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 Executive Summary 
 This report quantifies the anthropogenic radio power released from Earth into outer space from 1900 to 
 2025, providing a comprehensive analysis of its evolution across various sources. Initial emissions in the 
 early 20th century were negligible, stemming from rudimentary experimental radio. The "Golden Age of 
 Radio" and the subsequent rise of analog television broadcasting in the mid-20th century marked the first 
 substantial contributions, with total estimated power escaping into space reaching tens to hundreds of 
 megawatts by the 1970s. This period was characterized by powerful, often omnidirectional, analog 
 signals, creating a detectable "radio bubble" around Earth. 

 The post-World War II era saw the significant and continuous growth of radar systems—military, air traffic 
 control, and weather—which, despite their pulsed nature, contributed consistently high average power 
 due to their high frequencies and widespread deployment. By the 2000s, radar emissions into space 
 were estimated to be in the hundreds of megawatts. 



 The late 20th and early 21st centuries have witnessed a transformative shift, with the proliferation of 
 satellite communication networks and mobile telephony becoming the dominant drivers of Earth's radio 
 luminosity into space. While traditional broadcast leakage has diminished due to digital transitions and 
 alternative distribution methods, the sheer volume and high-frequency nature of satellite uplinks and, 
 critically, the pervasive unintentional emissions from massive low Earth orbit (LEO) constellations and 
 global mobile tower networks, have led to an unprecedented increase in total escaping radio power. 
 Preliminary estimates for mobile tower leakage alone indicate peak powers of approximately 4 gigawatts 
 (GW) by 2025. 

 Overall, the cumulative radio power released from Earth into outer space has escalated from less than a 
 megawatt in the early 20th century to potentially hundreds of megawatts, with peak contributions from 
 modern mobile networks reaching into the gigawatt range by 2025. This evolving radio signature 
 presents a complex and increasingly bright beacon for extraterrestrial intelligence (SETI) and poses 
 growing challenges for terrestrial radio astronomy due to escalating radio frequency interference (RFI). 

 1. Introduction: Defining Earth's Radio Signature 
 The technological advancement of human civilization has, as an inherent byproduct, resulted in a 
 continuous emission of radio waves into the cosmos. These anthropogenic radio signals, whether 
 intentionally directed or inadvertently leaked, constitute a unique "radio footprint" of Earth's technological 
 era. Understanding the magnitude and characteristics of this radio power released into outer space is 
 crucial for several scientific disciplines. For radio astronomy, it represents a growing source of 
 interference that can obscure faint natural celestial signals, potentially reaching a point where 
 ground-based observations become significantly hampered. Concurrently, for the Search for 
 Extraterrestrial Intelligence (SETI), Earth's radio emissions serve as a "cosmic mirror," offering a tangible 
 model for what a technologically advanced civilization might detect from afar. 

 This report endeavors to quantify the total anthropogenic radio power, expressed in megawatts, that has 
 escaped Earth's atmosphere and propagated into outer space over the period from 1900 to 2025. The 
 analysis encompasses a broad spectrum of sources, including traditional radio and television 
 broadcasting, diverse radar systems (military, air traffic control, and weather), and the rapidly expanding 
 domain of satellite communications and other pervasive digital technologies. By examining the historical 
 development and power characteristics of each category, coupled with an assessment of atmospheric 
 propagation effects, this study aims to provide a comprehensive and quantitative understanding of 
 Earth's evolving radio luminosity. 

 2. Fundamentals of Radio Wave Propagation into Space 
 The journey of radio waves from Earth's surface into the vacuum of space is not unimpeded. The 
 planet's atmosphere acts as a complex filter, selectively absorbing or reflecting electromagnetic radiation 
 based on its frequency and other atmospheric conditions. Understanding these propagation dynamics is 
 fundamental to accurately quantifying the power that ultimately escapes into the cosmos. 

 2.1 Atmospheric Windows and Ionospheric Effects 

 Earth's atmosphere features specific "atmospheric windows" – regions of the electromagnetic spectrum 
 that allow radiation to pass through with minimal attenuation. For radio waves, this primary window 
 extends roughly from 5 MHz to 1 THz. However, the efficiency of transmission through this window is 
 highly dependent on frequency and the dynamic state of the atmosphere, particularly the ionosphere. 

 The ionosphere, an ionized layer of Earth's upper atmosphere extending from approximately 50 to over 
 500 kilometers in altitude, plays a critical role in radio wave propagation. Its free electrons and ions 



 interact with radio waves, leading to phenomena such as reflection and absorption. Lower frequency 
 radio waves, generally those below 10 MHz and often up to 40 MHz, are significantly affected. These 
 frequencies are largely reflected back to Earth, a principle utilized for long-range terrestrial 
 communication (skywave propagation), or are absorbed by the ionosphere's D-layer, especially during 
 daylight hours. This means that a substantial portion of the power from sources operating in these lower 
 frequency bands, such as AM radio stations, does not effectively escape into space. 

 Conversely, higher frequency waves, typically those above 40 MHz, tend to penetrate the ionosphere 
 more effectively, experiencing less reflection and absorption. This characteristic is crucial for 
 understanding the space-bound component of emissions from FM radio, television, radar, and satellite 
 communications. At the extreme upper end of the radio window, above approximately 30 GHz, the 
 troposphere introduces its own attenuation mechanisms, primarily through absorption by water vapor 
 and carbon dioxide molecules. 

 The properties of the ionosphere are not static; they exhibit significant variability based on the time of 
 day, season, geographical location, and solar activity. This dynamic nature directly influences the "critical 
 frequency"—the threshold below which radio waves are reflected and above which they penetrate the 
 ionospheric layers. For instance, the D-layer, responsible for much of the absorption of lower 
 frequencies, largely dissipates at night, potentially allowing a greater fraction of AM signals to escape, 
 albeit still a small percentage. This inherent variability implies that the precise percentage of radio power 
 escaping into space from terrestrial sources is not a fixed constant but fluctuates, making exact historical 
 quantification challenging. 

 2.2 Effective Radiated Power (ERP) and Signal Leakage 

 When discussing radio power, it is important to distinguish between the raw power output of a transmitter 
 and the "effective radiated power" (ERP). ERP is an IEEE-standardized metric that quantifies the 
 directional radio frequency (RF) power. It represents the total power, in watts, that an ideal half-wave 
 dipole antenna would need to radiate to achieve the same signal strength as the actual source antenna 
 at a distant receiver, specifically in the direction of the antenna's strongest beam (main lobe). ERP is a 
 product of the power input to the antenna and the antenna's gain. 

 A critical distinction is that ERP does not measure the total power radiated by the antenna in all 
 directions, nor the actual total power output of the transmitter itself. Losses occurring in the transmission 
 line and within the antenna structure mean that the power delivered to the antenna is typically less than 
 the transmitter's rated output power. For many terrestrial broadcast systems, the primary signal is 
 intentionally directed towards the Earth's surface for reception. Therefore, only a fraction of the 
 transmitted power, primarily from the antenna's side lobes or through unintentional leakage, actually 
 escapes into space. 

 Beyond intentionally directed signals, unintentional electromagnetic radiation (UEMR) can emanate from 
 various technological systems. This includes leakage from cable systems, or the "spillover" from complex 
 digital networks. While ERP is a crucial metric for assessing the coverage area and strength of a 
 broadcast signal on Earth, directly equating ERP to the power escaping into space for all sources would 
 lead to a significant overestimation, particularly for lower-frequency broadcast systems whose signals 
 are heavily attenuated or reflected by the ionosphere before reaching space. The analysis in this report 
 carefully considers these propagation effects and the distinction between intended terrestrial coverage 
 and actual space leakage. 

 Table 1: Radio Wave Atmospheric Transmission Windows and Ionospheric Effects 



 Frequency 
 Band 

 Typical 
 Frequency 

 Range 

 Atmospheric 
 Layer(s) 
 Involved 

 Primary 
 Effect on 
 Terrestrial 
 Emissions 

 Typical Fate of 
 Terrestrial 
 Emissions 

 Relevance to 
 Space 

 Escape 

 Very Low 
 Frequency 
 (VLF) 

 3-30 kHz  Ionosphere 
 (D-layer) 

 Heavy 
 absorption, 
 reflection 

 Minimal escape, 
 mostly 
 absorbed/reflected 
 back to Earth 

 Negligible 
 contribution to 
 space-bound 
 power 

 Low 
 Frequency 
 (LF) 

 30-300 kHz  Ionosphere 
 (D-layer) 

 Heavy 
 absorption, 
 reflection 

 Minimal escape, 
 mostly 
 absorbed/reflected 
 back to Earth 

 Negligible 
 contribution to 
 space-bound 
 power 

 Medium 
 Frequency 
 (MF) 

 300 kHz - 3 
 MHz 

 Ionosphere 
 (D-layer, 
 E-layer) 

 Significant 
 absorption 
 (day), 
 reflection 
 (night) 

 AM radio signals 
 largely 
 reflected/absorbed; 
 little escapes 

 Very low 
 escape 
 percentage, 
 especially 
 daytime 

 High 
 Frequency 
 (HF) 

 3-30 MHz  Ionosphere (E, 
 F1, F2 layers) 

 Reflection, 
 absorption 
 (D-layer) 

 Used for long-range 
 terrestrial 
 communication via 
 "skywave" reflection; 
 some leakage 

 Limited 
 escape, 
 especially for 
 frequencies 
 below 10 
 MHz; some 
 leakage 
 above 10 
 MHz 

 Very High 
 Frequency 
 (VHF) 

 30-300 
 MHz 

 Ionosphere 
 (less 
 reflection), 
 Troposphere 

 Increasingly 
 penetrates 
 ionosphere; 
 some 
 Sporadic E 
 reflection 

 FM radio and analog 
 TV signals penetrate 
 more effectively; 
 significant escape 

 High escape 
 percentage, 
 especially 
 above 40 
 MHz 

 Ultra High 
 Frequency 
 (UHF) 

 300 MHz - 
 3 GHz 

 Troposphere  High 
 penetration, 
 minimal 
 ionospheric 
 interaction 

 Digital TV, radar, 
 satellite comms 
 penetrate easily 

 Very high 
 escape 
 percentage 

 Super High 
 Frequency 
 (SHF) 

 3-30 GHz  Troposphere 
 (some 
 absorption by 
 water 
 vapor/CO2) 

 High 
 penetration, 
 minimal 
 atmospheric 
 interaction for 
 "windows" 

 Satellite 
 communications, 
 radar 

 Very high 
 escape 
 percentage, 
 except at 
 specific 
 absorption 
 bands 



 Extremely 
 High 
 Frequency 
 (EHF) 

 30-300 
 GHz 

 Troposphere 
 (significant 
 absorption by 
 water 
 vapor/CO2) 

 High 
 absorption at 
 upper end, 
 but 
 "windows" 
 exist 

 Satellite 
 communications 
 (Ka/Q/V bands), 
 specialized radar 

 High escape 
 percentage in 
 specific 
 atmospheric 
 windows 

 3. Terrestrial Broadcast Emissions: Radio and Television 
 Humanity's initial foray into widespread radio emissions was through broadcasting, which has 
 significantly shaped Earth's radio signature over the past century. 

 3.1 Radio Broadcasting (AM/FM) 

 The genesis of radio technology in the early 1900s involved experimental transmissions, initially focused 
 on point-to-point communication, such as maritime telegraphy. The concept of broadcasting to a mass, 
 unseen audience quickly gained traction. The first commercial radio broadcast in the United States 
 occurred in 1920 when KDKA in Pittsburgh aired presidential election results using a 100-watt 
 transmitter. The subsequent years saw an explosion in the number of licensed broadcast stations; by the 
 end of 1922, the U.S. alone had 556 such stations. 

 The period from the 1930s to the 1950s is widely recognized as the "Golden Age of Radio," 
 characterized by rapid expansion and increasing transmitter power. By the early 1950s, the number of 
 AM outlets in the U.S. surpassed 2,000. Commercial AM stations in North America typically operated 
 with transmitter powers ranging from 250 watts to 50,000 watts. Notably, some experimental licenses 
 permitted even higher powers, such as WLW (700 kHz AM) in the 1930s, which broadcast at 500,000 
 watts (0.5 MW) and could cover half the globe at night. While the Federal Communications Commission 
 (FCC) later limited FM ERP to 100,000 watts, older stations were often permitted to retain their higher 
 power authorizations. 

 Frequency Modulation (FM) emerged as a competing technology in the 1930s, developed by Edwin 
 Howard Armstrong. FM offered superior fidelity and immunity to static interference compared to AM. 
 Armstrong's early experimental FM transmitter, operating in 1934-1935, transmitted at 41 MHz with a 
 power of 2 kW. The FCC officially allocated an FM band (42-50 MHz) in 1941, later shifting it to the 
 now-familiar 88-108 MHz range in 1945. FM broadcasting became widespread in North America by the 
 1960s. The highest FM ERP recorded in the provided data was 320 kW for WBCT in 2000. 

 The atmospheric escape of broadcast radio signals varies significantly with frequency. AM signals, 
 operating in the low to mid-frequency range (530 kHz to 1700 kHz), are largely reflected off the Earth's 
 ionosphere, enabling long-distance terrestrial propagation but severely limiting their penetration into 
 space. The ionosphere's D-layer, in particular, causes significant attenuation of medium frequency (MF) 
 and lower high frequency (HF) waves, especially below 10 MHz, with absorption decreasing at higher 
 frequencies. This explains why distant AM stations often become undetectable during daylight hours due 
 to D-layer absorption. Consequently, only a very small fraction of AM power escapes into space. 

 In contrast, FM signals, operating in the Very High Frequency (VHF) band (88 MHz to 108 MHz), are at 
 higher frequencies that penetrate the ionosphere more effectively than AM signals. While some reflection 
 can occur under specific atmospheric conditions (e.g., Sporadic E events, which can reflect frequencies 
 up to 150 MHz), a substantial portion of FM power is expected to escape into space. 



 The "Golden Age of Radio" from the 1930s to the 1950s saw a massive proliferation of high-power AM 
 stations. While AM signals are predominantly reflected by the ionosphere, the sheer number of stations 
 and the existence of exceptionally high-power transmitters like WLW (500 kW) mean that even a minute 
 percentage of leakage from antenna side lobes or through transient atmospheric conditions could have 
 contributed a notable, albeit difficult to precisely quantify, amount of power into space during this era. As 
 FM gained prominence from the 1960s, its higher operating frequencies inherently allowed a greater 
 proportion  of its power to escape, even if individual  station powers were initially lower than the peak AM 
 transmitters. This suggests that the cumulative power escaping from broadcast radio likely reached its 
 zenith around the mid-20th century before the widespread shift to digital technologies and alternative 
 distribution methods began to reduce terrestrial broadcast leakage. 

 Table 2: Estimated Global Radio Broadcast Power (AM/FM) Trends (1900-2025) 

 Year/Decad 
 e 

 Estimated 
 Global 

 Stations 
 (approx.) 

 Representativ 
 e Avg. 

 Transmitter 
 Power (kW) 

 Representativ 
 e Max ERP 

 (kW) 

 Estimate 
 d % 

 Escaping 
 to Space 

 (Avg.) 

 Estimate 
 d Total 
 Power 

 Escaping 
 (MW) 

 Notes 

 1900-1910  Few 
 experimenta 
 l 

 <0.1  <0.1  <1%  <0.001  Early 
 experimental 
 , low power, 
 Morse code 

 1920s  ~500-1000 
 (US: 556 by 
 1922) 

 0.1-10  0.1-10  <1%  <0.01  KDKA 100W 
 in 1920 ; 
 rapid growth 
 in US 

 1930s  ~1000-2000 
 (US: 618 by 
 1930) 

 1-50  1-500 (AM)  AM <1%, 
 FM ~50% 

 ~0.05-0.5  Golden Age 
 of Radio; 
 WLW 500kW 
 AM ; 
 Armstrong's 
 2kW 
 experimental 
 FM 

 1940s  ~2000-3000 
 (US: 847 
 AM by 
 1940) 

 1-50  1-500 (AM)  AM <1%, 
 FM ~50% 

 ~0.1-1  Continued 
 AM growth ; 
 FM band 
 established 

 1950s  ~4000-6000 
 (US: 2144 
 AM, 691 FM 
 by 1950) 

 1-50  1-500 (AM), 
 10-100 (FM) 

 AM <1%, 
 FM ~50% 

 ~0.2-2  Peak of AM 
 dominance ; 
 FM growing 
 but still 
 smaller 

 1960s  ~6000-8000 
 (US: 3483 
 AM, 741 FM 
 by 1960) 

 1-50  1-500 (AM), 
 10-320 (FM) 

 AM <1%, 
 FM ~60% 

 ~0.3-3  FM 
 widespread ; 
 WBCT 
 320kW FM 
 ERP 



 1970s  ~8000-1000 
 0 (US: 4288 
 AM, 2126 
 FM by 
 1970) 

 1-50  1-500 (AM), 
 10-320 (FM) 

 AM <1%, 
 FM ~60% 

 ~0.4-4  FM audience 
 share 
 growing 

 1980s  ~10000-120 
 00 (US: 
 4689 AM, 
 3390 FM by 
 1980) 

 1-50  1-500 (AM), 
 10-320 (FM) 

 AM <1%, 
 FM ~70% 

 ~0.5-5  FM 
 dominates 
 audience by 
 late 70s 

 1990s  ~12000-140 
 00 (US: 
 4978 AM, 
 4357 FM by 
 1990) 

 1-50  1-500 (AM), 
 10-320 (FM) 

 AM <1%, 
 FM ~70% 

 ~0.6-6  Digital radio 
 standards 
 emerging 
 (DAB) 

 2000s  ~14000-160 
 00 (US: 
 4685 AM, 
 5892 FM by 
 2000) 

 1-50  1-500 (AM), 
 10-320 (FM) 

 AM <1%, 
 FM ~70% 

 ~0.7-7  Digital 
 transition 
 begins to 
 reduce 
 analog 
 leakage 

 2010s  ~15000-170 
 00 (US: 
 4784 AM, 
 6512 FM by 
 2010) 

 1-50  1-500 (AM), 
 10-320 (FM) 

 AM <1%, 
 FM ~70% 

 ~0.7-7  Continued 
 shift to 
 digital, 
 streaming 

 2020-2025  ~16000-180 
 00 (US: 
 4560 AM, 
 6704 FM by 
 2020) 

 1-50  1-500 (AM), 
 10-320 (FM) 

 AM <1%, 
 FM ~70% 

 ~0.7-7  Further 
 reduction in 
 terrestrial 
 broadcast 
 reliance 

 Note: Global station numbers are approximate extrapolations based on available U.S. data and general 
 historical trends. "Estimated % Escaping to Space" accounts for ionospheric reflection/absorption, with 
 higher percentages for higher frequencies. 

 3.2 Television Broadcasting 

 Television broadcasting emerged as a powerful mass medium, significantly altering the global radio 
 landscape. Experimental TV broadcasts began in the 1920s, with John Logie Baird demonstrating 
 televised silhouette images in London in 1925. Following World War II, black-and-white television rapidly 
 gained popularity in the United Kingdom and the United States, becoming the dominant medium for 
 influencing public opinion by the 1950s. By 1960, approximately 45.7 million U.S. households owned 
 television sets. 

 Analog television transmitters typically amplified modulated carrier currents to powers of 10,000 watts 
 (10 kW) or more. In the United States, analog UHF channels (14-83) were permitted to operate at 
 significantly higher power levels, up to 5 MW ERP, to achieve comparable ground coverage to VHF 



 channels. VHF low-band channels (2-6) were limited to 100 kW ERP, while high-VHF channels (7-13) 
 were limited to 316 kW. It is notable that analog television systems allocated a substantial portion, 
 approximately 70-90%, of the transmitter's power to synchronization pulses, with the remaining power 
 dedicated to video and audio carriers. 

 The frequencies used for television broadcasting (VHF and UHF bands) are generally higher than those 
 for AM radio, enabling them to penetrate the ionosphere more effectively. Consequently, early analog 
 television signals, particularly those from the post-WWII expansion, have been radiating into space for 
 decades, forming a detectable "radio bubble" that expands outwards from Earth. This "TV bubble" was 
 once considered one of Earth's most prominent technosignatures. 

 However, a significant transformation has occurred in the late 20th and early 21st centuries with the 
 global transition from analog to digital television standards. Digital television modulation systems are 
 approximately 30% more efficient than their analog counterparts. This shift, coupled with the widespread 
 adoption of alternative content distribution methods such as cable television and internet streaming 
 services (e.g., Netflix, Amazon Prime Video), has substantially reduced the reliance on over-the-air 
 terrestrial broadcasts. Many modern communication systems, including fiber optics, do not emit 
 significant radio signals into space. 

 This transition represents a fundamental change in Earth's radio footprint. While digital signals can still 
 leak into space, as evidenced by instances of digital TV signals reflecting off airplanes and being 
 detected by radio telescopes , the overall volume of such leakage from traditional television broadcasts 
 is diminishing. The "TV bubble" is gradually fading as a dominant source of space-bound radio power 
 compared to its peak during the analog era. This reflects a broader trend where content delivery is 
 moving away from terrestrial broadcast and towards more contained or intentionally directed pathways. 

 Table 3: Estimated Global Television Broadcast Power Trends (1920-2025) 

 Year/Dec 
 ade 

 Estimate 
 d Global 
 Stations 
 (approx.) 

 Representa 
 tive Avg. 

 Transmitter 
 Power (kW) 

 Representa 
 tive Max 

 ERP (MW) 

 Analog/Digi 
 tal 

 Transition 
 Status 

 Estimat 
 ed % 

 Escapi 
 ng to 
 Space 
 (Avg.) 

 Estimat 
 ed Total 
 Power 
 Escapi 

 ng 
 (MW) 

 Notes 

 1920s  Few 
 experimen 
 tal 

 <0.1  <0.1  Analog only  <5%  <0.001  Early 
 experimen 
 tal 
 broadcast 
 s 

 1930s  Few 
 experimen 
 tal 

 0.1-1  0.1-1  Analog only  <5%  <0.005  Limited 
 developm 
 ent 

 1940s  ~10-100 
 (US: ~20 
 by 1947) 

 1-10  0.01-0.1  Analog only  ~70%  ~0.01-0. 
 5 

 Post-WWI 
 I 
 expansion 
 begins 



 1950s  ~100-100 
 0 (US: 
 45.7M 
 household 
 s by 1960) 

 10-100  0.1-1 (VHF), 
 0.5-5 (UHF) 

 Analog only  ~80%  ~1-10  Rapid 
 growth, 
 TV 
 becomes 
 primary 
 medium 

 1960s  ~1000-50 
 00 

 10-100  0.1-5  Analog only  ~80%  ~10-50  Continued 
 global 
 expansion 

 1970s  ~5000-10 
 000 

 10-100  0.1-5  Analog only  ~80%  ~50-100  Peak of 
 analog 
 broadcast 
 power 

 1980s  ~10000-1 
 5000 

 10-100  0.1-5  Analog 
 dominant 

 ~80%  ~100-15 
 0 

 Introductio 
 n of cable 
 TV begins 
 to shift 
 distributio 
 n 

 1990s  ~15000-2 
 0000 

 10-100  0.1-5  Analog 
 dominant, 
 digital 
 emerging 

 ~80%  ~150-20 
 0 

 Digital TV 
 standards 
 emerge 

 2000s  ~20000-2 
 5000 

 10-100  0.1-5  Digital 
 transition 
 underway 

 ~70%  ~100-15 
 0 

 Digital 
 transition, 
 increased 
 streaming 

 2010s  ~25000-3 
 0000 

 10-100  0.1-5  Digital 
 dominant, 
 analog 
 phased out 

 ~50%  ~50-100  Analog 
 switch-off 
 in many 
 regions 

 2020-202 
 5 

 ~30000-3 
 5000 

 10-100  0.1-5  Digital only, 
 streaming 
 pervasive 

 ~30%  ~30-60  Further 
 shift to 
 non-broad 
 cast 
 distributio 
 n 

 Note: Global station numbers are approximate extrapolations. "Estimated % Escaping to Space" 
 accounts for frequency and the shift away from over-the-air broadcasting. 

 4. Radar Systems: High-Power Beacons 
 Radar systems represent a distinct category of anthropogenic radio emissions, characterized by their 
 use of powerful, often pulsed, signals. These systems typically operate at higher frequencies compared 



 to traditional broadcast radio, which facilitates more effective penetration of Earth's atmosphere and thus 
 a higher proportion of their transmitted power escaping into space. 

 4.1 Military Radar 

 Serious developmental work on radar began in the 1930s in several countries, including the United 
 States, Great Britain, and Germany, driven by military concerns. The British Chain Home system, 
 operational by September 1938, utilized peak powers of 350 kW, later increasing to 750 kW, at 
 frequencies between 20-30 MHz. Early U.S. Army radars, such as the SCR-270 (100 MHz), were in use 
 at the start of World War II. A pivotal advancement during this period was the invention of the cavity 
 magnetron in 1939-1940, which enabled the development of microwave radar systems. The 
 Massachusetts Institute of Technology (MIT) Radiation Laboratory, established in 1940, developed over 
 100 different radar systems during the war, including the widely used SCR-584, which operated in the 
 2.7-2.9 GHz (S-band) range. 

 Following World War II, progress in radar technology continued, with new and improved high-powered 
 systems emerging in the 1950s. Modern military radar systems can have average powers of 
 approximately 1 MW. For instance, the klystron-type transmitting tubes in the Airborne Warning And 
 Control System (AWACS) are rated at 50 MW peak pulse power, with an average operational power 
 ranging from 250 kW to 500 kW. Over-the-horizon (OTH) radars, designed for very long-range detection, 
 can also achieve average powers of 1 MW. Recent advancements in gallium nitride (GaN)-based 
 solid-state radar technology offer superior performance, including higher power efficiency and enhanced 
 durability. 

 Military radar systems, particularly those designed for long-range surveillance or planetary radar 
 applications, are characterized by extremely high peak powers and increasingly high average powers. 
 These systems, unlike broadcast signals that are becoming more contained, represent a significant and 
 often deliberately directed source of radio emissions into space. A recent study by Sheikh et al. (2025) 
 identified planetary radar emissions as Earth's most detectable technosignatures, with the potential to be 
 visible from up to 12,000 light-years away using present-day Earth instruments. This observation 
 underscores that despite their pulsed nature, the combination of high power and focused beams makes 
 these systems highly effective in escaping the atmosphere and propagating into deep space. 
 Consequently, military radar systems have consistently been, and continue to be, a major contributor to 
 Earth's radio footprint in space, acting as powerful, albeit intermittent, beacons that could be detected by 
 distant observers. 

 4.2 Air Traffic Control (ATC) Radar 

 The development of radar technology also revolutionized air traffic control (ATC). The first civilian control 
 tower in the U.S. equipped with radar began operations at Indianapolis Airport in 1946. By 1951, radar 
 had largely superseded manual pilot-reported positions for air traffic management. A network of 
 overlapping long-range radars, capable of monitoring aircraft within a 322-kilometer (200-mile) radius, 
 was completed across the U.S. by 1965, enabling continuous surveillance of controlled airspace. The 
 global ATC radar systems market was estimated at $5 billion in 2025 and is projected for continued 
 growth, driven by increasing air passenger traffic and modernization initiatives. 

 Primary surveillance radars (PSR) used in the U.S. for ATC operate in the S-band (2.7-2.9 GHz) with a 
 peak radiated power of 25 kW and an average power of 2.1 kW. Secondary surveillance radars (SSR), 
 which interrogate aircraft transponders, transmit at 1030 MHz (L-band) with peak powers ranging from 
 160 W to 1500 W. Some civil air surveillance radars can achieve peak powers up to 2.3 MW. 

 While individual ATC radars may have lower peak powers compared to some military systems, their 
 widespread global deployment and continuous operational nature contribute a significant, persistent, and 



 geographically broad component to Earth's radio leakage. These systems typically scan the entire 
 surrounding airspace every 5 to 12 seconds. The completion of national ATC radar networks by the 
 mid-1960s marked a substantial increase in this continuous radio emission into space. As air traffic 
 continues to grow and air navigation infrastructure undergoes modernization, ATC radar systems 
 collectively form a consistent and expanding part of Earth's radio signature. 

 4.3 Weather Radar 

 The application of radar technology to meteorology began with military surplus radars from World War II, 
 which were repurposed for weather detection starting in 1942. The first national weather radar network in 
 the U.S. began its rollout in 1959 with the WSR-57 system. A major leap forward occurred with the 
 deployment of the Next-Generation Radar (NEXRAD) system, also known as WSR-88D, which became 
 operational starting in 1992. Currently, 159-160 NEXRAD systems are in operation across the United 
 States, including Alaska, Hawaii, Puerto Rico, and several Pacific islands. 

 The WSR-88D system is a powerful weather radar, transmitting pulses with a peak power of 750,000 
 watts (0.75 MW). While its average transmitted power is approximately 450 kW, the radar is actively 
 transmitting for only a very short duration, about 7 seconds per hour, with the remaining time spent 
 listening for returned signals. Terminal Doppler Weather Radar (TDWR) systems, used at major airports, 
 transmit 250 kW pulses. 

 Weather radar networks, particularly the NEXRAD system, provide a consistent, high-power pulsed 
 signal across vast geographical areas. Their operational design involves continuous scanning, with a 
 complete volume scan typically performed every 4-6 minutes. This ensures a persistent contribution to 
 space-bound radio power. The S-band frequencies utilized by NEXRAD (around 2-4 GHz) are well within 
 the atmospheric radio window, allowing for efficient escape into space. Consequently, weather radars 
 represent a steady, significant, and globally distributed source of radio emissions into space, contributing 
 to the overall radio noise floor for astronomical observations. 

 4.4 Specialized High-Power Research Radars 

 Beyond conventional military, ATC, and weather radar systems, specialized high-power research radars 
 contribute to Earth's radio emissions. A notable example is the High-frequency Active Auroral Research 
 Program (HAARP) facility in Alaska. Completed in its final build in 2007, HAARP is capable of radiating 
 3.6 MW of transmit power into the upper atmosphere and ionosphere. Its maximum effective radiated 
 power (ERP) can reach an impressive 5.1 GW. HAARP operates in the 2.7 to 10 MHz range. 

 While HAARP boasts an exceptionally high ERP, its operating frequencies are at the lower end of the 
 atmospheric radio window. The system's primary purpose is to heat and study small regions of the 
 ionosphere, with a significant portion of its transmitted power intended to interact with and be reflected 
 by the ionosphere back to Earth. Therefore, the actual power escaping into space from HAARP can be 
 less than its maximum ERP, depending on the specific experiment being conducted and the prevailing 
 ionospheric conditions. Nevertheless, even with reflection, some leakage or scattering into space is 
 plausible, making it a notable, albeit intermittent and specialized, high-power contributor to Earth's radio 
 signature. These specialized research radars demonstrate the technical capability for immense ERP, but 
 their contribution to the  space-bound  power requires  careful consideration of their atmospheric 
 interaction mechanisms. 

 Table 4: Representative Peak and Average Power of Major Radar Systems (1930-2025) 



 Year/Decad 
 e 

 Radar Type 
 (Examples) 

 Representativ 
 e Peak Power 

 (MW) 

 Representativ 
 e Average 

 Power (MW) 

 Estimate 
 d % 

 Escaping 
 to Space 

 (Avg.) 

 Estimate 
 d Total 
 Power 

 Escaping 
 (MW) 

 Notes 

 1930s  Military 
 (Chain 
 Home 
 prototype, 
 German 
 systems) 

 0.2-0.35  <0.01  ~80%  <0.01  Early 
 development 
 , pulsed 
 systems 

 1940s  Military 
 (Chain 
 Home, 
 SCR-270, 
 SCR-584) 

 0.1-50  0.01-0.1  ~80%  ~0.1-1  WWII rapid 
 development 
 , magnetron 

 1950s  Military 
 (AN/FPS-16) 
 , ATC 
 (Long-range 
 radars), 
 Weather 
 (WSR-57) 

 0.1-50  0.01-0.5  ~90%  ~1-10  Post-war 
 progress, 
 network 
 expansion 

 1960s  Military, ATC 
 (network 
 complete), 
 Weather 
 (WSR-57) 

 0.1-50  0.01-0.5  ~90%  ~5-20  ATC network 
 completed 

 1970s  Military, 
 ATC, 
 Weather 
 (WSR-74C) 

 0.1-50  0.01-0.5  ~90%  ~10-30  Continued 
 development 
 , WSR-74C 

 1980s  Military 
 (AWACS), 
 ATC, 
 Weather 
 (NEXRAD 
 development 
 ) 

 0.1-50  0.01-0.5  ~90%  ~20-50  AWACS 
 50MW peak, 
 0.25-0.5MW 
 avg ; 
 NEXRAD 
 development 



 1990s  Military 
 (OTH, 
 AESA), ATC, 
 Weather 
 (NEXRAD 
 operational), 
 HAARP 
 (initial) 

 0.1-50  0.01-1  ~90%  ~50-100  NEXRAD 
 0.75MW 
 peak, 
 0.45MW avg 
 ; HAARP 
 0.36-0.96M 
 W 

 2000s  Military 
 (AESA), 
 ATC, 
 Weather, 
 HAARP (full) 

 0.1-50  0.01-1  ~95%  ~100-200  HAARP 
 3.6MW ; 
 OTH 1MW 

 2010s  Military 
 (advanced 
 AESA), ATC, 
 Weather, 
 HAARP 

 0.1-50  0.01-1  ~95%  ~150-300  GaN-based 
 radars 

 2020-2025  Military 
 (next-gen), 
 ATC, 
 Weather, 
 HAARP 

 0.1-50  0.01-1  ~95%  ~200-400  Continued 
 growth in 
 power and 
 numbers 

 Note: "Estimated % Escaping to Space" is generally high for radar due to their higher operating 
 frequencies. Average power is used for continuous energy contribution. 

 5. Satellite Communications: A Growing Contribution 
 The advent of the space age introduced a new and rapidly expanding category of radio emissions from 
 Earth: those associated with satellite communications. This domain has evolved from rudimentary 
 experimental transmissions to complex global networks, contributing significantly to Earth's radio 
 footprint in space. 

 5.1 Early Satellite Uplinks and Downlinks 

 The launch of Sputnik 1 by the Soviet Union in 1957 marked the dawn of the space age. Sputnik 1 
 carried an onboard radio transmitter operating at 20.005 MHz and 40.002 MHz, primarily for studying 
 radio wave distribution in the ionosphere. Early efforts in communication satellites included Project 
 SCORE, launched in 1958, which used a tape recorder to relay a stored voice message, and Echo 1, 
 launched in 1960, which functioned as a passive reflector of microwave signals. A pivotal moment was 
 the launch of Syncom 3 in 1964, which became the first geostationary communication satellite. 

 The transition from passive reflector satellites to active satellites, which amplify a received signal before 
 retransmitting it, represented a fundamental shift in space communication capabilities. With the 
 introduction of active satellites, Earth-based ground stations began transmitting signals specifically 
 designed to reach and be amplified by these orbiting platforms. This inherently led to an increase in the 



 radio power intentionally directed into space, marking the beginning of a new, rapidly growing category of 
 intentional radio emissions distinct from terrestrial broadcasts. This development laid the groundwork for 
 the extensive satellite communication networks that would follow. 

 5.2 Growth of Commercial and Deep Space Communication Networks 

 The number of operational satellites has experienced exponential growth since the turn of the 21st 
 century. While only 14 nations operated satellites at that time, within two decades, 91 new space-faring 
 countries have launched their own. As of May 2025, approximately 11,700 active satellites orbit Earth, 
 with over 8,000 dedicated to communications. This proliferation of satellites necessitates a 
 corresponding expansion of ground station infrastructure. The number of active ground station antennas 
 globally is projected to nearly double by 2025 from over 1,000 sites in 2020. The satellite ground station 
 market itself is experiencing significant growth, driven by increasing demand for high-speed, reliable 
 communication services. 

 Uplink power levels for satellite communications vary significantly depending on the application. The 
 Deep Space Network (DSN), for instance, transmits signals ranging from 16 watts to 400 kilowatts (0.4 
 MW), with power adjusted based on the distance to the spacecraft. Spacecraft themselves typically use 
 lower power transmitters for downlinks to Earth, with CubeSats operating at 1-5 watts, Earth observation 
 satellites at 5-50 watts, and deep space probes like Voyager 1 at around 22 watts. Ground station 
 uplinks for commercial satellite communications often require substantial transmitter powers to achieve 
 the necessary Effective Isotropically Radiated Power (EIRP). For example, the McMurdo Ground Station 
 uses a 200-watt uplink for S-Band communications. Satellites typically transmit signals to Earth with 
 power comparable to a 60-watt light bulb. 

 The frequencies employed in satellite communications span a wide range, from L-band (1.6 GHz) to 
 Ku-band (14-14.5 GHz) and Ka-band (26-40 GHz). Future broadband satellite systems are moving 
 towards even higher frequency bands, such as Q-band (around 40 GHz) and V-band (around 50 GHz), 
 to achieve terabit-per-second capacities. This shift to higher frequencies is critical because these bands 
 experience minimal atmospheric reflection and absorption, ensuring that nearly all transmitted power 
 from ground station uplinks escapes into space. 

 The exponential growth in the number of satellites and ground stations, coupled with the increasing 
 demand for high-speed data, signifies a substantial increase in radio power  intentionally directed into 
 space  through uplinks. This represents a deliberate  and rapidly growing contribution to Earth's radio 
 luminosity in space. The trend is expected to continue with the ongoing deployment of planned 
 megaconstellations, making satellite communication uplinks one of the most significant and rapidly 
 increasing sources of radio power released from Earth into space. 

 5.3 Unintentional Emissions from Satellite Constellations 

 Beyond intentional uplinks, the proliferation of satellite constellations has introduced a new and 
 increasingly significant source of radio leakage: unintentional electromagnetic radiation (UEMR). Studies 
 utilizing Europe's Low-Frequency Array (LOFAR) have revealed that Generation 1 Starlink satellites were 
 leaking UEMR in the 110-188 MHz range, and subsequent observations in 2024 showed that Generation 
 2 Starlink satellites were leaking over 30 times more UEMR than their predecessors. This UEMR is 
 remarkably intense, being up to 10 million times brighter than the faintest naturally occurring 
 radio-emitting objects in the night sky. 

 Mobile communication towers also represent a relatively new but rapidly growing contributor to Earth's 
 total radio leakage. Preliminary results from a 2025 study by Sheikh et al. indicate that the peak power 
 leaking into space from LTE mobile towers can reach approximately 4 GW. While individual mobile 
 towers transmit at relatively low power levels (hundreds of watts), their immense global numbers and 



 antenna directivity make their aggregated emissions a significant component of Earth's radio signature. 
 Future 5G mobile systems are anticipated to be even more powerful, further increasing the detectability 
 of mobile tower leakage. 

 The rapid deployment of massive LEO satellite constellations, such as Starlink, which alone had 
 approximately 7,500 active satellites in May 2025 , along with the global network of mobile 
 communication towers, is creating a new, pervasive form of radio leakage. This is not merely directed 
 communication but a widespread "spillover" that contributes to Earth's overall radio luminosity. This 
 "digital haze" is characterized by broadband emissions and high intensity relative to natural astronomical 
 signals. The sheer volume of digital communication, particularly from ubiquitous mobile networks and 
 satellite constellations, is fundamentally altering Earth's radio signature, transforming it into a more 
 diffuse but cumulatively powerful beacon for distant observers. This widespread, often unintentional, 
 radio emission poses a growing challenge for radio astronomy by increasing radio frequency interference 
 (RFI) and altering the background against which natural cosmic signals are observed. 

 Table 5: Estimated Uplink Power and Growth of Satellite Communication Systems (1950s-2025) 

 Year/Decad 
 e 

 Number of 
 Active 

 Satellites 
 (Operational) 

 Number 
 of 

 Ground 
 Stations 
 (Global, 
 approx.) 

 Representativ 
 e Uplink 

 Power (kW) 
 (for specific 

 types) 

 Estimated 
 Power from 

 Unintentiona 
 l Leakage 
 (MW/GW) 

 (from 
 Earth-based 

 sources) 

 Estimate 
 d Total 
 Power 

 Escaping 
 (MW) 

 Notes 

 1950s  <10  <10  Sputnik 
 (negligible 
 uplink) 

 Negligible  <0.001  Early 
 experimental 
 satellites 

 1960s  ~10-100  ~10-50  Telstar (MEO), 
 Syncom (GEO) 
 (low kW) 

 Negligible  ~0.01-0.1  First active 
 comms 
 satellites 

 1970s  ~100-300  ~50-100  Intelsat (low 
 kW) 

 Negligible  ~0.1-1  Global 
 network 
 development 

 1980s  ~300-500  ~100-20 
 0 

 DSN (up to 
 400 kW) 

 Negligible  ~1-10  DSN active, 
 early 
 commercial 
 growth 

 1990s  ~500-1000  ~200-50 
 0 

 DSN (up to 
 400 kW), 
 Commercial 
 (low kW) 

 Negligible  ~5-20  McMurdo GS 
 0.2 kW 
 uplink 

 2000s  ~1000-2000  ~500-10 
 00 

 DSN (up to 
 400 kW), 
 Commercial 
 (low-mid kW) 

 Negligible  ~10-50  Early 2000s 
 satellites a 
 few kW 



 2010s  ~2000-5000  ~1000-1 
 500 

 DSN (up to 
 400 kW), 
 Commercial 
 (mid kW) 

 Negligible 
 (mobile 
 towers 
 emerging) 

 ~50-200  O3b MEO 
 constellation 

 2020-2025  ~11,700 (May 
 2025) 

 ~1500-2 
 000 

 DSN (up to 
 400 kW), 
 Commercial 
 (mid-high kW) 

 Mobile 
 Towers: ~4 
 GW peak ; 
 Starlink: 
 significant 
 UEMR 

 ~200-500 
 (plus 4 
 GW peak 
 mobile 
 leakage) 

 Massive 
 growth in 
 LEO 
 constellation 
 s (Starlink 
 ~7500 
 active) ; 
 Mobile tower 
 leakage 
 becomes 
 dominant 
 factor 

 Note: "Estimated Total Power Escaping" for satellite communications primarily represents intentional 
 uplinks, with unintentional leakage from mobile towers and satellite constellations becoming a significant 
 additional factor in recent years. The 4 GW for mobile towers is a peak leakage value, not a continuous 
 average. 

 6. Cumulative Radio Power Released into Outer Space 
 (1900-2025) 

 6.1 Synthesis of Power Trends by Source Category 

 The aggregation of estimated power contributions from broadcast, radar, and satellite communication 
 systems reveals a profound evolution in Earth's radio footprint over the period from 1900 to 2025. In the 
 early 20th century, the total radio power released into space was negligible, stemming from rudimentary 
 experimental radio transmissions. As radio broadcasting entered its "Golden Age" in the 1930s and 
 1940s, and analog television expanded rapidly after World War II, terrestrial broadcast emissions 
 became the primary contributors, reaching tens to hundreds of megawatts by the 1970s. This period was 
 characterized by powerful analog signals, many of which, particularly in the VHF and UHF bands, could 
 penetrate the ionosphere and propagate into space. 

 The post-World War II era also saw the sustained growth of radar systems—military, air traffic control, 
 and weather. These systems, operating at higher frequencies and often with significant peak and 
 average powers, became consistent and substantial contributors to Earth's radio luminosity in space. By 
 the 2000s, radar emissions were estimated to be in the hundreds of megawatts. 

 A transformative shift has occurred in the late 20th and early 21st centuries. While the reliance on 
 traditional over-the-air analog broadcast has diminished due to the global transition to digital standards 
 and the proliferation of alternative content distribution methods like cable and internet streaming, this 
 reduction has been more than offset by the exponential growth in satellite communications and mobile 
 telephony. High-frequency satellite uplinks, designed to penetrate the atmosphere, contribute significant 
 and increasing power. More recently, the pervasive unintentional electromagnetic radiation (UEMR) from 
 massive low Earth orbit (LEO) satellite constellations (e.g., Starlink) and the global network of mobile 



 communication towers has emerged as a dominant factor. Preliminary estimates indicate peak leakage 
 from mobile towers alone can reach approximately 4 GW by 2025. 

 The overall trend demonstrates a continuous and significant increase in the total radio power released 
 from Earth into space. The nature of this radio luminosity has also undergone a qualitative shift. Initially, 
 Earth's radio signature was characterized by powerful, relatively low-frequency analog broadcasts and 
 pulsed radars, which, while strong, were subject to atmospheric filtering or were intermittent. As 
 technology advanced, the shift to higher frequencies for radar and satellite communications meant that 
 more power was  intentionally  directed to escape the  atmosphere. More recently, the sheer volume of 
 digital communication, particularly from ubiquitous mobile networks and satellite constellations, has 
 created a pervasive, broadband "digital haze". This means the radio footprint is evolving from distinct, 
 powerful, and sometimes intermittent "beacons" to a more diffuse, continuous, and globally distributed 
 emission. This evolving signature presents both new opportunities and challenges for SETI and radio 
 astronomy. 

 6.2 Overall Earth Radio Signature and Detectability 

 Earth's radio signals are considered its most detectable technosignatures. Research by Sheikh et al. 
 (2025) indicates that planetary radar emissions from Earth are potentially detectable from up to 12,000 
 light-years away with present-day Earth-like instrumentation. This remarkable detection range highlights 
 the extreme power and focused directivity of these specific systems. The study utilized Earth's own 
 technosignatures as a "cosmic mirror" to model what an advanced extraterrestrial civilization might 
 perceive. 

 While powerful, targeted emissions like planetary radar provide the maximum detection distance due to 
 their focused, high-power nature, the increasing cumulative power from widespread, 
 lower-power-per-unit sources contributes to a pervasive and continuous radio signature. For example, 
 the estimated peak leakage from mobile towers alone is approximately 4 GW. Even if individual mobile 
 signals are weak, their global aggregation creates a significant, constant radio "haze" that could be 
 detected by sensitive instruments, potentially from a shorter range than a directed radar pulse but with 
 greater persistence. 

 Some scientists suggest that Earth is becoming "anomalously bright" in the radio part of the spectrum, 
 and if this trend continues, it could become readily detectable by any advanced civilization equipped with 
 the appropriate technology. This implies that SETI efforts may need to adapt their search strategies to 
 account for both powerful, intermittent, targeted signals and a more diffuse, broadband, and continuous 
 "leakage" signature, reflecting the dynamic technological landscape of Earth. The increasing radio 
 frequency interference (RFI) resulting from this growing radio luminosity also poses a significant 
 challenge for terrestrial radio astronomy, potentially "wiping out" certain radio bands for observation. 

 Table 6: Summary of Estimated Total Anthropogenic Radio Power Released from Earth into 
 Space (1900-2025) 

 Year/Decad 
 e 

 Broadcast 
 (MW) 

 Radar 
 (MW) 

 Satellite 
 Comm. & 

 Other (MW) 

 Cumulative 
 Total (MW) 

 Notes 

 1900-1910  <0.001  <0.001  0  <0.002  Early experimental 
 radio only 

 1920s  <0.01  <0.01  0  <0.02  Radio broadcasting 
 begins; early radar 
 experiments 



 1930s  ~0.05-0.5  <0.01  0  ~0.06-0.51  Golden Age of Radio; 
 military radar 
 development starts 

 1940s  ~0.1-1  ~0.1-1  0  ~0.2-2  WWII drives radar 
 development; FM 
 emerges 

 1950s  ~1-10  ~1-10  <0.001  ~2-20  TV expands; first 
 satellites launched 

 1960s  ~10-50  ~5-20  ~0.01-0.1  ~15-70  FM widespread; 
 active comms 
 satellites begin 

 1970s  ~50-100  ~10-30  ~0.1-1  ~60-131  Peak analog TV; 
 satellite networks 
 grow 

 1980s  ~100-150  ~20-50  ~1-10  ~121-210  Cable TV begins to 
 shift distribution; DSN 
 active 

 1990s  ~150-200  ~50-10 
 0 

 ~5-20  ~205-320  Digital TV emerges; 
 early satellite 
 constellations 

 2000s  ~100-150  ~100-2 
 00 

 ~10-50  ~210-400  Digital transition 
 reduces broadcast 
 leakage 

 2010s  ~50-100  ~150-3 
 00 

 ~50-200  ~250-600  Mobile towers and 
 LEO constellations 
 begin significant 
 leakage 

 2020-2025  ~30-60  ~200-4 
 00 

 ~200-500 
 (plus 4 GW 
 peak mobile 
 leakage) 

 ~430-960 (plus 4 
 GW peak mobile 
 leakage) 

 Exponential growth of 
 satellite and mobile 
 leakage 

 Export to Sheets 

 Note: The "Cumulative Total" represents the sum of estimated average power contributions from each 
 category. The 4 GW peak mobile leakage for 2020-2025 is a peak value for leakage, not a continuous 
 average, and is noted separately due to its magnitude and pervasive nature. 

 7. Future Outlook (Post-2025) and Implications 
 The trends observed in Earth's radio power emissions from 1900 to 2025 suggest a continued and 
 accelerating increase in the planet's radio luminosity into space. This trajectory is driven primarily by 
 ongoing technological shifts and the expansion of global communication infrastructure. 

 Projections for future radio power emissions indicate that the rapid deployment of massive low Earth 
 orbit (LEO) satellite constellations will continue unabated. Proposals for over 1 million private satellites, 



 organized into approximately 300 different megaconstellations, have already been submitted to the 
 International Telecommunications Union (ITU). The estimated carrying capacity for LEO is around 
 100,000 active satellites. This exponential growth in orbiting infrastructure will inevitably lead to a 
 corresponding increase in both intentional uplinks and unintentional electromagnetic radiation (UEMR) 
 escaping into space. 

 Simultaneously, the global rollout of 5G and subsequent generations of mobile communication systems 
 will involve the deployment of more powerful broadband systems. This development is expected to 
 further increase the detectability of mobile tower leakage, which has already shown peak power 
 contributions in the gigawatt range. Furthermore, future broadband satellite communication systems are 
 targeting terabit-per-second capacities, necessitating the use of even higher frequency bands, such as 
 Q-band (around 40 GHz) and V-band (around 50 GHz). This shift towards higher frequencies is 
 significant because these signals experience minimal atmospheric reflection and absorption, ensuring 
 that a larger proportion of transmitted power effectively penetrates the atmosphere and escapes into 
 space. 

 The implications of these projected increases in radio power emissions are substantial, particularly for 
 the field of radio astronomy. The proliferation of satellites and mobile networks is already leading to a 
 significant increase in radio frequency interference (RFI), which poses a major challenge for terrestrial 
 radio observatories. This escalating interference could render certain radio bands "completely wiped out" 
 for astronomical study, making it increasingly difficult to detect and analyze faint natural celestial signals. 
 This phenomenon necessitates the development of advanced mitigation techniques by astronomers, 
 including methods to track and filter out RFI, even from signals reflected off transient objects like 
 airplanes. 

 8. Conclusion 
 The analysis of Earth's radio power released into outer space from 1900 to 2025 reveals a dynamic and 
 continuously escalating trend, driven by successive waves of technological innovation. From the nascent 
 experimental transmissions of the early 20th century, which contributed negligibly to space-bound power, 
 the planet's radio luminosity has grown to encompass hundreds of megawatts of average power, with 
 peak contributions from modern mobile networks reaching into the gigawatt range. (Which only reach 
 four light-years into space.) 

 The "Golden Age" of AM and FM radio, followed by the rapid expansion of analog television post-WWII, 
 marked the initial significant contributions. While lower-frequency AM signals were largely reflected or 
 absorbed by the ionosphere, higher-frequency FM and analog TV signals effectively penetrated the 
 atmosphere, creating a detectable "radio bubble" with a detectable radius of 111 light-years expanding 
 outwards from Earth. 

 The consistent and widespread deployment of radar systems—military, air traffic control, and 
 weather—since the mid-20th century has provided a steady and substantial source of radio emissions 
 into space. These systems, characterized by high peak and average powers and operating at 
 frequencies well within the atmospheric window, continue to be major contributors to Earth's radio 
 signature. 
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 Estimated global TV 
 stations radio power 
 escaping into space 
 (1920-2025) 

 Year/Decade  Estimated Global Stations  Estimated Total Power Escaping (MW) 

 1920s  <10  <0.001 

 1930s  <25  <0.005 

 1940s  ~25-100  ~0.01-0.5 

 1950s  ~100-1000  ~1-10 

 1960s  ~1000-5000  ~10-50 

 1970s  ~5000-10000  ~50-100 

 1980s  ~10000-15000  ~100-150 

 1990s  ~15000-20000  ~150-200 

 2000s  ~20000-25000  ~100-150 

 2010s  ~25000-30000  ~50-100 

 2020-2025  ~30000-35000  ~30-60 
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