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Abstract  —  Advances in artificial intelligence, or more 
specifically machine-learning, have made it possible for computers 
to recognize patterns as well as or better than, humans. The 
process of quality management in radio-frequency measurements 
is an arduous one that requires a skilled human to interpret 
complex data sets and frequently leads to long diagnostic routines 
when a measurement fails a quality check, or an operator makes a 
mistake. We demonstrate the application of machine-learning 
classifiers to improve a common task in a quality managed 
measurement workflow. Specifically, we demonstrate that a 
machine-learning classifier can predict the device attached to a 
measurement apparatus and additionally predict if one of the 
connections has been improperly torqued, furthermore predicting 
which connection is loosened.     

Index Terms — Artificial intelligence, machine-learning, quality 
management, rf metrology, verification standards. 

I.  INTRODUCTION 

Recent progress in the quality and ease of implementing 
machine learning in computer science has made the technology 
ubiquitous in our daily lives. From cell phones to smart 
speakers, this technology makes it possible for computers to 
recognize patterns as well as or better than, humans in some 
cases. Simultaneously, the complexity of radio-frequency 
measurements in communications and elsewhere has increased 
in complexity as measurements are extended to higher 
frequencies, larger number of ports, and non-linear devices. 
The process of insuring quality measurements in these complex 
situations largely falls upon well trained humans that make 
judgments based on quality management protocols established 
over many years or decades [1]. While these quality protocols 
have proven to be reliable for measurements with few process 
variables, they are costly in terms of time and labor when a 
system or device fails, normally signaling a non-compliance 
event that must either be rectified by re-measurement or 
become the subject of an extensive review. This process could 
be revolutionized through the implementation of the disruptive 
technologies in machine learning. In the future, artificial 
intelligence agents could be trained to recognize common faults 
in complex systems, informing humans of the most likely cause 
of a non-conformance event and even suggesting the best 
course of action. However, before this future is realized, the 
most promising technologies must be tested and proven to be 
capable of the performing tasks that humans currently do. 

 Here we demonstrate a methodology to train machine-
learning classifiers to perform the task of identifying a 
connected device under test (DUT) and to determine whether 
that device has been properly torqued at each of several points 
in an adapter chain. We test eight popular machine-learning 
classifiers, first training them to recognize the raw, uncorrected 
scattering parameters of a system of adapters and calibration 
devices. We further extend this training to a set of states or 
labels where specific adapter connections have been 
intentionally loosened to an uncontrolled torque. Next, we 
assess the trained machine-learning classifiers against two 
training accuracy data sets and one test accuracy to determine 
their accuracy in determining the DUT, the state of the 
connections to that DUT and the precise location of loosened 
connection.  

 

Fig. 1. Experimental setup for training measurements with 
connection sites labelled. The precision network analyzer 
(PNA) is adpated from its 1.85 mm port connector to the device 
under test’s type-N connector. 



 

II. EXPERIMENTAL SETUP 

In order to establish the statistics of different DUTs in 
properly and improperly torqued connecter states, a standard 
type-N Short–Open–Load-Thru (SOLT) insertable calibration 
kit (Agilent** 85054B) was measured on an Agilent E8631A 
precision network analyzer (PNA). The measurements were of 
standard two port scattering parameters, carried out using an 
intermediate frequency of 10 Hz, a nominal power of 10 µW (-
20 dBm), with no averaging. The frequency of the 
measurements spanned from 100 MHz to 18 GHz in frequency 
increments of 895 MHz for a total of 201 points. Fig. 1 shows 
the standard setup that consists of a cable and adapters that step 
from the 1.85 mm connector of the PNA ports to the type-N 
connecter of the calibration devices. Seven sites separated from 
the instrument ports were chosen to sequentially loosen, 
measure, and then torque to specification (1.4 Nm for type N, 
0.9 Nm for all other connectors) and measure again. The inset 
in Fig. 1 shows an exploded view of the insertable test ports 
with each site labelled. Data in both the properly torqued and 
loosened conditions was taken without a correction applied.   

III. CLASSIFIER TRAINING  

In order to train the classifiers of interest, a large amount of 
data representing the patterns of interest should be used. The 
amount of data to accurately predict the state of the 
measurement is typically unrealistic to acquire on a 
laboratory time scale, hence we increase the amount of data 
used in training by determining the statistics of each device 
and state of connections and then use these statistics to 
randomly generate more robust training data. We do this by 
first acquiring a pre-training set that has at least three 
repeated measurements of each DUT (S, O, L, and T) and 
connector state for a total of 32 states or labels. Each repeated 
measurement is a single acquisition in a connect / disconnect 
cycle, where the site of interest is loosened by approximately 
30 – 50 degrees from the properly torqued state and data is 
collected, after which the experiment is returned to the 
properly torqued state. After each loosen cycle, data for the 
DUT in the properly torqued state is recorded. This leads to 
three measurements of the loosened state and between 10-25 

measurements of the properly torqued state for each DUT, 
for a total of 173 measurements of the 32 labels or states.  

In Fig. 2, the magnitude of the reflection coefficients 
in logarithmic units for 8 of the pre-train data measurements 
for a broadband load are shown. It is interesting to note that 
the measurements show only small differences for the 
loosened cases. The mean and standard deviations of these 
measurements are then calculated for each real and imaginary 
component of the scattering parameter at each frequency. A 
set of 1000 training sets for each state is then generated by 
choosing a random number from a Gaussian distribution with 
the same mean and standard deviation as the pre-training 
data. A small value, 1.0 *10-9 was added to the standard 
deviation of the Gaussian to insure no points would have zero 
variation.  The training set is then vectorized or flattened to a 
1-d array containing the real and imaginary parts of each 
scattering parameter so that each training set is 1608 points. 

Fig. 3. shows a typical vectorized training set for the torqued 
thru and load.  It should be noted that because the training of 
a classifier is a probabilistic process, classifiers of the same 
type will have slightly different prediction results for the 
same pre-train data. The classifiers and the training process 

 

Fig. 2. Measurement of the amplitudes of the reflection 
coefficients in dB for 8 states of the load device.  

 

Fig. 3. A typical vectorized training set for the thru and  load 
standards. Each training set has the real and imaginary components 
for each of four scattering parameters. 



 

were implemented in the Python programing language using 
the scikit-learn [2] and numpy [3] packages. 

IV. ACCURACY ASSESSMENT OF CLASSIFIERS 

Eight classification methods were tested, a quadratic 
discriminant analysis, Bernoulli naïve Bayes, decision tree,  
random forest, ridge, stochastic gradient descent, passive 
aggressive, and a perceptron all of which are covered in detail 
elsewhere [4]-[5]. Each of the eight classification methods were 
used to train a classifier and to predict the particular states or 
labels of three different test data sets. Fig. 4. shows the role of 
each data set in the process of training and testing. The 
classification labels consisted of the DUT name and the site of 
a loosened connection, for instance short and short_site_1. 
Theses labels or states were sub-divided into two other 
categories after classification, device type and the presence of 
any loosened connection.   The first data set is a copy of the 
data set used to train the classifiers (32000 sets) and represents 
a benchmark test, or training accuracy, that determines if the 
classifier is suited to this type of task. The second training 
accuracy set are the measurements of the devices used to 
determine the statistics of the states, or the pre-train data (173 
sets). These measurements only determine the mean and 
standard deviation of the training data set and are never used in 
training unaltered. This training accuracy assessment is meant 
to determine the ability of the classifier to discern the different 

states. Finally, a set of new measurements taken at a different 
time are used to assess the accuracy of this method for data 
completely independent of the training process (53 sets), which 
we denote as test measurement data. The results of the tests are 
subdivided into three categories, the total accuracy of 
predicting the state (DUT and any loosened location), the 
accuracy of predicting the DUT attached, and the accuracy of 
predicting if the DUT is in a properly torqued state without 
regard to the location of the loosened connection.  
 
 

 
  

TABLE I 
CLASSIFIER RESULTS 

  Classification Method 
 Metric Quadratic 

Discriminant 
Bernoulli 
Naïve 
Bayes 

Decision 
Tree 

Random 
Forest 

Ridge Stochastic 
Gradient 
Descent 

Passive 
Aggressive 

Perceptron 

Training 
Accuracy 
(Training Data) 

State 
Accuracy 

100.0% 100.0% 100.0% 100.0% 100.0% 78.1% 93.8% 96.9% 

Device 
Accuracy 

100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 96.9% 

Connection 
Accuracy 

100.0% 100.0% 100.0% 100.0% 100.0% 96.9% 100.0% 96.9% 

Training 
Accuracy (Pre-
train 
Measurements) 

State 
Accuracy 

64.7% 100.0% 99.4% 100.0% 99.4% 86.7% 95.4% 83.8% 

Device 
Accuracy 

100.0% 100.0% 100.0% 100.0% 100.0% 95.4% 99.4% 96.1% 

Connection 
Accuracy 

67.1% 100.0% 99.4% 100.0% 99.4% 90.2% 98.8% 84.4% 

Test Accuracy 
(Test 
Measurement 
Data) 

State 
Accuracy 

25.5% 96.1% 82.4% 74.5% 86.3% 86.3% 86.3% 76.5% 

Device 
Accuracy 

100.0% 100.0% 100.0% 100.0% 94.1% 100.0% 100.0% 100.0% 

Connection 
Accuracy 

64.7% 100.0% 100.0% 100.0% 94.1% 100.0% 100.0% 100.0% 

  

**Certain commercial equipment, instruments, or software are identified in this paper to foster understanding. Such identification does not imply recommendation or 
endorsement by the National Institute of Standards and Technology, nor does it imply that the materials or equipment identified are necessarily the best available for 
the purpose. 

 

Fig. 4. Process of training and testing of the classification 
techniques. The training data is derived from the pre-training 
measurements and used to create a trained classifier. The training 
accuracy of the classifier is assessed by comparing the labels 
predicted for pre-training measurements and the training data sets. 
The testing of the classification technique is done with a separate 
set of test measurements. 



 

V. RESULTS AND DISCUSSION 

    Table I. summarizes the results of the training and test 
accuracy assessments. The first training accuracy set, or what 
the trained classifier predicts when operating on the training 
data set, reveals that quadratic discriminant analysis, Bernoulli 
naïve Bayes, decision tree, random forest, and ridge classifiers 
can with 100% accuracy recover the 32 states in the training 
data. The training accuracy statistics are calculated for all of the 
32,000 training sets. This is quite promising for the prospect of 
using these types of classifiers and statistically similar data sets 
to distinguish small variations in experimental data and link 
them to experimental states. The other three classifiers did well 
overall, but sometimes devices and states that had similar 
characteristics, such as terminations that have no transmission, 
are misclassified. For instance, the perceptron classifier 
misclassifies several short training set as being from a load.           
 When applied to the measurements used to determine 
the statistics for the training set, or the pre-train data, we 
observe that five of the classifiers have training accuracy 
exceeding 95% in the prediction of the specific state of the 173 
experimental measurements and all classifiers are capable of 
determining the device type with greater than 95% accuracy. 
This indicates the process of determining the statistics of the 
measurements and statistically extending the training data does 
not cause significant degradation in the classifier’s ability to 
recognize the DUT, and for select classifiers there is a strong 
ability to determine loosened connection location based on the 
limited statistics of three measurements. However, this training 
accuracy assessment only represents how well a statistically 
interrelated data set is labeled by the trained classifiers; to test 
the prediction capability, we must use a separate set of 
measurements not linked to training.  
 The test set of 53 measurements of randomly sampled 
devices and loosened connections assesses the potential not 
only for classification of the devices and connection errors 
based on known experimental conditions, but also the ability to 
do this for future experiments. Six classifiers predicted the 
device connected and that there was some connection error with 
perfect fidelity. The Bernoulli naïve Bayes was capable of 
locating the connection error 96.1 % of the time, and in the 
event it misclassified the location of the loosened condition, it 
classified it as a neighboring connection. In fact, of all the tested 
data sets the Bernoulli naïve Bayes only misclassified two of 
the thru measurements loosened at site 3 as being loosened at 
site 2. Although these tests confirm that a machine-learning 
classifier has the potential to locate and inform the user of 
known errors, more research into the long-term stability of this 
type of classification is needed before being implemented into 
a lab quality management process.         

VI. CONCLUSION 

    We have tested the ability of eight machine-learning 
classification techniques to determine if a loosened connection 
is present, what device is attached to a measurement setup, and 

the location of any loosened connection. Six trained classifiers 
were capable of accurately predicting the presence any 
loosened connection 100% of the time, determining the 
connected device 100% of the time and the determining the 
exact location of a loosened connection > 74% in 53 randomly 
sampled measurements. The best performing classifier in this 
set of tests was the Bernoulli naïve Bayes, which only 
misclassified two measurements as being from a neighboring 
loosened connection.   
  In addition to determining the test accuracy of these 
machine learning classification techniques, we report on two 
training accuracy assessments for our training protocol.  The 
pre-training data that consisted a total of 173 measurements of 
32 states, or four DUTs with eight connector configurations, 
were used to create a statistically similar training set of 32,000 
labeled patterns. Once the machine-learning classifiers were 
trained with these statistically similar data, four had training 
accuracy identifying the presence of any loosened connection > 
99% of the time, identifying the connected device 100% of the 
time and the location of the loosened connection > 99% of the 
time when used in a training accuracy assessment of the original 
143 measurements. This demonstrates that the process of 
creating synthetic training sets does not prevent proper 
classification of the original measurement data.  

In summary, we find that the quality management 
process in radio frequency measurements can be extended using 
techniques in machine learning to identify devices, if all 
connections are torqued properly, and even suggest the most 
likely position of any loosened connections.        
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