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Discussion
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 eNode-B. When used in combination with MIMO multi-stream transmission schemes, the required CQI feedback for FDPS is further increased. A few solutions have been proposed in order to reduce the multi-stream CQI feedback by using various differential CQI reporting schemes some of them also assuming a particular type of receiver, e.g. [2][3][4]. For single-stream transmission schemes the effects of reduced CQI feedback on the average cell throughput have been already reported in [4][5]. In the contribution [5] two simple CQI reporting schemes have been evaluated: ‘best-M scheme’ and ‘threshold based scheme’, and it was shown that for a 75% CQI feedback reduction (total 30bits for 10MHz bandwidth) it is possible to obtain only 5% cell throughput loss relative to the full CQI feedback case. In this study we extend this investigation to the impact of the same reduced CQI reporting schemes on system performance for downlink MIMO PARC 2x2 dual-stream transmission. 
2 MIMO PARC 2x2 transmission scheme

The reported MIMO dual-stream scheme is called Per-Antenna Rate Control (PARC), in which the Space-Time Transmit Diversity (STTD) scheme provides a fall-back mode, whenever a dual-stream transmission is not expected to be feasible and diversity transmission is needed instead. The PARC scheme is applied having LMMSE receivers for two independent streams. The feedback of CQI per two adjacent PRBs (2xPRB) allows selection of independent modulation and channel coding for the Transport Block of the two possible streams (2 codeword transmission). The link adaptation dynamically selects every TTI between the single-stream fall-back mode and the dual-stream transmission mode to be used for the scheduled user based on the achievable total instantaneous user throughput.
3 Considered CQI schemes and assumptions

The accuracy of the CQI report depends mainly on three factors: (1) Available pilot symbols, CQI measuring bandwidth, and available measuring time, (2) signalling resolution of the CQI report, and (3) delays from measuring the CQI until processed by the Node-B and used for scheduling. These aspects are considered and modelled in this contribution.

3.1 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 [7].  The results in terms of equivalent std. error on the SINR estimate versus the CQI averaging period have been presented in [7] and show 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. 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]. 

3.2 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 for both single-stream (1 CQI) and dual-stream (2 CQIs) transmission modes. We assume that a complete CQI report is sent every 2 ms to the eNodeB. For each 2xPRB block, we assume that 5 bits per CQI are needed in order 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. 
Of course other dual-stream CQI reporting methods are possible as well. A simple scheme to reduce this feedback for multi-stream transmission is to report the full CQI (5 bits) only for the first stream and the relative (differential) CQI (e.g. 3 bits) for the second stream which would reduce the total feedback by 20%. Nevertheless, further feedback reduction is possible with the two simple schemes described in the following sections.
3.3 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 bit mask is 25 bits for a 10MHz system bandwidth. This ‘best-M’ scheme corresponds to the earlier described ‘Top-M individual’ scheme [6], but without including in the feedback the average CQI of the PRB blocks not selected in the set of  best M (complementary set). In our case the PRB group size (granularity of the CQI feedback signalling) is 2.

For this study we considered that the dual-stream transmission, when selected by the link adaptation, uses the same 2xPRB groups as selected based on the single-stream SINR.
3.4 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 1 [3]. 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. A quantized version of average CQI is reported to the eNode-B together with a bit mask indicating which blocks of 24 sub-carriers are included in the averaging. This ‘threshold based’ scheme is similar to the ‘Top-M average’ scheme described in [6] with a threshold based selection of the best M PRB blocks and without including in the feedback the average CQI of the PRB blocks not selected in the set of best M (complementary set). The eNodeB has knowledge about the used CQI_threshold parameter thus the CQI for the set of non selected PRB blocks is directly available.

In our case the PRB group size (granularity of the CQI feedback signalling) is 2.
Similar to the best-M scheme case described above, the selection of the reported 2xPRBs is based only on the single-stream SINR.
Although this contribution focuses only on the reduction of CQI information feedback a similar threshold based scheme can be used for the reduction of the precoding information feedback, similar to the investigation reported in [4].
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Figure 1 Sketch to illustrate the Best-M scheme.
3.5 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 and granularity of the CQI feedback is 2xPRB bandwidth (i.e. 24 sub-carriers). Note that only for the Best-M scheme, the CQI feedback size depends on parameter settings (e.g. setting for M). In the Threshold CQI scheme the eNodeB has knowledge about the used CQI_threshold parameter, thus it can be excluded from the feedback information.
Table 1 - CQI feedback size for the considered reporting schemes when MIMO dual-stream transmission is used. System bandwidth is 10 MHz.

	CQI scheme
	CQI feedback  size [bits]
	Comments

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

Full CQI assumes 2 CQI’s needed for the single-stream  and the dual-stream transmission scheme. The same bit-mask is used for single-stream and dual-stream CQI reports.


	Best-M CQI
	 25 + 2 x 5 x M 
	

	Threshold CQI
	 25 + 2 x 5
	


4 Performance assessment
4.1 Simulation assumptions

Network simulations are conducted according to the agreed simulation methodology for LTE in 10 MHz bandwidth with Macro cell case 1 [1]. 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 single-stream 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 [5]. The OLLA offset is adjusted based on received Ack/Nack’s from past transmissions to that the BLER on first transmissions equal 20%. The OLLA is based on the same principle as traditional outer loop power control algorithms for WCDMA, where the offset is increased with a certain step-up size if a Nack is received, and decreased with a step-down size if an Ack is received. The ratio of the step-up and the step-down size determines the BLER target (assumed to 20% in this study). The OLLA is included in this simulation campaign as it tends to partly compensate for various CQI measurement and reporting uncertainties [5][7]. 

In the case of multi-stream transmission, ideally the OLLA mechanism would have to adjust independently the reported CQIs (e.g. 3 CQIs for a dual-stream transmission) for the single-stream and multi-stream transmission, respectively (multi-OLLA). A second option, and a more practical one, is to use a single offset (single-OLLA) calculated based on the Ack/Nack’s combination corresponding to the multi-stream transmission. This offset is then applied to the CQI reports corresponding to both the single-stream and multi-stream transmission. Both OLLA schemes have been analysed via extensive system level simulations using PARC 2x2 dual-stream transmission. The results show that the single-OLLA scheme introduces only negligible cell throughput losses compared to the multi-OLLA scheme. Thus in our study presented here we use the single-OLLA scheme only. 
	Environment
	Macro cell case 1, with 20 path TU @ 3 kmph. [1]

	Traffic model
	Infinite buffer

	Packet scheduling
	Proportional fair in both time and frequency. Number of frequency multiplexed UEs, FDM = {6, 10}.

	eNode-B transmitter
	2-Tx PARC for dual-stream, and STTD for single-stream mode

	UE receiver
	2-Rx LMMSE with ideal channel estimation

	Link to system model
	EESM

	HARQ
	Asynchronous adaptive HARQ with Chase combining

Independent H-ARQ processes per stream

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

	Link adaptation
	Based on CQIs as well as Ack/Nack’s from past first 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) [5][7]

	CQI quantization
	Quantization to 1 dB step is assumed.


Table 2 Summary of primary simulation assumptions.
Simulations are conducted for the three considered CQI schemes described in Section 3. The scheme with full CQI reporting for every group of 24 sub-carriers is used as the reference (see Section 3.2). The performance of the schemes with reduced CQI reporting is reported in terms of relative loss in average cell throughput compared to the reference scheme.
4.2 Simulation results

Figure 2 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. The performance loss from using the best-M scheme is slightly higher when more users are frequency multiplexed per TTI. This observation is in contrast to the results obtained with single-stream 2RX MRC transmission scheme reported in [3]. This can be explained with initial multi-user diversity gain of approximately 10% of FDM=10 over FDM=6 in the reference scheme while this gain is gradually vanishing when reduced CQI is used, with increasing values for the M parameter.
For M=12, the CQI feedback size equals 145 bits as compared to 250 bits for the reference scheme with full CQI reporting (42% reduction), while the relative downlink performance loss is on the order of 10% to 15% depending on the number of FDM users.[image: image2.emf]4 5 6 7 8 9 10 11 12
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Figure 2 Relative performance loss in average cell throughput from using the best-M scheme as compared to the reference scheme.
Figure 3 shows similar results for the threshold based CQI reporting scheme. Similar to the 2RX MRC case reported in [3], 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 CQI reporting as assumed for the reference scheme. The number of FDM users has significant influence on the achievable performances, and a similar trend is observed as in the case of the best-M scheme: the relative throughput loss with reduced CQI reporting increases when the number of FDM user is increased.

The general trend of the curves in Figure 3 can be explained as follows; for low threshold values, only a few blocks of 2xPRBs  are included, while very high threshold values lead to the opposite case where all 2xPRB blocks are included but averaged, thus the frequency diversity of the channel is not fully reflected in the reported 2xPRBs blocks. This scheme yields 86% feedback reduction (from 250 bits down to 35 bits) and, with the presented assumptions, the results suggest than a reasonable value for the threshold is on the order of approximately 3 dB to 5 dB, resulting in a relative performance loss of 9 % to 13 % compared to the reference configuration. The optimal threshold value depends on the number of FDM users. .
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Figure 3 Relative performance loss from using the threshold based CQI scheme as compared to full CQI reporting.
In comparison with the SIMO 2RX MRC transmission case analysed in [3], the relative throughput losses obtained in the case of dual-stream PARC/STTD 2x2 transmission chosen in this contribution, are higher for both reduced CQI reporting schemes used. This can be explained with the dual-stream link adaptation mechanism, which selects the fall-back single-stream STTD transmission mode whenever the achievable instantaneous single-stream rate is higher than the sum rate achievable using the dual-stream transmission. For the reduced CQI reporting schemes described above, the single bit mask which needs to be reported is actually selected based only on the measured CQIs for the single-stream fall-back mode. This selection procedure introduces a bias towards single-stream transmission, and as a direct consequence the probability of selecting the dual-stream transmission is also reduced, thus yielding lower averaged cell throughputs. Based on this explanation it seems reasonable to assume that we can further optimize the selection algorithm for the reported blocks of PRBs using a combination of the CQI values determined for single-stream and dual-stream transmission mode.
5 Conclusions

According to the presented results in this contribution, and with the system assumptions made, it seems possible to reduce the total number of bits for the multi-stream CQI reports at the expense of only a loss of up to 10%, in the downlink performance. The presented results in this contribution indicate that the threshold based scheme is more attractive than the best-M scheme in terms of trade-off between uplink CQI overhead versus downlink performance, similar to the single-stream transmission [3]. The threshold based scheme for a dual-stream transmission mode, in the best case only requires a 35-bit CQI feedback per reporting event in a 10 MHz bandwidth as compared to 145-bits for the best-M scheme to obtain similar performance, while a full CQI reporting requires 250-bits feedback. It is therefore recommended that such schemes are being further studied and considered also in the scope of the MIMO dual-stream transmission schemes. Although this contribution focused only on the reduction of CQI information feedback a similar approach can be used for the reduction of the precoding information feedback similar to the investigation reported in [4].
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