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1 Introduction

In RAN#67, SI on latency reduction techniques for LTE was approved [1]. Based on [1], RAN1 should assess specification impact and study feasibility and performance of TTI lengths between 0.5ms and one OFDM symbol, taking into account impact on reference signals and physical layer control signalling while keeping backward compatibility.
In RAN1#83 meeting, it is agreed that evaluation methodology for latency reduction including link-level simulation assumption [2]. Based on the evaluation assumption, we provide our link-level simulation results and relevant observations/proposals on DMRS based PDCCH transmission with TTI shortening.
2 PRB mapping and PRB bundling of sPDCCH
2.1 Evaluation scenarios
In this contribution, the performance of sPDCCH (i.e., shortened PDCCH) based on DMRS is evaluated where sPDCCH is located within sTTI (i.e., shortened TTI). Demodulation RS of sPDCCH is UE-specific similar to EPDCCH and gives the benefit of precoding gain though it requires additional RS overhead. In addition, it should be introduced since utilizing CRS for sPDCCH demodulation seems not always available for all sTTIs within a subframe (e.g., MBSFN subframes).
In this section, we evaluated DMRS based sPDCCH performance according to PRB resource of sPDCCH and PRB bundling.

· Time and frequency resource

In terms of time resource of sPDCCH, we assumed that sTTI consists of 7 OFDM symbols and sPDCCH occupies first 2 OFDM symbols of each sTTI.
For frequency resource of sPDCCH, PRB resource for sPDCCH transmission bandwidth is restricted considering multiplexing between ‘sPDCCH and legacy PDSCH’ and/or ‘sPDCCH and sPDSCH (i.e., shortened PDSCH)’. We evaluated two PRB mapping options, one is localized PRB resource mapping and the other one is distributed PRB resource mapping. For evaluation of distributed PRB mapping, we assumed that PRBs for sPDCCH transmission are distributed within three frequency regions, rather than sPDCCH PRBs are distributed over the entire system bandwidth.
· PRB bundling
DMRS for sPDCCH needs to be allocated within sPDCCH OFDM symbols. Then, if sPDCCH occupies a few OFDM symbols, DMRS overhead could be too excessive compared to legacy TTI. Since it would be inefficient to allocate enough DMRS within a PRB in order to have sufficient channel estimation performance, it is worth to consider PRB bundling for channel estimation using restricted DMRS resource. Then, larger amount of DMRS REs can be utilized for channel estimation without increasing DMRS density.
To make a UE fully enjoy PRB bundling benefit, we assumed that DMRS is transmitted within all PRBs within a bundled PRB even if sPDCCH is transmitted using a part of RPB(s) within the PRB bundle.
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Figure 1. Examples of sPDCCH transmission with 7 symbols sTTI and 2 symbols sPDCCH region
2.2 Evaluation results

Based on the evaluation assumption in the last meeting [2], we obtained BLER performance of sPDCCH with localized/distributed PRB mapping and 1/3 PRB(s) bundling. Figure 2 shows sPDCCH performance with 7 symbols sTTI length and 2 symbols sPDCCH OFDM resource. 

In the evaluation, sPDCCH with aggregation level ’L’ is transmitted using 36xL REs except CRS resource. To reflect the effect of DMRS overhead, 36xL REs for sPDCCH transmission include DMRS REs and sPDCCH is rate-matched in DMRS REs. For sPDCCH transmission, single antenna port transmission with precoding based on CSI feedback is used. Regarding channel estimation, DMRS within sPDCCH transmitting symbols are utilized, and RS density with 4 REs per PRB is assumed. Detailed evaluation assumptions are summarized in Table 2 in Annex A.
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Figure 2. sPDCCH performance for localized/distributed PRB mapping and 1/3 PRB(s) bundling
Comparing the performance of localized PRB mapping and distributed PRB mapping, distributed PRB mapping shows frequency diversity gain over localized PRB mapping, similar to CRS based sPDCCH transmission results in our companion contribution [3]. 
Even if distributed PRB resource obtains diversity gain, the location of sPDCCH PRB resource needs to be determined considering frequency diversity gain and multiplexing with other channels. Therefore, to provide eNodeB flexibility, we would suggest that PRB resource for sPDCCH monitoring is configured by eNodeB, and the configuration is UE-specific similar to EPDCCH PRB-set configuration.

Observation 1: Distributed PRB mapping shows higher performance compared to localized PRB mapping.

Proposal 1: PRB resource for shortened PDCCH should be configurable.
For both of localized PRB mapping and distributed PRB mapping, we can see that PRB bundling using 3 PRBs obtains additional performance gain up to 1 dB since a UE can utilize more DMRS REs for channel estimation. 
To ensure PRB bundling for sPDCCH, DMRS resource mapping unit in frequency domain could be extended to multiple PRBs. Or, it can be also considered to extend frequency resource of resource block for sPDCCH or sTTI to multiple of 12 subcarriers.

Observation 2: PRB bundling with 3 PRBs can obtain performance gain up to 1 dB.

Proposal 2: Consider to extend DMRS resource mapping unit in frequency domain to multiple PRBs.
3 DMRS overhead
3.1 Evaluation scenarios
In this section, we show sPDCCH performance depending on various DMRS density.

For evaluation, distributed PRB mapping is applied as in Section 2 and considered sPDCCH OFDM symbol lengths are as follows
· OFDM symbol resource for sPDCCH
· 1 OFDM symbol 

· 2 OFDM symbols 

· 3 OFDM symbols 

· 7 OFDM symbols 

We assumed that DMRS is allocated within two adjacent OFDM symbols within a sPDCCH symbols similar to legacy DMRS pattern. DMRS overhead is the same per OFDM symbol. Considering CDM of DMRS for 2 antenna ports, the same frequency locations are used to transmit DMRS for two OFDM symbols. When sPDCCH OFDM symbol length equals to one, two DMRS REs are located in adjacent two REs within the OFDM symbol for CDM of DMRS of two ports across adjacent two REs. Under these assumptions, following three DMRS densities are evaluated.
· DMRS density
· 2 REs per PRB per antenna port
· 4 REs per PRB per antenna port
· 6 REs per PRB per antenna port
3.2 Evaluation results

Based on the evaluation assumption in Table 2 in Annex A, we obtained evaluation results for various DMRS overhead and OFDM symbol length for sPDCCH in EPA 3km/h. Evaluation results in EPA 3km/h channel are provided in Figure 3~6 in this section and results in ETU 60km/h channel are shown in Figure 7~10 in Annex B.

In the evaluation, sPDCCH with aggregation level ’L’ is transmitted using 36xL REs except CRS resource. However, to reflect the effect of DMRS overhead, 36xL REs for sPDCCH transmission include DMRS REs and sPDCCH is rate-matched in DMRS REs. For sPDCCH transmission, single antenna port transmission with precoding based on CSI feedback is used. Regarding channel estimation, 3 PRBs bundling is applied. 
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Figure 3. sPDCCH performance with 1 symbol sPDCCH region in EPA 3km/h
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Figure 4. sPDCCH performance with 2 symbols sPDCCH region in EPA 3km/h
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Figure 5. sPDCCH performance with 3 symbols sPDCCH region in EPA 3km/h
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Figure 6. sPDCCH performance with 7 symbols sPDCCH region in EPA 3km/h
According to the evaluation results, the optimal numbers of DMRS REs per PRB are summarized in Table 1. In this table, DMRS RE number which shows the best performance is marked for each combination of sPDCCH symbol numbers and aggregation levels.
Table 1. Optimal DMRS RE number per PRB in EPA 3km/h
	sPDCCH length
	RS RE number
	AL 1
	AL 2
	AL 4
	AL 8

	1 symbol
	2
	Ѵ
	Ѵ
	Ѵ
	

	
	4
	
	
	Ѵ
	Ѵ

	
	6
	
	
	
	

	2 symbols
	2
	Ѵ
	
	
	

	
	4
	
	Ѵ
	Ѵ
	

	
	6
	
	
	Ѵ
	Ѵ

	3 symbols
	2
	Ѵ
	
	
	

	
	4
	Ѵ
	Ѵ 
	
	

	
	6
	
	Ѵ
	Ѵ
	Ѵ

	7 symbols
	2
	
	
	
	

	
	4
	
	
	
	

	
	6
	Ѵ
	Ѵ
	Ѵ
	Ѵ


Based on the results, we can see that the optimal numbers of DMRS REs per PRB depends on following aspects.
· Operation SNR range
In general, if operating SNR range is low (i.e., sPDCCH aggregation level is large), larger amount of DMRS REs shows the better performance, since it can estimate channel environment more accurate. However, if operating SNR range is high (i.e., sPDCCH aggregation level is low), enough channel estimation quality could be obtained with smaller amount of DMRS REs. Then, sPDCCH performance with smaller DMRS overhead could be better since the amount of resource for sPDCCH transmission is increased.
· sPDCCH symbol length
Even if the same number of DMRS REs is allocated within a PRB, the RS density becomes different depending on sPDCCH OFDM symbol length. Therefore, the optimal number of DMRS REs would depend on sPDCCH symbol length.
In ETU channel, if DMRS is allocated sparsely in frequency domain, channel estimation result may not reflect channel fluctuation in frequency domain accurately. Therefore, in our simulation results, sPDCCH with 2REs/PRB DMRS overhead does not show enough performance in ETU channel.
Observation 3: Optimal DMRS RE number for sPDCCH demodulation depends on operating SNR range and sPDCCH symbol length.

With larger number of sPDCCH OFDM symbols, better performance can be obtained since the ratio of DMRS REs becomes smaller for the same amount of DMRS REs. Therefore, considering DMRS overhead, it seems desirable to transmit sPDCCH using the entire OFDM symbols within a sTTI. In other words, DMRS based sPDCCH  can be FDMed with sPDSCH.
Observation 4: DMRS based sPDCCH transmission using the entire OFDM symbols within a sTTI can obtain better performance compared to sPDCCH transmission using a part of OFDM symbols within a sTTI.

4 Conclusion 

In this contribution, we provide our simulation results on DMRS based PDCCH transmission with TTI shortening. Based on the results and discussion, we obtained following observations and proposals.
Observation 1: Distributed PRB mapping shows higher performance compared to localized PRB mapping.

Observation 2: PRB bundling with 3 PRBs can obtain performance gain up to 1 dB.

Observation 3: Optimal DMRS RE number for sPDCCH demodulation depends on operating SNR range and sPDCCH symbol length.

Observation 4: DMRS based sPDCCH transmission using the entire OFDM symbols within a sTTI can obtain better performance compared to sPDCCH transmission using a part of OFDM symbols within a sTTI.
Proposal 1: PRB resource for shortened PDCCH should be configurable.
Proposal 2: Consider to extend DMRS resource mapping unit in frequency domain to multiple PRBs.
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Annex A
Table 2. Evaluation assumptions on DMRS based PDCCH with TTI shortening
	Parameter
	Value

	Carrier frequency
	2 GHz

	System bandwidth
	10 MHz

	TTI length
	3/7 symbols

	Channel model and UE speed
	EPA 3km/h, ETU 60km/h

	Antenna configuration
	2Tx(eNB), 2Rx(UE)

	Payload size
	40bits

	CP length
	Normal

	Number of OFDM symbols for shortened (E)PDCCH
	1/3 symbols for 3 symbols TTI length 
2/7 symbols for 7 symbols TTI length

	Receiver type
	MMSE

	Channel estimation
	Practical

	Precoding codebook
	Based on CSI feedback

	CSI feedback
	5msec period, 3msec delay

	Performance metrics
	BLER


Annex B
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Figure 7. sPDCCH performance with 1 symbol sPDCCH region in ETU 60km/h
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Figure 8. sPDCCH performance with 2 symbols sPDCCH region in ETU 60km/h
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Figure 9. sPDCCH performance with 3 symbols sPDCCH region in ETU 60km/h
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Figure 10. sPDCCH performance with 7 symbols sPDCCH region in ETU 60km/h
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