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1. Introduction

In the 3GPP study item on Long Term Evolution, schemes for reference signals (also called "pilot signals") have to be evaluated. Basic structures for these signals are now given in [1].
Reference signals (RS) should be optimized for

· enabling effective channel estimation for signal equalization, also in presence of noise, dynamic fading (e.g. caused by movement of the mobile terminal), multi-path and interference;

· allowing for both simple receiver structures as well as for more advanced receiver structures, the latter promising a higher transmission quality;

· minimization of own resources, for the number of occupied T/F-positions in the OFDM signal as well as for the power;
· minimization of signalling, e.g. for switching between different RS structures and/or power levels;

· minimization of latency, especially for the support of time-critical services such as VoIP and videoconference as well as for the support of high capacity packet services, as e.g. file download/upload or gaming.
These requirements bear contradictions and thus a well-balanced compromise has to be sought, based on state-of-the-art insights.
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.
If the OFDM symbol being processed does not contain reference symbols, there may be two basically different actions:

1) The OFDM symbol is processed using the channel estimation of the last previous OFDM symbol which contained reference symbols, i.e. the channel estimation is extrapolated in the time domain according to a zero-order filter. We will indicate this method as the "previous" method. An advantage of this method is that QAM demodulation can be performed instantly, and as soon as an OFDM symbol contains the last part of a FEC codeword, the decoding of the codeword can be started without delay. However, the channel estimation quality may be degraded as it depends on samples from reference symbols obtained at a point of time nearer or further in the past, as will be shown later;
2) The OFDM symbols without reference symbols are stored and no further processing occurs until an OFDM symbol is received with reference symbols. Then, the channel estimation for all stored OFDM symbols can be obtained by interpolation of the channel estimations computed for the previous and the new OFDM symbol with reference symbols. We will indicate 2 possible interpolation methods here:

· "nearest": For each OFDM symbol without reference symbols, it is determined which OFDM symbol containing reference symbols is nearest in the time domain, either in the past or in the future. Then, the channel estimation obtained from the RS in the nearest OFDM symbol containing reference symbols is repeated. This can be regarded as a kind of zero-order filtering;

· "linear": For each OFDM symbol without reference symbols, it is determined which 2 OFDM symbols containing reference symbols are nearest in the time domain in the past and in the future, respectively. Then, for the actual OFDM symbol, its channel estimation is obtained by straightforward linear interpolation, also known as first-order filtering.

This has the advantage that typically, the channel estimation obtained by interpolation shows a better approximation to the real channel than the channel estimation obtained by extrapolation, as shown in Figure 1. The blue dotted line in Figure 1 represents an exemplary channel component (e.g. the real component) and the singular red dots represent the channel estimation as obtained by the different extrapolation and interpolation methods. However, in case of the reception of an OFDM symbol without reference symbols, QAM demodulation can not be performed instantly, and even when an OFDM symbol contains the last part of a FEC codeword, the decoding of the codeword has to wait until an OFDM symbol containing reference symbols has been received.
[image: image1.emf]0 10 20

-1

-0.5

0

0.5

1

Previous-pilot extrap.

OFDM symbols

Channel transfer function

0 10 20

0

0.2

0.4

0.6

0.8

1

OFDM symbols

Abs. difference

0 10 20

-1

-0.5

0

0.5

1

Nearest-pilot interp.

OFDM symbols

0 10 20

0

0.2

0.4

0.6

0.8

1

OFDM symbols

0 10 20

-1

-0.5

0

0.5

1

Linear interpolation

OFDM symbols

0 10 20

0

0.2

0.4

0.6

0.8

1

OFDM symbols


Figure 1
In order to summarize: 
· Extrapolation (e.g. the "previous" method) enables instantaneous decoding of a received code block. However, this might come along with a degraded processing quality;

· Interpolation (e.g. the "nearest" method or the "linear" method) potentially increases processing quality, resulting into a lower BLER for the same signal conditions. However, it may introduce delay (and therefore increased latency) when the OFDM symbol carrying the last part of a code block does not contain reference symbols as well.
3. Outline of the Proposal

For comparison, we refer to the basic reference-signal structure as defined in Section 7.1.1.2.2 in [1] for downlink, from which Figure 2
 has been extracted.
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Figure 2
Note that in Figure 2, the time domain is vertical with the first OFDM symbol being at the top. Thus, in each sub-frame, the first reference symbols R1 are in the first OFDM symbol, while the optional second reference symbols R2 are located in the fifth OFDM symbol.

[image: image3.wmf] 

R1

 

R1

 

 

R1

 

 

R1

 

 

Frequency (Subcarrier index)

 

 

Time (OFDM symbol index)

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

R1

 

 

R1

 

 

R1

 

 

R1

 

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

R1

 

 

R1

 

 

R1

 

 

R1

 

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

D

 

subframe

 

 

n

-

1

 

subframe

 

 

n

 

subframe

 

 

n

+1

 

T

0

 

T

1

 

 Figure 3
In Figure 3, the scheme of Figure 2 is repeated for three subsequent sub-frames with the first reference symbols only. The time and frequency domains have been exchanged for clarity reasons. Assuming that the FEC code words are contained inside each sub-frame, at the indicated point of time T0 all the data for the code words are complete for sub-frame n. Then, the receiver has to decide: 
Either

· it may perform extrapolation, e.g. by using the "previous" method, and can start decoding immediately. This means that the whole sub-frame is equalized based on a channel estimation which is already 6 OFDM symbols old at T0, thus possibly introducing a loss of transmission quality;

or

· it waits 1 more OFDM symbol in order to obtain the most actual channel estimation at T1, which is likely to improve the processing quality but also introduces extra latency.
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Figure 4
An improved RS structure is depicted in Figure 4. Here, the first reference symbols are placed in the last OFDM symbols in each sub-frame. As a consequence, at point of time T0 =T1, the receiver does not have to make a choice between degraded channel estimation on one side and extra latency on the other, but can immediately start decoding the code words contained in sub-frame n with the availability of interpolation using the most actual channel estimation possible. Note also that the distance of the reference symbols in Figure 4 are exactly the same as in Figure 3 both in the frequency and in the time domain, thus the maximally achievable channel estimation is the same in both schemes, where the scheme of Figure 4 enjoys the availability of providing the optimal channel estimation without any latency penalty.

Note that in Figure 4, the first OFDM symbol in each sub-frame lacks reference symbols. However, as the transmission normally comprises a contiguous sequence of sub-frames, the reference symbols in the last OFDM symbol of the previous sub-frame will be available for that purpose as soon as synchronization has been achieved.
The penalty-free latency reduction with the short-CP sub-frame structure, as given in Figure 4, amounts to 0.5/7 = 0.071 ms. For the long-CP sub-frame structure, the latency reduction amounts to 0.5/6 = 0.083 ms. These reduction times may be well of significance for processes with sub-frame time granularity, e.g. (H)ARQ, especially at UE signal processing level.
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Figure 5
Figure 5 shows the same improved RS structure as depicted in Figure 4, but with the second reference symbols R2 included. This may be useful e.g. when the mobile terminals are moving with higher velocity.

4. Simulation Results

In order to get an impression of the influence of the mobile terminal's velocity on the real and imaginary parts of the channel transfer function, Figure 6 shows typical trajectories of the variations in multipath channels (Pedestrian A, Vehicular A) for different speeds of the mobile terminal as projected on 3 subsequent sub-frames of 0.5 ms each, as sensed at the middle of the used part of the 5 MHz spectrum and at both its edges. The filled and open markers indicate the positions in the time domain of the first and second reference symbols, respectively, according to Figure 2.
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Figure 6
From Figure 6, we see that at 3 km/h, a zero-order extrapolation like in the "previous" method may well follow the channel's dynamics, while from 30 km/h onwards, it may introduce significant degradation. At the other hand, the interpolation methods "nearest" and, to an even higher extent, "linear" may be regarded to be well able to follow the channel's dynamic variations even at 250 km/h, especially when the second reference symbols are activated.
This is also shown by simulation results according to the set of parameters as listed in Table 1.
Table 1
	Reference OFDM physical configuration set
	Table 7.1.1.1.2-1 in [1] for 5 MHz

	Channel environments
	Vehicular A at 3 km/h , 30km/h, 120km/h, 250km/h

	Modulation, Coding rate
	16QAM 2/3

	Number of user bits per code block
	5120 bits

	Number of channel coded bits per code block
	7680 bits = 1920 16QAM symbols, i.e. 91.5% of the T/F resources

	QAM demodulation
	Soft bits (LLR)

	Turbo decoding
	Max-Log-MAP, 8 iterations

	Pilot spacing in frequency domain
	6 sub-carriers = 90 kHz

	Channel estimation in frequency domain
	Real (linear interpolation)

	Channel estimation in time domain
	Only R1: "previous" or "linear" (see text)
R1 and R2: "linear/previous
" or "linear" (see text)

	OFDM pilot resource
	Only R1: 2.4 %

R1 and R2: 4.8 %

	Number of sub-frames involved
	3 km/h:

20000 sub-frames = 10 seconds
30 km/h:

10000 sub-frames = 5 seconds
120 km/h:
2500 sub-frames = 1.25 seconds
250 km/h:
1250 sub-frames = 0.625 seconds
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Figure 7
Figure 7 shows the block error rates for the case that the RS comprises only the R1 symbols, such as depicted in Figure 3 and Figure 4. While the "linear" method (linear interpolation in the time domain) shows good results for velocities up to 120 km/h, the "previous" method (zero-order extrapolation in the time domain) already degrades the channel estimation at 30 km/h to such an extent, that the HARQ process can not be exploited optimally. Note that the "linear" method can only be applied without latency penalty when the R1 reference symbols have been arranged according to the new proposal in Figure 4.
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Figure 8
Figure 8 shows the block error rates for the case that the RS comprises both the R1 and R2 symbols, such as depicted in Figure 2 and Figure 5. While the "linear" method (linear interpolation in the time domain) can be used for velocities up to 250 km/h, the "linear/previous" method (linear interpolation between the R1 and R2 symbols, zero-order extrapolation in the time domain after the R2 symbols) already shows at 120 km/h a heavily disturbed channel estimation. Note that the "linear" method can only be applied without latency penalty when the R1 reference symbols have been arranged according to the new proposal in Figure 5.

5. Compatibility Issues

5.1. 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.
5.2. 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 UE 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 UE. The application of the TDM scheme may be questioned in regard of its probable incompatibility to interference coordination.
· FDM: The modified RS scheme fully supports this option.
5.3. 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 UE 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).
5.4. Discontinuous DL transmission
It has been proposed, e.g. in [2], to interrupt the transmission of reference symbols during one or more sub-frames when there is no data traffic and/or no UEs 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.
5.5. 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.
6. Summary and Conclusion
A new proposal for the arrangement of the downlink reference symbols in an 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.
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