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1 Introduction
Frequency selective scheduling (FSS) is a feature supported by upcoming LTE systems. However a large amount of channel quality information is needed in the uplink to support FSS based downlink transmission. Therefore several information compression schemes have been proposed for the E-UTRA uplink control signalling to reduce the CQI feedback overhead. In this contribution, some of these CQI compression schemes will be evaluated through system simulation with realistic assumptions on CQI measurement error, transmission delay and reception loss. 
Simulation was performed in various channel environments (TU/PA/VA channels) and for various UE speeds (3Km/h, 7Km/h, 15Km/h). Simulation results show that best-M based CQI compression method [4, 10, 11, 15] is a very attractive feedback scheme to support FSS based transmission for the E-UTRA.
2 CQI compression schemes

The following five solutions are evaluated:
· Best-M average, which transmits

· A label indicating the location of M strongest CQI sub-bands[10];

· An averaged primary CQI for the M selected sub-bands;

· An averaged secondary CQI for all other sub-bands.

· Best-M individual, which transmits

· A label indicating the location of M strongest CQI sub-bands;

· M full feedback CQIs for the M selected sub-bands;

· An averaged secondary CQI for all other sub-bands.
· Best-M differential modulation (DM) [4, 5], which transmits

· A label indicating the location of M strongest CQI sub-bands;

· A CQI reference and DM CQIs based on the reference for the M selected sub-bands;

· An averaged secondary CQI for all other sub-bands.
· DCT significant-M [9], which transforms all sub-band CQIs to equal-numbered DCT coefficients and transmits 
· The DC coefficient of the DCT transformed CQIs;

· M-1 strongest DCT coefficients;

· The indices of the M-1 DCT coefficients.
· DCT partitioning [12], which selects M strongest CQI sub-bands and transmits
· The DC coefficient and N1-1 strongest DCT coefficients of CQIs of the M selected sub-bands;

· The DC coefficient and N2-1 strongest DCT coefficients of CQIs of all other sub-bands;

· A label jointly indicating the location of the M strongest CQI sub-bands, the indices of the N1-1 DCT coefficients and the indices of the N2-1 DCT coefficients.
The overhead consumption of the CQI reporting schemes are compared with full feedback CQI reporting for 10MHz system in Table 1 by assuming each full CQI or DCT coefficient is represented by five bits and each DM CQI is represented by two bits. The CQI sub-band size is assumed as 2RBs, i.e. 360KHz.
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	N1=3,N2=1

34 bits
	N1=4,N2=1

43 bits
	N1=6,N2=1

57 bits


Table 1 Overhead comparison of CQI compression schemes
3 Performance evaluation
3.1 CQI inaccuracy modelling

It was analysed that some realistic assumptions should be made for the evaluation of CQI reporting schemes [14], including:
· CQI measurement error: inherent measurement inaccuracy due to reference-signal based CQI estimation should be modelled;
· CQI reporting delay: measuring, feedback and processing delay should be considered;
· CQI reception loss: a lossy CQICH should be assumed.
The CQI reporting delay has been considered in our previous simulations [15]. In this contribution, we focus on the modelling of the other two factors in system simulation.
The CQI measurement error was modelled as a Gaussian zero-mean random variable as analysed in [14, 16], of which the standard deviation can be obtained through link level simulation. For TU/PA/VA channel models, the SINR error statistics per CQI sub-band are shown in Figure 1. Simulation assumptions are listed in Table 2. It is worth noting that the CQI measurement error statistics deployed in the system simulation is independent with UE mobility because inter-TTI averaging was not considered.
	Parameter
	Assumption/Value

	Bandwidth
	10MHz

	CQI sub-band size
	360KHz

	Channel models
	TU/PA/VA

	Antenna configuration
	1x2

	Pilot overhead
	4.76% 

	Inter-TTI averaging
	N/A

	Noise covariance estimation
	Ideal


Table 2 Link simulation parameters
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Figure 1 CQI Measurement Error per CQI sub-band

The CQI reception loss was controlled by a uniformly distributed random variable. Arbitrary CQICH BLER from 0 to 100% can be achieved by setting a threshold within the interval of the random variable. The CQICH BLER is measured on a per-report basis, i.e. if a reception error is detected on a certain CQI report the information of the CQI report will be dropped entirely.
3.2 Simulation assumptions

System simulation was performed to evaluate the five CQI schemes in a 10MHz baseline system with 1x2 antenna configuration. RB grouping is considered: 2RBs are bonded to form one CQI sub-band therefore there are 25 CQI sub-bands in the bandwidth.
In the simulation, a finer CQI granularity of 20 MCS levels is assumed in order to better transfer the difference in CQI accuracy among various compression schemes to the influence on system throughput performance. In addition, RB-common AMC is assumed according to the LTE working assumption [1].

Proportional Fair scheduling is deployed and the number of RBs allocated to a scheduled UE in one TTI is not restricted because all UEs are fully buffered.

The simulation parameters are listed in Table 3.

	Parameter
	Assumption/Value

	Cell layout
	Hexagonal grid, 19 cells, 3 sectors per cell, wrapped-around

	Inter-site distance (ISD)
	500 m

	Carrier frequency
	2 GHz

	Bandwidth
	10 MHz

	Subcarrier spacing
	15 kHz

	Resource block size
	180 kHz

	Slot / TTI duration
	0.5 ms / 1.0 ms

	Number of OFDM symbols per TTI
	14 (12 for data)

	Channel model
	TU/PA/VA

	NodeB transmitter
	1 antenna

	UE deployment
	30 UEs per sector

	UE speed
	3, 7, 15Km/h

	UE receiver
	2 antennas

	Penetration loss
	20dB@3Km/h, 10dB@7Km/h, 15Km/h

	CQI measurement error
	Gaussian zero-mean error model

	CQI feedback interval
	2, 5, 10 TTI(s)

	CQI feedback delay
	2 TTIs

	CQI sub-band size
	360 kHz

	CQICH BLER
	1%, detectable

	Link-to-system interface
	EESM with β iteration 

	Link adaptation
	RB-common AMC

QPSK: 1/6, 1/4, 1/3, 5/12, 1/2, 7/12, 2/3

16QAM: 5/12, 1/2, 7/12, 2/3, 17/24

64QAM: 1/2, 17/30, 3/5, 2/3, 17/24, 3/4, 4/5, 5/6

	Target BLER
	10%

	Hybrid ARQ scheme
	Chase combining

	Hybrid ARQ round trip delay
	8 TTIs (8 ms)

	Max number of HARQ retransmissions
	3

	Traffic type
	Full buffer

	Scheduler
	Proportional Fair scheduler

	Simulation duration
	3000 TTIs


Table 3 System simulation parameters

3.3 Simulation results

3.3.1 Channel environment comparison
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Figure 2.1 Sector throughput vs. feedback interval in TU, 3Km/h
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Figure 2.2 Sector throughput vs. feedback interval in PA, 3Km/h
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Figure 2.3 Sector throughput vs. feedback interval in VA, 3Km/h
By setting M to five, the CQI schemes were evaluated in different channel models at the UE mobility of 3Km/h. The 5-4-1 configuration was implemented for the DCT partitioning scheme. The simulation results of averaged sector throughput are shown in Figure 2. It is demonstrated that best-M based CQI compression schemes (including the DCT partitioning scheme) are less sensitive to the variance of channel delay spread than the DCT significant-M scheme. 
In TU and VA models with larger delay spread, the best-M individual scheme has smallest performance loss compared with the full feedback scheme. It can also be observed from the figure that extra performance loss caused by introducing differential modulation to the best-M individual scheme is less than 1%, which is correspondent to our previous analysis in [4, 11, 15]. In addition, simulation results show that the DCT partitioning scheme has similar system performance as the best-M individual/DM schemes. The DCT significant-M scheme performs worst in the TU channel model, which has around 7.5% throughput loss to the best-M individual scheme.
In the PA channel model with smaller delay spread, the best-M average scheme and the DCT significant-M scheme outperform full feedback CQI reporting as shown in Figure 2.2.  This fact results from two reasons:
· CQI reporting accuracy is improved for the two CQI schemes. This is because the coherent bandwidth of channel becomes larger with the decrease of delay spread. In other words, the frequency response of the channel varies slower across different CQI sub-bands. Therefore, the PA model is very beneficial to the feedback scheme only reporting an averaged CQI of several sub-bands (best-M average) or slow variations in the frequency domain (DCT significant-M), however, the channel model will also make the per-sub-band based CQI schemes less efficient if the CQI sub-band is small (e.g. 360 KHz in our simulations);
· The CQI measurement error is reduced by deploying frequency domain averaging.

Although the DCT significant-M scheme performs best in the PA channel model, it can be observed that the best-M average scheme is also very attractive: its relative performance loss from the DCT scheme is less than 3% but its feedback overhead is only 66.7% of the DCT scheme. Moreover, if the best-M individual/DM scheme is adopted for larger channel delay spread environments, from the aspect of system complexity reduction it would be advantageous to adopt the best-M average scheme when channel delay spread is small.
By comparing the system throughput performance at different feedback intervals, we find that all CQI reporting schemes are not very sensitive to the CQI reporting period at low UE mobility. Therefore, we conclude that a 5~10ms CQI reporting interval could be a reasonable compromise between downlink performance and uplink signalling overhead. However, the final decision on the reporting interval is critically dependent on the uplink resource allocation for control signalling.
3.3.2 Comparison among different M settings
System simulations were performed by setting M to four and seven to study the optimal M value for CQI feedback in a 10MHz baseline system in TU channel environment. The configurations of 4-3-1 and 7-6-1 were evaluated for the DCT partitioning scheme accordingly. Simulation results are demonstrated in Figure 3.
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Figure 3.1 Sector throughput vs. M setting in TU, 3Km/h, feedback interval=5ms
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15.5

16

16.5

17

17.5

18

4 5 7

M

Sector Throughput [mbps]

Full Feedback

Best-M Average

Best-M Individual

Best-M DM

DCT Significant-M

DCT Partitioning


Figure 3.2 Sector throughput vs. M setting in TU, 3Km/h, feedback interval=10ms
It is demonstrated in Figure 3 that the impact of increasing M on different CQI compression schemes is different:
· The performance of the best-M individual scheme, the DCT significant-M scheme and the DCT partitioning scheme grows linearly with the increase of M. However, for the best-M individual scheme, the gain by increasing M from five to seven is only marginal.
· The performance of the best-M average scheme drops with the increase of M. This is because the CQI accuracy is reduced by averaging more CQI sub-bands. However, it is expected that when M is smaller than four, the performance of the best-M average scheme will drop again. This can be explained as a combination of two counter-reacting facts:

when M decreases,
a) inaccuracy introduced by averaging will become smaller;
b) less CQI sub-bands will be selected, thus less channel information will be reported for FSS.

This observation was also captured in [6, 12];

· The performance of the best-M DM scheme remains rather constant when M increases from four to seven. This can also be explained as a combination of two counter-reacting facts:

when M increases,
a) more CQI sub-bands will be selected, thus more channel information will be reported for FSS;

b) the maximum CQI difference within the selected sub-bands becomes larger, thus loss resulted from differential modulation increases.

It is worth noting that even the loss due to differential modulation becomes larger, it is still less than 2% when M equals to seven.

Therefore, we conclude that when the CQI sub-band size is 2RBs, M equal to four or five could be a reasonable compromise between downlink performance and uplink signalling overhead. However, it should be noted that the optimal setting of M is also dependent on the total number of UEs per sector. Therefore, it might be desirable for Node B to configure the M value dynamically according to the payload condition within a sector.
3.3.3 Comparison among different UE speeds
Simulations were also carried out at different UE speeds to study the CQI schemes’ sensitivity to higher Doppler in TU channel model. UE speeds of 3Km, 7Km/h and 15Km/h were evaluated. Simulation results are shown in Figure 4.
[image: image13.emf]Sector Throughput vs. UE Mobility, TU, M=5, feedback interval=5ms

10

11

12

13

14

15

16

17

18

19

3 7 15

UE Speed [Km/h]

Sector Throughput [mbps]

Full Feedback

Best-M Average

Best-M Individual

Best-M DM

DCT Significant-M

DCT Partitioning


Figure 4.1 Sector throughput vs. UE mobility in TU, feedback interval=5ms
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Figure 4.2 Sector throughput vs. UE mobility in TU, feedback interval=10ms
It is observed from Figure 4 that with a reasonable assumption on CQI feedback interval, the frequency selective scheduling gain drops very fast with the increase of UE mobility for all CQI reporting schemes. In average, the sector throughput performance will drop as much as 39% by raising the UE speed from 3Km/h to 15Km/h when the CQI reporting interval is 5ms. Moreover, at higher UE mobility, all CQI schemes are also very sensitive to the increase of CQI feedback interval. In average, by increasing the reporting cycle from 5ms to 10ms, the sector throughput performance will drop around 17% at 7Km/h.
It is worth noting that the DCT significant-M scheme and the best-M average scheme degrade a bit slower than all other schemes when UE mobility increases. As a result, the two schemes begin to outperform the full feedback scheme at 15Km/h. This observation makes the best-M average scheme very attractive for higher Doppler cases because the best-M average scheme has similar performance as the DCT scheme, however, its signalling overhead is much less than the latter.
Based on the above analysis, we suggest that the frequency selective scheduling gain over frequency diversity based transmission should be carefully studied for UEs experiencing higher Doppler. In addition, as analysed in [17], we find that FSS based transmission is very overhead-consuming. Thus it is reasonable to design the CQI feedback scheme, which is used to enable FSS, optimally only for the low UE mobility case in which the FSS gain can be easily obtained.
4 Conclusions and discussions
In this contribution, we compared the system performance of the best-M average, the best-M individual, the best-M differential modulation (DM), the DCT significant-M and the DCT partitioning CQI compression schemes with full feedback CQI reporting. Realistic assumptions on CQI measurement error and CQICH reception loss are considered. Simulations were performed in TU/PA/VA channel models. It is observed that:

· At low UE mobility (3Km/h) and in TU/VA channel models, the best-M individual scheme provides the best system throughput performance. In addition, the best-M average scheme and the DCT significant-M scheme have similar performance; however, both are worse than the best-M individual scheme.
·  At low UE mobility (3Km/h) and in PA channel model, the DCT significant-M scheme provides the best system throughput performance. The performance of the best-M average scheme is also very attractive considering its good overhead reduction effect.
· All CQI schemes are very sensitive to higher Doppler although the DCT significant-M scheme and the best-M average scheme degrade a bit slower than the others. At higher UE mobility (7~15Km/h), all CQI schemes are also very sensitive to the increase of feedback interval.

· The loss from introducing differential modulation to the best-M individual scheme is only marginal in all channel models. Thus, it offers a feasible means of further reducing the signalling overhead for the best-M individual scheme.
· The DCT partitioning scheme shows no gain over the best-M individual scheme in all channel models.

· A 5~10ms CQI reporting interval is a reasonable compromise between downlink throughput performance and uplink signalling overhead.

Therefore, based on the above analysis and considering the extra complexity introduced by DCT processing, we propose to take the best-M based compression scheme for uplink CQI signalling to support FSS based downlink transmission in the E-UTRA.
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