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1
Introduction

This contribution discusses CRS vs. DM-RS based decoding of the R-PDCCH backhaul control channel for Type I relays.  In a companion paper [1], we present our general views on R-PDCCH and argue that a Pure FDM design is favorable compared to a Hybrid FDM+TDM solution for the following reasons: 

1. There is no need to multiplex control and data, which avoids wasting resources in situations such as uplink heavy traffic where control needs to be sent without data.
2. The agreed DM-RS patterns for PDSCH can be reused for R-PDCCH and R-PDSCH.  In the Hybrid FDM+TDM design, reusing the patterns leads to performance degradation due to the limited number of reference symbols in the first slot (assuming that early decoding is targeted).  Using CRS instead of DM-RS is challenging due to the loss of CRS symbols in the DeNB’s control region, which may lead to few usable reference symbols, especially for antenna ports 2 and 3. 

3. The power overhead is acceptable even if the R-PDCCH is transmitted on a single RB.  
In this contribution we present our views on CRS vs. DM-RS based decoding and present a performance comparison between Pure FDM and Hybrid FDM+TDM for the case of DM-RS based decoding.  Our views on other aspects of the R-PDCCH design can be found in [1] and references therein.  
2
CRS vs. DM-RS based R-PDCCH Decoding
Half-duplex relays cannot transmit to their associated UEs while simultaneously receiving from their DeNB.  To address this issue in an LTE-compatible fashion, the relay is expected to configure its backhaul subframes as MBSFN.  However, as a result of the need to configure an MBSFN subframe, relays may need up to one OFDM symbol for switching between backhaul and access link operation (more details on this timing issue can be found in [4-6]).  Specifically, depending on the number of CRS ports configured and the number of control symbols transmitted, the relay may not be able to receive the first (with 1 or 2 CRS ports and one control symbol) or the first two (with 4 CRS ports or two control symbols) OFDM symbols.  Moreover, since the relay cannot read the DeNB’s PCFICH value, the maximum supported value (i.e., 3 OFDM symbols for the cases of 3MHz and beyond) would need to be assumed by the relay.  Consequently, a natural approach for the R-PDCCH placement is to have it start at the fourth OFDM symbol.  
Previous RAN1 meetings focused on two competing approaches for R-PDCCH placement, namely a Pure FDM and a Hybrid FDM+TDM design both of which are shown in Figure 1.  A comparison of both approaches is provided in [1] with respect to some important design considerations.  This contribution aims at comparing both methods based on their CRS or DM-RS-based decoding performance.  
2.1 
CRS-based R-PDCCH Decoding

As a result of the relay operation described above, CRS based decoding of R-PDCCH faces several difficulties.  First, CRS is not available whenever the backhaul transmissions take place on subframes that are configured as MBSFN by the DeNB.  In order to still enable CRS-based decoding in such a scenario, it is necessary to transmit CRS at least on those RBs that carry the R-PDCCH.  Even then, some benefits typically associated with CRS will not carry over, such as using its wideband nature for improved channel estimation performance.  
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(a) Pure FDM
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(b) Hybrid FDM+TDM

	Figure 1: Pure FDM vs. Hybrid FDM+TDM design.  For Pure FDM, decoding starts at the end of the subframe, whereas it could start at the end of the first slot for the Hybrid FDM+TDM case.


Furthermore, due to the timing of backhaul transmissions discussed above, the relay is not able to use the CRS symbols in the DeNB’s control region which inevitably results in worse decoding performance, especially at medium to high speeds.  Furthermore, for antenna ports 2 and 3, the remaining CRS REs are placed on a single OFDM symbol, preventing the relay from interpolating across multiple symbols in time.  To be more specific, the number of CRS REs per RB available for relay backhaul is {6, 6, 2, 2} for antenna ports {0, 1, 2, 3}, respectively. 
A further complication arises if one attempts to use CRS based decoding for a Hybrid FDM+TDM setup while targeting early decoding (i.e., starting the R-PDCCH decoding process at the end of the first slot).  In this case, even fewer CRS symbols are available on antenna ports 0 and 1, while there are none available on antenna ports 2 and 3.  Based on this observation, CRS based decoding appears incompatible with early decoding for Hybrid FDM+TDM setups, unless the R-PDCCH decoding is deferred until the second OFDM symbol of the second slot (i.e., the location of the first CRS symbol in the second slot for antenna ports 2 and 3).  However, in this scenario, any potential gain of early decoding is clearly diminished.  
2.2
DM-RS based R-PDCCH Decoding

For DM-RS based decoding of R-PDCCH, the agreed DM-RS patterns can be readily used by the relay, resulting in the least specification and implementation impact.  Furthermore, using DM-RS for R-PDCCH decoding may have the additional advantage of supporting beamforming, as discussed in [1].  
In Figure 2, the agreed DM-RS patterns are shown for the normal and extended CP case, respectively.  Based on the relay timing discussion earlier, the relay can use at least the 11 symbols following the DeNB’s control region of 3 OFDM symbols.  As a result, the DM-RS patterns can be used for decoding without requiring any modifications (see Figure 2 for the DM-RS pattern approved by RAN1 for the normal CP case).  
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Figure 2: DM-RS Pattern for Regular Subframes

3
DM-RS-based Decoding Performance
In this section we present link-level performance results for DM-RS based decoding for both the Pure FDM as well as the Hybrid FDM+TDM design.  The performance evaluation compares the two setups based on the following assumptions: 
Pure FDM.  For the Pure FDM case we assume the structure shown in Figure 1(a) in which the R-PDCCH is interleaved across a limited number of RBs, typically in the range of 3-4.  Decoding is performed based on the DM-RS pattern shown in Figure 2.  

Hybrid FDM+TDM.  In the case of Hybrid FDM+TDM, the R-PDCCH is interleaved across a larger number of RBs, but within each only the REs in the first slot are used to carry the R-PDCCH, while the remaining ones are used for R-PDSCH transmission.  As Hybrid FDM+TDM targets early decoding of R-PDCCH, it uses only the DM-RS symbols transmitted in the first slot for decoding (the DM-RS symbols of the second slot can therefore be dedicated to R-PDSCH decoding).  In order to provide a fair comparison, we consider interleaving across a larger number of RBs compared to Pure FDM as to have a similar control region size for both schemes.  
The remaining simulation parameters are summarized in Table 1.  

Table 1: Simulation assumptions

	Transmission bandwidth 
	5MHz 

	Channel model 
	TU, 3km/h 

	Number of TX antennas 
	2 

	Number of RX antennas 
	2 

	Number of information bits
	40 bits

	Transmission scheme 
	SFBC 

	Receiver type 
	Linear MMSE 

	Allocation size
	1 or 2 CCEs, interleaved across 1-6 RBs

	Number of control symbols
	3 symbols

	CP mode 
	Normal CP 

	Subframe type 
	Normal subframe 

	Channel estimation
	DM-RS based 2D MMSE

	Interference estimation 
	Perfect 
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(a) 1 CCE / 40 information bits
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(b) 2 CCEs / 40 information bits

	Figure 3: Performance results for R-PDCCH decoding


The performance comparison between Pure FDM and Hybrid FDM+TDM is shown in Figure 3.  It can be seen that Pure FDM interleaved across 3RBs outperforms the Hybrid FDM+TDM interleaved across 6RBs (in fact even Pure FDM interleaved across only 2RBs outperforms the case albeit by a smaller amount).  Specifically, for the case of 1CCE, if we target a frame error rate of 10% then the gain amounts to 0.8dB.  For an FER target of 1% the gain amounts to 0.7dB.  
Based on this result we can conclude that the additional interference diversity achieved by Hybrid FDM+TDM is not enough to compensate for the degradation of decoding performance that stems from using only the DM-RS symbols in the first slot.  In addition to this observation, Pure FDM also benefits from dedicating DM-RS symbols to either R-PDCCH or (R-)PDSCH decoding.  In contrast, for the Hybrid FDM+TDM scheme, we would also encounter worse performance for the R-PDSCH due to the fact that the DM-RS symbols in the first slot need to support R-PDCCH transmission can therefore not support beamforming tailored to a specific relay.  Clearly, this would hurt R-PDSCH decoding performance, an additional degradation that is not reflected in the above plots.  
4
Conclusion

We propose that the UE-RS pattern for normal subframes be adopted as the DM-RS pattern for R-PDCCH and that the R-PDCCH shall start from the fourth OFDM symbol (assuming a DeNB PCFICH value of three) for the case of bandwidths beyond 5MHz.  The Pure FDM and Hybrid FDM+TDM concepts are compared based on link-level simulations, which show that Pure FDM outperforms the hybrid scheme, even when restricted to interleave across a limited number of RBs.  Based on these findings, together with the observations discussed in companion contributions [1-3, 6-7] we propose that a Pure FDM design be adopted for R-PDCCH. 
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