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1 Introduction

At the RAN #71 plenary meeting, a study item on a New Radio (NR) access technology was approved [1]. Corresponding scenarios and requirements for the New Radio are captured in TR 38.913 [2], however, not all aspects have yet been finalized. Among the open issues is also the co-existence of NR with legacy RATs, particularly LTE. This topic is of great interest to operators [3] and consequently, a text proposal is currently being discussed by RAN via email [4]. Notwithstanding, RAN1 has commenced work on the NR air interface and one of the agreements at RAN1 #85 is the following working assumption:
	•
In the case of subcarrier spacing 15 kHz and 14 symbols per 1ms, the following applies:

•
Baseline: Symbol boundary is aligned with LTE of normal CP


In this contribution, we discuss our views on possible requirements and solutions for LTE/NR coexistence. 
2 Requirements and solutions for LTE/NR coexistence
2.1 LTE/NR coexistence in adjacent spectrum
Several deployment scenarios can be envisioned in which LTE and NR networks need to coexist. LTE and NR base stations could operate on separate spectrum and the coexistence between NR and LTE radios would be no different than in existing networks where multiple RATs (e.g., GSM, UMTS, LTE) also coexist. In particular, it would not matter if RATs were operated by different operators or if the transceivers of the various RATs would be collocated assuming the separate spectrum blocks for the different RATs are sufficiently protected by guard intervals. Such guard intervals, however, may be very costly and inefficient, especially in unpaired spectrum where uplink and downlink are dime-division multiplexed and guards would have to be provisioned that isolate each RAT from cross-link interference stemming from other RATs with uncoordinated UL/DL switching intervals. Hence, it is more insightful to consider frequency-division multiplexing of RATs with NR when no such guards or guards with insufficient separation and protection are assumed. In this case, NR and LTE could be deployed within the same NR/LTE carrier or on separate carriers with no or limited guard bands in between. The former may not be possible or feasible if the LTE and NR networks belong to separate operators but for the second case, the two networks may not belong to the same mobile network operator (MNO). In case they do belong to the same MNO, it is important to distinguish whether the “eNBs” controlling the LTE and NR networks are collocated or not, or more precisely, if coordination among them can be assumed and if so, on which time scale such coordination can occur (e.g., ideal versus non-ideal backhaul between the LTE and NR “eNBs.”)
If no coordination can be assumed, since we are considering the case of no or insufficient separation by guards, there may be some degradation between the two networks due to lack of orthogonality between the two. Especially in unpaired spectrum, such a deployment would necessitate to align the uplink/downlink switching points between these coexisting systems as otherwise the performance degradation would not be acceptable. This could be accomplished by regulatory authorities or bilateral agreements between operators. In fact, the situation is no different from two LTE networks operating under the same assumptions as considered here. 
RAN1 is currently considering a dynamic TDD frame structure where the duplex direction of a subframe is dynamically indicated on the first symbol(s) of a subframe. For example, RAN1 has agreed to study at least the following two subframe structures depicted in Figure 1:
· A DL transmission region (containing data assignments and data), followed by a guard region, followed by a UL transmission region (containing UCI)
· A DL transmission region (containing data assignments), followed by a guard region, followed by a UL transmission region (containing data, UCI)
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Figure 1: Time domain structures agreed by RAN1 for further study
The case where all symbols within one subframe are used for the same duplex direction, e.g., 14 DL symbols or 14 UL symbols is also being considered, e.g., for NR operation in paired spectrum. Although RAN1 has not yet agreed on the timing relationships within such time domain structures, two options can be envisioned as follows:

· At least in principle, it is possible that the DCI transmitted on the first symbol of one subframe indicates the duplex direction of the remainder of the subframe or any other transmission time interval including the cases of 14 DL symbols within one subframe (assuming 15kHz subcarrier spacing and 14 symbols per subframe according to above working assumption) similar to LTE Rel. 8 with CFI equals 1 and 12 UL symbols, i.e., the first symbol carrying the DCI on a PDCCH is followed by a guard symbol for duplex switching in the transceiver and the remaining 12 symbols in a subframe are used for UL transmissions. 
· Alternatively, 14 DL symbols and 14 UL symbols could be supported and at least in the latter case the duplex direction of subframe n is indicated by the DCI on a PDCCH in an earlier subframe n-k with k>1. Lastly, a semi-static TDD UL/DL configuration could designate each subframe in a radio frame as DL or UL and the 14 symbols within it would accordingly be all UL or DL.

Clearly, the first option does not allow for an easy coexistence of NR with LTE as each subframe, even an UL subframe would have to transmit a PDCCH in the DL to indicate the duplex direction of the subframe. While the dynamic DL subframe would be identical with the LTE normal DL subframe, a configuration with 14 UL symbols, corresponding to the LTE normal UL subframe, would not be possible assuming at least one DL symbol and switching guard per subframe would always be reserved for PDCCH transmissions.
In our view, “self-contained” subframes where assignment, data, and HARQ ACK/NACK are transmitted within the same subframe (or time interval X) cannot be assumed to be a mandatory feature for NR UEs [5]. Rather it should be considered a UE capability. Hence, NR will support a mode where the DCI in subframe n schedules an UL transmission in subframe n+k with k>0. It is then possible to schedule a future subframe to have 14 UL symbols. At the same time, the concept of TDD UL/DL configurations is known to have many drawbacks when it comes to dynamic traffic adaptation and this was extensively studied in LTE Rel. 11 eIMTA. Moreover, there is a general trend to unify the NR design wherever possible, e.g., for TDD and FDD but also for sub-6GHz and above-6GHz carrier frequencies. Since TDD UL/DL configurations are not necessarily needed for NR, i.e., the “eNB” can dynamically indicate whether a subframe has 14 UL or DL symbols, and since semi-static TDD UL/DL configurations inherently hinder dynamic traffic adaptation—even if the TDD UL/DL configuration can change every radio frame by means on an eIMTA-RNTI—RAN1 should carefully consider whether such a concept is needed for NR.
Going back to the issue of LTE/NR coexistence, just like two LTE networks would have to coordinate, the NR “eNB” could dynamically follow the LTE TDD UL/DL configuration with which it tries to coexist without the need of defining a concept of a semi-static TDD UL/DL configuration. In particular, while the NR “eNB” scheduler would have to be aware of the TDD UL/DL configuration of the adjacent TD-LTE network, the NR UE would not make any explicit assumption about the duplex direction of a subframe but rather would consider a subframe as DL or UL depending on whether it has been scheduled for a PDSCH or PUSCH transmission, respectively. In that sense, such a design also follows the overall spirit of the NR with respect to forward compatibility where UE assumptions should be minimized to the extent possible [6]. 
In fact, such a design would be very similar to the signaling support of almost blank subframes (ABS) in LTE Rel. 11 FeICIC where ABS information is exchanged between eNBs over the X2AP but not signaled to the UE. From a UE perspective, measurement restrictions are configured but almost blank subframes are dynamically signaled by the presence or absence of a DL grant. In fact, the X2AP defines two separate ABS pattern info bit strings of equal length, one that helps the eNB MAC scheduler in deciding the appropriate MCS for a given subframe (incl. no transmission) and one that helps the eNB RRC function to configure said measurement restrictions at the UE. In the context of LTE/NR coexistence, the LTE and NR networks could exchange information about the TDD UL/DL configuration—if such an interface is introduced—but there would be no need to signal them to NR UEs. Rather such indication could be dynamic via the DCI.
Last but not least, since support of self-contained subframes where the PDCCH on the first symbol schedules a PUSCH transmission in the same subframe/time interval X, cannot be assumed a mandatory UE feature, cross-subframe scheduling of UL transmissions, which in turn enable UL subframes with 14 UL symbols can be supported without additional specification impact whereas introducing TDD UL/DL configurations in NR may potentially complicate specification efforts. This is clearly not desirable, especially if the only motivation for introducing TDD UL/DL configurations in NR is for coexistence with LTE which seems to be a temporary issue until more and more subscribers have NR capable handsets. At the same time, until the NR design has progressed, and a clear view on HARQ ACK/NACK and scheduling delays has emerged including the resulting DCI design which may dynamically indicate such delays, introduction of TDD UL/DL configurations in NR shall also not be precluded in case benefits other than for LTE/NR coexistence can be identified that justify their introduction. Nevertheless, in the meantime, support of dynamic TDD can be considered sufficient and eIMTA-like features may not be needed in NR. 
Observation 1: LTE/NR coexistence can be achieved without specifying semi-static TDD UL/DL configurations for NR but there may be other benefits of introducing at least the concept of TDD UL/DL configurations into NR specifications 

2.2 LTE/NR coexistence in the same spectrum
So far we have considered deployments where the New Radio coexists with LTE on adjacent spectrum in the same geographical area. But the NR should also be capable to coexist with LTE in overlapping spectrum in a flexible manner. There is currently no guidance as to the resource allocation granularity in the time/frequency domain with which LTE and NR networks should be able to coexist in the same spectrum. In fact, this aspect is part of the on-going email discussion in RAN where one proposal is to leave this to the working groups as part of the NR studies. In the sequel, we thus discuss several possible options with which LTE and NR could be multiplexed within the same carrier in either the time domain or frequency domain. Coexistence should be possible regardless of whether NR and LTE are controlled by the same base station and all LTE features should be supported in both paired and unpaired spectrum.
As mentioned above, for the case where LTE and NR coexist in the same spectrum, it seems reasonable to assume that both belong to the same operator. While this may not be true in unlicensed or license-shared spectrum—for example in the U.S. license-shared access (LSA) spectrum access system (SAS) in the 3.5GHz band—we can focus here on licensed spectrum as LAA or LSA like deployments will have to provision coexistence mechanisms with other RATs including LTE regardless [7]. Nevertheless, a distinction can be made as to whether the LTE and NR networks of the same operator operating in the same spectrum are synchronized or not and to what degree their respective base stations can cooperate or not. For the case where NR “eNB” and LTE eNB are collocated, we will assume coordination with ideal backhaul whereas otherwise we will assume coordination with non-ideal backhaul. Needless to say, the cases of collocated base stations with non-ideal backhaul and non-collocated base stations with ideal backhaul are also covered by these assumptions.
With respect to the synchronization status between the two RATs, it seems appropriate that at least radio frame boundary alignment can be assumed as otherwise coexistence within the same spectrum would be infeasible or at least inefficient. LTE and NR could then coexist within the same bandwidth by using small cell on/off techniques standardized in Rel. 12. The LTE network would configure said carrier as secondary cell for all UEs and would use MAC control elements to turn LTE transmissions on and off. When the secondary cell is activated, LTE waveforms are transmitted by the LTE network, whereas when the secondary cell is deactivated either no transmissions or only discovery reference signal (DRS) transmissions occur according to some discovery signal measurement timing configuration (DMTC). Said DMTC could be exchanged between the LTE and NR networks in order to inform the NR “eNB” about potential DRS transmissions on the secondary cell. In addition, depending on the backhaul between the LTE and NR networks, LTE and NR base stations could inform each other about time intervals of LTE and NR transmissions, respectively, such that the LTE network would activate the carrier when there are no NR transmissions and deactivate it whenever there are NR transmissions. The time granularity of this approach would depend on whether ideal or non-ideal backhaul are assumed between the LTE and NR base stations and the MAC level (de)activation procedure of LTE would also put a limit on the time granularity, i.e., subframe level coexistence would not be supported. However, LTE Rel. 14 may introduce further enhanced lean SCells (e.g., [8]
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[9]) where subframe level coordination may be possible. If the backhaul between LTE and NR “eNBs” allows for such granularity, LTE and eNB base stations could dynamically schedule LTE and NR transmissions except for DRS occasions during which either network would send PSS/SSS or other necessary channels and signals, e.g., paging or system information broadcast in case of standalone operation. Since NR and LTE resources are orthogonal and time-division multiplexed both paired and unpaired spectrum can be supported. 
Since Rel. 8 UEs are not capable of carrier aggregation and cannot be configured with secondary cells, CA based techniques as above may not fully allow coexistence between NR and LTE. Rel. 8 UEs do, however, support MBSFN subframes. Hence, NR transmissions could occur in the MBSFN region of an MBSFN subframe spanning 12 or 13 symbols depending on the LTE eNB antenna configuration and PMCH configuration. LTE transmissions in the non-MBSFN region cannot be avoided and would puncture the NR transmission in the MBSFN subframe in case they span the entire subframe (e.g., 14 OFDM symbols with 15kHz subcarrier spacing). NR transmissions could be restricted to the MBSFN region either by TTI shortening or by employing an increased subcarrier spacing resulting in shortened OFDM symbols. Synchronization between NR and LTE base stations is preferred in order to minimize losses. In case the same eNB controls both LTE and NR, the two networks could even be frequency-division multiplexed in MBSFN subframes using transmission modes 9 and 10 for LTE. 
For unpaired spectrum, TDD UL subframes could also be used for NR transmissions if the LTE and NR base stations are synchronized. Both using TDD UL and MBSFN subframes for NR transmissions would require exchange of some coordination information between the base stations of the respective networks. At the least, subframes for LTE and NR transmissions have to be informed to each other to avoid collision. In addition, the NR network has to be informed whether the NR transmission can span an entire subframe (e.g., 14 OFDM symbols with 15kHz subcarrier spacing) or just a part as is the case for MBSFN subframes. 
Multiplexing NR and LTE by means of TDD uplink or MBSFN DL subframes can be considered time-division multiplexing of the RATs. Especially to support Rel. 8 UEs it may be easier to configure a legacy LTE carrier with a smaller LTE system bandwidth and to multiplex the two RATs in a frequency-division manner. For example, a 20MHz LTE carrier could be split into a 10MHz LTE and NR carrier, respectively. Since RAN1 has agreed that the NR symbol boundary is aligned with that of LTE at least for normal CP, NR/LTE coexistence can be similar to NB-IoT inband or guardband operation when the same eNB controls both RATs. The resource granularity in the frequency domain would be determined by the supported LTE system bandwidths and the flexible bandwidth design of NR. Depending on the available bandwidth, some loss may occur similar to the carrier segments discussed in Rel. 11, i.e., the available bandwidth cannot be partitioned into system bandwidths supported by LTE and NR. At least for NR, however, a flexible bandwidth design may be feasible that after initial attach allows transmission in any bandwidth that is an integer multiple of PRBs. 
From the above it is evident, that there is no major roadblock that prevents the coexistence of LTE and NR even for Rel. 8 UEs. Rather the question is whether dynamic multiplexing of the two RATs should be supported or whether a semi-static partition in either time or frequency domain suffices. Except for the case where NR transmissions cannot span an entire subframe (e.g., in MBSFN subframes) RAN1 specification impact may be limited. And even in this case, RAN1 impact may be limited and spoil down to signaling support.  For example, the subframe structure in Figure 1 already supports DL transmissions spanning 12 symbols since the last two symbols are reserved as switching guard and for UL transmissions. Moreover, LTE UL resources can readily be used for NR transmissions by eNB scheduler implementation. If RAN1 specifications allowed for an offset between the starting symbol of a DL and UL subframe respectively, NR could be multiplexed with Rel. 8 UEs with minimal specification effort. 
Observation 2: Frequency-division multiplexing of LTE and NR in adjacent or the same block of spectrum is always possible
Observation 3: Time-division multiplexing of LTE and NR in overlapping spectrum is possible assuming ideal backhaul

· In FDD systems, MBSFN subframes can be used

· In TDD systems, MBSFN and TDD UL subframes can be used
Proposal 1: If time-division multiplexing of LTE and NR in overlapping spectrum is supported, TTI shortening will be specified to fit NR transmissions into the MBSFN region of MBSFN subframes
3 Conclusion

This contribution discussed potential techniques for efficient LTE/NR coexistence in adjacent and overlapping spectrum. Both time-division and frequency-division multiplexing techniques were discussed. The following proposals are made:
Observation 1: LTE/NR coexistence can be achieved without specifying semi-static TDD UL/DL configurations for NR but there may be other benefits of introducing at least the concept of TDD UL/DL configurations into NR specifications 

Observation 2: Frequency-division multiplexing of LTE and NR in adjacent or the same block of spectrum is always possible
Observation 3: Time-division multiplexing of LTE and NR in overlapping spectrum is possible assuming ideal backhaul

· In FDD systems, MBSFN subframes can be used

· In TDD systems, MBSFN and TDD UL subframes can be used
Proposal 1: If time-division multiplexing of LTE and NR in overlapping spectrum is supported, TTI shortening will be specified to fit NR transmissions into the MBSFN region of MBSFN subframes
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