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ABSTRACT One of the fast-growing electronic integration technologies in the modern high-density
microelectronics industry is System-in-Package (SiP). It is expected to accelerate application development
when reducing implementation risks with optimized codes. However, monitoring the thermal behavior of
every chip in SiPs is challenging. This paper proposes a Novel Peak Source-Scanning (NPSS) algorithm
based on the Gradient Direction Sensors (GDS) method. The proposed algorithm can detect and locate
thermal peaks on any SiP. Detecting such peaks is vital for thermal monitoring and stress management
on high-density semiconductor devices to avoid induced thermo-mechanical stresses. Furthermore, the
NPSS algorithm can manage and monitor silicon chips with Multiple Heat Sources (MHS). To assess this
algorithm, we used tools from COMSOL Multiphysics® and MATLAB® for Temperature-prediction (Tp),
and Temperature-estimation (Te), respectively. Our simulations use the generalized GDS methodology for
MHS using the finite element method (FEM) to highlight our NPSS capabilities to predict on-chip thermal
peaks with a maximum error of 1.27 K (Kelvin).

INDEX TERMS Peak source-scanning, system-in-package, thermal control, thermal monitoring, thermal
peak, finite element method, gradient direction sensors, and multiple heat sources.

I. INTRODUCTION
The Systems-in-Package (SiP) is challenging researchers and
industries in integrated circuit (IC) technologies [1], [2], [3],
[4]. SiP is mainly based on assembling multiple dies or ICs
in single-package dense systems. It also embeds multiple ICs,
which can be implemented in different technology nodes for
cost-effectiveness. The main objective of SiP is to implement
systems that address all the requirements of a functional
system without unduly compromising the performance of
individual circuits. SiP can extend the system integration
beyond the capability of today’s mass production process, i.e,
surface mount assembly [5]. This evolution towards higher
levels of integration is driven by the need for advanced

The associate editor coordinating the review of this manuscript and

approving it for publication was Wenxin Liu .

high-performance systems that are lighter, more compact,
and consume less power. At the same time, to reduce the
overall power consumption, many low-power techniques
are used, such as dynamic power management [6], [7].
However, these techniques can generate significant on-chip
thermal gradients and local hot spots due to the different
clock/power gating activities and variable voltage scaling.
Thus temperature gradients of 30 ◦C could occur on-chip [8].
Nevertheless, the dissipated power density growth leads to
several critical thermo-mechanical problems. For example,
the heat generated in an IC can be dissipated by radiation,
conduction, or convection to reach its edges. Thus, with the
lack of efficient dynamic thermal management and added
to the direct impact on its life cycle, the IC’s performance
will continuously decrease, leading to its dysfunction and
lockdown [9], [10], [11], [12].

143842
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In the microelectronics literature, the problem of thermal
control and management is well known. Unlike the Systems-
on-Chip (SoC) case, where efficient models were proposed
to reduce the negative impact of self-heating on circuit
operation, there is no practical solution proposed yet for
SiPs [13]. Moreover, heat removal is one of the biggest
challenges facing SiP designers [14]. Reference [15] presents
several techniques used for the thermal management of
electronic devices. All these techniques focus on developing
solutions suitable for steady-state operations. Moreover,
the paper [16] argues that SoCs are increasingly used in
applications involving time-varying workloads, partly thanks
to proposed and detailed thermal management solutions that
can be used to ensure their performance and reliability.

On the other hand, for a better performance of SiPs,
the emerging thermal management requirements identified
in [17] should be adequately addressed. If these requirements
are not met, SiPs become challenging to control. Moreover,
their high fabrication costs make it impractical to equip
SiPs with many temperature sensors. Adding these sensors
would further increase the fabrication cost. Thus, there is
a need to minimize the number of embedded temperature
sensors. In addition, to minimize the time to market, SiPs
are preferably based on existing chip-scale packaged ICs
with only minor or no modifications. In contrast, packaging
houses adopt thermal modeling techniques such as the finite
element method (FEM) to provide the optimal combination
of features [18], [19].

The contributions of the present paper are: (1) a Novel
Peak-Source-Scanning (NPSS) algorithm for thermal man-
agement and monitoring of SiPs, (2) conducting numerical
simulations based on MATLAB® tools to validate the
efficiency of NPSS in detecting and managing up to six
on-chip heat sources, (3) proving that NPSS is simple, fast,
efficient, and easy to implement, without risk of ‘‘rapid self-
overheating,’’ and (4) testing NPSS’s efficiency in thermal
management by proving its ability to detect accurately the
number of on-chip heat sources as well as their respective
positions and induced temperature distributions.

The rest of this paper is organized as follows: Section II
describes the NPSS algorithm based on the Gradient
Direction Sensors (GDS) method, Section III reports thermal
simulation results confirming the validity of the NPSS
algorithm, and Section IV discusses the obtained simulation
results. This section also provides a comparison between Tp,
the temperature predicted by the NPSS algorithm, and Te, the
temperature estimated by the FEM obtained with COMSOL.
Finally, Section V summarizes the paper’s main contributions
and findings.

II. THE PROPOSED NPSS ALGORITHM
A. DESCRIPTION OF THE GDS METHOD
The Gradient Direction Sensors (GDS) method uses ring
oscillator (RO) sensors arranged in equilateral triangles to
detect temperature gradients around heat sources (Fig. 3).

Each three-sensor cell provides angular information, which,
combined with the distances between the sensors and the heat
source, allows the estimation of the source’s temperature.
By calculating frequency variations and angles within these
cells, the GDS method offers a precise thermal detection
approach with fewer sensors, efficiently monitoring multiple
heat sources.

The proposed NPSS algorithm is based on GDSs adapted
for systems comprising multiple heat sources. Although
thermal scanning is a relevant solution from an algorithmic
point of view, a sensor array comprising many heat sensors
per IC, as reported in [20] and [21], is not required.

Instead, with NPSS, the number of these sensors can be
significantly scaled down while still monitoring and profiling
the temperature of the entire package.

Fig. 1 shows the simulation flow used in this work to get a
thermal profile of SiP.

FIGURE 1. The proposed functional simulation and thermal modeling
flow diagram for SiPs.

Fig. 2 shows a graphical summary of the key operations
and results of the NPSS algorithm.

To generate our NPSS algorithm based on the GDS
method, we propose using six ring oscillator (RO) sensors
organized in two cells forming equilateral triangles, as shown
in Fig. 3. This configuration allows the detection of thermal
peaks in each of these three-sensor cells.

We must calculate the distance between the sensor and
the designated source to obtain the temperature induced by
a single localized heat source. The two 3-sensor cells are
required for this purpose. The two cells are placed at a
given distance (H) from each other, and each cell provides
information about an angle α pointing in the direction of
the heat source, as presented in Fig. 3(a) that depicts the
construction of the proposed 3-sensor cell with 0◦

≤ α ≤

60◦.
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FIGURE 2. Graphical summary of operations and Key results of the NPSS
algorithm.

FIGURE 3. The GDS method: (a) the proposed 3-sensor cell, and (b) the
overall topology showing the positions of the two 3-sensor cells with
respect to the heat source.

Fig. 3(b) depicts the GDS method when it is used for
detecting a single heat source (Ts). For each of the RO

sensors, we assume that we have its node number and
node coordinates as needed by the FEM model. Therefore,
by calculating the temperature gradient along the known
distance (H) between the 2 reference points (A1 and A2), and
the distances (R1 and R2) to the heat source (Ts), we can
estimate the temperature of the heat source. Assuming that
the two sensor cells of Fig. 3(b) (cell 1 formed by the sensors
A1, B1 and C1, and cell 2 formed of the sensors A2, B2 and
C2) are placed in two corners of a monitored layout at the
distance H from their reference points, the temperature of the
heat source can be obtained by applying equation (1).

The isotherms of cell 2 in Fig. 3(b) are indeed not
perpendicular to R2, unlike those of cell 1. This difference
arises from the orientation of the heat source relative
to each cell, which causes thermal gradients to vary
according to the location of the collector. In particular,
the non-perpendicularity in cell 2 results from the complex
interactions between the heat source and the surrounding
environment, which is accurately modeled by the NPSS
algorithm. With regard to limiting the angle to 0◦

≤ α ≤

60◦, it’s important to note that this range allows us to
effectively capture critical temperature gradients between
sensors. To cover the area on both sides, we rely on several
three-sensor cells positioned at different locations, ensuring
complete coverage of the entire surrounding area.

In equation (1), the arrow → does not indicate a strict
equality, but rather a process leading to an estimation of
the temperature of the heat source, denoted as Ts. In other
words, this equation is not used to calculate Ts exactly as
an equality, but rather to deduce or estimate this temperature
based on the frequencies obtained from the sensors and the
calculated angles. The symbol → represents the transition
from frequency to temperature, based on the temperature
gradient we obtain by using the distances between the sensors
and the heat source. In summary, the equation models the
relationship between the measured parameters (frequencies
and angles of the sensors) and the temperature of the heat
source. We use this relationship to obtain an approximation
of Ts, but it is not a direct equality.

H
a (fC1 − fA1 )(

√
3 + tanα2)(1 + tanα2

1)
√
3(1 − tanα1 tanα2) − (tanα1 + tanα2)

+ fA1 → Ts (1)

fX represents the frequency obtained from a single Ts heat
source using the GDS method, H is the distance between
the reference sensors of the two cells of Fig. 3(b), a is the
side length of the equilateral triangle shown in Fig. 3(a), and
the angles α1 and α2 correspond to the two 3-sensor cells
shown in Fig. 3(b) with tan(αi) being defined by the following
equation:

tan(αi) =
2(fBi − fAi )

√
3(fCi − fAi )

−
1

√
3

(2)

The RO-type sensors (ring oscillators) are shown in Fig. 3,
located at the vertices of each triangle. This configuration
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FIGURE 4. An illustration of the: (a) NPSS algorithm flowchart, and (b) geometry of the SiP model under study.

is applied directly to each integrated circuit (IC1 to IC6)
in Fig. 4(b) to detect the temperature of each heat source,
which corresponds to each IC in this case. The numbers
on the axes in Fig. 4(b) represent the sizes and dimensions
used by the COMSOL tool for the ICs, providing an
understanding of how the analysis is conducted using this
tool. Regarding Fig. 4(b), for each sensor i shown, the NPSS
calculates the required parameters (temperatures and angles)
to apply equation (2) between the designated sensor i and
its neighboring sensors, identified as k in the Figure. These
calculations are critical for estimating the temperatures based
on the spatial relationships between the sensors.

B. THE FLOWCHART OF NPSS
As aforementioned, the NPSS algorithm is designed to scan
all areas (and ICs) near the thermal detection cells and
detect MHSs in each IC. It can accurately estimate the
locations of all thermal peaks, i.e., areas on SiP with high
temperatures. This can be achieved by applying the NPSS
algorithm flowchart presented in Fig. 4(a). The algorithm
starts by initializing all the required parameters and then
loops over all SiP ICs. For this paper, we tested NPSS on the
SiP presented in Fig. 4(b). Thus, we set the maximum number
of ICs on SiP (the i parameter in Fig. 4 to 6. For every i, NPSS
computes the required parameters (temperatures and angles)
to apply equation (2) between the designated sensor i and all
other neighboring sensors (identified by k in Fig. 4).
The NPSS can be generalized to MHSs, i.e., not limited to

6 heat sources. Such a property represents an advantage for
NPSS over other traditional approaches ( [22], [23]). With the
current MATLAB implementation that will be demonstrated

in later sections, NPSS converged rapidly, providing us with
a proper time window to intervene and protect the SiP
under study from extreme temperature conditions. This time
window can be further maximized by accelerating NPSS’s
implementation using high-speed hardware, such as FPGAs.
Hence, another advantage of NPSS over its competitors is its
speed for an adequate prediction of on-chip thermal peaks
during run-time since, to the best of our knowledge, other
scanning algorithms do not yet support such a characteristic.

C. GEOMETRY OF THE SIP MODEL UNDER STUDY
Fig. 4(b) corresponds to an image imported from COMSOL
Multiphysics showing the SiP’s geometry to be analyzed
by the NPSS algorithm and the zones’ locations with their
respective ICs. The considered SiP is equipped and assembled
in a matrix of six ICs connected to the package and to
each other via bonding wires. According to the flowchart
presented in Fig. 4(a), the algorithm detects all thermal peaks
sequentially, i.e., one thermal peak per loop starting with the
zone (i=0, IC1) until reaching the zone (i=5, IC6) while
incrementing i with a step of 1 after every iteration.
Fig. 5 provides a block diagram of the target SiP, showing

how its modules are connected. The labels of the modules
DI, GD, RM, DC-DC, ADC, and OFF-CHIP are respectively
derived from their main functionality: Digital Isolation, Gate
Driver, Readback Monitoring, DC to DC Converter, Analog
to Digital Converter, and the module labeled OFF-CHIP
module is the zone where various off-chip components are
located. Early analysis indicates that the ICs needed in each
module of the target system have different power dissipation.
Table 1 summarizes some key module parameters depicted

VOLUME 12, 2024 143845
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in Fig. 4(b). The table highlights different IC dimensions (the
areas inmm2) and their respective power dissipation (in mW).

FIGURE 5. Generic SiP-based sensor interface.

Fig. 5 illustrates a block diagram of the SiP (System-
in-Package) sensor interface, showing the interconnection
of its various modules. The figure’s labels - DI, DC-
DC, ADC and OFF-CHIP - are derived from their main
functions: Digital Isolation (DI), Gate Driver (GD), DC-
DC converter, Analog-to-Digital Converter (ADC) and the
OFF-CHIP section, which represents the area where external
components are integrated. The legend refers to the sensor
interface, as it details how the sensor interacts with other
system components via these modules. The Figure gives an
overview of how each element functions within the target SiP,
allowing an understanding of the overall power dissipation
and connectivity of the design.

The OFF-CHIP section in Fig. 5 refers to the area
where various off-chip components are integrated, which
may include sensors and additional circuitry that are not
part of the main chip. While the labels Load and Sensors
indicate these components, the focus of thermal monitoring
is primarily on the modules within the chip, such as Digital
Isolation (DI), Gate Driver (GD), and others. The reason
the off-chip components are not thermally monitored in this
design is that they generally have different power dissipation
characteristics compared to the integrated circuits (ICs) on
the chip. Table 1 outlines the key parameters of the on-
chip modules, highlighting their power dissipation, which
is crucial for thermal management. In contrast, the off-chip
components may not contribute significantly to the overall
thermal dynamics being monitored in this initial stage of
analysis. This focus allows for a more streamlined approach
to managing thermal performance within the primary ICs,
ensuring the reliability and efficiency of the sensor interface.

TABLE 1. ICs with their power consumption and spacing between them.

The modules in Table 1 will be labeled as follows: IC1:
DI (Digital Isolation); IC2: DI (Digital Isolation); IC3: GD
(Gate Driver); IC4: RM (Readback Monitoring); IC5: DC-
DC (DC to DC Converter); IC6: ADC (Analog to Digital
Converter). This labeling will enhance the understanding of
how each IC functions within the SiP system and provide
clearer associations between the modules and their respective
components.

TABLE 2. Physical properties of various significant materials in the
modeled SiP.

Table 2 summarizes the properties and materials used for
finite element thermo-mechanical modeling with COMSOL
Multiphysics® [24], [25]. These physical properties were
extracted from the COMSOL library. The following heat
conduction equation (3) or energy conservation law applies
in a transient regime. It is obtained by considering the heat
flow equilibrium inside SiP’s body:

∇.(k∇T ) + Q = ρCp
∂T
∂t

(3)

where T is the temperature, k represents the thermal
conductivity, ρ and Cρ high-speedass density of the material
and specific heat capacity, respectively. The density type used
in our case describes a bulk density whose thermal sensitivity
is distributed throughout the SiP. In our case, it’s the mass
per unit volume of a substance. To simplify obtaining thermal
maps, we assume the ambient temperature to be constant at
25 ◦C around the structure. Furthermore, the NPSS algorithm
was optimized to reduce time complexity by reducing the
total number of iterations inside its loop. The NPSS time
complexity is O(n) Where n is the number of heat sources,
which is 6 in our case.

III. SIMULATION RESULTS
A. HEAT TRANSFER SOLVERS AND THERMAL ANALYSIS
OF SIP
This section presents our numerical simulations used to
analyze the temperature distribution, the low average tem-
perature of the heated surfaces, the effects of pressure drop,
and other thermo-mechanical phenomena that might occur
in SiP. These analyses were performed using the CFD
(Computational Fluid Dynamics) and FEM (Finite Element
Method) tools. Both tools use dedicated pre- and post-
processing tools. COMSOL Multiphysics® is a numerical
simulation software based on the FEM method that is
commonly used as a general heat transfer solver [26].

Fig. 6 shows the SiP’s geometry modeled in COMSOL
with its mesh. With this geometry and the heat transfer
mechanisms, we can model the adopted SiP as a 2-D mesh
that applies to in-plane thermal problems and integrates
better with the NPSS algorithm. Considering that the heat
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FIGURE 6. (a) Mesh used for the geometry of the SiP module adopted in COMSOL; (b) The temperature distribution of the six heat sources (full model
with six ICs) (c); Prototype model built to validate the GDS method with six ICs; (d) The maximum stress distribution of the six heat sources.

will spread in the plane of the whole geometry and that
an isothermal profile is necessary to perform a preliminary
evaluation of the peak thermal value, a peak-value evaluation
for the thermo-mechanical stresses becomes possible.

B. SIMULATION OF THE ADOPTED SIP MODULE WITH
THE COMSOL TOOL
The COMSOL Multiphysics finite element analysis tool was
used to estimate the thermal behavior of the adopted SiP.
Using this tool, various thermal boundary conditions can be
applied in both transient and steady-state analyses. Setting the
thermal boundary conditions is challenging, especially when
modeling thermal phenomena in SiPs. It mainly depends on
the following three factors:
(i) The cooling method;
(ii) The position of the dissipated power and the influence

of their surroundings;
(iii) The thermal conductivity of the materials in the SiP.
The thermal behavior of a SiP, with the modeled geometry

shown in Fig. 6(a), is obtained by applying a set of partial
differential equations and boundary conditions. The finite
element method transforms partial differential equations into
algebraic equations. This allows temperature stress analysis

to be performed at different points or nodes in the model.
However, the vertical boundary condition represents a big
problem for numerical simulations. The most straightforward
approach is to fix the ambient temperature of the structure at a
constant value (for example, at 25 ◦C or 298.15 K) to produce
a thermal short circuit. To solve the thermal equations, the
boundary conditions must be defined.

Fig. 6(b) shows the results of a thermal simulation of
the modeled SiP with six heat sources (one in each of six
ICs) using COMSOL. Simulating the complete SiP module
with COMSOL Multiphysics® gives a good estimate of
the thermal diffusion of heat generated by the six sources.
Fig. 6(b) shows the maximum temperature at 71.85 ◦C
(345 K), which gives a good indication of the global
thermal map.

To apply the NPSS algorithm, we use the GDSmethod, and
we proceed by implementing a set of RO sensors in the form
of cells of six RO sensors, which are positioned according to
a configuration of two equilateral triangles whose ends are
provided with one sensor each. Thus, a total of 6 sensors are
needed in each IC for a total of 36 temperature sensors in the
modeled SiP. This configuration of RO sensor cells allows
GDS to be applied to detect thermal peaks in the proximity
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of these RO cells, thus extending the application of GDS to
detect multiple heat sources in the ICs.

The black triangles in Fig. 6(c) indeed represent the
locations of the sensors. These sensors are strategically
positioned to monitor critical points of the infrastructure,
enabling early detection of anomalies such as temperature
variations or abnormal vibrations. Their placement aims to
optimize coverage and measurement accuracy, particularly in
areas prone to accelerated deterioration.

Fig. 6(c) shows the prototype built to use the GDS method.
The figure shows the heat map of the SiP model with a
maximum temperature of 74.85 ◦C (348.25K) observed at the
center of the IC. This benchmark was developed to validate
the GDS method with the six ICs.

Fig. 6(d) shows the thermal stress distribution obtained
with the COMSOL model based on these equations. This
distribution notably allows finding the maximum stress
value. According to the figure, the maximum reported stress
is 150 MPa, which is respectively close to the number
obtained through the analytical method (results obtained by
solving equations (4 and 5) in the Maple software).

C. STRESS ANALYSIS OF THE SIX HEAT SOURCES
To demonstrate the importance of FEM analyses such as
COMSOL Multiphysics®, we will compare the analytical
method with the thermal stress level of our SiP model.
According to the Saint-Venant principle, the dominant stress
generated by a heat source is generally found near the peak
of the thermal stress. For each heat source, the exponential
expressions that satisfy the tendency for the normal and shear
stress distributions are expressed in equations (4 and 5) as
follows:

σ (x) =
1
S
(N

3∑
i=1

RiTici1e−Rix +M
3∑
i=1

RiTici2e−Rix) (4)

τ (x) =
1
S
(N

3∑
i=1

Rici1e−Rix +M
3∑
i=1

Rici2e−Rix) (5)

Here’s an explanation of the quantities used in equa-
tions (4) and (5), with proper formatting for the indices:

- σ (x) and τ (x) represent the normal and shear stress at
a position x within the SiP structure. - S is a scaling factor
related to the material properties and dimensions of the SiP. -
N and M are constants that reflect the relative contributions
of different modes of stress from the heat sources. - Ri is the
thermal resistance of the i heat source, which affects the stress
distribution. - Ti is the temperature of the i heat source. - ci1
and ci2 are coefficients related to the material and geometric
properties that influence the exponential decay of stress. -
e−Rix represents the exponential decay of stress along the
distance x from the heat source.
These two equations are used to estimate the stress

distribution and thermal stress in the SiP structure.
The model used to derive equations (4) and (5) is based on

the principles of thermal stress analysis, specifically applying

the Saint-Venant principle. This principle states that the
dominant stress from a heat source is generally localized near
the peak thermal stress.

In equations (4) and (5), σ (x) and τ (x) represent the
normal and shear stresses within the System-in-Package (SiP)
structure, respectively. The parameters involved, such as
thermal resistance (Ri), temperatures (Ti), and coefficients
(ci1 and ci2), are crucial for modeling the stress distribution
caused by heat sources. While section C and Fig. 7 may
appear somewhat peripheral to the main topic, they are
integral to demonstrating the comparative effectiveness of
our analytical method against finite element method (FEM)
analyses, specifically using COMSOLMultiphysics®. Fig. 7
provides a visual representation of the thermal stress distri-
butions, allowing for a clear comparison between the results
obtained from both methods. This comparison highlights
the relevance of the equations in assessing thermal behavior
within the SiP.

FIGURE 7. Thermal stress for the whole modulus: (a) Comparison of
normal thermal stress analysis by FEM and analytical method;
(b) Comparison of thermal shear stress analysis by FEM and analytical
method.

Fig. 7 shows the results of the normal and shear-stressed
thermal distributions by the FEM method as compared
to the ability of the analytical method. The comparison
results of the normal distribution are shown in Fig. 7(a),
whereas those for the shear stress distribution are presented
in Fig. 7(b). Typically, SiPs with thermal risks or availability
considerations consist of high-speed logic arrays.

D. MATLAB NUMERICAL IMPLEMENTATION OF NPSS
AMATLAB® numerical implementation of the NPSS algo-
rithm was successfully executed. It comprises the following
steps:

1) Predicting the thermal monitoring zone area;
2) Selecting the characteristics of the six ROs sensor cell

configuration;

143848 VOLUME 12, 2024



A. Oukaira et al.: Novel Peak-Source-Scanning (NPSS) Model for Thermal Control of SiP

3) Calculating the coordinates of the sensors in each cell;
4) Detecting the temperatures of the sensors;
5) Calculating Tp, and
6) Calculating the coordinates of the sensors of all cells

without approximations.

In addition to respecting the execution steps in MATLAB®
and theNPSS algorithm, we ensured that the twoRO triangles
did not touch each other (see Fig. 6(c)).
Fig. 8 shows the maximum temperature predicted (Tp)

by our NPSS algorithm for IC1 to IC6. Based on Fig. 8
and Fig. 6(b), we calculated the maximum error between the
thermal values predicted by our NPSS algorithm and those
estimated with the COMSOL Multiphysics®.

Performing a detailed analysis of the thermal response of
the NPSS algorithm illustrated in Fig. 8 will allow us to better
understand its behavior in real environments, take appropriate
measures to compensate for thermal variations, and optimize
its overall performance.

This Figure illustrates the maximum temperature predicted
(Tp) by our NPSS algorithm for integrated circuits (IC1 to
IC6). It is important to note that the temperatures represented
correspond to the estimated maximum values during the
operational phase of the circuits. While these tempera-
tures may fluctuate over time due to varying operational
conditions, our NPSS algorithm is designed to estimate
these maximum values, which are crucial for assessing
thermal performance. Moreover, the algorithm does not
experience a time delay in obtaining these values, although
it does have a response time of approximately τr =

0.34 seconds. This means that after a thermal variation,
the algorithm requires this time to adapt and stabilize its
outputs, which is critical for analyzing its effectiveness in
real-world scenarios where thermal conditions can change
rapidly. In our analysis of the thermal response presented in
Fig. 8, we considered several key aspects. First, we studied
the thermal sensitivity, finding that approximately 45 % of
the predicted temperatures alignedwith actualmeasurements,
highlighting the algorithm’s sensitivity to thermal variations.
Next, we evaluated the response time of the NPSS algorithm,
measured at 0.34 seconds, to understand how quickly it
can adapt after a temperature change. Additionally, our
analysis identified that the algorithm operates reliably within
a temperature range of 343.73K to 345.00K. Furthermore.

Table 3 compares the predicted and estimated temperatures
for the different integrated circuits, shows a maximum error
of approximately 1.27K, validating the accuracy of our NPSS
algorithm.

Thermal tolerance refers to the range of temperatures
within which the NPSS algorithm operates reliably. In our
analysis, we observed that the algorithm maintains its
accuracy and performance within a temperature range of
343.73K to 345.00K, beyond which there might be a
reduction in predictive accuracy. This tolerance range is
crucial for determining the operational limits of the algorithm
in real-world scenarios.

In the context of our NPSS algorithm and the comparison
with COMSOL Multiphysics®, the heat sources for each IC
represent the power dissipation levels during their operation,
which directly influence the predicted and estimated temper-
atures. The temperatures Tp (predicted) and Te (estimated)
shown in the table are the maximum values obtained under
operational load conditions for each IC. These are the
critical temperatures reached when the ICs are subjected
to maximum power dissipation, allowing us to evaluate the
accuracy of the NPSS algorithm in predicting thermal peaks.

We compare our proposed NPSS algorithm with other
schemes presented in the literature. Table 4 shows the SiP
modeling using three models, including our NPSS algorithm
and two methods used in [27] and [28]. Other works were
validated by simulations only (with different objectives)
without regard to theoretical models or algorithms. To the
best of our knowledge, we are the first to propose a new
method based on an advanced algorithm capable of detecting
the thermal peaks for all ICs in a SiP and characterizing their
thermal behaviors.

TABLE 3. Comparison between our NPSS algorithm and the COMSOL
Multiphysics® in terms of temperature parameters of each IC’s heat
source.

TABLE 4. Comparison of SiP modeling with NPSS algorithm and with
comparable works.

Table 4 reports a maximum error value (1.27 K) for our
NPSS algorithm. Thus, our NPSS algorithm outperforms the
Thermal Interface Material (TIM) and the Electro-Thermal
Coupling (ETC) methods. No out-of-range values are
observed, especially for temperatures between 298 K and
304 K.

Following the comparative results in Tables 3 and 4,
we deduce that our proposed NPSS is a good and accurate
solution that is easy to implement and has low computational
complexity. The NPSS’s computation time depends on the
algorithmic complexity, the size of the input data, and the

VOLUME 12, 2024 143849



A. Oukaira et al.: Novel Peak-Source-Scanning (NPSS) Model for Thermal Control of SiP

FIGURE 8. Maximum temperature predicted and generated by the NPSS algorithm for (IC1 to IC6).

testing hardware. In our case, the overall simulation time was
46.819 seconds using a 6-CPUx86_64Windows 10 computer
with a clock speed of 3.2 GHz.

As mentioned, faster execution is possible with dedicated
implementations, which we will explore in our future work.
Nonetheless, the current MATLAB implementation of NPSS
is respectively fast for some real-time thermal monitoring
applications. In addition, the proposed method does not
introduce the risk of ‘‘rapid overheating’’ caused by the heat
of the sensors that are added to the surface of the chips to
measure the frequency variations generated by these sensors,
indicating the thermal changes in the chip [29] and [30].

E. DISCUSSION: COMPARATIVE ANALYSIS OF THE NPSS
ALGORITHM
In this section, we provide a detailed comparison of our Novel
Peak Source-Scanning (NPSS) algorithm with existing meth-
ods to highlight its advantages. Using simulation tools like
COMSOL Multiphysics® and MATLAB®, we evaluated
NPSS’s performance in detecting and locating thermal peaks
in System-in-Package (SiP) systems.

The Thermal Interface Material (TIM) method (Table 4),
with a maximum temperature of 376.30 K and an error of
2.31 K, contrasts with NPSS, which achieves a maximum
temperature of 345.00 K with an error of just 1.27 K,
indicating superior accuracy. TIM is known for its increased
complexity due to thermal interface optimization, while
NPSS offers a more straightforward approach with fewer
required sensors, thus reducing overall complexity. The
Electro-Thermal Coupling (ETC) method (Table 4), showing
a maximum temperature of 339.15 K with an error of 2.80 K,
is outperformed by NPSS, demonstrating better precision

with its lower error. ETC often requires frequent adjustments
and calibrations, whereas NPSS provides a robust method
with minimal error, enhancing reliability.

NPSS also reduces sensor requirements while maintaining
precise monitoring, unlike existing methods that may need
more sensors or complex systems. Additionally, NPSS
executes in 46.8 seconds on a standard computer, making it
suitable for real-time applications and avoiding the ‘‘rapid
overheating’’ risk associated with added sensors on chip
surfaces, as noted in previous studies.

The 46.8 seconds figure represents the total time required
for the NPSS algorithm to compute the full thermal analysis
for the entire System-in-Package (SiP), which includes six
integrated circuits (ICs) and multiple heat sources. This
computation accounts for not only the evaluation of equa-
tions (1) and (2) but also other complex steps such as iterative
adjustments for boundary conditions, convergence checks,
and fine-tuning based on real-time temperature fluctuations.
While equations (1) and (2) themselves are simple to evaluate,
the overall complexity of the system requires significant
computational effort, especially when integrating multiple
ICs and comparing results with finite element method (FEM)
simulations. The goal of the paper is indeed to propose an
efficient method GDS for predicting the peak temperature
(Tp), and despite the total computation time, our method still
providesmore accurate and efficient results than conventional
approaches in complex environments.

As for the 0.34 seconds response time, this refers
specifically to the NPSS algorithm’s ability to adapt to
real-time thermal variations. After a temperature change
occurs, the algorithm takes approximately 0.34 seconds to
update its predictions and stabilize. This rapid response is
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critical for real-time thermal management. The 46.8 seconds,
on the other hand, reflect the initial full computation time
required for the entire SiP analysis, which is performed
once, whereas the response time is for dynamic, on-the-fly
adjustments.

Regarding the processing power required, we do not sug-
gest that each IC is equipped with an individual temperature
monitor requiring 46.8 seconds of processing time on a
Windows-based system. Instead, the thermal management
system operates centrally, where these calculations are
performed on more powerful hardware. Each IC relies on
the centralized system for real-time updates and adjustments,
ensuring efficient temperature control without excessive
computational demands locally on the IC.

First, we confirm that the TIM and ETC methods were
indeed implemented, but not within our exact hardware
configuration. These methods were tested on similar sys-
tems, as referenced in [27] and [28], to benchmark their
performance against NPSS. Although different systems were
used, the comparison remains relevant due to the thermal
behaviors we observed across comparable conditions, such
as peak temperature and error rates. The methods used in
the literature were carefully simulated to closely match our
SiP structure in terms of operational parameters and thermal
behavior, ensuring a fair comparison. This allows us to
highlight NPSS’s advantages in terms of precision, simplicity,
and reduced error rate, as illustrated in Table 4. Regarding
the discussion about the sensors and their integration into the
chips, the phrase (heat sensors added to the surface of the
chips) refers to the use of thermal sensors that monitor the
chip’s surface temperature in real-time. In our NPSS algo-
rithm, the number of required sensors is minimized compared
to TIM and ETC, which often require additional sensors and
frequent re-calibration. These sensors are typically added at
key thermal hots-pots across the chip’s surface to monitor and
record temperature variations more accurately. This approach
reduces overall complexity whilemaintaining precise thermal
management. Finally, Table 4’s figures are derived from both
simulation data and real-world measurements. The TIM and
ETC methods, as reported in the literature, rely heavily on
complex thermal interface configurations and electro-thermal
coupling, which can introduce significant errors and require
fine-tuning. In contrast, NPSSmaintains lower error rates and
better adaptability to real-time conditions without needing the
same level of complexity or re-calibration.

In summary, NPSS excels in precision, simplicity, and
efficiency compared to TIM, ETC methods (Table 4),
making it particularly suitable for thermal management in
high-density SiP systems. Future dedicated implementations
could further improve execution speed, but the current NPSS
version is already effective for real-time thermal monitoring
applications.

IV. CONCLUSION AND FUTURE WORKS
This paper proposes a Novel Peak-Source-Scanning (NPSS)
algorithm based on the Gradient Direction Sensor (GDS)

method. NPSS can perform thermal management of
Systems-in-Package (SiPs) that typically comprise multi-
ple heat sources. We implemented the NPSS algorithm
to detect thermal peaks in a SiP comprising six heat
sources.

Compared to the present literature, our NPSS algorithm
provides more accurate estimates of thermal peaks calculated
using a reference FEM model available in COMSOL with a
maximum error of 1.27 K observed between the predicted
and estimated temperatures. The proposed algorithm also
offers an excellent time complexity of O(n). Moreover, our
algorithm is a cost-effective solution for thermal manage-
ment, as it requires a much lower number of sensors than the
previously reported solutions.

Our study primarily focuses on the theoretical demon-
stration and simulation validation of the NPSS algorithm,
aiming to present a robust proof of concept and validate
the algorithm’s feasibility and effectiveness in a controlled
environment before considering more extensive experimental
validations. Our study provides a solid theoretical foundation
for future practical integration and optimization work. While
our paper focuses on algorithmic validation, we understand
the importance of compatibility and financial implications,
which will be addressed in future studies once the algorithm’s
validity and benefits have been demonstrated through simu-
lations.

Experimental validation, although crucial, requires consid-
erable resources and a specific framework that goes beyond
the scope of our current study. However, our simulations were
designed to replicate realistic conditions and provide clear
indications of the algorithm’s performance, thus demonstrat-
ing its initial viability. Additionally, we included comparisons
with relevant simulation benchmarks and plan to include
comparisons with physical implementations in future work.

We firmly believe that the simulation validation presented
in this paper is a crucial step for the initial demonstration of
the NPSS algorithm.

Our future works will explore temperature measurement
accuracy and computational complexity when implementing
NPSS in C/C++ and studying its performance in terms of
portability and real-time monitoring of thermal management
for different SiP configurations. We also plan to implement
NPSS in SiP devices for in-situ real-time thermal manage-
ment.
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