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1. Introduction

OFDMA based multiple access scheme is the strongest candidate for 3GPP EUTRA.  In OFDMA systems frequency selective scheduling (FSS) significantly improves system spectral efficiency (SE).  Depending on the CQI bandwidth used, explicit CQI feedback for every resource block (RB) can result in significant overhead and therefore reduced capacity. Too large a CQI bandwidth and FSS performance benefit degrades.  This contribution considers several reduced overhead CQI feedback schemes.
2. CQI feedback schemes for EUTRA

The OFDMA downlink for EUTRA should support scheduling of both frequency diverse (distributed) and frequency selective (localized) allocations.  In order to support frequency selective scheduling efficient CQI feedback is necessary.  One example of DL resource block size and the minimum CQI bandwidth for each bandwidth mode is given in Table 1.  It was shown in [Motorola R1-050720] that the optimum CQI bandwidth ranged from 225 to 450kHz and that 450kHz was optimal when feedback errors and delay were accounted for.  Other contributions [R1-050708, 779, 1064] have shows that CQI bandwidths as high as 900kHz yield acceptable degradation in FSS benefit.  While using a CQI bandwidth of 375kHz can achieve close to the maximum FSS gain, the overhead of a UE reporting a maximum of 48 CQI values per sub-frame for the 20MHz carrier bandwidth mode would be prohibitive.
Table 1 - Resource Block and CQI Numerology for FSS (CQI BW = RB BW)
	DL Resource Block and CQI Info
	Bandwidth

	
	1.25 MHz
	2.5 MHz
	5.0 MHz
	10.0 MHz
	15.0 MHz
	20.0 MHz

	min. CQI BW
	375
	375
	375
	375
	375
	375

	min. RB BW
	375
	375
	375
	375
	375
	375

	#RB
	3
	6
	12
	24
	36
	48

	#SC/RB
	125
	125
	125
	125
	125
	125

	#CQI bands/Subframe
	3
	6
	12
	24
	36
	48


Various CQI feedback methods allow low CQI feedback overhead.  One option to reduce CQI overhead is to simply increase the size of the CQI bandwidth (BW) while maintaining the resource block bandwidth needed for adequate packet size granularity [4]. Table 2 shows a CQI BW of 750 kHz (except for 1.25 MHz) while the RB BW is 375 kHz resulting in ½ the number of CQI bands per subframe as given in Table 1 and good packet size granularity.  A small loss is expected in FS scheduling performance.
Table 2 – Resource Block and CQI Numerology for FSS (CQI BW >= RB BW)

	DL Resource Block and CQI Info
	Bandwidth

	
	1.25 MHz
	2.5 MHz
	5.0 MHz
	10.0 MHz
	15.0 MHz
	20.0 MHz

	CQI BW
	375
	750
	750
	750
	750
	750

	min. RB BW
	375
	375
	375
	375
	375
	375

	#RB
	3
	6
	12
	24
	36
	48

	#SC/RB
	125
	125
	125
	125
	125
	125

	#CQI bands/Subframe
	3
	3
	6
	12
	18
	24


However, even with 750 kHz CQI bandwidth the number of CQI bands per subframe is still too considered high to permit explicit feedback of one CQI per band.  Hence, in addition to higher CQI BW other techniques are needed to reduce CQI feedback overhead and some are described in Table 3 below.
Table 3 – CQI Reporting Methods and Feedback overhead based on 750 kHz CQI BW (375kHz for 1.25MHz)
	CQI Reporting Method
	Description of Reporting Method
	FSS Impact
	#Feedback bits needed per UE

	1. Average
	Single CQI reported for entire carrier BW
	No FSS benefit
	5

	2. Band
	CQI reported for each CQI band (M bands total)
	Full FSS benefit
	5*(3,3,6,12,18,24)

	3. Top-N 
	CQI reported for each of N Top CQI bands
	Some FSS benefit
	5*N+(2,2,3,4,5,5)*N

	4. Differential
	CQI reported one band at a time along with per band CQI differential (1-bit)
	Some FSS benefit
	5+(2,2,5,11,17,23)

	5. Contiguous Hybrid
	Single CQI reported for contiguous set of RBs
	Most FSS benefit
	5+(2,2,4,5,6,7) or less

	6. Non-Contiguous Hybrid
	Single CQI reported for RBs indicated by bit map
	Most FSS benefit
	5+(3,3,6,12,18,24)

	7. Block Non-Contiguous Hybrid
	Single CQI reported for RBs indicated by bit map for 5MHz block
	Most FSS benefit
	5+(3,3,6,7,8,8)


Several of the methods of reporting the CQI values given in Table 3 are described further:

a. Average CQI reporting: 

One CQI value averaged over the entire bandwidth can be reported by the UE every x sub-frame.  This is suitable for distributed transmission where the downlink is transmitted on the sub-carriers scattered over the whole bandwidth.

b. Band CQI Reporting:
In this method, the CQI of each band is reported every x sub-frame.  The full benefit of frequency selective scheduling can be achieved with this method at the cost of increased overhead.
c. Contiguous Hybrid CQI reporting:
To reduce the CQI reporting overhead while taking advantage of frequency selective scheduling, a hybrid of average and band CQI reporting is preferred.  In this contribution the hybrid method will be discussed in detail.

In this method, a hierarchical structure of CQI feedback is introduced.  As shown in Figure 1, the structure for 5 MHz bandwidth consists of a total of 4 levels with 12 sub-bands at level 4. When transmitting the CQI every x sub-frames, only the channel quality of one sub-band at level n with its corresponding index is fed back to the Node-B. The general block diagram of the hybrid CQI scheme is shown in Figure 2, where the first 5 bits indicate which sub-band is reported, and the next five bits is the CQI value for the reported sub-band. Y additional bits may be added for differential CQI updates of some previously reported CQI values. Note that in Figure 1 the total number of sub-bands for all the levels is 22, therefore 5 bits are enough to indicate which sub-band is reported at the current instance.
d. Non-Contiguous Hybrid CQI reporting:

To reduce the CQI reporting overhead while taking advantage of frequency selective scheduling, a hybrid of average and band CQI reporting is used. With this method, a bitmap is reported (every x sub-frames) which indicates which CQI bands are selected (e.g. bands selected based on their CQI being within y dB of top band’s CQI). Only one CQI is reported (every x sub-frames) which reflects the CQIs (e.g. average) of the selected CQI bands.  Hence, the bit map grows with the number of bands as the carrier BW increases (e.g. from 1.25MHz to 20MHz) as shown in Table 3.  One way to reduce feedback for 10, 15, and 20MHz is to only report on 5MHz blocks based on a block indicator. For example for 10MHz carrier bandwidth mode a single bit would be needed and two bits would be needed for 15 or 20MHz.
3. Description of Contiguous CQI feedback schemes for EUTRA

As shown in Figure 1, the structure for 5 MHz bandwidth consists of a total of 4 levels with 12 sub-bands at level 4. When transmitting the CQI every x sub-frames, only the channel quality of one sub-band at level n with its corresponding index is fed back to the Node-B. The general block diagram of the hybrid CQI scheme is shown in Figure 2, where the first 5 bits indicate which sub-band is reported, and the next five bits is the CQI value for the reported sub-band. Y additional bits may be added for differential CQI updates of some previously reported CQI values. Note that in Figure 1 the total number of sub-bands for all the levels is 22, therefore 5 bits are enough to indicate which sub-band is reported at the current instance.
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Figure 1.  Hierarchical Structure for CQI feedback
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Figure 2.  Block Diagram of the CQI feedback scheme
With this general CQI report structure, many implementation schemes are possible. 

Scheme 1: At each CQI report interval, one of the levels is chosen and the highest CQI value of the sub-band in that level is reported.  By iterating through all the levels, the Node-B can roughly re-construct the fading profile of the whole band since the CQI is averaged over the sub-band of interest. This is shown in Figure 4.
Scheme 2: One can choose to iterate through a sub-set of levels. For example, the CQI feedback scheme proposed in [3] can be implemented by choosing to report the highest and the lowest levels.
An alternative scheme (Non-contiguous Hybrid CQI scheme) as shown in Figure 3 is to send a bitmap with the number of bits equal to the number of resource blocks and one CQI value. Each bit indicates whether the corresponding resource block is being reported while the CQI value is (e.g.) the average CQI across the resource blocks that are reported. This alternative scheme can not be implemented using the proposed contiguous hybrid CQI scheme since the reported resource blocks are not necessarily adjacent ones  that comprise the higher level sub-bands. However, if one restricts the reported resource blocks to form a higher level sub-bands, then this scheme can be implemented by the proposed hybrid scheme with smaller overhead.
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Figure 3 Bitmap and CQI value for alternative CQI scheme.
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Figure 4.  Example of Fading Profile reconstruction
4. Overhead and Simulation Results

Table 4 gives the number of bits per CQI report for the proposed hybrid CQI scheme, average CQI and full band-CQI scheme. The number of bits needed for hybrid CQI scheme only increases gradually with the bandwidth and the number of sub-bands. Figure 5 below indicates the spectral efficiency for each CQI feedback scheme as described in Table 3. The CQI band bandwidth used in Figure 5 corresponded to 50 consecutive sub-carriers for carrier bandwidth modes from 2.5 to 20MHz and 25 consecutive sub-carriers for 1.25MHz carrier bandwidth mode.
Figure 6 to 8 show simulation results for four of the CQI reporting schemes described in the previous sections. Full buffer traffic is used with TU channel model and overhead pilot/control channels are considered. It may be observed that the hybrid (contiguous) CQI reporting scheme and bitmap reporting scheme (hybrid non-contiguous) using frequency selective scheduling provide approximately 30% improvement over the frequency non-selective scheme and is only slightly worse than the full band CQI reporting scheme. With low speed, the bitmap scheme perform better while  the hybrid CQI scheme performs better with higher speed due to the whole bandwidth re-construct algorithm.

Table 4 - Contiguous Hybrid Case: Number of bits per CQI report per UE for 375 kHz CQI BW.
	DL Resource Block and CQI Info
	Bandwidth

	
	1.25 MHz
	2.5 MHz
	5.0 MHz
	10.0 MHz
	15.0 MHz
	20.0 MHz

	Number of RBs
	3
	6
	12
	24
	36
	48

	Number of Levels
	2
	3
	4
	5
	5
	6

	#RB of Each Level
	1, 3
	1, 3, 6
	1, 3, 6, 12
	1, 3, 6, 12, 24
	1, 3, 6, 12, 36
	1, 3, 6, 12, 24, 48

	Number of bits for 

Sub-band ID
	2
	4
	5
	6
	6
	7

	Total Number of bits per hybrid CQI report (w/o differential bits)
	7
	9
	10
	11
	11
	12

	Number of bits for Average CQI reporting
	5
	5
	5
	5
	5
	5

	Number of bits per full band-CQI reporting
	15
	30
	60
	120
	180
	240
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Figure 5 – CQI Spectral Efficiency for each CQI feedback technique for 750kHz bands
5. Conclusions

In this contribution, we discussed various CQI feedback schemes and in particular highlighted two hybrid CQI feedback schemes, one utilizing a hierarchical structure of the resource blocks for frequency selective scheduling and another hybrid scheme based on using a CQI band bitmap to indicate UE selected bands.  These two schemes have very low overhead compared to many other schemes especially the hybrid contiguous scheme.  The hybrid (contiguous) CQI reporting scheme and bitmap reporting (hybrid non-contiguous) scheme using frequency selective scheduling provide approximately 30% improvement over the frequency non-selective scheme and both have performance close to the full band CQI reporting scheme. With low speed, the bitmap scheme performs better while the hybrid CQI scheme performs better with higher speeds due to the whole bandwidth re-construct algorithm.
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ANNEX A – System Simulation Results
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Figure 6 - Sector and user throughput comparison for 3 km/h.
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Figure 7 - Fairness Comparison for different CQI report schemes: 3 kmph and 17 UEs/sector.
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Figure 8 - Sector and user throughput comparison for 30 km/h.
ANNEX B – System Simulation Assumptions
Table 5 – UTRA and EUTRA Simulation Case Minimum Set

	Simulation
	CF
	ISD
	BW
	PLoss
	Speed

	Cases
	(GHz)
	(meters)
	(MHz)
	(dB)
	(km/h)

	1
	2.0
	500
	10
	20
	3

	2
	2.0
	500
	10
	10
	30

	3
	2.0
	1732
	10
	20
	3

	4
	0.9
	1000
	1.25
	10
	3

	5
	2.0
	1732
	5
	20
	3


Table 6 – Macro-cell system simulation baseline parameters

	Parameter
	Assumption

	Cellular Layout
	Hexagonal grid, 19 cell sites, 3 sectors per site

	Inter-site distance (ISD)
	1732m (case5)

	Distance-dependent path loss
	L=I + 37.6log10(.R), R in kilometers

I=128.1 – 2GHz

	Lognormal Shadowing
	Similar to UMTS 30.03, B 1.41.4 

	Shadowing standard deviation
	8 dB

	Correlation distance of Shadowing
	50 m  (See D,4 in UMTS 30.03)

	Shadowing correlation
	Between cells
	0.5

	
	Between sectors
	1.0

	Penetration Loss  
	20dB 

	Antenna pattern (horizontal)

(For 3-sector cell sites with fixed antenna patterns)
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	Carrier Frequency / Bandwidth mode
	2.0GHz / 5MHz 

	Channel model
	Typical Urban (TU)

	UE speeds of interest
	3km/h, 15km/h, 30km/h

	Total BS TX power (Ptotal)
	43dBm

	Antenna Bore-sight points toward flat side of cell (for 3-sector sites with fixed antenna patterns)
	


	Users dropped uniformly in entire cell
	


	Minimum distance between UE and cell
	>= 35 meters


Table 7 – Other Simulation conditions

	Simulation method
	UL EUTRA System simulation  - with wraparound

	AMC
	ON (any MCS with 0.25<MPR<5.0)

MPR = modulation x encoding rate

	HARQ
	IR/Chase with N=6 Stop&Wait HARQ protocol

	Antenna Diversity
	2 antennas

	Receiver
	OFDMA 

	Channel-dependent scheduling
	PF: Frequency Selective 

	Evaluation method
	As per 25.913 and 25.814. 

1. compare sector throughput and user (packet call) throughput . Note that user throughput is determined based on 2Mbyte packet calls with 0.5ms packet call inter-arrival

	User Bandwidth
	5.0MHz 

	Traffic Model
	Full Buffer

	Link Mapping
	EESM 
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