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1. Introduction
With the introduction of half duplex inband relay in Rel-10, a new design is required on the multiplexing of backhaul control (R-PDCCH) and data (R-PDSCH) channels. TDM+FDM and FDM R-PDCCH/R-PDSCH multiplexing have been extensively discussed in the past RAN1 meetings. In this contribution, we first review the pros and cons of TDM+FDM and FDM R-PDCCH/R-PDSCH multiplexing schemes, followed by a proposal which inherits most merits of both options.
2. Design of R-PDCCH and R-PDSCH
Design of R-PDCCH and R-PDSCH shall consider the following aspects:

· R-PDCCH/R-PDSCH multiplexing, i.e. time-frequency resource occupied by R-PDCCH and R-PDSCH
· R-PDCCH interleaving, i.e. whether multiple RN’s PDCCHs are interleaved within an R-PDCCH RB

· Reference signals for R-PDCCH and R-PDSCH, i.e. Rel-9/10 DM RS or Rel-8 CRS.
Furthermore, the design of R-PDCCH and R-PDSCH shall provide a good tradeoff among backhaul resource utilization, R-PDCCH/R-PDSCH decoding latency, and required specification efforts.
2.1. TDM+FDM
Figure 1 shows examples of TDM+FDM R-PDCCH/R-PDSCH multiplexing, with and without multiple RNs’ R-PDCCHs interleaved in each R-PDCCH RB in Figure 1-a and Figure 1-b respectively. The remaining OFDM symbols in the R-PDCCH RBs can be used for R-PDSCH, depending on eNB scheduling decision. The TDM+FDM R-PDCCH/R-PDSCH multiplexing in Figure 1 has the following properties:
· Backhaul resource utilization

For the examples in Figures 1-a and 1-b, if Rel-8 CRS is used as R-PDCCH RS, the remaining OFDM symbols in the R-PDCCH RBs can be efficiently used for R-PDSCH, irrespective whether R-PDSCH is demodulated with Rel-8 CRS or Rel-9/10 DM RS. 
For the example in Figure 1-a, if Rel-9/10 DM RS is used as R-PDCCH RS, the Rel-9/10 DM RS in the R-PDCCH RBs is preferably non-precoded, which leads to loss of beamforming/precoding gain for R-PDSCH transmitted in the remaining OFDM symbols in the R-PDCCH RBs and correspondingly reduces the resource utilization efficiency.
For the example in Figure 1-b, if Rel-9/10 DM RS is used as R-PDCCH RS and only UL grant is transmitted for an RN, the remaining OFDM symbols in the RN’s PDCCH RBs may not be efficiently used by another RN’s R-PDSCH with Rel-9/10 DM RS. If Rel-9/10 DM RS is used as R-PDCCH RS and only DL grant is transmitted for an RN, the remaining OFDM symbols in the RN’s PDCCH RBs can be efficiently used by the same RN’s R-PDSCH, irrespective whether the R-PDSCH is demodulated by Rel-8 CRS or Rel-9/10 DMRS. 

· R-PDCCH decoding latency
Since the transmission of R-PDCCH finishes before the end of a subframe or most likely before the end of the first slot, TDM+FDM provides additional R-PDCCH/R-PDSCH decoding latency budget than FDM.

· Required specification efforts
From R-PDCCH decoding perspective, the following specifications are required:
· The time-frequency resources on which the RN’s R-PDCCH may be transmitted;

· The R-PDCCH interleaving details (e.g. interleaving granularity);

· Details of R-PDCCH blind decodings (e.g. R-PDCCH candidates).
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Figure 1: TDM+FDM R-PDCCH/R-PDSCH with (left) and without (right) R-PDCCH interleaving

2.2. FDM

Figure 2 shows examples of FDM R-PDCCH/R-PDSCH multiplexing, with and without multiple RNs’ R-PDCCHs interleaved in each R-PDCCH RB in Figure 2-a and Figure 2-b respectively. The FDM R-PDCCH/R-PDSCH multiplexing in Figure 2 has the following properties:

· Backhaul resource utilization

With FDM R-PDCCH/R-PDSCH multiplexing, the time-frequency resource for R-PDCCH has a granularity of one RB per subframe, which is larger than the TDM+FDM approach. With interleaved R-PDCCHs in Figure 2-a, R-PDCCH resource may be wasted if there are only a few R-PDCCHs to be transmitted in a backhaul subframe. With non-interleaved R-PDCCHs in Figure 2-b, R-PDCCH resource wastage also exists, since at least one RB of a subframe is allocated to an RN’s R-PDCCH.
· R-PDCCH decoding latency

Since the transmission of R-PDCCH occupies two slots, the FDM approach provides less R-PDCCH/R-PDSCH decoding latency budget than TDM+FDM. 
· Required specification efforts

From R-PDCCH decoding perspective, the following specifications are required:

· The time-frequency resources on which the RN’s R-PDCCH may be transmitted;

· The R-PDCCH interleaving details (e.g. interleaving granularity);

· Details of R-PDCCH blind decodings (e.g. R-PDCCH candidates).
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Figure 2: FDM R-PDCCH/R-PDSCH with (left) and without (right) R-PDCCH interleaving

2.3. Combined TDM+FDM and FDM
It is noted that the required specification efforts for R-PDCCH design is similar for TDM+FDM and FDM R-PDCCH/R-PDSCH multiplexing. Hence, the discussion boils down to backhaul resource utilization and R-PDCCH/R-PDSCH decoding latency. 
Table 2 compares the number of R-PDCCH RBs dimensioned to support different numbers of RNs for TDM+FDM and FDM R-PDCCH/R-PDSCH multiplexing, with the assumptions in Table 1. The probability of R-PDCCH CCE aggregation level is roughly derived based on the DL backhaul geometry in [2]. It is observed that more RBs may contain R-PDCCH for TDM+FDM than FDM, since the R-PDCCH time span is less for TDM+FDM. Therefore, special attention shall be paid to the utilization of the remaining OFDM symbols in the many R-PDCCH RBs for TDM+FDM. On the other hand, the R-PDCCH/R-PDSCH decoding budget is tighter with the FDM R-PDCCH/R-PDSCH multiplexing scheme.
Table 1: Assumptions for calculating the number of R-PDCCH RBs
	Parameters
	Assumptions

	Number of R-PDCCH CCEs per RB
	TDM+FDM: 1 CCE/RB

FDM: 3 CCEs/RB

	Number of RNs
	2, 4, 10

	Number of DCIs per RN
	2, one DL and one UL grant

	Probability of R-PDCCH CCE aggregation levels [1 2 4]
	[0.8 0.15 0.05]

	Multiple RNs’ R-PDCCH interleaving within a R-PDCCH RB 
	Yes


Table 2: Number of dimensioned R-PDCCH RBs
	Number of RNs
	Number of dimensioned R-PDCCH RBs

	
	TDM+FDM
	FDM

	2
	6
	2

	4
	11
	4

	10
	26
	9


Given the above analysis, we propose a combined TDM+FDM and FDM R-PDCCH multiplexing scheme, as shown in Figure 3:
· A set of FDM R-PDCCH RBs that can be used for transmission of RNs’ UL grants or any other non-latency critical DCI formats (if any)

· Multiple RN’s UL grants are interleaved in each FDM R-PDCCH RBs

· A set of TDM+FDM R-PDCCH RBs than can be used for transmission of RN’s DL grant

· A TDM+FDM R-PDCCH RB can only be used to transmit one RN’s DL grant, i.e. no R-PDCCH interleaving in each TDM+FDM R-PDCCH RB

The proposed scheme has the following properties:
· The TDM+FDM R-PDCCH/R-PDSCH decoding latency budget is maintained

Since Turbo decoding is required for R-PDSCH decoding, it is preferable that more R-PDCCH/R-PDSCH decoding latency budget is provided. On the other hand, since backhaul UL data transmission (i.e. R-PUSCH) only involves channel encoding process, its processing latency budget is not critical.

· Efficient resource utilization of the remaining OFDM symbols in the TDM+FDM R-PDCCH RBs
Given that only RN DL grant can be transmitted in a TDM+FDM R-PDCCH RB, the TDM+FDM R-PDCCH RB can be flexibly reused for other RN’s R-PDSCH or Rel-8 PDSCH, if not used for transmission of RN DL grant. In addition, the remaining OFDM symbols in the TDM+FDM R-PDCCH RBs, if used by an RN’s DL grant, can be used for the same RN’s R-PDSCH, without incurring any issues with R-PDCCH/R-PDSCH reference signal configuration. 
· More accurate dimensioning for the number of FDM R-PDCCH RBs
Since only UL grants can be transmitted in the FDM R-PDCCH RBs, the dimensioned number of FDM R-PDCCH RBs is almost half of the pure FDM approach. This in turn leads to more efficient resource utilization in the backhaul subframe.
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Figure 3: Combined TDM+FDM and FDM R-PDCCH/R-PDSCH multiplexing
3. Conclusions

In this contribution, we discuss the design of R-PDCCH and R-PDSCH multiplexing in Rel-10. Considering the tradeoff between TDM+FDM and FDM R-PDCCH design, we propos a combined TDM+FDM and FDM approach, as following:

· A set of FDM R-PDCCH RBs that can be used for transmission of RNs’ UL grants or any other non-latency critical DCI formats (if any)

· Multiple RN’s UL grants are interleaved in each FDM R-PDCCH RBs

· A set of TDM+FDM R-PDCCH RBs than can be used for transmission of RN’s DL grant

· A TDM+FDM R-PDCCH RB can only be used to transmit one RN’s DL grant, i.e. no R-PDCCH interleaving in each TDM+FDM R-PDCCH RB
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