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1. Introduction
There have been reported several methods to support in-band relaying in FDD mode [1-5]. The purpose of this contribution is to compare these methods in various aspects.
______________________________________________________________________
2. In-band Relaying Methods
FDD In-band relaying methods can be categorized into two types.
1. Type 1 where two bands are used for the backhaul link
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Figure 1. Type 1 where macro eNB treats RN link a UE (DL/UL backhaul).

In this type of relaying methods, the donor eNB treats each RN like a UE. In other words, the eNB sends data to an RN via DL band and receives data from an RN via UL band. Since the RN cannot transmit any DL signal to relay UEs during its reception period, a DL subframe that is allocated to the backhaul link should be configured as a special subframe so that the relay UEs do not perform the channel measurement at that subframe. The RN may configure the DL subframe where it receives signal from the eNB as an MBSFN subframe [1, 2]. Several documents (references in [6]) have shown that it is more advantageous to configure an RN-listening subframe as an MBSFN subframe. This method may be called the fake MBSFN subframe method because the subframe configured as an MBSFN subframe is not used for MBMS actually. Figure 1 depicts the operation of the fake MBSFN subframe method.

2. Type 2 where only one band is used for the backhaul link
In this type of relaying methods, the macro eNB treats the RN like a peer eNB entity rather than a UE in terms of backhaul link utilization. In other words, the backhaul link is utilized in a symmetric way between the macro eNB and the RN using only one of the UL and DL bands. Accordingly, all the resource utilizations, neighbor cell (macro cell or relay cell) behaviors, and UE behaviors are common in both the macro cell and the relay cell, enabling a common air interface design. 
UL/DL band swapping method proposed in [4] uses the UL band for the backhaul communication as depicted in Figure 2. As the backhaul link does not utilize the DL band, both the macro eNB and the RN can transmit DL signals all the time. 
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Figure 2. Type 2A where macro eNB treats RN like a peer entity (UL band-only backhaul).
It is also possible to establish the backhaul link by using only the DL band as depicted in Figure 3. This method is called TDD mode in DL band [5]. Since the eNB or RN cannot transmit any DL signal during it is receiving in DL band, the subframe allocated to the backhaul link should be configured as a special subframe like the fake MBSFN subframe method.
[image: image3.png]Separated
intime
DL band (configured as a

special subframe in RN's side)

L band (configured as a

subframe in eNB’s si
L Separated .

UL band in time

Relay node

DL band

Relay UE




Figure 3. Type 2B where macro eNB treats RN like a peer entity (DL band-only backhaul).
Table 1 shows the possibility of resource sharing between the backhaul link and the access link for the three backhauling methods.

Table 1. UE resource restriction / sharing in three backhauling methods.

	
	DL/UL backhaul
	UL band-only backhaul
	DL band-only backhaul

	
	eNB to RN
	RN to eNB
	eNB to RN
	RN to eNB
	eNB to RN
	RN to eNB

	Macro UE DL
	O
	-
	-
	-
	O
	X

	Macro UE UL
	-
	O
	X
	O
	-
	-

	Relay UE DL
	X
	-
	-
	-
	X
	O

	Relay UE UL
	-
	X
	O
	X
	-
	-


___________________________________________________________________
3. Comparison and Discussion
We now compare the in-band relaying methods in various aspects. 

1. Density of common reference signal

UL band-only backhaul has no impact on CRS density while several CRS are lost in the other methods. An MBSFN subframe has only one CRS-containing OFDM symbol among four CRS-containing OFDM symbols (for antenna port 0 and 1) of a normal DL subframe. This CRS loss in the DL/UL band backhaul (e.g., fake MBSFN subframe method) has a negative effect on the measurement and channel estimation. This problem may become more serious in the case of DL band-only backhaul because the special subframe appears both in the eNB and RN. 

On the other hand, UL band-only backhaul is able to establish the backhaul link without degrading the density of CRS. So, it can be advantageous in performing measurement and channel estimation.

2. Flexibility in resource allocation

UL band-only backhaul is also beneficial in that it is more flexible in adjusting the amount of resources allocated to the backhaul link. Suppose that the offered load of eNB-to-RN link increases and it is required to increase the number of subframes used for the backhaul link. In the UL band-only backhaul case, only the eNB and RN are involved in this re-configuration process and UEs do not need to know how many subframes are used for the backhaul link. It appears to UEs that the re-configuration is nothing but a UL scheduling problem, and as a result, the system can easily adapt itself to time-varying traffic density offered to an RN simply by adjusting the amount of resource allocated to the backhaul link. On the other hand, in the DL/UL band or DL band-only backhaul relaying methods, the re-configured result should be announced to all the UEs (potentially including neighboring cell UEs that are measuring the RN’s CRS). The RN (and the eNB for the case of DL band-only backhaul) cannot re-configure its UL/DL subframe structure before all the UEs receive the re-configuration message, and this restricts agile adaptation to the load fluctuation.

3. Resource utilization in the backhaul link

UL band-only backhaul method is more beneficial than fake MBSFN subframe method (using DL/UL band backhaul) in utilizing resources allocated to the backhaul link. Let us consider a subframe allocated to the backhaul link from eNB to RN. In the fake MBSFN subframe method, the first two OFDM symbols cannot be used for backhaul data delivery as the RN should be transmitting CRS, PDCCH, and PHICH at that time. This implies that the fake MBSFN subframe method requires more resources to be allocated to the backhaul link than UL band-only backhaul method. Figure 4 compares the backhaul link subframe structure of the two relaying methods. Guard period of one OFDM symbol time is assumed for each transmission-reception mode transition. In the normal CP case, the fake MBSFN subframe method utilizes 10 OFDM symbols for the backhaul link while UL band-only backhaul (i.e., UL/DL band swapping) can use 2 more OFDM symbols (20% gain in resource utilization). We note that the number of OFDM symbols allocated to the guard period is dependent of the propagation delay in the backhaul link. We also note that relative resource utilization gain of UL/DL band swapping gets higher as more symbols are used for the guard period.
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Figure 4. Example of the backhaul link subframe structure.

Moreover, the PDCCH region of the fake MBSFN subframe is likely to be wasted. First, no DL scheduling message is sent in a fake MBSFN subframe as the RN is listening to the eNB after the PDCCH region of that subframe. In addition, no UL grant message would be sent in a fake MBSFN subframe if the RN transmits data and ACK/NACK signal to the eNB via the UL band after 4 subframes as in the example in [1]. This empty PDCCH problem will result in inefficient resource utilization as depicted in Figure 5.

[image: image5.png]Subframe n+4

Subframe n
(DL band) (UL band)
Listen to eNB Send to eNB

(No data to X XK ) (No data from
relay UE) relay UE)
4 kd

!

Empty
PDCCH No UL grant

No DL scheduling





Figure 5. Empty PDCCH problem in the fake MBSFN subframe method.

4. Backhaul resource reuse in the relay cell
UL band-only backhaul method brings forth additional resource utilization gain by reusing the backhaul resource in the relay cell. Figure 6 illustrates an example of this resource reuse for a two-RN case. It is assumed that half subframe is required for each RN’s backhaul link. In the fake MBSFN subframe method, the subframe allocated to the backhaul link cannot be utilized in the access link as the RN configures it as an MBSFN subframe. Thus, each RN devotes itself to listening to the backhaul link while blocking its own access link transmission, even though only a part of resources contains relevant signal. As a result, the total amount of resource utilized in the system (including the macro cell and all the relay cells) is limited to only one subframe. On the other hand, in UL/DL band swapping, the resource that is allocated to the backhaul link for the other RNs can be reused in the access link of a relay cell. An RN can allocate RBs containing irrelevant backhaul signal to UL transmission of the UEs associated with it. The irrelevant backhaul signal may appear as interference to the relay UEs’ UL transmission, but this interference problem can be resolved by properly controlling the transmission rate, power, and precoding matrix. UL/DL band swapping can achieve a higher resource utilization owing to this resource reuse.
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Figure 6. Example of backhaul resource reuse in a two-RN case.

5. Impact on HARQ process

The fake MBSFN subframe method has a problem that it is difficult to maintain 8 ms periodicity of HARQ process in the RN-to-eNB link. This is because subframes #0, #4, #5, #9 cannot be configured as MBSFN subframe for the backhaul link but they sometimes need to be used for the reception of eNB’s signal as depicted in Figure 7. An alternative is to set the periodicity of RN’s transmission to a value other than 8 ms but this causes UL data collision as noted in [1].
[image: image7.png]Subframe 0 1

DL
(RN)

uL
(RN)

2345678901

Collision

2345678901

23456728901

Collision

23456789

B

i

b5l





Figure 7. Collision of TX and RX in DL band of the RN when the fake MBSFN subframe method is employed.
On the other hand, 8 ms periodicity can be maintained for HARQ process of the backhaul link if UL band-only backhaul is employed. The RN can send data to the eNB via the subframes that are not allocated to the HARQ process of the relay UEs. Figure 8 shows an example of the backhaul link HARQ process.
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Figure 8. Example of the backhaul link HARQ process when UL band-only backhaul is employed.

______________________________________________________________________
4. Conclusion
We have discussed several in-band relying methods and compared them in various aspects. It is concluded that UL band-only backhaul has the several attractions over the other backhauling methods as follows:
· It preserves the CRS density.
· It allows flexible resource allocation to the backhaul link.
· It renders higher resource utilization both in the backhaul link and the access link.

· It enables the RN to use synchronous HARQ with the period of 8 ms.
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