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Views on the Pilot Designs for Downlink CS-NB-CIoT Systems
1 Introduction:
A new SI was approved for investigating the cellular ultra-low complexity low throughput IoT at GERAN # 62 [1]. This document is related to the downlink physical layer design for the Narrowband Cellular IoT candidate solution (NB-CIoT), which recently emerged as the converged solution of the NB-M2M and NB-OFDM candidate solutions [2]. The detailed descriptions for the converged NB-M2M and NB-OFDMA solution, which is built upon the component blocks of NB-M2M and NB-OFDMA can be found in TR 45.820 [3]. 
In this document, we discuss the reference (pilot) signal design proposed for the downlink NB-OFDMA CS-CIoT systems in [4] and discuss its possible enhancements. The possible enhancements in the pilot design are motivated from the perspective of spectral efficiency, especially for the scenarios implementing cell-specific reference signals.
2 Reference Signal Design
Reference Signal Design
In order to estimate the wireless channel, a common approach is to use the pilot-symbol assisted modulation in which the reference (pilot) signals are inserted between desired data signals so that  receiver can estimate the channel based on received reference signals. In the converged candidate solution [2], the reference signals are inserted between the data signals in a lattice structure in order to facilitate the channel estimation process in both time and frequency domains. The reference signals can also be utilized to track the timing and frequency offsets. The existing reference signal design given in [4] is shown in Figure 1. Depending on the objective of reference signals, the reference signals can be considered in the following configurations
(a) Cell specific or common reference signal
(b) User-specific or dedicated reference signal 
In (a), the reference signal specific to a cell is broadcast to all devices in the cell for performing channel estimation, and frequency offset tracking. In (b), the reference signals are dedicated to specific devices and may be modulated with device-specific beamforming. However, in the context of massive number of devices (which is one of the CIoT SI premises), the cell-specific reference signal design may be better suited because in this case the reference signal is broadcast to all the devices in the cell without dedicating the beamforming signal to a particular device(s). Thus, the existing reference signal design given in [4] is inherently a cell specific design.
Observation 1:  Channel estimation based on cell-specific reference signals has better feasibility to support the massive number of CIoT devices.  



[bookmark: _Ref426028006]Figure 1: Existing Downlink Pilot Pattern Design
Discussions 
According to the reference signal pattern given in [4], also shown in Figure 1 above, the reference signals are inserted into every subcarrier following a pre-defined pattern. However, the insertion of reference signals in every subcarrier may not be always necessary because the pilot signal density (ratio of reference signal to desired data signal) sufficient for estimating the channel depends on the wireless channel characteristics and device mobility. In particular, for OFDM systems, the reference signals should be sampled at a rate which satisfies the two-dimensional Nyquist sampling theorem as [5]
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where  and  denote the sample-spacing between two reference symbols in the time- and frequency-domains, respectively,  is the maximum Doppler frequency,  is the OFDM symbol duration including the cyclic prefix,  is subcarrier spacing, and  is the maximum delay of the wireless channel. Thus, having a lower number of pilots (without violating (1)) than that in the existing pilot design [4] may be sufficient for estimating the channel. Hence, a careful design of the reference signal pattern may be more beneficial from the perspective of spectral efficiency. 
One possible approach for re-designing the reference signal patterns from the perspective of achieving a better spectral efficiency could be, as in the current LTE, to use a sparser pattern (lower pilot density), thereby improving the spectral efficiency. Exploiting a sparser design is also possible because the cell-specific reference signals can be utilized for channel estimation even out of the assigned subcarriers. For example, reference signals can be sparsely dispersed by insertion into every  subcarrier and every  OFDM symbol instead of having the signals at every subcarrier, where  and  can determined based on the channel coherence bandwidth and coherent time of the channel. 
Observation 2:  Based on the equation (1), the ratio of reference signal to desired data signal in time and frequency domains need to be carefully considered from the perspective of spectral efficiency.
3 Performance Evaluation
In this section, simulation results for the performance evaluation of the channel estimation based on the existing reference signal design and some alternative designs are discussed. 
Simulation assumptions
[bookmark: _Ref426036713]As shown in Table 1 below, two burst durations, 60 and 12 slots, are considered as specified in [4]. The other simulation assumptions are described in Table 1 as well. The MCSs used for the simulations are also illustrated in Table 2. 
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[bookmark: _Ref426465688]Table 1: Simulation assumptions
	Simulation Parameters
	Values

	Carrier (MHz)
	900

	Symbol rate (kHz)
	3.75

	Antenna configuration
	1 Tx and 1 Rx

	Channel model
	TU

	Doppler (Hz)
	1

	Channel estimation
	1-dimensional Wiener filters with a slot period

	 Burst duration
	300ms (π/2-BPSK)
60ms (π/4-QPSK)

	FEC
	1/3 TBCC

	Modulation
	π/2-BPSK, π/4-QPSK
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Table 2: MCS parameters
	MCS 
	Modulation
	CR
	Repetition
	CBS Index
	CBS (Bits)
	Subcarriers
	Burst duration (slots)

	3
	π/2-BPSK
	1/3
	1
	2
	600
	2
	60

	6
	π/4-QPSK
	1/2
	1
	2
	360
	2
	12



Simulation results
In this section we show the evaluated error performance for two different reference signal patterns P1 and P2 where P1 is the pilot pattern as shown in Figure 1 and P2 is the pilot pattern with 25% less pilots as compared to P1. Moreover, we compare the performance of two types of channel estimators: Type-1 and Type-2, which are defined as follows. 
· Type-1: 1-dimensional channel estimator applied to pattern P1 in the time domain only
· Type-2: Two 1-dimensional channel estimators each in time and frequency domains utilizing five reference signal locations in the frequency domain (may include out of the assigned subcarriers). This estimator is applied to both patterns P1 and P2 for comparison.
The error performance with perfect channel state information (CSI) case is considered for reference.
 Figure 2 shows error performance of the aforementioned channel estimator types with MCS3 and 60 burst durations (slots). As shown in Figure 2, the Type-1 estimator yields about 2.3 dB worse performance compared to the perfect CSI case at  BLER. On the other hand, the performance of the Type-2 estimator applied to P1 is only about 0.3 dB worse than the perfect CSI case at  BLER. As another variation of Type-2 estimator mentioned above, i.e. the Type-2 estimator applied to P2, has about 1.1 dB worse performance than the perfect CSI case. The reason the Type-2 estimator applied to P2 has slightly worse performance compared to Type-1 estimator is because of the slightly worse correlation among the pilots in the frequency domain. 
Figure 3 shows error performance of MCS6 with a burst duration of 12 slots. As shown in Figure 3, the Type-1 channel estimator shows 1.9 dB degradation from the perfect CSI case whereas Type-2 with P1 and Type-2 with P2 are 0.3 and 1.0 dB degraded from the perfect CSI case, respectively, at observed at  BLER. Both Type-2 channel estimators show at least 1.2 dB better error performance than that of Type-1.
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[bookmark: _Ref426105452][bookmark: _Ref426105446]Figure 2: Error performance for MCS3 with burst duration 60 slots 
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[bookmark: _Ref426111705]Figure 3: Error performance for MCS 6 with burst duration 12 slots

Proposal:  It is suggested that further investigation on the DL reference signal pattern is necessary.
4 Summary
In this document, we provided our views on the reference signal pattern in downlink CS-NB-CIoT systems and explored its possible enhancements from the perspective of improving spectral efficiency considering the cell-specific reference signals. As the cell-specific reference signals transmitted on downlink are used to enable channel estimation on mobile devices and since these signals use dedicated resources, careful design is needed to optimize spectral efficiency. Based on the discussions, we have the following observations and proposal.
Observation 1:  Channel estimation based on cell-specific reference signals has better feasibility to support the massive number of CIoT devices.  
Observation 2:  Based on the equation (1), the ratio of reference signal to desired data signal in time and frequency domains need to be carefully considered from the perspective of spectral efficiency.
Proposal:  It is suggested that further investigation on the DL reference signal pattern is necessary.
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