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1. Introduction

During the last RAN1 meeting, a reference signal structure was agreed for downlink. The spacing (in the frequency domain) between reference symbols of the same OFDM symbol and antennas is tentatively set to be M = 6 sub-carriers, but still open for further study [1]. 
In this contribution, we discuss the design of the reference symbols for single, two and four Tx antennas, with emphasis on the pilot tone spacing and alignment in the frequency domain. The impact of channel estimation on the open-loop MIMO and the closed-loop MIMO is also illustrated. 
2. Downlink Reference Signal Design

2.1. Agreed Reference Signal Structure
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Figure 1. Basic downlink reference signal structure
In [1], the agreed reference signal structure is presented in Figure 1. The first reference symbols are located in the first OFDM symbol of every sub-frame assigned for downlink transmission.  The second reference symbols are located in the third last OFDM symbol of every sub-frame assigned for downlink transmission. 
The spacing (in the frequency domain) between reference symbols of the same OFDM symbol and antennas is tentatively set to be M = 6 sub-carriers, but still open for further study. The first and second reference symbols are staggered in the frequency.
2.2. Reference Signal Design for MIMO
Many structures have been discussed for MIMO reference signal design [3,4,5,6,7]. Based on performance and complexity trade-off, we proposed a structure with the following properties. 
· Multiple-Antenna Compatibility: pilot-tones for low Tx antenna configurations are a subset of pilot tones for high Tx antenna configurations so that low complexity in the transmitter and receiver is achieved.
· Uniformity: the pilot-tones are as equally-spaced as possible for each Tx antenna in both time and frequency domain. The uniform allocation is show to be optimal for channel estimation in [2].
 To be specific, we propose the following structures for single, two and four Tx antennas.
· Single Tx Antenna: 
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Figure 2. Reference-signal structure for single Tx antenna

The pilot-tone spacing within each reference symbol is 12 sub-carriers.

· Two Tx Antennas
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Figure 3. Reference-signal structure for two Tx antennas
The pilot-tone spacing within each reference symbol for each antenna is still 12 sub-carriers, but the density doubles due to the extra antenna. 
· Four Tx Antennas
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Figure 4. Reference-signal structure for four Tx antennas
The pilot-tone spacing within a reference symbol for the same antenna is still 12 sub-carriers, but the total density doubles due to the extra antennas. For each antenna, the reference OFDM symbols are staggered.

Note the pilots in the two-antenna configuration are a subset of those in the four-antenna configuration. So are the pilots in the single antenna case.

2.3. Simulation Results

Link level simulation was done with the proposed piloted structures. The scenarios are listed in Table. 1. 
	FFT size
	1024

	Cyclic prefix
	256

	Sub-frame during
	0.5 ms

	Sub-carrier spacing
	15 kHz

	Channel model
	GSM TU 6-Tap with MIMO extension

	Channel estimation method
	Linear interpolation or MMSE

	UE speed
	3 km/h


The channel estimation method is either linear interpolation or MMSE filtering. In the former pilots in the past 10 sub-frame are first averaged over time then interpolated in the frequency domain. In the latter, MMSE filtering is done in the time domain with past 4 reference symbols then in the frequency domain with 4 pilot tones.
· Single Antenna:
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Figure 5. Simulation results for SISO
The degradation due to channel estimation is less than 1.5 dB at the PER=1%.
· Two Antennas

Two 2x2 MIMO schemes were considered, the open-loop Alamouti scheme and the closed-loop precoding scheme, in the latter the receiver feeds back the quantized unitary matrix indices through SVD of the estimated channel matrix. Linear interpolation in both time and frequency domain is used for channel estimation.
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Figure 6.  Simulation results for 2x2 MIMO
The importance of equal-spacing can be verified from the comparison with the following non-equally-spaced scheme where the second reference symbol is staggered. For example, in Figure 7, the pilot-tone indices for Tx one are 1, 10, 13, 22…(from both reference symbols). The spacing thus is 9, 3, 9, 3 etc..
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Figure 7. Non-uniform reference signal structure for two Tx antennas
[image: image8.emf]-3 -2 -1 0 1 2 3

10

-5

10

-4

10

-3

10

-2

10

-1

10

0

SNR (dB)

PER

2x2 Uniform v.s. Non-uniform

STC LI uniform

STC LI non-uniform

Precoding LI uniform

Precoding LI non-unifom

 Figure 8. Uniform v.s. Non-uniform pilot spacing for 2x2 MIMO
Half of a dB gain is shown by using uniformly-spaced pilots with linear interpolation. The difference with MMSE is however negligible. Thus, uniformity provides gains for low-complexity channel estimators.  

· Four Antennas
A 4x2 and a 4x3 antenna configuration are considered in this case. In each configuration, an open-loop STC scheme and a closed-loop precoding scheme are used.
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Figure 9. Simulation results for 4x2 MIMO

In the above simulation, time and frequency domain MMSE filtering was used. Linear interpolation did not work at all for the open loop STC scheme.
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Figure 10. Simulation results for 4x3 MIMO

Again, we check the impact of uniform spacing of the pilot tones on the performance. The uniform structure is shown in Figure 11. The non-uniformity is due to the staggering in the second reference symbol. Simulation results in Figure 12 and Figure 13 show that the gap becomes smaller than the 2x2 case; this is due to the less severeness of non-uniformity. In this example, the spacing for Tx antenna one is 7, 5, 7, 5, etc..
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Figure 11. Non-uniform reference signal structure for four Tx antennas
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Figure 12. Uniform v.s. Non-uniform pilot spacing for 4x2 MIMO
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Figure 13. Uniform v.s. Non-uniform pilot spacing for 4x3 MIMO
Our simulation results also show that pilot spacing M=6 is inadequate for four Tx antennas due to the pilot decimation by the multiple antennas. In the above four antenna cases, we used M=3. If the pilot spacing M=6, the system either did not work (linear interpolation) or performed very poorly (MMSE). 
Finally we want to point out that our design is close to Motorola’s contribution [3,4], where the pilots for each antenna are restricted to a single reference symbol. We spread the pilots to two reference symbols to combat high Doppler frequency.
3. Conclusion
We have proposed a multiple-antenna-compatible reference-signal structure for downlink MIMO. Our simulation results show the importance of equal-spacing of the pilot tones. For four-antenna configuration, we propose the pilot spacing M=3.
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