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Smartphone antenna array
FR2-2 array losses
In FR2-2, antenna design can get challenging due to possibility of exciting slab modes that can siphon power away from the intended beam if care is not exercised in material choice and dimensions. The figure below assumes ‘smooth variation’ over frequency, i.e., there are no new mechanisms, like the slab mode, to reduce beam gain further.  The 4-element array gain can be roughly 4 dB lower at FR2-2 than at 48G, with the constraint of similar element count. 
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Observation: FR2-2 losses will be higher than FR2-1, based on the loss trend in FR2-1.
To counteract the gain reduction for FR2-2 we can choose to increase the array element count from 4 elements per polarization to 16 elements per polarization. The 4x increase in element count results in an increase of 6 dB in array gain.
Observation: Increasing the number of array elements helps to counteract the increased losses inherent in FR2-2.
FR2-2 handheld array
For a handheld design, we consider a viable antenna size as similar to an FR2-1 antenna We show an example of an antenna design that is the same size of a commercial FR2-1 antenna, supporting both FR2-1 and FR2-2 in the same footprint. The FR2-1 elements are shown in blue, the FR2-2 elements in yellow.
The wavelengths for FR2-2 are approximately half of FR2-1. This means the antenna elements and spacings can be half the size in each dimension.
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Observation: FR2-2 8x2 element array fits in the same footprint as a commercial FR2-1 1x4 array
Proposal: 8x2 array used as an assumption to develop FR2-2 requirements.
Since the FR2-2 wavelengths are approximately half of FR2-1, we can make the following observations about 8 and 4 array sizes that have been discussed in RAN4.
Observation: 8 element FR2-2 arrays are approximately half the size of FR2-1 arrays, and 4 element arrays are approximately ¼ the size.
In the last RAN4 meeting comments were made concerning some technical and implementation aspects: routing losses, power consumption, manufacturing feasibility, and pattern distortions with FR2-1 close to FR2-2. On losses they are an item in the loss budget, on power consumption at 15 dBm min EIRP the power consumption is on the same order as FR2-1, on manufacturing feasibility this example array is manufactured the same way as FR2-1 … nothing special, and on spacer and pattern distortions that is part of loss budget.  

FR2-2 handheld minimum peak EIRP and spherical coverage
Here we discuss a budget for a smartphone type UE. 
Antenna gain is but one of the factors involved in establishing peak EIRP. Other considerations that contribute to degradation of EIRP are mutual coupling between PAs, Tx beam forming impairments and uncertainty related to power regulation mechanisms. FR2-2 is significantly higher in frequency than n262 and n259, and we expect the degradation from ‘other considerations’ to have a larger effect. 

Below we show an EIRP budget for both typical performance and worst case.

Number of antenna elements: The antenna design is a 16-element array half-lambda, arranged in a 2x8 configuration. 
PA output power: The PA output power is based on a measured data 60 GHz smartphone PA operating with QPSK at the FR2 EVM limit.
Antenna rolloff vs frequency: The amount of antenna gain reduction from average across the 57 – 71 GHz band,
Polarization gain: The net increase in EIRP when simultaneously transmitting on the orthogonal polarization.
Implementation losses: All losses in the system including feed losses, radome losses, losses due to imperfect array phasing
	Parameter
	Units
	Worst case
	Typical

	PA power per element
	dBm
	-3.5
	-3.5

	Total of all losses
	dB
	12.2
	7.8

	Two polarizations
	dB
	2.8
	2.8

	Number of elements
	 
	16
	16

	Total radiated power
	dBm
	-0.9
	3.5

	 
	 
	 
	 

	Element gain
	dBi
	4.2
	4.5

	Peak EIRP
	dBm EIRP
	15.4
	20.1



We observe the worst-case UE is 15 dBm peak EIRP.  We can compare this to power class 3 for FR2-1. For n262 the min peak EIRP is 16 dBm. 
Proposal: Handheld minimum peak EIRP is 15 dBm.
Observation: Handheld minimum TRP is -0.9 dBm.
It is possible to work out expected EIRP spherical coverage performance in FR2-2 based on expected performance in FR2-1 bands. The primary contributor to EIRP drop is the spherical coverage of the antenna gain itself. We therefore focus on the differences in normalized antenna gain between both n262 and n259 vs 60 GHz. n259. In both n259 and n262, the simulated antenna gain has a drop of about 6.5 dB from peak to 50th %ile. 
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The figure below shows a 2x8 array design simulation. Note the FR2-2 midband drop to 50%ile is 10 dB, significantly higher than FR2-1 band above.
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Antenna gain is but one of the factors involved in establishing spherical coverage metrics. Other considerations that contribute to degradation of EIRP spherical coverage statistics are mutual coupling between PAs, Tx beam forming impairments and uncertainty related to power regulation mechanisms. FR2-2 is significantly high in frequency than n262 and n259, and we expect the degradation from ‘other considerations’ to have a larger effect. 

To summarize, we expect more degradation in FR2-2 as compared to n259 and n262, for both raw antenna spherical coverage performance as well as degradation in spherical coverage due to other considerations (are mutual coupling between PAs, Tx beam forming impairments and uncertainty related to power regulation mechanisms). Recall that n259 has 12.9 dB and n262 13.1 dB gain drop from peak to 50th %ile direction. 

Observation:  Peak to 50%ile gain drop is approximately 3.5 dB higher in FR2-2 than FR2-1 due to antenna pattern and other considerations, and n262 has a 13.1 dB drop. Therefore FR2-2 drop should be 16.6 dB.
Proposal: 50th %ile spherical coverage point is -1.6 dBm (based on 15 dBm min peak EIRP)
Effect of reducing number of handheld antenna elements
There was discussion in the October RAN4 meeting about reducing the number of elements to either 8 or 4. For convenience, the figure below shows the effect to antenna element reduction, using the EIRP budget above and simply varying the number of antenna elements. We can make some observations about the effect on peak EIRP.
Observation: Reducing to 8 elements degrades the EIRP by 6 dB and reducing to 4 elements degrades the EIRP by 12 dB.
It must be noted that reducing the element count and the array gain will also degrade the downlink performance by the same ratio. Although this document is addressing UE TX issues, this is an important consideration.
Observation: Reducing to 8 elements degrades the sensitivity by 6 dB and reducing to 4 elements degrades the sensitivity by 12 dB.
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Handheld UE spherical coverage and number of panels
Antenna array pattern is one factor involved in establishing spherical coverage metrics. The other major factor is the number of antenna panels. Here we consider the antenna gain CDF for a 2x8 antenna array with a single panel and 2 panels positioned to fire in opposite directions, front and back. 

It is well understood that antenna arrays on conductive planar surfaces provide coverage at best in the hemisphere above the plane.  It is instructive to examine the antenna patterns as an illustration of this fact. The figures below show single and 2-panel gain.
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Figure - Typical single panel antenna gain relative to maximum value
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Figure – Typical two panel antenna gain relative to maximum value


The single panel gain shows good coverage in positive theta, and poor coverage in both negative theta and the endfire directions. Note that this plot is optimistic as the phone body blockage in the backlobe is not accounted for. Real performance will be worse behind the panel.
The 2-panel coverage shows how the second panel is used to cover the negative theta plane. The two panels work together to cover the sphere. 

Observation: 1 panel covers at best a hemisphere, and 2 panels back-to-back work together to cover the majority of the sphere.

The Figure below shows the CDF drop from peak for 1 panel vs 2 panels of the 2x8 antenna array. These curves representative of typical performance and the difference between 1 panel and 2 panels is instructive. We observe that using 1 panel degrades the CDF by 3 to 4 dB in the 20 to 80% range.
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Typical case spherical coverage 1 panel vs 2 panel

Observation: Using 1 panel degrades the %ile coverage CDF by 3 to 4 dB in the 20 to 80% range.
In the RAN4 coexistence study for 60 GHz, the 2x8 antenna array was used to calculate the SINR performance. The figure below shows CDF of the uplink SINR in a dense urban micro environment. 
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Figure - UMi uplink performance comparison – 1 and 2 panel typical UEs
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Figure - UMi downlink performance comparison – 1 and 2 panel typical UEs
Observation: A single panel results in 6 dB SINR degradation of both the UL and DL CDFs.
Proposal: Specifications should be derived assuming a minimum of 2 antenna panels
Power class 1 UE
PC1 UE minimum peak EIRP and antenna size
We can evaluate the min peak EIRP for PC1 UE using 64 antenna elements
	Parameter
	Units
	Worst case
	Typical

	PA power per element
	dBm
	-3.5
	-3.5

	Total of all losses
	dB
	13.5
	9.1

	Two polarizations
	dB
	2.8
	2.8

	Number of elements
	 
	64
	64

	Total radiated power
	dBm
	3.9
	8.3

	 
	 
	 
	 

	Element gain
	dBi
	4.2
	4.5

	Peak EIRP
	dBm EIRP
	26.1
	30.8



Figure - UMi downlink performance 2 panel typical PC1 UE UEs
Observation: 64 elements provides good performance on the uplink.
Proposal: Use 64 elements to develop the PC1 UE specification
Proposal: PC1 UE minimum peak EIRP is 26 dBm EIRP
Power class 1 UE spherical coverage
RAN4 has not yet discussed how a PC1 FR2-2 UE is to be deployed, however it may be reasonable to assume the UE is oriented to align the panel with the serving cell. In that case coverage around the entire sphere is not required, and a single panel makes sense to use for spec development.  
The figure below shows both single panel CDF. The simulation shows the UE antenna performance, assuming a UE with error-free beamforming coefficients and excluding the distortions and losses due to the UE structures and materials. If we use the 85%ile as in FR2-1 the error-free losses CDF drop is 7.5 dB. The next step is to account for the real losses and distortions in the UE that will add to this CDF drop with the consideration that those will be higher than in FR2-1.
Proposal: Use the 1-panel curve and additional losses due to beamforming errors and radiated UE structure and material losses to develop minimum performance requirement.
From the curve we have to add additional degradation due to radiated structural distortions and losses. The higher frequency than FR2-1 makes the UE more susceptible to losses and distortions. For FR2-1 the drop was specified at 8 dB, and further ideal simulations of FR2-1 antenna pattern show 4 dB drop.  We conclude FR2-1 requires 4 dB more drop than the ideal pattern sim. Considering the FR2-2 additional susceptibility to structures and materials we propose a 6dB drop for implementation added to the 7.5 dB sim, resulting in 13.5 dB drop.
Proposal: Specify the 85%ile at 13.5 dB down from the peak EIRP value. This equates to 12.5 dB EIRP.
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Figure Single panel 64 element antenna (ideal beamforming without structural distortions)
UE maximum output power limits, TRP and max EIRP
In the August 2021 RAN4 meeting the following agreement was made:
· Agree Max peak EIRP 43 dBm, max avg EIRP 40 dBm, maximum TRP 27 dBm. FCC limit is stated as conducted power, FFS how to address that in 3GPP TS.
For the FCC the peak output power shall not exceed a conducted power of 27 dBm, and the FCC allows “(3) For purposes of demonstrating compliance with this paragraph (e), corrections to the transmitter output power may be made due to the antenna and circuit loss.” For the 60 GHz UE there will be no way to measure conducted power, so the question is how to determine the antenna and circuit losses. TRP measures the radiated power after the losses are incurred, so using TRP fulfils the requirement.
Proposal: Use TRP to ensure the FCC total peak transmitter output power conducted requirement.
The FCC also limits total peak transmitter output power for bandwidths <= 100 MHz.  “(1) Transmitters with an emission bandwidth of less than 100 MHz must limit their peak transmitter output power to the product of 500 mW times their emission bandwidth divided by 100 MHz.” We propose to include this aspect in the TRP requirement, and to enact this limitation using NS signalling to the UE.
Proposal: Use NS signalling to direct the UE to limit TRP for <= 100 MHz per the FCC directive.
In the EU ([9] and [10]) the transmit PSD is limited to 23 dBm/MHz for band c1 ([10]). This PSD should be reflected in the TS under NS signalling as directed by the nodeB.
Proposal: 23 dBm/MHz maximum PSD enacted through NS signalling.
UE ACLR
In the last RAN4 meeting the decision was made to specify ACLR for communicating with regulatory bodies outside of 3GPP. It was also recognized that ACLR would likely not be a limiting specification and possibly would not be tested. In any case, we have agreed it should be specified.
Based on the ACIR coexistence study in RAN4 [1], the ACLR of the UE is proposed as follows:
Proposal: UE ALCR is 17 dBc.
Spectral emissions mask 
In the last RAN4 meeting we agreed the FR2-1 SEM table would be used as the basis for the FR2-2 SEM. A combined table is shown for consideration.
Table 6.5.2.1-1: General NR spectrum emission mask for frequency range 2.
	ΔfOOB
(MHz)
	50
MHz
	100
MHz
	400
MHz
	800 MHz
	1600 MHz
	2000 MHz
	Measurement bandwidth

	± 0-5
	-5 
	-5
	-5
	-5
	-5
	-5
	1 MHz 

	± 5-10
	-13
	-5
	-5 
	-5
	-5
	-5
	1 MHz

	± 10-20
	-13
	-13
	-5 
	-5
	-5
	-5
	1 MHz

	± 20-40
	-13
	-13
	-5
	-5
	-5
	-5
	1 MHz

	± 40-80
	-13
	-13
	-13
	-5
	-5
	-5
	1 MHz

	± 80-120
	
	-13
	-13 
	-13
	-5
	-5
	1 MHz

	± 120-160
	
	
	-13
	-13
	-5
	-5
	1 MHz

	± 160-200
	
	
	-13
	-13
	-13
	-5
	1 MHz

	± 200-400
	
	
	-13 
	-13
	-13
	-13
	1 MHz

	± 400-800
	
	
	-13 
	-13
	-13
	-13
	1 MHz

	± 800-1600
	
	
	
	-13
	-13
	-13
	1 MHz

	± 1600-2400
	
	
	
	
	-13
	-13
	1 MHz

	± 2400-3200
	
	
	
	
	-13
	-13
	1 MHz

	± 3200-4000
	
	
	
	
	
	-13
	1 MHz



Proposal: Adopt the combined FR2-1 and FR2-2 table.
ON/ON transient periods
From the standpoint of ON/ON transient period, the FR2-2 UE is the same as FR2-1. In one sense FR2-2 is quite like FR2-1, with FR2-2 much like a new FR2-1 band with some additional SCS. FR2-1 UE designs are commercial and mature. The ON/ON transient time of 5usec is governed by the time required to configure the transmitter and receiver. Those constraints are the same for FR2-2. Further in future as devices support FR2-1 and FR2-2 much hardware will be common. It is natural to specify the transient period the same as FR2-1.
Proposal: The transient period from FR2-1 is based on the capability of the UE to configure the transmitter and receiver. The same capability will exist in FR2-2. Use the same 5usec for FR2-2.
PRACH ON power measurement period
RAN1 has agreed that PRACH may use 120, 480, or 960 kHz SCS. We can specify the measurement time period in the same table for FR2-1 and -2. An example is shown below for illustration.
Table 6.3.3.4-1: PRACH ON power measurement period
	Format
	SCS
	Measurement period
	Note

	A1
	60 kHz
	0.035677 ms
	

	
	120 kHz
	0.017839 ms
	

	
	480 kHz
	0.004460 ms
	

	
	960 kHz
	0.002230 ms
	

	A2
	60 kHz
	0.071354 ms
	

	
	120 kHz
	0.035677 ms
	

	
	480 kHz
	0.008919 ms
	

	
	960 kHz
	0.004460 ms
	

	A3
	60 kHz
	0.107031 ms
	

	
	120 kHz
	0.053516 ms
	

	
	480 kHz
	0.013379 ms
	

	
	960 kHz
	0.006690 ms
	

	B1
	60 kHz
	0.035091 ms
	

	
	120 kHz
	0.0175455 ms
	

	
	480 kHz
	0.004386 ms
	

	
	960 kHz
	0.002193 ms
	

	B4
	60 kHz
	0.207617 ms
	

	
	120 kHz
	0.103809 ms
	

	
	480 kHz
	0.025952 ms
	

	
	960 kHz
	0.012976 ms
	

	A1/B1
	60 kHz
	0.035677 ms for front X1 occasion
0.035091 ms for last occasion
	X1 = [2,5]

	
	120 kHz
	0.017839 ms for front X1occasion
0.017546 ms for last occasion
	X1 = [2,5]

	
	480 kHz
	  0.004460 ms for front X1 occasion
 0.004387 ms for last occasion
	X1 = [2,5]

	
	960 kHz
	0.017839 ms for front X1occasion
0.017546 ms for last occasion
	X1 = [2,5]

	A2/B2
	60 kHz
	0.071354 ms for front X2 occasion
0.069596 ms for last occasion
	X2 = [1,2]

	
	120 kHz
	0.035677 ms for front X2 occasion
0.034798 ms for last occasion
	X2 = [1,2]

	
	480 kHz
	0.008919 ms for front X2 occasion
0.008700 ms for last occasion
	X2 = [1,2]

	
	960 kHz
	0.004460 ms for front X2 occasion
0.004350 ms for last occasion
	X2 = [1,2]

	A3/B3
	60 kHz
	0.107031 ms for first occasion
0.104101 ms for second occasion
	

	
	120 kHz
	0.053515 ms for first occasion
0.052050 ms for second occasion
	

	
	480 kHz
	0.013379 ms for first occasion
0.013013 ms for second occasion
	

	
	960 kHz
	0.006689 ms for first occasion
0.006506 ms for second occasion
	

	C0
	60 kHz
	0.026758 ms
	

	
	120 kHz
	0.013379 ms
	

	
	480 kHz
	0.003345 ms
	

	
	960 kHz
	0.001672 ms
	

	C2
	60 kHz
	0.083333 ms
	

	
	120 kHz
	0.0416667 ms
	

	
	480 kHz
	0.010417 ms
	

	
	960 kHz
	0.005208 ms
	

	NOTE:	For PRACH on PRACH occasion start from begin of 0ms or 0.5 ms boundary, the measurement period will be increased by 0.032552 μs



Proposal: PRACH ON power measurement period table should be updated for 480 and 960 SCS as shown.
  Beam direction only switching time baseline assumption
Q: Should we re-use the FR2-1 beam direction-only switching time for FR2-2 480 and 960 SCS, or some other value?
From last meeting these proposals were offered (R4-2114989)
· Proposal 1:  60 GHz UE requires 200 nsec for beam direction-only switching for all SCS Direction-only switching time is a baseline assumption and not a TS requirement.
· Proposal 2: UE Beam direction-only switching time baseline assumption should be defined the same for all SCS. 
· Proposal 3: 50 nsec as a baseline assumption 

One valid approach to the 60 GHz UE design is to base it on the existing FR2 design. In this aspect, 60 GHz is like a new FR2 band. This means the configuration times for beam switching are the same for 60 GHz and FR2.The FR2 switching assumptions are based on the capabilities of the UE to switch, and what is feasible. 60 GHz UE feasibility is the same as FR2. Further the configuration times are similar for any SCS, and this should be part of the assumption.
The FR2 assumption for UE beam switching is 200 nsec, 60 GHz requires the same amount of time to switch. We find no difference between inter-panel and intra-panel switching. Both require the same amount of time to configure the hardware for switching.
On clarification, our understanding is the UE can perform a beam direction change, or a power control change, or both during this 200 nsec time.
Observation: Our understanding is the UE can perform a beam direction change, or a power control change, or both during this 200 nsec time.
 Conclusions
Array losses:
Observation: FR2-2 losses will be higher than FR2-1, based on the loss trend in FR2-1.
Observation: Increasing the number of array elements helps to counteract the increased losses inherent in FR2-2.
Handheld array size:
Observation: FR2-2 8x2 element array fits in the same footprint as a commercial FR2-1 1x4 array
Proposal: 8x2 array used as an assumption to develop FR2-2 requirements.
Observation: 8 element FR2-2 arrays are approximately half the size of FR2-1 arrays, and 4 element arrays are approximately ¼ the size.
Handheld min peak EIRP:
Proposal: Handheld minimum peak EIRP is 15 dBm.
Handheld spherical coverage:
Observation: Handheld minimum TRP is -0.9 dBm.
Observation:  Peak to 50%ile gain drop is approximately 3.5 dB higher in FR2-2 than FR2-1 due to antenna pattern and other considerations, and n262 has a 13.1 dB drop. Therefore FR2-2 drop should be 16.6 dB.
Proposal: 50th %ile spherical coverage point is -1.6 dBm (based on 15 dBm min peak EIRP, 2 panels)
Reducing handheld antenna elements (from 16):
Observation: Reducing to 8 elements degrades the EIRP by 6 dB and reducing to 4 elements degrades the EIRP by 12 dB.
Observation: Reducing to 8 elements degrades the sensitivity by 6 dB and reducing to 4 elements degrades the sensitivity by 12 dB.
1 panel vs 2 panels (handheld UE):
Observation: 1 panel covers at best a hemisphere, and 2 panels back-to-back work together to cover the majority of the sphere.
Observation: Using 1 panel degrades the %ile coverage CDF by 3 to 4 dB in the 20 to 80% range.
Observation: A single panel results in 6 dB SINR degradation of both the UL and DL CDFs.
Proposal: Specifications should be derived assuming a minimum of 2 antenna panels
PC1 UE min peak EIPR and antenna size:
Observation: 64 elements provides good performance on the uplink.
Proposal: Use 64 elements to develop the PC1 UE specification
Proposal: PC1 UE minimum peak EIRP is 26 dBm EIRP
PC1 UE spherical coverage:
Proposal: Use the 1-panel curve and additional losses due to beamforming errors and radiated UE structure and material losses to develop minimum performance requirement.
Proposal: Specify the 85%ile at 13.5 dB down from the peak EIRP value. This equates to 12.5 dB EIRP.
UE max power limits TRP and max EIRP:
Proposal: Use TRP to ensure the FCC total peak transmitter output power conducted requirement.
Proposal: Use NS signalling to direct the UE to limit TRP for <= 100 MHz per the FCC directive.
Proposal: 23 dBm/MHz maximum PSD enacted through NS signalling.
UE ACLR:
Proposal: UE ALCR is 17 dBc.
SEM:
Proposal: Adopt the combined FR2-1 and FR2-2 table.
ON/ON transient periods
Proposal: The transient period from FR2-1 is based on the capability of the UE to configure the transmitter and receiver. The same capability will exist in FR2-2. Use the same 5usec for FR2-2.
PRACH ON power measurement period:
Proposal: PRACH ON power measurement period table should be updated for 480 and 960 SCS as shown.
Beam direction only switching time baseline assumption
Observation: Our understanding is the UE can perform a beam direction change, or a power control change, or both during this 200 nsec time.
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