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1 Introduction
The REG bundle size, DMRS resource mapping and its density have impact on the channel estimation performance. In RAN1 NR AH#2, the issues regarding the REG bundle size and DMRS resource mapping were agreed as follows. But the DMRS density is still FFS. In this contribution, we discuss this remaining issue and provide corresponding evaluation results.
Agreement:
For a 1-symbol CORESET with interleaving, 

· At least REG bundle size = 2 is supported

· Working assumption:

· REG bundle size = 6 is also supported 

· FFS whether configuration between 2 and 6 is explicit or implicit

· Precoder granularity in frequency domain is equal to the REG bundle size in the frequency domain

For a 2 or 3 symbol CORESET with interleaving, 

· At least REG bundle size = CORESET length is supported

· Working assumption:

· REG bundle size = 6 is also supported 

· FFS whether configuration between CORESET length and 6 is explicit or implicit

· Precoder granularity in frequency domain is equal to the REG bundle size in the frequency domain
(Note: REG bundle size = REGs in frequency domain x symbols in time domain)

Agreement:
· DMRS is mapped on all REGs on all the OFDM symbols of a given PDCCH candidate
· The DMRS density is the same on all REGs

2 Discussion
Generally speaking, the essence of the issue of proper DMRS density is to try to find a balance between the code rate and the channel estimation (CE) performance. When the SNR operation point is low, the CE accuracy is not good because of large noise level. In this case, increasing the DMRS density can help compensate the CE loss and thus achieve better decoding performance. When the SNR operation point is high, the benefit of further improvement on the CE accuracy is very limited due to low noise level in nature. The decrease of the code rate can lead to more significant decoding performance enhancement.

In this paper, the following DMRS densities are simulated.

· Case #1: DMRS density 1/6 as shown in Figure 1(a)

· It has the advantage of the lower code rate than other cases, but the price is the worst CE performance especially when the SNR operation point is low.

· Case #2: DMRS density 1/4 as shown in Figure 1(b)

· It is used to strike a balance between the code rate and the CE accuracy.

· If orthogonal multi-user (MU) is considered, the RS overhead would be larger, e.g., 1/2.

· Case #3: DMRS density 1/3 as shown in Figure 1(c)

· It is aimed to improve the CE performance especially in low SNR region or frequency selective fading channel. 
· If orthogonal MU is considered, two of the RS pilots can be assigned to another user without increasing the DMRS density. The DMRS of two antenna ports can further considered to be multiplexed in CDM manner.

· Case #4: DMRS density 1/3 as shown in Figure 1(d)

· The number of effective DMRS RE is 2 per REG. Two REs within a REG occupied by DMRS are power boosted by 3dB. Other two REs within the same REG are muted without transmitting anything.

· The power boosted RS REs are used to enhance the CE accuracy especially in low SNR region. But the CE improvement in frequency selective fading channel may be limited due to small number of effective DMRS RE.

· The muted REs can be assigned to DMRS of another user if orthogonal MU is supported.
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Figure 1. Illustration of DMRS densities
In this paper, we provide the simulation results for PDCCH which is mapped to three-symbol CORESET. According to our evaluations, the observations for three-symbol CORESET can also be applied to one- or two-symbol CORESET. Figures 3-6 show the performance for REG-to-CCE mapping with interleaving, and the REG bundle size is 3. That is, the REG bundle sizes in frequency and time domains (f- and t-domain) are one and three, respectively. Simulation results for REG bundle size 6 are provided in Appendix A.2. The simulation assumptions are listed in Table A.1 in Appendix A.1. 

Figure 2(a) and 2(b) illustrate the number of available pilots in frequency and time directions for REG bundle size 3 and 6, respectively. 
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Figure 2. Illustration of the number of pilots: (a) REG bundle size 3, and (b) REB bundle size 6
Figures 3 and 4 provide the results for DCI 20 bits in TDL-C RMS delay spread 30 ns and 1000 ns, respectively. And Figures 5 and 6 show the results for DCI 60 bits in TDL-C RMS delay spread 30 ns and 1000 ns, respectively.  According to the evaluation results, the observations are summarized as follows.
Observation #1:

· DMRS density 1/6 is not proper when the REG bundle size in frequency domain is one, i.e., REG bundle size equaling to the time duration of CORESET. Hugh performance loss (>2dB) can be observed when compared with other DMRS densities in high ALs.
· In general, when the fading channel varies slowly in f-domain, e.g., RMS delay spread 30ns, the lower DMRS density and larger DMRS density have better performances in low ALs and high ALs, respectively.
· The gain is highly related to the code rate. For example, the gain for lower DMRS density in low ALs is increasing with the increase of code rate. But the gain for larger DMRS density in high ALs is decreasing with the increase of code rate.   
· Generally, more available DMRS pilots in f-domain are good for the CE performance when the fading channel is very frequency selective, e.g., RMS delay spread 1000ns. In this scenario, DMRS densities 1/4 and 1/3 can provide better performance.
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Figure 3. Evaluations for DCI 20 bits and RMS DS 30 ns
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Figure 4. Evaluations for DCI 20 bits and RMS DS 1000 ns
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Figure 5. Evaluations for DCI 60 bits and RMS DS 30 ns

[image: image6.png]BLER

BLER

10%

Ctrl region is 3 symbols, TDL-C, RMS DS 1000ns,

3 km/hr, AL1, DCI =60 bits

00 Ctrl region is 3 symbols, TDL-C, RMS DS 1000ns, 3 km/hr, AL2, DCI =60 bits
1 = =

102 | ——DMRS 1/6

——DMRS 1/6
——DMRS 1/4
—e—DMRS 1/3
~—o—DMRS 1/3, Power Boost

B J T T Y R S

——DMRS 1/4
—e—DMRS 1/3
~—o—DMRS 1/3, Power Boost
sl o
~14-13-12-11-10 -9 - 32-10
SNR [dB]

Ctrl region is 3 symbols, TDL-C, RMS DS 1000ns, 3 km/hr, AL4, DCI =60 bits

-14-13-12-11-10 -9 -8 -7 -6 -

SNR [dB]

10012 3 4

Ctrl region is 3 symbols, TDL-C, RMS DS 1000ns, 3 km/hr, AL8, DCI =60 bits

10%

1071 3 10! 3
I
E
102 |—s—DMRS 1/6 3 107 ——DMRS 1/6 3
——DMRS 1/4 ——DMRS 1/4
—e—DMRS 1/3 —e—DMRS 1/3
—=—DMRS 1/3, Power Boost —=—DMRS 1/3, Power Boost
S ] S T S S P E S E S

10°

-14-13-12-11-10 -9 -8

-14-13-12-11-10 -9 -8 -7 -6 -5

SNR [dB]

3-2-10 1 2 3 4

5

6

7

8

9

10




Figure 6. Evaluations for DCI 60 bits and RMS DS 1000 ns
More specifically, we focus on the performance comparison on simulation Case #2 and #3, i.e., DMRS densities 1/4 and 1/3. Compared with DMRS density 1/4, it can be observed that DMRS density 1/3 achieves slightly better performance, e.g., 0.2 dB, in high ALs, although DMRS density 1/3 leads to performance loss > 1 dB when the code rate is high, e.g., DCI size 60 bits and AL is one. We do not think AL=1 is appropriate for 60-bit DCI. Another aspect to consider is the use of orthogonal MU-MIMO. When orthogonal MU-MIMO is used, the DMRS density 1/4 in Figure 1(b) will be increased to 1/2. In our opinion, the advantages of orthogonal MU-MIMO include the following and should be supported.
·    When the spatial separation is not good enough between co-scheduled users, the non-orthogonal MU-MIMO cannot provide acceptable decoding performance due to intolerable CE accuracy. Supporting orthogonal MU-MIMO can provide the flexibility for the network to switch between orthogonal- and non-orthogonal MU-MIMO for better UE decoding performance and control capacity.

·    If the higher modulation order is supported in future releases, e.g., two-stage DCI, the good spatial separation between co-scheduled users for higher modulation order is very important. Otherwise, the performance is degraded significantly. In this case, the orthogonal MU-MIMO can still provide robust performance by suppressing the interference.
Based on the discussions in this paper, our proposals are listed as follows.
Proposal #1: NR supports orthogonal MU-MIMO for DL control channel.

Proposal #2: The DMRS density per REG is 1/3 for DL control channel.
3 Conclusions

In this paper, we conduct the simulations for different DMRS densities. According to the simulation results, we have following observations.
Observation #1:

· DMRS density 1/6 is not proper when the REG bundle size in frequency domain is one, i.e., REG bundle size equaling to the time duration of CORESET. Hugh performance loss (>2dB) can be observed when compared with other DMRS densities in high ALs.
· In general, when the fading channel varies slowly in f-domain, e.g., RMS delay spread 30ns, the lower DMRS density and larger DMRS density have better performances in low ALs and high ALs, respectively.
· The gain is highly related to the code rate. For example, the gain for lower DMRS density in low ALs is increasing with the increase of code rate. But the gain for larger DMRS density in high ALs is decreasing with the increase of code rate.   

· Generally, more available DMRS pilots in f-domain are good for the CE performance when the fading channel is very frequency selective, e.g., RMS delay spread 1000ns. In this scenario, DMRS densities 1/4 and 1/3 can provide better performance
We also discuss the need of orthogonal MU-MIMO for DL control channel. Based on the discussions and provided results, our proposals are listed as follows.
Proposal #1: NR supports orthogonal MU-MIMO for DL control channel.

Proposal #2: The DMRS density per REG is 1/3 for DL control channel.
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Appendix
A.1 Simulation settings
Table A.1 Simulation assumptions
	Parameters
	Values

	Duplexing mode
	FDD

	Duration of simulation
	10000 subframes

	Channel bandwidth 
	10 MHz

	Carrier frequency
	4 GHz

	Subcarrier spacing
	15 kHz

	BS antenna configuration
	4 TX

	UE antenna configuration
	2 RX

	Channel type
	TDL-C

	RMS delay spread (DS)
	30 ns, 1000 ns

	UE speed
	3 km/hr

	Transmission scheme
	Precoder-cycling

	DCI size
	20/60 bits

	CRC size
	16 bits

	Modulation order
	QPSK

	Number of REGs per CCE
	6

	CCE aggregation level
	1, 2, 4, 8

	Signal generation flow
	LTE PDCCH-like

	Channel encoding
	TBCC

	Channel estimation
	2 x 1-D MMSE


A.2 More Results for REG bundle size 6

In Section A.2, the evaluation results are provided for REG bundle size 6. The number of available pilots in both frequency and time domains are depicted in Figure 2(b). Figures A.1 and A.2 provide the results for DCI 20 bits in TDL-C RMS delay spread 30 ns and 1000 ns, respectively. And Figures A.3 and A.4 show the results for DCI 60 bits in TDL-C RMS delay spread 30 ns and 1000 ns, respectively. The observations for Figures A.1-4 are summarized in Observation #1. As expected, the CE performance loss for DMRS density 1/6 is smaller in REG bundle size 6 than in REG bundle size 3. 
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Figure A.1. Evaluations for DCI 20 bits and RMS DS 30 ns
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Figure A.2. Evaluations for DCI 20 bits and RMS DS 1000 ns
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Figure A.3. Evaluations for DCI 60 bits and RMS DS 30 ns
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Figure A.4. Evaluations for DCI 60 bits and RMS DS 1000 ns
