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1 Introduction
In this document, we evaluate the performance of various RS schemes. More specifically, we compare the link level performance of SU-MIMO with FDM and CDM pilot multiplexing among transmit antennas. 
When M transmit and N receive antennas are deployed, dedicated pilots for each transmit antenna are required in order to estimate a total of MN channels. Currently, CDM pilots with shifted Chu sequences are considered as the working assumption for E-UTRA uplink SU-MIMO and MU-MIMO. 
In this contribution, we provide SU-MIMO link throughput analysis with various CDM pilot schemes as well as FDM pilot schemes. 

Different pilot modes under consideration include:

· CDM: where pilots for different antennas occupy the same time/frequency resources but separated by different codes. Orthogonal pilot sequences can be constructed from shifted versions of the same Chu sequence (frequency domain CDM), possibly with additional Walsh code separation (time domain CDM). 
· FDM: where pilots for different antennas occupy different tones and thus orthogonal in frequency domain. 

Throughputs with FDM and CDM pilots for 2x2 and 4x4 MIMO configurations are evaluated for different reference signal structures. 
2. Background
This section presents some background for the analysis presented in this contribution.
2.1. Name convention
We use CDM or FDM to differentiate FDM or CDM pilot mode, -fx to denote the tone spacing between 2 pilot channel estimate before interpolation, -ty to denote the time-period of pilot blocks. The product of tone space (x) and time-period (y) equals the number of transmit antennas (M). The number of long RS blocks averaged per TTI per estimate is 2/y for FDM, and 2 for CDM. For example, FDM-f1-t2 means we use FDM pilots, pilot tones per antenna per TTI are single-spaced (contiguous), the staggering period in time domain is 2. 

2.2. FDM pilots

In FDM pilot mode, pilots from different antennas are separated by different frequencies or tones. Pilot sequences of different antennas can use the same Chu sequence. The length of the Chu sequence, or the number of pilot tones per antenna, is Np/M, where Np is the total number of pilot tones. 


[image: image1]Figure 1 FDM Pilots for 2x2

The FDM pilots for different antennas are uniformly distributed over all available tones, while pilots at different time are staggered according to different staggering period. Figure 1(a) illustrates the FDM-f1-t2 mode. After staggering, the pilot tones span the entire bandwidth. While as illustrated in Figure 1(b), pilot tones in FDM-f2-t1 with virtually no staggering cover only a half of the bandwidth. Therefore, the frequency interpolation step is twice that of FDM-f1-t2. But in FDM-f1-t2, 2 RS blocks are averaged to produce estimates of pilot tones. Consequently, each estimate is more accurate. The staggering step, therefore, trades estimate accuracy for interpolation accuracy. 


[image: image2]
Figure 2 FDM Pilots for 4x4

Figure 2 illustrate the FDM pilot multiplexing for 4x4 MIMO system. Because 4 pilots have to be multiplexed in both frequency and time, one natural configuration is Figure 2. 

2.3. CDM pilot modes

In CDM pilot modes, pilots for different antennas overlap in the frequency domain but are separated by either different shifts of Chu sequence or different Walsh codes. The number of pilot tones per block for any transmit antenna is always Np. The orthogonal pilot sequences can be constructed in two different ways, Chu sequence with different shifts, or Chu sequence with Walsh separation from two reference signal blocks. 
· Frequency domain CDM: In the first construction, the orthogonality between pilot sequences of different antennas are achieved by exploiting the properties of shifted Chu sequences. 
· Time domain CDM: In the second approach, each entry of the Chu sequence is further modulated by antenna-dependent Walsh codes. 

Figure 3 depicts two CDM pilot modes in a 2x2 setup orthogonal over time and frequency, respectively. Figure 3a shows CDM-f1-t2, where two pilot signals are orthogonalized over time by applying a Walsh code to two RS. This implies that the channel needs to be invariant for 2 RS blocks in order to achieve orthogonality. In frequency domain, we have sampled the channel for every frequency tone. While as illustrated in Figure 1(b), pilots in CDM-f2-t1 mode are orthogonal over frequency. This is achieved by applying a frequency domain Chu sequence to one antenna and a cyclic shifted version of the same Chu sequence to another antenna. The orthogonality is achieved by exploiting the correlation properties of Chu sequence and its cyclic shifts. In this case, there is no possible residual interference after time domain averaging from two RS. 


[image: image3]
Figure 3. CDM Pilots for 4x4

For 4x4 configurations, Figure 4(a)-(b) shows two possible pilot designs.

· CDM_f2_t2: relies on both Walsh code and Chu sequence properties to separate four antennas
· Two cyclic shifts in frequency

· Two orthogonal covers in time.
· CDM_f4_t1: relies only on Chu sequence properties to separate four antennas

· Four cyclic shifts in frequency

[image: image4]
3. Simulation Setup
This section summarizes detailed simulation assumptions used for the MIMO pilot analysis. 

CQI based adaptive modulation and coding is used for MCS selection.  For 2x2 and 4x4 antenna setups, we allocate 300 data tones for each OFDM symbol, respectively. The maximum number of re-transmissions is 4.  In order to make a fair comparison, the same total power is allocated for pilots, such that the pilot EcIor is always 0 dB. For FDM pilots, the number of pilot tones per antenna is 1/M (M = 2 or 4) that of CDM pilots but the transmit power is M times that of CDM pilots. MMSE-SIC receiver is used for MIMO processing and least square channel estimation is used. 
3.1. Numerology and Other Simulation Assumptions
Tables 1 summarize the basic system parameters for the link level evaluation.
	TTI
	1 ms

	Slot duration
	0.5 ms

	Symbols per slot
	7 (LB)

	RS Structure
	1 LB per slot

	FFT size
	512

	Useful tones
	300

	Tone spacing
	15 KHz

	Flat guard samples
	28 chips

	Guard tones per symbol
	212

	Pilot Ec/Ior
	0 dB

	Channel Estimation
	Enabled

	Code Type
	Turbo code

	Adaptive modulation and coding
	Yes

	Maximum number of

retransmissions
	4

	MIMO Scheme
	PARC

	Channel
	GSM TU 3, 30 (kph)


Table 1

Evaluation Numerology 
4. Simulation Results and Observations
4.1. Long Block RS with 2x2 Setup
The throughput performance in a 2x2 setup at different SNR and speed is depicted in Figures 5 and 6.  We make the following observations:

· FDM-f1-t2 and CDM-f2-t1 are consistently comparable and both outperform other modes.
· FDM-f2-t1 performs worse than FDM-f1-t2. This is due to frequency domain interpolation loss.
· CDM-f1-t2 performs worse than CDM-f2-t1 at high speed. This is due to loss of orthogonality in time domain.
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Figure 5 throughput comparisons of FDM and CDM pilots in a 2x2 setup for TU 3km/hr for Long RS Structure
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Figure 6 throughput comparisons of FDM and CDM pilots in a 2x2 setup for TU 30 km/hr for Long RS Structure
4.2. Long Block RS with 4x4 Setup
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Figure 7 throughput comparisons of FDM and CDM pilots in a 4x4 setup for TU 3 km/hr for Long RS Structure
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Figure 8 throughput comparisons of FDM and CDM pilots in a 4x4 setup for TU 30 km/hr for Long RS Structure

The throughput performance in a 4x4 setup at different SNR and speed is depicted in Figures 7 and 8.  
We make the following observations for 4x4 MIMO systems:

· MIMO system with CDM pilots consistently outperforms that with FDM pilots. 
· At higher speed, CDM-f4-t1 scheme outperforms others because it does not rely on the time domain coherence between two long RS to separate the antenna streams. 
5. Summary
We evaluated the link level throughput performance of FDM and CDM pilots in 2x2 and 4x4 setups. We conclude the following for the RS design with long block structure:
· 2x2 SU-MIMO

· Performance with CDM pilots and FDM pilots is similar
· The best CDM RS scheme is CDM-f2-t1. 

· 4x4 SU-MIMO systems
· Performance with CDM pilots is better than with FDM pilots
· The best CDM RS scheme is f4-t1

The natural conclusion is to rely on frequency domain CDM as opposed to time domain CDM for SU-MIMO RS construction for 2x2 and 4x4.

However, this needs to be further investigated depending on whether RS are constructed from:

· Natural length ZC sequences

· N = {12, 24, 36, …, 1200}

· Extended/truncated prime length ZC sequences

· N = {11/13, 23/29, …}
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Figure 4 CDM pilots in a 4x4 setup





(a)  CDM-f2-t2: CDM pilots orthogonal over time + tones


(b) CDM-f4-t1: CDM pilots orthogonal over tones
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(a) CDM-f1-t2: CDM pilots orthogonal over time


(b) CDM-f2-t1: CDM pilots orthogonal over tones
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Antenna 4’s pilot
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(a) FDM-f1-t2: FDM pilot with tone-space 1 and time period 2


(b) FDM-f2-t1: FDM pilot with tone-space 2 and time period 1
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