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Introduction
This contribution provides an overview of the dynamic MIMO OTA status in CTIA. Keysight would like to acknowledge China Telecommunication Technology Laboratory (CTTL), CAICT for the measurement campaign performed in their laboratory. 
Discussion
In RAN#103, a new WID [1] was approved which suggests the study of a new and more realistic FR1 MIMO OTA methodology
	In Rel-17, NR MIMO OTA WI specified the test methodology for FR1 and corresponding requirements were defined for bands n41 and n78. As we move to Rel-18, the NR MIMO OTA WI enhancement aims to specify requirements for more FR1 bands, specifically n1, n5, and n28 with the test methodology defined in Rel-17.
However, the current test methodology only considers stationary test scenarios, limiting its ability to verify UE MIMO performance under static channel models. For static MIMO OTA testing, factors such as UE orientation, MCS (Modulation and Coding Scheme), and Angle of Arrival (AoA) remain fixed. Consequently, the existing FR1 MIMO OTA test system cannot adequately verify UE performance in realistic environments. Therefore, it is essential to study dynamic channel models and develop corresponding channel validation solution in Rel-19 to create more realistic FR1 MIMO OTA test scenarios.


The following objectives were identified for this ‘FR1 dynamic MIMO OTA methodology’
	· Study and develop FR1 dynamic MIMO OTA test methodology with the following aspects
· Reusing Rel-17 16-probes FR1 MPAC system layout
· Study and define dynamic channel model parameters. CDL channel models defined in TR 38.901 and TR 38.827 should be considered as the starting point
· Specify channel model validation procedures and pass/fail limits
· Decide environmental conditions
· Noise-limited environmental condition is the baseline
· Study and define appropriate performance metric under dynamic channel model 
· Develop the preliminary Measurement Uncertainty (MU) assessment for the test system (RAN5)


It is highly desirable to harmonize the FR1 dynamic MIMO OTA methodologies in industry to avoid the fragmentation experienced with LTE MIMO and the differences in test configurations selected by 3GPP [2], [3] and CTIA [4]. The LS from GSMA [5] provided a good overview of the concerns from European operators based on empirical data with the LTE MIMO OTA test plan in CTIA utilizing the SIR-controlled approach. In summary, the main concern was that “it was not possible to distinguish between good and bad performing devices due to low variance of the results (the deviations were within measurement uncertainty)” while the 3GPP UE noise limited approach “saw at least 10 dB difference between devices” and one “could observe improvements of devices from 2013 to 2016.” The LS from CTIA [6] on the other hand highlighted that “an SIR-based test is more appropriate as antenna efficiency will not play a significant role in MIMO performance when operating in real deployment scenarios.” The main concerns raised over years for these two test plans that resulted in the industry fragmentation is that the CTIA test plan is not able to rank device performance and that the 3GPP test plan is primarily ranking device performance based on antenna efficiency.
[bookmark: _Ref162536438]Proposal 1: Harmonize the FR1 dynamic MIMO OTA methodologies developed in different SDOs (CTIA and 3GPP) as much as possible
CTIA MIMO OTA Test Plan with dynamic channel models and link adaptation
The remainder of this contribution provides an overview of the current status of the FR1 MIMO OTA test methodology using dynamic channel models and link adaptation in CTIA which is captured in CTIA 01.42 [7], currently still in development and thus not publicly available. Occasionally, some overview is provided of some key development options considered and the choices made. The expectation is that the CTIA 01.42 test plan will be released towards the end of 2024 and large portions of the test methodology, metrics, channel models, and MU could be re-used by 3GPP. 
Route with dynamic channel models and link adaptation
For dynamic radio channel conditions, large scale channel characteristics, such as angular power distribution, power delay profile, Doppler power spectrum and LOS/NLOS condition, are varying over the emulation (or testing) time. The path loss profile and UE speed profile can be also defined to be dynamic. Emulation of a dynamic channel increases realism and versatility of the test without (necessarily) increasing the overall test time when compared to existing test cases that leverage static channel models. Large scale time variant radio condition together with dynamic link adaptation, i.e., variable MCS by the BS emulator/gNB, would test the adaptivity of the DUT and provide a much better measure of the overall link performance. 
To speed up the development of the CTIA MIMO OTA test plan for NR FR1, a simplified virtual drive test approach was adopted. Instead of recording a drive test route from a live network, a virtual test route with multiple waypoints was defined, where each waypoint has specific geometry dependent 3GPP LOS or NLOS CDL channel model parameters [2] and UE velocity and antenna orientation. The concept of parameter interpolation between waypoints was defined to enable truly dynamic time continuous channel characteristics based on the UE movement along the virtual route. Additionally, dynamic link adaptation, i.e., variable MCS by the BS emulator/gNB, was incorporated to test the adaptivity of the DUT and to provide a much better measure of the overall link performance. The beamforming for the PDSCH transmission is realized by the PMI-feedback based MIMO precoding by the BS emulator when the test case is configured with a dynamic link adaptation for rank and MIMO precoding. This concept is further illustrated in Figure 2 that shows the UMa route which is defined over eleven way points; each is assigned a different 3GPP CDL channel model, together with orientations and direction of travel of the UE, as shown in Figure 1. An UMi route was defined in CTIA as well but deferred to a later release of the test plan. The UMa route is traversed in ~120s and thus corresponds to a relatively fast test time per DUT orientation/rotation. 
[bookmark: _Ref162536439][bookmark: _Ref163391361]Proposal 2: 3GPP to adopt the UMa and/or the UMi route waypoint parameterization and dynamic channel modeling concept from CTIA with link adaptation 
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[bookmark: _Ref162449454][bookmark: _Ref146890016]Figure 1: Emulated UMa Route
[image: ]
[bookmark: _Ref162449474][bookmark: _Ref146890339]Figure 2: Channel Model Parameters for UMa Route
Dynamic Path Loss
For dynamic channel models, the channel model follows ideas of Virtual Drive Testing (VDT) and it contain variable radio channel conditions, not only due to fast fading, but also in the form of time variant propagation parameters. There are transitions between LOS and NLOS conditions, smooth changes of channel power delay profile, number of multipaths, angular power distribution, cross polarization power ratios, etc. The link distance dependent path loss is modelled based on the LOS/NLOS condition, naturally providing more severe losses in NLOS condition. Time variant propagation conditions yield time variability to metrics like, e.g., channel coherence time, coherence bandwidth, rank of MIMO channel, and slowly varying (spatially averaged) SNR.
UE-Noise Limited Testing
In CTIA, discussions were held whether the dynamic path loss should be removed for UE-Noise limited testing. If the dynamic path loss is removed from the channel model, both the distance dependent and the LOS/ NLOS condition dependent path loss variation must be removed by scaling of channel gains. Especially the latter modification is highly unrealistic and may cause misleading performance results. In real propagation channels the LOS path always provides highest gain among multipaths. NLOS condition is, as the name says, absence of the direct LOS path and typically has around 10 dB higher overall path loss. LOS/NLOS condition affects strongly also to other characteristics of the channel, as listed in Background section. By artificially flattening the path loss along the model route, the NLOS channel becomes superior by providing more degrees of freedom and higher MIMO rank without the cost of increased path loss. This deviates from the real radio channel characteristics and reduces realism of the whole concept of dynamic channel modelling. 
By compensating and normalizing the path loss, the entire route is emulated under fixed power/SNR profile. In order to judge the performance of the DUT, the route would have to be emulated not only for different device orientations but more importantly for different power/SNR profiles which significantly increases test time.
A question about BS PDSCH power control was raised CTIA as well. Our understanding is that there is no commonly known DL power control method used by 5G base stations. The benefits of high SNR conditions for a close by UE can be utilized rather by scheduling shorter time slot or less bandwidth for the UE than lowering the BS transmit power. It is possible that some BS vendor proprietary DL power adjustment method exist, but even in that case it would not be expected that the power control would compensate the level changes within moderate SNR range, such as below 35 dB. It would not be even possible in typical power limited case when UE is close to cell edge within low SNR range. The hypothetical BS DL power control method could come into play only in very high SNR condition, such as >35 dB (UE TP increase saturated), which should be out of scope for UE performance testing.
SIR-Based Testing
The distance dependent path loss can be simply removed from the dynamic channel model. NLOS/LOS dependent gain variation can be modelled based on the dynamic Ricean K-factor. Namely, the difference between LOS/NLOS condition is in the existence of LOS path. The LOS path has shortest propagation delay and highest gain, among multi paths. If average channel gains of NLOS/LOS conditions are normalized out, i.e., made equal, then NLOS would always provide better channel for MIMO communications. NLOS provides richer multi paths and more spatial degrees of freedom, but in real environment this comes with the cost of increased propagation loss of, e.g., 9 dB. The extra attenuation of NLOS condition follows from the absence of the highest gain LOS path. The mentioned dB value is exactly the Ricean K-factor parameter of the channel model. As the DUT performance is mainly dictated by the SIR profile of the model, we also propose to update the noise power profile such that the original SIR profile of the dynamic path-loss based signal + noise model is kept. By maintaining the original path loss based dynamic SIR profile, we also enable maintaining the so far agreed test procedure and TP CDF based FoM aspects introduced later.
The proposal regarding the path loss is as follows: The average gain of NLOS clusters is kept stable across the channel model route. The LOS path has dynamic gain due to dynamic K-factor. As the LOS path is added on top of NLOS clusters, the total gain of channel becomes dynamic as determined by the Ricean K-factor. 
The normalized channel gain or signal level profile is presented in Figure 3. For SIR-based testing, the signal and interference levels are scaled to a specific target level for a test case execution. The target level is the maximum feasible level of the OTA test system, which requires feedback from system integrators. The maximum 34 dB SIR level agreed in CTIA seemed reasonable and achievable [9].
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[bookmark: _Ref162534014]Figure 3: Narrowband normalized channel gain of UMa route, with distance dependent path loss removed and LOS/NLOS gain variation included.
Directive interference is inserted with specific directions of arrival while the interference itself was selected to be noise (AWGN) initially and could be replaced by modulated signals at a later time. SIR can be controlled in emulation of dynamic radio channel and interferences as follows. The signal from a BS emulator is modulated by the fast-fading multi-path channel and slowly time-variant path loss model by a fading/channel emulator. The signal and the fast fading have a constant average level when observed over a short time window. The fading/channel emulator knows these average levels as well as the average power of the generated interference signal. The resulting SIR profile is illustrated in Figure 4. 
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[bookmark: _Ref162449465][bookmark: _Ref146893604]Figure 4: SIR Profile for UMa Route
CTIA has selected the SIR-based test approach.
[bookmark: _Ref162536440][bookmark: _Ref163391362]Proposal 3: 3GPP to discuss on whether to adopt the SIR-based test approach (to align with CTIA) or the UE noise-limited approach
Performance Metric
The performance metric is based on TP, one of the most relevant performance indicators. The total measured throughput (TMT) is the combination/concatenation of all measured TP values for each channel model 

while the CDF of the TMT (CTMT) is used to extract three metrics, i.e., the 10%, 50%, and 90%, as illustrated in Figure 5



The CTMTs shall be recorded and reported separately for each device orientations and position/rotation. Additionally, it was defined for the TP to be captured and recorded by the BS emulator every 200 ms. 
[image: ]
[bookmark: _Ref162534244]Figure 5: Illustration of the CTMT Performance Metrics
The channel models have been aligned offline between Keysight and Spirent, the two most prominent channel emulator suppliers in industry. Alignment results have been presented in CTIA MIMO OTA Sub-working Group (MOSG). 
[bookmark: _Ref162536441]Proposal 4: 3GPP to adopt the same/similar performance metrics of TMT and CTMT. 
Validation and verification of test environments and test conditions 
The channel model validation procedures and pass/fail limits have been completed in CTIA already, i.e., with the following validation measurements performed with either time domain or frequency domain sweeps:
· Path Loss (PL)
· Power Delay Profile (PDP)
· Doppler/Temporal correlation (TCF)
· Spatial Correlation (SCF)
· Cross-polarization (XPO)
· Signal to interference power ratio (SIR)
The channel model is verified within time segments of the route, e.g., as illustrated in Figure 6. 
[image: ]
[bookmark: _Ref162453459][bookmark: _Toc106954891]Figure 6: Theoretical normalized path loss (without fast fading) for the UMa model.
Here, two categories of channel segments are defined:
· quasi time invariant: segments with the same CDL model throughout the segment where only the initial delay changes during the segment but excess delays remain unchanged
· time variant: segments with different CDL model on preceding and subsequent way points where both the initial delay and excess delays are time variant during the segment
One prominent system integrator is currently in the process of validating the channel models and confirming the route and channel model parameters including the pass/fail limits. 
[bookmark: _Ref162536442]Proposal 5: 3GPP to adopt the same channel model validation procedures as CTIA. 
Interference Modelling/Mapping
The AoA of interference signal is modelled dynamically due to UE motion and rotation along the route of the dynamic channel model. Various interference mappings to OTA probe directions were considered, e.g., from a single probe with the emulated channel model switching from one way point to another, as illustrated in Figure 7 (left). The time variant AoA of the interference source is shown with the white curve in the figure. An alternate option is to radiate the interference signal through a single probe, but to choose the probe continuously based on the time variant AoA of the interference source as observed in the UE coordinate system as illustrated in Figure 7 (centre). An alternate option for a two-probe interference approach, is shown in Figure 7 (right) by mapping onto two probes to perform a simple angular interpolation of interference direction. In CTIA, the more accurate approach with the two-probe interference technique, Figure 7 (right), was selected. 
[image: A group of images of different shapes
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[bookmark: _Ref162509653]Figure 7: Time variant PAS of intra-site interferer as observed by the DUT. Three emulation options are A: discontinuous with one probe (left), B: continuous with one probe (centre), and C: continuous with two probes (right). White line denotes the interferer AoA in the coordinate system of UE.
[bookmark: _Ref162536443]Proposal 6: 3GPP to adopt the continuous, two-probe interference technique. 
NR FR1 MIMO OTA Test System Aspects
The following is a brief overview of testing aspects related to FR1 MIMO OTA with dynamic channel models and link adaptation. 
MPAC Setup
The test system for the MIMO OTA test cases is based on the MPAC approach, the de-facto industry standard for LTE [2], [3] and NR FR1 (static channel models) [10], [11], [12] already. Given the adoption of the MPAC configuration with 16 uniformly spaced azimuthal probes by 3GPP for NR FR1 [10], [11], [12], the same system configuration was leveraged in CTIA, as illustrated in Figure 8. The channel model and the direction of highest power concentration is rotating around the DUT and controlled by the fading/channel emulator, i.e., the turntable is not used to rotate the UE during the execution of the test.
[image: ]
[bookmark: _Ref162449537][bookmark: _Ref146894734]Figure 8: MPAC system with 16 probes (baseline for NR FR1 MIMO OTA)
[bookmark: _Ref162536444]Proposal 7: 3GPP to re-use the MPAC system with uniformly spaced probes from 38.827, 38.151 and as suggested in the WID [1]. 
Device Orientations&Rotations
To assess the MIMO OTA performance for representative device orientations and orientations, four device orientations were selected, i.e., DMP, DML (both left and right tilt), and DMSU [12] as illustrated in Figure 9.
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[bookmark: _Ref162504033]Figure 9: Test Conditions: FS DMP (top left), FS DML-left tilt (top right), FS DML-right tilt (bottom left), FS DMSU (bottom right)

Four rotations, i.e., 0°, 90°, 180°, 270°, of the device (per orientation) within the test volume account for determining a statistical typical performance of the device in the specified spatial channel. Those 4 rotations are illustrated in Figure 10 for the DMP orientation.
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[bookmark: _Ref162449578][bookmark: _Ref146899379]Figure 10: Four Rotations for the DMP Orientation: 0°, 90°, 180°, 270°

[bookmark: _Ref162536445]Proposal 8: 3GPP to adopt the four device orientations DMP, DML (both left and right tilt), and DMSU and four rotations (0°, 90°, 180°, 270°) per orientation.
Results from End-To-End OTA Measurement Campaign
This section provides NR FR1 MIMO OTA performance measurement results using the dynamic channel models and dynamic link adaptation approach introduced earlier of 4 different UEs including the impact of different UE test orientations/rotations; it should be noted that the DMP and DML orientations in this measurement campaign did not have the 45° tilt as the measurements were performed before the orientations were defined. The measurements were carried out by CTTL, CATL with four different commercial smartphones in the n41 band (2496 – 2690 MHz). The measurement setup consisted of Keysight UXM 5G Test Application (TA), Keysight UXM BS emulator, and Keysight PROPSIM fading/channel emulator. The test case implementation utilizes proof-of-concept implementation of Keysight test automation and UXM TA parameterization. 
The first set of measurement results in Figure 11 are for the scheduled and served TP for the four different UEs and the DMP orientation; the blue curves are for the TP scheduled by the BS based on the UE-reported CSI feedback while the light green curves are for actual TP the UE receives. It can be observed that other than UE A, the scheduled TP is generally higher than the served TP which indicated rather optimistic reports from the UEs. This is further explained using the ACK (blue)/NACK (light green) percentiles in Figure 12. The high NACK percentiles, especially at the low SIR regions, confirm that UEs commonly report MCS too optimistically. This observation indicates that the ranking of UEs with this novel test methodology does not just depend on antenna performance but uncovers device/modem issues as well. 
The TP performance, specifically the CDF curves, for UE A for the four different device orientations is shown in Figure 13 and the performance for four different rotations for DMP orientation is shown in Figure 14 for UE A. These results show that performing separate measurements (UE orientations and rotations) is justified as different performance can be seen.
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[bookmark: _Ref162449595][bookmark: _Ref146900725]Figure 11: Scheduled and served throughput for DMP orientation vs time
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[bookmark: _Ref162449601][bookmark: _Ref146901656]Figure 12: ACK and NACK for DMP orientation vs time
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[bookmark: _Ref162449612][bookmark: _Ref146902489]Figure 13: CDF of the measured throughput (CTMT) for four different device orientations for UE A.
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[bookmark: _Ref162449619][bookmark: _Ref146902490]Figure 14: CDF of the measured throughput (CTMT) for four different device rotations for UE A and DMP orientation
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[bookmark: _Ref162449643][bookmark: _Ref146903220]Figure 15: CDF of the measured throughput (CTMT) for four different devices for DMP orientation. 
The TP performance for the four different devices for the portrait orientation is shown in Figure 15. Clearly, the test methodology using dynamic channel models with link adaptation can rank UEs in terms of performance, e.g., for CTMT90%, UE A is the worst but clearly the best for CTMT50% and CTMT10%. The results furthermore demonstrate the efficacy of the three different performance metrics, i.e., CTMT90%, CTMT50%, and CTMT10%. 
[bookmark: _Ref162536437]Observation 1: The measurement results demonstrate the ability to rank devices, the ability to not just assess antenna performance, and the efficacy of FOMs selected. 
Conclusions
The following observations and conclusions were made in this contribution.
Observation 1: The measurement results demonstrate the ability to rank devices, the ability to not just assess antenna performance, and the efficacy of FOMs selected.
Proposal 1: Harmonize the FR1 dynamic MIMO OTA methodologies developed in different SDOs (CTIA and 3GPP) as much as possible
Proposal 2: 3GPP to adopt the UMa and/or the UMi route waypoint parameterization and dynamic channel modeling concept from CTIA with link adaptation
Proposal 3: 3GPP to discuss on whether to adopt the SIR-based test approach (to align with CTIA) or the UE noise-limited approach
Proposal 4: 3GPP to adopt the same/similar performance metrics of TMT and CTMT.
Proposal 5: 3GPP to adopt the same channel model validation procedures as CTIA.
Proposal 6: 3GPP to adopt the continuous, two-probe interference technique.
Proposal 7: 3GPP to re-use the MPAC system with uniformly spaced probes from 38.827, 38.151 and as suggested in the WID [1].
Proposal 8: 3GPP to adopt the four device orientations DMP, DML (both left and right tilt), and DMSU and four rotations (0°, 90°, 180°, 270°) per orientation.
References
[1] [bookmark: _Ref162447311]RP-240841, New WID: WI on TRP (Total Radiated Power), TRS (Total Radiated Sensitivity) and MIMO OTA (Over the Air) testing enhancement Phase 3, 3GPP TSG RAN Meeting #103, March 2024
[2] [bookmark: _Ref162533593][bookmark: _Ref162449246]TR 37.977, Verification of radiated multi-antenna reception performance of User Equipment (UE)
[3] [bookmark: _Ref162503043]TS 37.544, Universal Terrestrial Radio Access (UTRA) and Evolved Universal Terrestrial Radio Access (E-UTRA); User Equipment (UE) Over The Air (OTA) performance; Conformance testing
[4] [bookmark: _Ref162535214]CTIA Certification™: “CTIA Certification Test Plan for Wireless Device Over-the-Air Performance, CTIA 01.40: Test Methodology, MIMO, Static Channel Model, Multi-Probe Anechoic Chamber”, latest active version available at: https://ctiacertification.org/test-plans/
[5] [bookmark: _Ref162535224]R5-176033, MIMO OTA Testing, GSMA TSG, 3GPP TSG RAN WG5 Meeting #77, November 2017
[6] [bookmark: _Ref162535246]R5-176863, LS Response to GSMA TSG30_007 (LS Regarding MIMO OTA), CTIA MOSG, 3GPP TSG RAN WG5 Meeting #77, November 2017
[7] [bookmark: _Ref162447906]CTIA Certification™: “CTIA Certification Test Plan for Wireless Device Over-the-Air Performance, CTIA 01.42: Test Methodology, MIMO, Multi-Probe Anechoic Chamber, Dynamic Channel Model with Link Adaptation” Test plan still in development and thus not publicly available
[8] 38.901, Study on channel model for frequencies from 0.5 to 100 GHz
[9] [bookmark: _Ref162533671][bookmark: _Ref162503042][bookmark: _Ref162449331]OTAMIMO_2023_003_004 V2, Preliminary validation measurement results, Keysight Technologies, CTTL
This is a CTIA Certification Program Working Group Document available to CTIA Certification Program Working Group members
[10] [bookmark: _Ref162503044]TR 38.827, Study on radiated metrics and test methodology for the verification of multi-antenna reception performance of NR User Equipment (UE)
[11] [bookmark: _Ref162449332]TS 38.151, Multiple Input Multiple Output (MIMO) Over-the-Air (OTA) performance requirements for NR UEs
[12] [bookmark: _Ref162503059]TS 38.551, UE Conformance - Multiple Input Multiple Output (MIMO) Over-the-Air (OTA) requirements for NR UEs
image1.emf
…

…

Intra-Site 

Interference

(Primary gNB)

Inter-Site 

Interference


image2.emf
Emulation Time [s]


image3.emf

image4.emf
Emulation Time [s]

Emulation Time [s]


image5.emf
13:29:00 13:29:15 13:29:29 13:29:45 13:30:00 13:30:15 13:30:30 13:30:45

time [hour:min:sec]

100

200

300

400

500

600

700

800

t

h

r

o

u

g

h

p

u

t

 

[

M

b

p

s

]

NR PDSCH DL TP

CDF


image6.emf
151

0

1

5

2

1

4

2

4

7

5

2

6

2

6

7

8

2

8

7

9

0

9

5

1

0

2

1

0

7

1

1

5

1

2

0

model time [s]

-16

-14

-12

-10

-8

-6

-4

-2

0

2

n

o

r

m

a

l

i

z

e

d

 

c

h

a

n

n

e

l

 

g

a

i

n

 

[

d

B

]

Theoretical channel gain

continuous

segm. average

segm. start

segm. end


image7.png
120

100

80

60

time [s]

40

20

-100
azimuth angle [deg]

Discontinuous 1 probe

0 100

azimuth angle [deg]

Continuous 1 probe Continuous 2 probe

120

100

80

60

0 100 -100 0 100

azimuth angle [deg]




image8.emf
LTE

NR FR1


image9.png




image10.png




image11.png




image12.png




image13.png




image14.png




image15.png




image16.png




image17.emf
UE A

TP

Time


image18.emf
UE B

TP

Time


image19.emf
UE C

TP

Time


image20.emf
UE D

TP

Time


image21.emf
UE A

%

Time


image22.emf
UE B

%

Time


image23.emf
UE C

%

Time


image24.emf
UE D

%

Time


image25.png
0.9

Probability
© ©o © o o o
w = (4] (<2} ~ (o]

o
N

0.1

50%

Portrait

Landscape Left
> 10% Landscape Right |
Screen Up
100 200 300 400 500 600

Tput (Mbps)




image26.png
0.9

Probability
© o o o o o
w o [4,] (<] ~ [«

o
N

0.1

0 degree
—— 90 degree
10% 180 degree
270 degree
100 200 300 400 500 600

Tput (Mbps)





image27.png
0 100 200 300 400 500 600
Tput (Mbps)





