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1 Introduction

As reported in numerous contributions, frequency domain packet scheduling (FDPS) is one of the techniques which improve the downlink performance of LTE. The cost of frequency domain packet scheduling is uplink signalling overhead, as frequency selective CQI reports are needed at the eNodeB.
We assume that the UE measures the downlink channel quality (e.g. post detection SINR or other measure such as supported data rate) for each measurement bandwidth chunk – hereafter called measurement-PRB (MPRB) for the sake of simplicity. One MPRB is assumed to consist of an integer number of PRBs (12 sub carriers). In the recent LTE performance benchmark exercise, the default assumption was; MPRB=2xPRBs. In this contribution we address the need for separate CQI reporting for a sub-set of the best MPRBs as compared to an average CQI of best MPRBs. The contribution is organized as follows: In Section 2 we address various issues related to per MPRB reporting vs. per group of MPRB reporting of CQI. In Section 3 we provide quantitative performance results for different CQI schemes. Finally concluding remarks and recommendations for decisions are summarized in Section 4. Further simulation details are provided in the Appendix.

2 Per MPRB versus group of MPRB CQI reporting

A variety of different CQI schemes have been presented in 3GPP for LTE.  A significant group of these CQI schemes can be characterized into the following two main categories:
· Per MPRB reporting: For this category of CQI reporting schemes it is assumed that each UE report a separate CQI measure for a sub-set of the best MPRBs. Examples of such schemes include the so-called Best-M scheme, where the CQI is reported for the MPRBs with the highest CQI (i.e. the best channel quality).

· Average per group of MPRBs: For this category of CQI reporting schemes an average CQI is reported for a sub-set of the best MPRBs. Examples of such schemes include the so-called threshold-based and the average Best-M scheme, where the best MPRBs are first identified by the UE followed by reporting of the average CQI measure for this sub-set of MPRBs.
For both categories of CQI schemes, a bit mask is also signalled from the UE to the eNode-B to indicate the set of best MPRBs identified by the UE. Hence, both categories of CQI schemes provide a frequency selective channel quality measure to facilitate FDPS.

Pros and cons for the two considered schemes:
· Frequency selectivity resolution: The per-MPRB scheme provides the highest degree of frequency selective channel quality measure, as a separate measure is provided for each MPRB.

· Number of bits of the CQI word: The per-MPRB scheme requires more bits for reporting than the Average scheme, i.e. higher uplink signalling overhead from CQI reporting
· CQI format & testing issues: The CQI format is likely to be expressed as a recommended transport block size and modulation scheme and shall be testable as discussed in R4-070802. This implies that the transport block size per MPRB will typically be small (due to the low bandwidth) as compared to cases with the average scheme where several MPRBs are included (larger bandwidth). The latter implies that the full potential benefit from using error correcting Turbo coding is better captured for the average scheme due to the larger transport block size. Secondly, the average CQI reporting scheme is easier to test by simply letting the eNode-B transmit on the recommended set of best MPRBs with the suggested transport block size and modulation scheme. For the per MPRB scheme, a complete test would involve having the eNode-B transmit on individual MPRBs with the recommended transport block size and modulation scheme.
· eNode-B link adaptation and packet scheduling issues: Link adaptation is conducted using the same modulation scheme on all PRBs to one user, assuming joint coding over those. This implies that the eNode-B does not need knowledge of the accurate channel quality for each MPRB – All that is needed is the average channel quality (supported transport block size & modulation scheme) for the selected PRBs as well as an indication of which PRBs are the best (i.e. to facilitate FDPS). Having only the CQI (transport block size and modulation scheme) per MPRB requires additional smart algorithms at the eNode-B to estimate the supportable transport block size and modulation scheme if transmission is conducted on multiple PRBs. This compensation may be quite large if the per-MPRB TBS indications need to be testable and thus conservative due to low size of the encoding block.
Given these simple considerations, it appears that the CQI scheme with average reporting per group of MPRBs is the most attractive scheme. However, in order to further evaluate the two considered CQI reporting methods, we provide performance results from extensive system level simulations in the following section.

3 Performance results

3.1 Simulation assumptions

Network simulations are conducted according to the agreed simulation methodology for LTE in 10 MHz bandwidth with Macro cell case 1 [1]. Simulations are conducted for three considered CQI schemes (see more details in Appendix A):

· Full CQI reporting: A separate CQI for each group of 2xPRBs (MPRB=2xPRBs). 

· Best-M: A separate CQI for each of the M best groups of 2xPRBs. M is a configuration parameter. We assume that we have wideband CQI knowledge of all MPRBs as well due to estimation or direct signalling. 

· Threshold-based: An average CQI is reported is reported the best group of 2xPRBs which are within a threshold of X dB from the group of 2xPRBs with the highest channel quality. We assume that we have wideband CQI knowledge of all MPRBs as well due to estimation or direct signalling.
The main simulation assumptions are summarized in Table 2. In addition to traditional link adaptation based on the received CQI, we also apply an outer loop link adaptation (OLLA) algorithm. The OLLA algorithm basically includes an offset on the received CQI from the users before being used for packet scheduling decisions and selection of modulation and coding scheme. The OLLA offset is adjusted based on received ACK/NACKs from past transmissions to that the BLER on first transmissions equal 20%. 
	Environment
	Macro cell case 1, with 20-path TU @ 3 kmph.

	Traffic model
	Each user downloads a single 2 Mbit packet

	Packet scheduling
	Proportional fair in both time and frequency

	UE receiver
	2-Rx MRC with ideal channel estimation

	Link to system model
	EESM

	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 measurement error model
	Zero mean i.i.d. Gaussian measurement error with 1 dB standard deviation in the decibel SINR domain for each group of 2xPRB (24 sub-carriers).

	CQI quantization
	Quantization to 1 dB step is assumed.


Table 2 Summary of primary simulation assumptions.
3.2 Simulation results

Figure 4 shows the relative performance loss from using the best-M scheme compared to full CQI reporting. Results are presented for cases with frequency division multiplexing (FDM) of up to 6 and 10 users per TTI, respectively. As expected, the performance loss from using best-M is slightly lower when more users are frequency multiplexed per TTI. This is observed because less frequency domain CQI information is needed per user, as more users are jointly scheduled per TTI. Setting M=12, the relative downlink performance loss is on the order of 5%. For M=10, the CQI word size equals 85 bits as compared to 125 bits for the reference scheme.
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Figure 4 Relative performance loss in average cell throughput from using the best-M scheme as compared to the reference scheme.
Figure 5 shows similar results for the threshold based CQI reporting scheme. Here it is observed that there seems to an optimal threshold setting for each scenario that minimizes the relative performance loss from not having full CQ reporting as assumed for the reference scheme. This can be explained as follows; for low threshold values, only a few blocks of 2xPRBs (24 sub-carriers) are included, while very high threshold values leads to the opposite case where all 2xPRB blocks are included (i.e. no information on frequency selectivity is lost). Given the presented results, a reasonable value for the threshold seems to be on the order of approximately 5 dB, resulting in a relative performance loss of 6-8% compared to the reference configuration. 
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Figure 5 Relative performance loss from using the threshold based CQI scheme as compared to full CQI reporting.
Figure 6 shows the average cell throughput versus the UE velocity for four different CQI reporting schemes; (i) Full CQI reporting, (ii) Threshold-based reporting with 5 dB threshold, (iii) Best-M with M=10, and (iv) wideband CQI reporting. In this context, “wideband CQI reporting” refers to the case where the UE only reports an average CQI measurement over the full 10 MHz bandwidth. For the latter scheme, there is no FDPS. Instead, only one UE is scheduled over the full bandwidth per TTI, using proportional fair scheduling in the time-domain. It is observed that even with sub-optimal schemes (Best-M and Threshold-based) we achieve a significant FDPS gain of 40% over pure time-domain scheduling. At higher UE velocities, the gain from FDPS reduce as the eNode-B can no longer accurately track the radio channel variations as those become faster compared to the CQI reporting delay. Notice here that a CQI reporting delay of 4 ms is assumed (the exact value of the CQI reporting delay is still open). Also notice that the gap between having full CQI reporting and sub-optimal CQI reporting with reduced feedback tend to decrease at higher UE speeds. Hence, the presented results indicate the relative FDPS performance gain is equally sensitive to the UE speed independent on whether full CQI reporting, Best-M, or Threshold-based reporting is applied.
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Figure 6 Average cell throughput versus UE speed for different CQI reporting formats.
4 Conclusions

Given the presented considerations and performance results in this contribution, we propose that the frequency selective CQI report shall be standardized as an average measure (e.g. recommended transport block size and modulation scheme) for a sub-set of the best MPRBs, together with a bit mask indicating those best MPRBs. The latter is proposed to be agreed as a working assumption for CQI concept work. 

As discussed in Section 2, the recommended decision is fully compliant with recommendations from RAN4 on CQI testability, it is in coherence with the decisions for eNode-B link adaptation using the same modulation scheme for all PRBs to one user, and the reported system level results show that the same performance is achievable for the two classes of CQI reporting schemes, while the “average approach” has the additional advantage of requiring less bits. As an example of the latter, the Best-M scheme with M=10 and the threshold-based scheme with X=5 dB results in the same performance, requiring 75-bits and 30-bits for a 10 MHz system bandwidth, respectively.
How the UE selects the sub-set of best MPRBs is left open for further discussions. Here two potential candidate schemes are; Average Best-M and the Threshold-based scheme.

In addition to the frequency selective CQI measure, supplementary report of a wideband CQI report over the entire system bandwidth could also be beneficial for cases where the eNode-B for instance needs to schedule users on PRBs that are not included in the frequency selective CQI word. However, the latter is considered to be for further study and is considered to be outside the scope of this contribution.
5 Appendix A: Details of considered CQI schemes

5.1 Basic UE CQI measurement model

It is assumed that the UE CQI measurement resolution corresponds to two adjacent PRBs, i.e. 24 sub-carriers. Compared to e.g. WCDMA/HSDPA, the CQI measuring conditions for LTE are worse since the CQI measuring bandwidth is more than 10-fold smaller. To quantify the effects of the number of available reference symbols for estimation of the CQI, a set of idealized simulations have been conducted [2]. The simulations were conducted assuming an AWGN channel as well as ideal channel estimation. For this setup, the reference symbols as described in [1] are used for estimation of the experienced SINR. Following this setup, we have 8 reference symbols per 0.5 ms sub-frame and 2xPRB available for CQI estimation. The estimation of the CQI is based on an unbiased estimate of the standard deviation of the noise samples received at the time-frequency locations of the reference symbols. By introducing time domain averaging over multiple sub-frames as shown in Figure 1, we increase the available number of reference symbols and improve the per-PRB estimation accuracy if the channel conditions are stable over time. 
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Figure 1 - Impact of time-domain averaging on 2xPRB SINR accuracy.
It is clear from Figure 1 that there is significant gain available from averaging the CQI report. While this averaging can be conducted at the eNodeB, it is more advantageous from a signalling overhead perspective to conduct the minimum required averaging at the UE side. It was shown in [2] that significant system performance gain is available at low mobility from extending the CQI averaging method to compensate for the low measuring bandwidth. In the following, we assume a CQI averaging period of 2 ms resulting in an equivalent standard deviation of approximately 1 dB for each 2xPRB block. 

5.2 Full CQI reporting (reference scheme)

As reference, we have simulated a Full CQI scheme where the UE reports the absolute performance for each measured 2xPRB block. We assume that a complete CQI report is sent every 2 ms to the eNodeB. For each 2xPRB block, we assume that 5 bits are needed in order to represent the link adaptation dynamic range (assuming transmission modes ranging from QPSK 1/6 to 64QAM uncoded transmission. We include a 1 dB quantization error in the per-2xPRB reporting accordingly.

5.3 The best-M scheme

The best-M scheme has been considered in earlier contributions. Similar to the Full CQI reporting scheme, we assume that 5 bits are needed for each of the M 2xPRB groups and we also need a bit mask indicating which of the 2xPRB groups have been selected and measured. The number of bits for the bit mask depends on M.

5.4 The threshold based scheme

The threshold based CQI scheme relies on further compression compared to the best-M scheme. The basic principle of the best-M scheme is sketched in Figure 2. Based on the measured CQIs by the UE, an average CQI value is computed of the CQIs that are included in the threshold (dark grey bars) relative to the highest measured CQI. The quantized version of average CQI is reported the eNodeB together with a bit mask indicating which blocks of 24 sub-carriers are included in the averaging.
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Figure 2 Sketch to illustrate the Best-M scheme.
5.5 Comparison of CQI word size in 10 MHz bandwidth
The different CQI reporting schemes are summarized in Table 1 with respect to the reporting size. Basic assumption is that CQI measurement bandwidth is 2xPRB bandwidth (i.e. 24 sub-carriers). Note that only for the Best-M scheme, the CQI word size depends on parameter settings (e.g. setting for M). The schemes are numerically compared in Figure 3.

Table 1 - CQI word size for the considered reporting schemes. System bandwidth is 10 MHz.

	CQI scheme
	CQI word size
	Comments

	Full CQI (reference)
	25 x 5 bits
	- 5 bits needed to represent link adaptation dynamic range.

- 25 measurement bins of 2xPRBs are assumed for 10 MHz system bandwidth

	Best-M CQI
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Figure 3 Summary of CQI word size per reporting for the three considered CQI schemes.
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