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Introduction 
With advancements in hardware and design, modern smartphones increasingly integrate multiple Rx antennas to enhance DL performance. For instance, certain foldable mobile phones have adopted 6Rx antennas. Incorporating 6Rx facilitates a higher peak data rate by enabling support for a higher number of DL MIMO layers compared to 4Rx configurations. On the other hand, due to the higher diversity it can also help increase the downlink coverage by improving the receiver sensitivity.
In 3GPP Release 18, RAN4 has finalized the standardization efforts for enabling 8Rx for CPE/FWA/vehicle/industrial type of UEs. Although 6Rx was proposed and deliberated upon, it was given lower priority during the Rel-18 discussion. To enhance DL coverage and throughput for handheld UEs with larger sizes, RAN4 has approved a new WI to specify requirements for both handheld and FWA UEs [1].
Another objective of this WI [1] is to study the issue of insertion loss imbalance across SRS ports and to specify the corresponding solution if justified. That issue had already been discussed during several meetings as part of Rel-18 WI on enabling 8Rx for CPE/FWA/vehicle/industrial devices with no conclusion.
The following sections will discuss the objectives specified in the WI with the focus on the issue of insertion loss imbalance across SRS ports and on the requirements for enabling 6Rx and SRS antenna switching.

Discussion
The objectives of the WI regarding the specification of 6Rx requirements and the study of the issue on the insertion loss imbalance across SRS ports are as follows:

6Rx for handheld and FWA UE
· Specify the core requirements to enable 6Rx for higher frequency bands (>2.5GHz) targeting at support of handheld UE for NR FR1 single carrier scenario
· Example bands: n41, n77/n78, n79, n104
· Support 4 MIMO layers at least, and study the gain and feasibility and if feasible, support 6 MIMO layers
· Specify the Rx requirements including reference sensitivity requirements for support 6Rx
· Note: the specified requirements can be applicable to both handheld UE and FWA devices
· Specify the requirements to support SRS antenna switching including t1r6, t2r6, t3r6, t4r6 depending on UE capability
Study the issue of insertion loss imbalance across SRS ports, and if justified, specify the corresponding solution.


Insertion loss imbalance across SRS ports reporting
2.1.1   Justification for the introduction of the SRS IL imbalance reporting mechanism
For an accurate DL CSI estimation and good reciprocity-based DL-MIMO performance based on SRS antenna switching the gNB would ideally need to know the actual output power of each sounded antenna connector/port. However, depending on the architecture, the power sounded from each receive antenna port/connector may be different due to non-reciprocal insertion losses on given paths, and RAN4 has only specified a maximum allowed relaxation ΔTRxSRS for such ports. 
In our view, the introduction of some kind of IL (insertion loss) reporting mechanism for SRS Antenna Switching is necessary given how large the specified ΔTRxSRS values are, going up to more than 10dB for certain SRS-AS capabilities for higher frequency bands when the device is capable of power class 2. In addition, in the field even under static conditions a very large variations (as a function of time) of received SRS power/SNR have been observed per SRS port due to the power setting inaccuracies etc. 
To further justify the need for introducing an IL reporting mechanism for AS we have performed system-level simulations in [2]. The simulation results demonstrate the non-negligible gain of using an IL imbalance reporting mechanism for 4Rx case by comparing the mean and cell-edge SU/MU-MIMO user throughput as well as the average rank per gNB for the cases where SRS IL imbalance is reported/compensated or not. We believe that this issue is not relevant only for 6Rx, but also for 2Rx, 4Rx and 8Rx and the specified solution should be applicable to all the mentioned cases, which should even be the design criterion.
Proposal 1 [bookmark: _Toc163511218]Introduce a solution for the SRS insertion loss imbalance issue in Rel-19 which should be applicable to all 2Rx/4Rx/6Rx/8Rx.

2.1.2   Proposed SRS IL imbalance reporting solution
According to TS38.213 [3], the power control equations for SRS transmission occasions are defined at the antenna connector (all transmission requirements in FR1 are defined at the antenna connector, as stated in TS38.101-1 [4]):
[image: ] [dBm]
According to TS38.215 the path loss (PL) measurements, both CSI-RSRP and SSB-RSRP, are also defined at the antenna connector in the same plane of reference (RSRP reported can include more than one connector, but the use of diversity is not mandated). In the above equation, the PL is a function of RS resource index  (e.g. SSB resource) which is the same for all SRS resources in the set, which makes sense assuming that the plane of reference is the same for all RX antenna ports (antenna connectors). This is also consistent with the above observation that the plane of reference for the SRS output power is the antenna connector. 
The  must be defined in the same plane of reference as the PL measurements, that is, in the plane of reference of the RSRP (for both FR1 and FR2). For FR1, this plane is also consistent with the measurement of the output power for FR1 at the antenna connectors. The NW can therefore only assume that the   reported in the PHR is referred to the antenna connectors for FR1. 
The  is set per transmission occasion , i.e. per SRS resource and can include the IL on top of the MPR applied for the SRS (likely the same MPR for all AS resources). Any reported  for SRS transmissions should therefore include the actual IL TX/RX imbalance on top of the MPR applied for the transmitted resource (the internal power setting is of course up to UE implementation).
Note that according to TS38.213 [3], clause 7.3, if the non-TDMed SRS resource consists of multiple ports then its transmission power is equally divided across all ports (at all power levels): “For SRS, a UE splits a linear value  of the transmit power  on active UL BWP  of carrier  of serving cell  equally across the configured antenna ports for SRS.” In that case, the mapping between the different SRS ports and the actual connectors in the UE is up to UE implementation (but different pairs should be used for each resource).
On another note, as discussed in the Rel-18 WI, according to the above equation, the UE shall compensate for the IL below the maximum configured output power for a resource, as the insertion loss is not accounted for. It can be understood that the UE can compensate for such losses by setting the appropriate power of PA supplying  at the antenna connector(s) for the transmitted resource, at least below the maximum output power for the SRS transmission. However, it is recognized that in practice for SRS resources for which the allowed DTRxSRS > 0dB the insertion loss may not be fully accounted for (and thus compensated) in implementations since the allowed tolerance of the absolute power level in device testing can be of order of 10dB when the setting is below the maximum power, i.e. the insertion loss may be absorbed by the large absolute tolerance. Hence, for such implementations the UL power as set by the power-control equations in 38.213 below the maximum would be reduced by the IL imbalance at the connector (notwithstanding other power-setting inaccuracy), and this would not be captured by any RAN4 requirements since power tolerances are large. Moreover, conformance testing of SRS is limited.
Since the UE behavior when it comes to the compensation of the additional IL of a given Rx branch is unpredictable, reporting of the actual insertion loss (or IL imbalance) per branch is in general insufficient for the accurate DL CSI estimation as in many scenarios the UE Tx power is below the maximum configured transmission power. Furthermore, if the IL is reported dynamically, e.g. as part of a power headroom report, it is unclear how the network would use this information.  If the UE compensates for the insertion loss, it should reflect that in output power of the actual SRS transmission it makes, rather than having the network adjust the output power using the reported insertion loss. In other words, reporting the actual insertion loss seems redundant, since it should be directly included in the SRS output power.
By contrast, by reporting the configured maximum output power per SRS resource together with the power headroom (PH) for each SRS resource the gNB can have a relatively precise information on each SRS output power at the connector. The information on the configured maximum output power per SRS resource allows the NW to be aware whether a UE operates at its maximum power. The configured maximum output power includes the actual insertion loss (TX/RX) imbalance (for resources for which this is allowed) on top of the MPR used for the SRS resource. If the MPR is the same between the different ports (which is expected), by inspecting the differences between the configured maximum output power per SRS resource the information on IL imbalance can be obtained. On the other hand, by transmitting in addition the power headroom (PH) report per SRS resource, the NW can obtain the information on the exact output power per SRS resource and observe whether the IL compensation has been performed. So, both cases when UEs do perform or do not perform compensation for insertion losses are covered by the proposed solution.
Proposal 2 [bookmark: _Toc163511219]IL imbalance reporting mechanism for SRS AS should include both the configured maximum output power per SRS resource and the power headroom per SRS resource.
The PH used for the SRS resource can be a Type 3 but used for a new MAC-CE “SRS resource power report” (instead of PHR MAC-CE) and can be used also for a carrier configured for PUSCH transmission. This would be a RAN1 change but very limited (i.e. apply the Type 3 for the new MAC-CE and also on a PUSCH carrier). A new MAC-CE specified for SRS power reporting should be dynamic since SRS AS power levels can change.
Proposal 3 [bookmark: _Toc163511220]The PH used for the SRS resource can be a Type 3 but used for a new MAC-CE “SRS resource power report” and can be used also for a carrier configured for PUSCH transmission.

Reference sensitivity for 6Rx
The factors that impact the 6Rx reference sensitivity are the complexity of the RF front-end, which includes insertion loss and coupling among the Rx chains, PCB layout, antenna locations, and the components to be used. The WI objectives specify two types of UE, i.e. handheld and FWA. These two types of UE have different form factors and architecture for the RF front-end, which may lead to different reference sensitivity requirements. Ultimately, the reference sensitivity is a noise factor test.


Observation 1 [bookmark: _Toc127552135][bookmark: _Toc131667891][bookmark: _Toc163511213]Whether or not to specify two values of ΔRIB,6R for handheld and FWA UE depends on whether these two types of UE lead to a significant difference.

In Rel-18, RAN4 has studied and specified ΔRIB for 8Rx for FWA (along with CPE/industrial and vehicle devices), where the current ΔRIB for UE(s) equipped with 4Rx (which also include handheld devices) and 8Rx antenna ports are as follows [4]:

Table 7.3.2-2: Four antenna port reference sensitivity allowance ΔRIB,4R
	Operating band
	ΔRIB,4R (dB)

	n5, n8, n13, n28, n71, n85, n105
	-2.71

	n5, n8, n28, n71, n20, n26
	-2.42

	n1, n2, n3, n25, n30, n40, n7, n34, n38, n39, n41, n66, n70
	-2.7

	n48, n77, n78, n79, n104
	-2.2

	NOTE 1:	When 4 Rx operation is supported by FWA form factor
NOTE 2:	When 4Rx operation is supported by handheld UE.



Table 7.3.2-2a: Eight antenna port reference sensitivity allowance ΔRIB,8R
	Operating band
	ΔRIB,8R (dB)

	n7
	-4.5

	n41
	-4.3

	n77, n78, n79
	-4.0

	NOTE 1:	8 Rx operation is targeted for FWA/CPE/Vehicle/Industrial devices form factor.



We can observe that for ΔRIB,4R requirement and for the example bands of this WI, there is no difference between the handheld and FWA devices.
Observation 2 [bookmark: _Toc163511214]For ΔRIB,4R requirement and for the example bands of this WI, there is no difference between the handheld and FWA devices.
Even though ΔRIB,8R is only intended for FWA/CPE type of UE and the form factor can be significantly different compared to that of handheld UE, the above table for 4Rx and 8Rx can be still used as a starting point to study the performance of ΔRIB for 6Rx considering the different form factors of handheld and FWA UEs and other impact factors. 
Observation 3 [bookmark: _Toc163511215]Existing ΔRIB requirements for 4Rx and 8Rx can be used as a starting point to study the performance of ΔRIB for 6Rx considering the form factor of handheld and FWA UE and other impact factors.

SRS antenna switching 
SRS antenna switching stands as a pivotal feature in obtaining DL CSI for reciprocity based TDD systems. However, the process of switching transmission antennas at UE introduces a potential challenge: the insertion loss (IL) experienced by diverse branches may not align with that of the main branch. The SRS IL imbalances arise from variations in RF switch performance and PCB trace losses.

Value of ΔTRxSRS for 6Rx

Based on the current TS 38.101-1 [4], ΔTRxSRS for the bands whose FUL_high is higher than the FUL_low of n79 (n79 and n104 among the exemplary bands) is higher by 1.5dB than for the bands whose FUL_high is lower than the FUL_low of n79 (n41, n77, n78). The main reason is the dependence of the insertion loss of antenna switches and PCB tracing loss on the frequency. We propose to keep the same difference for t1r6, t2r6, t3r6 and t4r6 AS capabilities. 

Proposal 4 [bookmark: _Toc163511221]ΔTRxSRS for the bands whose FUL_high is higher than the FUL_low of n79 (n79 and n104 among the exemplary bands) should be higher by 1.5dB compared with the bands whose FUL_high is lower than the FUL_low of n79 (n41, n77, n78).
There exist numerous ways to realize t1r6, t2r6, t3r6, t4r6 architectures. On Figure 1 and Figure 2, we show an exemplary architecture for t1r6 and t2r6, respectively.

[image: A diagram of a diagram
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Figure 1 – Exemplary architecture of t1r6.

[image: A diagram of a diagram

Description automatically generated with medium confidence]
Figure 2 – Exemplary architecture of t2r6.
Observation 4 [bookmark: _Toc163511216]ΔTRxSRS value for the given txr6 AS capability should be specified as an average between the different architectures relevant in practice, which include typical insertion losses of the included antenna switches and PCB traces.


Support of 6 MIMO layers
As we have pointed out in the introduction, modern smartphones increasingly integrate multiple Rx antennas to enhance DL performance. Numerous simulation results can be found that show that enabling the support for a higher number of DL MIMO layers can improve the DL peak throughput. However, given the limited antenna area on the device, especially for handheld UEs, it should be studied how likely is it to have rank 6 channel and whether the increased processing requirement and overhead to support 6 layers in the baseband is worth the performance gain and standardization effort. 

According to the current RRC signaling, the number of MIMO layers can be configured as 1, 2, 3, 4, 5, 6, 7, 8. However, the existing UE capability signaling only allows a UE to report to 2, 4, and 8-layer DL MIMO. If agreed to be introduced, one potential solution would be to introduce/add a new candidate value, i.e. 6-layer.

Observation 5 [bookmark: _Toc163511217]Support of 6 layers should consider the likelyhood to get a rank 6 channel given the limited antenna area on the device and the handheld UE processing requirement and overhead to support 6 layers in the baseband.





Conclusion
In the previous sections, we made the following observations: 
Observation 1	Whether or not to specify two values of ΔRIB,6R for handheld and FWA UE depends on whether these two types of UE lead to a significant difference.
Observation 2	For ΔRIB,4R requirement and for the example bands of this WI, there is no difference between the handheld and FWA devices.
Observation 3	Existing ΔRIB requirements for 4Rx and 8Rx can be used as a starting point to study the performance of ΔRIB for 6Rx considering the form factor of handheld and FWA UE and other impact factors.
Observation 4	ΔTRxSRS value for the given txr6 AS capability should be specified as an average between the different architectures relevant in practice, which include typical insertion losses of the included antenna switches and PCB traces.
Observation 5	Support of 6 layers should consider the likelyhood to get a rank 6 channel given the limited antenna area on the device and the handheld UE processing requirement and overhead to support 6 layers in the baseband.

Based on the discussion in the previous sections we propose the following:
Proposal 1	Introduce a solution for the SRS insertion loss imbalance issue in Rel-19 which should be applicable to all 2Rx/4Rx/6Rx/8Rx.
Proposal 2	IL imbalance reporting mechanism for SRS AS should include both the configured maximum output power per SRS resource and the power headroom per SRS resource.
Proposal 3	The PH used for the SRS resource can be a Type 3 but used for a new MAC-CE “SRS resource power report” and can be used also for a carrier configured for PUSCH transmission.
Proposal 4	ΔTRxSRS for the bands whose FUL_high is higher than the FUL_low of n79 (n79 and n104 among the exemplary bands) should be higher by 1.5dB compared with the bands whose FUL_high is lower than the FUL_low of n79 (n41, n77, n78).





 References
[1] [bookmark: _Ref129967845]RP-240828, New WID: UE RF enhancements for NR FR1/FR2 and EN-DC, Phase 4.
[2] R1-2305911, “Discussion on RAN4 LS on the UE SRS imbalance issue”, Ericsson, RAN1#113
[3] 3GPP TS38.213 V18.2.0, “NR; Physical layer procedures for control”
[4] 3GPP TS 38.101-1 V18.4.0, “NR; User Equipment (UE) radio transmission and reception; Part 1: Range 1 Standalone”
image1.wmf
ï

þ

ï

ý

ü

ï

î

ï

í

ì

+

×

+

×

+

=

)

,

(

)

(

)

(

))

(

2

(

log

10

)

(

),

(

min

)

,

,

(

,

,

,

,

,

,

,

SRS

,

,

SRS,

10

,

,

O_SRS,

,

,

CMAX

,

SRS,

l

i

h

q

PL

q

i

M

q

P

i

P

l

q

i

P

c

f

b

d

c

f

b

s

c

f

b

c

f

b

s

c

f

b

c

f

s

f,c

b

a

m


image2.png
LPAF

DRX

DRX

DRX

DRX

DRX

SPET

spoT

— ]

spoT

spoT

]

spoT

AT |

spoT

—f Ao |




image3.png
DRX

DRX

DRX

DRX

sPaT ANT1
—ser ANT2

— wm]
SP3T

sPOT ANTS

sPOT ANT6

i




