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1 Introduction

It has been understood that the OFDMA / SC-FDMA concepts described in sections 7.1, 9.1 and 9.2 have been designed to operate both in paired and unpaired spectrum. It has not been explicitly stated how the concepts described in these sections of TR25.814 are applicable to operation in a TDD mode in unpaired spectrum. Hence, this document describes how the OFDMA downlink of section 7.1 of TR25.814 and the SC-FDMA or OFDMA uplinks of sections 9.1 and 9.2 of TR25.814 can be operated in unpaired spectrum when coexistence approach 2 is used. 

NOTE: coexistence approach 2 entails the use of the same numerology, sub-frame duration etc. in unpaired spectrum as in paired spectrum. Consideration of coexistence approach 1 is outside the scope of this document.

2 Aspects of approach 2 operation

This section considers various features of TDD mode operation in unpaired spectrum and describes how the generalized concept of approach 2 benefits from and / or deals with these features.

2.1 Reciprocity

Channel reciprocity may be used to enhance performance and/or simplify system design, or to reduce signaling overheads in some scenarios.  The reciprocity in the channel is a function of the channel speed, of the time between a measurement in one link direction and its application to a transmission in another, and upon any deployment specific factors (such as the use of more antennas in one link direction than another, or the application of different antenna processing in each link direction).

It should be noted that reciprocity is not a function of the modulation type used on uplink and downlink, and thus, with appropriate design, channel reciprocity may be exploited for either an SC-FDMA or an OFDMA based uplink coupled with an OFDM downlink.  This is all the more true given that the current SC-FDMA proposal (DFT-SOFDM) is based upon the same numerology as the downlink OFDM proposal.

2.1.1 Uplink power control

The uplink can benefit from channel reciprocity by counteracting channel variations observed on the downlink (using common downlink pilot or reference signals).  This open-loop mechanism requires no explicit feedback, although additional closed-loop feedback may be used to refine the transmitted power and to account for any variability of the open-loop to track the channel (for differing speeds) or to correct for calibration error.

A further benefit of open-loop uplink power control is the lack of a need for continuous or regular uplink pilots.  This allows for a large user population base in a cell to be held in an active state whilst consuming little or no uplink resources.

Open loop power control can also be used for non-scheduled (contention-based) uplink transmissions.  This can simplify the random access procedure as the need for transmission of pre-amble access sequences and subsequent downlink acknowledgement sequences can be avoided.  This may also bring about some advantages in terms of latency.

2.1.2 Non-scheduled Uplink Transmission

Channel reciprocity may be used by the UE to select an uplink access channel with the least pathloss at the time of transmission, as determined by recent measurement of the downlink channel response.  This can bring about link and system performance gains and hence an improvement in uplink capacity, especially in the case of localized FDMA uplink access channels.

2.1.3 MIMO

Channel state information may be determined at the Node-B from uplink transmissions and can be used to assist with the antenna processing for downlink transmission.  Similarly, the UE may utilize downlink channel state information to assist with uplink antenna processing.

2.1.4 CQI and Frequency Domain Scheduling

Reciprocity does not assist particularly with frequency domain or channel envelope based scheduling strategies.  For the downlink, the interference situation at the UE receiver is not known to the Node-B without explicit feedback from the UE, and as such, some form of CQI is still required (as is the case for full-duplex or half-duplex operation in paired spectrum).  For uplink, because the scheduler is anyway located at the Node-B, and the Node-B can estimate the uplink channel response and interference, there is no benefit from reciprocity in terms of scheduled uplink transmission.

2.1.5 Pilot Design

Techniques that utilize reciprocity may require that channel state information is available across the system bandwidth.

Thus, in the case of localized transmission on uplink, there may be a need for out-of-band pilots.  However, these would probably in any case be present to facilitate uplink frequency domain scheduling techniques (this applies to both paired and unpaired spectrum).

In the downlink case, it is anticipated that common reference signals already spanning the system bandwidth could be used for reciprocity-based techniques in the UE.

2.2 Reference Signals (aka Pilots)

This section considers the applicability of the reference signals defined in TR25.814 to a TDD mode of operation in unpaired spectrum. The examples in this section assume a TTI of 2.5ms and a 2:3 UL:DL timeslot split. This TTI is used for illustrative purposes only and it should be readily apparent how the examples can be extended for operation with different TTIs (for example with a 10ms TTI and an 8:12 UL:DL split as might be required if operating an E-UTRA TDD mode carrier adjacent to an HCR-TDD UTRA carrier with a 10ms TTI and a 6:9 UL:DL split). The E-UTRA frame structure considered is thus as shown in Figure 1.
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Figure 1 - OFDMA based downlink operating with 2.5ms TTI

2.2.1 Downlink

2.2.1.1 Text from TR25.814

Section 7.1.1.2.2 describes the downlink reference signals for the OFDMA downlink. The OFDMA downlink concept supports primary pilots (first reference symbols) in the first or second OFDM symbol of a sub-frame and may also support secondary pilots (second reference symbols) in other symbols of the sub-frame. TR25.814 states that these secondary reference symbols might be used in the following circumstances:

In the case of selectively transmitted second reference symbols, the transmission of second reference symbols could be based on e.g.

· The possibility for inter-sub-frame interpolation between first reference symbols (second reference symbols e.g. only transmitted when inter-sub-frame interpolation between first reference symbols is not possible, e.g. when some sub-frames are used for Single-Frequency-Network- based broadcast)

· Doppler, in case of common channels the highest anticipated Doppler (second reference symbols only transmitted at high Doppler)

· Etc.
2.2.1.2 Application to TDD mode

When operating at low Doppler speeds, only a single pilot (the first reference symbols) is required. In this case, the DL portion of the subframe may be decoded solely on the basis of the first reference symbols since the channel does not change significantly from symbol to symbol within the sub-frame.

When operating at high Doppler speeds, secondary reference symbols may be applied either:

· in all sub-frames: Figure 2
· just in the sub-frame that is adjacent to a DL:UL switching point (this is the case where a secondary reference symbol is inserted only when it is not possible to interpolate between pilot symbols in adjacent subframes): Figure 3
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Figure 2 – high Doppler: use of first and second reference symbols in every sub-frame
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Figure 3 - high Doppler: use of first and second reference symbols only in sub-frame adjacent to a switching point

Note that when beamforming, multiple TX antennas or high order modulation (e.g. 64QAM) are used, the second reference symbols may be used as for the paired spectrum case.

Note that the usage of first and second reference symbols discussed in this section is already described in TR25.814: this section merely applies to section 7.1.1.2.2 in a TDD E-UTRA (approach 2) context.

2.2.2 Uplink

2.2.2.1 SC-FDMA

The SC-FDMA sub-frame structure described in section 9.1.1 of TR25.814 is self-contained. Pilots / reference symbols within the short blocks of the SC-FDMA sub-frame structure allow for channel estimation and frequency / time-domain channel dependent scheduling.
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Figure 4 - SC-FDMA sub-frame structure from TR25.814

This sub-frame structure is equally applicable to a TDD mode of operation. The self-contained nature of the SC-FDMA sub-frame means that the SC-FDMA sub-frame may be decoded in a TDD mode of operation without relying on pilots / reference symbols in adjacent sub-frames (even at high Doppler).

The pilots / reference symbols within the SC-FDMA sub-frame allow channel reciprocity to be taken advantage of (as discussed in section 2.1).

Note that when idle periods are inserted into the SC-FDMA frame structure of Figure 4 for the purposes of timing advance (or coexistence according to coexistence approach 2), these idle periods can replace either long block 1 or long block 6. For support of very large cells (when timing advance of greater than a single long block symbol is required), it can be investigated whether a sub-frame format with SB#2 earlier in the sub-frame is required. For support of smaller cells, it can be investigated whether idle periods of duration shorter than a long block can be inserted within the E-UTRA sub-frame.  One method of achieving this is by replacing one long block (for data) with a short block (for data).  Thus, the number of short blocks used for pilot transmission may be preserved.  Examples of sub-frame format structures based around this principle are shown in Figure 5.


[image: image5]
Figure 5 – SC-FDMA sub-frame structure with small idle period (created via replacement of a long block with a short block)

The uplink portion of the TDD mode TTI showing the use of an idle period instead of an SC-FDMA long block, to accommodate the UL → DL switching point in the E-UTRA frame, is shown in Figure 6. The sub-frame structure shown supports cells of size up to 10.6km.

[image: image6]
Figure 6 - replacement of a long block with an idle period in the E-UTRA sub-frame at an UL → DL switching point
2.2.2.2 OFDMA
As for the SC-FDMA case, the sub-frames for the OFDMA proposed uplink are self-contained (an example for the single transmit antenna case is shown in Figure 7) - consisting of data and reference symbols / pilots within the sub-frame. This sub-frame structure may be decoded without the use of reference symbols / pilots in adjacent sub-frames and is hence suitable for use in a TDD mode of operation (where it will be impossible to interpolate to reference symbols in an adjacent downlink sub-frame).


[image: image7]
Figure 7 - self-contained OFDMA uplink sub-frame

Note that when idle periods are inserted into the uplink OFDMA sub-frame (when the uplink OFDMA sub-frame is next to a downlink sub-frame), they can be inserted either at the start of the sub-frame (DL → UL switching point) or at the end of the sub-frame (UL → DL switching point). This application of idle periods (when the OFDMA uplink is used in a TDD mode) to the sub-frame of Figure 7 at DL → UL and UL → DL switching points is illustrated in Figure 8.

[image: image8]
Figure 8 - Use of idle periods in OFDMA UL sub-frame to support TDD mode of operation

2.3 Shared Control Channels

In the downlink, shared control channels that are operated in a TDM mode are ideally suited to operation of E-UTRA in a TDD mode.

When operated in a TDM mode, the shared control channels are positioned close to the primary reference symbol (pilot). This positioning of the shared control channel allows for robust performance of the shared control channel even in high Doppler speeds. The performance of a TDM shared control channel will not vary substantially when idle periods are inserted into the E-UTRA sub-frame (to allow for UL / DL switching points).

The performance of scattered control channels within an E-UTRA sub-frame may degrade performance in sub-frames containing idle periods. This degradation will occur if bits derived from sub-carriers that are within the idle period are considered as punctured control channel bits. In this (puncturing) case, the channel coding rate of the control channel is increased and its SNR performance is worsened. Note that scattered control channels could alternatively be designed such that for either FDD or TDD modes of operation, the scattered control channels never occupy symbols that could be used in the TDD mode of operation for idle periods (in which case, puncturing will not occur).
The issues related to the use of control channels in the TDD E-UTRA mode are illustrated in Figure 9. This figure shows how in the downlink, robust performance of the control channel can be achieved when control channels operate in a TDM mode, but that control channel performance may be degraded when scattered control channels are used.


[image: image9]
Figure 9 - Use of TDM and scattered control channels in OFDMA DL in E-UTRA TDD mode
2.4 Synchronisation and broadcast channels
2.4.1 Synchronisation procedure

To provide the greatest degree of commonality, it is proposed that the same synchronization signals are used for both E-UTRA FDD and E-UTRA TDD modes. Once synchronization has been achieved by the UE, it is envisaged that the UE will read “system information” on the broadcast channel. This system information will indicate whether the cell is operating in E-UTRA FDD mode, half-duplex E-UTRA FDD mode or E-UTRA TDD mode. According to the mode of operation of the cell, the UE will then operate with the appropriate procedures (for example if the cell indicates that it is operating in E-UTRA TDD mode, the UE will configure its radio to transmit and receive on the same frequency etc.). A flow chart indicating the envisaged procedure for attachment to a cell is shown in Figure 10.

[image: image10]
Figure 10 - procedures common to E-UTRA FDD and E-UTRA TDD modes for synchronisation and reading system information
2.4.2 Framing aspects of synchronization and broadcast channels
In E-UTRA TDD mode coexistence approach 2, it is assumed that the synchronization signals used are the same as those used in E-UTRA FDD mode. In order to have common synchronization signals for both E-UTRA TDD and E-UTRA FDD modes, it is required that those synchronization signals occupy a single sub-frame within the E-UTRA sub-frame. 
An E-UTRA TDD mode frame consists of both uplink and downlink sub-frames. For the lowest latency mode of operation, E-UTRA TDD mode may support consecutive uplink and downlink sub-frames. Hence, in order to support the lowest latency mode of operation, it is required that the synchronization signals for E-UTRA TDD mode are contained within a single sub-frame. To provide the greatest degree of commonality between E-UTRA TDD and E-UTRA FDD modes, it is hence required for the synchronization signals of both modes to be the same and to occupy a single sub-frame.
Figure 11 shows two possible constructions for the synchronisation and broadcast signals of E-UTRA: one construction that is compatible between E-UTRA FDD and E-UTRA TDD and one construction that is incompatible. When the E-UTRA FDD mode synchronization signals and broadcast channels occupy a single sub-frame, it is possible for E-UTRA FDD and E-UTRA TDD modes to share a common synchronization and broadcast channel structure: this is a compatible mode of operation.

[image: image11]
Figure 11 - compatible and incompatible constructions of E-UTRA synchronisation and broadcast channels

2.4.3 Structure of the broadcast channel

The structure of the sub-frame that the broadcast channel occupies is ideally fixed (if this structure is not fixed, the synchronisation signals will have to provide some information to allow the UE to configure its receiver to decode the broadcast channel).

If there is a single fixed sub-frame format for the sub-frame that supports the broadcast channel (BCH), then that sub-frame format must include the following features:

· contains sufficient pilot information to decode the broadcast channel even in high Doppler channels

· sub-frame can be decoded using only the signal structures contained within a single sub-frame (the sub-frame containing BCH must be a self-contained sub-frame)

· sub-frame can be decoded even when part of the sub-frame is an idle period to allow for low latency operation when the subsequent sub-frame is an uplink sub-frame
Two possible constructions of the sub-frame that contains the broadcast channel are shown in Figure 12. Both of these constructions are supported by the text in TR25.814. The use of a TDM broadcast channel appears more elegant than the use of a scattered broadcast channel and in this case, the broadcast channel appears as just another shared control channel (section 2.3). 

[image: image12]
Figure 12 - Possible constructions of the sub-frame that contains the broadcast channel
2.4.4 Network synchronisation

In order to facilitate support for E-MBMS type broadcast services and coexistence between either adjacent E-UTRA TDD carriers or between an E-UTRA TDD carrier and an UTRA TDD carrier, network synchronisation is required for the E-UTRA TDD mode. 
2.5 Timing Advance

Synchronisation of uplink signals from multiple users within the cyclic prefix improves the link performance of OFDM and SC-FDMA.  As such, there is some need for uplink synchronization in both paired and unpaired spectrum.  For unpaired spectrum, synchronisation is also required from a duplexing perspective such that the uplink signal arrives within the designated uplink sub-frame period at the Node-B.  However, this is considered to be an extension of the uplink synchronization that is any case required for CP-level alignment.

2.6 Support for Asymmetric Traffic

The E-UTRA TDD mode for coexistence approach 2 can be adapted to asymmetric traffic profiles by:

· varying the UL:DL split within the E-UTRA sub-frame

· assigning idle periods appropriately (e.g. for a downlink-centric service, idle points to allow for timing advance can be applied to uplink timeslots only: at a DL → UL switching point, the idle period is assigned to the start of the uplink sub-frame; at a UL → DL switching point, the idle period is assigned to the end of the uplink sub-frame)
Low Latency Operation

In order to achieve low latency in a TDD mode of operation, it is required to support multiple uplink / downlink switching points within a frame.

When E-UTRA TDD mode is operated adjacent to an LCR-TDD carrier according to coexistence approach 2, the E-UTRA TDD mode carrier is constrained to have a two UL → DL switching points and two DL → UL switching points per 10ms frame. Hence the minimum TTI that can be achieved when operating E-UTRA TDD adjacent to an LCR-TDD carrier is 5ms.
When E-UTRA TDD mode is operated adjacent to an HCR-TDD carrier according to coexistence approach 2, the E-UTRA TDD mode carrier is constrained to having the same number of switching points as the HCR-TDD carrier. An HSDPA deployment of the UTRA HCR-TDD mode carrier would be typically deployed with a single switching point within the HCR-TDD frame (for example to achieve a 6:9 UL:DL timeslot split) and hence the E-UTRA TDD mode carrier would also operate with a single switching point, giving a minimum TTI of 5ms.

When E-UTRA TDD mode operated in a “greenfield” deployment away from adjacent carriers, there is no requirement to synchronise the UL and DL of the E-UTRA TDD carrier with another carrier and hence a much wider range of TTIs can be supported in the E-UTRA TDD mode. Example TDD frame structures supporting low latency operation with coexistence approach 2 operated in a “greenfield” deployment are shown in Figure 13. This figure shows support for 1ms, 2ms, 2.5ms, 5ms and 10ms TTIs. Use of the shorter TTIs helps to enable low latency operation.
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Figure 13 - Possible TTIs supported by E-UTRA TDD mode operating in a "greenfield" deployment with co-existence approach 2
3 Conclusion
During the RAN1 process of developing the E-UTRA concept, careful attention has been made throughout to ensure that the details of proposals accepted for inclusion in the TR for DL OFDM and UL OFDMA / UL SC-FDMA are compatible with stand-alone operation in unpaired spectrum, this including a TDD mode of operation.

Some of these details may not have been apparent to companies that did not place explicit focus on the TDD mode.  Thus, this document is provided as an interpretation of TR 25.814 specifically from an unpaired spectrum perspective and is intended to highlight the applicability and suitability of the E-UTRA concepts described in sections 7.1, 9.1 and 9.2 of the TR to a TDD mode of operation.

No text proposal is made due to the fact that the TR already contains supporting functionality for an efficient and flexible E-UTRA system capable of operation in both paired and unpaired spectrum with maximum commonality and minimum differences between modes.

Such an E-UTRA concept is capable of meeting key requirements of 25.913, including:

· Stand-alone E-UTRA operation in unpaired spectrum

· Unnecessary fragmentation between paired and unpaired spectrum modes with minimal additional complexity

· Co-existence with existing UTRA systems

· U-plane latencies of less than 5ms

· Support for cell sizes up to 5km with high performance, up to 30km with some degradation and the possibility to operate in cell sizes up to 100km

Due to the inherently low PAPR advantage offered by DFT-SOFDM, IPWireless recommends the selection of a DFT-SOFDM based uplink and an OFDM-based downlink for further study of the E-UTRA concept based on the text of sections 7.1, 9.1 and 6.2.1.2 of TR 25.814 v0.3.1.
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