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Introduction
[bookmark: _GoBack]A recent agreement of RAN1 proposes to consider different channel reciprocity assumptions in beam management procedures [1]. Another agreement proposes to consider both Non Rx/Tx reciprocity and full/partial Rx/Tx reciprocity at BS or UE during the design of random access procedure [2].
Beam reciprocity can play an important role in communication over 6 GHz. If beam reciprocity exists between downlink and uplink, channel estimation in downlink could be used in uplink and vice versa. Besides, base station could utilize the same beams while transmitting synchronization signals and receiving random access signals in the presence of beam reciprocity. UE could select transmission time of random access signal based on a “good” downlink synchronization beam and not interfere to the random access signal of other UEs whose “good” downlink synchronization beam might be different from its own.

Apart from the reciprocity between downlink and uplink, two other factors influence whether base stations and UEs could use the measurement across a set of downlink (uplink) beams in uplink (downlink) communication after a certain period: first, the ability of the base station and the UE to produce “similar” beam patterns during transmission and reception due to amplitude and phase errors, and second, the coherence of beams during a given period. This paper studies both aspects, i.e., it shows the effect of calibration in beam gain and the coherence time of beams across different durations.











Effect of Calibration in Beam Gain

We investigate the effect of calibration in array gain by assuming a phase shifter with fixed number of bits. We assume that the amplitude error is randomly distributed in a given range.
While referring +-x dB amplitude error, we mean that the value of 20*log10(amplitude error) is uniformly distributed from –x dB to +x dB.
[image: ]
Figure 1: Array gain of 32 elements after phase quantization and amplitude error
Figure 1 shows the performance of a uniform linear array gain of 32 elements with a 4 bit phase shifter. The amplitude error is assumed to be uniformly distributed between -5 dB and 5 dB. Figure 1 shows that the mean gain and 90 percentile tail gain remain within 0.5 and 0.6 dB respectively from ideal gain in this scenario.

	               Amp error (dB)
phase shifter bits 
	+-2 
	+-4
	+-6

	4
	0.1336
	0.3436
	0.6635

	5
	0.0874
	0.2975
	0.6175



Table 1: The difference between quantized and ideal array gain with 32 antenna elements

Table 1 shows the difference between mean quantized and ideal array gain in a uniform linear array with 32 elements for different phase shifters and amplitude errors. Table 1 shows that the mean of quantized array gain drop by less than 0.5 dB as long as amplitude error lies uniformly between +4 and -4 dB.
Observation 1: Array gain drops by a small amount with a reasonable amplitude error and 3-5 bit phase shifters.

The gap shown in Figure 1 and Table 1 represent the difference between an ideal array gain and an array gain with amplitude error and quantized phase shifts. Both transmitter and receiver chain of a node will suffer from amplitude error and quantized phase shifts. Hence, the difference between array gain of transmitter and receiver beam will be much smaller than the ones shown in Figure 1 and Table 1. 
Observation 2: Base station and UE can produce similar beam patterns in the presence of reasonable calibration error.

Beam Coherence Time
We evaluate beam coherence time at 28 GHz using cluster delay line (CDL) channel models defined in 3GPP TR 38.900 document. For illustration purpose, we choose a few strongest clusters, e.g. whose power is within 6 dB from the dominating direction, in the simulations. The statistics of the chosen clusters are given in Table 2, 4, 6, 8 for CDL-A, B, C, D channels, respectively. The UE mobility is assumed to be 3 km/h and of random directions on the horizontal plane. We assume an 8x4 antenna array at NB, and a 4x2 array at UE. For each cluster, we apply directional beamforming to the cluster direction, and compute its time evolution of post-beamforming power gain, due to Doppler effect. 
We show the simulation results in Table 3, 5, 7, 9 for CDL-A, B, C, D channels, where the median statistics of 4 performance metrics are presented. The pickup probability is defined as the time fraction of a cluster being the strongest beam direction in power. The beam coherence time is quantified as the time duration (counting from a random arrival time) that a cluster remains to be the strongest beam. For the gain gap statistics, we pick up the strongest cluster at time 0, and record the difference in its beam power after 20 ms and 40 ms. 
Our results show that even in the NLOS case with several comparably strong clusters, e.g. the CDL-C channel, the median beam coherence time is larger than 25 ms. Further, the beam gain drops by less than 1 dB after 20 ms and less than 2 dB after 40 ms, in the median case of all simulated scenarios.

	Parameter
	Power (dB) 
	AoD (deg.)
	AoA (deg.)
	ZoD (deg.)
	ZoA (deg.)

	Cluster 1
	0 
	-4.2 
	-152.7 
	93.2 
	91.2 

	Cluster 2
	-6 
	90.2 
	76.6 
	122 
	94 

	Angle spread
	-
	5
	11
	3
	3


Table 2 Statistics of the strongest clusters chosen from CDL-A model in simulations


	Cluster
No.
	Pickup probability
	Beam coherence time (ms)
	Gain gap after 20ms (dB)
	Gain gap after 40 ms (dB)

	1
	0.816
	459.6
	-0.03
	-0.06

	2
	0.184
	137.6
	0.05
	0.07

	Overall
	1
	372.4
	-0.02
	-0.05


Table 3 Simulation results for CDL-A model





	Parameter
	Power (dB)
	AoD (deg.)
	AoA (deg.)
	ZoD (deg.)
	ZoA (deg.)

	Cluster 1
	0 
	9.3 
	-173.7 
	105.5
	78.9

	Cluster 2
	-1.2
	-11.4
	155.1
	103.2
	67.5

	Cluster 3
	-1.9
	30.6
	-139.1
	103
	78

	Cluster 4
	-3
	52.5
	132.1
	102.0
	66.3

	Angle spread
	-
	10
	22
	3
	7


Table 4 Statistics of the strongest clusters chosen from CDL-B model in simulations

	Cluster
No.
	Pickup probability
	Beam coherence time (ms)
	Gain gap after 20ms (dB)
	Gain gap after 40 ms (dB)

	1
	0.394
	56.6
	-0.18
	-0.81

	2
	0.268
	44.3
	-0.34
	-1.58

	3
	0.204
	42.1
	-0.27
	-1.14

	4
	0.134
	32.1
	-0.28
	-1.31

	Overall
	1
	46.8
	-0.27
	-1.07


Table 5 Simulation results for CDL-B model






	Parameter
	Power (dB)
	AoD (deg.)
	AoA (deg.)
	ZoD (deg.)
	ZoA (deg.)

	Cluster 1
	0 
	0.3 
	170.4
	99.2
	75.3

	Cluster 2
	-1.2
	-22.8
	120
	98.6
	72.1

	Cluster 3
	-4.4
	-46.6
	-101
	97.2
	87.6

	Cluster 4
	-5.1
	-55.3
	68.1
	103.7
	90.6

	Angle spread
	-
	2
	15
	3
	7


Table 6 Statistics of the strongest clusters chosen from CDL-C model in simulations


	Cluster
No.
	Pickup probability
	Beam coherence time (ms)
	Gain gap after 20ms (dB)
	Gain gap after 40 ms (dB)

	1
	0.429
	49.6
	-0.26
	-0.63

	2
	0.326
	36.8
	-0.32
	-1.03

	3
	0.129
	3.8
	-0.85
	-1.29

	4
	0.116
	3.4
	-0.41
	-1.37

	Overall
	1
	25.5
	-0.32
	-0.92


Table 7 Simulation results for CDL-C model

	Parameter
	Power (dB)
	AoD (deg.)
	AoA (deg.)
	ZoD (deg.)
	ZoA (deg.)

	Cluster 1
	0 dB
	0
	-180
	98.5
	81.5

	Cluster 2
	-18.8
	89.2
	89.2
	85.5
	86.9

	Angle spread
	-
	5
	8
	3
	3


Table 8 Statistics of the strongest clusters chosen from CDL-D model in simulations

	Cluster
No.
	Pickup Probability
	Beam coherence time (ms)
	Gain gap after 20ms (dB)
	Gain gap after 40 ms (dB)

	1
	0.991
	2201.5
	-0.00
	-0.02

	2
	0.009
	17.2
	0.08
	0.20

	Overall
	1
	2185.2
	0.00
	-0.02


Table 9 Simulation results for CDL-D model

Observation 3: Beam strength estimation of a particular beam may remain valid for 40 ms duration at pedestrian velocity.
Observation 4: Base station could use the same beams while transmitting synchronization signals and receiving random access signals.
Observation 5: UE could select the transmission time of random access signal based on the selected synchronization beam.
Proposal 1: Beam reciprocity between downlink and uplink should be used to the extent possible.
Conclusions
Observation 1: Array gain drops by a small amount with a reasonable amplitude error and 3-5 bit phase shifters.
Observation 2: Base station and UE can produce similar beam patterns in the presence of reasonable calibration error.
Observation 3: Beam strength estimation of a particular beam may remain valid for 40 ms duration.
Observation 4: Base station could use the same beams while transmitting synchronization signals and receiving random access signals.
Observation 5: UE could select the transmission time of random access signal based on the selected synchronization beam.

Proposal 1: Beam reciprocity between downlink and uplink should be used to the extent possible.
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