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1 Introduction

In LTE-A Type 1 relay nodes (RN), the access link downlink subframe boundary is aligned with the backhaul link downlink subframe boundary, except for possible adjustment to allow for RN transmit/receive switching [1]. Indeed, guard periods are required between the reception/transmission of the backhaul link and the access link in order to allow for RN transmit/receive switching. Four guard periods are required:
· GPDL,1 between the end of the transmission of the access link downlink (DL) and the beginning of the reception of the backhaul link downlink,
· GPDL,2 between the end of the reception of the backhaul link downlink and the beginning of the transmission of the access link downlink,
· GPUL,1 between the end of the reception of the access link uplink (UL) and the beginning of the transmission of the backhaul link uplink,
· GPUL,2 between the end of the transmission of the backhaul link uplink and the beginning of the reception of the access link uplink.
Different combinations of muting of some symbols and subframe timing may be appropriate in order to create these guard periods. Some contributions (e.g., [2]-[7]) presented different options and all proposals were gathered into two way-forward documents [8][9] on downlink and uplink timing, respectively, which were agreed in the RAN1#59bis meeting. In this contribution, we present our views on the different cases listed in these way-forward documents and during the email discussion before the RAN1#60 meeting. We focus on FDD for the detailed description but some comments are raised on TDD aspects.
2 Timing of backhaul and access in downlink

2.1 Case 1: The first one or two symbols punctured in the backhaul
As shown in Figure 1, assuming two control symbols in the access link, the guard periods GPDL,1 and GPDL,2 are created in Case 1 by starting the backhaul link transmission in the fourth symbol of the DL subframe [3][4]. As noted in [3], not transmitting backhaul in the third symbol of the subframe is better than not transmitting it in the last symbol of the subframe: Backhaul resources in the third symbol can be reused for PDCCH transmission at the donor eNB. Thus, with 2 symbols of control signalling in the MBSFN subframe used for backhaul link downlink, the backhaul subframe has a length of 11 OFDM symbols. Different RNs may have different numbers of control symbols in the access link (1 or 2). Thus, different RNs could also have different backhaul link downlink sizes (12 or 11 OFDM symbols). However, this flexibility, increasing the backhaul downlink capacity for some RNs, might also prevent the donor eNB from using the punctured symbols for PDCCH. If the RN uses 2 control symbols for the access link while the eNB only uses 1 control symbol, two symbols have to be punctured in the beginning of the backhaul subframe.

Guard periods GPDL,1 and GPDL,2 are arranged by delaying the access link DL transmission by ΔRN-eNB with respect to the direct link DL transmission:

ΔRN-eNB = GPDL,2 + Tprop,RN-eNB 
with GPDL,1 + GPDL,2 = TOFDM
2.2 Case 2: No symbol punctured in the backhaul

For a very short switching time, much shorter than the OFDM cyclic prefix (CP) length, the RN can switch within the CP. No guard period is required. The RN switching time should be short enough in order to keep a CP which is long enough with respect to the channel delay spread. Case 1 or Case 2 could be configured, depending on the RN switching time. The switching time could be a RN capability and the donor eNB could configure the RN in Case 1 or in Case 2 by RRC signalling, also based on the environment. This semi-static configuration could be a solution to avoid wasting symbols for a useless guard period while keeping sufficient robustness with regard to the multi-path propagation.
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Figure 1: Case 1 for DL timing, Case 1 for UL timing.
2.3 Case 3: DL transmission timings at RN and eNB aligned

The guard period is created here by not transmitting some OFDM symbols at the end of the backhaul link DL subframe as shown in Figure 2. Unlike Case 1, the punctured OFDM symbols cannot be used by the donor eNB to transmit PDCCH. The DL guard period duration depends on the eNB-to-RN propagation time:

TGP,DL = GPDL,2 + Tprop,RN-eNB
With GPDL,2 = 20 µs, a DL guard period larger than one OFDM symbol is needed if the distance between eNB and RN is larger than 15.4 km.

If the distance between eNB and RN is too small, GPDL,1 might be too short. In order to have it larger than 20 µs, the distance between eNB and RN should be larger than 6 km. Otherwise, an additional guard period of one OFDM symbol is needed at the beginning of the DL backhaul subframe. Thus, except for eNB-to-RN distances between 6 km and 15.4 km, at least two OFDM symbols will not be transmitted. Case 3 has a larger guard period overhead than Case 1 for eNB-RN distances of a few kilometers.
However, synchronous transmission at RN and eNB might be required for TDD. The TDD synchronisation requirement could be relaxed by increasing the CP length from normal CP to extended CP. Nevertheless, it also results in less backhaul efficiency since the number of OFDM symbols per slot is decreased from 7 to 6. This decrease also impacts UEs of the donor eNB. Thus, Case 3 can be avoided only if the TDD synchronisation requirement can be efficiently relaxed.
2.4 Case 4: PDCCH of the donor eNB received at RN

In Case 4, as depicted in Figure 3, the RN access link timing is offset by more than 2 symbols (for a RN transmitting 2 OFDM symbols for control signalling) and 3 symbols are punctured at the end of the backhaul subframe. Thanks to the large offset, the RN can detect the PDCCH sent from the donor eNB just before the backhaul link. 

However, the number of punctured OFDM symbols is high (2 or 3 symbols). Case 4 also results in a misalignment of several OFDM symbols between uplink and downlink subframes at the RN, even for small eNB-RN distances. Hence, a larger guard period between DL and UL subframes will be required in TDD. Finally, for small values of Tprop,RN-UE + Tprop,RN-eNB, the timing advance value is negative, which is not allowed in the Rel-8 random access response. 
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Figure 2: Case 3 for DL timing, Case 4 for UL timing.
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Figure 3: Case 4 for DL timing, Case 1 for UL timing.
2.5 Discussion on downlink timing
The properties of the different cases are summarized in Table 1.

Our proposal for timing of backhaul and access link in downlink is:

· Case 1 and/or Case 2 depending on the RN switching time

· Case 3 FFS depending on TDD synchronisation requirements

· Case 4 not supported
Table 1: Properties of the different DL timing configurations.
	Case
	DL transmission timings aligned at RN and donor eNB
	Number of muted OFDM symbols in backhaul link DL

	1
	No
	1

	2
	No
	0

	3
	Yes
	1 for 6 < dRN-eNB < 15.4 km

2 for dRN-eNB < 6 km

≥ 2 for dRN-eNB > 15.4 km

	4
	No
	2 or 3


3 Timing of backhaul and access in uplink

3.1 Case 1: First symbol punctured in the backhaul
In Case 1, a misalignment between access link UL and DL subframes at RN is introduced in order to minimize the guard period duration. As shown in Figure 1 and Figure 4, a single SC-FDMA symbol is punctured at the beginning of the backhaul link UL subframe whatever the RN-eNB propagation time. Thus, the timing advance of UEs served by RN has to be increased in order to arrange guard periods GPUL,1 and GPUL,2. TAUE depends on the propagation time between RN and the donor eNB. Thus, with Rel-8 TA, RN has a lower maximum coverage than an eNB [6]. Furthermore, if the TA value of RN for backhaul link uplink changes, TA values for all UEs served by RN must be changed [2]. The frequency of this event could be reduced by taking some margin for guard period durations (e.g., choosing TOFDM / 2 instead of 20 µs). The increased timing advance value results in a misalignment ΔRN,UL-DL between the access link downlink transmission and the access link uplink reception.
When UL Case 1 is used in conjunction with DL Case 1, as in Figure 1:

· TAUE = GPUL,1 – GPDL,1 + 2.(Tprop,RN-UE + Tprop,RN-eNB) 

with GPUL,1 + GPUL,2 = TOFDM
· ΔRN,UL-DL = |GPUL,1 – GPDL,1 + 2.Tprop,RN-eNB|
· With GPUL,1 = GPDL,2 = 20 µs, the misalignment is TOFDM for a RN-eNB distance of 15.4 km. Such a misalignment might require an increased UL/DL guard period in TDD. Up to 4.7 km, ΔRN,UL-DL equal to zero can always be achieved.

When UL Case 1 is used in conjunction with DL Case 3, as in Figure 4:

· TAUE = 2.Tprop,RN-UE + Tprop,RN-eNB – GPUL,2

with GPUL,1 + GPUL,2 = TOFDM
· ΔRN,UL-DL = |Tprop,RN-eNB – GPUL,2 |
· With GPUL,2 = 20 µs, the misalignment is 20 µs for a RN-to-eNB distance close to zero and decreases down to zero for a RN-to-eNB distance equal to 6 km. From 6 km up to 15.4 km, ΔRN,UL-DL equal to zero can always be achieved.
Since the first symbol of PUCCH is punctured, the RN PUCCH cannot be multiplexed with the UE PUCCH on same donor eNB PUCCH resources. On the other hand, SRS transmission, at the end of the UL subframe, can be the same for UEs and RNs in the donor cell [5].
3.2 Case 2: No symbol punctured in the backhaul
Case 2 is attractive, since it maximises the uplink backhaul efficiency.
Case 2a
For a very short switching time, much shorter than the CP length, the RN can switch within the CP. No guard period is required. The RN switching time should be short enough in order to keep a CP which is long enough with respect to the channel delay spread. 

Case 2b
Case 2b is similar to Case 1. However, instead of puncturing the first OFDM symbol in the backhaul subframe, the last symbol of the access subframe preceding the backhaul subframe is punctured. It can be easily done by configuring the access subframe as an SRS subframe. One drawback is the impossibility for RN UEs to send SRS in an uplink access subframe preceding an uplink backhaul subframe. In order to allow for sounding from RN UEs, uplink backhaul subframes must be separated by at least two uplink access subframes. Furthermore, the uplink backhaul transmission opportunities will be linked to the Rel-8 SRS configuration.
Both Case 2a and Case 2b can be jointly supported. Based on its switching time and environment, the RN can implement Case 2b or Case 2a by arranging or not a guard period in the access uplink subframe before the backhaul uplink subframe. Indeed, the guard period can easily be suppressed by not configuring the access uplink subframe as an SRS subframe or by configuring the access uplink subframe as an SRS subframe and configure RN UEs to send SRS in this access subframe.
3.3 Case 3: Last symbol punctured in the backhaul
Case 3 is similar to Case 1 but the last symbol of the backhaul is punctured instead of the first one. Since the last symbol of PUCCH is punctured, the RN PUCCH can be multiplexed with the UE PUCCH on same donor eNB PUCCH resources, provided that the subframe is configured as an SRS subframe in the donor eNB. However, in Case 3, RN cannot send SRS to the donor eNB.

Compared to Case 1, TAUE and ΔRN,UL-DL are increased by TOFDM in Case 3.
3.4 Case 4: UL reception timings at RN and eNB aligned
In Case 4, guard periods are created by puncturing the beginning of the UL backhaul subframe on a duration TGP,UL = k.TOFDM . In Figure 2, UL Case 4 is used together with DL Case 3 and k = 1. Access link uplink reception timings at donor eNB and at RN are aligned. When UL Case 4 is used in conjunction with DL Case 3, access link UL and DL subframes are aligned, i.e., the transmitted DL subframes are aligned with the received UL subframes at RN. It guarantees a same behaviour for the RN as a eNB [2]. 
The UL guard period depends on the eNB-to-RN propagation time:

TGP,UL = GPUL,1 + Tprop,RN-eNB
With GPUL,1 = 20 µs, an UL guard period larger than one SC-FDMA symbol is needed if the distance between eNB and RN is larger than 15.4 km.

If the distance between eNB and RN is too small, GPUL,2 might be too short. In order to have it larger than 20 µs, the distance between eNB and RN should be larger than 6 km. Otherwise an additional guard period of one SC-FDMA symbol is needed at the end of the UL backhaul subframe. Thus, except for eNB-to-RN distances between 6 km and 15.4 km, at least two SC-FDMA symbols will not be transmitted. Case 4 has a larger guard period overhead than Case 1 for eNB-RN distances of a few kilometers. Case 4 has the same characteristics regarding PUCCH and SRS transmission as Case 1.

As for DL Case 3, UL Case 4 can be avoided only if the TDD synchronisation requirement can be efficiently relaxed.

3.5 Discussion on uplink timing
The properties of the different cases are summarized in Table 2.

The impact of a misalignment of access link uplink and downlink on RN behaviour is FFS:

· Lower coverage related to RACH design: This is probably not critical.
· An increased UL/DL guard period may be required in TDD. This increase for Cases 1, 2a, 2b and 3 will be of the same order as the backhaul guard period increase in Case 4. Then, the respective efficiencies of different cases in TDD depend on the proportion of backhaul subframes and the number of TDD UL/DL switching points in a frame.

Our proposal for timing of backhaul and access link in uplink is:

· Case 2a and Case 2b depending on the RN switching time

· Case 2a and/or Case 1 if Rel-8 SRS configuration does not allow for efficient backhaul transmission or UE sounding

· Case 3 not supported
· Case 4 FFS depending on TDD synchronisation requirements

Table 2: Properties of the different UL timing configurations.
	Case
	Access link UL reception aligned at RN and eNB
	Access link UL and DL subframes aligned at RN
	Number of muted SC-FDMA symbols in backhaul link UL

	1
	No
	No

for dRN-eNB > 4.7 km      with DL case 1

for dRN-eNB < 6 km and   dRN-eNB > 15.4 km          with DL Case 3
	1

	2a
	No
	No
	0

	2b
	No
	No

Same as Case 1
	0
(+1 muted                         in access link UL)

	3
	No
	No

Larger than Case 1
	1

	4
	Yes
	Yes
	1 for 6 < dRN-eNB < 15.4 km

2 for dRN-eNB < 6 km

≥ 2 for dRN-eNB > 15.4 km
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Figure 4: Case 3 for DL timing, Case 1 for UL timing.
4 Summary

Based on the above discussion, our proposal is:
· For timing of backhaul and access link in downlink:

· Case 1 and/or Case 2 depending on the RN switching time

· i.e., at most one OFDM symbol punctured at the beginning of the backhaul subframe

· Case 3 FFS depending on TDD synchronisation requirements

· i.e., puncturing more symbols to guarantee DL synchronisation between eNB and RN FFS
· Case 4 not supported

· i.e., puncturing more symbols to allow eNB PDCCH detection by RN not supported
· For timing of backhaul and access link in uplink:

· Case 2a and Case 2b depending on the RN switching time

· i.e., at most one OFDM symbol punctured at the end of the preceding access subframe

· Case 2a and/or Case 1 if Rel-8 SRS configuration does not allow for efficient backhaul transmission or UE sounding

· i.e., at most one OFDM symbol punctured at the beginning of the backhaul subframe

· Case 3 not supported

· i.e., one OFDM symbol punctured at the end of the backhaul subframe not supported
· Case 4 FFS depending on TDD synchronisation requirements

· i.e., puncturing more symbols to guarantee UL synchronisation between eNB and RN FFS
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