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1. Introduction
So far, the multiplexing of R-PDCCH has been discussed adequately in the email with many divergent views being presented [2][3][4]. In this document, we will compare TDM+FDM with FDM from the aspects of starting and ending point of R-PDCCH, resource utilization, search space and interleaving, decoding delay. Link-level performance is also provided.
2. R-PDCCH multiplexing
2.1. The starting and ending point of R-PDCCH

2.1.1. The starting point

It has been agreed that “The R-PDCCH is transmitted starting from an OFDM symbol within the subframe that is late enough so that the relay can receive it.” [1] So for both TDM+FDM and FDM, the starting point of R-PDCCH is the same and can be based on R-PDCCH size of eNB and RN. Three possible solutions are considered:
· Alt 1: RN assumes maximum number of eNB PDCCH symbols specified in the standards.

· Alt 2: RN is notified via RRC signaling including maximum number of eNB PDCCH symbols.

· Alt 3: RN receives the PCFICH of donor eNB by shifting access link.

For Alt 1, RN shall always assume that the number of OFDM symbols used for PDCCH of donor eNB is 3 when 
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. Therefore, the preferable starting point of RN’s control and traffic is the 4th or 5th symbol. When the number of DL PRBs is less than 10, RN starts receiving its control and traffic from the 5th symbol, otherwise RN starts receiving its control and traffic from the 4th symbol. When the PDCCH size of donor eNB is less than the PDCCH size of RN plus GP, the method would result in “waiting” symbols inevitably. However, considering that R-PDCCH occupies partial frequencies, only a small percentage of resources are wasted during those “waiting” symbols.

For Alt 2, the underlying assumption is that the maximum number of eNB PDCCH symbols is semi-static since RRC signaling is of semi-static nature. It is known that the actual number of PDCCH symbols dynamically changes and is signaled by PCFICH. So unless the actual number of PDCCH symbols keeps the same until the next RRC signaling and that number is smaller than the maximum PDCCH symbols specified in the standards, Alt 2 does not save resources compared to Alt 1.

Alt 3 is essentially the “with staggering” scheme in which RN can receive the PCFICH of the donor eNB as shown in Figure 1. Alt 3 has a disadvantage that the PDCCH transmitted by relay will cause significant interference to the PDSCH receiving of macro UEs.
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Figure 1: Backhaul link control channel structure
2.1.2. The ending point

For FDM, the ending point of R-PDCCH is the last OFDM symbol of the subframe, or the next to last OFDM symbol of the subframe if the last OFDM symbol is reserved for Rx/Tx switching. While for TDM+FDM, the ending point of R-PDCCH is the last OFDM symbol in the first slot. Two schemes were proposed: specification-based and semi-statically configured.
Specification-based scheme:
For TDM+FDM, assuming that the starting and ending points of R-PDCCH are specification-based, we list in Table 1 the actual numbers of OFDM symbols used for R-PDCCH. Both normal cyclic prefix (CP) and extended CP are considered. Note that less number of OFDM symbols can be used for R-PDCCH when the system bandwidth is 1.4MHz. 
Table 1: Number of OFDM symbols for R-PDCCH in TDM+FDM
	Bandwidth
	1.4MHz
	3 MHz
	5 MHz
	10 MHz
	15 MHz
	20 MHz

	Total #RBs
	6
	15
	25
	50
	75
	100

	Start symbol
	#4
	#3
	#3
	#3
	#3
	#3

	End symbol
	N-CP：#6

E-CP：#5
	N-CP：#6

E-CP：#5
	N-CP：#6

E-CP：#5
	N-CP：#6

E-CP：#5
	N-CP：#6

E-CP：#5
	N-CP：#6

E-CP：#5

	The number of symbols for R-PDCCH
	N-CP：3

E-CP：2
	N-CP：4

E-CP：3
	N-CP：4

E-CP：3
	N-CP：4

E-CP：3
	N-CP：4

E-CP：3
	N-CP：4

E-CP：3


Semi-static scheme:
Semi-static scheme means that the number of OFDM symbols for R-PDCCH may change, and it is necessary to analyze the overhead of R-PDCCH in terms of number of PRBs required. Assuming an eNB serves 1 or 10 RNs simultaneously and the control information for each RN is carried in one R-CCE which consists of 36 REs. A rough estimate of numbers of PRB needed for R-PDCCHs of all RNs is shown in Table 2, neglecting the overhead of reference signals.
Table 2: Estimated numbers of PRBs needed for R-PDCCH in TDM+FDM
	R-PDCCH size
	10 RNs
	1 RN

	1 OFDM symbol
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	2 OFDM symbols
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	3 OFDM symbols
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	4 OFDM symbols
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It can be seen from Table 2 that for moderate bandwidth operation, e.g., 10 to 20 MHz, the number of PRBs required for R-PDCCH would impose restrictions on the scheduling of macro UEs if too few OFDM symbols are used for R-PDCCH in TDM+FDM multiplexing. Therefore, we propose the number of OFDM symbols used for R-PDCCH is at least 2 for all system bandwidths.

2.2. Resource utilization
Beamforming has been proposed for FDM, which means there is no interleaving across R-PDCCHs and one RB can only be occupied by one RN. This may incur REs waste. We compare the resource utilization between TDM+FDM and FDM, assuming that the starting point of R-PDCCH is 4th OFDM symbol with normal CP. In TDM+FDM, R-PDCCH lasts till the end of the first slot in a subframe. In FDM, R-PDCCH lasts till the end of a subframe. By considering DCI format 2 with RS overhead neglected, we find in Table 3 that the effective code rate of R-PDCCH in FDM is very low. The reason lies in the fact that there are more available REs than needed.

Table 3: Comparison of resource utilization between TDM+FDM and FDM

	
	TDM+FDM
	FDM

	Number of available OFDM symbols for R-PDCCH
	4 symbols
	11 symbols

	Number of available REs in one RB (neglecting RS overhead)
	12*4 = 48 REs
	12*11 = 132 REs

	Effective code rate of DCI Format 2 
	0.73 (for 1 RB)
0.36 (for 2 RBs)
	0.27 (for 1 RB)
0.13 (for 2 RBs)


In TDM+FDM, though there is no resource waste due to only a subset of OFDM symbols are used for R-PDCCH, resource allocation need to be carried out carefully. It was agreed that “R-PDSCH and R-PDCCH can be transmitted within the same PRBs or within separated PRBs” [7]. In another word, only partial resources of PRB pairs are used for R-PDCCH and the remaining resources can be used for R-PDSCH. Here, to take DVRB mapping as an example, we assume R-PDCCH occupies #0, #4, #8, #12 PRBs in the first slot and a RN is allocated #2, #3, #4, #5 DVRBs for R-PDSCH. To reduce standardization effort, R-PDSCH should reuse Rel-8 resource allocation. According to Rel-8 RB mapping, these DVRBs will be mapped into {(#8, #0), (#12, #4), (#1, #9), (#5, #13)} PRBs, where, (#x, #y) denotes a DVRB is mapped into #x PRB in the first slot and #y PRB in the second slot. We can see resource mapping overlapping in #8 and #12 PRB in the first slot as shown in the figure 2. In such overlapping case, we can reuse Rel-8 resource allocation if R-PDSCH does not map data into overlapping PRBs which are used for R-PDCCH.


[image: image12.emf]0

0

1

1

2

2

3

3

4

4

5

5

6

6

7

7

8

8

9

9

10

10

11

11

DVRB

PRB

1st slot

2nd slot

1st slot

2nd slot

12

12

13

13

14

14

0

0

1

1

2

2

3

3

4

4

5

5

6

6

7

7

8

8

9

9

10

10

11

11

12

12

13

13

14

14

R-PDCCH R-PDSCH No mapping


Figure 2: Resource mapping overlapping between R-PDSCH and R-PDCCH
2.3. Search space and interleaving of R-PDCCH
Regarding search space of R-PDCCH, it has been agreed in [7] that “If the “search space” approach of R8 is used for the backhaul link, use of common search space, which can be semi-statically configured (and potentially includes entire system bandwidth), is the baseline. If RN-specific search space is configured, it could be implicitly or explicitly known by RN.” 
Considering that the number of RNs in a donor eNB is supposedly less than the number of UEs, there would be limited number of R-PDCCHs per subframe. So in our opinion, all R-PDCCHs in a subframe are interleaved together based on REG-level and mapped to a set of distributed or localized PRBs which is so-called RN-common search space, and this RN-common search space is a part of the PRBs semi-statically assigned for R-PDCCH transmission by eNB. Similarly, each RN shall monitor the PRBs semi-statically assigned for R-PDCCH transmission by eNB to obtain above-mentioned RN-common search space, and then monitor the RN-common search space to get control information which not only includes UL/DL grant of each RN but also some common information such as system information or paging. 
In summary, we propose all the R-PDCCHs in a subframe should be interleaved together at REG-level and mapped to a set of distributed or localized PRBs. 

2.4. Decoding delay
In TDM+FDM, by restricting R-PDCCH within the first slot of a subframe, RN can start control channel decoding earlier than FDM. The amount of latency reduction depends on control channel decoding complexity of TDM and FDM. It also depends on the extent to which the R-PDSCH processing can be accomplished before the end of the TTI. In the following, we will give some examples.
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Figure 3: In TDM+FDM，R-PDCCH is placed in the 3rd and 4th OFDM symbol
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Figure 4: In FDM, R-PDCCH is placed from 3rd to 12th OFDM symbol

In Figure 3, the example shows the R-PDCCH is placed in the 3rd and 4th OFDM symbol and the R-PDSCH processing will begin as soon as the control channel decoding is complete, in which case 
[image: image15.wmf]0

t

ms denotes the time needed for complete reception of RS for control channel demodulation and 
[image: image16.wmf]1

t

ms denotes the time needed for R-PDCCH processing and 
[image: image17.wmf]2

t

 ms indicates the time need for R-PDSCH processing. The decoding of R-PDSCH will start at 
[image: image18.wmf]01

()

tt

+

ms. 
In Figure 4, another example shows the R-PDCCH is placed from 3rd to 12th OFDM symbol and the R-PDDCH processing can only begin at the end of the subframe. If R-PDCCH processing takes 
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It is found that a latency advantage of 
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ms can be achieved. That means the latency advantage depends on the number of OFDM symbols occupied by R-PDCCH and the difference of R-PDCCH processing time between TDM+FMD and pure FDM. For simplicity, we assume
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ms which depends on the number of OFDM symbols occupied by R-PDCCH. Table 4 shows the values of the latency reduction in TDM+FDM compared to pure FDM. The maximum reduction is 9 OFDM symbols, and the mininum is 6 OFDM symbols. 

In addition, the early decoding of R-PDCCH in a subframe is beneficial to reduce RN’s buffer size.

Table 4: Latency reduction of TDM+FDM compared to FDM
	OFDM symbols occupied by R-PDCCH
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	OFDM symbols 3
	9*1/14

	OFDM symbols #3 and #4
	8*1/14

	OFDM symbols #3, #4 and #5
	7*1/14

	OFDM symbols #3, #4, #5 and #6
	6*1/14


2.5. Link-level performance

In this contribution, link level simulations are carried out to compare the performance of TDM+FDM and FDM. In RAN1 #59bis meeting, fast fading model in Urban Scenario was proposed for backhaul link [6]. Such model is assumed in the simulations, for both NLOS and LOS scenarios. Detailed simulation parameters of R-PDCCH multiplexing schemes are listed in Table 5 in Annex. 
In FDM, the R-PDCCH occupies 4 RBs over 11 OFDM symbols (assuming the numbers of available OFDM symbols in backhaul are 11). In TDM+FDM, the R-PDCCH occupies 10 RBs over 4 OFDM symbols (assuming the available OFDM symbols are the last four in the first slot). RBs used by R-PDCCH are uniformly distributed across the system bandwidth. In the above two schemes, the R-PDCCHs are interleaved together.
Simulation results for 1CCE and 2CCE are shown in Figures 5 and Figures 6, respectively. 
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Figure 5: BLER comparison of FDM+TDM vs. FDM, CCE aggregation level =1
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FDM: 4 RBs

FDM+TDM: 4 OFDMs, 10 RBs

-8 -6 -4 -2 0 2 4

10

-4

10

-3

10

-2

10

-1

10

0

Performance Comparison of R-PDCCH multiplexing, 2X2 SFBC, 2 CCE, NLOS

SNR

BLER

 

 

FDM: 4 RBs

FDM+TDM: 4 OFDMs, 10 RBs


Figure 6: BLER comparison of FDM+TDM vs. FDM, CCE aggregation level =2
It is seen that TDM+FDM performs slightly better than FDM in NLOS scenarios. While for LOS, little performance difference is observed. In fact, performance gains obtained by TDM+FDM come from the wider distribution of R-PDCCH in frequency domain compared with FDM. Nevertheless, considering the impact on scheduling flexibility of macro UEs caused by R-PDCCH transmission, distribution of R-PDCCH in frequency domain needs to be restricted. The number of RBs used for R-PDCCH should be evaluated further, based on the RN deployment scenarios and the number of RNs in a macro cell. 
3. Conclusions

Based on the above analysis and performance results, we can draw the following conclusions:
· TDM+FDM for R-PDCCH multiplexing should be adopted.

· R-PDSCH resource allocation can reuse Rel-8 PDSCH mapping and R-PDSCH data mapping should avoid PRB overlapping between R-PDSCH and R-PDCCH.
· All R-PDCCHs in a subframe are interleaved together at REG-level and mapped to a set of distributed or localized PRBs.
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Annex
Simulation parameters of R-PDCCH multiplexing schemes are listed in Table 5.
Table 5: R-PDCCH simulation parameters

	Configurations
	Values

	Carrier frequency (GHz)
	2

	Bandwidth (MHz)
	10 (total number of available RBs = 50)

	Frame structure
	LTE R8 FDD Normal CP

	Transmission Mode
	LTE transmit diversity (SFBC)

	Modulation scheme
	QPSK

	R-DCI payload
	40 bits (including 16 bits CRC)

	Channel coding and rate

matching
	Same as Rel-8 PDCCH

	R-PDCCH interleaver
	Rel-8 PDCCH interleaver

	RN deployment
	Fixed


	Propagation model
	NLOS and LOS scenarios, detailed parameters found in [6]

	#Antenna
	2×2 (CRS port 0 &1)

	Antenna correlation
	Independent
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	# R-PDCCH usage resource
	4 RBs and 11 OFDMs (total backhaul available OFDMs) for FDM multiplexing; 10 RBs and 4 OFDMs (first slot) for TDM+FDM (Random complex Gaussian distributed values in all other symbols).

	R-PDCCH RB assignment
	Uniformly distributed

	Channel estimation
	Ideal

	# simulation TTI
	10000 (Simulation in each TTI is independent)
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