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Introduction
A recent working assumption from the last RAN1 meeting provides the following description for beam reciprocity [1]:
· The followings are defined as Tx/Rx beam correspondence at TRP and UE :
· Tx/Rx beam correspondence at TRP holds if at least one of the following is satisfied:
· TRP is able to determine a TRP Rx beam for the uplink reception based on UE’s downlink measurement on TRP’s one or more Tx beams.
· TRP is able to determine a TRP Tx beam for the downlink transmission based on TRP’s uplink measurement on TRP’s one or more Rx beams
· Tx/Rx beam correspondence at UE holds if at least one of the following is satisfied: 
· UE is able to determine a UE Tx beam for the uplink transmission based on UE’s downlink measurement on UE’s one or more Rx beams.
· UE is able to determine a UE Rx beam for the downlink reception based on TRP’s indication based on uplink measurement on UE’s one or more Tx beams.
· More refined definition can still be discussed

Beam reciprocity can play an important role in communication over 6 GHz. If beam reciprocity exists between downlink and uplink, beam 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 can select the resource of the random access sub-frame based on the signal strength of DL SYNC beams to transmit RACH signal.
The lack of calibration, e.g., the presence of phase quantization error, may restrict a base station and a UE to achieve beam reciprocity. This paper studies how beam management and self-calibration techniques can allow nodes to handle different scenarios of “beam” reciprocity.


Different Beam Sweep Techniques based on Beam Reciprocity 
[image: ]
Figure 1: Full beam sweep in DL

[image: ]
Figure 2: Beam pair selection after DL beam sweep
Figure 1 shows that the BS and UE sweep beams to find best beam pair in the downlink. BS and UE select B5 and U2 to be the best beams respectively after DL beam sweep. Next three subsections denote the different levels of beam reciprocity of the system.


Full Beam Reciprocity
If full beam reciprocity holds, BS and UE can use beam B5 and U2 respectively as their best UL beams respectively. UL beam sweep is not necessary. 
No beam reciprocity
[image: ]
Figure 3: Full beam sweep in UL
If no beam reciprocity holds between DL and UL, BS and UE will have to perform full beam sweep in the uplink to find the best beam pair. Figure 3 shows that the BS and UE perform full beam sweep in the uplink and select B2-U1 as the best UL beam pair.


Partial beam reciprocity
[image: ]
Figure 4: Partial beam sweep in UL


If partial beam sweep holds, nodes can utilize the best beam pair in one link to find the amount of beam sweep in the other link. Figure 4 shows that the BS sweeps through B4-B6 beams and UE sweeps through U1-U3 beams in the uplink because B5 and U2 were the best beams in DL.
Note that, nodes of a particular link can show different level of beam reciprocity. Next section shows how phase error can lead to different levels of beam reciprocity at a wireless node.
Effect of Calibration in Beam Gain
Setup
[image: ]
Figure 5: Arrival of signal to a uniform linear array

Figure 5 shows the arrival of a ray to a uniform linear array. Assume that the array has N elements. The actual channel response is:


Here k and d denote wavenumber and spacing between antenna elements respectively.
The ideal array weight is,


Array weight with phase distortion and angular shift is,


 
Here, δ0, δ1, …, δN-1 denote phase errors at antenna elements 0, 1, …, N-1 respectively. Phase error is assumed to be uniformly distributed in a range where the range is specified by the number of bits in phase quantizer. For example, in the presence of a B bit phase quantizer, phase error is assumed to range uniformly from –pi/2B to +pi/2B.
Throughout this contribution, we use phase quantizer to denote the range of phase error. Phase error could occur from different delays between transmit and receiver path also.
µ denotes the angular shift of the i-th beam. µ = 0 denotes a beam that is intended to be aligned towards the angle of arrival. Any other value of µ denotes a beam that is intended to be shifted to the left or right of the angle of arrival.
In the presence of random phase error, µ=0 may not create a beam that is directed towards the angle of arrival. As a result, beam reciprocity may not hold in this scenario. Next few subsections show different scenarios associated with this. 

Simulation Results

[image: ]
Figure 6: Array gain with and without phase distortion
The red curve of Figure 6 shows the gain of an array, in the absence of phase error, that is pointed towards -60 degree. In other words, the red curve plots 10*log10(|wideal’ h|2 ).
The blue and black curves plot one snapshot of an instantaneous array gain with the presence of phase error. Phase error ranges from –pi/4 to +pi/4 in this scenario.
The arrays of these three curves were generated to create peak gain at -60 degree angle of arrival.
The array weights used to plot the blue curve are intended to create a 0 degree angular shift from -60 degree, they are intended to be aligned to -60 degree angle of arrival. In other words, the blue curve plots 10*log10(|wdist,0’ h|2 ). The black curve plots 10*log10(|wdist,3’ h|2 ), i.e., it is intended to be oriented to be 3 degree shifted from -60 degree.
Figure 6 shows that phase error shifts both these beams. As a result, the beam that was intended to be 3 degree shifted from the angle of arrival attains higher array gain than the beam that was intended to be aligned with the angle of arrival at -60 degree angle of arrival.
Thus, in the presence of phase error, a “neighboring” beam may lead to higher array gain than the beam that is intended to be aligned with the angle of arrival. 

Observation 1: Phase error can shift the direction of a beam.


[image: ]
Figure 7: Ratio of instantaneous array gain with perfect alignment error and that with different angle shift (Range of phase error [-pi/4, pi/4])


Figure 7 shows the CDF of the ratio of instantaneous array gain of different angular shifts to that of 0 degree shifted beam. For example, the blue curve plots the CDF of . The green curve plots the CDF of . The actual angle of arrival, i.e., θ, ranged from -60 to +60 degree and the CDF was taken based on array gain of all these angle of arrivals.
Figure 7 shows that the array gain of beams that are intended to be aligned with the angle of arrival attains greater array gain in most scenarios. In some instances, due to the randomness of phase error, the “neighboring” beams may lead to greater array gain. However, with 2  bit phase quantizer, the instantaneous array gain of “neighboring” beams rarely exceed the array gain of the beam that is intended to point to the angle of arrival. Hence, if phase error ranges between -45 to +45 degree, full beam reciprocity can be assumed and beam training in the downlink can be utilized to find good beams in the uplink.
Observation 2: In the presence of low phase error, the instantaneous array gain of “neighboring” beams rarely exceed the array gain of the beam that is intended to point to the angle of arrival.
Observation 3: In the presence of low and moderate phase error, full beam reciprocity can be assumed and beam training in downlink can be utilized to find “good” beams in the uplink.


[image: ]
Figure 8: Ratio of instantaneous array gain with perfect alignment error and that with different angle shift (Range of phase error [-pi/2, pi/2])

Figure 8 plots the CDF of the same scenario as Figure 7. However, we assume a 1 bit phase quantizer, i.e., the phase error remains randomly and uniformly distributed from -90 to +90 here. Figure 8 shows that the array gain of “neighboring” beams exceed that of the beam that is intended to be aligned with the angle of arrival. Figure 8 also shows that, the instantaneous array gain of a “far” beam is less likely to exceed that of the beam that is intended to point to the angle of arrival. 
Observation 4: In the presence of large phase error, the instantaneous array of a “far” beam is less likely to exceed the array gain of the beam that points to the “correct” direction.
Observation 5: In the presence of large phase error, partial beam sweep in the uplink can be employed by determining the range of beam sweep based on information obtained from downlink.
Proposal 1: The spec should allow signaling between base stations and UEs so that the base station can determine the existence of beam reciprocity at UEs. The signaling from UEs can include range of amplitude and phase error.
Proposal 2: The base station can use the same beam to transmit a DL beam training signal and to receive a UL beam training signal. The base station can compare the downlink received signal strength of a DL TX beam and the uplink received signal strength of a UL RX beam and determine the existence or absence of beam reciprocity.
Proposal 3: The base station and UE can find a “good” beam pair in DL and then try “neighboring” beams in the UL to see if full or partial beam reciprocity exists.

[image: ]
Figure 9: Ratio of instantaneous array gain with perferect aligment error and that with different angle shift (Range of phase error [-pi, pi])

Figure 9 plots the CDF of ratio of instantaneous array gains in the same way as Figure 7 and 8. Figure 9 assumes a 0 bit phase quantizer, i.e., the phase error is randomly distributed from -180 to +180 degree. Figure 9 shows that the array gains also become completely random in this scenario and beam reciprocity cannot be utilized in this case.

[image: ]
Figure 9: Ideal array gain and maximum array gain with full beam sweep in the presence of phase error (Range of phase error [-pi, pi])

Figure 9 compares the ideal array gain with the maximum array gain obtained from full beam sweep in the presence of completely random phase error. Figure 9 shows that one loses several dB array gain even by assuming no beam reciprocity and performing full beam sweep in the presence of completely random phase error. Hence, the spec should prioritize calibration of nodes, instead of full beam sweep in both directions, in the presence of random phase error.
Observation 6: In the presence of completely random phase error, full beam sweep cannot attain full array gain.
Proposal 4: The spec should prioritize calibration of nodes, instead of full beam sweep in both directions, in the presence of random phase error. 


Cost of UL Beam Sweep
gNB is supposed to transmit at higher power level than the UE. The duration of UL beam sweep has to be greater than that of DL beam sweep to meet DL link budget. Thus, UL beam sweep increases beam training overhead significantly in a multi-beam scenario. The spec should utilize beam reciprocity to the extent possible to minimize overhead.

Also, UE specific UL beam sweep will require different resources for different UEs. Cell specific DL beam sweep does not suffer from this drawback. 
Observation 7: The duration of UL beam sweep should be greater than that of DL beam sweep to meet link budget due to transmit power difference between DL and UL.
Observation 8: UE specific UL beam sweep requires different resources for different UEs. Cell specific DL beam sweep does not suffer from this drawback.
Proposal 5: The spec should utilize beam reciprocity to the extent possible to minimize beam training overhead.

Self-Calibration Techniques to Obtain Beam Reciprocity
Previous section shows that beam sweep in both direction consumes a lot of overhead. Also, in the presence of completely random phase error, full beam sweep in both directions cannot attain highest array gain. Hence, phase and gain calibration of transmit and receive paths should be considered to minimize overhead.
It is possible to calibrate RX chain components using external test equipment that generates an external reference signal of known amplitude and phase, and doing RX measurements to estimate gain and phase errors. Some drawbacks of this technique are: (a) complex and expensive test setup, (b) precise probe movement control is required, (c) supports only offline calibration (cannot be used for run-time calibration, e.g. due to temperature variation).
Another calibration method is to use hardware components, e.g. couplers at antenna ports to tap a portion of TX signal and inject back into RX path. Reference signal generated in TX baseband can be looped back through the coupled path back to RX baseband to calibrate the overall TX+RX chain. This method requires additional hardware as well as degrades performance due the additional components.
It is desirable to perform some calibration procedures without assistance of external test equipment, or without additional hardware.
One simple calibration method is to generate the reference signal using an existing TX chain and to measure the received signal using one or more RX chains. We call this “self-calibration” as the UE or CPE device can do this autonomously, and can do it in run-time mode. 
For gain calibration, TX chain needs to produce a signal with high gain fidelity. One region where PA output power is consistent across temp and process variations is PSAT, where PA is driven to saturation. However, this means that the UE will be transmitting at a high signal level. This may cause unwanted interference to NB (and possibly to other neighboring NBs or UEs) if the UE performs self-calibration without coordinating with the NB.
During calibration, the UE may not be beamforming in a particular direction (e.g. towards its serving NB). This may be due to several reasons:
· Only a single (or very few) TX antenna elements may be actively transmitting in order to reduce the complexity introduced by multiple TX components;
· To ensure the coupling with an adjacent RX chain is significantly strong, the transmitted beam needs to be wide.
Therefore, transmitting self-calibration TX signal has the potential to cause interference over a wider spatial area in the vicinity of the UE, requiring the need for coordination with NB. Hence, base station should allow system-wise or cluster-wise resource blanking so that UEs can self-calibrate. Base station can decide this resource blanking based on UE’s indication of lack of beam reciprocity on their side. UEs should also be able to transmit resource grant request to the base station so that they can self-calibrate.
Over-the calibration methods could also be useful to achieve beam recioricuty.

Proposal 6: The effects of self-calibration and over-the-air calibration techniques to achieve beam reciprocity should be compared.
Observation 9: If self-calibration technique is found to be advantageous, spec should allow base station to grant blanking resources so that BS and UEs can self-calibrate.

Conclusions

Observation 1: Phase error can shift the direction of a beam.
Observation 2: In the presence of low phase error, the instantaneous array gain of “neighboring” beams rarely exceed the array gain of the beam that is intended to point to the angle of arrival.
Observation 3: In the presence of low and moderate phase error, full beam reciprocity can be assumed and beam training in downlink can be utilized to find “good” beams in the uplink.
Observation 4: In the presence of large phase error, the instantaneous array of a “far” beam is less likely to exceed the array gain of the beam that points to the “correct” direction.
Observation 5: In the presence of large phase error, partial beam sweep in the uplink can be employed by determining the range of beam sweep based on information obtained from downlink.
Observation 6: In the presence of completely random phase error, full beam sweep cannot attain full array gain.
Observation 7: The duration of UL beam sweep should be greater than that of DL beam sweep to meet link budget due to transmit power difference between DL and UL.
Observation 8: Cell specific UL beam sweep requires different resources for different UEs. Cell specific DL beam sweep does not suffer from this drawback.
Observation 9: If self-calibration technique is found to be advantageous, spec should allow base station to grant blanking resources so that BS and UEs can self-calibrate.

Proposal 1: The spec should allow signaling between base stations and UEs so that the base station can determine the existence of beam reciprocity at UEs. The signaling from UEs can include expected range of amplitude and phase error.
Proposal 2: The base station can use the same beam to transmit a DL beam training signal and to receive a UL beam training signal. The base station can compare the downlink received signal strength of a DL TX beam and the uplink received signal strength of a UL RX beam and determine the existence or absence of beam reciprocity.
Proposal 3: The base station and UE can find a “good” beam pair in DL and then try “neighboring” beams in the UL to see if full or partial beam reciprocity exists.
Proposal 4: The spec should prioritize calibration of nodes, instead of full beam sweep in both directions, in the presence of random phase error. 
Proposal 5: The spec should utilize beam reciprocity to the extent possible to minimize beam training overhead.
Proposal 6: The effects of self-calibration and over-the-air calibration techniques to achieve beam reciprocity should be compared.
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