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1. Introduction
Technical requirements of LTE-A include backwards compatibility of Rel-8 UEs by a LTE-A Relay [1]. Several contributions have discussed different types of Relay solutions for LTE-Advanced [2-7]. This document discusses the operation of in-band Relays for LTE-Advanced. The contribution discusses proposals that require the addition of new features in the Rel-8 specification and also alternatively, solutions that are backwards compatible with current Rel-8 specification without requiring new features. 

2. Discussion of “Blank” subframe for Relay support
One possible way of supporting relays in LTE-A is to introduce a new “blank” subframes in Rel-8 specification. The motivation for this is to enable relays to efficiently support legacy Rel-8 UEs. Whenever the Relay expects a DL transmission from the Macro eNB, the Relay signals to its UEs (via a SIB or other means) that the particular subframe is blanked so that the UEs can make no assumption about the presence of Reference Signals in the particular subframe (a blank subframe on DL paired with a blank subframe on the uplink). With this feature, Rel-8 UEs will not expect RS or PDCCH from the Relay on the “blank” subframes and hence allow the Relay to listen to eNB in these subframes. However, it is desirable to not introduce the blank subframes in Rel-8 as it will have significant impact and result in changes to the Rel-8 specifications as discussed below.
Current FDD operation assumes that every DL subframe contains common Reference Symbols (RS) irrespective of whether it is a unicast subframe (RS present in both slots) or an MBSFN subframe (RS present in first two OFDM symbols). Although channel estimation algorithms for TDD and DRX operation handle the absence of RS in select subframes, there is still a significant change in behaviour for FDD operation. If a blank subframe with periodicity of 8 sub-frames (i.e., 8 ms) is used, then this can lead to clashes in subframe types because the “MBSFN” and “normal” subframes recur on the Radio-frame level (periodicity-10). Recall the current Rel-8 assumes that the subframes #0,#4,#5,and #9 in every radio frame (i.e., periodicity of every 10 ms) are “normal” subframes and hence cannot be blanked. In case of such a clash, UE may need to decode the normal subframes. Hence, the UE will have to anticipate such an “override” even for subframe originally declared as “blank” by higher-layer signalling. This occasional non-blanking of blank subframes will also have an impact on UL HARQ processes that has to be studied. The impact on RAN4 measurements – applicable both to mobility measurements of eNB’s and relay nodes – also has to be considered. 
Note that an alternative to simplify the clashes between “blank” and other type (“normal” or MBSFN) subframe patterns is by having a period-10 blanking which is very similar to the Relay operation envisioned with the current MBSFN functionality in the Rel-8 specification. This approach requires no specification changes. If the blank subframe is signalled by higher layers, to provide further flexibility, there should be mechanisms to override (higher layer signalling) the blank subframe whenever the eNB has no data to transmit to (or receive from) the Relay. Therefore, the Relay should be allowed to occasionally override the “blank” to transmit to (and receive from) the UE. That is, it might be preferable for the UE to blindly decode the PDCCH in all subframes (unicast, MBSFN or blank) and whenever it finds a grant (DL or UL) in a blank subframe, UE knows the Relay has overridden higher-layer commands and that the subframe is not a blank and is indeed a unicast subframe (or MBSFN, for example). However, this requires communication between eNB and RN well in advance, but gives more flexibility. 
3. Backward compatible Relay Frame structure and operation 

The fundamental problem with Relay operation is the duplex problem. A Relay may not transmit to UE2 while receiving from Macro or donor eNB.  A Relay may not receive from UE2 while transmitting to the parent Macro eNB. With the current Rel-8 specification and no additional features, it is possible to almost blank out both uplink and downlink subframes to serve the Relay. For the downlink, this requires the usage of MBSFN subframe to indicate the necessary control information to the UEs, and this is discussed in a subsequent section. On the uplink, the UE can be instructed to not transmit by proper configuration of the control (CQI, SRS, etc) and data. The eNB can explicitly send an UL grant (e.g., using format 1C or aperiodic CQI-only like grant) to tell the UE to blank out a certain subframe. Typically, in the Relay cell, subframe n-4 may be an MBSFN subframe and hence there is very good likelihood of having enough CCEs to dynamically blank out an uplink subframe.  The rest of this document discusses a possible Relay Frame Structure for the FDD system with backwards compatibility (i.e., the frame structure can support a Rel-8 FDD UE). Following is a simple representation of the Relay communicating with UE2 that is in the Relay Cell and the Relay communicating with a Macro eNB. We assume the Relay has its own PCID and appears as a regular eNB to a Rel-8 UE. 
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Figure 1. Duplexing diagram for Relay. 
Following are some assumptions that a Rel-8 FDD UE makes wrt frame structure - 
· Subframes #0, #4, #5 in a Radio Frame are “normal” subframes and all Common RS are available in these subframes for UE measurements The remaining subframes in the Radio Frame may be characterized as “normal” or “MBSFN” subframes 

· In a  “normal” subframe , the UE can use all CRS to aid measurements

· In a  “MBSFN” subframe , the UE can use the  CRS in the 1st and 2nd OFDM symbols only to aid measurements

· For an MBSFN pattern that is periodic with period 10 ms, currently six patterns of subframes can be characterized as MBSFN: {#1}, {#1,#2}, {#1,#2,#3}, {#1,#2,#3,#6}, {#1,#2,#3,#6,#7}, {#1,#2,#3,#6,#7,#8}

The above suggests that a Relay cell with its own Physical Cell-ID (or PCID) will have to always transmits all CRS in three subframes (#0,#4,#5, #9) in each Radio Frame. In  the remaining 6 subframes in a radio frame, the Relay cell will transmit the CRS in at least 1st and 2nd OFDM in each MBSFN subframe and transmit all CRS  in each normal subframe
The above also suggests that if a Relay wishes to receive PDSCH from a Macro-eNB, the Relay has to inform the UEs in the Relay cell that there are MBSFN subframes with one of the following patterns. Thus there may be a requirement that a Relay receives from a Macro-eNB in contiguous subframes. An alternative is to consider having a bitmap with six bits, to characterize each subframe as an MBSFN or Non-MBSFN subframe. 
· {#1}, {#1,#2}, {#1,#2,#3}, {#1,#2,#3,#6}, {#1,#2,#3,#6,#7}, {#1,#2,#3,#6,#7,#8}
4. Details of In-band Relay Operation 
Given the above constraints the following is one way of operating In-band Relays 

· A capability negotiation between a macro-eNB and a Relay, wherein the eNB-Relay communication is agreed in certain time-frequency-space resources. 
Examples
· Relay offsets its subframe #0 by an offset relative to the macro-eNB subframe #0. Macro-eNB assigns persistent resources in certain subframes for MacroeNB-Relay communication (with some guard period for the Relay to switch from transmit to receive), examples include a slot-level resource assignment, etc. This region may be assigned on a semi-persistent basis for a group of Relays 
· 
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Figure 2. An example of a Macro eNB -> Relay communication on DL, including guard periods.
· Macro-eNB may assign persistent resources in certain subframes for Relay-MacroeNB communication (these could be tied to the MacroeNB –Relay DL) with guard periods to allow the Relay to switch from Tx to Rx (Relay may need no guard period when it is transmitting on consecutive uplink subframes to the macro eNB or it is receiving from the UE2 on two consecutive subframes.)
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Figure 3. Examples showing a Relay -> Macro eNB communication on the uplink, including optimal usage of guard periods. 

· Macro-eNB to Relay communication may be asynchronous and adaptive in both UL and DL

· Relay assigns resources in certain subframes for UE2-Relay communication whenever the Relay-MacroeNB communication is not scheduled or is disabled – this requires cooperation from Relay and eNB for scheduling..
· Relay activates only a subset of UL HARQ processes for the UEs (UE2s) in the Relay cells. 
· This subset of UL HARQ process consists of HARQ processes corresponding to TTIs where there is no collision between Relay-MacroeNB and UE2- Relay uplinks. - HARQ processes with no collisions may be used to serve a higher priority traffic HARQ processes that may occasionally encounter collisions may be used to serve a lower priority traffic (with flexible delays)
Example
An example of a Relay Frame structure is shown in Figure 4. In the figure, the subframe numbering is with respect to the Macro-eNB Radio Frame (for convenience). 

· Relay subframes are offset by a value Relay_ SubFrame_Offset relative to the MacroeNB_SubFrame. In our example, this value is 2 i.e., 

· Macro eNB is transmitting PBCH in #0, Synch channels in #0 and #5.

· Relay is transmitting PBCH in #2, Synch channels in #2 and #7.

· Relay and macro-eNB negotiate Radio resource capabilities (via a special SIB or initial setup) and agree that Relay will receive Radio resources from the macro eNB in subframes #3,#4 in each Radio Frame and correspondingly Relay will transmit on the uplink to macro-eNB 4 subframes later for each received DL subframe. 
· Relay will designate subframes #3,#4 as MBSFN subframes  (Recall all subframe number is wrt Macro eNB.Radio-frame)
· Relay receiving in DL subframe number 10 * n_RF +  a, shall transmit in UL subframe 10 * n_RF +  a + b, where a and b are based on configuration information. Typically, when Relay is serving Rel-8 UEs, b=4,.due to the A/N timing . 
· For Rel-8 UE2, since the UL HARQ is synchronous, UE2 expects that every 8 ms it has a retransmission opportunity. However from previous bullet, we note that the Relay -> Macro-eNB uplink communication is scheduled in every (10 * n_RF +  a + b) subframe. Thus there is a need to avoid collisions wherein UE2 may be unable to use HARQ processes labeled as (10 * n_RF +  a + b) mod 8. This can be done by sending a grant to disable UL transmissions as discussed in the previous section. 
· In our example example if a ={3,4} and b = {4}, then all HARQ processes for UE2 will experience collisions. Following Tables shown an example wherein the first 2 highlighted columns shows the TTIs in which the Macro eNB to Relay DL communication takes places and the second 2 highlighted columns show the corresponding UL HARQ processes in UE2 -> Relay UL that collides with the Relay -> Macro eNB UL. Thus UE2 experience collisions on all UL HARQ processes. 

	TTI in which Macro eNB -> Relay DL (X)
	
	UL HARQ PROCESS of UE2 to Relay  F(X)

	0
	1
	2
	3
	4
	5
	6
	7
	8
	9
	
	4
	5
	6
	7
	0
	1
	2
	3
	4
	5

	10
	11
	12
	13
	14
	15
	16
	17
	18
	19
	
	6
	7
	0
	1
	2
	3
	4
	5
	6
	7

	20
	21
	22
	23
	24
	25
	26
	27
	28
	29
	
	0
	1
	2
	3
	4
	5
	6
	7
	0
	1

	30
	31
	32
	33
	34
	35
	36
	37
	38
	39
	
	2
	3
	4
	5
	6
	7
	0
	1
	2
	3

	40
	41
	42
	43
	44
	45
	46
	47
	48
	49
	
	4
	5
	6
	7
	0
	1
	2
	3
	4
	5

	50
	51
	52
	53
	54
	55
	56
	57
	58
	59
	
	6
	7
	0
	1
	2
	3
	4
	5
	6
	7

	60
	61
	62
	63
	64
	65
	66
	67
	68
	69
	
	0
	1
	2
	3
	4
	5
	6
	7
	0
	1

	…
	…
	…
	…
	…
	…
	…
	…
	…
	…
	
	..
	..
	..
	..
	..
	..
	..
	..
	..
	..


· In another example, if a ={3} and b = {4}, then all odd number HARQ processes for UE2 will experience collisions while even numbered HARQ processes do not have any collisions. Following Tables shown an example wherein the first highlighted column shows the TTIs in which the Macro eNB to Relay DL communication takes places and the second green column show the corresponding UL HARQ processes in UE2 -> Relay UL that collides with the Relay -> Macro eNB UL. 
	TTI in which Macro eNB -> Relay DL (X)
	
	UL HARQ PROCESS of UE2 to Relay  F(X)

	0
	1
	2
	3
	4
	5
	6
	7
	8
	9
	
	4
	5
	6
	7
	0
	1
	2
	3
	4
	5

	10
	11
	12
	13
	14
	15
	16
	17
	18
	19
	
	6
	7
	0
	1
	2
	3
	4
	5
	6
	7

	20
	21
	22
	23
	24
	25
	26
	27
	28
	29
	
	0
	1
	2
	3
	4
	5
	6
	7
	0
	1

	30
	31
	32
	33
	34
	35
	36
	37
	38
	39
	
	2
	3
	4
	5
	6
	7
	0
	1
	2
	3

	40
	41
	42
	43
	44
	45
	46
	47
	48
	49
	
	4
	5
	6
	7
	0
	1
	2
	3
	4
	5

	50
	51
	52
	53
	54
	55
	56
	57
	58
	59
	
	6
	7
	0
	1
	2
	3
	4
	5
	6
	7

	60
	61
	62
	63
	64
	65
	66
	67
	68
	69
	
	0
	1
	2
	3
	4
	5
	6
	7
	0
	1

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


The above two examples show that with suitable negotiation of resources with Macro eNB, a Relay may be able to simplify the scheduling processes for the UEs under its control. In the above example, thus for lightly loaded Relay cells, UE2 can operate on HARQ processes 1,3,5,7 without experiencing any collisions. It is possible to assign HARQ processes {0,2,4,6,} for traffic that can tolerate extra delays. If indeed, two subframes in a Radio Frame are used for Macro eNB to Relay communication, then in a 40 ms window, each UL HARQ process gets block twice, i.e., a packet occurring on even numbered HARQ process will get only 3 transmission opportunities instead of 5 due to collision avoidance.

The benefits of the proposed frame structure are as follows 

· It is fully backwards compatible and it reuses the existing MBSFN signalling mechanism to support Relays. It is noted that having a bitmap to flexibly label each subframe as a MBSFN subframe or normal subframe would like allow more flexibility in the Relay design. 
5. Conclusions 

The pros and cons of introducing additional features in Rel-8 for Relay support were discussed. An alternate backwards compatible frame structure for Relay operation was discussed which reuses the existing MBSFN signalling mechanism to support Relays. It is noted that having a bitmap to flexibly label each subframe as a MBSFN subframe or normal subframe would like allow more flexibility in the Relay design.
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Figure 4. An example of Relay Frame Structure and operation of all relavant links 

(Macro eNB <-> Relay <-> UE2) . Yellow – guard period, Red is for communication between Macro eNB and Relay.  A collision in TTI #8 in 1st Radio Frame between Relay->Macro eNB uplink and UE2-> Relay uplink. Note Relay is declaring #3 and #4 as MBSFN subframes. 
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