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1. Introduction

Spectrum aggregation was introduced in LTE Release 10 to support increased network capacity. Since then, LTE standardization has further evolved from homogeneous to heterogeneous deployments consisting of cells controlled by different eNB classes and operating on either the same or different carriers. For example, a typical scenario in the current small cell enhancement study is the deployment of the macro and small cell layers in different bands. Furthermore, each eNB in a het-net deployment may deploy multiple carriers at the same site. On the other hand, spectrum acquisition remains a significant investment undertaking and an operator, based on both technical and economic considerations, may acquire spectrum in both FDD and TDD bands. Therefore, it is worthwhile to investigate efficient mechanisms for joint operation of TDD and FDD carriers. Towards this goal, a new WI was agreed at RAN #60 with the following objectives for an evaluation phase [1]:
· Identify deployment scenarios of joint operation on FDD and TDD spectrum, and network/UE requirements to support joint FDD/TDD operation.

· Based on the identified deployment scenarios and network/UE requirements, identify possible other solutions  for FDD-TDD joint operation for example multi-stream aggregation and a dual-mode UE supporting simultaneous operation on both modes in addition to LTE TDD-FDD carrier aggregation.

In this contribution we describe several deployment scenarios for joint TDD-FDD operation. For each scenario we also list a few network/UE requirements to enable efficient operation. 

2. Deployment scenarios
Joint FDD/TDD operation is proposed for situations where a cellular operator owns both FDD and TDD spectrum in the same geographical area. For example, an operator may own FDD spectrum at 800 MHz and TDD spectrum at 2.6 GHz. As an illustration, Figure 1 shows a heterogeneous deployment scenario, where carrier F1 operates in FDD mode and provides coverage in a 3-sector macro cell site, whereas carrier F2 in a higher frequency band, operates in TDD mode and boosts capacity at selected hotspots within each macro cell area. Note that the opposite is also possible, wherein the macro cells operate in TDD mode at F1 and the small cells operate in FDD mode at F2.
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Figure 1 Example of joint FDD-TDD deployment with F1 operating in FDD mode and a higher carrier F2 operating in TDD mode

Given this general deployment scenario joint TDD-FDD operation can be categorized into intra-node and inter-node operation as described in the subsequent sections.
2.1. Intra-node operation
2.1.1. Single frequency
For load balancing purposes an eNB that controls multiple cells can offload UEs from one cell to a different cell under its control, where the second cell operates on a different carrier frequency in the same or a different duplex mode. Offloading to a different cell may also be performed to mitigate inter-cell interference on a particular carrier frequency. For these use cases, joint TDD-FDD operation can be implemented in the existing LTE specifications when both FDD and TDD cells are under the control of the same eNB. The fact that both cells are controlled by the same eNB should be transparent to the UE if the UE is only required to perform existing inter-frequency mobility procedures. 
The main advantage of this scenario is that a UE is not required to support simultaneous reception or transmission on different carriers as in CA but it should be clear that dual-mode capability is required. 
2.1.2. Carrier Aggregation
The most obvious case for intra-node joint TDD-FDD operation is carrier aggregation where the primary serving cell (PCell) is e.g. FDD and one or more secondary serving cells (SCells) are TDD or vice-versa. In this category we also include CA Scenario 4, where RRHs connected by ideal backhaul to a central site (see Annex J of [2]). In terms of data flow many features of single duplex-mode CA carry over to dual duplex-mode CA partly because CA is only visible on the PHY and MAC layers. However, several physical layer aspects need to be further investigated including uplink control signaling. For example, for HARQ-ACK feedback timeline in response to PDSCH reception, different solutions are possible depending on whether the PCell is FDD or TDD.

Some requirements for efficient joint TDD-FDD CA operation include:

· Dual-mode UE capability
· Inter-band CA capability

· UL CA requires support of multiple timing advance groups for inter-band CA
Furthermore, it should be noted that full duplex capability maximizes the gains of FDD-TDD CA for a specific UE. However, it is still possible for a half-duplex TDD UE to enjoy some of the benefits of FDD-TDD CA. 
2.2. Inter-node Aggregation

A different, though related deployment, is where non-collocated cells are connected by a non-ideal backhaul link characterized by latency and/or throughput limitations. As such, for serving cells deployed at different locations and controlled by different eNBs, loose coordination or completely decentralized scheduling are the only practical options. In this scenario, inter-node resource aggregation entails independent scheduling of a UE for data transmission to, and/or reception from, different cells. An illustration is shown in Figure 2 where a UE is communicating with an eNB providing an FDD macro cell, and also connected to a TDD small cell controlled by a second eNB. 

Similar requirements regarding UE capabilities apply for both intra-node CA and inter-node aggregation. However, in contrast to CA, for inter-node aggregation, a UE may also be required to transmit uplink control information to each cell in case of non-ideal backhaul between cells [3].
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Figure 2 Multi-stream communications from an FDD macro cell and a TDD hotspot
3. Conclusion

In this contribution we have described three possible deployment scenarios for joint TDD-FDD operation. We observe that

· Both intra-node and inter-node joint TDD-FDD operation are feasible
· Carrier aggregation is the most obvious use case, where much of the required signaling is already in place in the current LTE specifications.
· Physical layer aspects that need to be addressed include uplink control signaling.

· Single frequency operation is possible where an eNB controls at least two cells operating in different duplex modes.
· Inter-node aggregation (dual-connectivity) is also a promising use case for TDD-FDD operation.
· UE requirements to support joint TDD-FDD operation include
· Dual-mode UE capability

· Inter-band CA capability

· Support of multiple timing advance groups for inter-band UL CA
· At least for the case of non-ideal backhaul, it is necessary to investigate PUCCH transmission on a SCell for inter-node aggregation.
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