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1. Introduction

Basic structures for the E-UTRA DL reference signal (RS) are given in [1]. As indicated in the Chairman’s Notes of RAN WG1 meeting #47bis (Riga, 06–10 November, 2006), the final positioning of the DL RS is “FFS after cell search and choice of the sequences has been agreed”.
One of the goals for which the RS should be optimized for is the transmission latency. An improved DL RS positioning for FDD E-UTRA was presented in [2] and [3], reducing the latency in a straightforward way without any drawbacks on the further quality parameters (bandwidth efficiency, channel estimation quality, throughput, …). In the same documents, a number of compatibility issues with respect to L1 and L2 aspects was discussed.
After recapitulation of the proposal as formulated for FDD, this documents treats the introduction of the use of the alternative RS scheme into TDD in Chapter 5, as a certain degree of commonality between FDD and TDD is expected to facilitate same-entity support for both modes. It is shown that the FDD-optimized RS structure is practically neutral to TDD concerning complexity and performance. For the TDD signal which shows maximum commonality with the FDD signal, potentially some improvement to performance may be gained with the alternative RS structure, especially at higher eUE velocities.
2. Influence of the RS on Latency

For an OFDM receiver which is already in the state of being synchronized to the incoming signal, the first action on a sampled OFDM symbol is the removal of the cyclic prefix and FFT processing. Thereupon, when reference symbols (a.k.a. "pilots") are scheduled on some sub-carriers within the OFDM symbol, these reference symbols are extracted and may be used immediately for channel estimation and equalization for all other sub-carriers in the same OFDM symbol using some suitable method (e.g., linear interpolation in the frequency domain or FFT interpolation).

Thereupon, in order to obtain channel estimations also for those OFDM symbols which do not carry RS symbols, interpolation (e.g., linear interpolation) should be performed in the time domain, especially if the eUE is moving at a non-negligible speed (see [4] for an indication of the degradation in transmission when part of the channel estimation is performed by extrapolation in the time domain rather than interpolation). As interpolation implies the presence of RS in the first and the last OFDM symbols of the interpolation region, the demodulation of the data symbols inside the OFDM symbols after the last but one OFDM symbol which carries RS symbols as well as the decoding has to wait until a further OFDM symbol which carries RS symbols has been received.

As shown in the upper part of Figure 1, for the current RS structure for 2 antenna ports, this implies that between the acquisition of a given TTIn at point of time T0 and the start of the final part of the demodulation at point of time T1, an idle period for the duration of one OFDM symbol (OS) occurs, equivalent to 71 μs (short CP) or 83 μs (long CP). This is equivalent to 21.4 km or 25.0 km in radio wave propagation time, respectively, to which we will revert later.
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Figure 1
The upper part of Figure 2 shows that with the new RS structure adopted at the last RAN WG1 meeting for 4 transmission antennas, the latency between the finalization of the acquisition of a given TTI and the start of its signal processing even amounts to 2 OFDM symbols, equivalent to 143 μs (short CP) or 167 μs (long CP). This is equivalent to 42.8 km or 50.0 km in radio wave propagation time, respectively.
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Figure 2
As indicated before, the proposed RS structure effectively reduces the latency between TTI acquisition and the start of TTI processing by one or two OFDM symbols. This benefit may be used in several ways:

· The reduced latency may also be applied to have the signal processing be performed with slower and therefore cheaper and battery-saving hardware in the eUE, without any performance loss;

· The result of the signal processing, especially the HARQ and CQI feedback is available earlier and it may be possible for the eUE to schedule the transmission by one subframe in advance, which would corporate a feedback time gain of 1 ms. Especially at higher eUE velocities, this may also reach a better tracing of the DL channel resulting into a better transmission performance;
· For FDD small cells, the return trip time may allow for a CQI or HARQ reporting time of 1 or 2 TTIs: I.e., after transmission of DL frame N, an eUE could return a CQI or ACK/NAK message such that the eNB can react on it in DL frame N+2 or N+3. However, with increasing distance from the eNB, there will be a point that the eUE cannot provide the CQI/HARQ data fast enough for the scheduled UL transmission, and it has to "jump" by a further TTI. The increased reporting duty cycle period will impair the ability to follow higher-velocity channels by CQI and induce also an additional 1 ms delay in HARQ processes. Now, in case latency-reduced RS is applied, the border between fast and slow control is 10.7 km or 12.5 km further away from the eNB than with the current DL RS structure in case of one and two transmit antenna ports (and double distance in case of four transmit antenna ports), thus, fast control is then available for a larger contingent of eUEs. 

3. Outline of the Proposal

The proposal for an alternative RS structure is depicted in the lower parts of Figure 1 and Figure 2. It differs from the current RS structure (in the upper part of the same Figure) by a uniform time shift by 1 OFDM symbol for the primary RS symbols. For the secondary RS symbols, the difference comprises a uniform time shift by 2 OFDM symbols in case of normal CP (Figure 3) and 1 OFDM symbol in case of extended CP (Figure 4). The RS density is not changed. There is no difference in the frequency-domain structure and density.

The proposed alternative RS structure enables to eliminate completely the idle period between T0 and T1, i.e. as soon as a given TTIn has been acquired, it can be processed completely without any unnecessary waiting time.

Thus, with the alternative RS structure, the latency is reduced without penalty w.r.t. e.g. the RS density. This may be exploited either by accelerating the HARQ procedure (though this depends also on the UL/DL timing structure), utilizing the latency reduction for each HARQ trial, or by allowing a longer period for the eUE receiver signal processing.
Figure 3 and Figure 4 show the proposed latency-reduced mapping of the DL RS in the generic frame structure, for normal CP and extended CP respectively (cf. [1], Section 5.6.2).
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Figure 3
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Figure 4
4. Compatibility Issues

4.1. MIMO

The proposal is limited strictly to timing issues and therefore the aspects of the RS distribution in the frequency domain as well as the power and values of the RS symbols are not touched. Thus, the reduced-latency is perfectly compatible with 2TX and 4Tx MIMO including spatial diversity and Tx diversity, irrelevant of the used (pre-)coding.
4.2. Interference mitigation

As the proposal does not touch or modify any signal allocation in the frequency domain, the proposal is fully compatible with any interference mitigation method such as (inter-cell) interference coordination or interference cancellation.

4.3. Downlink control signalling

The proposal is fully compatible with either currently discussed option for T/F positioning of the DL control signalling, i.e. the TDM and the FDM structures. We will discuss both options: 

· TDM: The modified RS scheme also enables the concept of “micro-sleep” with TDM-SCCH, as the eUE may interrupt receiving and processing (including channel estimation) of the sub-frame as soon as the SCCH in the first OFDM symbol indicates that the sub-frame does not contain DL data for the specific eUE. Note that for L1/L2 signalling codewords which are concentrated in the first OFDM symbol in a TTI, with the current RS scheme they may be subject to RS boosting which could result in reduced performance, especially in 2Tx/4Tx-scenarios [5]. With the proposed RS, these codewords do not have to share the OFDM symbol with RS and can be transmitted with full power (see also Figure 7).
· FDM: The modified RS scheme fully supports this option.

4.4. MBMS

The proposal is based on the current baseline RS for the unicast RS. According to [1], the baseline RS for MBMS is a cell common RS, but details on the multi-cell MBMS RS structure are FFS. As a matter of fact, the same time-optimized reference structure as proposed in this document may be well adopted also for the MBMS signal.

In case a cell switches between unicast and MBMS traffic, there may be an issue that there is no traffic-specific RS available at the very beginning of the first sub-frame after traffic mode switching. This may be cushioned with one or more of the following measures:

· If, when in MBMS traffic mode, the cell continues to transmit a unicast RS (FFS), then there is no RS discontinuity when switching to unicast traffic;

· If, when in MBMS traffic mode, the cell discontinues to transmit a unicast RS, it may transmit an additional unicast RS in the last sub-frame of the MBMS signal (FFS). Also in this case, there is no RS discontinuity when switching to unicast traffic;

· If, when in unicast traffic mode, the cell discontinues to transmit an MBMS RS, it may transmit an additional MBMS-specific RS in the last sub-frame of the unicast signal (FFS). In this case, there is no RS discontinuity when switching to MBMS traffic;

· When in traffic mode, the eUE uses the RS mainly for channel estimation. At traffic switching, it may be feasible to use the other traffic RS of the previous sub-frame (so no extra RS is needed at the switching point of time). The quality of the channel estimation using the MBMS multi-cell RS may be expected to be comparable to the quality of the channel estimation using the unicast RS with inter-cell interference (FFS).
4.5. Discontinuous DL transmission

It has been proposed, e.g. in [6], to interrupt the transmission of reference symbols during one or more sub-frames when there is no data traffic and/or no eUEs in the specific cell, in order to avoid transmit power waste as well as unnecessary inter-cell interference in neighbour cells. In order to enable the instantaneous demodulation of control (e.g. BCH) and user data as soon as a sub-frame is transmitted after a period of interruption, it is advantageous to have reference symbols available at the beginning of the transmitted DL sub-frame. This is not in contradiction with the modified RS scheme as proposed in this document, as the requirement can be easily met by transmission of the RS in the last OFDM symbol of the previous sub-frame. In case the transmitted sub-frame only contains TDM control channels (e.g. BCH) in the first OFDM symbol, the RS in the last OFDM symbol in the same sub-frame can be suppressed, in order to optimize the reduction of inter-cell interference.
4.6. SCH in the last OFDM symbol in a sub-frame
In [1], one of the preferred options for the positioning of SCH is in the last OFDM symbol in each 20th DL sub-frame, providing an SCH signal every 10 ms. The SCH signal occupies 76 sub-carriers around the DC sub-carrier, thus spanning 1.25 MHz. For E-UTRA signals with higher bandwidths, the residual sub-carriers can be allocated to arbitrary data. Using the modified RS scheme, in the same OFDM symbol the sub-carriers outside the SCH band will also carry reference symbols for channel estimation aside of data symbols. For the sub-carriers inside the SCH band, the SCH symbols are available for channel estimation. Using this scheme, the modified RS scheme proves to be compatible to the SCH signal being located in the last OFDM symbol. Furthermore, this leads to an even further reduction of RS density without performance penalty, especially for lower bandwidths.

5. TDD/FDD Commonality Issues
5.1. Introduction
For the TDD aspect, this Chapter deals only with non-alternative or “generic” TDD as defined in [1]. It is stated that both FDD and generic TDD supports the frame structure as described by Table 7.1.1-1 in [1]. However, that table does not indicate any idle periods which are necessary for TDD, as shown below.

As shown by Figure 5, FDD is characterized by both DL and UL signals being potentially continuous, each utilizing its own distinct carrier frequency. 
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Figure 5
In TDD, as both signals use the same carrier frequency, DL and UL signals are separated by switching points. In a scenario with only one eUE, as shown by Figure 6, the over-all idle period (OIP) during one DL/UL duty cycle equals at least

tOIP = 2tprop + tswRTNB + tswRTUE
i.e. the sum of twice the one-way propagation delay tprop, the eNB’s UL/DL switching time tswRTNB (i.e. the time needed by the evolved Node B to switch from reception to transmission) and the eUE’s DL/UL switching time tswRTUE (i.e. the time needed by the evolved UE to switch from reception to transmission). As the OIP depends on the propagation delay, it varies with the cell size. Assuming an inter-site distance of 1732 m (implying a maximum distance of 1000 m between eUE and eNB), tswRTNB = 10 µs and tswRTUE = 50 µs, a small-cell OIP estimation is obtained as

tOIP ≈ 2×1000/c + 60 ≈ 67 µs ≈ 512 samples (at a sampling rate of 7.68 MHz)
where c ≈ 3×108 m/s is the velocity of light.
In order to account for

· synchronization inaccuracies

· propagation delay variations (by eUE movements)

· coexistence for other TDD systems (e.g. HCR)

further increased OIP values may be required to be scheduled for stable TDD operation.

Note that the channel delay spread is irrelevant because of the OFDM and SC-FDMA signal structures.
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Figure 6
For purposes of clarity, in Figure 6 the switching and propagation times are displayed out-of-scale compared with the transmission periods.
Figures 6.2.1.2-1 and 6.2.1.2-4 in [1] show that it is envisaged to transform single OFDM symbols inside sub-frames into idle periods (IPs) for generic TDD. This is deviating from Table 7.1.1-1 in the same TR, influencing coding word sizes, control signal structures, etc.
5.2. Latency-optimized DL RS structure options in TDD
Previously, a new DL RS structure has been presented for FDD E-UTRA [2] which verifiably enables a latency reduction in comparison to the current DL RS structure [1]. The new DL RS structure exploits the signal continuity in FDD, enabling the evaluation of RS symbols which belong to the previous TTI. It has been discussed whether, for commonality reasons, this new RS structure could also find application in TDD.
As an initial remark, note that 100% commonality between FDD and TDD can not exist because of the basic technical differences between the 2 systems, as outlined in the previous section. Furthermore, for generic (i.e. non-alternative) TDD, the drafting of latency-optimized DL RS structure is hampered by the fact that the actual specification of generic TDD does not possess the same degree of detail as FDD.
In DL, between the switching points the generic TDD signal is continuous, and just as in FDD, the exploitation of RS symbols in neighbouring TTIs is possible and advantageous for the transmission performance. IP insertion is performed by dropping one or more single OFDM symbols in the 2nd slot of the last DL TTI .

In principle, generic TDD TTIs are equal to FDD TTIs, with the exception of TDD DL TTIs immediately before an DL/UL switching point, To a certain extent, this scenario actually infringes the commonality between FDD and generic TDD. In particular, while in FDD all TTIs are always equally sized, in TDD there are different DL TTI sizes. This surely has impact on codeword scheduling, signalling etc. which should be discussed separately. Apart from these aspects, Figure 7 shows that the impact of application of either the current RS scheme or the alternative RS scheme is widely equivalent with each other. Also in TDD, the eUE receiver has the possibility to apply linear interpolation in the time domain over large parts of the DL signal for both RS schemes.
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Figure 7
In order to cover the L1/L2 signalling in the first DL TTI after an UL/DL switching point, a primary RS is included into the first OFDM symbol (it would normally occur one OFDM symbol before, which is not transmitted at this instance), while the secondary RS may be shifted one OFDM symbol later to have a more homogeneous distribution in the first slot.
The last DL TTI before a DL/UL switching point is truncated in order to provide the over-all idle period tOIP which depends on the (maximum) distance d=c× tprop between eNB and eUE. One OFDM symbol spanning 71.43μs, one further OFDM symbol has to be truncated for each incremental 10.7km in the eNB-eUE distance. As cell sizes may possibly reach 100km [7] it may be necessary to truncate up to a complete slot. Thus, in order to cover the data in the second slot of the last DL TTI, it is proposed for the latency-reduced DL RS to insert an RS in the last non-truncated OFDM symbol unless an RS exists in the last 3 non-truncated OFDM symbols, as depicted in Figure 8.
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Figure 8
As shown in Figure 8, both RS patterns are more or less equivalent in the protection of the data symbols in the 2nd slot of the last DL TTI. A limited protection may arise (which may result into performance loss, especially at higher eUE speeds)  for the last OFDM symbol in the eNB-eUE distance range of 21.4…32.1km, the insertion of a non-regular RS not being foreseen for the current RS as far as known.
5.3. TDD micro-sleep

With the proposed RS, the DL signalling is placed inside an RS-free OFDM symbol (with its power being unhampered by RS boost). Depending on the exact contents and structure of the DL signalling, a further OFDM symbol may not be needed and the influence of the RS positioning on micro-sleep are practically the same for the actual and the proposed RS.

6. Summary and Conclusion
A new proposal for the arrangement of the downlink reference symbols in an FDD LTE sub-frame has been presented, which allows improved channel estimation without latency penalty, especially when the mobile is moving with non-negligible speed. The compatibility of the proposal with other LTE aspects has been discussed extensively, showing that there are no aspects visible which inhibits the new scheme to be adopted.

Concerning the commonality aspects between FDD and TDD, it should be recapitulated that the alternative DL RS scheme manifests its latency-reduction advantage most clearly in FDD E‑UTRA. It is shown that it can also be adopted for TDD E-UTRA, for commonality reasons. Potentially, some performance gain may be expected (especially at higher UE velocities) in case the proposed RS scheme is applied for some scenarios in TDD, but this could depend on further refinements.
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