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1. Introduction

Frequency-domain scheduling can provide high data-rate for E-UTRA by exploiting the multi-user diversity and frequency-selectivity. One main issue of frequency-domain scheduling is to overcome the extensive CQI feedback overhead. Some efficient feedback schemes have been proposed and analyzed in [1]

 REF _Ref126987554 \n \h 
[2], which can achieve most of frequency selectivity with very few bits of feedback. In this paper, the details of the frequency-domain scheduler along with the feedback schemes are provided. Complement numerical results of frequency-domain scheduler with proposed feedback schemes are also presented.
2. Support for two L2 PDUs scheduled for one user

TR 25.814 section 7.1.2.2 indicates that the same coding and modulation is applied to all groups of resource blocks belonging to the same L2 PDU scheduled to one user within one TTI and within a single stream. Therefore, if two L2 PDUs are assigned to a user within one TTI then each per PDU set of resource blocks can have a distinct MCS. This may be quite advantageous for scheduling to allow two allocations.  In this case the bitmap CQI feedback scheme described in section 4 would allow support for two L2 PDU blocks, each with their respective resource allocation and  distinct MCS.  The bitmap 1’s could correspond to one MCS and the 0’s could correspond to another MCS with the latter having lower CQI which may or may not be reported (e.g. implicitly it could 6dB down in terms of CQI compared to the reported CQI for the 1’s).  This could help throughput especially for the single user case (especially if frequency selective LEP techniques are used to determine MCSs) plus help resolve contention for the multi-user case.  Note the Hybrid CQI feedback scheme could naturally be used to support two L2 PDUs per TTI by utilizing the CQI values reported for different levels.
3. Frequency-Selective Scheduling (FSS)
Suppose there are K UEs in the downlink. The OFDM subframe contains 
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resource blocks (RB’s), where the CQI of the n-th RB from node-B to UE k is 
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. Suppose that only one UE is allowed to be scheduled per RB for the whole subframe. Proportional fairness (PF) scheduler has been adopted to enforce fairness among UEs. Namely, at time i, UE k has a fairness metric for RB n, 
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where 
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is the instantaneous supportable rate for UE k at RB n, depending on each UE’s CQI 
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. One possible rate function is the modified Shannon equation, targeting at a given FER (e.g. FER=50%), i.e., 
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. The average throughput 
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is recursively updated by
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where 
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is the aggregate scheduled rate for UE k across all RB’s, 
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 is the forgetting factor, and 
[image: image12.wmf]a

is the exponential scaling factor. 
At each time, the “best” UE of each RB is scheduled. That is, the scheduled UE at RB n is 
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, which is determined by
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where 
[image: image15.wmf]k

m

 is the priority factor. If the transmission for a UE fails, a hybrid ARQ (HARQ) is used for retransmission. For a retransmission, the corresponding priority factor will be boosted adaptively as the retry time goes up. For instance, a simple step function can be used here, that is,
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To reduce the control signaling, the number of UEs that can be scheduled for each subframe is constrained to be no larger than 
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, i.e., 
[image: image18.wmf](

)

{

}

,1

n

UinNQ

£££

, where 
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defines the size of a set. To satisfy this constraint, a simple searching-and-deleting algorithm is applied, which is suboptimal but provide reasonably close performance to optimum. That is, we first apply (3), and then check the number of UEs scheduled. If there are more than Q UEs scheduled, we delete the UE who has the minimal total fairness metric and redo the scheduling. This step will be repeated until the constraint is met. The complete FSS algorithm can be outlined as follows:
1. Let 
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2. For 
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3. If 
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else 
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, go to step 2.
The scheduler model is shown by Figure 1. 
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Figure 1. PF Scheduler for OFDMA Downlink
4. CQI Feedback Schemes

In [2], the performance of two feedback schemes has been studied. Numerical simulations have shown that the benefit of frequency-selective scheduling can be largely sustained by using only a few feedback bits. In the following, the details of the two feedback schemes will be discussed. 
· Bitmap feedback: The bitmap feedback scheme can be illustrated in Figure 2. At each time i, half of the RB’s will be mapped with one bit (green as in the figure), to indicate it in “good” state or not. The number of RB’s mapped with “1” can be adaptively decided. For example, the number can be set to the last scheduled RB’s for this UE, or some minimal report size. Let 
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be the number of “1”-s for UE k at time i, and 
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In each CQI feedback, the bitmap of the reported RB’s (the green blocks in Figure 2) and the average CQI for the RB’s mapped as 1 (the purple block in Figure 2) are fed back. At node-B, the RB’s mapped as 1 are assumed to have equal CQI as reported, while the RB’s mapped with 0 are assumed to have CQI as xdB worse. The unreported half of RB’s are assumed to have CQI as previously reported.
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Figure 2. Example diagram of bitmap feedback, green stands for feedback bitmap, where yellow means no feedback for the corresponding RB’s. The feedback CQI’s are h0 and h1 respectively.
· Hybrid feedback: the RBs are grouped into sub-bands using different resolutions. Therefore, one RB can belong to different sub-bands. For each successive feedback interval, an index of the best sub-band and the corresponding average CQI are reported as shown in Figure 3. A reconstruction algorithm will be used at the Node-B to improve the estimate of CQI, as described in [1], as shown in Figure 4.
An example of the hybrid feedback scheme is given as following assuming total L levels and y (1 or 2) differential bits:

1. Set current level 
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2. Report the best sub-band index and the associated average CQI value;

3. Report y differential bits for the highest y levels excluding the current level;

4. Set current level 
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With the index and average CQI (CQIi ) values of the best sub-bands of all levels 
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, the Node-B can re-construct the CQI values for all the RBs as following:
1. Initialize the CQI of all the RBs to CQI1 of level 1 and assign each RB a value 
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2. Set the current level 
[image: image35.wmf]2

i

=

;

3. Assuming there are T RBs that belongs to the best sub-band reported in the level i, should all have the same value of I=z. Also assuming there are M RBs that have In=z (and the same CQI value h). For all the RBs that have In=z  if it belongs to the best sub-band, then set its CQI to the reported CQIi of the current level and In=i; otherwise set its CQI to 
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4. Set the current level 
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5. If 
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, done; Otherwise, go to step 3.
Note that for the hybrid feedback, the L-step historical feedbacks are used together to reconstruct the channel. Each feedback iteratively updates the information of the best-band for only one level. Hence for high Doppler, y differential bits are used to improve the accuracy of reconstruction.
Also note that other hybrid feedback schemes can be designed utilizing the hierarchical structure. For example, only feeding back the lowest and highest level may be feasible for a situation that has very high load of UEs and low feedback rate. In addition, the FSS given in Section 2 is a general scheme which can be further optimized for specific CQI feedback schemes.
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Figure 3 - Hierarchical structure for CQI feedback
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Figure 4. Example of channel reconstruction algorithm for Hybrid feedback scheme.
5. Simulation Results and Discussions
As presented in [2], FSS with bitmap or hybrid feedback can achieve most of the system throughput with only a few feedback bits. The results shown in [2] are for full-buffer traffic. Here we present some complement results for HTTP traffic. Assuming a 5MHz downlink channel, the RB of 375 kHz is used in the simulations such that there are 12 RBs. The bitmap and hybrid feedback cost 5(CQI)+6(bitmap)=11bits, and 5+4 (16 sub-bands)=9bits respectively. Tables 2 and 3 describe other simulation parameters used for the numerical results. The results shown in Figure 5 illustrates that the proposed feedback schemes can achieve close to performance with perfect feedback, which is significantly better than time-domain scheduling. Figure 6 shows the fairness of different schedulers. Figure 7 demonstrates that the performance of feedback schemes at different feedback rate (CQI is reported every 0.5ms, 1ms, or 2ms). It is shown in the figure that the feedback scheme is robust to the slower feedback rate, which implies an even lower requirement on feedback overhead.
Table 1 - Outage sector throughput (5% User throughput<32Kbps) at 3km/h, 5MHz

	
	TDM

(Mbps)
	FSS (Mbps)

	
	
	Perfect Feedback
	Bitmap
	Hybrid

	
	2.0
	3.0
	2.6
	2.7

	Gain
	
	50%
	30%
	35%
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Figure 5 - Performance for http traffic at 3km/h
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Figure 6 - Fairness of FSS with feedback schemes for 100UE/sector
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ANNEX A – System Simulation Assumptions

Table 2. Macro-cell system simulation baseline parameters
	Parameter
	Assumption

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

	Inter-site distance (ISD)
	2800m

	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  
	20 dB 

	Antenna pattern (horizontal)

(For 3-sector cell sites with fixed antenna patterns)
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 = 70 degrees,  Am = 20 dB 

	Carrier Frequency / Bandwidth mode
	2.0GHz / 5 (or 10)MHz 

	Channel model
	6-ray GSM Typical Urban (TU)

	UE speeds of interest
	3km/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 3. Other Simulation Conditions

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

MPR = modulation x encoding rate

	HARQ
	IR with N=6 Stop&Wait HARQ protocol

	Antenna Diversity
	2 antennas

	Receiver
	OFDM

	Symbols/Data Symbols
	7/5

	Max allowable UE/TTI
	4

	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 <0.5 ms packet call and session inter-arrival

	User Bandwidth
	5.0 MHz

	Traffic Model
	HTTP web browsing

	Link Mapping
	EESM 
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