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ABSTRACT In this paper, we provide a tutorial on the structured design of effective Physical RandomAccess
CHannel (PRACH) preamble detection based on correlation power. Specifically, the main contribution of
this paper is to provide the design methodology leveraging multi-stage thresholds by which Preamble ID
and PRACH-related time information (Timing Advance) for identifying the transmitted PRACH preamble
signal are obtained. For enhancing the effectiveness of the designed PRACH preamble detector, we also
consider joint optimization of multi-stage thresholds beyond the individual optimization of each threshold
based on the Power Delay Profile. Consequently, the designed PRACH preamble detector is shown to have
a reasonable performance in the sense of detection and false alarm probabilities, which is validated through
numerical simulations considering the 3rd Generation Partnership Project conformance test.

INDEX TERMS Detection probability, false alarm probability, multi-stage threshold, power delay profile,
Physical Random Access CHannel (PRACH), preamble ID, timing advance.

I. INTRODUCTION
Air interfaces such as Long Term Evolution (LTE) and New
Radio (NR) require a joint process of downlink and uplink
for mobile communications between the base station (BS)
and User Equipment (UE). For that, key information such
as radio frequency, cell ID, frequency offset, and timing
offset is to be obtained through the downlink and uplink
synchronizations [1], [2]. Here, the uplink synchronization
is relatively more challenging due to the interferences from
simultaneous multi-UEs. For the uplink synchronization, the
Physical Random Access CHannel (PRACH) preamble is an
upward synchronization signal transmitted by the UE during
the initial RACH process and is an essential signal to be
detected for establishing the initial communication between
the UE and the BS.

From the transmission perspective of the physical layer,
the success of the RACH process is achieved mainly by
the successful transmission of the NR PRACH preamble
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signal. In terms of effective PRACH preamble transmission,
the NR provides a stable signal transmission by leveraging
the Zadoff-Chu (ZC) sequence, repetition of preambles, and
Cyclic Prefix (CP) according to a diverse PRACH preamble
format [3] with enhanced RA procedures1 [4].
In conjunction with the stable transmission of the uplink

synchronization signal with good correlation properties, the
design of highly reliable detection for the NR PRACH
preamble is crucial for achieving a successful initial RACH
process beyond LTE PRACH preamble detection [5].. For
this purpose, the PRACH preamble detector typically makes
use of a Power Delay Profile (PDP) which is a consecutive
series of correlation power according to timing offset [6], [7].
Therefore, PDP refinement is one of the critical ingredients
for effective PRACH preamble detection. It is noteworthy
that the PDP refinement is closely related to the sophisticated

1The NR system provides an efficient RA procedure called 2-step RACH
beyond existing 4-step RACH in the perspective of model protocol. In this
paper, we focus on modem algorithmic design. For a specific understanding
of the 2-step RACH procedure, you can refer to [4]
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TABLE 1. A concise comparison of our work with the existing PDP-based detection schemes.

threshold design for the PDP refinement, which leads to the
ultimate attainment of the highly reliable PRACH preamble
detection. Table 1 describes a concise summary of the existing
PDP-based detection schemes in comparison with our work.2

As described in Table 1, the role of the threshold is
primarily divided into two purposes: One is for PDP
refinement, which processes and optimizes the PDP. The
other is for subsequent detection of the PRACH preamble
to decide whether the PRACH preamble signal with the
specific Preamble ID (PID) and the Timing Advance (TA)
exists or not. There have been researches on the sophisticated
threshold design focusing mainly on PDP refinement.
Specifically, the signal threshold to filter PDP above the
predetermined signal threshold derived from a peak PDP
value has been used in [8] and [9]. On the other hand, the
noise threshold has been used to identify the entire noise and
to eliminate the identified noise [8], [9], [10]. The average
power threshold has also been used to refine the PDP in
the sense of removing things that are likely to be noise [8],
[11], [12], [13]. The main difference between the average
and noise thresholds is whether the whole PDP is considered
or not for determining the threshold value. Specifically, the
noise threshold is obtained by averaging the values other than
peak values, reflecting what is likely to be noise. In contrast,
the average power threshold reflects the overall PDP values.
There have been studies on preamble detection based on a
single threshold or consecutive use of multiple thresholds [9],
[13].

Beyond the research on PRACH preamble detection,
there have been studies on the RACH process in various
layer perspectives. Specifically, a sequence design and joint
consideration on PRACH detection and beamforming from a
physical layer perspective [14], [15], resource allocation from
a higher layer perspective [16], and extension to multi-user
and Internet of Things service have been considered [17],
[18].

In this paper, we provide the design methodology for
PRACH preamble detection based on multi-stage threshold-
ing, which means the consecutive use of multiple thresholds.

2There exists a trade-off between computational complexity and detection
performance for considering thresholding methodologies in the existing
PDP-based detection schemes along with our enhanced one.

As a by-product, we obtain a valid individual threshold for
improving PDP refinement, based on which we introduce
an enhanced multi-stage threshold based PRACH preamble
detector. The remainder of this paper is organized as follows:
Section II describes the system model for generating and
transmitting the PRACH preamble. In Section III, we provide
preliminaries on PRACH preamble detection. In Section IV,
we describe not only existing individual thresholds but
also a novel threshold, which can be considered in the
multi-stage thresholding methodology, and in Section V,
we consider the design of the PRACH preamble detection
from the perspective of PDP refinement and provide a novel
multi-stage threshold based PRACH preamble detection as
a by-product. In Section VI, we analyze the performance of
the designed PRACH preamble detection through numerical
simulations, which validate the multi-stage thresholding
methodology. Finally, in Section VII, we conclude this paper
with a provision for further work.

II. SYSTEM MODEL
In the NR system, the PRACH preamble signal is generated
based on a ZC sequence. Specifically, based on the PRACH
preamble format from the higher layer signaling, a ZC
sequence with a length (LRA) of 839, 139, 1151, or 571 is
generated at the transmitter (Tx).

su,v(n) = su((n+ Cv)modLRA), (1)

where

su(i) = e−j
πui(i+1)
LRA , i = 0, 1, · · · , ,LRA − 1 (2)

and

Cv = vNCS , v = 0, . . . ,
⌊
LRA
NCS

⌋
. (3)

Here, ⌊C⌋ indicates the greatest integer that is less than or
equal to C , and ⌈D⌉ represents the smallest integer that is
greater than or equal to D for real numbers C and D. and
u is the root sequence number obtained from the logical root
sequence index by higher layer signaling, Amod B represents
the remainder when A is divided by B, xu(i) is a ZC sequence,
Cv is a value obtained from of Cyclic Shifts (NCS) in (3),
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and frequency-domain representation xu,v(n) of a PRACH
preamble is given by a ZC sequence in (1).

xu,v(n) =

LRA−1∑
m=1

Su,v(m) ∗ e−j
2πmn
LRA . (4)

In the perspective of the RACH process, a total of 64 PRACH
preambles exist, which is feasible by generating the cyclically
shifted PRACH preambles using the values of u and Cv.
One u generates ⌊LRA/NCS⌋preambles, and if the number
is less than 64, the u is increased by 1 until 64 preambles
are generated. In addition, when the number of required u’s
is strictly greater than one, the number of resulting PDPs is
equal to the number of u’s in the detection process.

Finally, the Tx randomly determines one of the 64 pream-
ble candidates which is given by

Xu,v(k) =

LRA−1∑
n=0

xu,v(n)e
−j 2πnkLRA (5)

for k = 0, . . . ,LRA − 1 according to DFT with the length
of the LRA. The randomly chosen PRACH preamble is
zero-padded according to the length of the NFFT and mapped
to each subcarrier, and IDFT is applied with the length of the
NFFT as

zu,v(n) =

NFFT−1∑
n=0

Zu,v(k)e
j2πnk
NFFT ,

n = 0, . . . ,NFFT − 1, (6)

where, Zu,v(k) is the one-to-one mapped sequence from
Xu,v(k) in (5) by the predetermined resource allocation.
In addition, a signal is generated as many times as the number
of repetitions. Then, CP and Guard Period (GP) for each
PRACH preamble format are applied [3].

III. PRELIMINARIES ON PRACH PREAMBLE DETECTION
When a receiver (Rx) with NRX antennas receives PRACH
preamble signals through an Additive White Gaussian Noise
(AWGN) channel, the received signal at the j-th Rx antenna
is described as

r ju,v(n) = zu,v(n) + wj(n) (7)

considering the removal of the CP and GP. Here, wj(n)
represents the AWGN at the j-th Rx antenna, where the
noise follows complex Gaussian distribution with mean and
variance of 0 and σ 2, respectively. As the first step for
acquiring correlated power according to timing shift, the Nzc
point DFT for r ju,v(n) proceeds, which is given by

Rju,v(k) =

NFFT−1∑
n=0

r ju,v(n)e
−j 2πnkNFFT (8)

for k = 0, . . . ,NFFT − 1. Subsequently, after removing
the zero-padding part of Rju,v(k), the Rx gets the effective
frequency-domain signal Y ju,v(n) with a length of LRA. At the
same time, the Rx locally generates a ZC sequence x j,αu,v(k)

to the root sequence number of the generated 64 preamble
candidates. Here, α represents the index of u used for
generating 64 PRACH preamble signals and must create as
many PDPs as ⌈64/⌊LRA/NCS⌋⌉. Where, x j,αu,v(k) is subjected
to a DFT according to the length of LRA to obtain X j,αu,v (k).
A conjugate complex signal X j,α∗

u,v (k) of the self-produced
X j,αu,v (k) is obtained. The components of Y ju,v(n) and each
component of the complex signal X j,α∗

u,v (k) are multiplied.

Aj,αu,v =

{
Y ju,v(k) ∗ X j,α∗

u,v , if 0 ≤ k ≤ LRA − 1.
0, else.

(9)

Subsequently zero padding is applied to have Aj,αu,v(k) with
NFFT a length of, and IFFT with a size of NFFT to obtain
aj,αu,v(k). Then, the PDP is operated as follows:

PDPj,α(k) =
1

NFFT

∣∣∣aj,αu,v∣∣∣2 (10)

The whole process of generating the PRACH preamble and
PDP is shown in Fig.1.

After obtaining the PDPj,α(k) of the signal obtained from
each antenna, the PDPs generated by the number of antennas
NRX are averaged using

PDPα
=

1
NRX

NRX∑
j=1

PDPj,α(k),

k = 0, . . . ,NFFT − 1. (11)

Finally, through Multi-Stage Thresholding (MST), the
PDP is refined, through which the PRACH preamble is
detected, and the values of the PDP are analyzed for each SW
to determine the location of the highest peak. The length of
the SW is defined as follows:

NSW =

⌊
NCSNFFT

LRA

⌋
. (12)

Therefore, in the detector, ⌊LRA/Ncs⌋ SWs with a length
equal to NSW are divided for each PDP, and a total of 64 SW
areas are divided to determine the location of the peak. Here
the SW areas SWα

n (k)’s are defined as follows: PDPα(k), if n = 0.

PDPα(NFFT − n ∗ NSW + k), if 1 ≤ n ≤

⌊
LRA
Ncs

⌋
.

(13)

for k = 1, . . . ,Nsw−1. n is the index of SW in one PDP. If we
create all the SW in one PDP, we add one to the root sequence
index u and create the SW until we create 64 SW. Each SW
uses thresholding to determine the existence and location of
the peak and to estimate u and its TA transmitted according to
the location for detecting the preamble and for synchronizing
with the transmitter.
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FIGURE 1. Overall structure for generating PRACH preamble and acquiring refined PDP.

IV. SINGLE-STAGE THRESHOLDING METHODOLOGY FOR
PDF REFINEMENT
Beyond the typical use of the maximum correlated power
and pre-determined thresholding for identifying PRACH PID
and TA, it has been shown that performance enhancement
can be feasible by refining PDP, which is a sort of
sufficient information rather than the maximum correlated
power itself. In this Section, we consider those beneficial
individual ingredients for the PDP refinement in the sense of
maximizing detection probability or minimizing false alarm
probability.

A. NOISE THRESHOLDING BASED PDP REFINEMENT
The noise thresholding methodology is to remove only
those that are likely to be noise from the original PDP,
which is achieved by filtering out PDP above the finely
designed noise threshold. Specifically, the noise threshold is
specified by using the highest value of PDP and NN values
on both sides adjacent to the highest one. The intuition
behind leveraging the noise threshold is that the relatively
low PDP values are more likely to be caused by noise rather
than the PRACH preamble signal. For this reason, we can
use the following quantity to consider reasonable value for
specifying representative PDP value.

PAα
N (i,N ) =

k∗
+N∑

k=k∗−N

SWα
n (k), (14)

where i denotes the index indicating SW ranging from 1 to 64,
and k∗ denotes the position of the peak in the SW. Based on
the representative quantity (14) for PDP values caused by the
PRACH preamble signal, the ultimate noise threshold can be
derived as

T α
n (i) = KN

∑LSW
k=1 SW

α
n (k) − PAN (i,NN )

LSW
, (15)

where the averaging over each SW and the scaling factor KN
are considered to alleviate the uncertainty caused by noise,
which is significant at an especially low Signal to Noise
(SNR) environment.

The utility of noise thresholding methodology and its
major design issues are as follows:

• Consideration only PDP values greater than or equal to
the noise threshold decreases false alarm probability.

• Reasonable determination of NN is to be considered,
which is feasible by numerical approach.

• The optimization for the scaling factor KN should be
accomplished, which is realized by offline searching
beforehand.

B. AVERAGE POWER THRESHOLDING BASED PDP
REFINEMENT
The role of average power thresholding itself is essentially the
same as that of noise thresholding in that themethodology can
remove only those that are likely to be noise from the original
PDP. The difference is that the average power thresholding
considers all the values of PDP. Specifically, the average
power threshold is defined according to each SW and is
obtained by multiplying the averaged PDF value within each
SW by the scaling factor KA.
Similar to the use of noise thresholding methodology,

all the PDP values below the average power threshold are
removed to have the refined PDP, which can be expressed as
follows:

T α
A (i) = KA

 1
LSW

LSW−1∑
k=0

SWα
n (k)

 . (16)

The utility of average thresholdingmethodology and itsmajor
design issues are as follows:

• Consideration of PDP values greater than or equal to the
average threshold decreases false alarm probability.

• The optimization for the scaling factor KA should be
accomplished, which is realized by offline searching in
advance.

It is noteworthy that the average power threshold utilizes
more information than the noise threshold in that the average
power threshold does not exclude the representative PDP
value in (14). Thus, it is expected that the performance
in terms of false alarm probability can be enhanced by
leveraging the average power threshold, which will be
validated via numerical results in Section VI.
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C. SIGNAL THRESHOLDING BASED PDP REFINEMENT
The signal threshold methodology is to refine PDP in that
the refined PDP has only those that are likely to be signals
from the original PDP, which is a complementary role with
the noise thresholding or average power thresholding. Thus,
only the PDP value above the signal threshold is interpreted
as a signal component.

Consequently, the signal thresholding mainly uses the
signal component, which is basically the highest PDP value in
each SW, by considering a scaling factor KS simultaneously.
Therefore, the signal threshold is expressed as follows:

T α
S (i) = KS ∗ PAα

N (i,NS ). (17)

The utility of average thresholdingmethodology and itsmajor
design issues are as follows:

• Consideration of PDP values greater than or equal to the
signal threshold increases detection probability.

• A numerical approach should be considered to deter-
mine the value of NS reasonably.

• The optimization for the scaling factor KS should be
accomplished, which is feasible by offline searching in
advance.

From the perspective of detector performance, while noise
or average power thresholding contributes to decreasing the
false alarm probability, signal thresholding contributes to
increasing the detection probability.

V. UNIFIED MULTI-STAGE THRESHOLDING FOR PDP
REFINEMENT
This Section provides a unifiedMSTmethodology consisting
of consecutive series of Single-Stage Thresholding (SST).
Here, each individual thresholding for SST belongs to one of
two roles of thresholding. One is to filter out the appropriate
signal power. The other is to remove correlated powers which
come from noise power.

Based on a non-trivial combination of primary individual
thresholds, a multi-stage thresholding-based PRACH detec-
tion framework is derived, whose enhanced performance
becomes feasible in comparison with the conventional
detection scheme (without no PDP refinement) to maximize
detection probability and minimize false alarm probability.

The SST constituting the existing MST exhibits the
following two characteristics.

• Signal thresholding filters out the correlation powers
considered as signal.

• Noise or average power thresholding removes all the
corresponding powers of PDP regarded as noise.

A. PERSPECTIVE OF REMOVING CORRELATED POWER
FROM NOISE
Intuitively, the average power is more than noise power
in considering all PDP components. It is more reasonable
to assume the average thresholding as a role of removing
noise-like powers in PDP. By leveraging effective ways

of eliminating noise-like PDP components, the false alarm
probability could be minimized further.

B. PERSPECTIVE OF SELECTING CORRELATED POWER
FROM SIGNAL
For maximizing detection probability, it is critical to
determine the representative correlated power value from
the refined PDP. This is because we decide that signal
exists when the representative value is greater than or
equal to the predetermined threshold value, which is also
used in the conventional detection scheme without PDP
refinement. Thus, the essence is determining reasonably
minimized representative correlated power, Which becomes
more effective, especially at low SNR regions.

For achieving this, two approaches are feasible. One is to
use averaged correlated powers considering both maximum
correlated power and correlated powers around the maximum
one. The other is to use the output of signal thresholding as
an input for selecting a reasonable minimized representative
value among PDP components. Specifically, depending on
the sign of the expected TA,we choose the final representative
value of correlated power instead of a naive selection
of maximum correlated power, which corresponds to the
conventional detection scheme.

The algorithmic implementation of the two approaches can
be written as follows:

• (First approach: Use of more information of correlated
powers) For the feasible PDP, the following 2m +

1 correlated powers are to be considered.

k∗
+m∑

k=k∗−m

SWα
n (k), (18)

where k∗ is the position corresponding to the maximum
correlated power in the PDP.

• (Second approach: Use of timing information) Given the
i-th SW, the final selected value of correlated power is
determined by considering the following rule.
– If the value of TA is greater than or equal to 0,

the representative correlated power is determined
to be the l-th largest one among correlated powers
corresponding to a positive valued TA.

– Else, the representative correlated power is deter-
mined to be the l-th largest one among correlated
powers corresponding to a negative valued TA.

– Here, the value of l is a factor to be optimized,
where we assume l = 2.

VI. NUMERICAL ANALYSIS
In this Section, we carry out performance evaluation in terms
of detection probability (Pd ) and false alarm probability (Pf ),
where if only a PRACH preamble other than the transmitted
PRACH preamble is detected, no PRACH preamble is
detected, or correct PRACH preamble is detected but is out of
the transmitted timing range, we consider it as miss detection,
whose corresponding probability is 1 − Pd . In addition, if a
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TABLE 2. Simulation environments.

TABLE 3. Performance of Single-Stage Thresholding and Multi-Stage
Thresholding with scaling factor optimized at SNR=−10 dB.

FIGURE 2. Detection probability of SSTs according to SNR.

signal consisting of only noise is incorrectly determined as a
PRACH preamble, it is considered false alarm, whose prob-
ability corresponds to Pf . For the performance evaluation,
the simulation environment specified in [19] and [20] is
described in Table 2. Note that the target SNR is specified
as −6dB for the requirement of

Pd ≥ 0.99 and Pf ≤ 0.001. (19)

A. EFFECT OF MULTI-STAGE THRESHOLDING TO PRACH
PREAMBLE DETECTOR PERFORMANCE
Since the conventional detection scheme (with no PDP
refinement) satisfies the above requirements at the SNR of
−6 dB, which is a target SNR as specified in the 3GPP
standard. We evaluate the performance of SSTs and MSTs
in the range of SNR varying from −12 dB ∼ −1 dB to
identify the performance difference among SSTs and MSTs,
including the conventional detection scheme (No SST). For
designing such SSTs and MSTs, the scaling factors were
optimized, which is described in Table 3.

FIGURE 3. False alarm probability of SSTs according to SNR.

FIGURE 4. Detection probability of SSTs and MSTs according to SNR.

FIGURE 5. False alarm probability of SSTs and MSTs according to SNR.

To elaborate the performances of SSTs and MSTs, we give
shape to the guided principles on the MST methodology
including the following optimization, which is described in
Table 3.
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• Joint optimization of scaling factors for signal, average,
and noise thresholds.

• Determination of optimal values of lN and lS for
maximizing the effect of noise averaging and the amount
of signal information.

B. COMPARISON BETWEEN NOISE THRESHOLDING AND
AVERAGE POWER THRESHOLDING
Intuitively, the average thresholding utilizes more informa-
tion in PDP than the noise thresholding. Consequently, the
higher detection performance of the detection with average
thresholding based PDP is observed than that with noise
thresholding based PDP, which is confirmed in Figs. 2
and 3. Considering the effectiveness of the average power
thresholding, we can reach the MST design principle that the
average power thresholding should be a component of MST,
which will be used afterward.

In general, it is expected that the performance of MST is
higher than that of SST. To maximize the higher performance
of MST, numerical results are obtained by considering
each thresholding methodology from no SST to SST to
MST, which are shown in Figs. 4 and 5. Specifically, for
fair comparison between SSTs and MSTs, scaling factor
optimization has been extensively for each thresholding
methodology, which is illustrated in Table 3.
The main characteristics of the MSTs over SSTs in the

sense of PRACH preamble detector performance are as
follows:

• Even though signal thresholding can be no beneficial,
the signal thresholding can be advantageous in MST,
which is confirmed by Table 3 and 4 and 5.

• The individual thresholding using timing information
can contribute to enhancing the PRACHpreamble detec-
tor performance based on MST, which was observed
from Table 3 and 4 and 5.

From the feasible individual thresholding methodology,
it is observed that the MST such that signal thresholding,
average power thresholding, and use of timing information
is considered shows the highest performance in view of
detection and false alarm probabilities. Thus, the higher
performance of MST in comparison with that of SST has
been seen, which becomes more significant, especially in a
low SNR regime.

C. SNR SATISFYING 3GPP REQUIREMENTS FOR EACH
THRESHOLD COMBINATION
Regardless of the pattern of the Receiver Operating Charac-
teristic (ROC) curve which characterizes detection and false
alarm probabilities jointly, one important point is whether
the 3GPP requirements of Pd ≥ 0.99 and Pf ≤ 0.001 are
satisfied or not. Based on the overall tendency of ROC curve,
we can derive the minimum value of SNR such that the
3GPP requirements are satisfied, which is evaluated in the
numerical simulations as described in Table 4. From the
Table 4, we see that the MST results in large SNR gain than

TABLE 4. Description of minimum SNR satisfying 3GPP requirements for
each thresholding methodology.

SST. Therefore, the following design principle still holds.
The PRACH preamble detector with MST guarantees higher
detector performance than SST in the sense of detection and
false alarm probabilities.

D. DISCUSSION
The channel models considered in the 3GPP performance
requirements [19] are AWGN and Tapped Delay Line (TDL)
fading channels. Extensive numerical simulations have been
done in AWGN, but the robustness of SSTs and MSTs in the
TDL is sufficiently expected for the following reasons.

• By leveragingMSTmethodology, there exists SNRmar-
gin coming from algorithmic gain, which is validated
from Table 4.

• From the perspective of the performance requirement
in [19], there exists a time tolerance that is recognized
as the correct answer even if a certain error and TA
information exist at the correct timing. Therefore, robust
detector performance is expected to be obtained even if
a timing shift caused by the TDL channel occurs.

On the other hand, a fundamental limit exists for obtaining
additional performance improvements while refining PDP
with an algorithmic approach. Beyond the algorithmic
approach, a Machine Learning (ML) based approach to
feasible PDP information can be more beneficial, and various
ML models can be utilized to achieve higher performance
beyond the existing (algorithmic) detection schemes based
on the PDP components, which is one of the meaningful
directions for further research.

VII. CONCLUSION
In this paper, we provided the structured design methodology
on the PRACH preamble detection based on the feasible
PDP. It was observed that the evolution from SST to MST
is natural to refine the PDP and to achieve high detectability
of the PRACH preamble detector. From the perspective
of individual thresholding, average thresholding was more
appropriate than noise thresholding due to use of leveraging
more information of PDP. For further enhancement of PDP
refinement, the joint use of timing information was observed
to be more beneficial than the use of signal thresholding only,
which showed the validity of MST in the design of PRACH
detection. It was validated from numerical simulations that
MST contributes to refining the PDP resulting in higher
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detection probability and lower false alarm probability than
the conventional detection scheme without PDP refinement,
whose is more prominent in low SNR regime even less
than target SNR in [19]. However, a fundamental limit
exists for obtaining additional performance improvements
while refining PDP with an algorithmic approach. Beyond
the algorithmic approach, ML based approach to feasible
PDP information can be more beneficial, and various ML
models can be utilized to achieve higher performance
than the existing detection schemes based on the PDP
components, which is one of the meaningful directions
of further research. For example, It appears feasible to
conduct research on PDP refinement using ML instead of a
multi-stage threshold, as well as exploring the detection of
TA and PID.
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