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Introduction
The way forward on URRLC testing methodology agree in RAN4#92 [1] captures the following open issues:
· Evaluation of the feasibility for test reliability of 99.999%, 
· Test methodology for test reliability of 99.999%.
Discussing these open points, gives rise to many questions in statistical testing methodologies.
In this contribution we provide our views and proposals on the above-mentioned topics, as well as, presenting and discussing some preliminary simulation results on high reliability test cases.


Statistical testing methodology
Following the discussions in RAN4#92, it became clear that evaluating the feasibility of testing high reliability testing (taken to be BLER 99.999% in this contribution), is heavily dependent on the chosen statistical testing methodology/framework.
Hence most of the open issues in the RAN4#92 way forward [1], are concerned with deciding on the statistical testing methodology to be used, and the impact this will have on the test parameters (the testing time in particular):
	Evaluation of the feasibility for test reliability of 99.999%
· Take the following factors into account to evaluate the feasibility of test 99.999% reliability
· The goal of the evaluation should be to provide estimates of test time(s) and confidence level(s) for the methods in slide 3 (or other methods if identified) so that a conclusion on test feasibility, confidence level, reasonable test time and test methodology can be reached.
· Key factors impacting evaluation
· Target reliability level: 99.999%
· Possible confidence level (CL): {95%, 98%, 99%, 99.5%}
· Number of errors
· Other factors to describe
· The following factors may be relevant to the evaluation and assumptions used should be described when presenting results:
· Propagation condition (e.g., static, fading)
· Antenna configuration
· Number of retransmission
· Duplexing mode and TDD configuration
· Slot based transmission or non-slot based transmission
· MCS
· Rank
· PDSCH mapping type
· DMRS configuration
· CBW/SCS

Test methodology for test reliability of 99.999%
· Test methodology:
· Option 1: Run one long test to reach reliability of 99.999% 
· Option 2: Run multiple small duration tests with different channel seeds and combine the results later
· Option 3: Leave to RAN5 to define (for UE only)
· Option 3a: Use RAN5 method for BS if applicable
· Option 4: Extrapolation to low BLER for some test cases
· Option 5: UTRA BLER test methodology from TS 25.141/34.121-1 as a starting point
· Other options are not precluded




In the following subsections, we want to present our understanding of the suitable statistical testing methodologies and make proposals based on their estimated performance (especially testing time).


RAN4/RAN5 early termination statistical testing methodology
After comparison of the current statistical testing frameworks used by RAN5 [2, 3] and the one used by RAN4 in UTRA [4], we have come to the conclusions that they are identical.
Both use the early decision concept, with decision co-ordinates (ne, ns) at each detected error event (i.e., a decision made on the preliminary measured BLER=ne/ns calculated at each such co-ordinate), with a DUT quality factor for early pass decisions.
The, arguably, most comprehensible description of the early decision concept can be found in [2].
The statistical testing frameworks with early termination currently used by RAN5 and RAN4, are identical.

Overview of the early termination framework:
The early termination framework is governed by tables of decision co-ordinates. When the test is running events are continuously logged (e.g., errors, samples) and compared to the predetermined decision co-ordinate tables. At each co-ordinate a decision is made of either “early pass”, “early fail”, or “undecided”. Co-ordinates with different outcomes can exists and will be discussed later.
It is to be noted that the maximum testing time (for limit/marginal DUTs) is increased in an early decision concept, when compared to single shot decision frameworks, since repeated testing for early termination opportunities accumulates wrong decision risk. Thus, a more stringent confidence level (CL) needs to be applied for each step of the test (i.e., early decision/termination co-ordinate/opportunity) to meet an overall test CL goal.
For example in [2, Appendix G.7.10]:
· Overall test CL: CLtest = 95% (aka cltest=0.95, dtest=1-cltest=0.05, were d is called the wrong decision risk/probability)
· BLER target: BLERtarget = 0.05 (aka limit error ratio, ER)
· Bad DUT quality factor: M = 1.5
[bookmark: _Hlk20496203]This results in the following required confidence levels per test step:
· clearly fail=0.9960 (aka dearly fail=0.0040, the risk of making a wrong early fail decision at this step)
· clearly pass=0.9975 (aka dearly pass=0.0025, the risk of making a wrong early pass decision at this step)
The risks are not symmetric, due to the introduction of a bad DUT factor for early pass decision. This factor is required to make sure the whole test reliably terminates/is decided the latest at a known maximum number of error events (ne). 
Many of terms and concepts introduced here, will be discussed in more detail later on.
Approaches without test time optimisation (no early pass, early fail, i.e., “single shot decision”) have also been proposed in the past [5], but will result in impractical testing times, as was pointed out by several companies during the RAN4#92 URRLC testing feasibility online sessions.
The maximum/worst-case testing time in early termination frameworks is increased when compared to single shot decision frameworks. However, the expected testing time is greatly reduced for DUTs that are reasonably better or worse than the target metric.

In light of the experience with the early termination framework and the potential reductions in testing time due to early termination, we propose to consider this framework for use in high reliability testing and evaluate feasibility based on this framework.
[bookmark: _Hlk20518153]RAN4 to evaluate feasibility of high reliability testing, based the previously used statistical testing methodology with early decision concept and DUT quality factor from [TS 36.521-1].


Parameters of the early decision methodology
Early decision statistical tests, following [2], are characterized by 
· ne: Number of errors (wrong decoding events) observed
· ns: Number of samples (attempted decoding events) tested
· measured BLER=ne/ns
· nsp: Minimum number of samples for early pass decision. 
	Only meaningful as a tuple, together with ne.
· nsf: Minimum number of samples for early fail decision. 
	Only meaningful as a tuple, together with ne.
· nemax: The maximum number of errors observable, before the early pass and early fail limits cross (hence forcing a pass/fail decision).
The test is carried out by transmitting sample data blocks and recording the number of errors. At each error event, the current ns is compared with the corresponding early pass and early fail co-ordinates. If early pass or fail can be decided (nsp < ns or nsf > ns) the DUT is decided, otherwise the test continues until the next error event (or a maximum testing time, which is can also be imposed independently of the number of errors).
Those parameters are captured in a pass/fail limit table used in the test evaluation. Building on Intel’s previous contribution [6], such a table for 95% CLtest and 99.999% BLER target could look as follows
Table 1: Possible pass fail limits CL=99.999%.
	Number of errors
(ne)
	[bookmark: _Hlk20476924]Minimum number of samples for early pass decision
(nsp)
	Minimum number of samples for early fail decision
(nsf)

	0
	299573
	NA

	1
	399428
	401

	2
	547461
	9223

	…
	
	

	nemax
	
	



Important information about this specific table:
· This table also represents the decision co-ordinates (ne, nsp) and (ne, nsf) of the resulting test procedure.
· The numbers in Table 1 have been derived under the assumption that dearly fail and dearly pass do not change when changing BLERtarget=95% to BLERtarget=99.999%. This assumption might not hold true, as we observe and discuss later in this contribution.
The worst-case number of errors (nemax), which needs to be observed to terminate the early decision test with decision pass or fail, depends the per test step wrong decision risk dearly fail and dearly pass. 
These two risks determine the shape of the early pass/fail boundaries, and along with the bad DUT factor M, decide the cross over point between the two decision boundaries. This is illustrated in Figure 1:
[image: ]
Figure 1: Maximum number of errors before decision is forced.
Assumptions for Figure 1: 
· Assumption that dearly fail and dearly pass do not change between BLER target 99.999% and BLER target 95%. This might not hold true, as we observe and discuss in the following.
· Approximating the binomial distribution with the chi-squared distribution (for simulation speed).

The early decision test, under certain assumptions, forcibly terminates after 181 error events with a fail/pass decision. This constitutes a worst-case test duration, which can be shortened by allowing and “undecided” result and terminating the test early. 
Additionally, DUTs whose true BLER is reasonably far from the BLERtarget, which is the case for product DUTs with some design margin and defective DUTs, leave the test population significantly earlier.


[bookmark: _Hlk20841356]CLtest in early decision methodology
Earlier we discussed that “a more stringent confidence level (CL) needs to be applied for each step of the test (i.e., early decision/termination co-ordinate/opportunity) to meet a less stringent overall test CL goal”, due to decision risk accumulation in repeated early termination decisions.
The CL per test and per step also correlates with other changes in other test parameters. This is discussed in the following.

BLERtarget and CLtest/CLstep:
From simulations on synthetic limit test populations (good and bad DUTs) we observe the following trend between BLERtarget and measured CLtest, for the fixed confidence levels per test step (dearly fail=0.0040, clearly pass=0.9975), as derived for CLtest>=95% in [2]:
Table 2: BLERtarget vs. measured resulting test CL (Ftest=1-CLtest)
	Test run
	Population size
	BLERtarget
	Ffalse_pass
	Ffalse_fail

	1
	10000
	0.005
	0.0396
	0.0149

	2
	10000
	0.005
	0.0408
	0.0131

	3
	10000
	0.05
	0.0341
	0.0121

	4
	10000
	0.05
	0.0320
	0.0101

	5
	10000
	0.1
	0.0217
	0.0082

	6
	10000
	0.1
	0.0268
	0.0075



From Table 2, it seems that the test decision risk (for constant per step decision risk) is increasing as the BLERtarget is decreasing. Judging from the trend, the design goal CL=95% would be broken at our requirement of BLERtarget = 10-5.
Simulations for low BLER are very time and memory consuming, so more analytical approaches should be considered, to verify the observed trend.
The overall test CL is observed to become worse with decreasing BLER target, when the per test step CL is kept constant.
RAN4 to further study the impact of the BLERtarget on the per step decision risk, before propagating the use of the currently specified per test step decision risk values into BLERtarget = 10-5 testing.
Note: In the simulation of Table 2, almost all possible ne values (up to nemax) needed to be checked for the test to complete and to evaluate test population. However, this is the worst case of good and bad DUTs exactly on the limit ER (“marginal DUT”). In tests with DUTs that are either reasonably better than the performance target, or damaged and thus much worse, the whole test population will be decided after significantly fewer error events.

CLtest and CLstep:
From the previous definitions of decision risk per test and risk per test step, it immediately follows that the confidence levels per test step (dearly fail=0.0040, clearly pass=0.9975), as derived for CLtest>=95% in [2], need to be re-calculated for the different CL targets proposed in the WF [1].
[bookmark: _Hlk20841395]Changes in overall test CL, require numerical statistics efforts to find the per test step CLs required in early termination framework.
RAN4 to re-calculate the confidence levels per test step, at least in the cases where other CL targets than 95% are chosen.

nsamples and CLtest/CLstep:
It is also a direct consequence of the CL definition that the number of required samples for the decision co-ordinates go up (albeit slowly) with increasing CL.
However the correct factor can only be evaluated, once the per test step decision risk has been re-simulated for the desired BLERtarget and CLtest levels.
The number of required samples per decision co-ordinate increase slowly with the overall test CL.

Summary:
From the above discussion, it has become clear that re-use of the statistical parameters (in particular df and clp) from [2] to calculate early decision co-ordinates for test setups with BLERtarget different than 0.05, and especially in the case of other CLs than 95%, is not justifiable.
RAN4 to recommend that proponents of using CLs different from 95%, supply the corresponding per step decision risk limits, or directly the decision co-ordinates.


Choice of CLtest and Reliability
In light of the discussions at RAN4#92, we want to state our understanding of CL and reliability, as well as their connection in the following.
Reliability refers to a failure rate, while confidence refers to the minimum certainty that the claimed failure rate is accurate for the tested (and passed) DUT.
There are many industrial cases where, for example, a 99% reliability is targeted with a 95% confidence that the claimed reliability is correct for the given DUT. One peculiar example is found in [7], where “90% confidence that the reliability is 95%” is used in system level tests to be performed for nuclear applications.
However, there are also critical voices that caution: “Low-confidence, high-reliability combinations have little practical meaning, but a combination involving equal confidence and reliability will be indicative of the maximum proportion of fails that may be expected” [8].
Unless the distribution of the observed BLER performance in the tested DUT population is known, it is not immediately evident how to make a statement about the performance/reliability of wrongly decided (and especially, wrongly passed) DUTs.
Without knowing the BLER distribution in DUTs it is not immediately evident how to estimate the performance of erroneously passed DUTs.
RAN4 to further study the performance/reliability of erroneously decided DUTs.
The outcome of this study should help answer if it makes sense to have a high reliability testing with a lower confidence level, than the reliability target.

Additionally, we make the following observation about marginal DUTs:
Assuming a decision risk of 5% (CL=95%), a DUT with true reliability of BLER=10-5-ε for each test will fail 1 out of 20 tests. Given the many variations and scenarios likely to be tested, an objectively good DUT will, be classified as failing in many instances.
Only a DUT significantly better than all targets in each tested requirement has a chance to pass all test cases.


Minimum testing time in fading channels
The RAN5 methodology to obtain minimum testing times in fading channels from simulations is detailed in, for example, [2, Appendix G.3.5]. Previous URLLC test feasibility contributions [6] have made use of this framework to come up with minimum number of samples for different BLERtarget. 
To summarize the previous results: It is likely that more than 106 slots will be required for testing of fading channels to sufficiently average over the complete channel model. 
For AWGN propagation conditions, there are no channel memory effects and the minimum testing time is simply the time to the first decision co-ordinate, implicitly understanding that only a near perfect DUT will be able to finish at this point. Following Section 2.2, this leads to ~300,000 slot/samples required, which corresponds to 300 seconds in the worst case of 15 kHz.
In any case, the early decision statistical testing framework will make sure that the minimum testing time for AWGN propagation conditions are respected.
Minimum testing times in standard testing frameworks for 5-9s reliability are at least 106 slots in fading channels and 300.000 slots in AWGN conditions.


Practical aspects and test parameter choice
The most practically important aspect of high reliability testing is the expected testing time. Until now we did not find an adequate method to accurately estimate the expected testing time for the practical non-marginal DUTs. For marginal DUTs it is nemax/BLERtarget slots, which is higher than in single shot frameworks that have lower decision risks.
However, even in best case scenarios, where neexpected=10, the testing times are still barely practically feasible and further means of testing time reduction need to be found.
The expected testing time is still unknown for non-marginal DUTs. Even for the best-case guess, the expected testing times are barely practically feasible.
RAN4 to study the expected testing time for the statistical testing methodology with early decision concept and DUT quality factor, for both marginal and non-marginal DUTs.
RAN4 to study possible test case modifications to reduce testing times.

Following the previous discussion, some approaches to making high reliability testing more practical can already be proposed:
RAN4 BS demodulation to define test cases with both PUSCH aggregation and MCS table 3 features activated at the same time to reduce number of test cases.
RAN4 BS demodulation to define maximum [5] test cases to be tested to the full 99.999% reliability target. Remaining test cases shall only be tested up to 99.9% reliability target.
In the interest of reaching practically realistic testing times for high reliability features, it is acceptable to test BLER=10-5 with CL=95%, unless evidence to the contrary emerges.


Safety critical aspects
Since the URLLC features of 5G NR will potentially be used in safety critical applications, the ultimately chosen statistical testing methodology for testing of these features must be verified by an independent body of experts/statisticians, before requirements and test can be used as basis for safety critical implementations.
All statistical analysis provided here is to be taken as a best effort and is not to be taken as due diligence.
For deployments in safety critical applications, the high reliability test methodology adopted by 3GPP may need to be verified by independent experts.



BS demodulation high reliability simulations
In anticipation of the conclusion of the high reliability test feasibility studies, we want to some of our preliminary simulation results in this section.
When discussing about possible PUSCH high reliability testing, we usually have a system with the following parameters in mind:
Table 3: PUSCH high reliability testing simulation setup
	Parameter
	Value

	Transform precoding
	Disabled

	System
	Mod/Demod branches
	1T2R

	
	fc
	4 GHz

	
	SCS
	30 kHz

	
	BW
	25MHz / 65 PRB

	
	Uplink-downlink allocation for TDD
	Uplink slots only.

	
	Channel model
	{AWGN, TDLA30ns-10Hz}, Low Correlation Matrix

	
	Cyclic Prefix
	Normal

	High reliability features
	pusch-AggregationFactor
	n4

	
	mcs-Table
	qam64LowSE

	
	MCS
	6 (R=120/1024, Q_m=2)

	
	maxRank
	1

	HARQ
	Maximum number of HARQ transmissions
	HARQ OFF

	
	RV sequence
	OFF

	
	Code block group based PUSCH retransmission
	Disabled

	DM-RS
	DM-RS configuration type
	1

	
	DM-RS duration
	single-symbol DM-RS

	
	Additional DM-RS position
	pos1

	
	Number of DM-RS CDM group(s) without data
	2

	
	Ratio of PUSCH EPRE to DM-RS EPRE
	-3 dB

	
	DM-RS port
	0

	
	DM-RS sequence generation
	NID=0, nSCID =0

	Time domain resource assignment
	PUSCH mapping type
	B

	
	Start symbol
	0

	
	Allocation length
	5

	Frequency domain resource assignment
	RB assignment
	Full applicable test bandwidth

	
	Frequency hopping
	Disabled

	Others
	Channel coding: Limited buffer rate matching
	Disabled

	Performance metric
	SNR@5-9sBLER



The results of this simulation configuration are captured in Figure 2.

	[image: ]
	[image: ]


Figure 2:PUSCH high reliability testing simulation of standard scenario; 1e6 TBs, left: AWGN, right: TDLA-30.
The operating points are -10.5 dB for AWGN, and -0.9 dB for TDLA.

These early simulations provide us with a number of observations:
For AWGN and TDLA, a BLER of 1e-5 is achievable for reasonable SNR levels (~-10.5 dB and ~-0.9 dB respectively), assuming the configuration in Table 3 is chosen.
A relatively wide test BW should be chosen to avoid error floors due to frequency selective propagation condition.
Additional DM-RS position is advantageous for reliability, but the minimum TDRA of 5 symbols increases the TBS significantly.
Testing both UL high reliability features (PUSCH aggregation and MCS table 3) at the same time reduces the number of test runs.
Notes:
· Simulations evaluating the impact of a TDD pattern (7D1S2U, S=6D:4G:4U in particular) at BLER 1e-5, are still ongoing, which increase the memory consumption of the simulations 5 times.
At least in AWGN we do not expect the TDD pattern to matter, but the fading model needs to be checked.



Conclusions
In this contribution we have provided our views on the evaluation of the feasibility for test reliability of 99.999%, and the test methodology for test reliability of 99.999%, as well as, presenting and discussing some preliminary simulation results on high reliability test cases. We have made the following proposals and observations:

RAN4/RAN5 early termination statistical testing methodology
1. The statistical testing frameworks with early termination currently used by RAN5 and RAN4, are identical.
The maximum/worst-case testing time in early termination frameworks is increased when compared to single shot decision frameworks. However, the expected testing time is greatly reduced for DUTs that are reasonably better or worse than the target metric.
1. RAN4 to evaluate feasibility of high reliability testing, based the previously used statistical testing methodology with early decision concept and DUT quality factor from [TS 36.521-1].

Parameters of the early decision methodology
The early decision test, under certain assumptions, forcibly terminates after 181 error events with a fail/pass decision. This constitutes a worst-case test duration, which can be shortened by allowing and “undecided” result and terminating the test early. 
Additionally, DUTs whose true BLER is reasonably far from the BLERtarget, which is the case for product DUTs with some design margin and defective DUTs, leave the test population significantly earlier.

CLtest in early decision methodology
The overall test CL is observed to become worse with decreasing BLER target, when the per test step CL is kept constant.
RAN4 to further study the impact of the BLERtarget on the per step decision risk, before propagating the use of the currently specified per test step decision risk values into BLERtarget = 10-5 testing.
Changes in overall test CL, require numerical statistics efforts to find the per test step CLs required in early termination framework.
RAN4 to re-calculate the confidence levels per test step, at least in the cases where other CL targets than 95% are chosen.
The number of required samples per decision co-ordinate increase slowly with the overall test CL.
RAN4 to recommend that proponents of using CLs different from 95%, supply the corresponding per step decision risk limits, or directly the decision co-ordinates.

Choice of CLtest and Reliability
Without knowing the BLER distribution in DUTs it is not immediately evident how to estimate the performance of erroneously passed DUTs.
RAN4 to further study the performance/reliability of erroneously decided DUTs.
Only a DUT significantly better than all targets in each tested requirement has a chance to pass all test cases.

Minimum testing time in fading channels
Minimum testing times in standard testing frameworks for 5-9s reliability are at least 106 slots in fading channels and 300.000 slots in AWGN conditions.

Practical aspects and test parameter choice
The expected testing times are barely practically feasible.
RAN4 to study the expected testing time for the statistical testing methodology with early decision concept and DUT quality factor, for both marginal and non-marginal DUTs.
RAN4 to study possible test case modifications to reduce testing times.
RAN4 BS demodulation to define test cases with both PUSCH aggregation and MCS table 3 features activated at the same time to reduce number of test cases.
RAN4 BS demodulation to define maximum [5] test cases to be tested to the full 99.999% reliability target. Remaining test cases shall only be tested up to 99.9% reliability target.
In the interest of reaching practically realistic testing times for high reliability features, it is acceptable to test BLER=10-5 with CL=95%, unless evidence to the contrary emerges.

Safety critical aspects
For deployments in safety critical applications, the high reliability test methodology adopted by 3GPP may need to be verified by independent experts.


BS demodulation high reliability simulations
For AWGN and TDLA, a BLER of 1e-5 is achievable for reasonable SNR levels (~-10.5 dB and ~-0.9 dB respectively) assuming the configuration in Table 3 is chosen.
A relatively wide test BW should be chosen to avoid error floors due to frequency selective propagation condition.
Additional DM-RS position is advantageous for reliability, but the minimum TDRA of 5 symbols increases the TBS significantly.
Testing both UL high reliability features (PUSCH aggregation and MCS table 3) at the same time reduces the number of test runs.
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