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1. Introduction
In the RAN1#40-bis meeting (Beijing), IDMA (Interleave-Division Multiple-Access) was introduced as an inter-cell multiple access scheme in the downlink [1]. In the RAN1#41 meeting (Athens), a more detailed introduction to IDMA was given [2]. In this paper, we further clarify the principle and characteristics of IDMA, especially the difference between IDMA and conventional scrambling (CDMA), by means of simulation and factor graph.

2. OFDM/TDMA+IDMA for Downlink
When a request of chunk takes place, it is suggested that the chunks not used in adjacent cells should be granted at first, as shown in Fig.1(a). Synchronization between adjacent base stations makes it possible to dynamically allocate chunks over the entire frequency band. 

When the system is heavy-loaded, the same chunk has to be reused in neighbouring cells. In this scenario, whitening techniques should be adopted to distinguish the NodeBs using the same chunk. And some non-orthogonal multiple access schemes, such as IDMA and scrambling, could be considered for inter-cell separation. 
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Figure 1. (a) Chunk allocation based on TDMA/FDMA

(b) Chunk allocation based on TDMA/FDMA and IDMA
3. Feasibility for adopting IDMA as inter-cell multiple access

IDMA is a feasible choice for inter-cell multiple access in the EUTRAN downlink. At first, IDMA plays the same role as the scrambling in whitening the inter-cell interference. IDMA will not bring extra expense over the scrambling to achieve this. Furthermore, assuming that the inter-Node B synchronization is available, as proposed by some other companies, it is feasible to use distinct interleaving patterns to distinguish the signals from neighboring NodeBs. Then, at the receiver end, the iterative coded multi-user detection (MUD) can be employed to explore the performance gain brought by IDMA. Since in general, the inter-cell interference will merely come from a couple of neighboring NodeBs, the iterative receiver will have an acceptable complexity.

4. How IDMA makes performance gain over scrambling

4.1. Interpretation by means of iterative multi-user decoding

In this section, we first interpret the principle of IDMA by means of iterative multi-user decoding, as illustrated in Fig.2. The structure of the iterative receiver is shown in Fig.3.

The iterative multi-user decoding is based on the interference cancellation and iterative decoding. Here we consider a two-BS case. In the first iteration, the single-user decoding is performed for the BS1. Assuming after the decoding, a given information bit in the frame is relative unreliable (log-likelihood ratio (LLR) is small), as shown in Fig.2 (a). Then the information frame 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.2 (b). As in Fig.2 (c), the 5 unreliable code bits will be scrambled to distributed positions after re-interleaving for BS1. Then the BS2’s signal is obtained by subtracting the BS2’s from the received signal. After the interference subtraction, the 5 unreliable bits in the BS1’s frame will affect the corresponding bits in the BS2’s frame, as shown in Fig.2 (d). Then the BS2’s signal will be fed to the de-interleaver of BS2. In the case of scrambling, since the two BSs use the same interleaver, the 5 unreliable bits will be re-assembled together, as shown in Fig.2 (e). However, if IDMA is used, the BS2 is employing a different interleaver from BS1. Hence the 5 unreliable in the frame will be scrambled to another series of distributed positions, as shown in Fig.2 (f). As well known, a number of adjacent bit errors (as in Fig.2 (e)) are more difficult to be corrected than a number of distributed bit errors (as in Fig.2 (f)). Hence in the second iteration, an IDMA system will have a better decoding performance than a scrambling system.
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Figure 2. How IDMA makes gain in iterative multi-user decoding
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Figure 3. Structure of iterative multi-user receiver

4.2. Interpretation using examples
We have showed the Interleave-Division Multiple-Access (IDMA) is a promising multi-access scheme in the downlink LTE [2]. And then, we will show the essential characteristics which make the IDMA be superior to the systems with scrambling by a simple example.

In the following, let us consider two systems with user-specific interleaver patterns and with user-specific scrambling sequences respectively. For simplification, we assume each system contains two users with equal received power, and the users are synchronized each other. To explicitly simply the analysis, we assume that repeat coding with one time redundancy is adopted in these two systems. Furthermore, the Fig 4 presents all of the possible scrambling sequences.
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Figure 4. All the possible spreading waveforms

Firstly we consider the signal processing at the receiver in the scrambling system as shown Fig 5, in which every rectangle represent a transmission bit and two continuous transmission bits form a information bit. If the user 1 transmittes the bit ‘1’ with scrambling sequence (a). The transmitted signal of user 1 is lay out as fig.5 (a). In this case, if user 2 transmitted the bit ‘1’ with scrambling sequence (b) (as shown in fig.5), we can find that the two transmitted signals are complete inverse. So in the received signal, the transmitted signal from user 1 is complete counteracted by the signal of user 2. We call this ‘collision scene’. In collision scene we cannot detect the signal from user 1 even by iterate multiuser detection (MUD) because we neither can detect symbol from user 2 which is also counteracted by the signal from user 1. The collision probability is 1/4 in view of the equal probability of transmitted bit and the scrambling sequence.
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Figure 5. The collision of different users’ signals in CDMA system

Then let us see about the same instance in interleaving system. As the scene mentioned before, the user 1 transmitted the bit ‘1’ with repeat transmission bits ‘1’ and the user 2 transmitted the bit ‘1’ with repeat transmission bits ‘1’. Unlike the scrambling system, the user-specific and transmission bit-level interleaver makes this problem be resolved by iterate MUD at a higher probability. Let us consider the Fig.6 as an example. The transmitted chips of user 1 are signed [image: image6.wmf]1,1
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[image: image8.wmf]2,

i

C

 and 
[image: image9.wmf]2,

j

C

 after the user1-specfic deinterleaver. If we detect user 1 directly, considering user 2 as unknown interference, the probability of collision is also 1/4. Thus the irresolvable probability of each bit is
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But if we detect user 2 first, since 
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 are from different information bit, they can be known correctly with an independent probability of 75%. Now, let’s try to detect user 1 with this information, i.e., user 2 is no longer unknown interference. At this time, the irresolvable case for [image: image13.wmf]1,1
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1) [image: image15.wmf]2,

i

C

 and [image: image16.wmf]2,

j

C

 are both unknown, which happens with a probability of 1/16
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But we may find that the condition 2 will definitely occur when condition 1 occurs. Thus the irresolvable probability of 
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 at the end of first iteration will be
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Then let’s turn to the detection for user 2 bits again. Now the irresolvable case for each bit for user 2 will happen if and only if the following conditions occur:

1) The interference on this bit from the two transmission bits of user 1 are both unknown, which happens with a probability of (1/16)* (1/16)

2) These two transmission bits from user 1 are accurately antipodal to the current user 2 bit

But we may also find that the condition 2 will definitely occur when condition 1 occurs. Thus the irresolvable probability of each bit for user 2 at this stage will be
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Obviously, when the interleaver length is large enough, the irresolvable probability can get smaller and smaller with the iteration number increase.

In conclusion, we may find the performance of IDMA can be greatly improved by iterative decoding, while scrambling could not get this gain.
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Figure 6. The capability of correct detection in collision scene

To explicitly show the difference between the two systems in iterative gain, we simulate the two systems and show the result in Fig. 7. The interleaver/scrambling length in simulation is 1000.
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Figure 7. Performance of scrambling and interleaving systems
4.3. Illustration by factor graph
In fact, we also resort to Tanner graphs to illustrate the performance advantages of IDMA with iterative multi-user detection. Tanner graphs are usually employed to analyze the iterative performance of LDPC, such as [4]. It is a famous conclusion derived in analyzing the iterative performance of one system that if the Tanner graph of one system have more short cycles and shorter cycles, the iterative performance of the system is poorer.
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Figure 8. A GTG for a conventional CDMA scheme and (b) a GTG for an IDMA,Number of users M = 2. Spreading length S = 3 (depicted from [3])

5. Simulation results
Although some simulation results have been presented in our last contribution [2], we still show them here in order to illustration the performance of multi-user IDMA-OFDM system. In the following, we first give a performance comparison between IDMA-OFDM and OFDM with scrambling under AWGN channel, and then present the performance of IDMA-OFDMA system under multi-path channel.

As described above, whitening techniques could be employed in downlink for co-channel reuse between adjacent cells, including IDMA and random scrambling (DS-CDMA). Actually, it is easy to find that the two approaches provide the same performance with single-user detection/decoding. However, their performances with iterate multiuser decoding are substantially different, as shown in the following simulation.

In our simulation, the following parameters are assumed:

Modulation: QPSK 

FEC: rate 1/2 or 1/4 convolutional code

Channel: AWGN

User number: 2 or 3

Iteration times: 3

Definition of SNR: received signal power of one user to the noise power

MA methods comparison: IDMA, CDMA without repeating (Random scrambling)
Fig. 9 suggests that, if using scrambling for co-channel reuse between two cells, the coding rate should be reduce to 1/4 in order to achieve reasonable BER performance. The total spectral efficiency is: 2cells*(2*1/4)bit/s/H/cell=1bit/s/Hz. On the contrary, if IDMA is used in the same case, rate 1/2 coding can be used for both the cells. The total spectral efficiency is 2cells*(2*1/2)bit/s/H/cell=2bit/s/Hz, which is twice of that of DS-CDMA. HH

Fig. 10 shows the co-channel reuse capability of a three-cell system. DS-CDMA system with rate 1/4 code cannot even provide satisfactory performance whereas IDMA can still work with rate 1/2 code, resulting a total spectral efficiency of 3bit/s/Hz.

Fig. 11 demonstrates the performance of multiuser system based on IDMA will be converge to that of single user in high SNR region, which implies and encourages us to enhance the throughput of users around by using IDMA at the cost of affordable complexity. 
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Fig. 9 BER performance Comparison between Scrambling and Interleaving, under the conditions of AWGN channel, Two Users, QPSK, convolutional code with constraint length 5
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Fig. 10 BER performance Comparison between Scrambling and Interleaving, under the conditions of AWGN channel, Three Users, QPSK, convolutional code with constraint length 5
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Fig. 11 BER performance Comparison between single user and multi-user (K=3), under the conditions of Rayleigh channel, Three Users, QPSK, convolutional code with constraint length 5
6. Conclusion

This paper interprets the principle of IDMA, especially the difference between IDMA and scrambling. The analysis and simulation suggest that IDMA can achieve a substantial performance gain over scrambling, when iterative multi-user decoding is employed. Thus IDMA could provide an effective way in suppressing the inter-cell interference and improving the “cell edge” performance for the EUTRA system. Hence IDMA should be by example and factor graph, and proves its feasibility in adopting IDMA in 3GPP LTE. We recommend using cell-specific interleaving patterns instead of scrambling for the coded data stream. 
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