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Introduction
In RAN1#87ah-NR, the following agreement was reached:
· Transmit diversity scheme for DL control channel is supported.
· FFS; SFBC or precoder-cycling, etc
· Other schemes are not precluded
· FFS number of antenna ports (1 or 2)
· A UE assumes fixed number of RS REs per REG for control channel rate matching when the REG contains RS REs
· FFS;  if the fixed number is configurable

In this contribution, we evaluate PDCCH performance with different RS density and patterns. Based on the extensive analysis, we propose design guidelines for NR-PDCCH.
Evaluation assumptions
System setup
We consider a limited number of transmission schemes with two port SFBC transmit diversity. In simulations, payload data is transmitted with SFBC diversity, using two transmit antenna ports. Pilots for the two transmit ports are transmitted either on all pilot REs with OCC-2 diversity coding, or alternatingly between antenna ports and REs (FSTD). OCC-coded pilots are transmitted with same power as data, while FSTD pilots are boosted by 3 dB, to obtain the same spectral density. Simulations have been performed for 15 kHz subcarrier spacing with a 2048-point FFT, and for 30 kHz subcarrier spacing with a 1024-point FFT. Further details are discussed below.
· 20 MHz nominal system bandwidth (1200 subcarriers)
· PDCCH is carried in one OFDM symbol
· 2x2 MIMO antenna configuration
· Channel: TDL-A, 1000 ns delay spread, 3 km/h Doppler spread
· LTE tail-biting convolutional coding and rate matching 
· Although 3GPP recently decided on the use of polar codes for PDCCH, we believe the design guideline derived from the results here are still applicable.
· Payload size: 24-bit or 64-bit DCI, 16-bit CRC attachment is assumed
· Single-symbol cyclic-prefix based OFDM synchronization
· Frequency-domain channel estimation, smoothing and interpolation with 7 taps, designed to cut the delay spread at 1000 ns.
· MMSE combiner
For the 64-bit DCI, the PDCCHs are composed of 96, 192, 384 or 768 subcarriers and are transmitted in two schemes:
· Localized resources: All sub-carriers are contiguous in frequency
· Distributed resources: Sub-carriers are evenly spread out as blocks of 12 consecutive sub-carriers each.
For the 24-bit DCI, the PDCCHs are composed of 48, 96, 192 or 384 subcarriers with either localized or distributed resources.
Randomization of PDCCH locations across different subframes is assumed.
DM-RS arrangements
Pilot densities from 33% up to 50% with constant total normalized transmit energy. (T*F surface) are considered in this study. The exact pilot and data REs layout densities are illustrated in Figure 1 below.
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[bookmark: _Ref473810264]Figure 1 PDCCH DMRS patterns
The two-port DM-RS sequences (random QPSK symbols) are diversity coded either with OCC-2 or FSTD. In the FSTD case, the pilot symbols are boosted by 3 dB to get constant spectral density at the transmitter for comparable performance.
Channel estimation algorithms
The simulated receiver uses plain CP-based symbol synchronization that is updated once per subframe without averaging across subframe. The radio channels are estimated in the frequency domain per RS encoding. The estimates are then smoothed and interpolated in the frequency domain with either of the following two approaches:
· MDF: a short-delay-pass filter (designed to cut off the channel response at the delay spread of the channel), 
· MVER: a plain average of channel estimates within a PRB (180 kHz).
Our evaluation indicates MDF provides better link performance for both localized and distributed resources for PDCCH. Discussion in the rest of the contribution will be based on the MDF channel estimation.
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In the following, we compare first the performance with varying pilot density, then pilot patterns.
The plot legends may display the following information pieces
· Channel assumption: TDLA-1000ns, 3kmph
· Subcarrer spacing: sc30 and sc15 for 30 kHz or 15 kHz sub-carrier spacing
· Frequency diversity type:
· LOJ: all PDCCH subcarriers are contiguous in frequency
· DIRH: PDCCH subcarriers are in groups of 12 subcarriers with the groups distributed even across the system bandwidth
· Pilot coding, density (pilot groups per PRB) and gain (in dB):
· OCCF: OCC-2 coded pilots spread in frequency
· FSTD: FSTD coded pilots
· OCC1: OCC-2 coded pilots spread in frequency, first OFDM only.
· OCCT: OCC-2 coded pilots spread in time, on a single subcarrier.
· For OCC pilots, no power boosting is used (pg0). For FSTD pilots, 3 dB power boosting is used (pg3).
· DCI size in payload bits: p(#bits)
· Time/frequency allocation: (#OFDM)sx(#CCE)cx(#REg)rx(#bits/RE)
· For example, 1sx2cx4rx2m indicates 1 OFDM symbol PDCCH with 2 CCEs where each CCE has 4 PRB (48 subcarriers) and QPSK is used for PDCCH
· Channel code rate: r (e.g., 5/16) 
Pilot density
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[bookmark: _Ref473813302]Figure 2 Pilot density 1/3 versus 1/2 for AL16 (red, purple) and AL2(blue, yellow). Localized PDCCH in upper two diagrams, distributed PDCCH in lower. OCC-F pilots to left, FSTD pilots to the right.
Figure 2 illustrates the performance difference between 33% and 50% density. Density 1/3 shows a gain of 1 dB over density 1/2 a AL2. At lower AL, it is clear that the coding gains from transmitting more parity bits obviously are more prominent than the processing gains for better channel estimation. It is however interesting to note that the tradeoff still holds even at AL16: density 1/3 still has about 0.25 dB advantage at -3dB SNR.
Observation 1 Under the simulated conditions, there is no gain in pilot density higher than 1/3, regardless of aggregation level.
Pilot diversity
Here we compare the performance with OCC pilots versus performance with FSTD pilots.
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Figure 3 BLER curves from use of FSTD and OCC pilots for AL1 (left) and AL8 (right)
The above figure illustrates the small difference in BLER performance between OCC or FSTD pilots. Traces for the two pilot diversity codes practically overlap each other.
Observation 2 Under the simulated conditions, there is no difference in BLER between OCC-F pilots and FSTD pilots.
Pilot and symbol patterns
[image: ][image: ]
Figure 4 {Split symbol, 30 kHz} versus {Single symbol, 15 kHz} at AL1 (left) and AL8 (right)
Comparing pilot patterns. Figure 4 shows performance traces for AL1 and AL8
· Split symbol with 30 kHz subcarriers, OCC pilots
· Spread in frequency (OCC1). Two groups of two adjacent subcarriers in first sub-symbol
· Spread in time (OCCT). Two subcarriers per sub-symbol, OCC across sub-symbols
· whole symbol, OCC pilots in frequency direction (OCCF)
· Island pattern (i.e. Two groups of two adjacent subcarriers)
· Comb pattern (i.e. Pilots every third subcarrier, OCC in pairs)
At AL1, the traces indicate a small but significant advantage for 15 kHz subcarriers in island configuration.
At AL8, we see again that the 15 kHz subcarrier with pilot islands yield the best performance, matched by comb pilots. Here both 30 kHz split symbol configurations lose about 0.5 dB.
Observation 3 Comb- and Island- configurations have similar performance.
Observation 4 Split-symbol configurations with pilots spread in frequency perform around 0.5 dB worse than single-symbol configurations.
Observation 5 Split-symbol with pilots spread in time perform similarly to single-symbol at AL1, but 0.5 dB worse at AL8.

Conclusions
In this contribution we made the following observations:
Observation 1 Under the simulated conditions, there is no gain in pilot density higher than 1/3, regardless of aggregation level.
Observation 2 Under the simulated conditions, there is no difference in BLER between OCC-F pilots and FSTD pilots.
Observation 3 Comb- and Island- configurations have similar performance.
Observation 4 Split-symbol configurations with pilots spread in frequency perform around 0.5 dB worse than single-symbol configurations.
Observation 5 Split-symbol with pilots spread in time perform similarly to single-symbol at AL1, but 0.5 dB worse at AL8.
Based on the discussion in this contribution, we propose the following design guidelines for NR PDCCH:
1. NR PDCCHs are transmitted in the base numerology.
1. RS density for NR PDCCHs should be kept below 33%.
1. If two ports are supported, 2x2 islands RS arrangement is preferred for NR PDCCH.
1. NR PDCCH support either OCC or FSTD RS.
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