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Introduction

RAN1 agreed on evaluation assumptions for RACH during the most recent meeting [1]. This paper shows our RACH design and some results. 


Beam Sweep during Synchronization and RACH
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Figure 1: Beam Sweep during Synchronization and Random Access Period


As discussed in [2], the base station can take two approaches, during the synchronization and random access period, to compensate for the high free space path loss and additional non-line-of-sight losses. First, the DL synchronization signals can be transmitted in a beamformed manner and swept through the angular coverage region (in azimuth and/or elevation). Second, the synchronization signal can be transmitted for a longer duration with a pseudo-omni beam. Beam sweep by the base station during synchronization and random access period has several advantages over pseudo-omni beam transmission or reception with longer duration. For example, the transmission of message 2 of the random access process, must be beamformed in order to meet the link budget, hence the base station and the UE need to learn the best beam pair for tx/rx during the synchronization/message-1 period. Other advantages of beamformed synchronization and random access signal were discussed in [2]. 

Proposal 1: The design should allow base stations to sweep beams during synchronization and random access period.

Use of Reciprocity between Synchronization and RACH
As mentioned in previous section, the BS needs to know a “good” DL synchronization beam to meet the link budget of Message 2. If base station sweeps during both synchronization and random access period, UE could convey the beam ID of “good” DL synchronization beams to the BS in two ways. 
First, the UE could transmit RACH during the entire period of the RACH subframe and explicitly convey the ID of the good DL synchronization beams. The base station does not need to use similar DL sync transmit beams and UL RACH receiver beams in this procedure. However, the overhead will go up because more RACH opportunities may need to be provided to randomize the users. The RACH signal in this case has to be long enough to cover link budget and repeated for as many beam sweeps as necessary.
In the other option, each UE could select the transmission time of RACH based on the symbol index of the DL synchronization subframe where it received “good” DL synchronization beam. The base station can find the symbol containing a “good” DL synchronization beam based on the transmission time of random access signal. In this procedure, the base station needs to use similar beams while transmitting DL synchronization signals and receiving UL random access signals. However, in this procedure, the random access transmission of two UEs cannot interfere with each other if their selection of “good” DL synchronization beam is not same. Besides, the use of cyclic shifts and different subcarrier region can provide additional user multiplexing capacity in RACH subframe.
Our contribution in [3] shows that the beam strength estimation of a particular beam may remain valid for  40 ms duration at pedestrian velocity. Besides, the array gain drops by only a small amount with a reasonable amplitude error and 3-5 bit phase shifters.
Proposal 2: Base station should use beam reciprocity to the extent possible between transmitting DL synchronization signals and receiving UL random access signals.
Proposal 3: If beam reciprocity holds, UE can select a resource of the random access subframe based on the signal strengths of DL synchronization beams to transmit RACH signal.

RACH Subframe in Overall Frame Structure
In the time domain, some resources must be periodically allocated for the transmission of random access signals. For example, we can allocate 625 micro second worth of RACH resources in every 20 ms duration.
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Figure 2: RACH Subframe in Overall Frame Structure
The UE could sweep its receiver beams and subarrays while receiving synchronization signals to find the best subarray and UL transmit beam combination before transmitting random access signals. This would allow the UE to meet the link budget for random access transmission.
Observation 1: The UE may sweep its receiver beams and subarrays while receiving synchronization signals to find the best subarray and UL transmit beam combination before transmitting random access signals.
The RACH subframe should contain multiple symbols where the base station could sweep different beams to cover a sufficiently large angular region in both azimuth and elevation. In our design, we propose to allocate 14 symbols in the RACH subframe where the base station could sweep in multiple directions.
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Figure 3: RACH subframe structure

Proposal 4: In every X msec, Y msec worth of resources are allocated for the transmission of a random access burst. Each random access burst consists of N nominal random access symbols. The exact values of X, Y and N are FFS (example: X=20, Y=0.625, N=14). The values of X, Y and N should be known to the UE.


Resource Selection in RACH Subframe
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Figure 4: Time-Frequency Grid of RACH Subframe
As mentioned before, RACH subframe could contain several symbols where the base station would sweep its beams and the UE could select one out of these symbols to transmit RACH signal based on a “good” DL synchronization beam. In order to achieve this, the UE needs to know the symbol indices so that it could map best DL synchronization beams or symbols to RACH transmission time.
In the frequency domain, there could be multiple subcarrier regions where the UEs would transmit RACH signal. This will allow further frequency domain multiplexing among UEs. The summation of the bandwidth of all subcarrier regions should be limited to the occupied bandwidth of the synchronization signal. The exact width of each subcarrier region and the number of subcarrier region can be determined based on the amount of timing error that the network can handle. For example, in one possible design, synchronization signal can occupy a bandwidth of 40 MHz. Each subcarrier region could be 4.32 MHz with 30 kHz tone spacing and there could be nine subcarrier regions. UE could select one out of nine subcarrier regions randomly to transmit RACH signal.









Evaluation Agreements
During the recent RAN1 meeting, following evaluation parameters were agreed for link level simulations of RACH signals:
	 
	Below 6GHz
	Above 6GHz

	Carrier Frequency
	4 GHz
	30, 70 GHz

	Channel Model
	CDL-C (other CDL models are not precluded), AWGN
· with delay scaling values of 100 ns (mandatory), 300 ns (optional) and 1000 ns (optional) for 4 GHz, 30 ns for 30/70 GHz
· with combination of ASA and ASD scaling values in sec. 7.7.5.1 in 38.900, for above 6 GHz cases
· The CDL table is translated so that the strongest cluster’s AoD and AoA occur at a random angle for both the antenna panels of TRP and UE in the local coordinate. The value of the random angle is selected to be uniformly distributed from +30 to -30 degree. The random value is chosen independently for both AoD and AoA


	Antenna Configuration at the TRP
	(1,1,2) with omni-directional antenna element
	(4,8,2), with directional antenna element (HPBW=650, directivity 8dB)

	Antenna Configuration at the UE
	(1,1,2) with omni-directional antenna element
	(2,4,2), with directional antenna element (HPBW=900, directivity 5dB)

	Antenna port virtualization
	Clarified by each proponent in simulation assumptions 
(e.g. the beamforming method, beam directions, number of beams)

	Frequency Offset
	· +/- 0.05 ppm at TRP ,  +/-0.1 ppm at UE

	UE speed
	· 3km/h, 120km/h
· Other values are not precluded
	· 3km/h
· Other values are not precluded

	UE movement modeling
	· FFS

	Initial timing Offset
	· Timing uncertainty derived from cell radius 
· (e.g. for below 6 GHz, [-10us, +10us] for 3km cell radius)
· Companies report the assumed cell radius



Following performance metrics were agreed:
· Detection error probability [TS36.104]
· Detecting different preamble than the one that was sent
· Not detecting a preamble at all
· Threshold is set such that the false alarm probability does not exceed 0.1%
· Correct preamble detection but with the wrong timing estimation
· Threshold to judge wrong timing estimation is FFS 
· Definition of timing error is FFS
· Maximum coupling loss (MCL)
· Required SINR is the one for achieving detection error  probability of 1% 
· Other metrics (e.g., PAPR, occupied time, and multiplexing capacity) are not precluded.
Next two sections show our evaluation assumptions and some initial performance results for RACH results at 30 GHz.

Evaluation Assumptions
We assume that both BS and UE have one subarrays with the defined number of antennas. The subarrays of the base station and UE are oriented towards each other. For example, it can be assumed that the base station’s subarray is oriented towards 0 degree in the azimuth and the UE’s subarray is oriented towards 180 degree azimuth in the global plane. 
The different parameters that we used to simulate RACH results are given below:
	Parameter
	Value

	Number of beams at BS
	14

	Number of beams at UE
	1 (pseudo-omni beam)

	Time difference between Sync and RACH transmission
	5 ms

	Sampling rate
	122.8 Msps

	Tone spacing
	30 kHz

	Symbol duration
	33.33 us

	Cyclic prefix
	8.03 us

	Supportable cell radius
	1.15 km

	RACH sequence length
	139

	Number of subcarrier regions
	9

	Allowed cyclic shifts
	4

	Max. number of supportable UEs in a given RACH symbol
	36

	Max. number of supportable UEs in RACH subframe
	504

	AoD spread
	[5, 15, 25]

	AoA spread
	[30, 45, 60]

	ZoA spread
	10

	ZoD spread
	3



Some combinations of AoD and AoA spread were simulated.








Initial Performance Results
Figure 5-8 show miss detection rates of our design for different angle of arrival and departure spread values. Probability of false alarm was 0.1% in all these scenarios. Figure 5-8 show that our design achieves 1% miss detection rate at approximately -19 dB per tone pre-beamforming SNR. The mentioned per tone SNR of these figures include the antenna element gain of the transmitter and receiver but do not include beamforming gain.


[image: ]
Figure 5: Missed detection rate (false alarm probability = 0.1%, ASD = 5 degree, ASA = 30 degree)
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Figure 6: Missed detection rate (false alarm probability = 0.1%, ASD = 15 degree, ASA = 60 degree)

[image: ]
Figure 7: Missed detection rate (false alarm probability = 0.1%, ASD = 25 degree, ASA = 45 degree)
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Figure 8: Missed detection rate (false alarm probability = 0.1%, ASD = 25 degree, ASA = 60 degree)
Figure 9 shows the timing error of our algorithm after RACH. The timing error curve is generated at -19 dB per tone pre-beamforming SNR. The design met the performance requirement (1% miss detection rate and 0.1% false alarm) at this SNR. Typically, the timing error of our algorithm ranges from -12 to +12 samples.  
[image: ]
Figure 9: Timing Error after RACH (-19 dB per tone pre-BF SNR (antenna element gain included), ASA = 30, ASD = 5)

Also, these results were generated with a pseudo-omni beam at the UE. We propose time division multiplexing of primary synchronization signal, secondary synchronization signal and physical broadcast channel/beam reference signal. Hence, a UE can try different narrow beams while receiving SYNC signals and use this narrow beam to transmit RACH. UE can meet performance requirement as a lower pre-beamforming SNR in this scenario.

Observation 2: For CDL-C models at 30 GHz, our design meets 0.1% false alarm and 1% probability of missed detection at approximately -19 dB pre-beamforming per tone SNR where antenna element gain is included in SNR.
Observation 3: The timing error is typically distributed between -12 to +12 sample shifts where sampling period is 8.14 ns.

Conclusions

Observation 1: The UE could sweep its receiver beams and subarrays while receiving synchronization signals to find the best subarray and UL transmit beam combination before transmitting random access signals.
Observation 2: For CDL-C models at 30 GHz, our design meets 0.1% false alarm and 1% probability of missed detection at approximately -19 dB pre-beamforming per tone SNR where SNR also included antenna element gain. 
Observation 3: For CDL-C model, the timing error of our design is distributed between -12 to +12 sample shifts.

Proposal 1: The design should allow base stations to sweep beams during synchronization and random access period.
Proposal 2: Base station should use beam reciprocity to the extent possible between transmitting DL synchronization signals and receiving UL random access signals.
Proposal 3: If beam reciprocity at BS holds, UE can select a subset of symbols of the random access subframe based on the signal strengths of DL synchronization beams to transmit RACH signal.
Proposal 4: Every X msec, Y msec worth of resources are allocated for the transmission of a random access burst. Each random access burst consists of N nominal random access symbols. The exact values of X, Y and N are FFS (example: X=20, Y=0.625, N=14). The values of X, Y and N should be known to the UE.
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