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Introduction
In RAN1#88, it was identified that NPBCH and SIB1 have some performance degradation in interference limited scenarios due to the use of pure repetitions without additional scrambling [1-3]. These problems were solved in RAN1#88 by applying a phase rotation for NPBCH and changing the scrambling sequence initialization for SIB1.

The other NB-IoT DL channels (NPDSCH, NPDCCH) have the same performance degradation, since they rely on time-domain repetitions (e.g. for NPDCCH the same IQ is repeated during 4 subframes) and the scrambling is a linear function of the subframe number. This issue, although it may be partially alleviated by eNB scheduling (e.g. having the NPDCCH not colliding in different cells) or by the randomness of traffic arrivals, can be completely solved by introducing a backwards compatible change in Rel-14.

In Section 2 we perform a theoretical analysis of the scrambling sequences (part of the results in [1] are included here for completeness), in which we find that the reinitialization of the scrambling sequence every 4 subframes only allows to reduce interference that “travels through” the imaginary part of the channel (i.e., if the channel is real no interference randomization is attained).

In Section 3 we present our solution and procedures to enable interference randomization in Rel-14 NB-IoT.

In Section 4 we present simulation results for interference channels in which we first show a loss of around ~8dB in AWGN channel with random phase and perfect channel estimation and a loss of around ~6dB in Rayleigh channel.

Theoretical analysis of scrambling sequences
1.1. Analysis of properties of Gold sequences in 
The Gold sequence generation in 36.211, Clause 7.2, can be written as

Where  is the second m-sequence and  is the first m-sequence. Bold italic letters denote binary vectors and functions in  , with  being a length-31 vector containing the register initialization of the second m-sequence (seed). The operator “+” denotes elementwise addition in . We denote by  the i-th entry of binary vector i.
Property 1: The Gold sequence  is an affine function of the seed .
[bookmark: _GoBack]This property can be easily verified by noting that the sequence  is generated by recursive additions of elements of the seed  so the bit  can be written as 
,
where  depends only on the generating polynomial and not in the seed.
Since this is the case, we can denote , with  being a binary matrix.
Property 2: The scrambling sequence initialization for NPDCCH (which is initialized every four subframes), for cell ID  and subframe  can be written as  

With  a binary vector that does not depend on , and  a binary vector that does not depend on . With this and property 1, we can write 
 a

Property 3: For Gold sequences used in two cells c1 and c2 in subframes frames f1 ,f2 generated as  

This property can be readily proved by using the previous properties, where all the binary vectors appear twice or four times (a appears in every term, and , ,  each appear twice).

1.2. Interference analysis for SISO case
Consider the case of a complex SISO interference channel as follows (no noise for simplicity)

Where “d” means desired signal, “i” means interferer signal, and the channel for the desired signal was is fixed to 1 without loss of generality. In this case,  represents the signal received in an arbitrary resource element.
For the case under study, we consider that  belongs to a QPSK constellation, such that  (we omit the  term for simplicity), where  and  are the BPSK modulated after scrambling, that can be obtained as , with   the BPSK-modulated scrambling bit.
For the sake of simplicity, we will make the analysis in  by means of the applying the following bijective transformation

The main advantage of moving to  is that the operations involved with scrambling are linear in this domain, while they are not in  due to the presence of conjugations.
Under the above definitions it can be seen that

Where  and . Similarly, the scrambling sequence operation can be written as follows:

With  and 

From the results in the previous section, we are interested in the family of scrambling sequences for which  (the sum in  is replaced by a product in the BPSK domain), where  is the same for the desired and interference cells. In that case, we can see that.
· Residual interference in the n-th subframe
From the definitions and properties above, the descrambled signal in the n-th subframe would be

Where the second term  denotes the interference after descrambling operation. We can further expand the above expression and arrive to 

Which can be further written as

Where  contains the diagonal part of  (and thus is associated with the real part of h) and  contains the anti-diagonal part (associated with the imaginary part of h), and . 
We can finally denote , with


· Residual interference in the n+1-th subframe
Similar to the previous case, if we assume that the bits in the i-th subframe are the same as those in the i+1-th subframe (i.e., we are in the case of repetitions) we arrive to 



Now, the first term in the above equation is a product of four diagonal matrices, so by noting that  we arrive to

The same operation cannot be performed for the part associated with , since the antidiagonal matrix  prevents the commuting from happening. Actually, it can be seen that  is an scrambling matrix with iid entries if  is iid, so the resulting interference can be written as , with  a quasi-random scrambling matrix that does not depend on any of the other parameters.
Property 4: The usage of a scrambling sequence meeting Property 3 does not provide interference randomization across subframes if the interferer channel is real (with respect to the desired channel).

Proposed solution
1.3. Proposed solution for NPDCCH
The current NPDCCH scrambling is performed as follows, as per 36.211:
<36.211>
[bookmark: _Toc454818203]10.2.5.2	Scrambling


Scrambling shall be done according to clause 6.8.2. The scrambling sequence shall be initialised at the start of subframe k0 according to [4] section 16.6 and after every 4th NPDCCH subframe with  where is the first slot of the NPDCCH subframe in which scrambling is (re-)initialized.
</36.211>
This initialization has the following problems:
1. The same scrambling sequence is applied in 4 consecutive subframes.
2. The scrambling sequence is a linear function of cell ID and slot number, so the randomization achieved by this is limited due to linear properties of the Gold sequences, as shown in the previous sections
3. There is only a limited number of possible initializations in a given cell (10, in the best case, given by the value range of slot number)
These issues are depicted in Figure 1.
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Figure 1 Interference randomization problem for NPDCCH
A solution that achieves randomization while keeping symbol-level processing is the one adopted for NPBCH, where a cell-dependent rotation is applied at every subframe. For example, every subframe we can initialize a scrambling sequence by a non-linear combination of cell ID and subframe number such as , map it to {1,j,-1,-j} as in [2], and rotate the IQ symbols before the IDFT.

Proposal 1: Adopt the following solution for interference randomization improvements for NPDCCH:
· The NPDCCH is rotated by a quasi-random phase sequence generated as in the NPBCH clause, and initialized by 

Procedures and configuration
To introduce this change in a backwards compatible manner, we propose that the adopted solution is only enabled in the following cases:
1) For Type-2 and Type1 CSS, only in non-anchor carriers.
2) For USS, is enabled by RRC reconfiguration.
3) For Type-1A and Type-2A, always.
This ensures backwards compatibility (Rel-13 UE operating in Rel-14 cell, and Rel-14 UE operating in Rel-13 cell). Also, note that if two cells are colliding with each other, the usage of this interference randomization technique in one of the cells would automatically benefit the other one.
Proposal 2: The interference randomization technique for NPDCCH is applied in the following cases:
1) For Type-2 and Type1-CSS, only in non-anchor carriers.
2) For USS, is enabled by RRC configuration.
3) For Type-1A and Type-2A, always.

1.4. Proposed solution for NPDSCH
NPDSCH design offers a similar problem as NPDCCH:
<36.211>


For NPDSCH not carrying BCCH, after mapping to a subframe, the subframe shall be repeated for  additional subframes, before continuing the mapping of  to the following subframe.
</36.211>
The solution for NPDSCH can be similar to the one of NPDCCH, the only change is to add  to introduce the dependency in the C-RNTI or SI-RNTI. 
Proposal 3: Adopt the following solution for interference randomization improvements for NPDSCH:
· The NPDSCH is rotated by a quasi-random phase sequence generated as in the NPBCH clause, and initialized by 
Proposal 4: The interference randomization technique for NPDSCH is applied in the following cases:
1) For PDSCH scrambled by RA-RNTI and TC-RNTI, only in non-anchor carriers.
2) For C-RNTI, is enabled by RRC configuration.
3) For G-RNTI, always.


Simulation results
In this section we present the simulation results with the proposed rotation scheme for NPDCCH compared to the Rel-13 baseline. The simulation assumptions are as follows:
· Standalone, 1Tx
· Channels: AWGN and Rayleigh 5Hz
· No noise (X-axis shows C/I)
· Channel estimation: perfect for AWGN, realistic for Rayleigh (with cross-subframe CE)
· Number of repetitions: 1,2,4,8

In Figures 1 and 2 we show the results under these assumptions. In the simulations, the dashed lines represent the Rel-13 baseline, and solid lines represent the result with the proposed scheme.
In Figure 1 it can be seen that with the legacy scheme, going from 1 to 4 repetitions does not provide any gain, since the scrambling sequence does not change at all. Going from 4 to 8 repetitions gives a ~1dB gain due to the reduced interference randomization property shown in the previous sections.

Observation 1: The use of the proposed randomization scheme provides ~8dB gain in an AWGN interference limited scenario.
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Figure 1 AWGN with random phase (dashed: legacy, solid: proposed)


In Figure 2 we show the results for a Rayleigh channel. In this case, the gains are around 6dB. Similar to the previous case, 1-4 repetitions do not provide any gain, and moving to 8 repetitions gives ~1dB gain, whereas under the proposed rotation method the gain is ~7dB.
Observation 2: The use of the proposed randomization scheme provides ~6dB gain in a Rayleigh interference limited scenario.

[image: ]
Figure 2 Rayleigh channel (dashed: legacy, solid: proposed)

Summary
In this contribution we presented our views and proposals on reducing interference impact in NB-IoT system. 

First, we mathematically proved that beyond the obvious randomization problem provided by the 4 identical repetitions, the linear scrambling initialization of NPDCCH and NPDSCH does not provide any randomization over real channels. 

Then, we proposed methods and procedures to introduce this new features in a backwards-compatible way.

Finally, we presented simulation results in which we show how the proposed method provides up to 6-8dB gain in interference limited channels. 

In summary, we derived the following properties of scrambling sequences:
Property 1: The Gold sequence  is an affine function of the seed .
Property 2: The scrambling sequence initialization for NPDCCH (which is initialized every four subframes), for cell ID  and subframe  can be written as  
Property 3: For Gold sequences used in two cells c1 and c2 in subframes frames f1 ,f2 generated as  

Property 4: The usage of a scrambling sequence meeting Property 3 does not provide interference randomization across subframes if the interferer channel is real (with respect to the desired channel).


Based on which we made the following proposals and observations:

Proposal 1: Adopt the following solution for interference randomization improvements for NPDCCH:
· The NPDCCH is rotated by a quasi-random phase sequence generated as in the NPBCH clause, and initialized by 

Proposal 2: The interference randomization technique for NPDCCH is applied in the following cases:
1) For Type-2 and Type1-CSS, only in non-anchor carriers.
2) For USS, is enabled by RRC configuration.
3) For Type-1A and Type-2A, always.


Proposal 3: Adopt the following solution for interference randomization improvements for NPDSCH:
· The NPDSCH is rotated by a quasi-random phase sequence generated as in the NPBCH clause, and initialized by 


Proposal 4: The interference randomization technique for NPDSCH is applied in the following cases:
4) For PDSCH scrambled by RA-RNTI and TC-RNTI, only in non-anchor carriers.
5) For C-RNTI, is enabled by RRC configuration.
6) For G-RNTI, always.

Observation 1: The use of the proposed randomization scheme provides ~8dB gain in an AWGN interference limited scenario.
Observation 2: The use of the proposed randomization scheme provides ~6dB gain in a Rayleigh interference limited scenario.
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