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1. Introduction
In the TR25.814[1], various kinds of CQI feedback schemes for reducing signaling overhead are listed in the section 7.1.3.1.1.1.1 “Channel Quality Indicator”. Such techniques are very important for efficient spectrum usage on uplink. However, it is also important to keep downlink throughput degradation small due to less feedback information. These are opposed targets so that we need a trade-off between these two aspects. In this contribution, we compare several CQI feedback schemes from both the signaling overhead reduction and the system throughput performance points of view.
Furthermore, we introduce modified scheme based on Top-M feedback scheme. This scheme has potential for further overhead reduction. Thus, we suggest further study of the modified scheme.
2. Evaluation of schemes
2.1. Signaling Overhead

In some contributions [2-9], several CQI feedback schemes and a number of signaling bits of each scheme are summarized. We pick some of them up and review them in the following table. In this review work, we assume a size of CQI band is twice as wide as RB, i.e. 360 kHz. The Ncqi denotes a number of CQI band and the Ncoe denotes a number of DCT (Discrete Cosine Transform) components signaled to the NodeB. The DDC denotes a number of bits used to signal DC component in DCT based scheme.
Note that we assume 5 bits for expressing 1 CQI value and don’t consider additional bits for MIMO operation. For the Top-M, we referred to an equation in [4] for calculation of signaling bits because it provides smaller overhead.
Table 1: Signaling bits of CQI feedback scheme
	Schemes
	Signaling bits

	
	General expression
	10 MHz case
	20 MHz case

	A
	All RBs CQI feedback
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	B
	Top-M individual*1
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	C
	Top-M average*2
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	D
	Hierarchical structure
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	F
	DCT Lowest*4
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	G
	DCT Greatest*5
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	H
	Time Differential
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*1: CQI values for M numbers of RB are individually reported at one time.

*2: Averaged CQI value of M numbers of RB is reported.
*3: 5 bits are used to express averaged CQI of others.
*4: Ncoe lowest frequency components are reported.
*5: DC component and Ncoe-1 components having greater value are reported.
*6: 5 bits are assumed as absolute CQI for one CQI band and 1 bit is assumed as differential information for each other band.

As shown in the table 1, the schemes C, D and H are very interesting. The schemes E and F are also interesting in respective case of 10 MHz bandwidth and a small number of components (Ncoe=5). However, the schemes C, D and E basically report only one CQI value at one report timing. Therefore, they impact on scheduling as already written in [2 (table 3)].
2.2. Potential Sector Throughput
In this sub-section, we evaluate the sector throughput of several feedback schemes by system simulation. The schemes we evaluate are shown below.
A. All RBs CQI feedback: This is investigated as a reference case
B. Top-M(=5) individual: M(=5) CQI values are individually reported at one time.
C. Top-M(=5) average: One CQI value, which averages M(=5) CQI bands, is reported. This can be considered as special case of Bitmap scheme.
F.    DCT Lowest: The Ncoe lowest frequency components are reported at one time [5, 6]. The incremental reporting way in [6] is not used here.
G.
DCT Greatest: The DC component and the Ncoe-1 components having greater value are reported at one time.

H.
Time differential: Absolute CQI value of one CQI band and each 1 bit relative value of other CQI bands are reported [9].

I.
Average: Only averaged value of all CQI bands is reported.

Basic simulation assumptions are the same as ones in TR25.814 and other assumptions are shown in Annex A.
Figures 1 and 2 show the sector throughput obtained by each scheme with 3 and 15 km/h, respectively. In the simulation, we assume measurement and reporting error. The measurement error is modeled as a Gaussian zero-mean random variable used in [10] (shown in annex B) and the probability of reporting error is assumed 1.0e-3. As reference, the simulation results without errors are shown in annex C. The relationship between schemes on which is better/worse is different from the case with errors.
As shown in figure 1, the Top-5 individual scheme has constantly good performance in 3 km/h case. This result can be easily understood because the Top-5 individual scheme reports individually 5 CQI bands and these values are useful to optimize UE selection and RB selection although the same MCS is selected for all RBs assigned to a UE. The time differential scheme gives better performance than the Top-5 individual scheme with 1 and 5 ms reporting period. However, its performance drastically degrades with longer reporting period. In case of 15 km/h, the average scheme gives the best performance as shown in figure 2.
In the next section, we compare these schemes with considering the signaling efficiency because the comparison above is not fair because of no consideration of a number of signaling bits needed for one report.
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3. Discussion

Figures 3 and 5 show the sector throughput as a function of signaling overhead like done in the document [8] with 3 and 15 km/h, respectively. Figures 4 and 6 are an enlarged versions w.r.t. horizontal axis of each figure 3 and 5.
In case of 3 km/h, the Top-5 individual scheme gives better signaling efficiency in the region of more than 4.6 bits/TTI and the Top-5 average scheme gives better in the region of less than 4.6 bits/TTI. The time differential scheme has very good performance in the region of more than 1.9 bits/TTI, i.e., shorter than 10 TTI reporting interval.
In case of 15 km/h, the average scheme gives the best signaling efficiency. Therefore, the average scheme obviously is the best one with middle UE speed. Note that 15 km/h is just example here and from which speed the average scheme can be the best depends on the scheduling algorithm and channel environment. It is also obvious that scheme switching mechanism between low and middle/high speed is needed because the average scheme gives lower throughput than the Top-5 individual scheme and has low maximum throughput in low speed case as shown in figures 3 and 4.
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From the discussion above, we can focus on the low UE speed case. As already being said, if relatively high load can be accepted, i.e., more than e.g. 4.6 bits/TTI can be accepted, the Top-M individual is a good candidate. However, if relatively low load is definitely required, the Top-M average is a good candidate.
Figure 7 shows also the sector throughput as a function of signaling overhead, but the signaling overhead is expressed as a number of bits per report. We think that one report is completed at one report timing but not at several report timings. Therefore, it is better to check a number of signaling bits per report. The same characteristics in case of 15 km/h are shown in figure 8.

Figure 7 helps us to select suitable feedback scheme after we decide the criteria. The criteria are “how much signaling overhead can be accepted” and/or “how much throughput should be guaranteed”, and they depend on the discussion on non-data associated control signaling;

- A number of allocated signaling bits per report to one UE
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This point leads to a number of UEs which can be multiplexed in reserved region for non-associated control signaling. The conclusion on the discussion leads to final decision of CQI feedback scheme. Also, we had better take into account how many bits for data are decreased by putting CQI when multiplexing control signaling with UL data.
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4. Study of further overhead reduction
In this section, we introduce modified Top-M individual feedback scheme. The motivation of introducing this scheme is to further reduce signaling overhead. The performance of this modified scheme is analyzed here.
Firstly, we explain the behavior of this scheme by using figure 9. The report range is divided into several groups in frequency domain. It is divided into three in the example of figure 9. First group is reported with Top-M individual fashion at the report timing, T3n, and second group is reported at the next report timing, T3n+1. Further, third group is reported at the next after, T3n+2, where n is an integer number. The CQI bands for report change by cyclic manner. We call this scheme “Top-M individual with band cyclic (BC)”. It takes Ng times as long as pure Top-M individual scheme to report all CQI bands, where Ng is a number of report group. However, the report range at one instant by this scheme is narrower than the case report range is equal to system bandwidth, i.e. pure Top-M individual scheme. It means that a number of combinations of CQI bands is reduced so that a number of signaling bits can be reduced. On the other hand, a group indicator might be needed together with CQI value.
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Figure 9: Top-M individual with band cyclic
Next, we show the throughput performance of this scheme. In the simulation, the system bandwidth is 10 MHz and there are two groups for CQI feedback, i.e. one report range is 5 MHz bandwidth. The result is shown in figure 10. In this evaluation, the measurement and reporting error are not considered.
When the feedback interval is 5 TTIs, new scheme has slightly better performance than pure Top-M individual. In this new scheme, 2xM bands are reported by spending two report timings. On the other hand, in pure Top-M individual scheme, only M bands might be reported by even spending two report timings. This is the reason why the new scheme is better. The scheduler can have information of more number of CQI bands in the Top-M individual with BC. However, relationship between two schemes is reversed when the feedback interval is 10 TTIs. With this feedback interval, it means that the CQI of each band is updated with 20 TTIs interval by the new scheme. It is too long so that the new scheme causes degradation compared to pure Top-M individual scheme.
Although the performance of the Top-M individual with BC depends on the feedback interval, it is worth studying further because the number of signaling bits can be further reduced. The comparison of feedback signaling efficiency is shown in the table 2. The table compares the signaling rate of each scheme provided that the same sector throughput is obtained (around 13 Mbps throughput with 40 Mbps offered load). Note that this band cyclic concept can be also applied to other feedback schemes, Top-M average, DCT based and so on.
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Figure 10: Sector throughput of Top-M(=5) with two band cyclic (without measurement error)
Table 2: Uplink signaling efficiency comparison (10 MHz bandwidth)

	Top-M individual
	Top-M individual

with band cyclic

	5 TTIs*7
	5 TTIs*7

	9.2 kbps
	8.2 kbps*8



*7: 5 TTIs was chosen to satisfy certain sector throughput (around 13.6 Mbps).
*8: 41 bits for CQI feedback with 5 MHz and 1 bit for group indicator are considered.
5. Conclusion
We compared several CQI feedback schemes from both the signaling overhead reduction and the throughput performance points of view. In the throughput evaluation, the measurement and the reporting error were considered. Furthermore, we introduced modified feedback scheme based on Top-M individual and showed the potential for further overhead reduction. We suggest further study of this modified scheme.

From the simulation results, we can currently conclude on CQI feedback scheme selection as below;

· Average scheme is the best scheme for middle/high UE speed.

· The scheme change mechanism is needed between low and middle/high speed.

Regarding the CQI feedback scheme selection for low speed, it strongly depends on the discussion/conclusion on non-data associated control signaling, i.e.,
· A number of allocated signaling bits per report to one UE

This information impacts on “how much signaling overhead can be accepted”. Therefore, we can select CQI feedback scheme for low UE speed after these discussion on control signaling. Also, the MIMO case should be considered for final decision.
Finally, we show our opinion on each CQI feedback scheme in annex D.
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Annex A: Simulation assumption
Table A-1: Simulation Assumption
	Parameters
	Assumption

	Frequency
	2.0 GHz

	ISD
	500 m

	System bandwidth
	10 MHz

	Number of UEs
	10 /sector

	UE speed
	3, 15 km/h

	Channel model
	Typical Urban (6 path)

	Number of Tx antennas at NodeB
	1

	Number of Rx antennas at UE
	2

	MIMO
	No

	Channel estimation
	Ideal

	CQI feedback delay
	2 TTIs (=2.0 msec)

	CQI measurement and reporting error
	· Measurement error: Gaussian zero-mean random variable

· Reporting error: 1.0e-3

(No error is considered in figure 10.)

	Traffic model
	Generation: constant, Length: constant

	Scheduling
	Proportional Fairness

	Scheduling delay
	1 TTI (=1.0 msec)

	HARQ
	Chase Combining


Table A-2: MCS Level
	MCS number
	Modulation, Coding Rate

	0
	QPSK, 1/8

	1
	QPSK, 1/4

	2
	QPSK, 1/2

	3
	QPSK, 2/3

	4
	16QAM, 1/2

	5
	16QAM, 2/3

	6
	64QAM, 1/2

	7
	64QAM, 3/5

	8
	64QAM, 2/3

	9
	64QAM, 3/4


Annex B: SINR Error model
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Figure B1: SINR Error model (standard deviation)
Annex C: Simulation results without measurement/reporting error
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Annex D: Comparison of CQI feedback schemes
Table C-1: Comparison of CQI feedback schemes
	Scheme
	Benefit
	Drawback

	Top-M individual
	· Potential of good throughput performance
· Possibility to reduce the number of signaling bits (depends on M)
	· Lower signaling efficiency with low signaling bit region

· No individual CQI available in not reported CQI bands

	Top-M average
	· Low overhead essentially
· Good signaling efficiency with low signaling bit region
	· No individual CQI available at all

	DCT greatest
	· Potential of good throughput performance (but, largely impacted by measurement error)
· Possibility to reduce the number of signaling bits (depends on the number of components)
	· Poor signaling efficiency with low signaling bit region

· Huge value of DC component relative to other components

· Additional processing complexity in transmitter and receiver

	Time differential
	· Potential of very good throughput performance
	· Poor throughput performance with long reporting period

	Average
	· Best throughput performance in middle speed
	· Lower throughput performance in slow speed


Figure C2: Sector throughput comparison of feedback schemes with 15 km/h





Figure C1: Sector throughput comparison of feedback schemes with 3 km/h
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Figure C6: Sector throughput vs. signaling overhead with 15 km/h (Enlarged version)





Figure C5: Sector throughput vs. signaling overhead with 15 km/h





Figure 1: Sector throughput comparison of feedback schemes with 3 km/h





Figure 2: Sector throughput comparison of feedback schemes with 15 km/h
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Figure 4: Sector throughput vs. signaling overhead with 3 km/h (Enlarged version)





Figure 3: Sector throughput vs. signaling overhead with 3 km/h





Figure 6: Sector throughput vs. signaling overhead with 15 km/h (Enlarged version)





Figure 5: Sector throughput vs. signaling overhead with 15 km/h
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Figure 8: Sector throughput vs. signaling overhead per report with 15 km/h





Figure 7: Sector throughput vs. signaling overhead per report with 3 km/h





Figure C4: Sector throughput vs. signaling overhead with 3 km/h (Enlarged version)





Figure C3: Sector throughput vs. signaling overhead with 3 km/h
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Figure C8: Sector throughput vs. signaling overhead per report with 15 km/h





Figure C7: Sector throughput vs. signaling overhead per report with 3 km/h
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