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Social Contagion and Its Relationship with Competitive Anxiety
among University Students
Prof. Dr Lamyaa Yassin Zughair

Abstract

The present study aimed to identify:

1 - Social contagion among university students.

2 - Competitive anxiety among university students.

3 - The correlational relationship between social contagion and competitive
anxiety among university students.

To achieve these objectives, the researcher adopted the Social Contagion Scale
developed by Hatfield, which consists of 15 items, and its psychometric
properties were verified. The Competitive Anxiety Scale, developed by Alaa
Nazzal Mohammed, consisting of 30 items, was also adopted, and its
psychometric properties were confirmed.

Both scales were administered to a sample of 120 male and female students
selected using a stratified random sampling method from Al-Mustansiriyah
University. The results of the study indicated that students exhibited social
contagion and that the majority of students experienced competitive anxiety at a
rate of 54%. The findings also revealed that there was no statistically significant
correlational relationship between social contagion and levels of competitive
anxiety. Based on the results, the researcher presented a number of
recommendations and suggestions.

Keywords: Social contagion, Competitive anxiety.
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Abstract:

We review the study of the general theoretical framework to the in-depth
analysis of the mechanisms of action of neural networks from researchers,
specifically those based on the corrected linear module (ReLU). Neural
networks are examined not only as software tools, but as a form of “nonlinear
ramified approximation™. Using complex measurement tools such as the
Kolmogorov width and metric entropy, they proved that neural networks have a
unique ability to "fill the void" in Banach spaces, which gives them a theoretical
superiority in the efficiency of representation compared to traditional linear
methods that are unable to keep up with the complexity of high-dimensional
data.

As well as characterizing the mathematical outputs of ReLU networks, where
the researchers proved that they produce continuous segmented linear functions
(CPWL). This characterization is the cornerstone of understanding how simple
calculations within classes turn into models capable of simulating any
continuous function. In addition to addressing the capabilities of shallow
networks (single layer), stressing that although it has the property of "mass
approximation”, it suffers from the "Curse of dimensions™ and requires a huge
number of neurons to achieve acceptable accuracy in complex tasks.

The researchers reached the peak of mathematical analysis in their research
papers for the "power of depth" by demonstrating that increasing the number of
layers allows the network to simulate complex arithmetic operations and
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polynomials with amazing efficiency. This depth enables the network to
approximate difficult function classes such as Sobolev and Besov spaces with
optimal approximation rates that are superior to conventional wavelets and
polynomials. It also highlights the ability of deep networks to exploit the "self-
similarity” of functions, which explains their impressive success in processing
repetitive images and patterns.

Others raise the issue of "stability". They explained that there is an inevitable
trade-off between the network's ability to approximate and the stability of the
algorithms used to train it. The more the network is able to fill the void and
super-approximate, the greater the likelihood that the results will be unstable
when minor changes occur in the entered data. This analysis puts an end to the
ideal expectations, stressing that success in approximation does not necessarily
mean easy access to the optimal solution in numerically stable ways, which
opens the door to the need to balance the depth of the network and its
trainability.

Keywords : ReLU, Deep Neural networks, approximation
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Methodology
The problem:

The main problem is “identification and interpretation of the qualitative
superiority of deep neural networks over classical approximation methods™. This
problem branches into several questions:

1- How can the efficiency of neural networks be measured mathematically
compared to linear and conventional methods(e.g. polynomials

2- Why does depth (Deep) outperform width (Width) in the rounding
process

3- Is it possible to achieve a super-accurate approximation while keeping the
algorithms numerically stable

Objectives :

1- Which classes of functions (such as Sobolev and Besov spaces) can neural
networks approximate most efficiently?

2- How ReLU networks simulate complex calculations and polynomials to
reach optimal approximation rates.

3- Analysis of the" Curse of dimensionality"”: to demonstrate the ability of
neural networks to bypass the problem of increasing dimensionality
suffered by traditional methods.

4- Analysis of the mathematical conflict between the enormous ability to
approximate (Property of filling space) and the difficulty of reaching
numerical stability in training.

Importance

The importance of this review lies in the fact that it demonstrates the" rationale "
for the experimental success of artificial intelligence by bridging the gap
between theory and practice, and explains why deep networks succeed in
complex tasks such as image recognition and language, while other
mathematical methods fail.

By understanding the importance of depth and stability, engineers can build
models that are not only accurate but also more sustainable and stable.
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Finally, this review reveals the mathematical guarantees made by the
researchers, instead of considering neural networks as a "black box", by
providing proofs about the error limits and possible approximation rates.

Keywords: ReLU, Deep Neural Networks, approximation.
Introduction :

The enormous experimental success of artificial intelligence requires
"mathematical rooting"”, explains its efficiency. The ultimate goal is to
understand how these networks simulate complex, high-dimensional functions
that appear in fields such as image processing, computational physics, and Big
Data Analysis.

That the biggest challenge facing classical mathematics is the "Curse of
dimensionality", where traditional means are unable to represent functions when
the variables increase significantly; that neural networks, especially deep ones
using the ReLU function, do not just perform linear approximation, but rely on a
hierarchical structure and Daly structure that allows them to extract intrinsic
patterns from data with computational efficiency superior to polynomials and
traditional trigonometric systems.

How do we measure how good and powerful nonlinear approximation
methods (such as neural networks) are compared to traditional methods

1- The transition from a "linear” approximation to a "nonlinear” one. In
classical mathematics, we usually use linear spaces (such as Fourier
sequences or polynomials). As for neural networks, they are nonlinear
approximation tools.

The crucial point: in linear methods, we choose a constant set of " basic
functions”. In neural networks, we choose functions (weights and biases) based
on the data itself, which gives tremendous flexibility but makes mathematical
analysis more difficult.

2- The concept of "Rate of Approximation" lets us ask the fundamental
question: if you give me n coefficients (neurons/weights), how small is
the error | can reach? This is expressed mathematically by a relationship
between the number of coefficients n and the rounding error. Prove that
neural networks can achieve a very small error using a smaller number of
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coefficients compared to traditional methods, especially in complex
functions.
If we want the approximation of a function f belonging to the space Sobolev
WS (LP[o,1]%)(do not consider the degree of safety of s in dimensions d), The
best error of approximation can be achieved:

en(f) ~ n~5/d

This means that for the higher dimensions d, we need a massive number of
transactions n to minimize the error.

In neural networks (nonlinear approximation), research (such as the works of
Baron and others) has proved that for certain classes of functions, neural
networks can achieve a rate:

En(f) ~n1/2

Note the fundamental difference: this rate is independent of dimensions d . This
Is the mathematical excellence of neural networks; they maintain their efficiency
even if the input is a million-pixel image.

3- The dilemma (Curse of Dimensionality): This is one of the most
important problems. In traditional methods, if the number of dimensions
increases (e.g. a high-resolution image), the number of calculations
required for approximation explodes exponentially.

The solution is in networks where nonlinear approximation methods (and deep
networks, especially) possess properties that break this Curse, as they can
"detect” a low-dimensional structure within big data. Neural networks are based
on the concept of function composition (Compositionality). Instead of trying to
fill the entire space (as classical methods do), the deep network instantiates
simple functions:

f(x) =0 ° ‘CL ©07_-1 .01 0° Ll(x)
Where L represent linear transformations (weights and bias)

This structure allows the network to focus only on (Low-dimensional)
Manifolds within the data. That is, it detects that important data in the image
(such as the boundaries of the face) occupy a very small area of the available
possibilities in the total space, neglecting insignificant voids.
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Approximation using ReLLU networks

1- The mathematical secret of ReLU is that it transforms the neural network
into a segmented linear function .The gist point is that when you combine
several ReLU neurons together, you get not a smooth curve, but a
"surface™ made up of line segments (like paper folding or origami
art).Explanation: the more neurons there are, the greater the number of
"fractions" or line segments, which allows the grid to simulate any smooth
curve with extreme accuracy.

2- The construction of "hat functions ." By combining two RelL U functions
and displacing them, we get a shape resembling a triangle (hat).
Mathematical significance: these caps are "building blocks" (Basis
Functions). By repeating these hats next to each other and changing their
heights, we can represent any continuous function just as a painter would
do with small dots to draw a whole painting.

3- The difference between" depth "and" width " in ReLU, Wide (Shallow)
lattices increases the number of linear segments linearly with the number
of neurons. Deep networks here do the mathematical miracle; the
combination of functions leads to the generation of an exponential
number 2Lof line segments using a small number of layers L .The result
depth allows the network to repeatedly” fold " the mathematical space,
providing tremendous efficiency in representing very complex functions
with few resources.

4- Approximation properties of ReLU in higher dimensions when moving
from one dimension to multiple dimensions( d > 1). ReLU acts as a
(Hyperplane) that divides space into two halves (active zone and zero
zone). By overlapping these levels, the data space is divided into
(Polyhedral Cells). Inside each cell, the grid is a simple linear function,
but the total combination of these cells produces a very clever and
complex behaviour.

5- ReLU deep networks are the "optimal approximation” because they
achieve the best possible balancing, the fewest transactions to reach the
highest accuracy. The ability to represent very complex functions (with
many fractions) using a simple depth. Superiority over the "lower bounds"
that mathematics sets for any other approximation system.

39



m & g Enyphill pglall Endoall &y o1 skl

Approximation using deep ReL.U networks

1- Folding property: Each ReLU layer in the deep network performs a“
folding " of the unified space. As a result, the combination of functions
f o g allows the network to reuse previous calculations, generating a huge
number of "linear blocks"

2- In a shallow network (single layer) with N neurons, the maximum number
of linear regions that can be represented is N .In a layered deep network
L, with each layer having K its own number of neurons, the number of
linear regions can be up to K What does this mean? It means that in
order for a shallow network to achieve the same resolution as a deep
network of only 10 layers (and each layer has 2 neurons), a shallow
network may need 21° = 1024 neurons! Depth provides a huge
"economy" in the number of transactions.

3- Simulation of Sawtooth Functions, the function is one of the most famous
examples to prove the efficiency of ReLU .Mathematicians (such as
Telgarsky) proved that there are very simple duals that a shallow network
can approximate only with an exponential number of neurons, while a
very deep network can approximate with a minimal number of layers .
This proves that depth is not just a choice, but a mathematical necessity
for approximating certain classes of complex functions.

4- Hierarchical structure of information, First layers capture simple features
(such as edges in photos), Middle layers: these edges are superimposed to
form patterns (such as eyes or nose) .The last layers: combine patterns to
understand the whole entity (such as a face).

It is this hierarchical structure that allows deep networks to overcome the "Curse
of dimensionality" because they do not analyze all dimensions at once, but build
understanding step by step.

Stability

Mathematically, stability is defined as the ability of a network to limit the
change in output within reasonable limits when a slight change in input occurs,
which is expressed by the Lipschitz constant; the higher the value of this
constant, the greater the sensitivity of the network to noise, making it a
mathematically fragile construction despite its theoretical accuracy. The
fundamental problem with deep networks arises precisely as a result of the
nature of the structure of functions; while depth gives us an exponential ability
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to generate geometric complexity, at the same time, it can lead to cumulative
amplification of errors across layers, which threatens to collapse the consistency
of results. So, the chapter proves that the "optimal” approximation is not only
the one that achieves the slightest computational error, but also the one that
achieves a delicate balance (Trade-off) between accuracy and regularity, so that
weights and transactions remain controlled by constraints that prevent
computational explosion and ensure durability against hostile attacks
(Adversarial Robustness). Stability in this sense is not just a technical
improvement; it is a structural necessity that transforms the network from a mere
tool for "memorizing" data or simulating it oscillatively, into a sober
mathematical function capable of generalization and stability in noise-filled real-
world environments, which makes the deep ReLU approximation a safe and
effective means in complex scientific and engineering calculations.

Conclusion :

Deep neural networks are not just a statistical tool, but a super-intelligent
mathematical structure that reformulates the concepts of traditional numerical
approximation.

We found that increasing the number of layers (depth) allows the network to
build a composition of simple functions to produce very complex functions,
making it stages superior to shallow networks or traditional methods such as
polynomials.

Dismantling the Curse of dimensions neural networks have demonstrated the
ability to approximate functions in high-dimensional spaces without increasing
the computational cost explosively, by exploiting the hierarchical and synthetic
structure of data in addition to geometric flexibility (ReLU and linear
segmentation) the strength of ReLU networks lies in their ability to divide space
into millions of "linear cells”, allowing them to adapt to micro zigzags in
complex functions with amazing accuracy.

So the Compositional structure of deep networks is the secret behind their
unique ability to break classical mathematical constraints, making them the most
efficient tool in the history of Applied Mathematics for approximating complex
functions.
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Abstract
There is a close relationship between the cloud manufacturing
environment (CMfg) and the optimal Allocation of resources for this
manufacturing, because resources represent the largest nerve of
industrial companies, so it has become an important requirement to
focus work on the Allocation of those resources. These resources are
related to products in the manufacturing lines of industrial companies,
that is, the optimal Allocation of machines and workers, reducing
Time and cost, improving the quality of Service provided to the
customer and load balancing for manufacturing operations. In
addition, swarm intelligence algorithms have proven their relevance
and efficiency in solving complex optimization problems, especially
the problem of optimal Allocation of cloud manufacturing resources
(CMTfQg). Therefore, In this study, a hybrid algorithm consisting of the
particle swarm algorithm(PSO) and the ant colony optimization
algorithm(ACO) was proposed to reach the optimal Allocation of
cloud manufacturing resources (CMfg) for the torrent sealing product
(TOS) by placing the optimal solution obtained from the particle
swarm algorithm and placing it back into the ant colony algorithm by
adding pheromones to obtain the hybrid algorithm(AC-PSO) that
gives the optimal solutions. The objective function here consists of
four goals that represent the optimal Allocation of resources by
reducing Time and cost, load balancing and the quality of the Service
provided. The results obtained showed the effectiveness and
efficiency of allocating cloud manufacturing resources using the three
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algorithms and the hybrid algorithm (AC-PSO) in particular. Where
the optimal technical path of manufacturing the transformer has been
reached, reducing the Time from (560) to (310), the cost from
(9352000) to (5177000) ID, the load balance from (82%) to (70%),
the quality of Service from (90%) to (70%) and Salary average of
Worker from (6800000) to (6000000) ID.

Keywords: Cloud Manufacturing, Optimisation, Resource Allocation
in CMfg, Hybrid Algorithm, Quality of Service (QoS).
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1. Introduction

Encourage electronics manufacturers to use their resources effectively to meet
dynamic customer demand. As decision makers determine the required level of
resources by evaluating the technical requirements of products, one of the most
common issues that arises is that the demands and desires of customers are
changing quickly, which has led to the need to work towards reducing
production cycle times in many industries, including the electronics industry.
Because the scope of customer use of these industries' products has expanded
rapidly in all human activities, the efficient use of resources will have a
significant impact on the efficiency of manufacturing processes. Decision-
makers calculate the quantity of various machine kinds required to evaluate the
technical requirements for the electronic devices or parts, such as the complexity
of the product and the number of components, and relying on human experience,
which may cause bias easily and production performance cannot guaranteed as
estimates vary from one decision maker to another, and therefore requires the
Allocation of sufficient material resources for production optimally, and in
interest of the current study in the electronics industry, there are no systematic
methods to determine the percentage of waste for different resources, and
therefore the need to rearrange them for determining a sufficient amount of
resources, especially production resources [1,2,3,4,5,6,].

The literature that dealt with the concept of resource allocation confirmed that
this topic concerns getting the ideal compatibility for allocating available
resources to the required tasks by maximizing or minimizing a certain measure
of allocation efficiency for several Indivisible goals, such as maximizing profits
or reducing costs. The basic elements of resource allocation are the amount of
those resources, the type, and where are place. According to this perception, the
Allocation of resources is selecting and assigning the ones strategically to a task
to support the business objectives, and thus deals with the appointment or
assignment of individuals to the business according to their skills, experience
and qualifications in a timely manner, in addition, this orientation considered as
its appropriate Allocation of activities or tasks in order to get the optimal
solution economically, and can improve the effectiveness of that Allocation in
terms of productivity, efficiency and effective exploitation of limited ones while
avoiding delaying the deadline for product delivery, therefore, manufacturers are
trying to achieve effective exploitation of resources to acquire the ability to
competitiveness in their industries [7,8,9,10,11,12,13,14,15].

Because of the changes taking place in the markets today, the effective
Allocation of resources has become of great importance, especially in the
electronics and electrical appliances industry, and the pressure caused by the
trend of designs and models of products (product and Service), as well as there
Is an urgent need for the success of this industry to shorten the lead times for
obtaining new products, and although the effective Allocation of resources is
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one of the important criteria for responding to these market changes, but in
reality it is a complex task, as electronics manufacturing involves different
machines, a skilled workforce and thousands of packages of parts and
components to produce different products simultaneously, and because
traditional decision-making in these Industries involve resource allocation that is
highly dependent on human expertise, and therefore takes a long time in an
industry that is sensitive to Time, cost, quality and load balance. Therefore, any
delay in deciding will prolong the entire product cycle time and cause the
company to lose its competitiveness [16,17,18,19,20,21,22,23]. In this study, the
swarm intelligence algorithms of ants (ACO), particle swarm (PSO), and
hybrids of both (AC-PSO) will be used to reach the optimal Allocation of cloud
manufacturing resources for the seal torrent product and compare the three
algorithms used and determine which is the best in reaching the optimal
solution.

2. Statement Description

The key to the success of cloud manufacturing is the optimal Allocation of its
resources, as this Allocation helps to achieve efficiency and make maximum use
of virtual, physical and production resources. It contributes to the delivery and
development of products and services more efficiently and easily with the least
Time and cost, optimal quality of Service, load balancing and efficient use of
resources. The problem of allocating cloud manufacturing resources begins with
the first step of the cloud manufacturing platform when the customer begins to
post his request for a (product/service), after which the request is transferred to
the factories related to the request to carry out the task, and before producing the
order, manufacturing resources must first be allocated optimally through
artificial intelligence, specifically swarm intelligence algorithms, to ensure the
operation and continuation of the product manufacturing process easily and
efficiently and delivered to the customer within the specified delivery time
[24,25,26,27,28]. In this work, having studied the seal torrent product, suppose
that there are four parts to the Process, and each of these parts has its associated
resources. These resources must be allocated to optimally process the torrent
seal product, which ensures on-time delivery of the order by reducing the Time,
cost, load balance and quality of molecular Service for each processing and then
for the entire manufacturing process. The process task is split into several
subtasks [Oc1, Oc2, Oc3, Oc4] in Table 1 and Figure 1. Then, prepare resources
based on the task requirement and the characteristics of the resources.
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Table 1. Initial Matrix of Manufacturing Task Before Allocation

it process No. of. No. of. Time(m) Cost(m) QoS% LB%
machine worker

1 Ocl 4 5 20 3340 09 08

2 Oc2 6 8 16 2672 09 07

3 Oc3 1 2 8 1336 09 09

4 Oc4 0 2 12 2004 09 09

&
(=) ()

Oc3

Figure.1 The Technical Route for Torrent Seal Manufacturing Task
3. Methodology
3.1. The Parameters

The parameters of the proposed model represent the objective function of the
problem of optimal Allocation of resources and the functions of allocation goals,
that is, the objectives of the objective function, namely the functions of Time,
cost, quality of Service, load balancing in below., which the current study seeks
to reduce these goals by reaching the optimal solution in allocating the resources
of the seal torrent product. (Rageyah & Adel,2024)

Objective Function

F = min{w;C + w,T + w3Q + w,B}  .......(1)
Cost(C)
n
min C = z G o (2)
i=1
Constraint for Cost
i
zcinij =Cl ......... (2—1)
j=1
Time(T)
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n
minT = 2 T (3)
i=1
Constraint for Time
i
ZTinij =Tl ......... (3_1)
j=1
Quiality of Service(Q)
n
min Q = 2 Qe 4
i=1
Constraint for QoS
i
le}xU =Ql ......... (4—1)
j=1
Load Balance(B)
n
min B = Z B, (5)
i=1
Constraint for Balance
i
zBinij =Bl ......... (5—1)
j=1

Conditions: The probability condition for a decision variable is: xij € (0,1).
That is, it takes a value equal to (1) in the case of verification and a value equal
to (0) in the case of non-verification.

Where: F is the target function, n is the number of instances, and ij is the Time
between nodes (resources).

Xij is the value of the decision variable (0,1), which is either equal to zero or
one.

3.2. ACO Algorithm

1. The initial information matrix is represented by Table .1, which describes the
manufacturing processes of the seal torrent product with Time, cost, quality of
Service, load balancing, for each processing, which represents the initial
community and this step also represents the distance between ants and various
resources, as well as the configuration of the number of ants, the initial value of
the pheromone rate, the number of repetitions, and other factors. It is by relying
on this initial matrix of the product that a number of paths are generated.
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2. Finding the Fitness Value

This step represents the movement where the ants will move between different
resources according to their personal decisions and the effect of the accumulated
pheromone, so the fitness value(trade-off) is found for each product path
according to the equation of the target function(1), the equations of Time(2),
cost(3), quality of Service(4), Load Balancing(5) in Table 2., mentioned above
to generate paths that represent possible solutions and then search for the best
path for each product and with the least Time, cost, quality of Service, load
balancing.

3. Finding the probabilistic values of the allocation goals for participation and
for all tracks in the primary community.

In this step, the probabilistic values of each resource are found for the objectives
(cost, Time, quality of Service, load balancing) by adopting a trade-off in the
assessment aimed at reduction, i.e. preference for routes that have the lowest
probabilistic values. The available resources are selected based on the
probabilistic values of each resource (for each manufacturing process).

4. Update

After selecting the best paths in the previous(third) step, the pheromone matrix
Is updated in this step by updating the matrix of various resources based on the
efficiency of their use.

5. Iteration

The second, third and fourth steps are repeated for a number of cycles until the
termination Criteria are reached, represented by the following:

e Reach the maximum frequency.

e Reaching the perfect solution.

e To take into account the priorities and sequence of production
stages for each product, while accepting the new, stronger tracks
and retaining the highest quality of them.

6. Solution Analysis

In this step, the solutions reached after the execution of the algorithm are
analyzed in all its steps, with a number of cycles (100) and an execution time of
35.4 seconds. That is, these steps are repeated until the ants move towards the
optimal solution to the problem of resource allocation, and this behaviour is
characterized by the ability to pass obstacles and discover new paths gradually,
ultimately leading to a balance between new solutions and the exploitation of
good solutions that have already been discovered [29,30].
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STEP ()  Initialize:
a) Sel iterlion counlter =0,
b} Set pheromone level on all edges to 7,

STEP 1: Construct salutions foreach ant  (i.e., for y=1 to T X

Generate 2 tour by adding an edge from faba® using the following:

a) With probability g, the node with the maximum phercmone level,

b) With probability o, o discrete probability distribution with edge
prebability Prl, o (7

¢} With probability r, random selection.

STEF2: Local search {Optional)

STEP3:  Evaluate the fitness of each solution.

STEP 4:  Keep the best solutions in o list. If not optimal (f.c., ARPLis not zero) and ¢
< MaxIterationCount, then upkdate the phetomone levels on the network via
evapuration and ineremental pheromone updale provesses,

STEP 5: Sets=t+1. Goto Step L

Figure .2 Pseudocode for ACO Algorithm
3.3. PSO Algorithm

This algorithm aims to optimize candidate solutions by modifying and
optimizing the positions of a group of birds in the search space. Its steps are as
follows:

1. Initialisation

In it, the number of particles(birds) in the search space is configured, as each
bird represents a potential solution, the size of the flock, the initial distance
matrix, i.e. the time matrix, cost, quality of Service, load balancing, for each
product.

2. Movement and Improvement
Calculation of fitness value

e Particle positions are updated based on their previous movement and
improved.

e The movement of each particle is determined based on the direction of
movement of the preference (the particle with the best performance so far)
and the direction of the personal particle (its subjective preference).

3. Update

e The information on the personal preferences of each gross and the general
preference of the group is updated.
e The preference value is used to determine the direction of Future
Movement.
4. Iteration

The algorithm is repeated for a certain number of cycles, with a number of (100)
cycles and with a time of (35.4) seconds, or until the Stop condition is met

52



m &3, llg Enshanhill pglall Exnde Nl xSy oY Exlskl

5. Termination Criteria

The Stop conditions are determined when an acceptable solution is reached or
after a certain number of cycles, that is, the maximum repetition (100) is
reached, taking into account the precedents and the sequence of stages of the
manufacturing process of the product as a whole.

6. Solution Analysis

The solutions reached are analyzed after the completion of the research process
[31,32].

step 1. Initialize Optimization.
step 1.1 Initialize algorithm constants, f,nu.» £-
step 1.2 Initialize randomly all particles positions x{ and velocities v/ .
step 1.3 Ewaluate objective function value as f(x,i } in equation (1).
step 1.4 Assign best positions p! =x! with f[; ] f[.r‘] i=L,..., P.

step 1.5 Find f""’”(p""’ )—m n{f(p ). f(p )....,f(pPJ} and initialize
pE = pl and f(pf )= pror (phe

step 2. Perform Oplimization
while (f = ... )

step 2.1 Update particle velocity v! and position x/, according to equation
(2) and equation (3) of all P particles.

step 2.2 Ewaluate objective function value as f(x,' ) in equation {1}.

step 2.3 Update particle best position if f{p§]> f{xﬁ] then p! =xf with

7(pi)=rle)-
step 2.4 Find f,ﬁ"‘“(p‘"" )—mln{f[p ), (p: ....f{p"}} ir f[p ]>f{;b”)

then pf = pP' and flpf )= roe (ppe
step 2.5 Increment iteration count r=r+1.

end while

step 3. Report best solution ¥ of the swarm with objective function value j‘(p*’ )

Figure 3. Pseudocode for PSO Algorithm
3.4. The AC-PSO Hybrid Algorithm

A hybrid algorithm consisting of the ant colony algorithm(ACO) and the bird
swarm algorithm(PSO) can be used by applying the concept of communication
and interaction between the behavior of organisms inspired by both ants and
birds, so that ants can benefit from the ability of birds to find the best place to
fly and communicate with the rest of the swarm, while birds can benefit from
the ability of ants to detect and determine the best path for the distribution of
resources, this hybrid helps in the optimal Allocation of resources through a
balance between performance, cost, Time, quality of Service, load balancing, in
a manufacturing environment the cloud is the area of interest of the current
study and its goal is to use these two algorithms together[33,34,35,36].
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tart Converting solution into initial
Sl pheromone matrix

Spreading ants on the node to

| Set task:&service |

¢ search
| Encoding task | ¢
L v R Calculating fitness value & select
‘ Generation initial population by form random | ontimal solution
Il ¥
__4 Calculating fitness value | Update the pheromone
v

PSO manipulation + Select operator

yes

| Producing some of optimal solution |—

No
Reach conditions

ves
| Optimal solution output |

Figure 4. Flow chart of (AC-PSO) Hybrid Algorithm

step 1. Initialize Optimization.
step 1.1 Initialize constants for PSO and ACO processes, P, fmox.
step 1.2 Initialize randomly all particles positions xf and velocities wi.
step 1.3 Ewaluate objective function value as fer) in equation (1).
step 1.4 Assign best positions p] = x! with f(p_! ]: f(t,‘ }, i=1.....°
step 1.5 Find £ {pf""“ ]= min{f(p} ).. o f':p: ). e f(p,” ]} and initialize p2 = pF=
and f(p# )= 5o (pf=).
step 2. Perform Optimization
whilefr=¢_..)

step 2.1 Update particle velocity v,' and position x;", according 1o equation {2)

and equation (3} of all P particles.
step 2.2 Ewaluate objective function value as f(xf) in equation (1).

step 2.3 Generale P solutions z! using equation (5).

step 2.4 Ewvaluate objective function walue as f(z,‘-] in equation (1) and if
7)< rGi) then pli)= £ (F) ana < ==

step 2.5 Update particle best position if f[pf)> f(,tf} then f{p: )= f(x:) and
pi=xi.

step 2.6 Find g5~ (pf‘"’]=rnin{f(p,ll...,f{;vi)....f(pf}}; if _f(p;g' }> f(p,b’") then
rps)= s (pher} and pg = pPe.

step 2.7 Increment iteration count r=7+1;

end while

step 3. Report best solution p¥? of the swarm with objective function value f(pg )

Figure 5. Pseudocode for the AC-PSO Algorithm

To develop optimal solutions in this work were used, MATLAB2021
programming to calculate Experimental parameter setting for ACO algorithm:
the population sample size is 60, the number of iterations is 100, a =1, B =6, p
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= 0.1, Process divided to (4) task as follow, the parameters that were prepared
and used for the PSO algorithm are as follows: (community size=60, maximum
frequency=100, C1=1.49, C2=1.49), and The weight values of the four objective
time T, cost C, quality of Service Qos, load balance LB are [wl, w2, w3, w4] =
[0.3,0.3,0.2, 0.2]=1.

4. Results and Discussion

Table 2. Results of Manufacturing Task Resources Allocation by ACO

it Process No. of. No. of. Time/m Cost/ID QoS% LB%
machine worker

1 Ocl 4 5 18 3006 0.8 0.8

2 Oc2 6 8 15 2505 08 0.7

3 Oc3 1 2 6 1002 09 09

4 Oc4 0 2 10 1670 0.8 0.8

This optimal Allocation and savings in Time, cost, quality of Service, load
balancing was reached as shown in Table (2) using the ACO algorithm and the
optimal Allocation of internal processor resources Ocl, Oc2) and reached the
optimal Allocation of these processors through the Allocation and optimal
arrangement of the resources of these processors (machines and workers)
together as shown in Table (3).

Table 3. Resources Allocation for Process (Ocl1,0c2)by ACO

Process Ocl | Oc2
Sub task 1 2 | 3| 4 1 21 34| 5|6

Machine | M3 | M1 | M4 | M2 | M5 | M3 | M1 | M6 | M2 | M4
Allocation
Worker | 2 |1 |1 |12 |1 |2]|1]1)|1
Allocation
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Table 4. Results of Manufacturing Task Resources Allocation by PSO

it | Process No. of. No. of. | Time/m | Cost/ID | QoS% | LB%
machine worker

1 Ocl 4 5 16 2672 0.7, 0.7

2 Oc2 6 8 14 2338 08| 0.7

3 Oc3 1 2 5 835 08| 0.8

4 Oc4 0 2 8 1336 07| 0.7

This optimal Allocation and savings in Time, cost, quality of Service, and load
balancing were achieved as shown in Table 4, based on the bird swarm
algorithm (PSO) and the Process of optimal Allocation of internal processor

resources (Ocl, Oc2 ) machines with workers as shown in Table 5.

Table 5. Resources Allocation for Process (Ocl1,0c2) by PSO

Process Ocl | Oc2
Subtask | 1| 2| 3| 4| 1, 2| 3| 4| 5| 6
Machine | M4 | M3 | M2 | M1 | M3 | M1 | M6 | M2| M4 | M5
Allocation

Worker | 1| 1| 1| 2| 2| 1| 1| 2| 1| 1
Allocation

Table6. Results of Manufacturing Task Resources Allocation by AC-PSO

are as Process No. of. No. of. | Time/m | Cost/ID | QoS% | LB%
follows machine worker

1 Ocl 4 5 12 2004 0.7, 07
2 Oc2 6 6 10 1670 0.7 0.7
3 Oc3 1 2 3 501 0.7 0.7
4 Oc4 0 2 6 1002 0.7] 0.7

This optimal Allocation and savings in Time, cost, quality of Service, and load
balancing (as shown in Table 6) were achieved by adopting the hybrid algorithm
(AC-PSO) and the Process of optimal Allocation of internal processor resources
(Oc1, Oc?2) as shown in Table 7.
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Table 7. Resources Allocation for Process (Ocl1,0c2)by AC-PSO

Process Ocl | Oc2
Sub task 1 2 3 | 4 1 2 3 | 4 5 6

Machine | M2 | M4 | M1 | M3 | M6 | M4 | M2 | M5 | M1 | M3
Allocation
Worker | 1 | 1|2 1|2 /]|1|1|11]|2
Allocation

The results of the optimal Allocation for the technical path of the torrent seal
product were as shown in Table 8.

Table 8: The Optimal Resource Allocation

Optimal Allocation | Average no.of.it
Oc1-Oc2- Oc3-Oc4 100

Table 9 shows the comparison of the three algorithms in terms of fitness values
for each product in the hybrid algorithm and the iterations at which the optimal
solution was reached.

Table 9: Fitness values & iteration of the three algorithms

Algorithm | Fitness values | NO. of. Iteration at the optimal solution
AC-PSO 155 25
PSO 215 30
ACO 245 38

Table 9) and Figure.6 show the Process of searching the three algorithms for the
seal torrent product in reaching the optimal solution through the fitness and
repetition value at which the optimal solution was reached. In the ACO
algorithm, the optimal solution was reached with a fitness value equal to (245)
and at repetition (38). In the (PSO) algorithm, the optimal solution was reached
with a fitness value equal to (215) at iteration (30), and in the (AC-PSO) hybrid
algorithm, the optimal solution was reached with a fitness value equal to (155) at
iteration (25).
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Table.10 Differences before and after the optimal Allocation of converter
resources using the hybrid algorithm (AC-PSO)

Information Before After Allocation
Allocation |  AcoO PSO AC-| Gap
PSO
Product code TOS TOS TOS TOS TOS
Number of Tasks 4 4 4 4 -
Number of 11 11 11 11 -
Machines
Number of Workers 17 17 17 15 2
Total time(m) 560 490 430 310 250
Total cos t(ID) 9352000 8183000 | 7181000 | 5177000 | 4175000
QoS% 90% 83% 75% 70% 20%
LB% 82% 80% 73% 70% 12%
Salary average of 6800000 6800000 | 6800000 | 6000000 | 800000
Worker (ID)

It can be concluded from Table 10 that the following:

e The cost of one unit of the original seal is 9352 dinars. Note that the
selling price is (10000) dinars.
e The cost of one unit of seal torrent in the ACO algorithm=8183 dinars
with a difference of (1169) dinars.
e The cost of one converter in the algorithm (PSO)=7181 dinars, with a
difference of 2171 dinars.
e The cost of one converter in the algorithm (AC-PSO) = 5177 dinars, with
a difference of 4175 dinars.
e The completion time of one unit of the original seal is 0.56 minutes.
e The completion time of one unit of the seal torrent in the ACO algorithm
is 0.49 minutes, with a difference of (0.07) minutes.
e The completion time of one unit of the seal torrent in the algorithm
(PSO)=0.43 minutes, with a difference of 0.13 minutes.
e The completion time of one unit of the seal torrent in the algorithm (AC-
PSO) =0.31 minutes, i.e. with a difference of (0.25).
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Figure 6. The search by three algorithms

It can see from Figure (6) that searching the three algorithms for the seal torrent
product in reaching the optimal solution through the fitness value and the
frequency at which the optimal solution reached in the algorithm (ACO) the
optimal solution reached with a fitness value equal to (245) and at repetition
(38), while in the algorithm (PSO) the optimal solution reached with a fitness
value equal to (215) at repetition (30), and in the hybrid algorithm (AC-PSQO) the
optimal solution was reached with a fitness value equal to (215) at repetition
(30), and in the hybrid algorithm (AC-PSO) the optimal solution was reached
with a fitness value is equal to (155) when repeating (25).
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It is shown in this study that the two algorithms (ACO)&(PSO) were selected
for comparison with the hybrid algorithm (AC-PSO) of both. The search process
in Figure .6 shows the results of comparing the three algorithms, and as in Table
.9, the performance of optimization algorithms is mainly reflected by factors
such as algorithm approximation, speed and optimization accuracy, the accuracy
and efficiency of optimization of the algorithm is reflected by the fitness
value(trade-off), and the effectiveness of algorithm convergence is reflected by
the number of iterations at which we reach the optimal Allocation of resources.
Therefore, this study compares the fitness value (trade-off) with the number of
iterations at which we reached the optimal Allocation of the algorithm. The bird
swarm algorithm(ACQ) was the lowest efficiency and the ant colony algorithm
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(PSO is better than it, and from Figure.3 and Table .10, it can be seen that due to
the fact that the bird swarm algorithm( ACQO) has a higher fitness value than the
other two algorithms, this solution to the ACO algorithm is not good compared
to the other two algorithms, which indicates that the optimization effect is also
not good compared to the Ant algorithm and the hybrid algorithm, since the ant
colony algorithm had a lower fitness value, and the hybrid algorithm designed in
this study contains the lowest value Fitness at a number of iterations equal
to(25), which had the optimal solution, which is better than the ant colony
algorithm to some extent, and the iterative approximation (25) is also better than
the other two algorithms, and the designed (AC-PSO) hybrid algorithm proved
its effective and powerful ability to find an optimal solution in the cloud
manufacturing (CMfg) environment, which is characterized by its dynamic
changes. The company can apply it in solving the problems of resource
allocation for the Torrent seal product and all its other products by using the
appropriate resources for each manufacturing task, improving the quality of
Service provided to the customer, as we note in Table .10, in addition to saving
time and cost (show in figure 7) and reducing the load for the company under
study. Table (10) concerning the seal torrent product shows the advantages and
savings achieved as follows, according to each algorithm separately.

Table (10) may also be from (4) processors, as well as optimal Allocation
within the processors themselves, as in the processing of (Ocl, Oc2) and as in
Tables (3,5,7), which was reflected in turn on reducing distances, Time, costs,
improving service quality and load balancing as follows:

Table (10) shows the savings achieved in the wages of workers through the
optimal Allocation of the number of workers, as the original number of workers
before the Allocation was equal to (17) workers with total wages estimated
at(6800000) million Iraqi dinars, and did not decrease in the algorithms (ACO)
and(PSO) but was allocated to the optimal number by adopting the hybrid
algorithm (AC-PSO), as the number of workers reached (15) workers and wages
of(6000000) million 1QD, i.e. with a difference of(2) workers and a wage
difference equal to(800,000) 1QD from the original wages before Allocation.
Also, with regard to the original total completion time before the optimal
Allocation was(560)minutes, it became (490)minutes by the ACO algorithm,
and decreased to(430) minutes by adopting the PSO algorithm, and the final
reduction by the hybrid algorithm(AC-PSO) was equal to(310) minutes, i.e. with
a difference from the original estimated at(250) minutes, which in turn reflected
on the total completion cost, which before the optimal Allocation was estimated
at(9352000) million lragi dinars, and after the optimal Allocation by the ACO
algorithm, it decreased to(8183000)million Iraqi dinars, and with the adoption of

61



m & g Enyphill pglall Endoall &y o1 skl

the PSO algorithm, it became(7181000)million Iraqi dinars, and with the
adoption of the AC-PSO algorithm, it was estimated at(5177000 )million dinars,
I.e. with a difference from the original cost It is estimated at(4175000) million
Iraqi dinars. With regard to the quality of the original Service before the
Allocation, it reached (90%), after the optimal Allocation, the adoption of the
(ACO) algorithm was equal to (83%), and in the (PSO) algorithm it was equal to
(75%), and the optimal Allocation of it in the (AC-PSO) algorithm became
equal to (70%), i.e. with a difference of (20%) from the original. Finally, the
load balancing ratio before the Allocation was (82%), after the optimal
Allocation by the ACO algorithm, it reached (80%), in the PSO algorithm it
became equal to (73%), and in the AC-PSO algorithm it became equal to (70%),
I.e. with a difference of (12%) from the original.

5. Conclusions

In this study, the ant swarm, particle and hybrid intelligence algorithms of both
were adopted to solve the problem of cloud manufacturing resource allocation of
seal torrent product, and the specific objective function of the multi-objective
optimization problem was for the purpose of reducing both Time, cost, service
quality, and load balance of seal torrent product manufacturing process. The
optimal Allocation of seal torrent product resources was reached through
optimal Allocation within the four processors for manufacturing the product,
where the original path did not change, except that the Allocation was within the
processors, specifically the first and second processing., which resulted in a
reduction in the total Time by a difference of (250) minutes, with a significant
reduction in cost and a difference of (4175000) million Iraqi dinars, and a
reduction in the wages of workers by (800000) dinars, with an improvement in
both load balancing with a difference of (12%) and the quality of Service with a
difference of(20%).
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Abstract:

The orchid is one of the most famous flowering plants in the world, belonging
to the Orchidaceae family. It contains many active compounds such as alkaloids,
flavonoids, and phenols.

It is used as an antioxidant and antibacterial agent, and some species are used to
treat inflammation, support the immune system, and have anticancer properties.
It is also used in the cosmetics industry for moisturising the skin and combating
ageing.

In this research, the butterfly-shaped Phalaenopsis amabilis orchid was selected.
The active ingredient, alkaloids, was detected using Wagner's reagent. When the
reagent was added to the aqueous extract of the plant, a reddish-brown colour
appeared, indicating the presence of alkaloids. The extraction was carried out
using 80% ethyl alcohol and 5% hydrochloric acid (HCI). The alkaloids were
identified using HPLC (High-Pressure Liquid Chromatography) by comparison
with the standard solution. Three alkaloids appeared in the alcoholic flower
extract: tryptamine (retention time 6.9 minutes), pyrrolizidine (retention time
10.2 minutes), and phenethylamine (retention time 21.9 minutes), with a
wavelength of 284 Nm.

Biological tests were performed using the Wells etching method against three
isolates of bacteria causing urinary tract infections: E. coli, Staphylococcus
aureus, and Pseudomonas aeruginosa. The inhibition zone of the flower extract
and the antibiotic amoxicillin at a concentration of 100 mg/mL was observed.
Concentrations of 50 mg/mL and 25 mg/mL were also prepared from the
original concentration. The highest inhibition zone (MIC) was 42 mm for
Staphylococcus aureus, and the lowest MIC was 34 mm for P. aeruginosa at a
concentration of 100 mg/mL of the alkaloid alcoholic extract. All three bacterial
isolates were sensitive to the plant extract at all concentrations used (100, 50,
and 25 mg/mL). S. aureus and E. coli were sensitive to both the antibiotic
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amoxicillin and the plant extract, while P. Aeruginosa was sensitive only to the
plant extract and resistant to the antibiotic at a concentration of 100 mg/mL. The

minimum inhibitory concentration (MIC) was 25 mg/mL for all bacterial
isolates.

Keywords: orchid plant, alkaloids, bacteria, urinary tract infection
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Abstract:
Fifth-generation (5G) wireless networks in the millimetre-wave (mm-wave)

frequency range have proliferated rapidly and placed demanding and
simultaneous requirements on the RF power amplifiers (PAs), such as high
power-added efficiency (PAE), sufficient output power, good linearity, and wide
instantaneous bandwidth. The current power amplifier architectures are not
ideal; therefore, active load modulation for the Doherty Power Amplifier (DPA)
can be considered the most suitable alternative by balancing all competing
demands that may arise from complementary metal-oxide semiconductor
(CMOS) technology. This study provides an abstract and rigorous analysis of all
DPA designs, including the CMOS architecture for the 5G FR2 frequency
assignment (24-43 GHz), and the results of the 17 selected CMOS schemes are
from 2022 to 2026. These areas review: (i) technology-node trade-offs from
bulk CMOS (90-28 nm), RF silicon-on-insulator (RF-SOI), and fully depleted
SOI (FD-SOI) platforms; (i) major paradigms regarding DPA architecture (two-
way, N-way, series-Doherty; quasi-balanced; transformer-combined topologies);
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and (iii) detailed quantitative comparison of key performance statistics—
saturated output power (P.:), peak power-added efficiency (PAEp.k up to
38.2%), back-off PAE at 6 dB (PAEs® up to 34.5%), small-signal gain, and
operating bandwidth. The results of this study reveal four primary design
challenges: low transistor breakdown voltage; frequency-dependent passive
component losses (Q = 10-20) for bulk CMOS; linearity decay due to a high
peak-to-average power ratio (PAPR) signal; and the complexity of multi-way
power combining. To meet these constraints, the authors propose five main
research directions: exploitation of sophisticated CMOS nodes and SOI
substrates, hybrid N-way combining architectures, co-designed adaptive bias
and digital predistortion, ultra-wideband load modulation networks, and
extension of the Doherty principle to the sub-terahertz (sub-THz) region for 6G.
The results are intended to serve as a structured reference for researchers and
engineers involved in mm-wave CMOS front-end design.

Keywords: Doherty power amplifier; CMOS technology; 5G mm-wave;
Power-added efficiency; Active load modulation; Transformer combining.
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1. Introduction:

It has been proposed that 5G New Radio (NR) can be installed in the FR2
(24.25-43.5 GHz) allocation, and it is a qualitative redesign on the design
demand of the RF power amplifier. Instead of a sub-6 GHz PA, a mm-wave
design is necessary to achieve the high efficiency, desired output power, wide
instantaneous bandwidth, and strong linearity of the high-end OFDM waveform
(Pashaeifar et al., 2022; Zhang et al., 2024). Peak-to-average power ratio
(PAPR) for 5G NR signals using 64-QAM and 256-QAM constellations is often
higher than 8-12 dB (Zhang, Li, Huang, et al., 2023), causing classical Class-A
and Class-AB PAs to operate below their saturation under real modulated-signal
conditions. This efficiency collapse at power back-off (PBO) makes these
systems energetically incompatible with battery-operated user equipment (UE)
and thermally constrained small-cell systems (lbrahim, 2025; Mariappan,
Rajendran, Idros, Hamid, et al., 2025). The Doherty Power Amplifier (DPA),
originally proposed by William H. Doherty in 1936 (Doherty, 1936), deals with
this problem through the smart active load modulation mechanism (Azimi-Roein
et al.,, 2025; Pashaeifar et al.,, 2022). Through continuous changes of the
Impedance measured by the main (carrier) amplifier dependent on the
instantaneous envelope power, in combination with an adaptive (peaking)
amplifier's-controlled supply of current to the impedance, the DPA allows for a
high drain efficiency at peak power and a power back-off stage for a specified
power level (Pashaeifar et al., 2022; Zhang et al., 2024). The CMOS technology
Is considered the best form of system integration for mm-wave DPAS, achieving
a better integration density, lower manufacturing costs, and direct integration
into 5G NR signal processing and digital baseband (DBS) block circuit
(Pashaeifar et al., 2022; Zhang et al., 2024). Advanced bulk CMOS nodes (28—
40 nm) can have transistor transition frequencies (f:) above 250 GHz, with large
gain at 28 GHz and several cascaded stages(Jahan et al., 2025). Even as Fully
Depleted SOI (FD-SOI) processes exhibit a buried-oxide layer that reduces
substrate losses and increases a passive component's quality factor (Q), its
fabrication cost is higher (Diverrez et al., 2026). Nevertheless, CMOS DPA
architectures for mm-wave frequencies are challenged by such factors as low
transistor breakdown voltages (1.0-1.8 V), low transconductance compared to
I11-V technologies, and high insertion losses of on-chip passive systems (Zhang
et al.,, 2024). A handful of recent review papers consider sub-sets within the
design space, but no quantitative studies for the entire spectrum of CMOS node
types, DPA architectures, and performance metrics from 2022 to 2026. To
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bridge this gap, this paper performs a systematic review of 17 top CMOS-based
DPA implementations. Thus, the major findings of this research are: (i) a
detailed study on and comparison of technology node trade-offs in eight selected
CMOS platforms for mm-wave PA (MWPA) implementation, (ii) a taxonomy
of DPA architectural paradigms with quantitative performance analysis, (iii) 17
high-level comparison table by implementation from 2022 to 2026, (iv) a
determination and root-cause analysis regarding four important design
difficulties, and (v) five research suggestions for the next generation of mm-
wave CMOS DPAs in sub-THz operation for 6G operation; the rest of the paper
IS organized by the following structure. Section 2 presents the CMOS
architecture for mm-wave PA technology landscape. Next is Section 3 which
reveals DPA architectures and important design strategies. The most recent
performance comparisons and trend analysis is presented in Section 4. Section 5
focuses on relevant challenges and research gaps. Section 6 focuses on future
work. Section 7 conclusion and recommendations

1.1. Research Problem

While recent work identified successful advances in individual mm-wave
CMOS Doherty power amplifier designs, the literature still does not yet have a
centralised review in the scope of the 2022-2026 design space across
architectures, performance measurements, and semiconductor platforms. Current
reviews are usually constrained to certain forms of topologies, isolated
frequency bands, or partial technology-node comparison, and therefore, cross-
study benchmark comparison is challenging. This poses a research issue for
designers investigating a consolidated evidence base to evaluate trade-offs
between efficiency, output power, Bandwidth, Linearity, and technology scaling
at 5G FR2 frequencies. Thus, the proposed paper aims to address the lack of a
full quantitative study of CMOS DPA designs spanning 24-43 GHz and
technology nodes from 90-nm bulk CMOS to 28-nm FD-SOI.

1.2. Research Importance
Efficient mm-wave power amplifiers are central to the practical deployment
of 5G FR2 systems because they directly affect transmitter energy efficiency,

thermal management, and achievable link performance. The Doherty
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architecture is especially important in CMOS because it offers a viable method
for preserving efficiency under the high-PAPR operating conditions of modern
OFDM signals while maintaining the integration and cost advantages of silicon
technology. A systematic review of CMOS DPA developments is, therefore,
valuable for both researchers and circuit designers seeking evidence-based
guidance on architecture selection and technology-node trade-offs. The present
study is important because it organises recent progress into a structured
comparative framework and highlights the most consequential design

bottlenecks and future directions.

1.3. Research Objectives

* To provide a systematic review of CMOS-based Doherty power amplifier
implementations reported for mm-wave 5G applications during 2022—-2026.

» To compare technology-node trade-offs across bulk CMOS, RF-SOI, and FD-
SOI platforms relevant to 24-43 GHz operation.

 To classify and analyse major DPA architectural paradigms, including two-
way, N-way, series-Doherty, quasi-balanced, and transformer-combined
topologies.

» To benchmark reported implementations quantitatively using saturated output
power, peak PAE, 6-dB back-off PAE, gain, and bandwidth.

* To identify major design challenges and derive future research directions for
next-generation mm-wave and sub-THz CMOS DPA:s.

1.4. Research Scope/Limits
The scope of this paper is restricted to CMOS-based Doherty power amplifier

implementations and does not try to review non-CMOS PA technologies as the

target. A frequency scope is fixed around the 5G FR2 range between 24 and 43

GHz, but only for selected high-frequency cases, which are cited as a guide in

future studies. The date range includes the period 2022 to 2026, and the

technology review covers a mix of implementations from 90-nm bulk CMOS to

28-nm FD-SOI. This means that the paper should be regarded as a targeted
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systematic review for new silicon-based DPA design for mm-wave 5G

applications, and not as a general survey of all RF power amplifier technologies.

1.5. Research Hypotheses

« H1: Advanced SOI-based CMOS DPA implementations perform better than
comparable bulk CMOS implementations in back-off efficiency, reflecting
superior passive quality factors and lower substrate losses .

» H2: Series-Doherty and transformer-based architectures yield better wideband
efficiency performance at mm-wave frequencies than the traditional
narrowband Doherty combining methods .

« H3: Multi-way CMOS DPA configurations can improve saturated output
power for 5G FR2 applications, but at a higher complexity in combining and
tighter phase-matching requirements.

1.6. Previous Studies
The prior studies which have preceded this review are not unrelated to this
review, since they contain essential architectural and benchmarking baselines in

the existing literature, where, among the most important, they were reported:

» Pashaeifar, M., de Vreede, L. C., Alavi, M. S. (2022) A series-Doherty
millimetre-wave CMOS power amplifier with post-silicon inter-stage passive
validation. IEEE Journal of Solid-State Circuits, 57(10), 2999-3013.

« Mariappan, S. et al. A 28-GHz CMOS-65 nm dual-mode Class-J Doherty
power amplifier integrated with Class-G driver and impedance-modulated-
quadrature-transformer with 21% back-off efficiency. IEEE Access, 13,
17236-17245. This study demonstrated that auxiliary circuit techniques,
including Class-G driver and IMQT combiner, can enhance the back-off
performance of a 28-GHz CMOS process.

« Jahan, N., Anan, R., Nazia, J. M. (2025). Efficient mmWave PA in 90 nm
CMOS: stacked-inverter topology, L/T matching, and EM validated results.
Chips, 4(4), Article 52. This paper provided evidence that older CMOS nodes
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may be applicable at mm-waves with stacking and EM-validated passive
architecture supported.

 Diverrez, G., Kerhervé, E., De Matos, M., & Cathelin, A. The theoretical
analysis and design of a 22-44 GHz quasi-balanced Doherty power amplifier
that outperforms wideband PAE mode with a 3:1 VSWR tolerance in 28 nm
FD-SOI CMOS. IEEE Journal of Solid-State Circuits. Finally, this model has
set a notable FD-SOI benchmark for octave-band Doherty operation, and the
wideband advantages for quasi-balanced load modulation have been
demonstrated.

* Anonymous. (2025). A 28-GHz DAT-based four-way Doherty power
amplifier with 22.6 dBm Psat and 0.48 W/mm? power density. IEICE
Electronics Express. This study highlighted the application of DAT-based
four-way combining for compact high-power-density CMOS designs.

 Liu, E., and Wang, H. A broadband four-way parallel-series Doherty power
amplifier for 5G communications. |IEEE Journal of Solid-State Circuits, 59(5),
1312-1322. This paper showed one of the best joint output power and back-
off efficiency results in the surveyed set, highly stimulating hybrid multi-way
designs.

1.7. Research Tools
The study uses a systematic literature review as its primary research tool in

order to collect and organise published CMOS DPA designs relevant to 5G FR2

operation. It also employs quantitative benchmarking tables to compare reported
results across frequency, output power, efficiency, gain, and technology node.

EM simulation validation data reported in the cited studies are used indirectly as

part of the comparative evidence base for assessing passive network credibility

and implementation realism. In addition, performance trend analysis is applied
to identify recurring architectural strengths, limitations, and emerging directions

across the surveyed works.
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1.8. Research Methodology

This paper adopts a systematic review and comparative analysis methodology
focused on published CMOS Doherty power amplifier implementations.
Relevant studies are selected from the recent literature and compared using a
common set of quantitative performance indicators, including Psat, peak PAE,
back-off PAE, gain, bandwidth, operating frequency, and technology node. The
methodology combines descriptive architectural classification with cross-paper
benchmarking to reveal design trade-offs and research gaps. It further interprets
the reported results in light of device-level constraints, passive-network
limitations, and integration considerations specific to 5G FR2 mm-wave CMOS

design

2. CMOS Technology for mm-Wave 5G Power Amplifiers

Selecting the technology node of CMOS plays a crucial role in deciding how
a mm-wave power amplifier should perform. Four parameters together
constitute the basic performance envelope: the transistor transition frequency
(fr), maximum oscillation frequency (fina.x), the supply/breakdown voltage, and
quality factors for built-in passive modules (Sheng et al., 2025). These features
exhibit opposing trends as the technology node scales; advancing nodes deliver
higher fi/f..x but impose lower breakdown voltages and sparser passive
component performance, which implies that the technology selection in question
has to depend greatly on the target application (Jahan et al., 2025; Pashaeifar et
al., 2022; Rack & Raskin, 2021). Table 1 and Fig. 1 show a complete comparison

of eight technology nodes applicable to mm-wave PA design.

2.1. Bulk CMOS Technology

Bulk CMOS has proven to be the most cost-effective and widely adopted
platform for mm-wave PA integration due to its mature manufacturing
ecosystem and the existence of well-characterised design kits for digital,

analogue, and RF circuits (Mariappan, Rajendran, Idros, Hamid, et al., 2025;
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Mariappan, Rajendran, Idros, Manaf, et al., 2025; Pashaeifar et al., 2022). F:
can exceed 280 GHz and 250 GHz on advanced nodes like 28 nm and 40 nm,
respectively, allowing sufficient gain at 28 GHz with cascaded common-source
stages(Diverrez et al., 2026; Zhang et al., 2024). At 65 nm and 90 nm, the gain
margin at 28 GHz is tighter but still achievable for cascode configurations and
distributed amplification techniques (Jahan et al., 2025). However, bulk CMOS
substrates suffer from significant resistive losses due to capacitive coupling into
the lightly doped p-type substrate, resulting in a low-quality factor of integrated
inductors and transformers to Q = 10-20 at mm-wave frequencies(Mariappan,
Rajendran, Idros, Manaf, et al., 2025; Rack & Raskin, 2021). This passive loss
directly reduces the insertion loss in matching, combining, and impedance
transformation networks, consuming efficiency that would otherwise appear in
the PA output. The low supply voltage required by device reliability standards
(1.0-1.8 V, node-dependent) restricts the maximum RF output voltage swing per
transistor, therefore requiring extensive power-combining techniques to achieve
system-level output power targets of 20-26 dBm for 5G small cells(zhang et al.,
2024). Stacked transistor configurations (Diverrez et al., 2026; Mariappan,
Rajendran, Idros, Manaf, et al., 2025) and transformer-based power combiners,
such as the Distributed Active Transformer (DAT), have been developed as the
main solutions to overcome this output power challenge (Cui et al., 2025; Sheng

et al., 2025).

2.2. RF-SOI and FD-SOI Technology

Silicon-on-Insulator (SOI) technology seeks to mitigate the loss-of-substrate
problem with a buried oxide (BOX) layer that electrically separates the active
transistor region from the lossy substrate. This structural specification leads to
an enhanced Q of 25-35 on integrated passive components at mm-wave
frequencies, which is a 1.5-2x increase compared to bulk CMOS. Moreover, the

removal of substrate coupling decreases the drain-to-substrate capacitance,
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improving the performance of the transistors and diminishing the fT degradation
at high current densities. The effective breakdown voltage is also significantly
greater in SOI (usually between 1.5-2.5 V), which allows for easier
configuration of output matching network design and reduces power-combining
complexity (Diverrez et al., 2026; Lhomel, 2025). Fully Depleted SOI (FD-SOI)
has a second advantage, with an updated "body" contact, which permits
responsive threshold voltage tuning with no process modifications implemented,
both from 22 nm and 28 nm nodes. This back-biasing enables the circuit
designer to balance on-site circuit speed and power consumption, which is of
great advantage, especially for a dynamic enhancement of efficiency in DPA
auxiliary stages (Cui et al., 2025; Saraswat & Arrawatia, 2023). The Doherty
quasi-balanced design of 28 nm FD-SOI by (Diverrez et al., 2024, 2026;
Mayeda et al., 2019) captures these benefits and offers a 22-44 GHz operating
performance with PAEes»= 24% with 3:1 VSWR mismatch tolerance, achieving
performance levels that would be far more challenging to obtain in bulk CMOS.
The major drawback for widespread adoption of FD-SOI is obviously the
substantially higher fabrication cost compared to bulk CMOS, which has needed
to be offset with the higher performance requirements of the target application
(Diverrez et al., 2026; Martineau et al., 2022).

Table 1. Technology Node Comparison for mm-Wave PA Design.

Technology | fT fmax | BV | Passive | Rel. Primary Key Refs.
Node (GHz) | (GHz) | (V) | Q Cost Limitation
Bulk 50-80 | 60- 1.8- | 5-10 Lowest | Low fT, S.Mariappan,
CMOS 180 100 3.3 high N. Jahan
nm passive

loss
Bulk 80- 100- | 1.2-|8-15 Lowest | Moderate | S.Mariappan,
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CMOS 130 | 100 150 1.5 fT, N. Jahan
nm substrate
loss
Bulk 100- |150- |1.0-|10-15 | Very Limited S.Mariappan,
CMOS 90 | 150 200 1.2 Low gainat 28 | N. Jahan
nm GHz
Bulk 150- |180- |1.0-|10-20 | Low Passive Q, | S.Mariappan,
CMOS 65 | 200 250 1.2 low BV N. Jahan
nm
Bulk >250 |250- |1.1-|10-20 |Low Low BV, | S.Mariappan,
CMOS 40 300 1.3 combining | N. Jahan
nm needed
Bulk 280- |320- |1.0-|15-20 | Low Low BV, | S.Mariappan,
CMOS 28 | 320 380 1.2 substrate N. Jahan
nm coupling
RF-SOI 45 | 250- | 300- | 1.5-|25-35 | High Cost vs S.Mariappan,
nm 300 400 2.5 bulk M. Rack, P.
CMOS M. Asbeck
FD-SOI 300- |350- |1.5-|25-35 | Very High cost, | S.Mariappan,
22/28 nm 350 450 2.0 High limited G. Diverrez
availability

BV = breakdown voltage; Q = passive component quality factor at mm-wave
frequencies. FD-SOI = Fully Depleted Silicon—on-Insulator; RF-SOI = Radio—
Frequency SOI.
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on for mm-wave applications: fT, fmax, and passive Q factor versus
technology node, illustrating the performance-cost trade-offs across eight
representative process platforms.

3. Doherty PA Architectures and Design Techniques

Realising a Doherty Power Amplifier at mm-wave frequencies imposes strict
requirements on the combining network design, impedance transformation ratio,
and inter-path phase alignment. Classical transmission-line implementations of
the impedance-inverting network centred on the quarter-wave (A/4) line are
inherently narrowband and physically large at 28 GHz, where A/4 corresponds to
approximately 2.7 mm in silicon dioxide. These constraints motivate the
adoption of transformer-centric and synthesised network approaches in

Integrated circuit realisations at mm-wave frequencies (Pashaeifar et al., 2022;

Zhang, Li, & Chi, 2023).

3.1. Fundamental Two-Way Architecture

The canonical two-way DPA is summarised in Fig. 2, showing the main
(carrier) amplifier, auxiliary (peaking) amplifier, 90° input power splitter, and
quarter-wave (A/4) impedance inversion network at the output. Active load
modulation sustains high efficiency at both peak power and 6-dB back-off,
which includes the main (carrier) amplifier and auxiliary (peaking) amplifier
driven in parallel from a common input signal. To have phase coherence at the
output combining node, the input signal is split by a 90° power splitter, through

93



m &6 ally Syl polal) Edgall &Sy Y Skl 2 3xs

which the phase-shifted path is assigned to the auxiliary stage. By means of a

quarter-wave (A/4) impedance inversion network, the outputs of both stages are
joined to form the active load modulation effect. When the auxiliary stage is not
activated, the impedance at the combining node is high and is the source of load
impedance, which reaches 2Ro (doubling its optimum) to the main amplifier,
resulting in the peak efficiency point of the main amplifier shifting to lower
output power levels and subsequently maintaining the high drain efficiency
during back-off operation. At peak power, both stages are active at the same
time; the load to each amplifier is combined to give Ro, and maximal power
output is delivered. Thus, the typical dual-peak efficiency profile emerges,
which is peak behaviour at full power and at the 6-dB back-off, a fundamental
departure from conventional single-peak PA behaviour (Azimi-Roein et al.,

2025; Mariappan, Rajendran, Idros, Manaf, et al., 2025; Moreno Rubio & Noori,

2024).

IMN 1

457,
4 oy
Main Amplifier
combiner
2Cour 1
45°, —
j-? wloyr RZE‘
Imp. lnv.,

T I T T I T I T T X I S T F T X F X T T T ¥ T T FE L 2 ¥ L+ 3 F T ¥ ¥

v Common
M5, —
uc,_.,,,: R Load
Aux. Amplifier opk
con{biner 4
|
|
|
I
E——— IMN I
180° Delay |
|

_____________________________________

" wikinson |
Divider (WD)

Auxiliary Amplifier

Fig. 2. Fundamental architecture of the two-way Doherty Power Amplifier

(DPA) (Moreno Rubio & Noori, 2024).
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3.2. Transformer-Based Combining Networks

Transformer-based combining is the leading passive strategy used for mm-
wave DPAs in CMOS. The basic benefit here is the fact that both the impedance
transformation and power combining actions are performed within compact die
surfaces with the same on-chip transformer, and it eliminates the need for
distinct matching networks between the combining phase and the 50-Q load
(Azimi-Roein et al., 2025; Mariappan, Rajendran, Idros, Manaf, et al., 2025;
Wang et al., 2025). This duality contributes to lower insertion loss and die area
than cascaded single-function passive networks. Critical design parameters of
on-chip transformers at mm-wave frequencies are: the magnetic coupling
coefficient (k), which determines the efficiency of power transfer; self-
resonance frequency (SRF), which must be above maximum operation
frequency with enough margin; and inter-winding capacitance (C°), which
develops parasitic coupling paths, reduces isolation and bandwidth at high
frequencies (Hassan & Lavasani, 2025; Wang et al.,, 2025). Due to the
inadequacy of closed-form models for precise mm-wave prediction on these
three parameters, it is essential to be careful about optimising them through full-
wave electromagnetic (EM) simulation (Drakakis et al., 2025; Hassan &
Lavasani, 2025). The incorporation of a switchable or tunable capacitor array at
the transformer terminals depicted in Fig. 3 allows dynamic reconfiguration of
the effective load network, enabling the high-efficiency range to be extended
across a larger power or frequency range (Azimi-Roein et al., 2025; Zhang et al.,
2024). This means that even though it adds circuit complexity, this adaptive
approach delivers a performance adaptability that is extremely beneficial for
multi-band and carrier aggregation applications. The transformer simultaneously
performs impedance transformation and power combining, while the tunable
capacitor bank adjusts the effective load for back-off efficiency optimization

across different operating conditions (Azimi-Roein et al., 2025).
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Fig. 3. Schematic of a transformer-based Doherty PA incorporating a switchable

capacitor array for dynamic load modulation enhancement (Azimi-Roein et al.,

2025).

3.3. N-Way and Multi-Way Configurations

N-way Doherty topologies increase the high-efficiency back-off range by
using multiple auxiliary amplifiers that are biased to turn on at staggered input
power thresholds. The three-way configuration shown in Fig. 4, with two
auxiliary stages configured to engage at —6 dB and —12 dB back-off from peak
power, respectively, creates three unique high-efficiency operating points across
the dynamic range (Azimi-Roein et al., 2025; Que et al., 2024). This staggered
activation profile results in an efficiency curve with multiple peaks that are
aligned with the dominant amplitude probability density function (APDF) of 5G
NR high-PAPR signals and thus maximises the statistical probability that the PA
operates near a peak-efficiency point during realistic modulated signal
transmission. Four-way implementations reported herein achieve saturated
output power (Pq) values from 21.5 dBm to 26.5 dBm in CMOS, directly
addressing the limited per-device power of scaled transistors. The primary
design challenge in N-way configurations is maintaining accurate phase and
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amplitude matching among all paths, as even small deviations (< 5° phase, < 0.5

dB amplitude) degrade the combining efficiency and distort the efficiency
profile (Azimi-Roein et al., 2025; Park et al., 2026; Zhang et al., 2024). Balun-
based active load modulation networks have been shown to be an effective
means of simplifying the combining network architecture while preserving
broadband operation (Jia et al., 2024; Saraswat & Arrawatia, 2023). The three-
way Doherty Power Amplifier topology uses a coupled inductor transformer
realisation. The main amplifier and two auxiliary amplifiers are designed to
activate at different power levels (—6 dB and —12 dB back-off), creating three
high-efficiency peaks across the dynamic range to match the PAPR profile of
5G NR waveforms (Azimi-Roein et al., 2025; Que et al., 2024).

Fig. 4. Three-way Doherty Power Amplifier topology using coupled inductor

transformer realisation (Que et al., 2024).

3.4. Series-Doherty Topology
The series-Doherty (voltage-combining) topology connects the main and
auxiliary amplifier outputs in series through a centre-tapped transformer, rather

than current-parallel combining at a common node. As shown in Fig. 5, the
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centre-tapped transformer acts simultaneously as the impedance inverter and the

power combiner, streamlining the passive network and reducing the overall
insertion loss compared to implementations that require separate inverter and

combiner stages (Jiang et al., 2025; Wei et al., 2026).

It is in this case that the combined output impedance will naturally come closer
to the standard 50-Q system impedance at mm-wave frequencies and will result
in the reduced required impedance transformation ratio (ITR) for the output

matching network and lower insertion loss.

25.-90°
e

1
¥ I ] RFaut
11

3

Fig. 5. Series-Doherty Power Amplifier topology (Azimi-Roein et al., 2025).

The lower ITR means that a combining network is less sensitive to component
variation and process spread, contributing to an increased yield robustness in
production. For 40-nm and 28-nm FD-SOI CMOQOS, PAE values have been
reported up to 35% at saturation, with limited degradation at 6-dB back-off (Liu
& Wang, 2024; Mariappan, Rajendran, Idros, Hamid, et al., 2025). A quasi-
balanced Doherty 28-nm FD-SOI design further extends this trend to octave
bandwidth (22-44 GHz), yielding PAE«B= 24% and 3:1 VSWR mismatch
tolerance — a new wideband silicon-based DPAs benchmark. This architecture

Is especially suitable for the application on a wideband design when combined
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with broadband impedance transformers, because the reduction of ITR relaxes

the quality factor requirement of the combining passive network (Diverrez et al.,

2026).

4. State-of-the-Art Performance Comparison

Table 2 presents a systematic benchmarking of 17 CMOS DPA implementations
published between 2022 and 2026, spanning technology nodes from 90-nm bulk
CMOS to 28-nm FD-SOI and operating frequencies from 18 GHz to 100 GHz.
The table records saturated output power (Ps.), peak PAE (PAE,.x), 6-dB back-
off PAE (PAEss), small-signal gain, and the principal architectural innovation of
each work. Values marked '—' were not reported by the respective authors. The
compilation illustrates the rapid and diverse evolution of CMOS DPA design
toward the stringent requirements of 5G FR2 and emerging 6G systems over the

survey period.

Table 2. State-of-the-Art Performance Comparison of CMOS Doherty PAs
(2022-2026)

Ref. Year Technology | Freq. Psat PAEpk | PAE6dB | Gain Key
(GHz2) (dBm) (%) (%) (dB) Architecture
/ Innovation

(L. Lietal., | 2026 65-nm Bulk | 34 18.7 10.4 — — Linearity-
2026) enhanced
DPA; hybrid
analogue

linearization

(Diverrezet | 2026 28-nm FD- | 22-44 — — 24.0 — Quasi-

al., 2026) SOl balanced
DPA;
inductive load
mod.; 3:1
VSWR,;
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octave BW
(Liu & 2026 40-nm Bulk | 18-38 20.2 24.8 16.7 — 2-way series
Wang, Doherty;
2024) transformer-
based 2nd-
order output
network
(Mariappan, | 2025 65-nm Bulk | 28 20.5 27.0 21.0 20.0 Dual-mode
Rajendran, Class-J DPA;
Idros, Class-G
Hamid, et driver; IMQT
al., 2025) combiner
(Wang et 2025 65-nm Bulk | 26.5- — — 14.6 17.5 DPA-LNA
al., 2025) 29.5 co-design;
synthesised
transformer-
based MN
(Jahan et 2025 90-nm Bulk | 38-94 8.7 18.4 — 10.0 Ultra-
al., 2025) wideband
stacked
PMOS/NMOS
inverter; L/T
matching.
(Cuietal., 2025 40-nm Bulk | 28 22.6 20.5 14.2 23.4 4-way 2-stage
2025) DAT-based
DPA; 0.48
W/mm? power
density
(Weietal., | 2026 28-nm Bulk | 26-30 21.5 31.2 22.1 16.0 DAT-based 4-
2026) way DPA;
high power
density in 28-
nm CMQOS
(Zhang et 2024 45-nm SOI | 47 24.0 26.8 21.7 — 4-way
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al., 2024)

transformer-
combined
DPA at Ka/Q-
band

(Jiaetal.,

2024)

2024

65-nm Bulk

24-36

24.4

324

Coupler
balun-based
active load
mod.;
broadband
series DPA.

(Liu &
Wang,
2024)

2023

45-nm
CMOS

26-40

26.5

38.2

34.5

4-way hybrid
parallel-series
DPA;
wideband
power

combining

(Wuetal.,
2023a)

2023

65-nm Bulk

90-100

13.0

21.1

20.0

W-band PA,;
optimised
transformer
interstage;
ML

minimisation

(zhao et al.,
2023)

2023

65-nm Bulk

24.3-
28.2

22.2

30.4

Pseudo-
Doherty
LMBA,; Ka-
band; gain
flatness
enhancement

(Mortazavi

et al., 2022)

2023

40-nm Bulk

28

17.1

33.7

19.9

Transformer
series DPA; 4-
way digital
polar
Transmitter

(Pashaeifar

et al.,, 2022)

2022

40-nm Bulk

24-32

20.4

38.2

34.0

174

Series DPA,;
2-step
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impedance

inversion;
post-Si
passive val.

(S.Lietal, | 2022 40-nm Bulk | 28 23.3 37.3 24.5 — High-
2022) efficiency
DPA;
adaptive
auxiliary PA

biasing

(Zhang, 2022 40-nm Bulk | 29.5 18.7 — — — 4-way series
2024) Doherty
combiner
(SDC); digital
polar TX

IMQT = Impedance-Modulated Quadrature Transformer; DAT = Distributed Active
Transformer; MN = Matching Network; LMBA = Load-Modulated Balanced Amplifier; TX
= Transmitter; (—) = not reported by authors. All CMOS nodes are bulk unless otherwise
indicated.
4.1. Efficiency of Silicon-Based Designs

The data compiled in Table 2 reveal a wide but instructive dispersion in the
efficiency figures reported for silicon-based Doherty PAs. PAE,.x spans from
10.4% in a linearity-optimised 65-nm design (L. Li et al., 2026) to 38.2% in both
a four-way hybrid 45-nm CMOS topology (Liu & Wang, 2024) and a wideband
series-Doherty implementation in 40-nm CMOS (Pashaeifar et al., 2022). This
wide range reflects the fundamental three-way trade-off among bandwidth
extension, linearity enhancement, and peak efficiency that governs CMOS PA
design. When the comparison is restricted to 28-GHz-centric designs, the
principal 5G NR FR2 deployment frequency PAE,.« narrows to a range of
20.5-37.3%, as reported in (Cui et al., 2025; S. Li et al., 2022; Mariappan,
Rajendran, Idros, Hamid, et al., 2025), indicating meaningful and progressive
optimisation at the transistor and network levels. PAEs® is arguably the more
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operationally relevant metric, since 5G NR waveforms with PAPR of 8-12 dB
require the PA to operate predominantly in the back-off regime. The surveyed
PAEs values range from 14.2% (Wu et al., 2023b) to 34.5% (Liu & Wang,
2024). The 28-nm FD-SOI quasi-balanced design achieves a competitive 24%
PAEes (Diverrez et al., 2026), confirming that the SOI substrate advantage in
passive Q is directly convertible into back-off efficiency gain. Notably, no
single design parameter simultaneously maximises PAEp.x and PAEes; the
former is primarily determined by transistor-level biasing and load-line
optimisation, while the latter is dominated by the insertion loss of the Doherty
combining network and the accuracy of load modulation at the back-off

operating point.

4.2.  Architectural Diversity and Prevailing Design Trends

Two architectural approaches dominate the literature surveyed, namely,
series-Doherty topologies and transformer-based power-combining networks.
The series-Doherty configuration produces a combined output impedance
intrinsically close to 50 Q at mm-wave frequencies, reducing the ITR of the
output matching network and consequently its insertion loss. A two-way series-
Doherty in 40-nm CMOS achieves continuous operation across 18-38 GHz
(71% fractional bandwidth) with PAE«® = 16.7% (Wei et al., 2026), a fractional
bandwidth that is unattainable with conventional quarter-wave transmission-line
topologies. Transformer-based combiners simultaneously perform impedance
transformation and power summation in a single passive element, eliminating
the separate matching network and reducing die area (Cui et al.,, 2025;
Mariappan, Rajendran, Idros, Hamid, et al., 2025). The integration of tunable
capacitor arrays at the combiner further extends the high-efficiency range across

a wider power and frequency span (Chen et al., 2026).
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4.3. Power Scaling Through N-Way Combining

Low per-device power ceiling, a result of the nanoscale CMOS supply
voltages, requires multi-way combining to deliver the output power levels
required for 5G small-cell infrastructure. Four-way implementations in the
survey reach P in the range from 21.5 dBm (28-nm CMQOS, DAT-based) (Cui
et al., 2025) to 26.5 dBm (45-nm CMOS, hybrid topology) (Liu & Wang, 2024).
Especially noteworthy is a design that combines Py = 26.5 dBm with PAEe® =
34.5% across the frequency range of 26-40 GHz, confirming that when a
combining network is rigorously synthesised, multi-way combining does not
have to sacrifice efficiency or bandwidth. DAT architectures spread the
combining function across several magnetically coupled transformer cells,
effectively managing parasitic losses that would degrade a lumped combiner at

the same combining order (Cui et al., 2025; Wu et al., 2023b).

4.4. Frequency Coverage and Sub-THz Exploration

Although the 28 GHz band rules the surveying room, there are a number of
designs that can run much higher frequencies as well. The 90-nm stacked-
inverter PA (Jahan et al.,, 2025) ranges from 38-94 GHz (71% fractional
bandwidth) with Py = 8.7 dBm and PAE,.x = 18.4%, showing proof of concept
for dual-standard 5G/6G PA use in silicon. A 65-nm W-band setup delivers P
= 13 dBm along with PAE,k = 21.1% at 90-100 GHz (Wu et al., 2023b),
indicating that a good matching between the interstage transformers can
counteract some of the gain and efficiency roll-off to some extent at these

frequencies.

4.5. Advanced Circuit-Level Performance Enhancement

Beyond topology selection, the surveyed designs deploy complementary
circuit-level innovations that expand the performance envelope. The integration
of a Class-G driver stage with an Impedance-Modulated Quadrature
Transformer (IMQT) in a 65-nm CMOS DPA (Mariappan, Rajendran, Idros,
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Hamid, et al., 2025) yields PAE«®® = 21% by dynamically reducing the driver
supply voltage during back-off, cutting wasted dissipation. Transistor stacking
in 90-nm CMOS (Jahan et al., 2025) distributes the RF swing across series
PMOS/NMOS devices, enabling a higher effective supply voltage and per-cell
output power. Adaptive auxiliary biasing (S. Li et al., 2022) modifies the
quiescent current of the peaking transistor as a function of input power,
smoothing the AM-PM distortion profile. The convergence of supply
modulation, device stacking, adaptive biasing, and advanced impedance
networks within a co-designed architecture represents the primary path to
satisfying high-PAPR 5G NR linearity and efficiency specifications under

realistic modulated-signal operating conditions.

5. Critical Challenges and Research Gaps

While Table 2 and Figs. 1-5 show significant improvements, the
implementation of CMOS DPA in mm-wave 5G FR2 and other 6G
configurations is still subject to the fundamental physical and circuit-level

limitations.

5.1. Low Breakdown Voltage and Output Power Scaling

The intrinsic breakdown voltage of nanoscale CMOS transistors (1.0-1.8 V
depending on the process node) directly limits the maximum RF output voltage
swing and, thus, the peak output power achievable from a single transistor cell.
Device reliability constraints in sub-40-nm processes restrict supply voltages to
as low as 0.9 V, compressing the available power budget per combining cell.
Bridging the gap between the per-device power budget and the 20-26 dBm
system-level requirement for 5G small cells demands multi-way power
combining with the attendant penalties of increased combining loss (60—-80%
efficiency at 28 GHz for transformer-based combiners), larger die area, and

greater design complexity. Transistor stacking (Jahan et al., 2025; Lhomel,

2025) partially mitigates this by distributing the RF voltage swing across
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cascode-configured series devices, but requires careful inter-device
neutralisation and common-mode stability analysis at mm-wave frequencies.
The DAT architecture distributes the combining function across magnetically
coupled unit cells, yet remains susceptible to parasitic mismatch and magnetic
coupling variation across process corners at 28 GHz (Cui et al., 2025; Wu et al.,

2023b).

5.2. Wideband Operation and On-Chip Passive Losses

Maintaining highly effective active load modulation in the entire 5G FR2
band (24-43 GHz) is significantly hindered due to the frequency dependence of
on-chip passive components. Bulk CMOS inductors and transformers show Q =
10-20 at mm-wave frequencies (Rack & Raskin, 2021), due to skin effect losses
in narrow metal interconnect layers and resistive coupling into the substrate.
These losses are apparent in the form of insertion loss in the output matching
and combining networks; this undermines the achievable PAE — crucially at 6-
dB back-off, where a load modulation network has to accommodate the
impedance introduced by a partially conducting auxiliary amplifier. Due to the
frequency-dependent electrical length of the classical A/4 impedance inverter,
the inherent narrowband constraint in the A/4 impedance inverter causes the load
impedance seen by the main amplifier to deviate from the ideal value across the
band. Multi-section synthesis, quasi-balanced structures (Diverrez et al., 2026),
and series-combining transformers (Wei et al., 2026) have all been investigated
as wideband alternatives, which involve different trade-offs when determining

loss, bandwidth, and layout complexity.

5.3. Linearity Under High-PAPR Modulation

The Doherty load modulation mechanism intrinsically generates AM-AM
and AM-PM nonlinearities at the transition point where the auxiliary amplifier
begins to conduct, producing gain compression and phase deviation that are

incompatible with the error vector magnitude (EVM) requirements of 5G NR
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high-order modulation schemes. For 256-QAM OFDM waveforms, the EVM
specification floor is typically below 32 dB, a degree of linearity that the
uncompensated Doherty architecture cannot meet without supplementary
linearization. Digital Predistortion (DPD) is the established sub-6 GHz base-
station solution. Still, its extension to mm-wave is complicated by the need for
wideband observation receivers, high-speed analogue-to-digital converters, and
significant computational overhead, all of which may negate the efficiency
benefit of the DPA. On-chip adaptive biasing (S. Li et al., 2022) offers a lower-
overhead alternative but provides only partial linearization over the power and
bandwidth range required for 5G NR. Co-designing envelope-tracking adaptive
bias with a low-complexity mm-wave DPD architecture remains a critical and

underexplored research direction.

5.4. N-Way Combining Complexity and Phase Matching

As the number of orders combined increases beyond two-way, the design
complexity grows rapidly. In N-way Doherty configurations, accurate amplitude
and phase matching between all N signal paths is required to achieve the
theoretical efficiency improvement. In practice, mm-wave layouts introduce
parasitic inductances and capacitances at interconnect junctions that perturb the
signal path and create path-to-path imbalances. Post-layout EM simulation is
essential but computationally expensive, and process variation across a silicon
die can cause path imbalances that result in a significant efficiency degradation
of several percentage points. Furthermore, the operating bandwidth of N-way
Doherty configurations is inherently constrained by the requirement to maintain
load modulation accuracy simultaneously at all N efficiency peaks across the

frequency band.

5.5. Research Gaps
Four particular research gaps emerge that most need development:
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« Broadband Impedance Transformation Networks: There are still no topologies
capable of preserving accurate load modulation with insertion loss < 1 dB over
> 30% fractional bandwidth.

* High-Q On-Chip Passive Integration: To realise Q > 30 in combined
inductors/transformers at 28 GHz, advanced processing and passive embedding
at 3D or package level are required.

» Scalable Multi-Way Power Combining: Low-loss chip-to-package coupling
and antenna-integrated PA modules at the package level must be developed to
realise watt-level EIRP without imposing high on-chip combining losses.

» Sub-THz Extension for 6G: Load modulation, between 110 and 300 GHz,
requires non-standard passives (slot-line, waveguide compatible, TSV) and
device-level efficiency improvement through harmonic termination (Jahan et
al., 2025; Maktoomi et al., 2026).

6. Future Research Directions

Based on the state-of-the-art survey and critically discussed in Section 5,
five priorities for further research are proposed to direct the next generation
mm-wave CMOS Doherty Power Amplifier research. A thorough block
diagram of the obstacles and future directions has been depicted in Fig. 6.
The complete block diagram of CMOS mm-Wave Doherty PA Challenges
and Future Research Directions is shown. Left: 4 major design challenges
(C1 through C4). Centre: CMOS DPA core in the 24-43 GHz range (5G
FR2). Right column: five emerging future research directions (F1-F4).
Bottom row: CMOS technology node evolution guide from 180-nm. Arrows
represent the relationship among challenges and the research
recommendations that place each recommendation within the overall system

context.

6.1. Advanced Technology Nodes and Substrate Optimisation
It is also highly advisable to shift to advanced CMOS process nodes like
16-nm FIinFET and 7-nm planar/FINFET systems, with special substrate
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technologies such as RF-SOI and FD-SOI. These processes provide transistor
transition frequencies (fi/f..x) exceeding 400 GHz, enabling meaningful gain
margins at sub-THz frequencies, while buried-oxide layers drastically suppress
substrate coupling and enhance passive Q-factors to values of 25-35 at mm-
wave frequencies. The 28-nm FD-SOI implementation of [9], which achieves a
22-44 GHz operating range with PAEs» = 24%, shows that performance can be
realised from optimisation of the substrate. Co-development of a Process Design
Kit (PDK) for optimising active devices and passive components simultaneously
at the 28-43 GHz band is an enabling priority in this direction (Drakakis et al.,
2025).

6.2. Hybrid Multi-Way Architectures for Output Power Scaling

N-way topologies deserve further systematic investigation in future DPA
designs beyond existing two-way and four-way-based topologies, plus
investigating hybrid combining strategies that combine series and parallel
combining paths to achieve the best efficiency-bandwidth-power trade-off. The
Pst = 26.5 dBm and PAEs: = 34.5% achieved with a four-way hybrid parallel-
series DPA (Liu & Wang, 2024) over a 14 GHz bandwidth in 45-nm CMOS
demonstrates the feasibility of this strategy. Integration of Distributed Active
Transformers (DAT) or asymmetric transformer networks as the combining
element in three-way or six-way configurations could drive Py into the 27-30
dBm range while maintaining competitive PAE, which is suitable for outdoor
small-cell 5G Advanced deployment without additional module-level

amplification (Park et al., 2026).

6.3. Co-Designed Adaptive Biasing and Integrated Linearization

Next-generation DPAs must incorporate adaptive linearization mechanisms
as first-class design objectives rather than post-silicon corrections. On-die
adaptive gate and drain bias circuits that track the instantaneous envelope of the

input signal can dynamically adjust the auxiliary amplifier's turn-on threshold
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and the main amplifier's quiescent current, thereby smoothing the AM-AM/AM-
PM profile across the full output power range. When combined with a
bandwidth-efficient, memory-effect-aware Digital Predistortion (DPD)
algorithm implemented in the digital baseband, this co-design approach can
achieve EVM floors below 35 dB for 256-QAM signals without the baseband
complexity and latency of conventional model-based DPD. The integration
density of CMOS makes such 'smart PA' architectures uniquely realisable in

silicon technology.

6.4. Ultra-Wideband and Concurrent Multi-Band Designs

The growing adoption of carrier aggregation across multiple 5G FR2 sub-
bands and the prospect of concurrent 5G/6G multi-standard operation place a
premium on DPA designs with instantaneous bandwidths exceeding 10 GHz.
Synthesized multi-section impedance transformers, quasi-balanced Doherty
structures (Diverrez et al., 2026), and series-Doherty topologies with broadband
second-order output networks (Wei et al., 2026) have each demonstrated 40—
60% fractional bandwidths in recent implementations and should be further
developed with explicit design methodologies for concurrent multi-band
optimization. Package-level integration of the output matching network using
low-loss glass or organic substrates represents a complementary approach that
can relax the on-chip passive Q requirement while maintaining a compact

footprint compatible with Antenna-in-Package (AiP) 5G modules.

6.5. Extension to the Sub-THz Frontier for 6G

Preparing silicon-based Doherty PAs for 6G operation will require extending
the active load modulation principle into the sub-THz range (100-300 GHz), a
domain where device gain margins are critically reduced, and passive losses are
substantially higher than at 28 GHz. The 110-142 GHz CMOS PA (Maktoomi
et al., 2026), which employs device-centric power boosting and a dual-coupled

slotline combiner, and the 130-nm SiGe BiCMOS sub-THz amplifier (Park et
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combiner,

al., 2026) with an asymmetric slotline-based series-parallel
demonstrate that non-traditional passive structures can partially compensate for
the loss limitations of conventional transmission-line topologies at these
frequencies. Device stacking, harmonic-impedance engineering, and TSV-based
power combining are additional levers for efficiency recovery above 100 GHz.
SiGe BiCMOS processes, which combine the high fT/f...x of bipolar devices with
CMOS integration density, represent the most compelling near-term platform for

early sub-THz DPA demonstrations (Jahan et al., 2025; Park et al., 2026).

CMOS mm-Wave Doherty Power Amplifier

Challenges & Future Directions for 5G FR2 (24-43 GHz)

CRITICAL CHALLENGES FUTURE DIRECTIONS

C1- Low Breakdown Voltage F1 - Advanced Technology Nodes |

*Vgs = 1.0-1.8 Vin nanoscale CMOS
+ Limits RF output voltage swing
* Requires stacking / DAT combining
* Increases design complexity J
(2 Passive Losses & Narrowband Combining
+ On-chip inductor Q = 10-20 at mm-wave
+ M4 inverter is inherently narrowband
* PAE degrades rapidly at 6-dB back-off
+ Substrate + ohmic losses reduce PAE

C3 - Linearity Under High-PAPR Signals
+ AM-AM / AM-PM distortion at back-off
+ EVM <32 dB required for 256-QAM
+ DPD limited by mm-wave bandwidth
+ Linearization adds power overhead

C4 - N-Way Combining Complexity
+ Phase/amplitude path mismatch
+ Combining loss scales with N
+ Layout asymmetry critical at mm-wave
+ Parasitic extraction mandatory

&
P
e
pe
{

CMOS Doherty PA

mm-Wave 5G / B5G
24 - 43 GHz | 5G FR2 Band

KEY PERFORMANCE TARGETS
PAE > 30% | PAEgp > 20% | P> 20 dBm
W > 10 GHz | EVM <~32 dB (256-0AV) | Gain > 15 dB

TECHNOLOGY NODE EVOLUTION ROADMAP

-y

+ Heterogeneous integration (GaN, InP, SiGe)
+ 3D / vertical integration and bonding

* Flip-chip and advanced packaging

+ FinFET and FD-SOI node scaling

I F2 - Hybrid N-Way Power Combining

+ On-chi J) / off-chip / quasi-optical combining

+ Shared / segmented / distributed networks
+ Target Pyt > 20 dBm in CMOS

. Coupled / dlplexed RF path timing

F3 - Co-Designed Adaptive Linearization
On-ch|p DPD with mm-wave bandwidth
+ Digital-assisted analog predistortion
+ Efficient auxiliary bias adaptation
*EVM<-35dB target for 256-0AM )

F4 - Sub-THz Extension for 6G (100-300 GHz)
+ Radiating DPA with on-antenna combining
+ Low-loss / low-impedance matching
 Target Py > 15 dBm at 140 GHz
+ Gate / collector parasitic reduction

CMOS
180nm

CMOS
65nm

CMOS
40nm

28nm
FD-SOI

»

cMos N cMos 22
8-

28nm »
Fig. 6. Comprehensive block diagram: CMOS mm-Wave Doherty PA

InP / GaN

Challenges and Future Research Directions.

7. Conclusion

In this paper, we have proposed a detailed and critical overview of CMOS-
based Doherty Power Amplifier designs for 5G millimetre-wave applications,
surveying systematically all 17 published representative implementations from
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2022 to 2026 on different technology nodes from 90-nm bulk CMOS to 28-nm
FD-SOI. The comparison of techniques in Table 1 and Fig. 1 outlines the
performance-cost framework in which all design decisions are made. The
architectural analysis in Section 3 and Figs. 2-5 describes progress from the
basic two-way DPA to the N-way, series-Doherty, and quasi-balanced
topologies. The review shows that the DPA is still the most applicable
architectural structure for balancing efficiency and linearity of high-PAPR mm-
wave waveforms, and that silicon-based implementations have achieved
significant and quantifiable success in meeting the performance goals for 5G
FR2 user equipment and small-cell base stations. Specific technical
developments that were observed on the basis of the survey are: high peak PAE
(38.2% in wideband 40-nm CMOS series-Doherty configurations); back-off
efficiency of 34.5% at 6-dB back-off, with a four-way composite parallel-series
topology; fractional bandwidths approaching an octave (18-38 GHz) using
synthesized impedance transformation networks and quasi-balanced topologies;
and peak saturated output power (26.5 dBm) obtained with four-way combining.
Transformer-based power combining has secured the status of a dominant
passive approach, due to the combination of simultaneously transforming the
Impedance and capturing the power inside a compact space on-chip. With Class-
G driver stages, adaptive auxiliary biasing, and stacked transistor configurations,
technical progress at the circuit level has also increased the practical
performance limit. However, despite these achievements, three main obstacles
remain. The low breakdown voltage of nanometer-scale CMOS transistors
forces complex multi-way power combining with non-negligible loss. However,
low-quality on-chip passive components (Q = 10-20 in bulk CMOS at mm-
wave) severely reduce back-off performance at large fractional bandwidths. And
the intrinsic AM-AM/AM-PM nonlinearity of the Doherty load modulation
mechanism necessitates more sophisticated on-chip and off-chip linearization

methods that are difficult to implement at mm-wave bandwidth without
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significant power overhead. The block diagram of Fig. 6 illustrates these
relations visually. Looking forward, as illustrated in Fig. 6, the research
community needs to explore three high-priority frontier areas: (i) advanced
CMOS technology nodes and SOI substrates for active and passive performance
enhancement at mm-wave and sub-THz frequencies; (ii) broadband low-loss
iImpedance transformation and multi-way power-combining topologies
compatible with Antenna-in-Package integration; and (iii) co-designed adaptive
linearization and smart bias circuits for EVM-compliant high-PAPR 5G NR and
6G waveforms. As we move towards the 6G and sub-THz frontier in wireless
communications, the Doherty architecture that incorporates novel passive
architecture, next-era process nodes, and smart signal management features will

still be a leading edge in mm-wave power amplifier design for the long haul.
Recommendations

Based on the future research directions identified in Section 6, it is
recommended that upcoming CMOS DPA research prioritise advanced RF-SOI
and FD-SOI process platforms, low-loss hybrid multi-way combining structures,
and co-designed adaptive biasing with integrated linearization. Additional
emphasis should be placed on ultra-wideband load-modulation networks suitable
for carrier aggregation and on extending validated Doherty design methods
toward the sub-THz region for emerging 6G front-end applications. These
directions together offer the clearest path toward higher efficiency, wider

bandwidth, and more scalable mm-wave silicon power amplification.
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Abstract

Dust is considered one of the important weather phenomena due to its direct impact on
various aspects of life. Dust refers to the elevation of dust particles above the Earth's surface
and their spread, causing a decrease in visibility. The shape and size of the dust particles vary
depending on their source, physical and chemical composition, and the speed of the winds
carrying them.

This study aims to evaluate and analyse the spatial correlation between the frequency of dust
phenomena (Dust storms, rising dust, suspended dust) and surface wind speed as a physical
variable driving dust particles within the study area, which was Iraq. The research adopted a
quantitative analytical approach, and Pearson's Coefficient was used to determine the strength
and direction of the statistical relationship between the two variables. The study also
employed Geographic Information Systems (GIS) techniques to model the spatial distribution
using interpolation (Kriging) to produce digital maps illustrating the geographical areas most
affected by dust activity and their relationship to wind speed.

The importance of the research lies in providing a useful analytical tool that supports the
fields of environmental planning, natural disaster management, and reducing health and
economic risks resulting from dust pollution, through a deeper understanding of the spatial
relationship between climatic elements. It was found that the relationship between wind speed
and dust phenomena in general is direct, but there appeared to be a variation in the nature of
this relationship according to the type of dust. The strongest relationship appeared with rising
dust, and this explains the physics of dust formation. The Pearson coefficient was (0.8575),
and its value with dust storms was (0.6338). The weakest relationship was with the type that
stays suspended in the air for a long time, which is suspended dust, where the Pearson
coefficient was 0.4133. However, the spatial distribution maps yielded a good index that helps
in understanding surface wind behaviour and identifying areas with high wind speeds, which
are often characterised by dust activity. These areas were represented by the Al-Hayy, Al-
Nasiriyah, and Basra stations.

Keywords: Geospatial analysis, Pearson's factor, dust phenomena, wind speed,
Geographic Information Systems (GIS).
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1- Introduction

Dust is an impressive phenomenon on the climate in general; the repetition
of this phenomenon continuously on the Iragi climate imposed the reason for
studying and knowing the nature of its relationship with other climatic factors.

The World Meteorological Organisation's protocol
classifies dust phenomena into several categories based on their effect on
visibility: (1) Suspended: Dust suspended in the air that does not rise at or near
the station at the time of observation; visibility usually does not exceed 10 km.
(2) Raising: Dust or sand rising at the time of observation, reducing visibility to
between 1 and 10 km. (3) Storm Dust: Strong winds carrying large quantities of
dust particles, reducing visibility to between 200 and 1000 meters. (4) Severe
dust storm: Very strong winds carrying large quantities of dust particles,
reducing visibility to less than 200 meters. [1]

Soils that are most
sensitive to wind erosion and dust emission usually lack protection from
vegetation, have low soil moisture content [2], and contain readily erodible
sediments of fine particles [3], Most major sources of dust aerosols can be
considered to be deserts and dry lakebeds, although dust emissions from
vegetation landscapes and sand dune fields are also commonly observed and are
of importance to regional weather and climate [4] Dust particles that can be
transported long distances (thousands of kilometers) from their original region
are mostly smaller than 20 micrometers, significantly affecting weather, climate,
and other aspects, most importantly the health aspect [5], Particles in this size
range are known as PM20, and when exposed to strong factors such as high
wind speeds, they become loose and unconsolidated in the soil. Airborne dust is
primarily characterised by a predominance of clay and silt components, which
exhibit distinct morphological variations compared to coarser sand particles.
While clay and silt constituents typically manifest as platy (sheety) or irregular
geometries, sand particles tend towards sub-spherical or ellipsoidal forms.
Under conditions of elevated wind velocity, the intensified aerodynamic lift
induces the suspension and dispersal of these particulates, imparting a
characteristic brown hue to the atmosphere and significantly attenuating
horizontal visibility. This phenomenon is governed by gravitational settling and
vertical sorting; whereas finer particles remain sequestered in the upper
atmospheric strata, larger, high-mass particles undergo rapid sedimentation,
accumulating in the lower layers as the air's buoyancy becomes insufficient to
counteract their relative [6] [7].
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The effects of atmospheric dust storms and their relationship to climatic
variables have been extensively studied in recent literature, revealing a
complex interaction between wind speed, humidity, and soil properties. Early
studies by Dehghanpour et al. (2014) [8] focused on the Yazd region of Iran,
using Pearson's correlation coefficient to demonstrate that wind speed and
direction are the primary factors determining dusty days. Their results
indicated a strong inverse relationship between wind speed and horizontal
visibility, with northerly winds exceeding certain speed thresholds being most
conducive to dust storms. Simultaneously. While researcher Manji et al. (2019)
[9] analysed long-term climate data (1994-2016) from Wasit Governorate,
confirming a strong correlation between rising temperatures, wind speed, and
increased dust phenomena in Wasit Governorate, and an inverse relationship
with rainfall. Dahham et al. (2023) [10] modelled the impact of dusty particle
accumulation and wind speed on solar panel performance in Iraq, indicating
that particle size and wind speed are crucial factors in the degradation of
photovoltaic cell efficiency. Regarding transport mechanisms, Yang et al.
(2024) [11] combined wind speed experiments and numerical simulations to
demonstrate that the transport distance of dust particles is inversely
proportional to the square of their size, confirming that particle roundness
significantly affects transport patterns. Finally, Huang et al. (2025) [12] used
the regional dataset for reanalysis, highlighting the role of topography,
explaining that upslopes promote the vertical transport of coarse particles by
topographic winds, as they found that the size of dust particles increases with
wind speed and is positively correlated with slopes due to vertical transport.

1-1 Research problem

Most previous research and scientific studies indicate a strong, direct
relationship between wind speed and dust (as a phenomenon with constant
properties). However, the fact that dust is not a phenomenon with constant
properties has not yet been addressed. It is classified into three categories based
on the concentration of its particles: rising dust, storm dust, and suspended dust.
Therefore, the nature of the relationship between wind speed and this
phenomenon varies depending on the type of dust. This is the problem addressed
in this research.
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2- Correlation Coefficient

Correlation is a statistical technique used to assess the potential linear
relationship between two continuous variables and provides a good indicator
[13]. The correlation coefficient takes three values ranging between -1 and +1. A
correlation coefficient of +1 indicates a positive linear relationship between the
two variables, while a correlation coefficient of -1 indicates a negative linear
relationship between them, and a correlation coefficient of zero indicates the
absence of a linear relationship between the two variables under study [14].

Correlation Coefficient
Shows Strength & Direction of Correlation

l Strong «—— Weak | Weak ——> Strong |

| | [ |
-1.0 -0.5 0.0 +0.5 +1.0
Negative Zero Positive
Correlation Correlation

Fig. 1: The extent of the correlation coefficient (-1 to +1)Scatter plot[14]

For a correlation between variables x and y, the formula for calculating the sample
Pearson’'s correlation coefficient is given by [8]

o LG — DO = )
\/2?=1(xi — f)z Z;;:l(yi — ?)2 ......................

Where X is the mean of variable x values, and y is the mean of variable y values[4]
Pearson's Coefficient establishes a relationship between the two variables based on three
assumptions. [14]
a- The relationship between them is linear
b. Variables are independent of each other
c. The variables are normally distributed. [14]

The relationship becomes stronger (ie, the scatter decreases) as the absolute value of r
increases and ultimately approaches a straight line as the coefficient approaches
(1) or (+1) [15].

Several methods have been proposed to translate the correlation coefficient into
descriptions such as "weak," "medium," or "strong" [13][15].
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2. Materials and methods
3.1 The study area

Iraq is situated in Southwestern Asia, encompassing an approximate surface area of 435,000
km2. Geographically, the study region extends between latitudes 29°-37° N and
longitudes

39°-48° E, as illustrated in the cartographic representation in Figure 1). This Figure
delineates the specific distribution of the monitoring stations, which were spatially projected
onto satellite imagery acquired from the Terra-MODIS sensor, where the spatial resolution for
the image is 1 kmy [16]

Figure 1: Region Study and Stations Selected [16]

3-2 The Data

This study utilises long-term meteorological datasets spanning eight regions in Iraq: Kirkuk,
Mosul, Basrah, Hai, Rutba, Baghdad, Najaf, and Nasiriya. Wind speed data, recorded at a
10m height, covers a 30-year period (1981-2010) as monthly averages. Additionally, dust
phenomena data over a 50-year span are analysed using monthly and annual totals. see
Tables

(1-2-3-4) [17, 18]
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Table 1: The monthly average values of wind speed (m/s) analysed in this paper [ 17 ]

Table (2): The monthly and annual total of the frequency of Dusty storms for the study stations
for a period (1941-2011) [ 18]

station

Mosul 5 7 17 21 35 17 13 | 16 | 14 | 28 5 2 180
Kirkuk 6 12 15 24 35 17 10 14 12 33 12 3 193
Baghdad | 26 | 38 60 78 73 56 63 | 22 8 24 | 11 20 479
Rutba 10 | 21 27 21 44 17 3 9 6 12 6 9 185
Hai 10 | 17 19 33 62 34 | 36 | 17 6 6 4 3 247

Najaf 3 4 16 18 11 16 3 1 1 4 0 0 77
Nasiriya | 40 | 76 109 152 | 171 | 329 | 362 | 203 | 109 | 39 | 29 15 1634
Basrah 21 25 54 71 88 135 | 150 | 68 61 27 12 21 733

124



m &8 ally bl pslsl) Syl ESyad) s 2 331

Table (3): The annual total for the number of days of the occurrence of Rising Dust in the
study stations[ 18 ]

station months
duration | Jan | Feb | March | April | May | June | July | Aug | Sep | Oct | Nov | Dec | Annual

Mosul 1981- 4 14 31 52 117 75 56 47 50 | 44 8 6 -ggt‘ral
Kirkuk 1282;11 14 | 25 61 59 89 36 35 | 44 | 19 | 29 | 15 | 10 436
Baghdad 1287111- 83 | 121 182 238 | 261 | 371 | 460 | 275 | 140 | 112 | 58 69 2370
Rutba fg;j- 67 | 138 189 256 | 226 | 157 | 131 | 114 | 97 | 128 | 70 71 1644
Hai fé)%f— 73 | 153 262 337 | 394 | 537 | 626 | 475 | 310 | 171 | 124 | 59 3521
Najaf 125?7181 56 | 89 146 150 | 172 | 261 | 237 | 156 | 63 | 68 | 31 | 21 1450
Nasiriya 125%41 141 | 338 | 473 524 | 660 | 931 | 960 | 800 | 545 | 332 | 194 | 144 | 6042
Basrah 12925161- 64 | 144 248 257 | 305 | 512 | 489 | 355 | 207 | 117 | 97 42 2837

11

Table (4): The annual total for the Suspended Dust in the study stations [ 18 ]

station months

duration | Jan | Feb | March | April | May | June | July | Aug | Sep | Oct | Nov | Dec | Annual

Mosul 1981- 68 | 104 163 244 | 390 | 474 | 579 | 503 | 390 | 321 | 185 | 120 ;-SOA?I
Kirkuk fgé.f— 69 | 92 206 289 | 410 | 352 | 387 | 317 | 218 | 250 | 117 | 73 2780
Baghdad 129())7111- 209 | 276 352 487 | 618 | 616 | 660 | 624 | 505 | 453 | 273 | 239 | 5312
Rutba 129())7111— 28 | 64 109 196 | 202 | 134 | 100 | 77 | 126 | 160 | 45 | 39 1280
Hai 125())7111- 36 | 113 187 239 | 374 | 299 | 309 | 230 | 189 | 182 | 32 37 2227
Najaf 1287181— 106 | 161 251 303 | 355 | 302 | 285 | 174 | 138 | 206 | 100 | 73 2454
Nasiriya 125())5141- 205 | 353 513 622 | 870 | 1008 | 1026 | 847 | 653 | 497 | 259 | 217 7070
Basrah 12%{%— 85 | 183 299 362 | 565 | 642 | 723 | 559 | 386 | 252 | 114 | 118 | 4288

4- Results and discussion
4-1 Pearson's Coefficient Method

To facilitate the calculation of correlation coefficients, data were categorised based on annual

mean wind speed and the cumulative annual frequency of dust phenomena ( raising,
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suspended - storm ). As illustrated in Table 5, the data arrangement ensures compatibility with

the statistical processing requirements of Excel 2010.

Table (5): The annual average of wind speed and the annual total for the Dust

phenomena
Station Wind speed Dust Storms Rising Dust Suspended Dust
Mosul 14 180 504 3541
Kirkuk 1.7 193 436 2780
Baghdad 3.1 479 2370 5312
Rutba 2.6 185 1644 1280
Hai 4.3 247 3521 2227
Najaf 1.6 77 1450 2454
Nasiriya 4.2 1634 6042 7070
Basrah 3.9 733 2837 4288

The calculated correlation coefficients indicate varying degrees of association between wind
speed and dust activities: a robust correlation with rising dust (0.8575), a moderate to strong
relationship with dust storms (0.6338), and a relatively lower correlation with suspended dust
(0.4133), see Table 6.

Table (6): The table represents the calculated Pearson correlation coefficient values
Variables Wind speed & Wind speed & Wind speed &
Raising dust Dust Storm Suspended dust
Correlation
coefficient 0.8575 0.6338 0.4133

Based on the obtained coefficients, a strong positive linear relationship exists between wind
speed and dust activities. The empirical data confirm that increments in wind velocity are
associated with an increase in dust frequency and intensity. Specifically, the strongest
correlation pertains to the rising dust phenomenon, highlighting the critical role of wind speed
in the primary mobilisation of dust particles.

4-2 Spatial Distribution ( GIS techniques)

The spatial analysis of the generated maps reveals significant geographic variations in
meteorological and atmospheric phenomena across the study region. Regarding wind speed,
the highest recorded values were concentrated in the Hai, Nasiriya, and Basrah stations.
Simultaneously, the spatial distribution of dust phenomena indicates that the Nasiriya station
experienced the highest frequency of rising dust. Furthermore, both dust storms and
suspended dust reached their peak occurrences at the Nasiriya and Basrah stations, suggesting
a high-activity corridor for dust events in these regions.
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A comparative analysis between the visual interpretation of the spatial distribution maps and
the calculated correlation coefficients reveals a high degree of consistency. This alignment
underscores the pivotal role of wind speed as a primary and direct driver in the proliferation
of various dust phenomena across the study. Figure 2 illustrates the spatial distribution maps
of the datasets employed in this study.

Wind Speed Dust Storms

Suspended Dust

35003500
133600 - 3,600
37003600
33,700 - 3,600
237003600
37003600
3700 -3700
13,800 - 3,700
33,600 -3,700

Fig 2: The spatial distribution Maps For the wind speed and dust phenomenon

Most previous research and scientific studies indicate a strong direct relationship between
wind speed and dust (as a phenomenon with constant properties). However, what has not been
addressed is that this relationship varies depending on the type of dust ( raising, storm -
suspended). We observe that it is weaker with suspended dust, which differs from the
previous two types in that it remains for a longer period and has greater and deeper effects
than the other types. For example, it reduces the efficiency of solar panels, which are
important for generating electricity. It also affects the balance of incoming solar radiation
(shortwave radiation), as suspended dust scatters and absorbs the radiation, which may lead
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to a temporary cooling of the Earth's surface. At the same time, it absorbs terrestrial radiation
(long-wave radiation), contributing to complex thermal effects

5. Conclusions

1- Wind speed serves as a primary physical driver for dust events; it acts as the essential
kinetic mechanism required for the saltation and suspension of dust particles, as these
particles remain stagnant absent a critical wind speed threshold.

2- The correlation coefficient provides a robust quantitative metric for elucidating the
interdependencies between meteorological variables, offering a high degree of
statistical significance in interpreting their relationships.

3- Dust phenomena do not have fixed characteristics, but rather they change according to
the class of dust. This has been observed in their relationship with wind speed, which
has shown a significant difference with each class of dust phenomena.

4- The increased prevalence of dust phenomena in the southern regions of Iraq (Basra
and Nasiriyah), which are marshlands, can be considered one of the climatic effects of
the marshland drying up.
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An Integrated Hybrid Approach for UAV Path Planning through the
Combination of Particle Swarm Optimization, Neural Networks, Genetic
Algorithm, and Intelligent Smoothing Mechanisms

Abstract

This study examines how hybrid optimization algorithms can enhance UAV
path planning within challenging operational environments. To systematically
assess performance, four increasingly complex scenarios were designed and
tested.

The first scenario relied on direct navigation without any optimization, which
proved insufficient for target acquisition. The UAV failed to reach its
destination, ending 40 m short, incurring 11 collisions, and achieving a score of
40.2/100. In the second scenario, Particle Swarm Optimisation (PSO) was
introduced to refine waypoint selection. While this led to measurable
improvements in path generation, the UAV still could not complete the mission,
with a remaining distance of 33.7 m and a score of just 12.1/100.

The third scenario brought together PSO, Neural Networks (NN), and Genetic
Algorithms (GA) in a combined framework. This integration enhanced the
system's ability to adapt to environmental changes, bringing the remaining
distance down to 13.1 m and limiting collisions to three, with a score of
40.3/100. Nevertheless, the target remained unreached. The fourth scenario
represented the most advanced configuration, merging PSO, NN, GA, and
intelligent trajectory smoothing techniques. This approach delivered the
strongest and most consistent outcomes, with the UAV successfully arriving at
the target within 665 steps, recording only 2 collisions, consuming 118.3 energy
units, and earning a final score of 58.8/100.

Performance was assessed across multiple dimensions, including path length,
collision frequency, energy usage, trajectory smoothness, and overall mission
duration. The results clearly indicate that the integrated hybrid framework
outperformed all other tested methods, achieving superior collision avoidance,
smoother flight paths, and dependable mission completion. These findings
underscore the value of combining swarm intelligence, machine learning,
evolutionary computation, and smoothing techniques to tackle the complexities
of real-world UAV navigation. This work lays a strong scientific groundwork
for advancing autonomous UAYV research, reinforcing the need for multi-layered
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optimization strategies to enable navigation that is safe, efficient, and
consistently reliable.

Keywords :UAV Trajectory Optimisation, Particle Swarm Optimisation (PSO),

Artificial Neural Networks (ANN), Genetic Algorithm (GA), Intelligent Path
Smoothing.
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