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1
Introduction
In [1], we discussed our proposal for enhancing MBMS performance as a part of LTE. We introduced the notion of SFN operation, wherein the same signal is transmitted from all the cells within the system. Such a mode of operation reinforces the signal component and reduces or eliminates the interference component, leading to a very high C/I distribution.
In this document, we discuss the impact of different cyclic prefix (CP) durations on the C/I distribution for SFN broadcast. Further, we propose our view on the choice of CP.
2
Discussion
2.1
Choice of Symbol Duration
The current LTE requirements pose a very stringent set of constraints on the [E]-MBMS symbol duration. In Table 1, we outline the coherence time associated with different scenarios.

	Speed (kph)
	900 MHz
	2000 MHz
	2600 MHz

	3
	399.7 ms
	179.8 ms
	138.4 ms

	120
	9.99 ms
	4.5 ms
	3.5 ms

	250
	4.8 ms
	2.2 ms
	1.7 ms

	350
	3.4 ms
	1.5 ms
	1.2 ms


Table 1

Coherence Time
Assuming that coherence time is 15x the symbol duration:
	Carrier
	Value

	2600 MHz
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Table 2

Symbol Duration
2.2
Choice of Cyclic Prefix (CP)
The CP duration for SFN broadcast needs to be carefully chosen, depending upon the typical deployment scenario and robustness of the system to excess delay.

As shown in the Appendix, if the CP duration is too small, excess delay leads to inter-symbol and self-interference terms, along with inter-carrier interference correlation. This could degrade the link performance by introducing a ceiling on the maximum achievable SNR.

2.2.1
Simulation Setup

To evaluate impact of CP choice on SNR in a SFN scenario, system simulations were conducted with the link budgets agreed upon in RAN WG1 #41. 

As a reference, simulations were also run using a macro-cell layout with 2800m inter-site distance and 0 dB building/vehicular penetration loss (Scenario D).
	Scenario
	Inter-Site Distance
	Building/Vehicular

Penetration Loss

	A
	500 m
	20 dB

	B
	500 m
	10 dB

	C0
	1732 m
	10 dB

	C1
	1732 m
	20 dB

	D
	2800 m
	0 dB

	E
	2800 m
	10 dB


Table 3

Link Budget Scenarios
The relevant system simulation assumptions are listed below:
· Hexagonal 57-cell layout

· The channel from each cell was set to ITU Pedestrian B

· Useful symbol duration was set to 60 µs

· CP length was varied from 10 µs to 25 µs

In Appendix A.3, we analyze the exact impact of excess delay in an OFDM system.

We need to model the impact of an aliased channel estimate when the channel estimation scheme cannot estimate all the independent channel taps. Therefore, for each scenario, two different sets of simulations were conducted:

· Set I 

· Channel estimation algorithm can estimate the same number of taps as contained in the cyclic prefix

· Corresponds to same number of FDM pilot tones as the number of CP samples

· Set II

· Channel estimation algorithm can estimate twice the number of taps as contained in the cyclic prefix

· Corresponds to same number of FDM pilot tones as the number of CP samples with a time/frequency staggered pilot structure

2.2.2


Results
2.2.2.1
Single Rx Antenna – Set I
	CP length
	Scenario A
	Scenario B
	Scenario C0
	Scenario D
	Scenario E

	10 µs
	18.00 dB
	24.75 dB
	5.00 dB
	1.50 dB
	-0.50 dB

	15 µs
	19.00 dB
	28.75 dB
	11.50 dB
	7.50 dB
	3.00 dB

	20 µs
	19.00 dB
	28.75 dB
	12.25 dB
	11.75 dB
	4.25 dB

	25 µs
	19.00 dB
	28.75 dB
	12.50 dB
	14.50 dB
	4.75 dB


Table 4

C/I – 95% Coverage
2.2.2.2
Single Rx Antenna – Set II

	CP length
	Scenario A
	Scenario B
	Scenario C0
	Scenario C1
	Scenario D
	Scenario E

	10 µs
	18.75 dB
	29.00 dB
	11.50 dB
	2.00 dB
	9.50 dB
	3.50 dB

	15 µs
	19.00 dB
	29.00 dB
	12.25 dB
	2.00 dB
	13.00 dB
	4.00 dB

	20 µs
	19.00 dB
	29.00 dB
	12.50 dB
	2.00 dB
	14.75 dB
	4.75 dB

	25 µs
	19.00 dB
	29.25 dB
	12.50 dB
	2.50 dB
	15.00 dB
	4.75 dB


Table 5

C/I – 95% Coverage
2.2.2.3
Dual Rx Antenna – Set II

	CP length
	Scenario A
	Scenario B
	Scenario C0
	Scenario D
	Scenario E

	10 µs
	22.00 dB
	32.00 dB
	14.50 dB
	12.50 dB
	7.00 dB

	15 µs
	22.00 dB
	32.00 dB
	15.00 dB
	16.00 dB
	7.25 dB

	20 µs
	22.25 dB
	32.00 dB
	15.00 dB
	17.75 dB
	7.25 dB

	25 µs
	22.50 dB
	32.00 dB
	15.50 dB
	18.00 dB
	7.50 dB


Table 6

C/I – 95% Coverage
3
Observations
We note that:

· The C/I in scenarios A, B and C0 is thermal power limited

· The C/I in scenario C1 and E is very low

· It can be improved if the transmit power is increased
Scenario D was used for the analysis of Release 6 Enhanced Uplink performance in TR 25.896. In this case, the C/I at 95% coverage improves by 1.75 dB as we increase the CP duration from 15 µs to 20 µs.

4
Conclusions and Proposal

Based upon all the reference scenarios, we propose a CP duration of 20 µs for E-UTRA simulcast operation.
5
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A


Impact of Excess Delay in OFDM

A.0
Notation

We use the following notation in the subsequent analysis.
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The OFDM symbol with a cyclic prefix (CP) is written as:
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The channel is assumed to have m taps and is modeled as:
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Therefore, we consider the general case wherein the CP does not span the entire delay spread.

The received time domain samples can be written as:
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The signal component can be split into two distinct components:
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Note that the multi-paths partially outside the CP include the previous symbol (ISI) as well.

A.1
Nominal Scenario

In the nominal scenario, p = m-1. Therefore, all paths are within the CP and the property of circular convolution is preserved and we have:
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The statistics of the noise can be written as:
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Therefore, the additive noise across different sub-carriers remains uncorrelated after the FFT operation.

A.2
Excess Delay Scenario
In this scenario, some of the path delays exceed the CP duration. Let:
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From the analysis in section A.0, the second and third terms of 
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can be expanded and simplified to yield:
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Inter-Symbol Interference

The statistics of the ISI term can be written as:
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We observe that the ISI term introduces correlated interference across different sub-carriers. The interference PSD per sub-carrier can be written as:
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When there is only one additional path outside the CP, the above expressions simplify to:
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Self Interference Term

The statistics of self interference consists of three terms:
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After some simplification, these terms can be expanded as:
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It is seen that the SI term introduces correlated interference across different sub-carriers, just like the ISI term. The self interference PSD per sub-carrier can be written as:
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When there is only one additional path outside the CP, the above expressions simplify to:
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Signal Degradation
The useful signal power can be written as:
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When there is only one additional path outside the CP, the above expression simplifies to:
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A.3
Modeling Excess Delay for [E]-MBMS
The expressions derived in Appendix A.2 do not take channel estimation losses into account. 
Neglecting the impact of correlated interference across sub-carriers, the received SNR can be written as:
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The parameter A is implementation specific and equals the number of independent taps each channel estimation scheme can theoretically estimate without introducing aliasing.
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