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1. Introduction

In this contribution we address the performance of CQI compression schemes and their impact on performance and the eNode-B RRM algorithms such as packet scheduling and link adaptation. A variety of CQI compression schemes have been presented in both 3GPP RAN WG1 contributions and also in the public literature [1]-[8]. Based on the previous conclusions in [1] and other studies, one of the promising CQI compression schemes is a method where the average channel quality is reported for a sub-set of the best frequency chunks. We therefore further study such schemes, with emphasis on some of the recently raised open issues, including:

· What is the impact of using different of sub-band measurements bandwidths at the terminal?

· What is the impact of only knowing the channel quality for the best parts of the bandwidth, if the eNode-B also wants to schedule the user on other parts of the bandwidth?

· What is the realistic performance of the Threshold-based scheme and the Average best-M scheme (see [1]-[4]) under time-varying traffic conditions with different number of schedulable users per TTI?

We address those issues by a simple analysis and discussion of the involved aspects, as well as provide a new set of performance results from system level simulations. In Section 2 we address the impact of measurement bandwidth and the CQI word size for the Threshold-based and Average best-B CQI compression schemes. Algorithm and simulation assumptions are described in Section 3, along with a couple of results for various SINR statistics.  Extensive system simulations are reported in Section 4. Finally, concluding remarks are given in Section 5.
In order to limit the scope of this contribution, we only address the performance for single stream transmission. However, as discussed in [7], both the Threshold-based scheme and the Average best-M scheme can be extended to multi-stream MIMO.

2. Measurement bandwidth and compression schemes
It is assumed that the UE measures the downlink received channel quality for each sub-band of X PRBs, where X in an integer. The channel quality may hereafter be reported for all the sub-bands over the entire system bandwidth (full CQI reporting), or from a sub-set of the sub-bands by applying some compression schemes. This implies that the sub-band size of X PRBs has a direct influence on the number of required bits for reported CQI word, i.e. smaller CQI word size for increasing values of X. However, the value of X should be sufficiently small to capture the frequency selectively of the radio channel to facilitate efficient frequency domain packet scheduling at the eNode-B. This basically implies that the sub-band size of X PRBs shall not be larger than the radio channels coherence bandwidth. As an example, the frequency correlation function for four different radio channel impulse response models are plotted in Figure 1. Given these results, it appears that selecting X=2 is an appropriate value for the Typical Urban (TU) 20-path model, while X=5 is sufficient for the SCM-B and SCM-C models.
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Figure 1 Frequency correlation function for different radio channel impulse response models.
Assuming full CQI reporting with no compression, the CQI word equals K/X*Q bits, where K is the number of PRBs in the system bandwidth and Q is the number of bits for channel quality per sub-band. As discussed in previous contributions (see e.g. [1]), Q=5 bits is a reasonable setting to ensure a 1 dB resolution of the full link adaptation range from QPSK with heavy coding up to 64QAM  with little, or no, coding.
The CQI word size can be further reduced by only reporting the average channel quality of the best sub-bands together with a bit mask indicating the position of the best sub-bands. Examples of such compression schemes include the so-called Threshold-based scheme [1] and the Average Best-M scheme. The only difference between the two latter schemes is the method used to select the best sub-bands, i.e. either based on a threshold compared to the sub-band with the highest quality (Threshold-based), or by simply selecting the M sub-bands with highest quality (Average Best-M). The CQI word size for such schemes equals Q+K/X bits. 

The CQI word size is summarized in Table 1 for a 10 MHz system bandwidth (K=50) and Q=5 for X=2 and X=5. It is observed that the CQI word size for the compressed schemes (Threshold-based or Average Best-M) is orders of magnitudes smaller than the CQI word size for full CQI reporting. By increasing X from 2 to 5, the CQI word size is reduced with a factor of two for the compressed schemes so it only equals 15 bits.  
Table 1 CQI word size for different measurement sub-band sizes of X PRBs with/without CQI compression for a 10 MHz system bandwidth.
	
	X=2
	X=5

	Full CQI reporting 
	25*5=125 bits
	10*5=50 bits

	Threshold-based or Average Best-M
	25+5=30 bits
	10+5=15 bits


The measurement on each sub-band of X PRBs is subject to errors due to the limited number of available reference symbols. The measurement error can be approximated with a zero mean Gaussian random variable in the SINR decibel domain as discussed in [1]-[2]. Assuming that the measurement in each sub-band of X PRBs is averaged over a  2-ms time-period, the standard deviation of the error is found to equal 1.0 dB and 0.7 dB for X=2 and X=5, respectively. 

3. Algorithm and simulation assumptions

System level simulations are conducted with all the standard eNode-B RRM features, including link adaptation, Hybrid ARQ management, and packet scheduling, using the parameter settings listed in Table 2.
	System bandwidth
	10 MHz

	Environment
	Macro cell case 1,
- 20-path TU @ 3 kmph (default).
- SCM-C @ 3 kmph

	Traffic model
	Best Effort (BE)
- Poisson call arrival process
- Each packet call is of the same average size

	Packet scheduling
	Proportional fair in both time and frequency
- with maximum scheduling of 10 users per TTI

	UE receiver
	2-Rx IRC

	Link to system model
	EESM (assuming realistic channel estimation)

	HARQ
	Asynchronous adaptive HARQ with Chase combining

	UL CQI report reception
	Are always received correctly by the eNodeB.

	Link adaptation
	Based on CQIs as well as ACK/NACKs from past transmissions for outer loop link adaptation. First transmission BLER target is 20%.

	CQI reporting & delay
	CQI is transmitted every 5 ms with 2 ms delay

	CQI measurement error model
	Raw CQI is measured per 2-PRBs (default) or per 5-PRBs.

Zero mean i.i.d. Gaussian measurement error with 1 dB  and 0.7 db standard deviation in the decibel SINR domain for each group of 2xPRB and 5-PRB, respectively.

	CQI quantization
	Quantization to 1 dB step is assumed.

	DL overhead
	3 OFDM symbols per TTI for PDCCH + 4.5% RS overhead according to 36.211 (assuming 1-tx antenna)


Table 2 Summary of simulation assumptions.

When assuming full CQI reporting, the eNode-B has knowledge of the full frequency selective channel quality for the users, so accurate scheduling (selection of PRBs) and link adaptation (selection of MCS) becomes straight forward, independent of where in the frequency domain a certain user is scheduled. However, the joint eNode-B scheduling & LA becomes slightly more challenging for the cases with reduced CQI reporting. The latter is the case for the Threshold-based and Average best-M schemes, as the channel quality is only reported for a sub-set of the best sub-bands (PRBs). The channel quality of the remaining (worse) PRBs is therefore not accurately known by the eNode-B – also known as the unclaimed PRBs as discussed in [5]. However, depending on the number of schedulable users in each TTI and their respective channel quality and QoS requirements, it could happen that certain users are also scheduled on unclaimed PRBs in order to exploit the full bandwidth. As an example, let’s consider the case where the average channel quality is reported for the best M sub-bands of 2-PRBs within a certain threshold, while the eNode-B chooses to schedule the user on W sub-bands. For cases with W>M, or for cases where the set of the M reported sub-bands and the scheduled PRBs  are dis-joint, the eNode-B also needs to know the channel quality of the unclaimed PRBs in order to perform accurate LA. Figure 2 shows an example of the cumulative distribution function (cdf) of the difference between the average SINR of the best set of M blocks of 2-PRBs and the complementary set of the worse blocks of 2-PRBs. The results are obtained for the TU channel, assuming the Threshold-based CQI compression scheme for selecting the best set of M blocks of 2-PRBs. As reported in earlier studies (see [1]-[2]), using a Threshold of 5 dB on average result in selecting 10 sub-bands of 2-PRBs within the best set. As observed from Figure 2, the average SINR difference between the best and worse PRBs is primarily varying between 4.5 dB and 7.2 dB (10% to 90% percentile). The latter result is a fairly low variation, which indicates that the eNode-B might simply assume that the channel quality of the unclaimed PRBs equals the reported channel quality of best sub-bands minus X dB, where X could be assumed to equal 5-6 dB. This method is in coherence with the assumed approach in [3]. An alternative to the simple approach of assuming that the quality of the unclaimed PRBs equals an offset compared to the best PRBs is to apply more advanced estimation techniques as studied in [6], among others.

In cases where a simple wideband CQI is reported on the PUCCH while a more detailed compressed CQI word is reported on the PUSCH, the average channel quality of the unclaimed PRBs can simply be estimated the eNode-B as the weighted difference between the reported wideband and best sub-bands quality.
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Figure 2 Cumulative distribution function of the SINR difference between the average channel quality of the best and the worse PRBs, assuming a TU channel profile and 10 MHz system bandwidth.

In order to further elaborate on the effect of having incomplete channel quality knowledge of the unclaimed PRBs (or sub-bands), Figure 3 show examples of the cdf of the SINR scheduling error. The SINR scheduling error is defined as the difference between true average experienced SINR at the user on the allocated/scheduled PRBs and the assumed SINR by the eNode-B when performing link adaptation. The scheduled SINR error means that eNode-B tends to select a sub-optimum modulation and coding scheme (MCS) for first transmissions. Note that the results in Figure 3 are generated under the default assumptions listed in Table 2, so sub-bands of 2-PRBs are assumed with a zero mean Gaussian error of 1 dB standard deviation per sub-band. All the results assume the Threshold-based scheme with 5 dB parameter setting, which on average means that 10 sub-bands of 2-PRBs are include in the best set being reported to the eNode-B. Results are shown for eNode-B scheduling on W sub-bands. It is observed that the scheduled SINR error is fairly small for cases where W=10, since this on average matches the number of sub-bands is the reported CQI word. For W=1, the scheduled SINR error increases to a magnitude of up to approximately ±2.5 dB (10% and 90& percentile). For W=10 and W=20 sub-bands of 2-PRBs, the scheduling error is again reduced to a fairly low value of ±1.3 dB. Notice here that these errors on the scheduled SINR should be seen in the context where we assume 1 dB measurement error at the UE for each sub-band of 2-PRBs. Secondly, it shall be kept in mind that a moderate error on the equivalent assumed scheduled SINR is not seen critical for the selection of MCS due to the added robustness of also using Hybrid ARQ. 

Given these simple findings, it is assumed in our system simulations that the eNode-B sets the channel quality of the unclaimed PRBs to equal the average quality of the best PRBs minus 6 dB.
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Figure 3 Cumulative distribution function of the scheduled SINR error for different numbers of scheduled frequency blocks of W 2-PRBs.

In this study we apply a simple best effort traffic model with Poisson call arrival, assuming that each user downloads the same amount of data before the call is terminated. This implies that the number of users per cell become time-variant during a simulation, rather being constant as is the case for the typical full buffer traffic model. As an example, Figure 4 shows the cdf of the number of schedulable users per cell for the assumed traffic parameter settings used in the system level simulations. The motivation for using a traffic model with time-variant number of users per cell is to quantify whether application of the compressed CQI schemes is feasible under such conditions, where parameters like Threshold and M are not fully optimized to the number of users being scheduled in each TTI. Note that the Threshold and M parameter are kept constant during a simulation for the Threshold-based and Average best-M scheme, respectively. 
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Figure 4 Cumulative distribution function of the number of schedulable users per TTI in a cell. A schedulable user is a user with pending data for transmission at the eNode-B (either new data or pending HARQ retransmissions).
4. System level performance results
Figure 5 shows the relative performance loss in average cell throughput from using the compressed CQI schemes (Threshold-based or Average best-M) compared to full CQI reporting. These results are obtained using a sub-band size of 2-PRBs and assuming the TU radio channel impulse response. Results are reported for the Threshold-based scheme with 3 dB and 5 dB threshold setting. Similarly, results for the Average best-M scheme are also presented for two parameter settings, i.e., M=5 and M=10 sub-bands. In coherence with previous studies (see e.g. [1]-[2], among others), the relative performance loss is less than 5%. This is considered to be a marginal penalty in performance when compared to the reduction of the CQI word size from 125 bits to 30 bits (see Table 1). The results in Figure 5 furthermore confirms that both CQI compression schemes are applicable under realistic traffic conditions with time-varying number users per cell, without having to adapt the Threshold- or M-parameter according to the number of users. Given the orders of magnitude of the results in Figure 5 we conclude that there only is minor performance difference between the Threshold-based and Average best-M schemes, although there is a general trend that the Threshold-based scheme is slightly better. As an example, further performance results for the Threshold-based scheme are reported in [1]-[2], as well as results for other CQI compression schemes in [3]-[4].
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Figure 5 Relative average cell throughput performance loss of the reduced schemes compared to full CQI reporting, assuming sub-bands of 2-PRBs and TU radio channel impulse response.
A set of simulations have also been conducted for a sub-band measurement size of 5-PRBs. Here it is found that an additional throughput loss of 8% is experienced in environments with the TU radio channel impulse response (compared to using a sub-band size of 2-PRBs). The relative high additional loss of 8% is due to the fact that the coherence bandwidth of the TU channel impulse response is smaller than 5-PRBs, i.e. see the more detailed discussion and results in Section 2. However, when repeating the same set of simulations for the SCM-C radio channel impulse response, then we only observe an insignificant additional loss of 1.8% from increasing the sub-band size from 2-PRBs to 5-PRBs. The latter observation is due to the larger coherence bandwidth of SCM-C as compared to TU.  Using a sub-band size of 5-PRBs is therefore the most attractive choice for SCM-C, resulting in a CQI word size of only 15 bits for a 10MHz system bandwidth for the considered CQI compression schemes (see the results in Table 1). 
5. Conclusions

The following conclusions are drawn from this study:
· The performance of the Threshold-based and Average best-M schemes are fairly close. Both schemes present a large reduction of the CQI word size compared to full reporting while only resulting in a minor downlink throughput loss.  The Threshold-based scheme is resulting in slightly better performance than the Average best-M scheme. 
· Both the Threshold-based and Average best-M scheme have been shown to function under time-varying traffic conditions without having to strictly optimize the parameters (Threshold setting or M parameter) according to the number of scheduled users per TTI.
· A sub-band measurement size of 2-PRBs seems like the natural choice for a TU radio channel profile. Increasing the sub-band size to 5-PRBs results in an additional downlink performance loss of 8% in average cell throughput.
· A sub-band measurement size of 5-PRBs is an appropriate choice for the SCM-C channel profile due to its larger frequency coherence bandwidth. With this channel profile, there is no significant gain from using a sub-bad size of 2-PRBs. Using a sub-band size of 5-PRBs instead of 2-PRBs reduces the CQI word size from 30 to 15 bits in a 10 MHz system bandwidth for the Threshold-based and Average best-M scheme.
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