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1 Introduction

According to the requirements for E-UTRA [1], increasing “cell edge bitrate” is a key issue. Since the RAN1#40-bis meeting (Beijing), several proposals on Interleave Division Multiple Access (IDMA) [2-4] have been presented to address the issue of “cell edge bitrate”.

In this paper, a more detailed introduction to IDMA is given, especially on the comparison with scrambling, performance and implementation issues. Two conclusions can be obtained based on the analysis and simulations: First, IDMA can achieve a similar performance with the traditional scrambling in whitening the inter-cell interference when conventional single-user (cell) receiver is used. Second, if the receiver is capable to perform the iterative multi-user (cell) detection, IDMA can make a substantial performance gain over scrambling for suppressing the inter-cell interference. 

Therefore we suggest that IDMA should be considered as a candidate for inter-cell interference mitigation, possibly collaborating with relatively simple inter-cell interference coordination, for improving the “cell edge bitrate”. At the end of this paper, the description of IDMA principles and performance are proposed for TR 25.814.
2 Principle of IDMA

The principle of IDMA is to employ distinct interleaving patterns in the neighbouring cells so that the UE (in downlink) or NodeB (in uplink) can distinguish the signals from different cells by means of cell-specific interleavers. 

2.1 How to use IDMA
Fig. 1 illustrates the use of IDMA in the downlink case, in which UE1 and UE2 are respectively served by NodeB1 and NodeB2 but allocated the same time-frequency resource (chunk). Suppose NodeB1 interleaves the signal for UE1 with interleaving pattern1, while NodeB2 interleaves the signal for UE2 with interleaving pattern2 (different from pattern1), then UE1 (UE2) may distinguish the signals from the two NodeBs by means of different interleavers. In case of using the single-cell receiver, the interference from the other NodeB will be whitened to a noise. In case of employing iterative multi-cell receiver, the interference could be effectively cancelled. Note that IDMA can be employed not only between neighboring NodeBs, but also potentially between neighboring sectors.

Similarly, IDMA can also be employed in uplink, as shown in Fig. 2. Two UEs from two neighboring cells can share the same chunk, but interleave their signals with distinct interleaving patterns. The cell-specific interleaving can at least whiten the inter-cell interference, as scrambling does, although the feasibility of implementing inter-cell interference cancellation in uplink needs further investigation. 
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Fig.1 using IDMA in downlink to suppress inter-cell interference
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Fig.2 using IDMA in uplink to suppress inter-cell interference

2.2 Iterative multi-user detection
The principle of iterative multi-user (here “user” could be a NodeB, a sector or a UE) detection has been well introduced recently. In the single-user detection, the interference is treated as noise. However, the multi-user detection also demodulate the interfering signal, and improve the detection of the wanted signal. Especially, the iterative multi-user detection is regarded as an attractive technique because it can continuously improve the receiver performance with increasing number of iterations. 

The structure of iterative multi-user receiver is showed in Fig. 3. The multi-user demodulators calculate and output the soft information based on the received signal, channel information and extrinsic information for each user. The user decoders calculate the decision information and the extrinsic information based on the signal delivered from the multi-user demodulator. Then the decision information and extrinsic information are fed back to the multi-user demodulator. The interleaver and de-interleaver in Fig.3 would be able to remove the correlation between the multi-user demodulator and the decoders, just like the role of the interleaver in Turbo codes.
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Fig. 3 Structure of iterative multi-user receiver
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Fig.4 constellation of three-QPSK-user system with equal amplitude and equal phase space
In a multi-user system, each user’s amplitude, phase, and modulation may be different, therefore resulting in random constellation patterns. An example is shown in Fig.4, for constellations of  a three-QPSK-user system with equal amplitude and equal phase space. In the random constellation patterns, some constellation points have relatively large distance from other constellation points, therefore are easy to be detected. On the other hand, the constellation points close to each other may be difficult to be detected. In this case, the extrinsic information from channel decoder can help the detection. 

Some may be concerned about the complexity of implementing iterative multi-user detection. Fortunately, in the considered OFDM system, the number of neighbouring cells sharing the same chunk is limited to 2~3. Therefore even the algorithms with a complexity at a rate of exponential to user number, such as MCE algorithm, can also be considered. In this paper, we consider two types of multi-user detection algorithms, i.e. GMCE [7] (Generalized Minimized Cross Entropy) algorithm and SoIC (Soft Interference Cancellation) algorithm. The GMCE algorithm is a generalized algorithm proposed in [8], while SoIC is agreed with the algorithms in [9-10] in principle. For multi-user detection with 3 user and QPSK modulation, the complexity of the GMCE algorithm is roughly as same as soft modulation for 64QAM. The complexity of SoIC algorithm is even lower than that of GMCE algorithm.

2.3 How IDMA outperforms scrambling
In this section, the difference of IDMA and scrambling is interpreted by means of analysis and simulations.

2.3.1 Analysis of iterative process

Here we consider an iterative multi-user receiver based on the interference cancellation and iterative decoding. Here we consider a two-cell case. In the first iteration, the single-user decoding is performed for the Cell 1. Assuming after the decoding, a given information bit in the frame is relatively unreliable (log-likelihood ratio (LLR) is small), as shown in Fig.5 (a). Then the information bits will be re-encoded. Thus the unreliable information bit is converted to a number (in the sample, the number is 4) of unreliable code bits, as shown in Fig. 5 (b). As in Fig. 5 (c), the 4 unreliable code bits will be scrambled to distributed positions after re-interleaving for Cell 1. Then the Cell 2’s signal is obtained by subtracting the Cell 1’s from the received signal. After the interference subtraction, the 4 unreliable bits in the Cell 1’s frame will affect the corresponding bits in the Cell 2’s frame, as shown in Fig. 5 (d). Then the Cell 2’s signal will be fed to the de-interleaver of Cell 2. In the case of scrambling, since the two cells use the same interleaver pattern, the 4 unreliable bits will be re-assembled together, as shown in Fig.5 (e). However, if IDMA is used, the Cell 2 is employing a different interleaver pattern from Cell 1. Hence the 4 unreliable in the frame will be scrambled to another series of distributed positions, as shown in Fig. 5 (f). As well known, a number of adjacent bit errors (as in Fig. 5 (e)) are more difficult to be corrected than a number of distributed bit errors (as in Fig. 5 (f)). Hence in the second iteration, an IDMA system will have a better decoding performance than a scrambling system
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Fig. 5 How IDMA outperforms scrambling in iterative receiver
2.3.2 Impact of interleaving
Just as described in section 2.2, the role of the interleaver and de-interleaver in iterative receiver are to remove the correlation between the multi-user demodulator and the decoders. This role cannot be replaced by user-specific scrambling. To explicitly demonstrate the impact of user-specific interleaving and user-specific scrambling during iterative detection, a direct comparison can be made as in Fig.6. The simulation is based on the following assumptions: Two multi-user systems respectively based on user-specific interleaving and user-specific scrambling; All users’ 
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Fig.6 user-specific interleaving vs. user-specific scrambling: User number- BER performance

The simulation results show that, in term of removing the relation between multi-user demodulator and all user decoders, IDMA-based system significantly outperform scrambling-based system.  

3 Simulation Results 
3.1 Performance of OFDM/IDMA
Fig. 7 illustrates the performance of inter-cell interference mitigation in an OFDM/IDMA system. In this simulation, the following parameters are assumed:

	The number of cells 
	K 

	Channel Model
	ITU. M 1225E channel model, Vehicular A, Block fading

	Modulation Mode
	QPSK

	Number of subcarriers
	7 OFDM symbol
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Fig.7 the SNR-BLER (Block Error Rate) performance of IDMA-OFDM system under fading channel 

The simulation results showed that the performance of IDMA-based multi-cell system can approach to the single-cell bound (SNR gap of 1-2dB at convergence point). 

3.2 Comparison between IDMA and scrambling (against interference power)
Fig. 8 illustrate the performance of IDMA and scrambling with different interference powers.

In this simulation, we fix the SNR of desired signal to 9dB, and vary the SNR of interfering signal from 0 dB to 10dB and investigate the receiver performance for the desired cell. The following simulation conditions are assumed: 

	The number of cells 
	2 

	Channel Model
	ITU. M 1225E channel model, Vehicular A, Block fading

	Modulation Mode
	QPSK

	Number of subcarriers
	7 OFDM symbol
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 300 subcarriers/OFDM symbol = 2100

	Total Bits
	5000*2100

	Coding method
	Turbo code (5,7), coding rate=1/2

MAP decoding algorithm

	Channel interleaver
	Random interleaving for interleaving system;
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Fig.8 The performance of the desired cell at SNR of 9dB, varying the SNR of interference cells from 0 dB to 10dB

From the simulation results showed in Fig.8, we can draw the following conclusions:

1. When a single-cell detection is employed, IDMA and scrambling nearly achieve the same performance.

2. When a single-stage multi-cell detection is employed, both IDMA and scrambling achieve a better performance over the performance of single-cell detection. IDMA slightly outperforms scrambling. 

3. In the IDMA-based system, the three-iteration multi-cell detection achieves a substantial performance gain over the single-stage detection. While in the scrambling-based system, the three-iteration detection even suffers an obvious degradation over the single-stage detection due to positive feedback (error propagation), and approaches to the performance of single-cell detection. 
3.3 Comparison between IDMA and scrambling (two interferers)
In the system with frequency reuse 1, a edge-area UE may receive interference from two strong interferers. The performance comparison between IDMA and scrambling for the 3-cell system is shown in Fig.9. The following simulation conditions are assumed: 

	The number of User 
	K=3, equal SNR 

	Channel Model
	ITU. M 1225E channel model, vehicular A, Block fading

	Modulation Mode
	QPSK

	Number of subcarriers
	7 OFDM symbol
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 300 subcarriers/OFDM symbol = 2100

	Total Bits
	5000*2100

	Coding method
	Turbo code (5,7), coding rate=1/3

MAP decoding algorithm

	Channel interleaver
	Random interleaving for interleaving system;
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Fig.9. The SNR-BLER performance of both IDMA-based and scrambling-based systems with 3 equal SNR users 

The simulations suggest that the IDMA-based system achieves a substantial performance gain with a three-iteration multi-cell detection, whereas the scrambling-based system can hardly improve its performance with the iterative receiver.
4 Implementation Issues

In an OFDM system, two neighbouring cells may first try to avoid reusing a chunk in the cell-edge area by using inter-cell interference coordination [3-4, 12], as shown in Fig.10 (a). However, if the two cells have to reuse a chunk in the cell-edge area (e.g. both the cells are heavy-loaded, or too complex to perform the interference coordination), IDMA provides an alternative way to mitigate the inter-cell interference, as shown in Fig.10 (b). Some issues should be considered for implementing IDMA or iterative multi-cell detection. Channel estimation and interleaver design should be carefully considered to enable IDMA. Multi-cell detection will bring some extra requirements on e.g. synchronization and chunk size. However, when only a single-cell detection is employed, these requirements can be released.
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 Fig. 10. (a) Chunk allocation based on TDMA/FDMA  (b) Chunk allocation based on TDMA/FDMA and IDMA
4.1 Interleaver design 

IDMA requires a channel interleaving through the whole a code block. For example, if a chunk contains M subcarriers and N OFDM symbols, the interleaver depth should be M(N. Since a number of random interleavers are required, the random interleaving, rather than block interleaving, should be used. The well-known random interleavers, e.g. s-random interleaver, could be considered. Of course a more powerful interleaver will bring a larger performance gain.
4.2 Channel estimation in interference environment
Channel estimation need to be performed in an interference environment. Thus the pilot patterns of the neighbouring cells should be orthogonal to each other. The orthogonal pilot design has been well investigated in MIMO channel estimation.
4.3 Synchronization Requirement for multi-cell detection

If IDMA is only used for signal randomisation and interference whitening, the inter-cell synchronization is not required. However, if the performance gain provided by interference cancellation is desired, the use of multi-cell detection will introduce the requirement to inter-cell synchronization. (The inter-NodeB synchronization should be available for supporting multi-NodeB MBMS.) However, even though the neighbouring cells transmit signals simultaneously, the timing offsets between cells (due to the different distances to the UE) may result in self-interference. Assuming the parameters in TR 25.814 Section 7.1.1 are considered, the CP length and data length are 4.7 and 66.667 
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Fig. 11 Illustration of asynchronization between Node-Bs/sectors

4.4 Requirement to chunk size for multi-cell detection

To implement a low-complexity multi-cell receiver, the neighbouring cells should adopt the same chunk allocation for the reused time-frequency resource. In other words, the corresponding chunks in the neighbouring cells should contain the same number of subcarriers and symbols.

Of course, if only the single-cell detection is employed at the receiver, this condition does not need to be satisfied.

5 Conclusion
According to all above analysis and simulation, the following conclusions can be obtained: 

1. Scrambling and IDMA are effective techniques for signal randomization. The inter-cell interference is whitened when employing single-cell detection in IDMA or scrambling-based OFDM systems. In this case the two technique achieve nearly same performance.

2. Further interference-mitigation performance improvement could be obtained if iterative multi-cell detection is used at receivers. Simulation results show that the iterative receiver in IDMA-based systems can achieve a substantial performance gain over the single-cell detection, whereas no improvement is obtained in scrambling-based systems.

3. Some implementation issues should be considered to enable IDMA, such as interleaver design and channel estimation. Other issues should be investigated to enable multi-cell detection, such as synchronization and chunk size.

In summery, we suggest that the cell-specific interleaving should be studied as a candidate for inter-cell interference mitigation. Some study results are proposed for TR 25.814 section on “Inter-cell interference mitigation”, as following.

6 Text proposal for TR 25.814
---------------------------------Start of Text Proposal--------------------------------------------

7.1.2.6
Inter-cell interference mitigation

7.1.2.6.x IDMA

Interleave Division Multiple Access (IDMA) is an alternative way to mitigate the inter-cell interference (ICI) in a downlink EUTRA system. The principle of IDMA is to employ distinct interleaving patterns in the neighbouring cells so that the UE can distinguish the cells by means of cell-specific interleavers. IDMA has a similar characteristic with scrambling in whitening ICI when the traditional “single-user (NodeB)” receiver is used. Further interference-mitigation performance improvement could be obtained if iterative multi-cell detection is used at UE. With the iterative receiver, an IDMA-based system can achieve a substantial performance gain whereas a scrambling-based system cannot.

The well-known iterative multi-user receiver can be illustrated in Figure 7.1.2.6-1. 
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Figure 7.1.2.6.x-1 Structure of iterative multi-user receiver
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Figure 7.1.2.6.x-2 How IDMA outperforms scrambling in iterative receiver
The iterative multi-cell receiver is based on the interference cancellation and iterative decoding. Here we consider a two-cell case. In the first iteration, the single-user decoding is performed for the Cell 1. Assuming after the decoding, a given information bit in the frame is relatively unreliable (log-likelihood ratio (LLR) is small), as shown in Fig.7.1.2.6.x-2 (a). Then the information bits will be re-encoded. Thus the unreliable information bit is converted to a number (in the sample, the number is 5) of unreliable code bits, as shown in Fig. 7.1.2.6.x-2 (b). As in Fig. 7.1.2.6.x-2 (c), the 5 unreliable code bits will be scrambled to distributed positions after re-interleaving for Cell 1. Then the Cell 2’s signal is obtained by subtracting the Cell 1’s from the received signal. After the interference subtraction, the 5 unreliable bits in the Cell 1’s frame will affect the corresponding bits in the Cell 2’s frame, as shown in Fig. 7.1.2.6.x-2 (d). Then the Cell 2’s signal will be fed to the de-interleaver of Cell 2. In the case of scrambling, since the two cells use the same interleaver pattern, the 5 unreliable bits will be re-assembled together, as shown in Fig. 7.1.2.6.x-2 (e). However, if IDMA is used, the Cell 2 is employing a different interleaver pattern from Cell 1. Hence the 5 unreliable in the frame will be scrambled to another series of distributed positions, as shown in Fig. 7.1.2.6.x-2 (f). As well known, a number of adjacent bit errors (as in Fig. 7.1.2.6.x-2 (e)) are more difficult to be corrected than a number of distributed bit errors (as in Fig. 7.1.2.6.x-2 (f)). Hence in the second iteration, an IDMA system will give a better decoding performance than a scrambling system does.

7.1.2.6.x.1 Performance comparison

A simulation is presented in Figure 7.1.2.6.x-3 to support the above analysis. This simulation interprets the performance of IDMA and scrambling with different interference powers. The receiver performance is investigated for the desired cell when fixing the SNR of desired signal to 9dB and varying the SNR of interfering signal from 0 dB to 10dB. The following simulation conditions are assumed: 

	The number of cells 
	2 

	Channel Model
	ITU. M 1225E channel model, Vehicular A, Block fading

	Modulation Mode
	QPSK

	Number of subcarriers
	7 OFDM symbol
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 300 subcarriers/OFDM symbol = 2100

	Total Bits
	5000*2100

	Coding method
	Turbo code (5,7), coding rate=1/2

MAP decoding algorithm

	Channel interleaver
	Random interleaving for interleaving system;
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Figure 7.1.2.6.x-3 The performance of the desired cell at SNR of 9dB, varying the SNR of interference cells from 0 dB to 10dB

From the simulation results showed in Fig.8, we can draw the following conclusions:

1. When a single-cell detection is employed, IDMA and scrambling nearly achieve the same performance.

2. When a single-stage multi-cell detection is employed, both IDMA and scrambling achieve a better performance over the performance of single-cell detection. IDMA slightly outperforms scrambling. 

3. In the IDMA-based system, the three-iteration multi-cell detection achieves a substantial performance gain over the single-stage detection. While in the scrambling-based system, the three-iteration detection even suffers an obvious degradation over the single-stage detection due to positive feedback (error propagation), and approaches to the performance of single-cell detection.

7.1.2.6.x.2 Implementation Issues
In an OFDM system, two neighbouring cells may first try to avoid reusing a chunk in the cell-edge area by using inter-cell interference coordination [3-4, 12], as shown in Fig.10 (a). However, if the two cells have to reuse a chunk in the cell-edge area (e.g. both the cells are heavy-loaded, or too complex to perform the interference coordination), IDMA provides an alternative way to mitigate the inter-cell interference, as shown in Fig.10 (b). Some issues should be considered for implementing IDMA or iterative multi-cell detection. Channel estimation and interleaver design should be carefully considered to enable IDMA. Multi-cell detection will bring some extra requirements on e.g. synchronization and chunk size. However, when only a single-cell detection is employed, these requirements can be released.
( Interleaver design 

IDMA requires a channel interleaving through the whole a code block. For example, if a chunk contains M subcarriers and N OFDM symbols, the interleaver depth should be M(N. Since a number of random interleavers are required, the random interleaving, rather than block interleaving, should be used. The well-known random interleavers, e.g. s-random interleaver, could be considered. Of course a more powerful interleaver will bring a larger performance gain.
( Channel estimation in interference environment
Channel estimation need to be performed in an interference environment. Thus the pilot patterns of the neighbouring cells should be orthogonal to each other. The orthogonal pilot design has been well investigated in MIMO channel estimation.
( Synchronization Requirement for multi-cell detection

If IDMA is only used for signal randomisation and interference whitening, the inter-cell synchronization is not required. However, if the performance gain provided by interference cancellation is desired, the use of multi-cell detection will introduce the requirement to inter-cell synchronization. (The inter-NodeB synchronization should be available for supporting multi-NodeB MBMS.) However, even though the neighbouring cells transmit signals simultaneously, the timing offsets between cells (due to the different distances to the UE) may result in self-interference. Assuming the parameters in TR 25.814 Section 7.1.1 are considered, the CP length and data length are 4.7 and 66.667 
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, the self-interference can be avoided. However, the CP=4.7
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 is designed for the single-NodeB scenario, 
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, the ratio of self-interference to signal is 
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. However, the self-interference should be much weaker than the inter-cell interference, hence will only result in a margin degradation.


[image: image58.emf]DATA CP

DATA CP

offset

T




Fig. 11 Illustration of asynchronization between Node-Bs/sectors

( Requirement to chunk size for multi-cell detection

To implement a low-complexity multi-cell receiver, the neighbouring cells should adopt the same chunk allocation for the reused time-frequency resource. In other words, the corresponding chunks in the neighbouring cells should contain the same number of subcarriers and symbols.

Of course, if only the single-cell detection is employed at the receiver, this condition does not need to be satisfied.
---------------------------------End of Text Proposal---------------------------------------------
---------------------------------Start of Text Proposal--------------------------------------------

9.1.2.7
Inter-cell interference mitigation
9.1.2.7.x IDMA
Similar to the downlink, uplink inter-cell interference can be suppressed by exploring processing/coding gain in combination with UE-specific scrambling or UE-specific interleaving. IDMA and scrambling can achieve the same performance in whitening the interference with single-UE detection. Further improvement could potentially be obtained in IDMA-based systems, by employing iterative multi-UE detection. However, the feasibility of implementing multi-UE receiver in uplink needs further investigation.

---------------------------------End of Text Proposal---------------------------------------------
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