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1. Introduction
In this contribution, we present out link level simulation results for NR initial synchronization and cell/TRP/beam search. The simulation settings are based on the agreed evaluation assumptions [1]. The basic structure of our downlink synchronization signal is shown in Figure 1. A Basic Beacon Unit (BBU) is the building block for the downlink beacon structure [2]. It can be transmitted once or repeated multiple times in a burst. Typically, transmission of multiple basic beacon units in one burst is intended for multi-beam operation. The total time occupied by a burst of basic beacon unit is referred to as the beacon duration. The interval between two bursts of basic beacon units is referred to as the beacon interval. These parameters can be adjusted to fit different development scenarios.
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Figure 1: Downlink synchronization signal structure
In addition, the basic beacon unit is also configurable by its sub-carrier spacing for various deployment needs. Figure 2 shows the sketch of the basic beacon unit used in our simulation. The unit comprises a first synchronization signal xSS1, a second synchronization signal xSS2 and a broadcast channel payload for carrying essential system information, the details of which will be discussed in a separate paper. In short, the xSS1 occupies one symbol and acts like the PSS in LTE whereas the xSS2 occupies a resource area of 2 RBs by two sub-frames and acts like the SSS in LTE as a cell identity. Moreover, xSS2 is also used for high accuracy frequency synchronization. Both synchronization signals are constructed by placing power-boosted pilot symbols in a small number of resource elements. Through the appropriate placement of these pilot REs, the signals are given their uniqueness and correlation properties. The details of the design can be found in our companion contribution [3].
Note that in the case of dual-polarization antennas at the transmit side, both polarizations transmit identical signals. In the cases of multiple TRPs and multiple beams, all TRPs and beams transmit the same xSS1 but different xSS2.
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Figure 2: Basic Beacon Unit
2. Receiver Design
Figure 3 shows the high level flow chart of the receiver processing for the detection of and synchronization to the basic beacon unit. Upon the reception of enough data samples, the receiver attempts to detect the xSS1 by performing energy detection of the pilot REs after converting the received samples to the frequency domain using FFT. This procedure can be executed on the fly to avoid excessive data buffering since it doesn’t involve complicated correlation in both time and frequency domains.
If the output of the energy detection exceeds a certain threshold, the presence of an xSS1 is likely and its coarse time-frequency synchronization is established. A coherent detection, or equivalently a correlation operation, is then carried out around the vicinity of the coarse timing reference to estimate the fine timing offset.
With the fine timing reference, the OFDM symbol boundary is determined and the detection of xSS2 will then follow. There are at least 506 xSS2 patterns for cell/TRP/beam identification. Each one needs to be hypothesis-tested by the detector. Because these patterns are formed by placement of power boosted pilot REs, they can be energy-detected just like xSS1. Those candidates that pass the energy detection will then be coherently detected again using a two-dimensional correlator over a small time and frequency range that covers the residual uncertainty left from the xSS1 detection. Finally, the remaining candidates with correlation output exceeding a threshold are declared as discovered cells and the demodulation and decoding of the PBCH they carry will proceed.
Note that in the case of dual-polarization antennas at the receive side, received signals at both polarizations go through identical processing and the outputs of energy-detection and correlation are diversity-combined and compared against the thresholds.
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Figure 3: Receiver flow chart 
3. Below 6 GHz

The parameters in our simulations are set according to the agreement and shown in Table 3 unless otherwise specified. For below 6 GHz, we simulated carrier frequency at 4 GHz with sub-carrier spacing of 15 and 60 kHz. The configuration of the basic beacon unit is shown in Table 1. There is only one basic beacon unit transmitted per 40 ms interval since it is a single-beam system. The beacon duration and bandwidth are scaled by the sub-carrier spacing, but the total number of REs is the same for both cases.
Note that a single threshold is used at all SNR values in all hypothesis testing. SNR-adjusted thresholding can further improve the performance.
Table 1: Configuration of Basic Beacon Unit for below 6 GHz simulation
	Sub-carrier spacing
	Beacon duration
	Beacon bandwidth
	Sampling rate
	FFT size
	# of BBU in 1 burst
	Beacon interval

	15 kHz
	2 ms
	4.32 MHz
	15.36 MHz
	1024
	1
	40 ms

	60 kHz
	0.5 ms
	17.28 MHz
	61.44 MHz
	
	
	


3.1. Single TRP

3.1.1. AWGN Channel
Figure 4 through Figure 6 show the CDFs for the acquisition time, residual timing error and residual frequency error for single TRP in AWGN channel, with 15 kHz sub-carrier spacing on the left and 60 kHz on the right. We declare a miss-detection if the correct cell ID cannot be found in 4 beacons or if the residual timing error is greater than the CP length. As can be seen, the cell can be acquired with the observation of a single beacon with probability close to 1 even at -9 dB SNR. The residual frequency error is proportional to the sub-carrier spacing since the frequency resolution is proportional to the xSS1 symbol length.
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Figure 4: CDF for acquisition time
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Figure 5: CDF for residual timing error
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Figure 6: CDF for residual frequency error
3.1.2. CDL_C Channel
In CDL_C channel, the performance degrades noticeably due to multi-path fading, but still most of the time (>99%) a UE can acquire the cell in 4 beacon intervals, or 160 ms, for SNR at -9 dB. The residual timing error are approximately the same in number of samples for both sub-carrier spacing. In other words, they have similar timing accuracy with respect to their CP lengths. However, in absolute time, 60 kHz sub-carrier spacing has 4 times greater resolution since its xSS1 has 4 time the bandwidth than that of 15 kHz. 
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Figure 7: CDF for acquisition time
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Figure 8: CDF for residual timing error
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Figure 9: CDF for residual frequency error
3.2. Multiple TRPs

There are 3 cells in the multi-TRPs case, two of which have the same signal strength and arrive at the same time whereas the third one is 3 dB weaker and arrives 600 ns late. All 3 cells transmit the same xSS1 but different xSS2. A successful acquisition is declared only when the first cell is detected. The results for AWGN channel are omitted because they have similar trend to that of the single TRP case.
3.2.1.  CDL_C Channel
The performance of multiple TRPs case degrades further due to interference. SFN transmission of xSS1 increases the chances of its detection, but also leads to greater residual timing error, as evidenced by Figure 11.
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Figure 10: CDF for acquisition time
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Figure 11: CDF for residual timing error
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Figure 12: CDF for residual frequency error
3.3. Probability of False Alarm & Missed Detection

In AWGN channel, there was no false alarm in the 5000 iterations of our simulation, and the probability of missed detection is very small in the 4 beacon intervals window as shown in Figure 4. Therefore, only results in CDL-C channel are shown. With a single threshold for all SNR values, probability of false alarm is kept under 1%, as shown in Figure 13.
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Figure 13: Probability of false alarm & missed detection in CDL-C channel
4. Above 6 GHz

For above 6 GHz, we simulated carrier frequency at 30 GHz with sub-carrier spacing of 60 kHz. The configuration of the basic beacon unit is shown in Table 1. There are 8 basic beacon units transmitted per 40 ms interval, each corresponds to one of the 8 transmit beams formed by the (4,8,2) antenna array, as shown in Figure 14.
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Figure 14: Beacon structure for above 6 GHz beam sweeping
Table 2: Configuration of Basic Beacon Unit for above 6 GHz simulation

	Sub-carrier spacing
	Beacon duration
	Beacon bandwidth
	# of BBUs in 1 burst
	Beacon interval

	60 kHz
	4 ms (0.5 ms per BBU)
	17.28 MHz
	8
	40 ms


If multiple panels of the (4,8,2) antenna arrays or fully connected port mapping are employed, the 8 beams can be multiplexed in frequency or spatial domain to reduce the total beacon duration. However, in our simulation, we assume that there is only one TXRU at the TRP, as shown in Figure 15(a). Antennas for both polarizations in the same column are connected to one phase shifter. The 8 phase shifters are connected to the same TXRU through which the beacons are transmitted. An 8×8 DFT matrix is used to generate a total of 8 beams in azimuth, which are swept one at a time over 8 basic beacon units. Note that this mapping between antenna elements and TXRU is just an equivalent illustration for the transmission of beacon. The data link may have a different mapping.
At the UE, there are two TXRUs, one for each polarization. Their mapping to the antenna elements is shown in Figure 15(b). A 4×4 DFT matrix is used to generate a total of 4 UE beams in azimuth for the reception of the synchronization signal. The UE tunes to one of the 4 beams for both polarizations during a 40 ms interval and then switches to another beam in the next 40 ms. The two branches are diversity-combined during the detection process. Therefore, it takes a total of 40×4=160 ms to complete a full transmit and receive sweep. The array boresights of the TRP and UE are facing each other.
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Figure 15: Array configuration and port mapping for the (a) TRP and (b) UE
Due to the high directivity gain (8 dB at TRP and 5 dB at UE) specified in the evaluation assumptions, the SNR value even before beamforming is already very high. Therefore, when a cell is detected, the residual timing and frequency errors are very much in line with those of 4 GHz. With beamforming, the cell can be easily detected even when the TX and RX beams are not aligned. This is illustrated in Figure 16 where we plot the probability of detection and false alarm for all 32 possible (TX, RX) beam pairs over 4 beacon intervals with a certain threshold. Beam pair index (1, 1) corresponds to the case in which the TX and RX beams are aligned. Clearly the cells are frequently detected when the beams are not optimally aligned. With a higher threshold value, the probability of false alarm can be reduced to zero at the expense of slightly lowered detection rate, as shown in Figure 17.
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Figure 16: Probability of detection (left) and false alarm (right) with low threshold
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Figure 17: Probability of detection (left) and false alarm (right) with high threshold

Due to the high SNR value and design of the synchronization signals, the UE can acquire the cell in only 1 beacon interval, as shown in Figure 18.
[image: image28.emf]0 10 20 30 40 50 60 70 80

Search Time (ms)

0

0.2

0.4

0.6

0.8

1

C

D

F

30 GHz, CDL_C, 60 kHz, low threshold

-15dB

-18dB

-21dB

[image: image29.emf]0 10 20 30 40 50 60 70 80

Search Time (ms)

0

0.2

0.4

0.6

0.8

1

C

D

F

30 GHz, CDL_C, 60 kHz, high threshold

-15dB

-18dB

-21dB


Figure 18: CDF for acquisition time at 30 GHz with beam sweeping for different thresholds
5. Conclusion
In this contribution, we presented our link level simulation results for an NR synchronization signal design. The design principle is based on the aggregation of LTE synchronization resources spread over 40 ms in one basic beacon unit and transmit the unit with periodicity of 40 ms or longer to adhere to the principle of minimizing the transmission of always-on signals. The aggregation of synchronization resource elements all in one beacon allows for greater flexibility in designing signals with better correlation properties and larger number of unique signatures. Since the periodicity of the transmission of synchronization signal in NR will be longer than that in LTE, the signal design needs to be strong enough for one-shot synchronization to reduce initial acquisition latency. With an overhead less than that of LTE, our simulation results show that even in the most challenging conditions, the initial synchronization and cell/TRP/beam search can be completed in one observation of the basic beacon unit most of the time. Moreover, the accuracy in time and frequency synchronization is high enough for the demodulation of the broadcast channel carried in the beacon, or even the data transmission following the beacon. In conclusion, we propose that

Proposal: The NR downlink synchronization signals should be transmitted less frequently than LTE to minimize the transmission of always-on signals for better forward compatibility. To reduce initial access latency, the signals should be designed in a way such that it can be detected and accurately synchronized to in a single observation with high probability.
6. Simulation Parameters
Table 3: Simulation Parameters
	 
	Below 6GHz
	Above 6GHz

	Carrier Frequency
	4 GHz
	30

	Channel Model
	CDL, AWGN

	Subcarrier Spacing(s)
	15, 60 kHz 
	60 kHz

	SNR range
	> -8dB
	> -18dB

	Antenna Configuration at the TRP
	As specified (Figure 15)

	Antenna Configuration at the UE
	As specified (Figure 15)

	Frequency Offset
	· Initial acquisition
· TRP: uniform distribution +/- 0.05 ppm
· UE: uniform distribution +/- 20  ppm 

	Number of interfering TRPs 
	As specified
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