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1
Introduction
According to the requirements for LTE-A, the system should be able to support mobility with speeds up to 350km/h (or even 500 km/h). 
Each OFDM (or SC-FDM) symbol duration is about 66.67us, which is fairly short compared to the channel coherence time seen in typical deployments. However, the fading channel can change substantially within one slot (0.5ms) when the Doppler frequency is high which can be caused by either high UE velocity or high carrier frequency where the LTE-A system is deployed. 
In LTE Rel-8 downlink, reference signals are present in two OFDM symbols within each slot.  On the other hand, there is only one SC-FDM symbol per slot carrying the DM-RS in Rel-8 uplink (see Fig. 1). Earlier studies [1] already showed that the Rel-8 uplink DM-RS is not sufficiently dense in time to support reliable UL operation at higher Doppler frequencies. 
In order to solve this problem and fully comply with the LTE-A requirements, in this document, we propose a scheme that allows flexible data and reference multiplexing for Rel-11 uplink while preserving the single-carrier waveform, which can be exploited at high Doppler frequency.
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Figure 1. LTE Rel-8 uplink slot format
2
Flexible Multiplexing of Data and Reference
In the following derivation, we will assume that the UE has one transmit antennas and transmits over M tones. Note that the extension to more than one transmit antennas is also straightforward. 

Fig. 2 depicts the key blocks for the communication system (LTE-A Uplink):
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Figure 2. Signal Path for LTE-A Uplink

In Fig. 2, the meaning of the notations used is as follows:
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:            a vector of size M containing M symbols
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:           M-point DFT of
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:      Discrete-time equivalent channel between the Tx antenna and Rx antenna
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:          Received signal in the frequency domain.

Note that for DM-RS symbol transmission in Rel-8, the M-Point DFT block is not needed since the reference signal can be directly generated in frequency domain.

Without loss of generality, we can assume that, after the tone mapping, the used M subcarriers are from subcarrier: 0 to subcarrier: M-1. By defining:
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where L is the number of taps of channel, we can see:


[image: image9.wmf]W

S

M

k

k

H

Diag

R

+

×

-

=

=

}

1

,...,

0

),

(

{

,                                                                       (1)

where W is the M-by-1 noise vector. We can perform M-point IDFT to the frequency domain M-by-1 vector R and we can get:
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where 
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denotes the M-point circular convolution. Defining 
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one can verify that the number of taps with substantial energy in
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 can be approximated as: 
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 where N is the FFT size. . 

Next, assume that the transmitted signal has the structure shown in Figure 3.
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Figure 3. Time domain signal structure fro flexible DM-RS multiplexing
Careful choices of 
[image: image17.wmf]1

P

 for cyclic prefix and 
[image: image18.wmf]2

P

 for ‘cyclic postfix’ with
[image: image19.wmf]u

³

+

2

1

P

P

will enable to avoid SNR degradation due to channel dispersion (note that all the guard time can be put in one of the two sides of the symbol, e.g. 
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 as shown in Figure 3.
If the 
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 is a DM-RS sequence, it is clear that we can perform channel estimation basing on the observed fraction of the SC-FDM symbol corresponding to 
[image: image24.wmf])}

(

{

n

a

. After that, the data symbols transmitted in other SC-FDM symbols together with the 
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 can be demodulated by utilizing the estimated channel appropriately. Note that since we are only working on the time domain signal vector:
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, the SC-FDM waveform is preserved (see Fig. 2).

Clearly, this proposed transmission scheme can be exploited in the data symbols in Rel-11 to improve the channel estimation performance without sacrificing throughput too much, which will turns out to be extremely useful in high-Doppler scenarios when the channel varies too much within one slot. In contrast, adding an entire SC-FDMA symbol per slot for the DM-RS would incur an overhead of ~30% which is excessive.

3
Simulation Results 

In this section, according to the simulation assumptions in [3], we simulated and compared the link performance of the Rel-8 DM-RS structure (see Fig. 1, extended CP case) and the following reference signal format employing the scheme described in Section 2 and shown in Figure 4. 
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Figure 4. Exemplary slot format with Data & RS multiplexing

The link level simulation parameters are listed in Table 1. 
Table 1: Simulation Parameters

	Carrier frequency
	2.6GHz

	System bandwidth
	5MHz

	Data transmission BW
	10 RBs (120 subcarriers)

	Slot format
	Extended CP (6 symbols per slot)

	Channel model
	SCM-C

	Fading speed
	120, 200, 350, 500km/h

	Antenna configuration
	1x2

	Antenna correlation
	0

	Frequency hopping at slot boundary
	Enabled

	Channel coding
	Turbo code, rate=1/2

	Modulation
	QPSK, 16QAM, 64QAM

	Receiver
	Linear MMSE

	Channel estimation
	Realistic


Table 2 lists the parameters specific to the slot format shown in Fig. 4 (see also Figure 3). 
Table 2: Parameters for Data and Reference Multiplexing Symbols

	Cyclic Prefix Length for RS
	6

	Cyclic Prefix Length for Data
	6

	RS Length: Q1
	60

	Data Length: Q2
	48

	Total RS Symbols
	120


Figure 5 shows the FER performance at speed of 120km/h. Figure 6 shows the FER performance at speed 200km/h. Figure 7 shows the FER performance at speed 350km/h. Figure 8 shows the FER performance at speed 500km/h. 

Note that the curves denotes as ‘LTE-A’ represent the performance achievable with the signal structure described in this document. 

It can be seen that reference signal structure as shown in Figure 4 can achieve much better performance than Rel-8 at higher Doppler frequency with the same pilot overhead.
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Figure 5. SIMO performance at speed: 120km/h
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Figure 6. SIMO performance at speed:200km/h
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Figure 7. SIMO performance at speed: 350km/h
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Figure 8. SIMO performance at speed: 500km/h
From above simulation results, it can be seen that when 64QAM modulation is used or the UE speed is close to 500km/h, even the time domain RS density (twice per slot) provided by the reference signal format shown in Figure 4 is not enough. We could split the DM-RS into 3 or more SC-FDM symbols as shown in Figure 9, for example, to track the fast channel changes while keeping the total RS overhead at a reasonable level.
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Figure 9.  Slot format with Data & RS multiplexing for very high Doppler speed

4
Conclusions 

In this contribution, we have described a scheme that allows to flexibly multiplex data and reference signal while preserving the single-carrier property of the waveform. This is particularly useful in scenarios with high Doppler frequency where the time density of RS can be flexibly increased while keeping reasonable overhead. 
It is proposed to consider supporting the flexible multiplexing of data and reference signal described in this contribution as part of the SI.
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