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1. Introduction
In RAN1#59bis meeting, several possible cases of relay backhaul/access timing were discussed [1]

 REF _Ref257802938 \r \h 
[2]. In addition, an LS was sent to RAN4 on synchronization requirements between donor eNB and relay node (RN) [3]. In RAN1#60 meeting, UL timing case 2b in [2] was agreed as the working assumption for FDD [4], while the DL timing for FDD and DL/UL timing for TDD are still open. In this contribution, we discuss the relay backhaul/access DL/UL timing, mainly for TDD.
2. Discussion
For TDD systems, absolute synchronization between donor eNB and RN is desirable, which helps mitigating inter-cell DL-UL interference and correspondingly simplifies TDD network deployment [5]. For DL timing, absolute synchronization means that the RN DL transmission timing is synchronized with the eNB DL transmission timing. For UL timing, absolute synchronization means that the RN UL receiving timing is aligned with the eNB UL receiving timing. From the perceptive of the donor eNB, an RN UL backhaul transmission is similar to a UE’s UL transmission. Hence, the RN UL backhaul transmission timing can be advanced relative to the donor eNB UL receiving timing by the propagation delay.
It is noted that with absolute eNB/RN DL and UL timing synchronization, the number of available OFDM symbols for backhaul transmission varies with the propagation delay between donor eNB and RN, which complicates the RAN1 design. Therefore, relaxed eNB/RN DL and UL timing synchronization requirements shall be considered, in order to simplify the corresponding RAN1 specification when RN is deployed far from the donor eNB. In addition, for half-duplex relays, a guard period (GP) is needed to provide sufficient time for RN Tx/Rx or Rx/Tx switching, which shall also be considered in the design of eNB/RN DL/UL timing. In this contribution, the RN Tx/Rx or Rx/Tx switching time is assumed to be 20us, i.e. same as Rel-8 TDD.
It is also noted that absolute eNB/RN DL/UL synchronization helps to enable operations, e.g., enhanced ICIC, to mitigate interference between low power and high power nodes especially in heterogeneous network deployment.
3. RN DL backhaul/access timing
3.1. Possible cases
It is assumed that RN can receive DL backhaul transmission starting and stopping with OFDM symbols m and n respectively, where the OFDM symbols in a subframe are numbered from 0 and the number of RN PDCCH symbols is equal to k.
· Case 1: RN can receive the DL backhaul subframe starting from OFDM symbol m=k+1 until the end of the subframe (n=13 in case of normal CP). This corresponds to the case when RN switching time is larger than the cyclic prefix duration and RN DL access transmission timing is slightly offset with respect to DL backhaul reception timing at the RN [6]. This case cannot support absolute synchronization between eNB and RN, hence not preferable for TDD. 
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Figure 1: RN DL timing with fixed delay
· Case 2: RN can receive the DL backhaul subframe starting from OFDM symbol m=k until the end of the subframe (n=13 in case of normal CP). This corresponds to the case when RN switching time is sufficiently shorter than the cyclic prefix duration and RN DL access transmission timing is aligned with the RN DL backhaul reception timing [1]. This case poses very strict requirements on RN Tx/Rx switching, hence shall not be viewed as the only option. In addition, it does not support absolute synchronization of eNB/RN.
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Figure 2: RN DL timing with switching time shorter than cyclic prefix
· Case 3: RN can receive the DL backhaul subframe starting from OFDM symbol m≽k until OFDM symbol n<13 (depending on the propagation delay and the switching time). This corresponds to the case that RN DL access transmission timing is aligned with the eNB DL transmission timing [7], which supports absolute synchronization between eNB and RN. On the other hand, the set of OFDM symbols available for DL backhaul transmission varies with the propagation delay between eNB and RN. Case 3 shall be supported for TDD systems with relay in Rel-10.
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Figure 3(a)
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Figure 3(b)
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Figure 3(c)

Figure 3: RN DL timing with synchronization between eNB and RN

· Case 4: RN can receive the DL backhaul subframe starting from OFDM symbol 0 until OFDM symbol n=13-(k+1). This corresponds to the case that RN can receive the normal eNB PDCCH [8]. While this case allows reusing Rel-8 PDCCH as R-PDCCH on the backhaul, it has several constraints [9] and hence not preferred. In addition, Case 4 does not support absolute synchronization between eNB and RN. 
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Figure 4: RN DL timing with timing offset
3.2. eNB/RN DL timing analysis for TDD
It is noted that only Case 3 in section 3.1 can support absolute synchronization between eNB and RN. On the other hand, it results in variable amount of backhaul resources with different propagation delays between eNB and RN, which complicates RAN1 design. In this section, we analyze eNB/RN DL backhaul/access timing in different scenarios, aiming to minimize the RAN1 specification impact. Note that RN has to transmit a few OFDM symbols to R-UEs in each DL subframe. Therefore, two GPs are required in a single DL backhaul subframe to allow RN Tx/Rx and Rx/Tx switching.
· Scenario 1: The eNB-RN propagation delay between donor eNB and RN is less than RN Tx/Rx switching time of 20us (i.e. eNB-RN distance < 6km). The example with absolute eNB/RN synchronization is shown in Figure 3(a). OFDM symbols 3-12 are applicable for DL backhaul transmissions. 
· Scenario 2: The eNB-RN propagation delay is larger than RN Tx/Rx switching time, and the sum of eNB-RN propagation delay and RN Tx/Rx switching time is less than one OFDM symbol duration (i.e. 6km ≤ eNB-RN distance ≤ 15km). The example with absolute eNB/RN synchronization is shown in Figure 3(b). OFDM symbols 2-12 are applicable for DL backhaul transmissions.
· Scenario 3: The sum of eNB-RN propagation delay and RN Tx/Rx switching time is larger than one OFDM symbol duration (i.e. eNB-RN distance > 15km). Figure 3(c) shows an example. It is noted that the set of OFDM symbols available for backhaul transmission varies drastically depending on the eNB-RN propagation delay. In order to simplify the RAN1 design, relaxed eNB/RN synchronization can be applied in this case as shown in Figure 5, where RN DL transmission timing is delayed by the eNB-RN propagation delay, relative to eNB DL transmission timing. With such relaxed eNB/RN synchronization, OFDM symbols 3-12 are always available for DL backhaul transmissions.
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Figure 5: Example of air-interface sync between donor eNB and RN
With the above analysis, we have the following proposals: 
Proposal 1: For eNB-RN distance less than 15km, absolute synchronization between eNB and RN DL transmission timing is applied, where RN DL transmission timing is aligned with eNB DL transmission timing.
Proposal 2: For eNB-RN distance larger than 15km, relaxed synchronization between eNB and RN DL transmission timing is applied, where RN DL transmission timing is delayed by the eNB-RN propagation delay relative to eNB DL transmission timing.
4. RN UL backhaul/access timing
4.1. Possible cases

In this section, we discuss the eNB/RN backhaul/access UL timing. It is assumed that RN shall start its UL backhaul transmission with the SC-FDMA symbol numbered m and stop with the SC-FDMA symbol numbered n. Note that the SC-FDMA symbols in a subframe are numbered from 0.
· Case 1: RN should transmit SC-FDMA symbols m=1 until the end of the UL backhaul subframe (n=13 in case of normal CP). This corresponds to the case where the access link and backhaul link UL subframe boundary is staggered by a fixed gap [6]. This case leads to different eNB/RN UL reception timings, hence not preferable for TDD. In addition, new designs for UL backhaul control channel are needed.
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Figure 6: RN UL timing with fixed delay

· Case 2: RN should transmit SC-FDMA symbols m=0 until the end of the UL backhaul subframe (n=13 in case of normal CP). This case corresponds to two options. 
· Case 2a: This corresponds to the case that RN Tx/Rx switching time is sufficiently shorter than CP [2]. This case poses very strict requirements on RN Tx/Rx switching, hence shall not be viewed as the only option. In addition, it does not support absolute synchronization of eNB/RN UL reception timing.
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Figure 7: RN UL timing with switching time shorter than CP

· Case 2b: This corresponds to the case where the access link and backhaul link UL subframe boundary is staggered by a fixed gap and RN Tx/Rx switching time is accommodated by configuring R-UEs not to transmit the last SC-FDMA symbol [10]. While this case provides maximum UL backhaul resource, it does not support absolute synchronization of eNB/RN UL reception timing.
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Figure 8: RN UL timing with GP limited in UL access subframe

· Case 3: RN should transmit SC-FDMA symbols m=0 until SC-FDMA symbol n=12 (in case of normal CP). This corresponds to the case where the access and backhaul UL subframe boundary is staggered by a fixed gap [2]. This case leads to even larger eNB/RN UL reception timing differences than Case 1 and Case 2, hence not preferable for TDD. 
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Figure 9: RN UL timing with fixed advance 
· Case 4: RN should transmit SC-FDMA symbols m≽1 until SC-FDMA symbol n≼13 (depending on at least the propagation delay between eNB and RN and the switching time) [7]. This corresponds to the case where the eNB/RN UL Rx timing is aligned. This case assumes that RN UL access subframe boundary is aligned with UL backhaul subframe boundary. The set of SC-FDMA symbols available UL backhaul varies with the eNB-RN distance. Furthermore, new designs for UL backhaul control channel are needed. 
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Figure 10: RN UL timing with synchronization between eNB and RN
4.2. eNB/RN UL timing analysis for TDD

In this section, we further discuss eNB/RN UL timing, with the aim to allow absolute synchronization of eNB/RN UL reception timing, while avoiding new designs for UL backhaul control channels and hence minimizing RAN1 specification impact. 
According to the TDD DL/UL backhaul subframe allocation in [11], possible subframe relationships are:
· Case 1: UL access subframe (or UpPTS) → UL backhaul subframe → UL access subframe. RN Tx/Rx switching time is needed between the first and the second subframe, and between the second and the third subframe, as shown in Figure 11. This case only occurs in TDD DL/UL subframe configuration 3 [11].
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Figure 11: Subframe relationship case 1
· Case 2: UL access subframe (or UpPTS) → UL backhaul subframe → DL backhaul/access subframe or UL backhaul subframe. RN Tx/Rx switching time is needed between the first and the second subframe, as shown in Figure 12. This case occurs in most TDD DL/UL subframe configurations [11].
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Figure 12: Subframe relationship case 2

In the following, we discuss eNB/RN UL timing design with different eNB-RN distances, for the two subframe relationships in Figures 11 and 12.
· Scenario 1: The eNB-RN propagation delay is less than RN Tx/Rx switching time (i.e. eNB-RN distance < 6km). Subframe relationship case 1 and case 2 are shown in Figures 13 and 14, respectively.
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Figure 13: Example for subframe relationship case 1
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Figure 14: Example for subframe relationship case 2

As the examples shown in Figures 13 and 14, RN UL reception timing is aligned with eNB UL reception timing absolutely. While RN UL backhaul transmission timing is advanced relative to eNB UL reception timing by the eNB-RN propagation delay, which is similar to Rel-8 UE behavior. For both subframe relationship cases, the last SC-FDMA symbol in the UL access subframe (or UpPTS) preceding the UL backhaul subframe is punctured to provide RN Tx/Rx switching time. RN can broadcast cell-specific SRS configuration to prevent PUSCH/ PUCCH transmissions on the last SC-FDMA symbol from R-UEs.
For subframe relationship case 1 in Figure 13, since the eNB-RN propagation delay is less than RN Tx/Rx switching time, the last SC-FDMA symbol in the UL backhaul subframe is punctured such that RN can receive the first SC-FDMA symbol from R-UEs in the second UL access subframe. According to RN DL/UL backhaul subframe allocation in [11], subframe relationship case 1 only occurs in TDD DL/UL subframe configuration 3. 
· Scenario 2: The eNB-RN propagation delay is larger than RN Tx/Rx switching time, and the sum of eNB-RN propagation delay and RN Tx/Rx switching time is less than one SC-FDMA symbol duration (i.e. 6km ≤ eNB-RN distance ≤ 15km). Subframe relationship case 1 and case 2 are shown in Figures 15 and 16.
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Figure 15: Example for subframe relationship case 1
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Figure 16: Example for subframe relationship case 2
For subframe relationship case 1 in Figure 15, with eNB-RN propagation delay larger than RN Tx/Rx switching time, the gap between the UL backhaul subframe and the second UL access subframe is sufficiently large for RN Tx/Rx switching. For subframe relationship case 2 in Figure 16, since RN is transmitting in the UL backhaul subframe and the subsequent DL backhaul subframe, no GP is needed for RN Tx/Rx switching. Hence, for eNB-RN distance between 6km and 15km, eNB/RN UL reception timing can be absolutely synchronized, without impact on UL backhaul control channels.
· Scenario 3: The sum of eNB-RN propagation delay and RN Tx/Rx switching time is larger than one SC-FDMA symbol duration (i.e. eNB-RN distance > 15km). Apparently the propagation delay is more than switching time. Subframe relationship case 1 and case 2 are shown in Figures 17 and 18, respectively.
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Figure 17: Example for subframe relationship case 1
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Figure 18: Example for subframe relationship case 2
For eNB-RN distance larger than 15km, if eNB/RN UL reception timing is absolutely synchronized, more than one SC-FDMA symbols shall be punctured on the UL backhaul subframe. To avoid new UL control channel design, eNB/RN UL reception timing is relaxed, using Case 2b in section 4.1. Consequently, all SC-FDMA symbols are available for UL backhaul transmission.
With the aim to support absolute synchronization of eNB/RN UL reception timing and minimize RAN1 specification impact, we have the following proposals: 
Proposal 3: For eNB-RN distance less than 15km, absolute synchronization between eNB and RN UL reception timing is applied, where RN UL reception timing is aligned with eNB UL reception timing.
Proposal 4: For eNB-RN distance larger than 15km, relaxed synchronization between eNB and RN UL reception timing is applied, where RN UL access reception timing is delayed by RN Tx/Rx switching time relative to RN UL backhaul transmission timing.
5. Conclusions
In this contribution, we discuss eNB/RN DL/UL backhaul/access timing with the following proposals for TDD:
Proposal 1: For eNB-RN distance less than 15km, absolute synchronization between eNB and RN DL transmission timing is applied, where RN DL transmission timing is aligned with eNB DL transmission timing.
Proposal 2: For eNB-RN distance larger than 15km, relaxed synchronization between eNB and RN DL transmission timing is applied, where RN DL transmission timing is delayed by the eNB-RN propagation delay relative to eNB DL transmission timing.

Proposal 3: For eNB-RN distance less than 15km, absolute synchronization between eNB and RN UL reception timing is applied, where RN UL reception timing is aligned with eNB UL reception timing.
Proposal 4: For eNB-RN distance larger than 15km, relaxed synchronization between eNB and RN UL reception timing is applied, where RN UL access reception timing is delayed by RN Tx/Rx switching time relative to RN UL backhaul transmission timing.
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