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1. Introduction
In RAN1 #52bis, the Gold sequence initialization for the DL RS was decided as follows [1]:
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where 
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 is the slot number within a radio frame and 
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 is the OFDM symbol number within the slot. The pseudo-random sequence 
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 is a Gold sequence defined by equation (2) below:
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where 
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 and the first m-sequence shall be initialised with
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. The initialisation of the second m-sequence is given by 
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 at the start of each OFDM symbol where 
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 is the OFDM symbol number within a sub-frame.  
Upon further analysis, a problem with such initialization is identified: the pseudo-random sequences do not offer sufficient separation between neighbouring cells whose sub-frame timing and reference signal (RS) frequency locations are closely aligned with the other. Due to the choice of initialization, the difference between two distinct sequences becomes independent of the subframe and OFDM symbol numbers. 
This problem occurs both in synchronous (non-ideal frequency shift planning) and asynchronous networks (occasional alignment). Significant degradation on channel estimation performance is observed, which translates to considerable loss in cell-edge throughput. However, the problem can be fixed by a simple modification, for example, of the initialization procedure:
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(3)
2. Problem with current initialization and suggested modification
We demonstrate that the current initialization offers no separation for the pseudo-random sequences in time. That is, for a given RE, if the scrambling sequence for two cells is the same (different) on one OFDM symbol, then it is the same (different) for all OFDM symbols. 

The RS for a cell Id M in sub-frame s and symbol l is a mapping of the BPSK modulation of the binary sequence cM,s,l(n) to a QPSK set. The binary sequence cM,s,l(n) is the xor of a “fixed” sequence x1(n) with a cell- and time-specific sequence x2-M,s,l(n). The exact dependence of x2-M,s,l(n) on the cell id and time parameters is achieved by initialization. Specifically, the PRBS for cell Id M in sub-frame s and symbol l is initialized by cinit = M + 2^9 * (s) + 2^13 * l, represented below.

[image: image11.emf]9-bit cell id

4-bit 

subframe no

4-bit 

symbol no.

31-17 = 14 

zeros


The problem is demonstrated in the following sequence:
1. Linearity of PRBS : The PRBS output x2(n) is a linear function of the initial seed cinit​. This follows from the fact the x2(n) is just the output of a linear binary filter whose initial state is cinit. This can be proven as follows:

Suppose the initial state a = [a(30) a(29) … a(0)] yields the sequence A(n), and the initial state b = [b(30) b(20) … b(0)] yields the sequence B(n). Then we need to prove that the initial state c = (a + b) mod 2, yields the sequence C(n) = (A(n) + B(n)) mod 2. By induction: assume that for n = 0, 1, 2, … (N + 30), the relationship C(n) = (A(n) + B(n)) mod 2 holds true. Then, we now show that it also holds true for n = (N + 31). 

C(N + 31) = {C(N+3) + C(N+2) + C(N+1) + C(N)} mod 2 

           = {A(N+3) + B(N+3) + A(N+2) + B(N+2) + A(N+1) + B(N+1) + A(N) + B(N)} mod 2 

           = [{A(N+3) + A(N+2) + A(N+1) + A(N)} mod 2 + {B(N+3) + B(N+2) + B(N+1) + B(N)} mod 2] mod 2

           = [A(N+31) + B(N+31)] mod 2







(4)
By definition for n = 0, 1, …, 30, the relationship C(n) = (A(n) + B(n)) mod 2 holds.
2. Separability of PRBS output: The PRBS sequence is a linear sum of three separable components due to the cell id, sub-frame number and symbol number respectively. This follows as a consequence of fact 1 and the structure of the initial seed. Specifically by substituting cinit = M + 2^9 * (s) + 2^13 * l, one obtains

        x2-M,s,l(n) = (x2-M,0,0(n) + x2-0,s,0 (n) +  x2-0,0,l (n)) mod 2.


(5)
Note that the “overall” PN sequence for the RS sequence generation also has a corresponding property below:
cM,s,l(n) = (x1 (n) + x2-M,0,0(n) + x2-0,s,0 (n) +  x2-0,0,l (n)) mod 2.

(6)
3. Implication of Separability: The reference signal structure above offers no time diversity while differentiating between two cell ids.  This follows directly from the equation above. Specifically, if one considers the difference between the sequences of the two cells M and N, we get




cM,s,l(n) + cN,s,l(n) = (x2-M,0,0(n) + x2-N,0,0(n)) mod 2



(7)
Clearly, the difference does not depend on the symbol index l or the subframe index s.
Implication on channel estimation: When two cells are synchronous and have the same RS RE locations, a UE in one of these cells will not be able to reject the interference from the neighbour cell by time interpolation across channel estimates on different DL RS symbols. The only rejection comes from frequency interpolation. In particular, when the channel coherence bandwidth is small, frequency interpolation is not very effective in rejecting the interferer.
The key problem is the separability of the RS sequence into components depending only on the cell id and only on the time variables. A minor modification to the current initialization procedure can fix the problem by mixing the individual components in the first term of the initialization. An example of such function is: 
                 Cinit = 2^13 * ((L + 1) * (S + 1) * (M + 1)) + 2^9 * S + M.                     (8)
Another possible modification is to add additional symbol-dependent fast forwarding. However, this may result in some additional implementation complexity due to the change in fast forwarding per OFDM symbol basis. While this can be implemented as a form of initialization, it may require a bank of tables that specifies different initializations depending on the subframe and OFDM symbol numbers. This is in essence a table-lookup-based initialization which adds more complexity compared to the initialization procedure in (8) while achieving the same goal.
3. Simulation Results
Some simulation results are given to demonstrate that the current separable initialization leads to poor performance and the suggested hashing function in (8) removes the problem. The simulation assumptions are given below.  
Table 1: Simulation parameters for PDSCH
	Parameters
	Values

	System bandwidth
	10 MHz

	Transmit antenna
	1

	Receive antennas
	2  (uncorrelated)

	Propagation conditions for signal and interference
	ETU 5Hz

	Number of Interferer cells
	1

	Interferer Type
	Synchronous, RS-aligned interferer transmitting only reference signals 

	Signal to Interference Ratio of Interferer
	0 dB, 3 dB, 5dB, 8dB

	Ioc model
	AWGN

	Channel Estimation
	Time interpolation within current subframe followed by MMSE frequency interpolation (assuming time-domain channel length = CP)


The performance for two different interference levels is given in Figure 1 below. The presence of the RS from the interfering signal corrupts the channel estimates at the UE. For a SIR = 0 dB, at 10% FER the proposed initialization gives a 1.2 dB gain over the current initialization scheme. For SIR = 3 dB, at 10% FER the gain for the proposed technique is 0.8 dB over the current initialization scheme. Larger gain of 1.5 to 2.5 dB is observed with higher code rate (0.75) even at higher SIR values.
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Figure 1. Simulation results for QPSK modulation
4. Conclusions
We have demonstrated a problem in the DL RS PRBS initialization: the pseudo-random sequences do not offer sufficient separation between neighbouring cells whose sub-frame timing and reference signal (RS) frequency locations are closely aligned with the other. Due to the choice of initialization, the difference between two distinct sequences becomes independent of the subframe and OFDM symbol numbers. This problem occurs both in synchronous (non-ideal frequency shift planning) and asynchronous networks (occasional alignment). Significant degradation on channel estimation performance is observed, which translates to considerable loss in cell-edge throughput. This problem can be fixed by a simple modification of the initialization as shown below (which differs only in the first term compared to the decision in RAN1#52bis [1]):
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