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1. [bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
Even though the support of FR2 has been introduced since R15, compared with widely popularized deployment of 5G NR over FR1, commercial deployment of FR2, as of today, is still quite limited. As the 1st release of 5G-Advanced, R18 can help smoothing and enabling low-cost and wider deployment of FR2. 

To this end, one possibility is to use larger array for analog beamforming at gNB and/or UE, while the number of digital TXRUs remains unchanged (see Figure 1 below). This can help extending the coverage, and thereby enabling low-cost FR2 deployment reusing existing FR1 urban macro site locations. With such large-array FR2 gNB and/or UE, it is necessary to evaluate whether the existing specification support on mobility, capacity, and energy saving is enough and what enhancements are needed. In this paper, we provide our views on these aspects.  
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[bookmark: _Ref73528199]Figure 1 Illustration of large-array FR2 gNB
2. Motivation of using large array
Coverage has been the major bottleneck that limited the deployment of FR2 in the past. Looking at the evolution from R15 to R17, IAB has been introduced in R16 and enhanced in R17 to extend FR2 coverage. Still, acquiring additional site locations for IAB nodes may not be feasible in certain regions, and it would incur higher cost of deployment and higher network management complexity. In terms of cost of deployment, it is more efficient to deploy FR2 reusing existing site locations obtained for FR1; in other words, to support macro FR2 gNB that is capable of providing continuous coverage for a typical ISD from 300 to 400 m. During the evaluations of R17 coverage enhancements [1], a targeted ISD of 200 m was used for observation and bottleneck identification in urban macro scenario, and the targeted DL data rate is merely 25 Mbps which is obviously not appealing for FR2 – a larger targeted ISD and a higher targeted data rate need to be considered. Since R15, analog beamforming at both gNB and UE was introduced to extend FR2 coverage, so it is natural to consider if using larger array for analog beamforming at gNB and/or UE can further improve the coverage performance of FR2. IAB can still be deployed in areas that cannot be reached by macro FR2 gNB, i.e. only when needed. 

Large array at gNB
In R15~17, a FR2 gNB is typically assumed to have up to 256 antenna elements [1], which unnecessarily restricted the targeted scenarios, the specification support, and then practical deployment of FR2. In R18, it is necessary to revisit such fundamental assumptions, i.e., to consider a large-array gNB with 1024~4096 elements, the size of which is manageable at a macro radio tower. Some preliminary analysis from an urban macro trial field (ISD ranged from 300 to 400 m) is provided in Figure 2, demonstrating the huge potential in improving O2O DL coverage ratio using large array at macro FR2 gNB, with a targeted DL data rate of 1 Gbps.



[bookmark: _Ref73542359]Figure 2 DL coverage ratio with different array size at gNB from urban macro trial field

Other than coverage, the cell capacity can also benefit from using large array at gNB. For example, UEs located near the gNB can be served simultaneously by different gNB panels in FDM/SDM manner, as one augmented gNB panel by itself can now provide sufficient coverage distance for UEs located at cell center, and higher spatial separation can be achieved among augmented gNB panels with narrower analog beamforming. 

Large array at UE
Due to space limitation on handheld devices, one antenna panel at UE has been typically assumed to have up to 8 elements [1]. Such limitation may be less applicable to non-handheld devices, such as customized devices for live broadcasting or real-time HD video uploading. For these types of devices, as depicted in Figure 3, a larger array can be considered, e.g., 16 to 32 elements per panel. Such a large array at UE is particularly suitable for UL-dominant scenarios, where additional analog beamforming gain can be exploited for a better UL SINR, thereby giving a higher UL throughput. Some preliminary analysis from an urban macro trial field (ISD ranged from 300 to 400 m) is provided in Figure 4, demonstrating the huge potential in improving O2O UL coverage ratio using larger array at FR2 UE, with a targeted UL data rate of 30 Mbps. 
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[bookmark: _Ref73559011]Figure 3 Illustration of large-array FR2 UE


[bookmark: _Ref73689462]Figure 4 UL coverage ratio with different array size at UE from urban macro trial field
With the above analysis, we make the following observation:

Observation 1: Using large array at FR2 gNB and/or UE can help extend the coverage of high DL/UL data rate and enable low-cost deployment of FR2 reusing existing urban macro site locations in FR1

3. Challenges and directions with large array
With obvious benefits from using large arrays at FR2 gNB and/or UE, quite some challenges are also to be addressed.

Mobility with narrow beams 
With narrow beams resulting from large array at gNB and/or UE, the mobility support would be more challenging, which need to be further investigated in R18.
· As illustrated in Figure 5, using a large-array gNB as an example, with narrower beams for data transmission towards remote locations, more frequent beam switching would arise even with the same moving speed. In addition, the narrow beams used for data transmission would also have a sharper fall-off deviating from the peak direction, which is more sensitive to UE movement and rotation.

[image: ]
[bookmark: _Ref73542388]Figure 5 Illustration of challenges in beam-based mobility with large-array FR2 gNB
· Similarly, narrow UE beamforming resulting from large array at UE will also lead to more challenges in mobility support, such as moving vehicles. Even if the large-array UEs are relatively stationary, it is still beneficial to reduce the beam training overhead and latency.  

[bookmark: _Ref73908171]Provision of higher cell capacity 
With larger coverage provided by larger array at the gNB, the number of UEs served by a FR2 gNB will also increase proportionally. Thus, higher DL/UL cell capacity needs to be provided by a FR2 cell. 

· As depicted in Figure 6, multiple augmented panels that are available at large-array FR2 gNB can be exploited to improve FDMed or SDMed multi-beam/user transmission, especially for UEs located at cell center, with which a higher cell capacity can be provided. Note that the numbers therein are examples and for illustration purpose only.
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[bookmark: _Ref73787272]Figure 6 Illustration of provision of higher cell capacity with large-array FR2 gNB
· In addition to DL, there is also an increasingly higher demand for cell capacity in UL, such as concurrent live broadcasting in featured events [2], which can benefit from using large array at FR2 gNB and/or UE. 
Energy saving at gNB and UE
Energy consumption has been a challenging problem for FR2 at both gNB and UE, especially with large antenna array.
· For network energy consumption, it has been reported in our companion paper [3] that the energy cost has occupied about 23% of the total operating cost of networks, and energy saving can be achieved in both idle and light-loaded cases, in which some symbols or transceiver components can be turned off for energy saving. As for FR2, energy consumption becomes more critical with the application of analog beamforming especially with large antenna array as mentioned above. Narrower analog beam means gNB will transmit data with more TDMed slots and the energy consumption would unavoidably increase if not handled properly.
· In the case where there is almost no user traffic, the network energy is mostly consumed by transmitting cell-common signals. It has been analyzed in [3] that the active symbols carrying SSB/SIB1/paging signals with 64 beams may reach 40%, resulting in a large static power consumption even if there is almost no user traffic in the FR2 cell. If there is an accompanying FR1 cell, the cell common signals for the FR2 carrier may be conveyed in the FR1 carrier, thus reducing the network energy consumption on the FR2 carrier. However, such network energy reduction cannot be achieved for standalone FR2 deployment. For standalone FR2 deployment, it is necessary to investigate optimizations on the initial access related signals/channels, such that the overall time duration occupied by such initial access related signals/channels in standalone FR2 deployment can be significantly reduced. 
· In light-loaded case, due to the restriction of analog beamforming and hence TDMed user multiplexing in FR2, the ratio of time duration where the gNB can turn off itself is much lower than FR1. For example, in system-level simulations, the ratio of OFDM symbols with active transmission for a typical FR2 deployment with 800MHz bandwidth goes up to 70~90%, while that for FR1 is only about 40~50%. Fortunately, with large array FR2 gNB, we can make use of multiple panels at gNB to enable FDM/SDM MU transmission as explained in Section 3.2 and hence enable a high percentage of switching-off to reduce energy consumption.
· In addition, energy consumption at FR2 UE has been found to be much higher than FR1. One outstanding part is larger amount of beam measurements within the same time period (e.g., 64 SSBs in FR2 and 8 SSBs in FR1 within 20ms period, as depicted in Figure 7). With large array at gNB and/or UE that requires more frequent beam measurements (e.g., more CSI-RS resources) and continuous maintenance, the energy consumption at FR2 UE is expected to be even more challenging. 
 [image: ]
[bookmark: _Ref73783820]Figure 7 Illustration of large amount of beam-swept transmission from gNB and measurements at UE in FR2 
With the above analysis, we make the following observation:

Observation 2: Using large array at FR2 gNB and/or UE would bring new challenges and opportunities on mobility support, provision of higher cell capacity, and energy saving at gNB and UE.

4. Possible enhancements 
Mobility enhancements
To support large array at FR2 gNB and/or UE, and in particular, to improve mobility support under narrow gNB and/or UE beamforming, the following directions can be investigated. 

Low-latency/overhead DL beam tracking
In R17, beam switching latency has been reduced with L1 beam indication. However, it remains an issue on how to select a suitable Tx beam and corresponding Rx beam with low latency, especially when there is a large number of narrow Tx beams to measure (e.g., raised from large-array gNB) and UE has to continuously adjust its Rx beam to combat potential rotation. For example, with gNB sweeping all candidate Tx beams every 20 ms and UE probing one (out of 8) Rx beam every 20 ms, the delay of acquiring the best beam pair could be up to 160 ms (baseline). 
With large array at gNB, while the gNB may form a narrower beam to transmit toward UE, it does not necessarily mean that the candidate beams used for beam measurement would also be narrower. As depicted in Figure 9, one possibility is to introduce additional reporting to enable gNB forming narrower beam with reduced or even without sweeping of narrow beams. In this way, with similar overhead, the time period for gNB to scan through its Tx beams can be reduced and/or additional measurement opportunities can be allocated for UE Rx beam refinement, with which the overall beam pair update delay can be reduced to e.g., 40 ms (enhancement). The additional reporting could be phase difference among multiple reported gNB Tx beams. A similar methodology has been exploited in beam combining in Type II CSI. It appears necessary and beneficial to adapt such mechanism to analog/hybrid beamforming architecture in FR2, e.g., to report phase differences between multiple TDMed CSI-RS resources (each representing one gNB analog beam). 
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[bookmark: _Ref73542430]Figure 8 Illustration of advanced beam report to facilitate gNB narrow beamforming

In preliminary evaluations, as depicted in Figure 9, about 15% throughput gain has been observed via low-latency/overhead DL beam tracking enabled by advanced beam reporting mentioned above. A benchmark where the gNB and UE update to the best beam pair in every 20ms is also provided (ideal case), and evaluation assumptions are provided in Appendix. 



[bookmark: _Ref73565964]Figure 9 Throughput gain of advanced beam reporting for narrow gNB beamforming
gNB-assisted local UL beam refinement
In R15~17, gNB does not have much control over UL beam training at UE side. For example, gNB can only tell the UE to use a Tx beam that is the same as a previous Rx or Tx beam. In addition, with large-array at UE, there are scenarios where it is preferable to let the UE use a wide Rx beam (e.g., DL SINR saturated) but a narrower Tx beam (e.g., for higher gain), as depicted in Figure 10. 
One can also observe from the evaluation results in [1] that there is a large gap between coverage distance of PDCCH and PUSCH, i.e., around 30 dB. For UL-dominant scenario that is with more UL traffic than DL, it is well motivated to consider using wide Rx beam for DL reception but narrow Tx beam for UL transmission. 
In such cases, it would be beneficial to allow the gNB to task the UE to further narrow its Tx beam in relative to the Rx beam. Such mechanism, which can be considered as gNB-assisted local UL beam training, would be beneficial for exploiting large-array at UE and improving UL throughput. 
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[bookmark: _Ref73542468]Figure 10 Illustration of asymmetric Rx and Tx beam with large-array FR2 UE

Capacity enhancements
As discussed above, using large array at gNB and/or UE can help with the provision of higher cell capacity in FR2. One this line, we are interested in the following directions. 

[bookmark: _Ref73831344]Dynamic gNB panel allocation for FDM
Given the large bandwidth at FR2, other than speed test, up to now not many applications require gNB to transmit towards one UE with all the bandwidth available (e.g., 800 MHz). With typical traffic, we observed that the frequency resource in FR2 is under-utilized. As one augmented gNB panel is able to provide sufficient coverage distance for UEs at cell center, it is natural to apply FDM of different UEs exploiting multiple panels at large-array FR2 gNB, as illustrated in Figure 11. 
To this end, it is necessary to have CSI corresponding to various panel allocation schemes available at gNB. In mobility scenarios, gNB decision on how many and which panels should be used to serve one UE is dynamic - It depends on instantaneous CSI, UE priority, and changes from slot to slot. As depicted in Figure 11, for a gNB that is equipped with 4 panels, there are 15 possible ways to allocate gNB panels to a UE, assuming gNB panels are not inter-exchangeable (e.g., due to differences in small-scale fading), and 4 possible ways assuming gNB panels are inter-exchangeable. To collect the required CSI, 15 or 4 CSI reports are needed and will incur higher overhead from CSI-RS transmission and CSI reporting (e.g., 4 2-port CSI-RS resources, 2 4-port CSI-RS resources, and one 8-port CSI-RS resource, and corresponding reports). Higher layer reconfigurations may also be involved as these numbers exceed maximum UE capability. 
In R18, it would be beneficial to study enhanced CSI reporting mechanism to facilitate dynamic gNB panel allocation and FDM with multi-panel FR2 gNB. In particular, one direction to investigate is how to acquire CSI for different panel allocation schemes balancing between CSI-RS overhead and UE complexity, e.g., to share one 8-port CSI-RS resource and dynamically indicate panel combinations to be measured and reported (for UEs with low processing capacity), to report CSI for different panel allocation schemes in one reporting instance (for UEs with strong processing capacity). 
[image: ]

[bookmark: _Ref73542411]Figure 11 Illustration of dynamic gNB panel allocation and FDMed transmission
Dynamic multi-beam/user pairing for SDM
With multiple panels at gNB, multiple users can be served by different gNB panels simultaneously. In particular, as the gNB panels are now larger and can provide more spatial separation, the chance of multiplexing 4 UEs in spatial domain, as illustrated in Figure 12, would become larger. 
L1-SINR reporting introduced in R16 can be used for multi-beam/user pairing. With R16 L1-SINR, the mapping between channel and interference measurement resources (i.e., CMR and IMR) are configured by semi-static signalling. As gNB decision on how to pair multiple UEs for multi-beam transmission is dynamic, depending on instantaneous inter-beam interference, post-pairing CSI, and changes from slot to slot, the semi-static CMR-to-IMR mapping with R16 L1-SINR is clearly inefficient. In addition, the CMR-to-IMR mapping with R16 L1-SINR was restricted to 1-to-1, which is inconvenient for measuring inter-beam interference with more than 2 UEs. 
To enable efficient multi-beam/user pairing for SDM, it would be beneficial to investigate more dynamic (e.g., faster than semi-static configuration) and more flexible association between channel and interference measurement resources (e.g., 1-to-N mapping). 
  [image: ]

[bookmark: _Ref73542480][bookmark: _Ref73894523]Figure 12 Illustration of multi-beam/user SDMed transmission with multi-panel FR2 gNB


Energy saving enhancements
As discussed above, using large array at FR2 gNB and/or UE would lead to increased energy consumption, and it would be beneficial to facilitate energy saving at both gNB and UE. In particular, we are interested in the following directions. 

gNB energy saving with new initial access procedure
For a FR2 carrier, if it is co-deployed with a FR1 carrier, we can refer to the multi-carrier enabling scheme as explained in our companion paper [3] to reduce the SSB/SIB1/paging transmission and hence achieve noticeable energy saving. When the FR2 carrier is deployed in standalone  manner, an on-demand SSB/SIB1/paging transmission can be introduced to avoid unnecessary transmissions on some beams without active UEs. Taking Figure 13 as an example, the FR2 carrier can remain in light-Tx mode during most of the time, i.e., only broadcasts a simplified RS (e.g., one or two symbol RS) usually, and  turn into a normal mode when receiving a wake-up signal from one UE. The network would send SSB/SIB1 according to the wake-up signal and turn back to the light-Tx mode if the initial access procedure of the UE  has finished or a timer expires.
[image: ]
[bookmark: _Ref73955645]Figure 13 UE-assisted carrier wake-up for FR2 carriers

gNB energy saving with enhanced CSI report from UE
When there are only a few active UEs within one cell, for gNB energy saving, it is preferable to let the gNB finish transmission towards multiple UEs in a short time period and go back to sleep as soon as possible. This can be achieved via FDMed transmission towards multiple UEs exploiting multiple panels at FR2 gNB, as illustrated in Figure 14. To enable such FDMed and time-domain aggregated transmission toward multiple UEs, it is necessary to have CSI for different panel allocation schemes available at gNB, which is similar to the requirement discussed in Section 4.2.1, while that discussion is more from cell capacity and frequency utilization perspective. In our view, adding gNB energy saving as one additional dimension to optimize will require more thorough investigations, and the resulted solution may not be the same as the ones designed for higher cell capacity. 
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[bookmark: _Ref73460141]Figure 14 Illustration of aggregated FDM Tx for energy saving with large-array FR2 gNB

[bookmark: _Ref73831259]UE energy saving with spatial assistance from gNB
When it comes to UE energy saving, we think some gNB assistance would help. If the gNB can notify the spatial relation among gNB Tx beams by certain means, the UE would be enabled to measure candidate gNB Tx beams in more purposeful way. As illustrated in Figure 15, if the intention is to identify a robust backup beam (e.g., to deal with sudden human body blockage), the UE can prioritize the gNB Tx beams that are spatially distant from the current serving beam (e.g., following the green pattern); if the target is for smooth mobility, the UE can prioritize the gNB Tx beams are spatially adjacent to the current serving beam (e.g., following the brown pattern). This kind of prioritization can help reduce measurement complexity at UE side, e.g., once a beam that meets the requirement has been identified, the UE can stop measuring the rest and even initiate early reporting and/or switching. In other words, in addition to robustness and mobility, such gNB assistance can also help reduce UE energy consumption. While the spatial assistance information discussed above is one possibility to consider, the measurement complexity and energy consumption at FR2 UE can alternatively be mitigated by enhanced RRM requirements in RAN4 from RRM perspective, as discussed in our companion paper [5].
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[bookmark: _Ref73542508]Figure 15 Illustration of spatial relation among gNB Tx beams and UE measurement behavior

With the discussions above, we make the following proposal:

Proposal 1: Identify and specify features to provide better support for large-array FR2 gNB and/or UE, including
· DL/UL mobility enhancements, e.g., low-latency/low-overhead DL beam tracking, gNB-assisted local UL beam refinement
· DL/UL capacity enhancements, e.g., dynamic gNB panel allocation for FDM, dynamic multi-beam/user pairing for SDM
· gNB and UE energy saving mechanisms, e.g., new initial access procedure, enhanced CSI reporting, spatial assistance from gNB

5. Summary
In this paper, we provided our views on FR2 enhancements in R18, aiming to make the long-awaited ultra-high data rate available to more users by 5G-Advanced. In particular, we investigated the potential of using large array at FR2 gNB and/or UE to enable low-cost urban macro coverage (reusing existing site locations for FR1). We also analysed the challenges coming with using large array at FR2 gNB and/or UE, and shared enhancements on mobility, capacity, and energy-saving. The observations and proposals are summarized as follows. 

Observation 1: Using large array at FR2 gNB and/or UE can help extend the coverage of high DL/UL data rate and enable low-cost deployment of FR2 reusing existing urban macro site locations in FR1

Observation 2: Using large array at FR2 gNB and/or UE would bring new challenges and opportunities on mobility support, provision of higher cell capacity, and energy saving at gNB and UE.

Proposal 1: Identify and specify features to provide better support for large-array FR2 gNB and/or UE, including
· DL/UL mobility enhancements, e.g., low-latency/low-overhead DL beam tracking, gNB-assisted local UL beam refinement
· DL/UL capacity enhancements, e.g., dynamic gNB panel allocation for FDM, dynamic multi-beam/user pairing for SDM
· gNB and UE energy saving mechanisms, e.g., new initial access procedure, enhanced CSI reporting, spatial assistance from gNB
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7. [bookmark: _Ref73688931]Appendix
	Evaluation assumptions

	Scenario
	UMa

	Frequency Range
	FR2 @ 30 GHz
· SCS: 120 kHz
· BW: 800 MHz

	Transmission power
	43 dBm

	UE speed
	3 km/h

	Rotation
	20 RPM

	BM periodicity
	20 ms

	Trajectory
(for mobility evaluation)
	Move on a line 100m from the gNB as below.
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	gNB Antenna Configuration
	4096 array: (M, N, P, Mg, Ng) = (16, 32, 2, 2, 2)
(dV, dH) = (0.5, 0.5) λ. (dg,V, dg,H) = (2.0, 4.0) λ

	UE Antenna Configuration
	Panel structure: (M, N, P, Mg, Ng) = (1, 4, 2, 1, 2), dH = 0.5 λ 

	Traffic Model
	Full buffer

	BF scheme
	DFT




Column1	
8	16	32	0.72	0.86	0.96	Array size at UE


UL coverage ratio @ 30Mbps



Column2	
R17 baseline	R18 enhancement	Ideal	1	1.1499999999999999	1.23	
Throughput comparison



Column1	
256	512	1024	2048	4096	0.34	0.56000000000000005	0.73	0.88	0.95	Array size at gNB


DL coverage ratio @ 1 Gbps
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