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1 Introduction

In this contribution, we analyze the performance of joint and separate coding for L1/L2 control signaling of downlink (DL) scheduling information [1-17]. In particular, the performance is evaluated with or without inter-cell interference management by investigating the geometry distribution of scheduled UEs through system-level simulations. Finally, we propose several signaling schemes for separate coding for reduced overheads in DL resource assignment indication.
2 Separate versus joint coding
In this section, we address the issue of separate versus joint coding for control signaling of downlink scheduling information. In joint coding, distributed control transmission is assumed to best address the variation of channel quality across different users in the same joint coding group. In separate coding, control transmission on scheduled resource blocks (RBs) is considered. One or multiple RBs are selected for control signaling of a certain UE from RBs that are allocated for the UE’s data traffic. When inter-cell interference management is included, the joint coded control assumes distributed transmission on reserved cell-edge resources. 
The system-level simulations are carried out for simulation scenario Case 3 in TR 25.814. The details of the system simulation setup are given in Appendix A. To assess the performance of the control channel, the exponential effective SINR (EESINR) of each scheduled UE is evaluated for the control channel resources, and the cumulative distribution function (CDF) of the EESINRs is obtained to compare different coding and transmission schemes. For data traffic schedulling, the proportional fair algorithm in both time and frequency domain is used.
2.1 Without interference management
Figures 1 and 2 show the EESINR cumulative distribution functions for joint and separate coded control channels without inter-cell interference management. The EESINR is calculated for each scheduled UE using the SINRs for the subcarriers used for control signaling for the UE. In EESINR calculation, QPSK modulation with a code rate 1/3 is assumed, i.e, β = 1.49. For joint coded control, assuming distributed control transmission, the EESINR of a scheduled UE is obtained for the entire scheduling band. For separate coded control, assuming control transmission on scheduled RBs, the EESINR of a scheduled UE is calculated for one or multiple RBs scheduled for the UE. The following three transmissions are considered for separate coding.

Scheme A. Transmission on the best RB among scheduled RBs (Best scheduled RB)   
Scheme B. Transmission on the first RB of scheduled RBs, which has been proposed in [8] (First scheduled RB)
Scheme C. Transmission on multiple RBs uniformly selected from scheduled RBs (All scheduled RBs)
All the three transmission schemes A, B, and C for separate coding provide significantly improved SINRs at low CDF points, compared with the joint coding case. For example, for 10 UEs per cell in Fig. 1, the best RB separate control shows 4.0 dB and 4.4 dB gains in EESINR over the distributed joint control at 5 % and 10 % CDF points, respectively. For the first RB separate control, the gains over the distributed joint control are 2.6 dB and 3.1 dB at 5 % and 10 % CDF points, respectively.
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Figure 1 EESINR CDF for scheduled UEs without interference coordination, 10 UEs/cell
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Figure 2 EESINR CDF for scheduled UEs without interference coordination, 20 UEs/cell 
2.2 With interference management
A static, soft-frequency reuse interference coordination scheme with a reuse factor of 1/3 is employed. The details of the interference management scheme can be found in Appendix B. The transmission power offset between the cell-edge and cell-interior resources is introduced. The cell-edge resources are set to have a 5 dB higher transmission power per subcarrier than the cell-interior resources. Using the wideband SINRs reported by the UE, the Node-B performs UE classification. If the average SINR, which is averaged over the entire scheduling band, is less than 0 dB, the UE is classified as a cell-edge UE. For the cell-edge UEs, a scheduling constraint is imposed such that only cell-edge resources, which take up about 1/3 of the total resources, are available for scheduling. No scheduling constraint is applied to the cell-interior UEs. The joint coded control assumes distributed transmission on reserved cell-edge resources for maximum protection from inter-cell interference.
Figures 3 and 4 show the CDFs of the control channel EESINR for joint and separate coding with interference management. With interference management, the SINR distribution of the joint coded control improves by 2.9 dB and 3.0 dB at 5 % and 10 % CDF points, respectively. However, still the separate coded control has a better distribution at low CDF points. For 10 UEs per cell (Fig. 3), the best RB separate control shows 3.6 dB and 3.9 dB gains in EESINR over the distributed joint control at 5 % and 10 % CDF points, respectively.  For the first RB separate control, the gains over the distributed joint control are 1.3 dB and 1.7 dB at 5 % and 10 % CDF points, respectively.  For 20 UEs per cell (Fig. 4), the best RB separate control (the first RB separate control) shows 3.5 dB (2.3 dB) and 3.8 dB (2.3 dB) gains over the distributed joint control at 5 % and 10 % CDF points, respectively. 
2.3 Outage probability
From the EESINR CDFs, the outage probability of the downlink scheduling information is estimated as shown in Table 1. The estimation assumes ideal channel estimation and a target BLER of 1%. For a rate 1/3 convolutional code with constraint length 9, the minimum required SNR in AWGN is found to be -0.2 ~ 0.65 dB for payload sizes ranging from 40 to 400 bits. The rate 1/3 Turbo coding with a payload size larger than 400 bits requires a minimum SNR of -1.25 dB in AWGN. For separate coding, the convolutional coding with the payload size of 40 bits is assumed. For joint coding, both channel codes are considered with a payload size of 400 bits for convolutional coding and larger than 400 bits for Turbo coding. The separate coded control shows very low outage probabilities even without interference management (≤  2%). In contrast, the joint coding requires both Turbo coding and interference management to achieve a comparable performance.
For joint coding, transmit diversity can improve the performance further, while for separate coding, further improvement can be made by applying a slow power control and pre-coded transmission to individual UEs.
Table 1 Outage probability with ideal channel estimation
	
	Joint coding with a rate 1/3 convolutional code

(Payload size = 400 bits)
	Joint coding with a rate 1/3 Turbo code

(Payload size > 400 bits)
	Separate coding with a rate 1/3 convolutional code

(Payload size = 40 bits)

	
	
	
	Best RB
	First RB

	Without IM
	10 - 15 %
	3.5 - 6 %
	0.5 -0.8 %
	1.5 – 2 %

	With IM
	 2  %
	 0.4  - 0.5 %
	0.05 – 0.08 %
	0.4  %
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Figure 3 EESINR CDF for scheduled UEs with interference coordination, 10 UEs/cell

[image: image4.wmf]-25

-20

-15

-10

-5

0

5

10

15

20

25

30

35

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

-25

-20

-15

-10

-5

0

5

10

15

20

25

30

35

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

-25

-20

-15

-10

-5

0

5

10

15

20

25

30

35

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

-25

-20

-15

-10

-5

0

5

10

15

20

25

30

35

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

EESINR CDF

EESINR (QPSK, 1/3)

 Best scheduled RB

EESINR CDF

EESINR (QPSK, 1/3)

 First scheduled RB

(dB)

With interference management, 20 UEs/cell

EESINR CDF

EESINR (QPSK, 1/3)

 Joint coding:

reserved cell-edge RBs

EESINR CDF

EESINR (QPSK, 1/3)

 All scheduled RBs


Figure 4 EESINR CDF for scheduled UEs with interference coordination, 20 UEs/cell
3 Resource assignment indication for separate coding

As originally proposed in [3-6], the transmission of control information for the UE on (a) scheduled RB(s) for the UE has the following benefits.

· The quality of control channel has benefits from the frequency-domain scheduling.

· The RBs scheduled for a UE do not contain the control information for the other UEs, thus, not requiring additional signaling for indication of the other UE’s control presence in the scheduled RBs.

In this section, we describe several signaling schemes for DL resource assignment indication for separate coding, which are based on signaling on scheduled RBs. For separate coded control, the signaling overheads largely come from resource allocation indication because the resource allocation map cannot be shared between different UEs unlike in joint coding. Here, we try to provide several candidate schemes minimizing the signaling overheads while not putting much constraint on scheduling for maximum system performance and scheduling flexibility. Although a little constraint on scheduling may be necessary to reach reasonable overheads in separate coding case, it seems that the frequency selective scheduling should be allowed at least at the level of subbands without limitation. For example, the resource allocation with only contiguous RBs may significantly degrade the performance.

3.1 Position-dependent bitmap without scheduling restriction
Figure 5 shows the position-dependent bitmap method proposed in [8]. The position-dependent bitmap method places the resource allocation information at one of scheduled RBs and allows for any arbitrary combinations of RBs to be scheduled to the UE. The control signal is located at the starting RB and a variable size bitmap indicates the allocation of remaining RBs. This scheme reduces the signaling overheads without introducing any limitation on scheduling while it requires rate-matching due to the variable size depending on the control position. (The variation in the control information size is already expected with the introduction of multilayer MIMO transmissions in LTE.) However, the signaling overheads are still very large. For example, for a 10 MHz scheduling band with 50 RBs, the resource indication overheads ranges from zero to maximum 50 bits with more than 25 bits for each UE on average. In addition, an additional signaling scheme should be devised to include SDMA resource mapping. 

3.2 Two-step resource indication without scheduling restriction
Figure 6(a) illustrates a two-step resource indication method. In the two-step resource indication method, the resource indication information for each UE is divided into two parts, i.e., a subband allocation map [A in Fig. 6(a)] and a RB allocation map for allocated subbands [B in Fig. 6(a)]. The subband consists of a number of RBs that are consecutive in the time-frequency (TF) resource space. The subband allocation map is a bitmap with one-to-one mapping between the member bits and the subbands to allow for an arbitrary subband allocation pattern. The bitmap size is pre-defined and is considered a cell-specific parameter determined by the subband size and the scheduling bandwidth. The RB allocation map for allocated subbands is transmitted separately from the subband allocation map in a separately coded block. The RB allocation map is a variable-size bitmap with the size of (the number of allocated subbands) x (the number of RBs within the subband) bits. The UE first decodes the subband allocation map and then can decode the RB allocation map using the size information from the subband allocation map. This scheme does not put any restrictions on scheduling but requires separated coding blocks for the two assignment indication blocks. It reduces the signaling overheads by transmitting information only for the allocated subbands. 
3.3 Resource indication with scheduling restriction
The proposed scheme here uses two types of allocation map for the resource allocation indication, namely, pattern indication, and range and spacing indication. The type of the selected allocation map format can be signaled using an additional bit.

3.3.1 Pattern indication

Figures 6(b) and 6(c) show the resource indication method using allocation patterns. The resource allocation within each subband is chosen to be one of pre-defined allocation patterns. For example, Fig. 6(b) shows four possible allocation patterns for the subband, i.e., no allocation, even-numbered RB allocation, odd-numbered RB allocation, or full allocation. These allocation patterns permit the sharing of the same subband by up to two different UEs. In this scheme, the total number of resource allocation signaling bits is given as (# of subbands) x [log2 (# of patterns)]. For example, consider a 10 MHz scheduling band with 50 RBs. If the subband size is 6 RBs and the four patterns in Fig. 6(b) are used for allocation within a subband, total 18 bits are required for each scheduled UE. This scheme puts some limits on scheduling flexibility. However, it would not introduce significant performance degradation assuming that the UE CQI feedback is done on a subband by subband basis. 

3.3.2 Range and spacing indication 

An alternative method has been proposed in [9], which uses a bitmap for subband allocations and then, additional bits indicate the starting RB in the first allocated subband, the ending RB in the last allocated subband, and the spacing of the allocated RBs. This scheme can be efficient for addressing the resource allocation for distributed transmission and provides a minimum allocation size of one RB. In contrast, the pattern indication method described in the previous section does not provide enough RB allocation granularity; the minimum RB allocation size is especially important for VoIP capacity [18]. For 10 MHz scheduling band with 50 RBs and the subband size of 6 RBs, total 18 bits (9 bits for the subband allocation map, 3 bits for each of starting, ending, and spacing indication) are required for each scheduled UE.
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Figure 5 Position-dependent bitmap [8]
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Figure 6 (a) Two-step resource indication, (b) Allocation patterns, (c) Resource allocation using the allocation patterns
4 Conclusion
In conclusion, we have evaluated the performance of joint and separate coding for L1/L2 control signaling of DL scheduling information. The EESINR CDFs of scheduled UEs have been investigated with or without inter-cell interference management. The simulation results show a large performance benefit of separate coded control utilizing the scheduled resources for control transmission due to the frequency-domain scheduling. Even without proper interference coordination, the separate coded control shows a robust performance. The main concern regarding separate coding, however, is the signaling overheads arising from separate resource assignment indication. We have provided several signaling schemes for separate coding for reduced signaling overheads.
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Appendix A 

Simulation assumptions
The simulation scenario Case 3 in TR 25.814 is considered. The system simulation parameters including some simulation assumptions are listed in Table 2.  
Table 2 System simulation parameters

	Parameter
	Configuration

	Cellular Layout
	Hexagonal grid, 19 Node-Bs, 3 cells per Node-B, Wrap-around

	Inter-site distance
	1732 m

	Carrier frequency, System bandwidth
	2 GHz, 10 MHz

	Channel model
	Spatial channel model (suburban macro)

	UE speed
	3 km/hr

	Antenna configuration
	1 Tx, 2 Rx

	Tx power
	46 dBm (40 W)

	TTI length
	1 msec (2 subframes)

	# of subcarriers per resource block
	12

	Data scheduling algorithm
	Proportional fair

	Traffic model
	Full buffer

	Number of UEs
	10, 20

	Modulation and coding schemes
	QPSK code rates 1/3, 1/2, 2/3, 3/4, 4/5

16 QAM code rates 1/2, 2/3, 3/4, 4/5

	HARQ
	Synchronous, Chase combining

	Retransmission interval
	6 subframes

	Maximum # of retransmissions
	4

	Target BLER
	10%

	Round-trip CQI delay
	4 subframes

	Broadband CQI report interval
	6 subframes

	Channel estimation
	Ideal

	Decoding
	AWGN link level curves with EESINR mapping with payload size penalty [R1-062050, Qualcomm]


Appendix B 
Interference management
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Figure 7 Three-sectored cells
A static, soft-frequency reuse interference coordination scheme with a reuse factor of 1/3 is employed. In Fig. 3, the three sectors belonging to the same Node-B are denoted α, β, and γ, respectively. The total resource space is divided into three logical regions of the same size denoted   
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, respectively, each of which is distributed resources consisting of subcarriers uniformly distributed over the entire scheduling band.  The cells denoted by α use 
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 as main resources (cell edge resources, used for cell-edge UEs) in the sense that the transmission power for resource 
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 as illustrated in Fig. 8. The power offset is set to be 5 dB. The average SINR, averaged over the entire scheduling band, of the UE is used as a metric for the UE classification into a cell-interior or cell-edge UE.  If the average SINR is below 0 dB, the UE is classified as a cell-edge UE. No additional scheduling constraint is imposed on cell-interior UEs, while only cell-edge resources for allocation for cell-edge UEs (See Table 3).
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Figure 8 Transmission power levels
Table 3 Scheduling constraint

	
	Cell-edge UEs
	Cell-interior UEs

	Cell-edge RBs
	O
	O

	Other RBs
	X
	O
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