3GPP TSG GERAN 1/ 2 Ad-hoc #3	Tdoc GPC150490 
Kista, Sweden                                                    (update of GPC150416)	
29 – 2 July 2015

[bookmark: _GoBack]Source: 	Qualcomm Incorporated
Title:    	NB-CIoT – Downlink Interference and Link-to-System Mapping
Agenda:	1.4.2.5
[bookmark: DocumentFor]Document for:	Discussion
Introduction
At GERAN#66, it is proposed in [1] to have a converged solution based on the NB M2M and NB-OFDM candidate solutions [2]. Subsequently, the downlink physical layer design of the converged solution, namely, the Narrowband Cellular IoT candidate solution (NB-CIoT), is proposed in [3]. 
In this paper, link-to-system mapping for NB-CIoT downlink is proposed. In NB-CIoT, there exist a variety of interference scenarios. In addition, interference scenarios often vary during the transmission of a data packet. A link-to-system mapping method is needed to provide an accurate and quick estimation of link performance under different interference scenarios. Same principle as proposed in [4] will be followed. However, it’s expected that interference modeling will be different due to the use of OFDMA in NB-CIoT.
Both exponential effective SINR mapping (EESM) [5] and mutual information effective SINR mapping (MIESM) [6] have been shown to be quite accurate in mapping varying SNR values of a multi-state OFDMA channel onto an equivalent SNR value of a AWGN channel so that the BLER can be quickly estimated. Both of the methods are based on some form of channel capacity approximation, the Chernoff bound in EESM and the mutual information in MIESM, with underlying assumption that AWGN is the only channel impairment. 
A primary reason of the success of EESM and MIESM in OFDMA systems is that interference in these networks are often approximately Gaussian due to the fact that interference come from a large number of subcarriers and from different cells. There have been a great deal of study showing the effectiveness of EESM under realistic time-varying interference scenarios, e.g., [7], and under colored interference of widely varying levels, e.g., [8]. 
It’s therefore sensible to use either EESM or MIESM in L2S mapping for NB-CIoT. Nevertheless, it is important to study the behavior of realistic NB-CIoT interferences. In particular, interference scenarios, if cannot be approximated as AWGN, need to be mapped to an equivalent SNR before invoking EESM or MIESM. For this reason, interference scenarios and their behavior as compared to AWGN are presented before the proposed L2S mapping. 
Downlink Interference 
Since frequency reuse-1/3 is expected to be adopted in the initial deployment of CIoT, it will be the focus of this study.

In frequency resuse-1/3, the set of subcarriers are divided into sets 1, 2, and 3, with set 1 consisting of subcarriers 0 to 14, and set 2 consisting of subcarriers 16 to 31 except the DC subcarrier, and set 3 consisting of subcarriers 33 to 47. 

Before we discuss interference between subcarriers, it is useful to identify different interfering cells depending on their allocated subcarriers. There are co-channel cells and adjacent channel cells. A co-channel cell is a cell that uses the same set of subcarriers as the victim cell does; a first adjacent-channel cell is a cell that is allocated with the neighbour subcarrier set; a second adjacent-channel cell uses the set that is at the far end of the spectrum. A cell with subcarrier set 2 only has first adjacent-channel cells. 


Assumption: In the downlink of NB-CIoT, both transmitter and receiver apply a wideband filter that does not attenuate signal within CIoT bandwidth, i.e., 200 kHz.
 
Note that the possibility of a receive filter with narrower bandwidth in case of frequency reuse-1/3 is not pursued in this study. With the above assumption, the adjacent channel (subcarrier) interference ratio (ACIR) including both leakage and selectivity from subcarrier m to subcarrier n when the two subcarriers are asynchronous is


where X(m) is the power spectrum density of a single-subcarrier OFDMA waveform with unit power.  

When the two cells are asynchronous, the ACIR as a function of the difference between the indices of the interfering subcarrier and the victim subcarrier, k, is provided in Figure 1. 
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Figure 1 ACIR as a function of difference in subcarrier indices.

As can be seen that the ACIR from the same subcarrier of an interfering cell is about 1.7 dB. In rare cases, if the two cells are synchronous, aligned in symbol timing and without frequency offset, ACIR will be 0 dB when k=0 and negative infinity otherwise. Apparently, interference from the second adjacent-channel cells are attenuated by more than 30 dB. In what follows, only the first adjacent-channel cells are considered.

Below some typical interference scenarios are identified by system simulation.
PSCH interference
Since PSCH is wideband, it is Gaussian at a subcarrier output of a receive FFT. It can be accurately modelled as Gaussian noise with PSD defined by a pulse-shaping filter [9]. In system simulations, the PDSCH is randomly generated for each interfering cell with probability 1/32 in a slot and its transmit power is assumed to be 40 dBm [3].
Narrowband interference 
To identify characteristics of NB-CIoT downlink interference, system-level simulations were performed. For simplicity, it was assumed that all cells are fully loaded in the simulation and hence one interfering cell is consider as one interference source. 

In Figure 2 (a), (b), and (c), the CDF of the ratio of the maximal interference, I_max, to total interference pluse noise, I_tot+N, the CDF of the interference to noise ratio (INR), and the CDF of the ratio of the first two strongest interference, I1 and I2,  are plotted for different ranges of geometry, , respectively. Note that the interferences, Ik, in Figure 2 include ACIR. From the figure, we can see the following.

· When geometry is negative, there is no clear dominant interference. Specifically, when<-3 dB the dominant interference is at least 3 to 4 db below the total interference plus noise. When is in the range of [-3 0], at the 50th percentile the dominant interference is about 2 dB below the total interference plus noise.
· In all cases, I1/I2> 5 dB at the 50th percentile.
· Except when <-3 dB, total interference is typically far larger than noise. At the 50th percentile, INR is about 20 dB.
In Figure 3, the CDF of the ratio of the arrival power of the strongest adjacent-channel cell to that of the strongest co-channel cell is plotted. At the 50th percentile, the ratio is about 7 dB. Note that for every co-channel cell, there could be two adjacent-channel cells. Taking into account ACIR from Figure 1, it can be seen that interference from co-channel cells typically dominates that from adjacent-channel cells. 

The above characteristics will be taken into account in simulations.
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Figure 2 Characteristics of interference and noise in NB-CIoT downlink (BPL coefficient =0.75).
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Figure 3 CDF of the power ratio of the strongest adjacent-channel cell to the strongest co-channel cell. 
To study the behaviour of a specific interference scenario as compared to that of thermal noise, it’s easier to first remove the effects of channel fading. The so-obtained results serve as the basis of modelling a specific interference scenario that is typically valid for a duration much shorter than the coherent time of a slowly fading channel. 

To define the test cases, two cases where modulated interference may lead to performance degradation when compared to AWGN of same power level are identified as below.
1. For victim signal operating at relatively high SINR, a single modulated interferer is typically benign as compared to AWGN of same strength. However, if there are a significant number of interferers of similar strength, the performance may be degraded. Due to constructive summation, the probability of the sum of the modulated interfering signals greater than the minimal Euclidean distance of the victim signal can be larger than that of AWGN. When the number of interfering signals of similar strength increases further, the individual strength decreases and the density function eventually approaches Gaussian. 
2. For victim signal operating at low SINR, particularly when less than 0 dB, one or two dominant modulated interfering signals can lead to significant performance degradation due to the fact that interference magnitude may take only a few values and some of them can be larger than that of the minimum Euclidean distance of the victim constellation. However, as can be seen from figure 2 a), in NB-CIoT downlink the dominant interference in this case is typically at least 3 db below the total interference plus noise. 
Consider the above scenarios as well as the characteristics of CIoT downlink interference, performance curves of the following test cases are provided. Note that below the interference power is the arrival power without taking into account ACIR.
Table 1 Test cases for comparison of interference and AWGN
	Test Case 
	Victim MCS 
	Interference & Noise

	1
	16QAM-2/3, MCS 10
	a). AWGN
b). 3 equal asynchronous co-channel cells + noise, Pk/N=10 dB, 16 QAM
c) 3 equal asynchronous adjacent-channel cells + noise, Pk/N=10 dB, 16 QAM
d). 1 synchronous co-channel cells+noise
P/N=10 dB, 16 QAM
e). 5 equal asynchronous adjacent-channel cells + noise, Pk/N=15 dB, 16 QAM

	2
	8PSK-2/3, MCS 8
	a). AWGN
b). 3 equal-power asynchronous co-channel cells + noise, Pk/N=10 dB, 16 QAM
c) 3 equal-power asynchronous adjacent-channel cells+ noise, Pk/N=10 dB, 16QAM,

	3
	QPSK-1/2, MCS 6
	a). AWGN
b). 1 asynchronous co-channel cells + noise, P/N=10 dB, QPSK
c) 1 asynchronous adjacent-channel cells+ noise, P/N=10 dB, QPSK.

	4
	BPSK-1/3, MCS 3
	a). AWGN
b). 1 asynchronous co-channel cells + noise, P/N=-3 dB, QPSK
c) 1 asynchronous adjacent-channel cells+ noise, P/N=-3 dB, QPSK,
d). 1 synchronous co-channel cells+noise, P/N=-3 dB, QPSK



The results of the above 4 test cases are shown in Figures 4 to 7, respectively. Several remarks are listed below.
· Except test case 1-(e), the performance with AWGN is always worse than the performance with interference. And test case 1 e) with 5 equal-strength dominant adjacent cells is not a realistic scenario in NB-CIoT downlink. It’s constructed for the purpose of demonstration.  
· Except test case 4 where operating SINR is around -2 dB, interference from co-channel cells always leads to better performance than interference from adjacent channel cells does. This is because ACIRs of subcarriers are more even in an adjacent cell, see Figure 1. 
· Synchronous co-channel interference can be significantly benign as compared to other realistic cases because there is only one narrowband interference. 
In summary, interference in the downlink of NB-CIoT is either benign or very close to AWGN. Consequently, as a conservative approach, an instantaneous SINR value can be directly mapped to an equivalent SNR value in AWGN as
                   SNRawgn=SINR 
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Figure 4 Comparison of 16QAM-2/3 performance under AWGN and interference (test case 1).
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Figure 5 Comparison of 8PSK-2/3 performance under AWGN and interference (test case 2).
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Figure 6 Comparison of QPSK-1/2 performance under AWGN and interference (test case 3).
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Figure 7 Comparison of BPSK-1/3 performance under AWGN and interference (test case 4).

L2S methodology
To determine the BLER of a link with a given combination of (MCS, CBS) and the number of allocated subcarriers T, the following procedure is applied:
1. For each slot and each subcarrier of the link, the interference arrival powers and their associated subcarrier indices are collected. Based on the difference between a victim subcarrier and interference subcarriers, the interference powers Ik, k=1,2..,K, seen by a victim subcarrier are calculated.  Together with the signal power S and noise power N, the average SINR of a subcarrier is calculated as S/(N+I1+…Ik). The above procedure is carried out for all the T allocated subcarriers.
2. For MCS 0, 1, and 2, there are multiple burst repetitions. In such a case, the SINR values of a subcarrier and a time slot of all bursts are summed together to obtain combined SINR.
3. The resulting SINR values from step 1 or step 2 in case of MCS 0, 1, and 2 are mapped by EESM or MIESM model to obtain an equivalent SINReq, from which the estimated BLER of the link is obtained by looking up a pre-defined performance table of the corresponding (MCS, CBS). For MCS 0, 1, and 2, the table for MCS 3 is used.    
Verification
To verify the proposed L2S mapping scheme, the following interference scenarios are defined as listed in Table 2. All interfering cells are assumed to be fully loaded with randomly generated modulation formats. Unless specified otherwise, 1 subcarrier is allocated.
Table 2 Interference secnarios.
	MCS 
	Interference (arrival power/subcarrier relative to AWGN)

	MCS 0 (4 subcarriers), MCS 3
	a) Co-channel 1, 3 dB
b) Adjacent-channel 1, 10 dB

	MCS 6, 8, 10
	a) Co-channel 1, 10 dB
b) Co-channel 2, 5 dB
c) Adjacent-channel 1, 17 dB
d) Adjacent channel 2, 17 dB



Similar to the interference variation defined in [10], interference nominal power level is changed randomly by +1 dB or -1 dB per 20 ms, in addition to fading.

The simulation assumptions are listed in Table 3. 
Table 3 Simulation assumptions
	No.
	Parameter
	Value/Randomly generated

	1
	Frequency band
	900 MHz

	2
	Propagation channel model
	TU

	3
	Doppler spread
	1 Hz 

	4
	Interference/noise
	Sensitivity

	5
	Antenna configuration
	1T1R

	6
	Victim cell frequency error
	±45 Hz, randomly generated per run

	7
	Symbol timing between cells 
	Randomly generated per cell

	8
	Clock offsets of interfering cells
	Randomly generated within 0.1 ppm per cell




For each test case, a number of channel realizations for both the victim signal and interfering signals are randomly generated. The channels of different cells were assumed to be independent. For each channel realization, simulations were carried out and a BLER curve in the region of concern was created by varying the noise and hence interference power levels. For each simulation run, the average SINR of each slot were recorded and the effective SINR were calculated using EESM. Last, the BLER values within the concerned region [0.005 0.5] and their associated effective SINR are plotted in the figures below as marked points. CBS around 200 bits and 800 bits were simulated, see [3] for defined CBS for each MCS.  The BLER curves in AWGN channel without interference is also plotted in the figures as the red dashed line. 

Ideally, the simulated BLER and associated effective SINR would fall exactly on the ideal BLER curve. A marked point in the figure, defined by the estimated effective SINR and the associated BLER value, below the ideal curve indicates an underestimate of the link performance. Likewise, a marked point above the ideal curve indicates an overestimate of the link performance. 

From the figures, the following can be seen.
1. Except MCS 0, which is the only MCS tested with burst repetitions, the proposed L2S mapping tends to underestimate the link performance. This is consistent with the conservative SINR to SNR mapping.
2. The most accurate performance estimations are observed for MCS 6, QPSK-1/2 and MCS 8, 8PSK-2/3. This could be due to the fact that adjacent-cell interference acts most closely to AWGN in these two cases, see figures 5 and 7.
3. More accurate estimation tends to occur when the packet size is smaller. 
4. The largest observed estimation error is about 0.8 dB.
5. The results are satisfactory: the largest observed estimation error is about 0.8 dB; for all tested MCS, the root-mean square error is less than 0.4 dB.
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Figure 8 Effective SINR results for MCS 0 and MCS 3 with small packet size.
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Figure 9. Effective SINR results for MCS 6, 8, and 10 with small packet size.
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Figure 10 Effective SINR results for MCS 0 and 3 with large packet size.
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Figure 11 Effective SINR results for MCS 0 and 3 with large packet size.
Summary
In this document, interference scenarios of NB-CIoT have been discussed and interference characteristics have been identified by system-level simulations. 

Based on the identified interference scenarios and characteristics, it has been shown by simulations that interference in the downlink of NB-CIoT leads to BLER performance either better than or very close to that of thermal noise. Based on this, the L2S methodology for the downlink NB-CIoT has been proposed and verified by simulations.
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