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1. Introduction
The NR access technology is required to support various use-cases/scenarios at various carrier frequencies [1]. In order to achieve high spectral efficiency with a reasonable complexity, the OFDM-based waveform would be a baseline design principle as in LTE in compliance with SID [2]. For NR, RS design is fundamental and an important factor to be studied. In this contribution, we show our initial views on demodulation RS design for NR access technology. 
2. Discussion
In LTE, subcarrier-spacing of 15 kHz was adopted. On top of this subcarrier-spacing and other numerology parameters, CRS and DMRS were specified as RSs for demodulating DL data. The RS patterns/mappings were designed such that the required maximum channel delay spread and maximum Doppler frequency were well supported. In the designs, support of MIMO and RS overhead was also taken into account.
In NR, in addition to support a wider bandwidth and much higher carrier frequencies compared with existing LTE systems, scalable numerology is required [1]. Therefore, variable carrier frequency, bandwidth, subcarrier-spacing, and symbol-length, need to be taken into account to design the RS. In the following, RS for demodulating DL data for scalable numerology is discussed.
2.1. Necessary RS spacing in frequency-domain
In order to design RS for demodulating DL data with a reasonable overhead, necessary RS spacing needs to be considered in both frequency-domain and time-domain. In this sub-section, we discuss necessary RS spacing in frequency-domain. 
Before discussing NR RS for demodulation, LTE DMRS in Rel. 10 is reviewed below. In LTE, CP-length of 4.67 s was specified, in which case the maximum delay-spread of 1.4 s can be managed (derived assuming uniform power-delay profile over the whole CP-duration). Then, each antenna port of Rel. 10 LTE DMRS is mapped on every 5 subcarriers (= 75 kHz RS spacing) in frequency-domain in the scheduled PRB. Therefore, it can be interpreted that the LTE DMRS spacing on each antenna port in frequency-domain is 51.1% of channel coherence bandwidth, denoted by Eq. (1) [3], where W and  are the coherence bandwidth and the r.m.s delay spread, respectively.
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Now, we calculate the necessary RS spacing for NR in frequency-domain, assuming that the above 51.1% of channel coherence bandwidth offers reasonable channel estimation performance. Table I shows the required RS spacing in frequency-domain for given channel delay profiles. Here, the channel models agreed in [4], and typical legacy channel models such as EPA, EVA, and ETU, are listed. Note that for UMa channel models, of which r.m.s. delay spread value is large compared with the channel model of UMi street-canyon and indoor office, “normal-delay profile” corresponds to the median, and the “long-delay profile” corresponds to the 90th percentile of the NLOS r.m.s delay spread. 
Table I Required RS spacing in frequency-domain
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UMa, Normal-delay profile (6 GHz) 0.364  280.8

UMa, Normal-delay profile (28 GHz) 0.266  384.2

UMa, Normal-delay profile (70 GHz) 0.221  462.4

UMa, Long-delay profile (6 GHz) 1.149 88.9

UMa, Long-delay profile (28 GHz) 0.839 121.8

UMa, Long-delay profile (70 GHz) 0.696 146.8

EPA 0.045 2271.1

EVA 0.357 286.3

ETU 0.991 103.1


According to the agreed UMa channel model, as the carrier frequency becomes higher, the delay spread value becomes smaller. Therefore, required RS spacing can be wider for higher carrier frequency. However, the value difference is not less than 50%. On the other hand, higher carrier frequency would require wider subcarrier-spacing (f), likely to be by a factor of 2n to alleviate the impact of phase-noise [5]. Considering these two aspects, it may not be optimal to define common RS mapping pattern for different f, even taking into account that RS spacing required at higher-carrier frequency is slightly wider. 
Observation 1:

· RS study should include whether a common RS mapping pattern in frequency-domain for scalable numerology is feasible.
· Necessary subcarrier-spacing for higher carrier frequency would be wider by a factor of 2n, while the delay spread for higher carrier frequency may not be scaled  exponentially in the same order as subcarrier-spacing. 

2.2. Necessary RS spacing in time-domain

In this section, we discuss necessary RS spacing in time-domain. Below, the necessary RS spacing is calculated based on the coherent time [4] which was assumed in the discussion of LTE DMRS design. In order to calculate the required RS spacing (counted by the number of symbols), we assume the candidates of f, carrier frequency and supportive UE speed. f is derived from f0 * 2m (f0 = 15 kHz, and m is an integer) for simplicity, and the carrier frequency is assumed 6 GHz, 30 GHz, and 70 GHz which are expected to have different radio propagation characteristics [6]. Table II shows the potential target UE speeds at each carrier frequency, where two cases are assumed: case 1 for middle mobility, and case 2 for high mobility.
Table II Potential target UE speed
(a) Case 1 for middle mobility

[image: image3.emf]Carrier frequency (GHz)

6 30 70

UE Speed (km/h) 350 120 30


(b) Case 2 for high mobility

 [image: image4.emf]Carrier frequency (GHz)

6 30 70

UE Speed (km/h) 500 350 120


Based on these tables, we calculate the required RS spacing in time-domain for each carrier frequency and f, respectively, using eq. (2) [3]. 
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Here, coherence time Tc is defined such that the time-domain correlation value is 0.5. fm is the maximum Doppler frequency. Table III summarizes the analysis.  

Table III Required RS spacing in time-domain (counted by the number of symbols)
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Case 1 Case 2

6 30 70 6 30 70

15 66.67

1.7  1.0  1.7  1.2  0.3  0.4 

30 33.33

3.4  2.0  3.4  2.4  0.7  0.8 

60 16.67

6.7  3.9  6.7  4.7  1.3  1.7 

120 8.33

13.5  7.9  13.5  9.4  2.7  3.4 

240 4.17

27.0  15.7  27.0  18.9  5.4  6.7 

480 2.08

53.9  31.5  53.9  37.8  10.8  13.5 

960 1.04

107.9  62.9  107.9  75.5  21.6  27.0 


The table shows that in case of 15 kHz f (same numerology as in LTE), highly dense RS insertion is required irrespective of its carrier frequency. This is because Doppler frequency is linearly increased according to the carrier frequency and hence, 350 km/h even at 6 GHz carrier frequency requires quite high RS density compared to, typical LTE carrier frequency, e.g., 2 GHz. The RS density can be reduced by widening f. For example, when f is 60 kHz and target UE speed is case 1, the required RS spacing is 6.7 symbols, 3.9 symbols, and 6.7 symbols at the carrier frequency of 6 GHz, 30 GHz, and 70 GHz, respectively, which may be within an acceptable range. With further wider f such as 120 kHz or 240 kHz, RS overhead in time can be further reduced. In other words, if we apply the common RS mapping pattern among different f, the RS density would become too much especially at wider f. 

Note that the necessary RS spacing in time is different between case 1 and case 2. If the RS mapping pattern needs to be universal, it should cover both case 1 and case 2. However, RS mapping pattern which could cover case 2 is highly dense and hence, it can be excessive overhead in case 1.  
Observation 2:

· RS study should include whether a common RS mapping pattern in time-domain for scalable numerology is feasible.
· For a given subcarrier-spacing, RS mapping pattern can be common/similar for different carrier frequencies assuming that the target UE speed is different among different carrier frequencies.

· For a given carrier frequency and target UE speed at the frequency, optimal RS mapping pattern may be different for different subcarrier-spacing values.
2.3. Other factors to be considered for RS design
In addition to the above aspects, following should be taken into account to design RS for demodulation.
· MIMO multiplexing and beam-forming

MIMO multiplexing is essential for NR. Furthermore, at higher carrier frequencies, spatial-domain flexibility should be utilizable not only for multiplexing streams but also for beam-forming. Especially, analogue beam-forming may require different design principle compared to the existing DMRS antenna port utilization. 

· RS overhead
The channel estimation performance is highly depending on the number of RS resource elements. As the RS resource elements increases, the channel estimation accuracy improves, while the overhead also increases. In LTE, considering the trade-off, the number of RS resource elements within one PRB is determined 12 per one layer. Similar assumption may be necessary to consider further the RS for NR.

· Latency for channel estimation

Unlike LTE, NR would be designed such that UEs capable of very fast processing exhibits its very low latency [7]. One example is self-contained operation, in which DL data is very quickly processed and the HARQ-ACK feedback for the data is transmitted within a short time-interval, e.g., 1 ms. In order to realize this, RS should be designed such that the channel estimation processing can be finished as early as possible. One way is to map the RS at the beginning of a DL data transmission. However, this mapping may not be robust against time-domain channel variation. As such, the trade-off between fast processing and channel estimation accuracy should be investigated. 

3. Link level evaluation
In this section, we provide initial link-level evaluation results to see how RS mapping pattern common for scalable numerology works. 
3.1. Simulation assumptions
Table V shows link level simulation assumptions. Subcarrier-spacing (f) of 15 kHz, 60 kHz, and 120 kHz, are evaluated. For fair comparison in terms of coding gain, same number of subcarriers/symbols per PRB/TTI is assumed for all the f, i.e., the bandwidth is assumed to be different. Phase-noise is not assumed.
Table V Simulation assumptions
[image: image7.emf]Carrier Freq.  6 GHz / 28 GHz

Subcarrier spacing 15 kHz 60 kHz 120 kHz

System bandwidth 10 MHz 40 MHz 80 MHz

Num. of RBs 50

Num. of OFDM symbols 14

Antenna configuration 4-by-4

Transmission mode TM 9 (random precoding)

DMRS configuration LTE base without CRS

Num. of layers and MCS 1 / 2/ 4

MCS #5 / #26

CFI 1

Channel model

MCS #5: CDL-C, UMa, Normal delay profile

MCS #26: CDL-B, UMi Street canyon, Normal delay profile

Channel est. Realistic channel estimation


The configuration of DMRS assumed in this evaluation is similar to the existing LTE specification, i.e., 12REs/PB, 12REs/PRB, and 24REs/PRB for rank 1, 2, and 4, respectively, as illustrated in Fig. 1, and common for different values of f. In order to eliminate the influence of inter symbol interferences, we assume sufficiently long CP.  
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Fig. 1 DMRS mapping assumed in the evaluation.
3.2. Simulation result
Figure 2 shows the required SNR for achieving BLER = 10 % as a function of Doppler frequency (UE speed) when f is 15 kHz, 60 kHz, and 120 kHz, respectively. Figure 2 (a) and (b) shows the performance of rank 1, 2, and 4 with MCS index #26, and carrier frequency of 6 GHz and 28 GHz, under the channel model of CDL-B, UMi street canyon, normal delay profile. Figure 2 (c) and (d) shows the performance of rank 1, 2, and 4 with MCS index #5, and carrier frequency of 6 GHz and 28 GHz, under the channel model of CDL-C, UMa, normal delay profile. 
It is confirmed by the figures that as the Doppler frequency becomes higher, the required SNR becomes higher. For a given set of f and MCS/rank, the performance degradation due to UE speed becomes large at higher carrier frequencies, since the Doppler frequency is a function of carrier frequency. However, even at the higher carrier frequency, by using wider f, BLER = 10% can be achieved with higher Doppler frequency within reasonable SNR range. 
Unlike the discussion in the previous section, the impact of RS spacing in frequency-domain is not visible in this evaluation. Here, UMa and UMi normal delay profiles are assumed for MCS#5 and MCS#26, respectively. For MCS#5, even if RS spacing in frequency is relatively smaller compared to the necessary RS spacing for the UMa channel delay profile, the degradation in channel estimation accuracy is observed because of the lower MCS index. For MCS#26, since the delay spread in UMi channel model is relatively small, wider RS spacing is not necessary for wider f. Therefore, in order to confirm necessary RS spacing in frequency-domain, further investigation is necessary taking into account other scenarios.
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(a) MCS#26, CDL-B, 6 GHz                                             (b) MCS#26, CDL-B, 28 GHz
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(c) MCS#5, CDL-C, 6 GHz                                             (d) MCS#5, CDL-C, 28 GHz
Fig. 2 Required SNR for achieving the BLER = 10 %.
Observation 3:

· Further investigation is necessary to consider whether a common RS mapping pattern for scalable numerology is feasible, or separate and optimal RS mapping patterns for different cases are necessary, taking into account various scenarios and carrier frequencies.

4. Conclusion
In this contribution, we discuss the demodulation RS design of NR access technology and reached following observations.
Observation 1:

· RS study should include whether a common RS mapping pattern in frequency-domain for scalable numerology is feasible.
· Necessary subcarrier-spacing for higher carrier frequency would be wider by a factor of 2n, while the delay spread for higher carrier frequency may not be scaled  exponentially in the same order as subcarrier-spacing. 

Observation 2:

· RS study should include whether a common RS mapping pattern in time-domain for scalable numerology is feasible.
· For a given subcarrier-spacing, RS mapping pattern can be common/similar for different carrier frequencies assuming that the target UE speed is different among different carrier frequencies.

· For a given carrier frequency and target UE speed at the frequency, optimal RS mapping pattern may be different for different subcarrier-spacing values.

Observation 3:

· Further investigation is necessary to consider whether a common RS mapping pattern for scalable numerology is feasible, or separate and optimal RS mapping patterns for different cases are necessary, taking into account various scenarios and carrier frequencies.
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