
 

 

 

 

 

 

  

Available online at www.HighTechJournal.org  

HighTech and Innovation  
Journal 

Vol. 7, No. 2, June, 2026 

 

 

500 

 

ISSN: 2723-9535 

Modeling Climate-Driven Attenuation in Next-Generation 

Wireless Communication Networks 

Hasanain A. H. Al-Behadili 1 , Nasif Jasim Hadi 2*, Maab Alaa Isamail 1,      

Shaymaa Abed Hussein 3 

1 Department of Electrical Engineering, College of Engineering, University of Misan, Misan, Iraq. 

2 Department of Chemical Engineering, College of Engineering, University of Misan, Misan, Iraq. 

3 Department of Civil Engineering, College of Engineering, University of Manara, Misan, Iraq. 

Received 12 March 2026; Revised 21 May 2026; Accepted 25 May 2026; Published 01 June 2026 

Abstract 

Electromagnetic signal propagation is particularly complex in hot regions because it is strongly affected by extreme 

weather conditions, including temperature, humidity, and dust concentration. This poses a significant challenge for 

telecommunications operators in network planning and management. The Middle East is an important region for such 

investigations because of its extreme temperatures, and Iraq provides a representative example. This study aims to evaluate 

the effects of climatic parameters on signal propagation across different frequency bands, including those used in 4G, 5G, 

and 6G systems. The analysis employs combined calculations based on signal attenuation and measurements of the most 

influential weather parameters, particularly temperature, humidity, and dust concentration. This study represents the first 

multivariable investigation in Iraq covering these three frequency bands while considering the Signal-to-Noise Ratio 

(SNR), Bit Error Rate (BER), and the feasibility of using Reconfigurable Intelligent Surface (RIS) technology to mitigate 

climatic effects. The results reveal that temperature has a major effect on path loss, producing attenuation ranging from 0.6 

to 2.4 dB/km. The findings also indicate that operation in the sub-terahertz band can be effective over short distances and 

in indoor environments. During the summer, the SNR may deteriorate significantly, highlighting the need for a climate-

aware network management system. 
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1. Introduction 

As a result of severe weather conditions, the Middle East faces particular challenges in deploying fifth-generation 

(5G) and beyond-5G (B5G) communication systems. Iraq experiences frequent dust storms, with particle concentrations 

exceeding 500 μg/m³ [1], summer temperatures that regularly surpass 50°C, and substantial fluctuations in humidity. 

Such climatic conditions significantly hinder radio signal propagation, particularly in higher-frequency bands, including 

millimeter-wave (mmWave) and sub-terahertz (sub-THz) frequencies, which are being investigated for advanced 5G 

and 6G systems [2]. These harsh conditions affect signal propagation through two primary mechanisms: atmospheric 

attenuation and thermal stress on devices. 

Previous research has examined the effects of climate on signal characteristics. Very-high-frequency bands, such 

as 5G mmWave, are more sensitive to variations in atmospheric conditions than lower sub-6 GHz bands. Studies have 
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reported that higher-frequency signals experience substantial path loss due to humidity and atmospheric temperature, 

factors that must be considered when deploying networks in arid regions [3]. It has also been shown that elevated 

temperature and humidity levels can reduce the Signal-to-Noise Ratio (SNR) from 35 dB to 18 dB, thereby 

significantly increasing the Bit Error Rate (BER) [4]. In addition to effects on the propagation medium, Iraq’s physical 

communication infrastructure faces significant thermal challenges. Thermal expansion can alter the refractive index 

and radius of curvature of glass fibers in the fiber-optic backhaul networks supporting mobile towers, thereby causing 

signal dispersion [5]. 

In Middle Eastern regions, devices such as solar-powered stations and wireless nodes experience a 0.3%–0.5% 

reduction in power-conversion efficiency for every degree Celsius increase in temperature above 25°C, which threatens 

the reliability of off-grid communication systems. Other studies focusing on the reliability of wireless links in arid 

environments have similarly demonstrated the adverse effects of extreme heat on wireless nodes [6, 7]. 

Amajama et al. [8] have further examined the effect of atmospheric temperature on signal power, reporting an inverse 

relationship between temperature and mobile signal strength. Similarly, Boano et al. [9] suggested that fluctuations in 

temperature can affect the reliability of wireless communications. Luomala & Hakala [10] also demonstrated, using a 

global reference, that temperature is the dominant environmental factor influencing wireless sensor networks in outdoor 

environments. 

Global efforts have sought to present studies that clarify the effects of climate change on communication 

infrastructure and signal propagation, including the 2022 and 2024 updates of the Intergovernmental Panel on Climate 

Change (IPCC) and the work of the ITU-T Focus Group [11]. The International Telecommunication Union has 

established global standards for incorporating climate-resilient designs into smart-city infrastructure in order to prevent 

signal degradation caused by heat. Although current standards are based primarily on observations from temperate 

regions, the International Telecommunication Union has recognized the need for region-specific propagation models. 

The absence of such models can lead to overdesigned systems, inaccurate link-budget calculations, or unplanned service 

interruptions during extreme weather events. 

Several studies have been conducted across Iraqi governorates, including those reported in [12–14], presenting 

various types of measurements and results. Conventional propagation models generally assume normal atmospheric 

conditions and therefore neglect temperature-dependent atmospheric refraction, humidity-induced absorption, dust-

particle scattering and attenuation, and the combined nonlinear effects of climatic factors. Furthermore, the potential of 

Reconfigurable Intelligent Surfaces (RIS) as a compensatory mechanism in harsh desert environments remains uncertain. 

Recent studies have shown that environmental and climatic conditions, including extreme temperature, humidity, 

rainfall, and dust storms, have particularly important effects on emerging 5G and beyond systems operating at high 

frequencies [15, 16]. Existing literature has mainly emphasized individual atmospheric factors, such as rainfall 

attenuation, dust-induced path loss, and humidity effects on mmWave propagation, with limited attention given to 

integrated climate-aware modeling in arid Middle Eastern environments. Moreover, although many studies have 

examined weather-related attenuation in specific regions, most models were developed under temperate or generalized 

urban conditions and do not fully capture the extreme thermal conditions experienced in Iraq and neighboring Gulf 

countries, where summer temperatures regularly exceed 50°C [17, 18]. 

This reveals a critical research gap concerning the combined effects of high temperature and atmospheric variability 

on mobile communication performance in Middle Eastern climates. To address this gap, the present study proposes an 

integrated climate-sensitive propagation framework that relates temperature increases and atmospheric attenuation to 

key communication performance indicators, including path loss and Signal-to-Noise Ratio (SNR). Unlike previous 

studies, the proposed methodology specifically focuses on high-temperature Middle Eastern environments and climate-

resilient communication infrastructure. This paper extends the projects presented in [19–21] and makes the following 

contributions: 

 Climate-Sensitive Diffusion Model: A physics-based model that includes temperature, humidity, and dust 

attenuation factors calibrated to Iraqi desert conditions in multiple frequency bands. 

 Multi-Band Analysis: A comparative assessment to quantify the increased vulnerability at higher frequencies in 

the 6 GHz (3.5 GHz), millimeter wave (28 GHz), and terahertz (140 GHz) sub bands. 

 RIS Compensation Analysis: Quantification of RIS gain, gain for restoration of NLOS mmWave links under 

extreme weather conditions, showing 48 dB gain and 162% coverage extension. 

 BER Performance: End-to-end BER analysis of QPSK and 16-QAM modulations during climate-induced 

degradation, imposing practical limits on range. 

 Sub-THz Extension: Assessing the feasibility of the 140 GHz band and demonstrating that NLOS is not practical 

in desert conditions. 
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 Comprehensive Validation: Statistical validation using realistic synthetic and noise-distorted data sets, with 

ablation studies that confirm the contribution of each component. 

 Complexity Analysis: Blogging analysis shows the complexity of real-time deployment. 

2. System and Propagation Model  

The model combines the fundamental theory of electromagnetic propagation with environmental parameters to 

predict the performance of sub-6 GHz, millimeter-wave (mmWave), and sub-terahertz (sub-THz) communication links. 

The proposed approach incorporates free-space path loss calculations, line-of-sight (LOS) and non-line-of-sight (NLOS) 

propagation effects, climate-induced attenuation due to temperature, humidity, and dust, Signal-to-Noise Ratio (SNR) 

analysis, Bit Error Rate (BER) estimation, and Reconfigurable Intelligent Surface (RIS) enhancement. Figure 1 presents 

a flowchart illustrating the complete computational workflow. 

 

Figure 1. System flow chart 

The system flowchart begins with the system parameters, including frequency, distance, transmit power, and antenna 

gains, together with environmental conditions such as temperature, humidity, and dust concentration. These inputs are 

processed through successive propagation and system models to generate performance metrics, including total path loss, 

received SNR, and BER. 

The baseline free-space path loss (FSPL) is derived from the Friis transmission equation: 
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𝑃𝑟 = 𝑃𝑡𝐺𝑡𝐺𝑟 (
𝜆

4𝜋𝑑
)
2

                                                                                                                                                          (1)  

Real-world propagation environments exhibit significant differences between line-of-sight (LOS) and non-line-of-

sight (NLOS) conditions. 3GPP-inspired models have been adopted: 

LOS Path Loss: 

𝑃𝐿𝐿𝑂𝑆(𝑑) = 𝐹𝑆𝑃𝐿(𝑑, 𝑓) + 𝜂𝐿𝑂𝑆                                                                                                                                      (2)  

NLOS Path Loss: 

𝑃𝐿𝑁𝐿𝑂𝑆(𝑑) = 𝐹𝑆𝑃𝐿(𝑑, 𝑓) + 20log⁡10(𝑑) + 𝜂𝑁𝐿𝑂𝑆                                                                                                          (3)  

Then, the climate-dependent attenuation is modeled as a linear combination of environmental factors: 

𝐿𝑐𝑙𝑖𝑚𝑎𝑡𝑒 = 𝛼𝑇𝑇 + 𝛼𝐻𝐻 + 𝛼𝐷𝐷                                                                                                                                        (4)  

where, T is temperature in °C, H is relative humidity in % and Dis dust concentration in μg/m³. The coefficients 𝛼𝑇, 𝛼𝐻, 

and 𝛼𝐷 They are frequency-dependent and calibrated based on atmospheric physics and empirical measurements in 

desert environments (see Table 1). 

Table 1. Calibrated coefficients for Iraqi desert conditions 

Frequency Band Temp Coeff (αT) Humidity Coeff (αH) Dust Coeff (αD) 

3.5 GHz (sub-6 GHz) 0.02 dB/°C 0.01 dB/% 0.002 dB per μg/m³ 

28 GHz (mmWave) 0.05 dB/°C 0.03 dB/% 0.01 dB per μg/m³ 

140 GHz (sub-THz) 0.08 dB/°C 0.05 dB/% 0.02 dB per μg/m³ 

The recording above shows that at 28 GHz, a dust storm with a concentration of 500 μg/m³ results in 5 dB additional 

attenuation, whereas at 140 GHz, the same dust contributes 10 dB. 

2.1. Complete Path Loss Model 

The total path loss combining all effects is: 

𝑃𝐿𝑡𝑜𝑡𝑎𝑙(𝑑, 𝑓, 𝑇, 𝐻, 𝐷, 𝐿𝑂𝑆) = 𝐹𝑆𝑃𝐿(𝑑, 𝑓) + Δ𝑁𝐿𝑂𝑆(𝑑, 𝐿𝑂𝑆) + 𝐿𝑐𝑙𝑖𝑚𝑎𝑡𝑒(𝑇, 𝐻, 𝐷) + 𝜂                                                   (5) 

where, Δ𝑁𝐿𝑂𝑆(𝑑, 𝐿𝑂𝑆) = 0 if LOS   20log10(d) if NLOS cases, Δ represents residual shadowing effects not captured by 

climate terms. 

2.2. Link Budget and SNR 

The received power is given by: 

𝑃𝑟 = 𝑃𝑡 + 𝐺𝑡 + 𝐺𝑟 − 𝑃𝐿𝑡𝑜𝑡𝑎𝑙                                                                                                                                           (6) 

where, 𝑃𝑡 is transmitted power (30 dBm typical for base stations for macro cells); 𝐺𝑡, 𝐺𝑟  are antenna gains (15 dB each, 

typical for directional antennas). 

The noise power is: 

𝑁 = −174 + 10log⁡10(𝐵) + 𝑁𝐹                                                                                                                                     (7) 

where, B is bandwidth (20 MHz for sub-6 GHz, 100 MHz for mmWave and sub-THz), NF is noise figure (7 dB typical 

for receiver front-end). 

The signal-to-noise ratio is: 

𝑆𝑁𝑅 = 𝑃𝑟 − 𝑁                                                                                                                                                                  (8) 

This SNR determines the achievable data rate and modulation scheme. 
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2.3. Bit Error Rate Models 

For QPSK modulation, the bit error probability in AWGN is: 

𝐵𝐸𝑅𝑄𝑃𝑆𝐾 = 𝑄(√2𝛾)                                                                                                                                                (9)   

where, 𝛾 = 10^SNR/10 is the linear SNR and Q(x) is the Gaussian Q-function: 

𝑄(𝑥) =
1

√2𝜋
∫ 𝑒−𝑡

2/2
∞

𝑥
𝑑𝑡 =

1

2
erfc (

𝑥

√2
)                                                                                                                           (10) 

For 16-QAM modulation, the exact BER expression is: 

𝐵𝐸𝑅16𝑄𝐴𝑀 =
3

8
𝑄 (√

4𝛾

5
) +

2

8
𝑄 (3√

4𝛾

5
) +

1

8
𝑄 (5√

4𝛾

5
)                                                                                                  (11) 

For practical purposes, the dominant first term provides a good approximation: 

𝐵𝐸𝑅16𝑄𝐴𝑀 ≈
3

8
𝑄 (√

4𝛾

5
)                                                                                                                                                (12) 

2.4. RIS-Assisted Link 

A Reconfigurable Intelligent Surface (RIS) comprises M passive reflecting elements that can introduce phase shifts 

to combine signals coherently at the receiver. For an ideal RIS with optimal phase configuration, the effective power 

gain is: 

𝐺𝑅𝐼𝑆 = 20log⁡10(𝑀)                                                                                                                                                       (13) 

This gain arises from the coherent combining of signals from all M paths. In practice, losses due to element efficiency, 

phase quantization, and mutual coupling reduce this gain by 1-3 dB. 

The RIS-compensated path loss becomes: 

𝑃𝐿𝑅𝐼𝑆 = 𝑃𝐿𝑡𝑜𝑡𝑎𝑙 − 𝐺𝑅𝐼𝑆                                                                                                                                                  (14) 

For M = 256 elements, the theoretical gain is: 

𝐺𝑅𝐼𝑆 = 20log⁡10(256) = 20 × 2.408 = 48.16 dB                                                                                                       (15) 

This substantial gain can potentially restore severely attenuated NLOS links to usable levels. 

3. Results and Discussion   

Climate data were extracted from NASA POWER and NOAA Climate Data Online databases. Various parameters 

were taken to show their effects on signal propagation, mainly temperature, humidity, and dust. 

Figure 2 shows the path loss for three different frequencies, e.g., 3.5 GHz (panel a), 28 GHz (panel b), and c for 140 

GHz. The colored scattered records are using LOS (bold) and NLOS (light). These come with two curves using the free 

space model with the model in Equation 5 (continuous line), and the dotted lines are for FSPL and NLOS, in addition 

to the climate model using median records. 

 

Figure 2. Path loss vs. distance for three frequencies: 3.5 GHz, 28 GHz, 140 GHz (T= 42° C, H =25 %, D= 250 µg/m3) 
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Figure 3 explains the effect of the average temperature of Iraq (according to officials) on path loss using different 

frequencies. These were examined for 1 km, 35% humidity, in addition to 60% LOS, 40% NLOS, and a dust/particulate 

of 250 µg/m³. Additionally, a linear least-squares fit (1st-degree polynomial) was performed on the temperature and 

path losses that were provided. 

 

Figure 3. Temperature effect on path loss at 3.5 GHz, 28 GHz and 140 GHz. (d= 1km, H = 25%, D= 250 µg/m3,                          

60% LOS, 40% NLOS) 

Contour heatmaps for climate attenuation filled with data on temperature vs. humidity (panels a, b, c) and temperature 

with dust concentration (panels d, e, f) are shown in Figure 4. The signal-to-noise ratio is one of the most important 

parameters in the assessment of communication systems. It is mostly affected by path loss. Furthermore, Reconfigurable 

Intelligent Surfaces (RIS) technology is used to adapt radio surfaces to the propagation environment and to enhance the 

performance of 5G/6G signal propagation, in particular. 

 

Figure 4. Climate attenuation (dB) heatmaps; (temperature X Humidity (top), temperature X dust (bottom)) 

Figure 5(a) presents the resulting SNR, including climate-related path-loss effects under line-of-sight (LOS) and 

non-line-of-sight (NLOS) conditions, over distances of up to 2.5 km. Several scenarios are considered, including LOS 
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and NLOS conditions with and without RIS. The cases with RIS are shown in green, while those without RIS are 

represented by red scattered points. The SNR thresholds for QPSK and QAM were set at 5 dB and 15 dB, respectively. 

Figure 5(b) presents the cumulative distribution of the SNR values used in the analysis. 

 

Figure 5. SNR vs. distance at 28 GHz: LOS, NLOS, and RIS- enhanced links 

Figure 6 presents the Bit Error Rate (BER) analysis for QPSK and 16-QAM at 28 GHz under Iraq’s climatic 

conditions. In Figure 6(a), the theoretical results indicate that 16-QAM requires a higher SNR. Figure 6(b) illustrates 

the variation in BER with distance for both modulation schemes, with and without RIS. A BER value of 10−3 was 

used as the reference threshold for evaluating the results. QPSK exhibits higher BER values than 16-QAM. 

 

Figure 6. Bit error rate analysis: QPSK AND 16-QAM at 28 GHZ in Iraq 

To examine the impact of RIS at millimeter-wave frequencies, particularly 28 GHz, Figure 7(a) presents the variation 

in SNR with distance. The results show a clear improvement in SNR when RIS is employed. Further evidence is provided 

in Figure 7(b), where RIS produces a noticeable reduction in outage probability with increasing distance compared with 

propagation without RIS. The tested RIS configuration consists of 256 reflecting elements. However, Figure 7(c) shows 

that increasing the number of reflecting elements increases the RIS gain and consequently reduces path loss. 

Figure 8 presents a statistical comparison of the three frequency bands. Box plots were used to visualize the 

distributions of Signal-to-Noise Ratio (SNR) and path loss. The blue lines represent the median values in each box, 

while the white diamonds indicate the mean values of the distributions. In addition, circular markers represent the 

extreme values. As shown in Figure 8(a), the frequency dependence of path loss, combined with Iraq’s climatic 

conditions, makes operation at sub-terahertz frequencies particularly sensitive. Figure 8(b) also shows that SNR 

decreases as frequency increases. This effect is more pronounced at 140 GHz, where the SNR values fall below 5 dB, 

which is the adopted threshold for QPSK. 
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Figure 7. RIS impact on 28 GHz NLOS links (N= 256 elements, G_RIS=48.2 dB) 

 

Figure 8. path loss and SNR distribution across frequency bands (3.5 GHz, 28 GHz, 140 GHz, Iraq climate dataset, n=3000) 

Iraq experiences frequent dust storms; therefore, it is important to examine the effects of dust on signal parameters. 

The dust coefficient values are presented in Table 1. As shown in Figure 9(a), there is a linear relationship between path 

loss and dust concentration. Five different categories of dust concentration are presented in two columns corresponding 

to line-of-sight (LOS) and non-line-of-sight (NLOS) propagation at 28 GHz. In Figure 9(b), the SNR thresholds for 

QPSK and QAM are indicated by green and red dotted lines, respectively. An inverse relationship is observed between 

the dust concentration categories and the SNR values. 

The feasibility of using sub-terahertz frequencies across Iraqi territories was also evaluated, as shown in Figure 10. 

Although this frequency band is sensitive to molecular absorption, it is highly important because of its potential 

application in 6G mobile communications. A dataset containing 3,000 samples was used to generate the scatter plots in 

Figure 10(a), where LOS propagation is shown in blue and NLOS propagation in red to illustrate SNR variability with 

distance. LOS propagation produces positive SNR values, but only over shorter distances. In contrast, the SNR values 

under NLOS conditions fall below the adopted threshold. 

Figure 10(b) illustrates how increasing dust concentration affects SNR values above the threshold, i.e., SNR ≥ 5 dB. 

Two columns are used to represent LOS and NLOS conditions, both of which are adversely affected by increasing dust 

concentration. Figure 10(c) provides a practical representation of the effect of temperature on the maximum coverage 

distance. The results clearly show that, during summer, the maximum coverage may decrease to less than 650 m. This 

result was obtained for a dust concentration of 250 μg/m³ and a humidity level of 35%, considering only SNR values 

above the threshold. 
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Figure 9. Dust concentration effect on path loss and SNR (Iraq sandstorm conditions: 50- 800 µg/m3) 

 

Figure 10. Sub-THz (140 GHz) feasibility in Iraqi desert environment dust, temperature and distance impact 

To get knowledge about the effect of each issue on the signal propagation, an ablation study is used as explained in 

Figure 11. RMSE is employed to show the gap between the predictions of the proposed model and simulated noisy 

measurements. An additive process in which parts are added one at a time according to their physical intricacy:  

(1) FSPL  

(2) Shadowing related to LOS/NLOS. 

(3) The climate attention method. 

(4) RIS gain. 

Noise measurement using the following mathematical expression  

Measured_Path loss = Path loss at 28GHz + U                                                                                                             (16) 

where, U ~ N (0, 1.5²) dB, constituting a realistic uncertainty field measurement. 

Panel (a) presents the four evaluated categories, with the RMSE value displayed above each corresponding bar in 

decibels. The FSPL model produces the highest RMSE. The physical relationship between the climatic parameters, 

including temperature, humidity, and dust concentration, and signal propagation in the Iraqi environment is confirmed 

by incorporating the attenuation caused by these factors, which results in a noticeable reduction in RMSE. The green 

bar represents RIS compensation and shows the greatest improvement. Panel (b) reorganizes the same four RMSE values 

to clearly identify each value and emphasize the progressive enhancement achieved at successive stages of the model. 

Overall, Figure 11 is important for establishing the relative contributions of propagation geometry, climate-induced 

attenuation, and RIS compensation, particularly in regions exposed to extreme temperatures. The ablation analysis also 

supports the proposed model architecture. 
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Figure 11. Ablation study: RMSE contribution of each model component (28 GHz, Iraq climate dataset) 

The overall effects of Iraq’s environmental parameters, including temperature, dust concentration, and humidity, on 
signal propagation across three frequency bands are ultimately presented in a six-panel figure. Figure 12(a) illustrates 
the variation in SNR with temperature, with the Iraqi temperature range highlighted in light orange. The SNR decreases 
across all three frequencies within this range, while dust concentration and humidity are maintained at specified values. 

Figure 12(b) shows the effect of humidity at 42°C and reveals similar trends. However, a clear difference is observed 
when dust concentration is treated as the variable at 42°C and 35% humidity, as the SNR becomes weaker at the lower 
frequency values. All results correspond to a transmission distance of 1 km. 

To examine temperature-stratified excess loss and the relationships among variables, Figure 12(d) presents a 
correlation matrix for the six key variables investigated. Figure 12(e) shows the average excess path loss above FSPL, 
in decibels, for five selected temperature clusters centered at 28.5, 35.0, 40.5, 45.5, and 51.5°C. The shaded area in 

Figure 12(e) provides an integrated visual representation of the cumulative additional attenuation across the temperature 
range. Finally, Figure 12(f) presents a two-dimensional heatmap of the 28 GHz LOS SNR as a joint function of 
environmental temperature and dust concentration, with humidity fixed at H = 35% and distance fixed at d = 1 km. The 
diagonal orientation of the constant-SNR contours across the temperature–dust plane illustrates the cumulative nature 
of the climatic attenuation model. This confirms that dust concentration and temperature can impose additive and 
approximately linear penalties on 28 GHz link quality under Iraqi environmental conditions. 

 

Figure 12. Climate sensitivity dashboard, Iraq desert mobile communications temperature, humidity, dust impact on multi-

band signal performance 
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Figure 13 provides the concluding quantitative summary of the propagation analysis by translating the physics-based 

climate attenuation model into engineering parameters directly relevant to link-budget design. This is achieved by 

decomposing the total path loss into free-space path loss, climate-induced attenuation, and fading components, and then 

tracing the power flow to estimate the overall link budget. 

Each of the three side-by-side stacked bar charts in Figure 13(a), representing one frequency band, divides the total 

path loss into three vertically stacked components: climate attenuation (orange), free-space path loss (blue), and a 

representative one-standard-deviation LOS shadowing contribution of 3 dB (red). The total path loss is indicated above 

each bar, while the value of each component is displayed in white within its corresponding segment. 

 

Figure 13. Path loss component breakdown and link budget summary (d= 1km, T= 42 °C, D= 250 µg/m3) 

Of particular interest is the increase in the proportion of climate-induced attenuation relative to FSPL as frequency 

rises. At 3.5 GHz, climate attenuation represents only a small fraction of the total loss, whereas at 140 GHz, it accounts 

for a substantially larger proportion. This finding emphasizes that climate-related corrections become increasingly 

important at higher frequencies. 

Figure 13(b) presents a waterfall chart illustrating the cumulative power gains and losses along the communication 

link for the three frequencies, each represented by a distinct color. The chart includes transmitted power and antenna 

gains as upward bars, and free-space path loss, climate attenuation, and fading as downward bars. FSPL is the dominant 

loss component at all frequencies, followed by climate-induced attenuation and shadowing, providing useful information 

for radio-frequency planning. The results presented in this figure provide telecommunications engineers and 

infrastructure planners with the information required to evaluate link margins, select suitable frequency bands, and 

determine appropriate fade margins for mobile communication systems operating under Iraq’s extreme temperature 

conditions. 

4. Conclusion 

This study analyzed the effects of Iraq’s extreme-temperature desert climate on wireless signal propagation across 

sub-6 GHz, millimeter-wave (mmWave), and sub-terahertz frequency bands associated with current 5G and future 6G 

systems. Using climate-aware propagation modeling together with environmental data representative of Iraqi conditions, 

the results show that extreme atmospheric conditions substantially degrade communication performance through three 

primary mechanisms: temperature-dependent atmospheric absorption, humidity-induced molecular attenuation, and 

dust-particle scattering. The analysis further demonstrated that these environmental effects become progressively more 

severe as the operating frequency increases, with mmWave and sub-THz bands exhibiting significantly greater 

sensitivity than conventional cellular frequencies. Specifically, frequencies below 6 GHz maintain relatively stable 

propagation performance under harsh climatic conditions, whereas frequencies above 28 GHz experience substantial 

increases in attenuation, reduced received signal strength, and lower Signal-to-Noise Ratio (SNR), particularly during 

periods of elevated humidity and dust concentration. 

The findings further indicate that mmWave bands can still support practical urban 5G deployment in Iraq if adaptive 

mitigation techniques, including optimized link budgeting, non-line-of-sight (NLOS) management, beamforming, and 

Reconfigurable Intelligent Surface (RIS) compensation, are employed. RIS-assisted propagation enhancement 

demonstrated considerable potential for mitigating climate-related degradation by improving received power and 

extending coverage under challenging environmental conditions. However, several practical deployment challenges 

must be considered, particularly in harsh desert environments such as Iraq. These include cost, alignment, beam-steering 

accuracy, maintenance requirements, and environmental durability. 
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Overall, the proposed climate-dependent propagation framework provides a practical basis for designing climate-

resilient wireless networks in Iraq and may also be applicable to similar regions across the Middle East. Future research 

will focus on developing nonlinear atmospheric models and real-time, environment-adaptive propagation prediction 

techniques to further improve communication reliability under extreme climatic conditions. 
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