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1. Introduction
Channel adaptive scheduling is one of the key technological features in LTE. But in order to obtain time and frequency scheduling gains, the UE must feed back large amount of channel quality information (CQI) to the eNode B. There have been efforts to reduce the number of bits for CQI reporting in many contributions [2~6]. Since all the proposed scheme show pros and cons, in order to clarify its characteristics and to compare performance gains and losses, we simulated some of the Best-M based CQI reporting schemes and DCT based CQI reporting schemes on various simulation environments.

2. Simulated CQI reporting schemes

The following are brief descriptions of the different CQI reporting schemes we have compared. Detailed description can be found on another contribution [1]. The definition of ‘CQI unit bandwidth’ used in the descriptions below is the smallest spectral bandwidth of which a single CQI value is assigned. Because the smallest bandwidth which a single CQI can represent can be different from the single physical resource block bandwidth, there was a need for distinction between resource block bands and CQI bands.
2.1. Full Feedback

Full feedback CQI reporting scheme is reporting all the CQI values for each CQI unit bandwidth that is in the UE reception bandwidth. So if each CQI value is represented by 5 bits and there are 25 CQI unit bandwidths in the entire reception bandwidth then 125 bits are reported back to eNode B, in each CQI feedback cycle.
2.2. Best-M Average

Best-M Average reporting scheme basically reports the average value of the best/top CQI values and the average value of the rest of the CQI values. In order for the eNode B to figure out which of the bands were measured to be the best/top M CQI values, the UE also transmits a location index of the best/top M CQI bands.
2.3. Best-M Individual

Best-M Individual differs from Best-M Average in sense that it reports all the CQI values for each best/top M CQI unit bands instead of transmitting a single average value. But like Best-M Average scheme Best-M Individual scheme also transmits a location index of best/top bands and the average CQI value for the rest of the CQI bands.
2.4. DCT Lowest M

DCT Lowest M reports the lowest M coefficients of discrete cosine transformed channel quality values. When the lowest M coefficients are received at the eNode B, the eNode B reconstructs the channel quality information by applying inverse DCT. Since the DCT has similar properties as Fourier transformation, the reconstructed channel quality at the eNode B side will be low pass filtered version of the channel quality at the UE side.
2.5. DCT Significant M

DCT Significant M takes advantage of that fact that some of the DCT coefficients of channel quality are close to zero or small enough to be discarded. This scheme reports the most significant DCT coefficients which are needed at the eNode B size to reconstruct the channel quality at the UE as close as possible. Since certain coefficients are chosen to be reported the location index of each coefficient is also transmitted. The DC component of the DCT coefficient is the most important coefficient so it is always reported back, which means only M – 1 coefficients are reported other than the DC component. The most significant DCT coefficients are usually the coefficients with the most power, so we have configured the simulations so that DCT significant M reports the M DCT coefficients with the most power.
2.6. DCT Hybrid M N
DCT Hybrid M N is just like DCT Significant M, but it reports the most significant M coefficient within the N lowest DCT coefficients. Just like the name for the scheme it utilizes Lowest M scheme in order to reduce the information bits needed for the location index of significant M coefficients.
3. Simulation
Since the characteristics of Best-M based CQI reporting schemes and DCT based CQI reporting schemes is different, we have tried to compare both CQI reporting scheme on different channel conditions and system parameters. So basically we tried to analyze the performance loss effects when using Best-M and DCT based CQI reporting schemes, when the channel propagation delay spread changes, when the UE mobile speed changes, when the CQI reporting feedback cyclic duration changes, and when unit bandwidth of a smallest channel quality information changes. Obviously there are more variables and factors that must be analyzed and taken into account when comparing performance between different CQI reporting schemes, but we felt that the 4 categories mentioned above capture the most important factors and variables. We have also compared the information overhead needed for each case when comparing the performance between Best-M and DCT based CQI reporting schemes.
3.1. Simulation Environment and Parameter Settings 
In order to compare performance versus CQI overhead for each CQI schemes, we simulated different M and N parameters. Table 1 shows the different M and N values used in the simulations and the overhead calculated assuming that a single CQI value consist of 5 bits, in a 10 MHz system.
Table 1. CQI overhead comparison

	CQI unit bandwidth
	12 sub-carrier
	24 sub-carrier
	40 sub-carrier

	Best-M

Average
	M
	3
	5
	7
	-
	3
	5
	7
	-
	3
	5
	7
	-

	
	Overhead [bits]
	25
	32
	37
	-
	22
	26
	29
	-
	19
	22
	23
	-

	Best-M

Individual
	M
	3
	5
	7
	10
	3
	5
	7
	10
	3
	5
	7
	10

	
	Overhead
	35
	52
	67
	89
	32
	46
	59
	77
	29
	42
	53
	67

	DCT

Lowest M
	M
	4
	7
	10
	12
	4
	7
	10
	12
	4
	7
	10
	12

	
	Overhead
	20
	35
	50
	60
	20
	35
	50
	60
	20
	35
	50
	60

	DCT

Significant M
	M
	3
	5
	7
	10
	3
	5
	7
	10
	3
	5
	7
	10

	
	Overhead
	26
	43
	59
	81
	24
	39
	53
	71
	22
	35
	47
	61

	DCT Hybrid

M-N (N=13)
	M
	3
	5
	7
	10
	3
	5
	7
	10
	-
	-
	-
	-

	
	Overhead
	22
	34
	45
	58
	22
	34
	45
	58
	-
	-
	-
	-

	DCT Hybrid

M-N (N=7)
	M
	-
	-
	-
	-
	-
	-
	-
	-
	3
	5
	-
	-

	
	Overhead
	-
	-
	-
	-
	-
	-
	-
	-
	19
	29
	-
	-


Table 2 shows the basic simulation parameters used in the system level simulation. There are 3 simulation sets. Simulation parameters for each set were chosen, so that we can compare each CQI scheme according to channel model, CQI feedback rate, and CQI unit bandwidth.
Table 2. Basic Simulation Parameters

	Parameter
	Assumption

	System Bandwidth
	10 MHz

	TTI Length
	1 msec

	FFT size
	1024

	Sampling Frequency
	15.36 MHz

	Occupied Number of Sub-Carriers
	600

	Cell Layout
	Hexagonal Grid, 19 eNode B sites

3 Cells per Site

Center Site Simulation

	Number of UE per Cell
	10, and 30

	Inter-Site Distance
	1732 m

	Antenna Pattern
	70 degree sectored beam

	Distance dependent path loss
	128.1 + 37.6 log10( r ), where r is distance

	eNode B transmission Power
	43 dBm

	Traffic Model
	Full Buffered

	Receiver Antenna Gain
	0 dB

	eNode B Antenna Gain
	14 dBi

	Shadowing standard deviation
	8 dB

	Noise Figure
	9 dB

	Thermal Noise Density
	-174 dBm

	Multi-path delay Profile
	COST 207 TU Channel Model, ITU Pedestrian A, ITU Pedestrian B, ITU Vehicular A Channel Model

	Number of Receiver Antennas
	2

	Frequency Reuse
	1

	HARQ type
	Synchronous (Chase combining)

	Channel Propagation

and Process delay
	4 msec

	Number of sub-carriers
per Resource Block
	12 sub-carriers

	CQI feedback Rate
	1 msec, 2 msec, and 5 msec

	CQI unit bandwidth
	12 sub-carriers, 24 sub-carriers, and 40 sub-carriers

	Mobile Speed
	3 km/h, 15 km/h


3.2. Simulation Results 

Simulation results were divided into 3 sets of simulation results. The first set of simulation results show the comparison results between different channel delay spreads, and mobile speeds. The second set of simulation results show the comparison results for different CQI feedback rates. The third set of simulation results show the comparison results for different CQI unit bandwidths.
3.2.1. Channel Model Comparison

Figure 1, 2 and 3 are simulation results for 3 different channel models, when mobile speed of 3 km/h, and CQI feedback cycle of 1 msec, and CQI unit bandwidth is assumed to be 24 sub-carriers. This set of results show performance versus overhead simulation results for each CQI scheme, on ITU Pedestrian A (Ped A), ITU Pedestrian B (Ped B), and COST 207 Typical Urban (TU) channel models. In all the channel models we have assumed mobile speed of 3 km/h. Since the all simulations were based on full-buffer traffic model, the number of UEs in a cell will affect the performance of each CQI reporting scheme. So we have simulated each CQI reporting against both 10 UEs per cell scenario and 30 UEs per cell scenario.
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(a) 10 UEs per Cell 



(b) 30 UEs per Cell

Figure 1. ITU Ped A at Mobile Speed of 3 km/h with Feedback cycle of 1ms and 24 sub-carrier CQI unit bandwidth
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(b) 30 UEs per Cell

Figure 2. ITU Ped B at Mobile Speed of 3 km/h with Feedback cycle of 1ms and 24 sub-carrier CQI unit bandwidth
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Figure 3. COST 207 TU at Mobile Speed of 3 km/h with Feedback cycle of 1ms and 24 sub-carrier CQI unit bandwidth
The dashed green line in figures 1, 2 and 3 show the performance of Full Feedback CQI reporting scheme (reference). In all the figures the reference was chosen to be at 100% performance. This is the reason why the performance percentage scale between the three figures is different. We can see from the simulation results that DCT based schemes perform the best when the delay spread is small, such as in Ped A channel model. The Best-M based schemes tend to have similar throughput loss percentage regardless of which channel model used. When the number of UEs per cell is increased from 10 to 30, the performance of Best-M based CQI reporting scheme increases. This is because Best-M based schemes basically utilize the user diversity effects, and the simulation was performed in full buffer traffic environment. In a full buffer traffic environment every user has infinite amount of data to receive, if more users are available to the scheduler, the scheduler will only assign few resource blocks to each UE per subframe. Since Best-M based scheme basically only gives accurate channel quality information only on some of the resource bands, this works out perfectly in a scenario where scheduler only assigns few resource block to each UE on the “best” resource bands. Whether this effect can be seen in a realistic data traffic environment is FFS.
Figure 4 and 5 show simulation results from 2 different channel models when the mobile speed is at 15 km/h, CQI feedback cycle of 1 msec, and CQI unit bandwidth is assumed to be 24 sub-carriers.
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Figure 4. ITU Veh A at Mobile Speed of 15 km/h with Feedback cycle of 1ms and 24 sub-carrier CQI unit bandwidth
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Figure 5. COST 207 TU at Mobile Speed of 15 km/h with Feedback cycle of 1ms and 24 sub-carrier CQI unit bandwidth
When the mobile speed is increased, the performance of DCT based schemes seems to perform better than Best-M schemes. This is because DCT based schemes only takes some of the DCT coefficients of the channel quality information, which can be roughly thought as filtering of some sort. The scheduler can assign resources to each UE more optimally if the scheduler has an averaged out channel quality in a high mobility environments, rather than having a miss-informed channel quality information. We can see from the results that even in 30 UE per cell environment, where Best-M based scheme seem to perform better, the performance of DCT Significant M or DCT hybrid M N performs similarly or better with Best-M Individual when the UE speed is 15km/hr.
3.2.2. CQI unit bandwidth comparison
Figures 6, 7, and 8 show performance comparison between different CQI schemes as the CQI unit bandwidth is changed. The simulation comparison was run on both ITU Ped A and COST 207 TU channel models. To neglect all effects from rapid changing channel and to analyze the CQI unit bandwidth effect only, in all simulation cases Feedback rate of 1ms, and mobile speed of 3 km/h was assumed.
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Figure 6. 10 UEs per Cell with Mobile Speed of 3 km/h and Feedback cycle of 1ms and 12 sub-carrier CQI unit bandwidth
[image: image13.wmf]0

15

30

45

60

75

90

18.60

18.80

19.00

19.20

19.40

19.60

19.80

93.81%

94.82%

95.83%

96.84%

97.84%

98.85%

99.86%

Cell Average Throughput [Mbps]

CQI Overhead [Bits Per 1ms TTI]

 Reference (Full Feedback)

 Best M Average

 Best M Individual

 DCT Lowest M

 DCT Significant M

 DCT Hybrid M-N (N=13)

ITU Ped A Channel Model, Mobile Speed : 3kmh

Feedback Rate : 1ms, CQI unit band : 24 sub-carriers

[image: image14.wmf]0

15

30

45

60

75

90

13.00

14.00

15.00

16.00

17.00

18.00

19.00

73.14%

78.77%

84.39%

90.02%

95.65%

101.27%

106.90%

Cell Average Throughput [Mbps]

CQI Overhead [Bits Per 1ms TTI]

 Reference (Full Feedback)

 Best M Average

 Best M Individual

 DCT Lowest M

 DCT Significant M

 DCT Hybrid M-N (N=13)

COST207 TU Channel Model, Mobile Speed : 3kmh

Feedback Rate : 1ms, CQI unit band : 24 sub-carriers


(a) ITU Ped A 




(b) COST 207 TU

Figure 7. 10 UEs per Cell with ITU Ped A at Mobile Speed of 3 km/h
and Feedback cycle of 1ms and 24 sub-carrier CQI unit bandwidth
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Figure 8. 10 UEs per Cell with Mobile Speed of 3 km/h and Feedback cycle of 1ms and 40 sub-carrier CQI unit bandwidth
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Figure 9. 30 UEs per Cell with Mobile Speed of 3 km/h and Feedback cycle of 1ms and 12 sub-carrier CQI unit bandwidth
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Figure 10. 30 UEs per Cell with ITU Ped A at Mobile Speed of 3 km/h
and Feedback cycle of 1ms and 24 sub-carrier CQI unit bandwidth
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Figure 11. 30 UEs per Cell with Mobile Speed of 3 km/h and Feedback cycle of 1ms and 40 sub-carrier CQI unit bandwidth

From Figures 6 to 11, we can see that as the CQI unit bandwidth size increases, the performance for Best-M Individual scheme increases. At the same time as the CQI unit bandwidth size increase, the performance for DCT Lowest M decreases. This is due to the fact that, when the CQI unit bandwidth size increases, the number of coefficients available for DCT reduces, and thus resolution of each coefficient decreases. This is inline with the fact that, when the CQI unit bandwidth increase, the channel quality signal gets somewhat low pass filtered. And since DCT Lowest M reports the lowest coefficients of the DCT, DCT Lowest M low pass filters a signal which was already low pass filtered. This results in reconstruction of CQI quality at the eNode B to degrade. For DCT based schemes there is no reason to increase the CQI unit bandwidth, because they only take some of the DCT coefficients to transmit. The decrease in CQI unit bandwidth results in slight increase in overhead, but increase in CQI unit bandwidth results in performance loss, so the optimal CQI unit bandwidth for DCT schemes must be looked into.
The reason why Best-M based scheme’s performance increase as the CQI unit bandwidth is increased, is because probably due to the channel coherence bandwidth size. Since the channel coherence bandwidth for ITU Ped A will be larger than 12 or 24 sub-carriers, when CQI unit bandwidth size is increased Best-M based scheme will actually send more information about the channel quality accurately. Although it is not shown in the simulation results, if we increase the CQI unit bandwidth further the Best-M based scheme’s performance is expected to decrease. The performance is expected to increase as the CQI unit bandwidth is increase and than at some point it will start to decrease due to the fact that averaging CQI value over the coherence bandwidth results in a bad estimation of the channel.
The CQI unit bandwidth size can be chosen so that the performance of Best-M based schemes will get optimum performance results, but this optimum value will greatly depend on the coherence bandwidth, and this will also effect the performance limitation for the system The performance limitation here refers to the performance get can be achieved when full feedback scheme is used. In an ideal case where no CQI overhead is considered the system will have the greatest average throughput if the CQI unit bandwidth is as small the smallest allocable resource block size. We can see this effect through (b) figures of 6 to 11. The reference in TU channel model (green dash line) get lower as the CQI unit bandwidth size is increased.
3.2.3. Feedback Cycle Comparison

Figures 12, 13 and 14 show performance comparison between different CQI schemes as the CQI unit bandwidth is changed. The simulation comparison was run on both ITU Veh A and COST 207 TU channel models. Just to analyze the CQI feedback cycle rate effect only, in all simulation cases CQI unit bandwidth of 24 sub-carriers, and mobile speed of 15 km/h was assumed.
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Figure 12. 10 UEs per Cell with Mobile Speed of 15 km/h and Feedback cycle of 1ms and 24 sub-carrier CQI unit bandwidth
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Figure 13. 10 UEs per Cell with Mobile Speed of 15 km/h and Feedback cycle of 2ms and 24 sub-carrier CQI unit bandwidth
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Figure 14. 10 UEs per Cell with Mobile Speed of 15 km/h and Feedback cycle of 5ms and 24 sub-carrier CQI unit bandwidth
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Figure 15. 30 UEs per Cell with Mobile Speed of 15 km/h and Feedback cycle of 1ms and 24 sub-carrier CQI unit bandwidth
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Figure 16. 30 UEs per Cell with Mobile Speed of 15 km/h and Feedback cycle of 2ms and 24 sub-carrier CQI unit bandwidth
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Figure 17. 30 UEs per Cell with Mobile Speed of 15 km/h and Feedback cycle of 5ms and 24 sub-carrier CQI unit bandwidth

When the CQI feedback rate is increased to more than 5ms the performance difference between different CQI schemes is small. The performances of DCT based schemes show better performance in this set of simulation results because it was tested on 15 km/hr UE mobility environment.
4. Conclusion
From the simulation results we can conclude these facts;
· DCT based schemes performance depends heavily on the channel delay spread.

· DCT based scheme (DCT Significant M and DCT Hybrid M N in particular) shows moderate performance even when the channel delay spread is small.
· Best-M based scheme shows a constant performance (in respect to reference performance, percentage wise), no matter which channel model.
· Performance of Best-M in small channel delay spread can be optimized by changing CQI unit bandwidth, but it will have other effects, such as performance loss on other channels and such.
· Best-M based scheme’s performance will increase if the system has more user diversity.
· In a higher mobility environment DCT based scheme seem to perform about the same or better (depending on scenario) than Best-M based schemes.
· LTE systems should be optimized for the low mobility environments (3km/hr to 30km/hr), so how this should be taken into account when choosing a CQI reporting scheme is FFS.

· Both DCT based and Best-M based schemes can be configured to have similar overhead, but the additional overhead created when each scheme is used with MIMO is for FFS.
There does not seem to be a good performing CQI scheme across different environments and system parameters. There are pros and cons for each CQI scheme and we believe the CQI scheme for LTE system must be chosen taking into other accounts such as MIMO support, uplink signaling overhead and optimal LTE operation environments.
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