing delay
	1..20 TTI

	CQI feedback compression
	None (full feedback)


To reduce the negative effects of a feedback period larger than one, incremental or differential feedback schemes may be employed. The idea is to have a full feedback period of TFP TTI, with additional CQI feedback signals in between. The “hybrid feedback” scheme described in [2] may be seen as an instance of an incremental feedback scheme.

As a consequence, the following aspects should be kept in mind:

· Delay errors due to feedback intervals much larger than one TTI may be a non-negligible factor even for low Doppler frequencies

· Variable feedback periods for different scenarios should be further considered

· Incremental or differential feedback schemes should be further considered

2.2 Lossy CQI Compression

In order to keep the required CQI signalling overhead in the uplink low, the amount of information bits available for a CQI report should be limited. Therefore it will generally not be possible to transmit the full CQI information; instead, the amount of data should be reduced by discarding, i.e. lossy CQI compression. This will result in a reduced quality of the channel state reconstruction capability at the eNodeB, therefore incurring errors. These errors differ depending on the employed compression scheme.

In the following description, we assume that the parameter M is known to (or determined by) the eNodeB, and therefore does not need to be transmitted in the uplink signal.

2.2.1 Best M Individual

Instead of transmitting the SINR for each report block within the transmission bandwidth, only the strongest M report blocks are determined and their respective SINRs are transmitted. As additional information, a single average SINR of all other report blocks is transmitted.

The total budget for the uplink overhead therefore needs to enable transmission of the following attributes:

· Designation
 of M strongest report blocks

· M SINR values, one for each of the M strongest report blocks

· 1 SINR value, as average over all other report blocks

2.2.2 Best M Average

Like for the Best M Individual scheme, the strongest M report blocks are determined. However, as a further simplification, only the average SINR of these M report blocks is transmitted.

The total budget for the uplink overhead therefore needs to enable transmission of the following attributes:

· Designation1 of M strongest report blocks

· 1 SINR value, as average over the M strongest report blocks

· 1 SINR value, as average over all other report blocks

2.2.3 DCT Greatest M

M coefficients out of the output coefficients of the DCT operation are determined for transmission as CQI. The DC component is always one of these M coefficients, the other M-1 coefficients are selected such that they are the coefficients with the M-1 largest absolute values.

The total budget for the uplink overhead therefore needs to enable transmission of the following attributes:

· 1 coefficient for the DCT DC component

· Designation1 of M-1 DCT coefficient indices

· M-1 DCT coefficient values

3 Frequently Scheduled Resource Blocks

In [1], measurement errors have been analyzed with respect to different channel coefficient levels. In order to better interpret the measurement error statistics, it is helpful to make some assumptions about the relevance of such channel coefficient levels.

Table 2. Assumptions for the scheduled CQI level probability simulation

	Channel Model Scenario
	Typical Urban 6-path

	Average CQI    (
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)
	0 dB

	System bandwidth / Number of reported blocks per TTI
	10 MHz / 25

	Number of users in a TTI
	1..10

	Traffic pattern
	Full buffer

	Number of simulated TTI
	10000 non-continuous

	Scheduling algorithm
	Proportional fair

	CQI compression
	None (perfect full knowledge)


To this end, we have analysed the probability of scheduling depending on CQI value levels in a scenario where several users compete for assignment of resource blocks. Nu users with the same channel model generate independent frequency responses. Then for each reported block, the strongest occurring channel coefficient of the users is selected. The selected channel coefficient is categorised into several CQI levels, and the histogram is evaluated to determine the frequency of selection for each CQI level. Assumptions are summarised in Table 2. The results are given in Figure 3.
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Figure 3. Selection probability for CQI levels over all reported blocks for multiple competing users

As can be seen, the vast majority of CQI values that are selected by the scheduling algorithm is above 0 dB when several users are active. Therefore the CQI compression scheme should perform best in those CQI levels, while in the lower levels larger compression errors may be tolerable, at least from the proportional fair scheduling point of view. 

4 Performance of Compression Schemes

4.1 Single Link CQI Error Statistics

Single link simulations have been executed to check the error statistics with respect to a certain CQI level. These simulations use the following features:

· Include the effect of feedback and processing delay (continuous channel)

· Error-free transmission of CQI signal in uplink

· Error statistics between channel assumed at eNodeB and actual valid channel are determined (see Figure 4)
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Figure 4. Determination of signal power error to obtain error statistics

The error analysis focuses on the channel as it is perceived at eNodeB at scheduling time, since this is the reference that is used in the actual system. For simplicity, the CQI values at eNodeB are grouped into several CQI levels (i.e. assumed power levels), for which the error statistics are obtained separately. Details of the simulation parameters are given in Table 3. It ashould be noted that th “DCT Greatest 8” and “Best 7 Individual” schemes were selected because they represent almost identical uplink overhead (see [3] for details). The “Best 5 Average” scheme was chosen because it turned out to be the best trade-off between transmitting CQI for a large number of report blocks and averaging over a small number of report blocks to keep the deviation small.

Table 3. Assumptions for the error statistics probability simulation

	Channel model scenario
	Typical Urban 6-path

	Doppler frequency
	5.56 Hz (3 km/h @ 2GHz)
27.78 Hz (15 km/h @ 2GHz)

	Average CQI    (
[image: image8.wmf]2
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)
	0 dB

	System bandwidth / Number of reported blocks per TTI
	10 MHz / 25

	Number of simulated TTIs
	10000 non-continuous,
continuous within feedback and processing delay

	Feedback and processing delay
	2 TTI

	CQI feedback compression
	None (full feedback)
DCT Greatest 8
Best 7 Individual
Best 5 Average

	Channel error probability for CQI UL signal 
	0 %


Concluding from Figure 3, the most frequent scheduled CQI levels for several competing users are 0-3 dB and 3-6 dB. Therefore Figure 5 and Figure 6 show the error statistics for those levels; additional results are provided in the Annex.
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Figure 5. Error statistics for 3-6 dB assumed channel power
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Figure 6. Error statistics for 0-3 dB assumed channel power

From these graphs, the following properties are observed:

· Best 7 Individual is almost as good as full feedback for the strongest reported blocks

· Best 7 Individual and Best 5 Average show almost identically poor performance for reported blocks around and below 0 dB

· Best 5 Average cannot exceed the performance of DCT Greatest 8 

· DCT Greatest 8 does not suffer as dramatically as Best 7 Individual or Best 5 Average schemes with decreasing reported block power levels compared to full feedback

· At 15 km/h, the difference between DCT Greatest 8 and Full Feedback diminishes compared to the 3 km/h case

· At 15 km/h, for the high CQI level (Figure 5) the loss of DCT Greatest 8 against Best 7 Individual becomes less significant, so that it appears to be compensable by the gain of DCT Greatest 8 for the medium CQI level (Figure 6)

4.2 System Evaluation

These compression scheme properties have to be checked against system level simulation results to assert the significance of the error statistics to the overall performance in a multi-user multi-cell scenario, also taking the required uplink overhead for the different compression schemes into account. Details of that analysis can be found in [3].

The cost of the Best M Average, Best M Individual, and DCT Greatest M schemes in terms of uplink signalling overhead can vary greatly. Considering a fixed value of M, we can safely assume that Best M Individual costs more than DCT Greatest M, which again costs more than Best M Average. Different values for M have been considered in [3].

With the constraint of similar uplink overhead cost (i.e. the value of M depends on the compression scheme), the main results are summarised as: 

· For 3 km/h

· Best M Individual achieves the highest sector throughput considering a small amount of uplink overhead (i.e. long feedback interval)

· Full Feedback achieves the highest sector throughput considering a moderate to large amount of uplink overhead (i.e. medium or short feedback interval)

· DCT Greatest M schemes show more sector throughput than Best 5 Average

· A feedback interval of 4 TTI (4 ms) appears to be sufficient

· DCT Greatest M performance does not deteriorate as much as Best M Individual for increasing feedback intervals

· For 15 km/h

· DCT Greatest M achieves very high sector throughput with reasonable uplink overhead considering a short feedback interval

· Considering the uplink overhead, Full Feedback is not attractive

· DCT Greatest M schemes show more sector throughput than Best M Individual schemes using the same uplink overhead

· Compared to 3 km/h, Best M Average and DCT Greatest M are not affected as much as Best M Individual by the increased Doppler frequency in terms of sector throughput

· Any increase of the feedback interval to more than 1 TTI translates into a sector throughput reduction of several percent, regardless of the CQI compression scheme

All in all, these results agree very well with the results of the error analysis in sections 2.1 and 4.1. This confirms the validity of the introduced evaluation methodology.

5 Conclusions
Since the results of the single link error analysis in conjunction with the frequently scheduled resource block CQI level analysis, are in good agreement with system level simulation results [3], we conclude that such single link error analysis provides a good qualitative measure to assess the performance of the various compression schemes.

An evaluation method as introduced in section 4.1 enables fast simulations for various scenarios for quick evaluation of feedback schemes; in fact the results presented in that section have been obtained in less than one hour of simulation time.

Based on the results of the analysis in conjunction with the system level simulation results in [3], we propose the following approach as a way forward:

· Evaluation of compression schemes using the introduced error statistics
· Consider depending on the scenario and the available uplink capacity for CQI transmission:

· Variable number of reported blocks (up to full CQI feedback)

· CQI feedback that can encompass advantages or aspects of both Best M Individual- and DCT Greatest M-based compression (FFS)

· Variable CQI feedback intervals
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7 Annex: Detailed error graphs
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Figure 7. Error statistics for (a)-(e) 3 km/h and (f)-(j) 15 km/h







� Preferably, the designation is carried out by signalling which combination of “n out of N” possible combinations is selected.
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