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ABSTRACT  
 
Problems associated with telemetry blackout caused by the plasma sheath surrounding a hypersonic 
vehicle are addressed. In particular, the critical nature of overcoming this limitation for test and 
evaluation purposes is detailed. Since the telemetry blackout causes great concern for atmospheric 
cruise vehicles, ballistic missiles, and reentry vehicles, there have been many proposed approaches 
to solving the problem. This paper overviews aerodynamic design methodologies, for which the 
required technologies are only now being realized, which may allow for uninterrupted transmission 
through a plasma sheath. The severity of the signal attenuation is dependent on vehicle 
configuration, trajectory, flightpath, and mission.  
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INTRODUCTION 
 

From the dawn of time, mankind has dreamed of flight, to soar like the birds and venture to the stars. 
The first successful flight of the Wright Flyer opened a new frontier of possibilities. In a few short 
seconds, the cumulative dreams of humanity had suddenly become reality and, in those few seconds, 
a Pandora’s box of new challenges had been opened; challenges such as instrumentation and 
navigation, as well as advancing the theoretical basis of propulsion, structures, and aerodynamics. In 
the years since that 1902 flight, mankind has pushed the limits of technology to fly faster and higher, 
venture to the moon and back, and probe the reaches of the universe. Each of these goals was 
achieved through extensive testing and evaluation (T&E) of state-of-the-art vehicle prototypes. As 
each new step was completed, dreams became grander, design tolerances became smaller, and 
vehicles became increasingly complex. Associated with these changes, there were also increased 
government regulation, extensive cost cutting, and fundamental differences in acceptance of risk. 



 

Nowhere have these later changes been more devastating than in the T&E community where the 
burden of program success rests on their shoulders.  
 
The days of free spending and the learn-as-you-go attitude that began the X-Plane experimental 
flight test program in the 1940’s are long gone. Although the program remains, these ideologies have 
been replaced by the extensive use of ground testing, minimization of flight testing, and the crippling 
government stance that virtually mandates program cancellation at the first sign of failure. Of course, 
many of these regulations come with good intentions, such as promoting safety, preservation of life 
and the environment, and necessitating good science over gut instinct. Unfortunately, these 
regulations also rule out many of the learning aspects of flight testing in favor of test-point 
validation.  
 
For the realm of hypersonics (characterized by velocities greater than five times the speed of sound), 
ground testing is only possible to a certain point after which flight testing becomes necessary. The 
T&E of operational hypersonic cruise vehicles will be a challenge.  One of the major challenges will 
be the difficulty of radio frequency telemetry through a plasma field.  During certain hypersonic 
regimes, the plasma field generated around a vehicle can cause signal attenuation or complete 
communication blackout. Standard T&E procedures require real-time telemetry monitoring at all 
times, primarily for flight safety reasons. Without real-time monitoring it is extremely difficult to 
make quick decisions on when to abort a flight. This safety issue becomes significant if the vehicle is 
capable of sustained hypersonic flight. (Note that Mach number 10 flight allows travel to anywhere 
in the world in about an hour and a half; a strong military reason for developing a vehicle capable of 
such velocities.) A secondary reason for desiring the ability of real-time telemetry is for catastrophe 
analysis. Data collected milliseconds prior to a catastrophe could be critical in determining the cause, 
especially at hypersonic velocities (greater than about 1.5 km/s). In this case, real-time data 
telemetry could be absolutely critical since the velocities and altitudes involved imply that it is 
unlikely that onboard recorders would survive a crash (or be found if they do survive). A tertiary 
reason for real-time monitoring is test point validation. This is mostly a cost issue, but during normal 
envelope expansion, it is faster and cheaper to be able to verify a test-point during flight and proceed 
to the next test point without having to land and takeoff in between. 
 
Telemetry through plasma layers becomes essential when acknowledging the fact that most air-
breathing hypersonic vehicle concepts are unmanned aerial vehicles (UAVs), including missiles, 
reconnaissance and weapon delivery platforms, and test versions of access to space vehicles.  Public 
acceptance of a UAV in sustained hypersonic flight under autonomous control, especially if it is a 
weapon or capable of delivering a weapon, would be unlikely. As such, if current hypersonic vehicle 
designs were to become operational they could not be tested at Edwards Air Force Base (or 
elsewhere) for the reasons sited above.  
 
Air Force interest in pursuing a solution to telemetry through a plasma sheath has been renewed 
recently since the resulting methodology may dictate some hypersonic vehicle design requirements. 
(Note that the U.S. Air Force started research into telemetry through reentry plasma layers1 in 1959.) 
The design of a hypersonic vehicle is a complex series of tradeoffs between highly coupled systems, 
including, but not limited to, propulsion, control, volumetric, payload, fuel, structural, aerodynamic, 
mission, and telemetry requirements. One promising solution for allowing telemetry through plasma 
layers is through aerodynamic shaping of the vehicle leading edge to generate the desired plasma 



 

properties further downstream. Shaping of this type could possibly allow for telemetry at the tail of 
the vehicle with minimal signal attenuation. However, aerodynamic modification of a hypersonic 
vehicle after production would be more difficult and costly than designing the vehicle to account for 
the telemetry requirements in the beginning. As such, it is important to incorporate T&E concerns 
early in the vehicle design and mission selection phases so the requirements are accounted for when 
doing configuration studies. Therefore, solutions to radio frequency telemetry through a plasma 
sheath need to be researched before such vehicles get off the drawing board or entire programs may 
fail due to an inability to safely do testing. This effort is further complicated by the fact that the 
degree of ionization and the resulting attenuation or blackout of telemetry signals is dependent on 
vehicle geometry, angle of attack, mission, flight velocity, and altitude.  
 
 

HYPERSONIC FLOWFIELD 
 
The attenuation of the radio frequency signals between a hypersonic vehicle enveloped in a plasma 
sheath and the ground stations, satellites, and aircraft tracking it can be severe and in most cases will 
be total during a portion of the flight. Although it is known that the mechanism of plasma generation 
is through the shock heating of the air above the molecular dissociation and ionization temperatures, 
the mechanism of how to control or modify the plasma is not sufficiently understood. The ionization 
problem can also be further complicated by the presence of ablation products in the flowfield. 
 
In addition to propulsion, aerodynamic, and control issues, the ability to communicate through a 
plasma layer remains a critical area of research in hypersonic flight.2-6 The accurate knowledge of 
vehicle position, velocity, flightpath angle, and monitoring of overall vehicle health become 
especially important at hypersonic velocities. Due to the large velocity, a hypersonic vehicle has a 
tremendous amount of kinetic and potential energy as it travels through the atmosphere. At 
supersonic velocities, a shockwave is formed around the vehicle, thereby compressing and heating 
the oncoming air. At hypersonic velocities, this heating can be sufficient enough to increases the 
temperature above the dissociation and ionization temperatures of the air constituents, forming a 
plasma layer around the vehicle.  
 
The plasma is an electrically charged gas consisting of both ionized molecules and free electrons and 
is often considered as the fourth state of matter. The dissociation of oxygen (above temperatures of 
about 2,000 K) and nitrogen (above temperatures of about 4,000 K) populates the plasma field with 
NO+, N+, and O+ ions, along with neutralizing free electrons. In the most general sense, the term 
plasma refers to any electrically conducting gas regardless of the extent of ionization or degree of 
electrical neutrality associated with it. This layer of ionized gas between the shockwave the vehicle 
is referred to as the plasma sheath. During the communication blackout portion of the flight the 
plasma is characterized by electron concentrations on the order of 108 to 1013 electrons/cm3, 
depending on the configuration, flight velocity, trajectory, and location within the shock layer. It is 
the free electrons that attenuate or absorb the electromagnetic wave, especially when the 
transmission frequency is near to the plasma frequency. The plasma frequency is proportional to the 
square root of the electron density. Successful transmission through the plasma sheath will require 
transmission frequencies about the plasma frequency. Therefore, the solution to this problem will be 
achieved by lowering the electron density in the plasma sheath through aerodynamic shaping of the 
vehicle. 



 

There are three dominant mission scenarios for which telemetry through a plasma sheath is a 
concern: 1) an air-breathing hypersonic cruise vehicle, 2) an access to space vehicle, and 3) a 
ballistic missile. Although these missions seem fundamentally different, the general physics 
involved in the electromagnetic wave/plasma sheath interaction are the same. The access to space 
vehicle and ballistic missile are designed to leave and subsequently reenter the earth’s atmosphere. 
These types of vehicles could be traveling at velocities up to Mach number 26 (about 8 km/s). An 
air-breathing access to space vehicle would spend much more of its flight within earth’s atmosphere 
than a ballistic missile, and would likely be in a communication blackout for a significant amount of 
time. The air-breathing hypersonic cruise vehicle, which remains within the earth’s atmosphere to 
provide oxidizer for its engine(s), also has the added concern that for a majority of its flight profile, 
the vehicle could be enveloped within a plasma sheath. The cruise vehicle can be envisioned as a 
missile, a weapon delivery platform, or a reconnaissance vehicle, and thus be traveling at any 
hypersonic Mach number. Current Air Force T&E concerns are to develop the ability to test air-
breathing hypersonic cruise and access to space vehicles before the need arises.  
 
From as early on as the 1950’s, research has been performed in the United States on solutions to the 
problem of telemetry through plasma layers, primarily for blunt body reentry vehicles.2,7 Much of 
this work provides insight into the ionized flowfield and particulars of the electromagnetic 
wave/plasma sheath interaction. Unfortunately, previous research generally focused on blunt body 
reentry vehicles, such as the Gemini and Apollo capsules, and blunted cones for ballistic missiles.  
Of the work that has been done in this area, little has been published in the open literature due to 
security concerns. Air-breathing hypersonic cruise and access to space vehicles currently being 
researched are designed with sharp leading edges to minimize losses due to drag8, as shown by the 
missile in figure 1. By building on the past work for blunt bodies under the unction of the necessity 
of sharp leading-edge configurations, many benefits will be realized. 

Figure 1: Air-Breathing Hypersonic Missile Concept. 8 

 
 
 
 



 

BLUNT BODY REENTRY FLOWFIELD 
 
Vehicles at the reentry point in their trajectory are generally in a nose-up (high angle of attack) 
attitude in an effort to minimize surface heating. The surface heating increases inversely proportional 
to the square root of the radius (i.e., q ∝ R-1/2). By increasing the vehicle’s effective leading-edge 
radius for reentry there is a much more manageable heat load for the structure to handle, which 
requires that more of the heat be absorbed by the air resulting in higher temperatures and a higher 
degree of ionization. Conversely, by reducing the effective leading-edge radius, the electron 
concentration, and hence electromagnetic attenuation, is generally reduced (depending on the wave 
frequency) at the expense of increased localized heating at the leading edge. This localized heating 
for sharper leading edges has both advantages and disadvantages when considering telemetry 
through the plasma sheath; these details are explored in the section on aerodynamic shaping. 
 

 

Figure 2: Dummy MIRV Warheads On A Minuteman III Intercontinental 
Ballistic Missile (The Left One Has A Modified Sharp Leading Edge Design As 
A Part Of The SHARP Program At NASA Ames Research Center). 

 
Sample conical Multiple Independently Targetable Reentry Vehicles (MIRV) warheads launched 
from a Minuteman III Inter-Continental Ballistic Missile (ICBM) are shown in figure 2. The two 
vehicles on the right in figure 2 are the original design, while the one on the left has been modified 
with a sharp leading edge as part of the Slender Hypervelocity Aerothermodynamic Research Probes 
(SHARP) program9,10 at NASA Ames Research Center. Although not aimed at studying telemetry 



 

through plasma layers, the SHARP program is of considerable applicability since it is studying high 
temperature materials (hafnium diboride) that could be used to create leading edges with as low as 1 
mm radius. As noted previously, these sharper leading edges would have a dramatic impact on the 
reentry plasma and associated electron concentration. 
 
A pictorial of the plasma sheath3 around a MIRV-type vehicle upon reentry is shown in figure 3. 
There are five main regions used to characterize the flowfield around a decelerating hypersonic 
vehicle: stagnation region, intermediate region, aftbody region, wake region, and the boundary layer. 
Due to the unique nature of different vehicle configurations, the plasma electron density profile at 
any given location on a vehicle is a direct function of the vehicle shape, velocity, altitude, and angle 
of attack. Knowledge of the plasma electron density around a vehicle along with a better 
understanding of the characteristics for the different flowfield regions will allow for better design of 
the hypersonic vehicle to account for antenna type, placement, and utilization of communication 
blackout alleviation techniques. 

 

Figure 3: Flowfield Around a Representative Conical Reentry Vehicle.3 
 

The most severe plasma conditions exist in the stagnation region at the front of the vehicle. A nearly 
normal shock generates high temperatures and pressures in this region resulting in the highest levels 
of ionization. If the temperatures were high enough to ablate and ionize the leading-edge material, 
then the electron concentrations would be higher than possible for pure air alone. As a result of these 
conditions, the vehicle antennas are placed as far from the stagnation region as possible where the 
environmental conditions are generally orders of magnitude less severe. 
 
The intermediate region, which follows the stagnation region, is characterized by the plasma in a 
state of chemical nonequilibrium. Although the conditions in this region are not as severe as in the 
stagnation region, the communications blackout experienced by aft-mounted antennas are caused by 
this region if the vehicle is at a moderate angle of attack. If a high angle of attack is used, then the 



 

blackout is caused mainly by the aftbody region (depending on the flowfield streamlines). A 
hypersonic cruise or ascending access to space vehicle will generally be at a very low angle of 
attack.  
 
The plasma flowfield in the aftbody region is developed mostly by the flow whose streamlines pass 
through the oblique shock and flow past the aftbody. Correspondingly, the plasma conditions in this 
region are much less severe than the conditions in the intermediate region. 
 
At the base of the vehicle, the flow in the wake region exhibits a complex structure consisting of 
separated flow, circulation, and a large amount of electron ion recombination over part of the rear, 
and frozen flow over the other part. The plasma in this region generally will not affect 
communication if the frequency is greater than 1 GHz. If the flowfield is significantly contaminated 
with ablation products then there will be an effect on communication, even at frequencies greater 
than 1 GHz. For an air-breathing hypersonic vehicle, the base region would have a more tapered 
profile, as shown in the missile in figure 1. 
 
The final flow regime is the viscous boundary layer, which exists along the entire surface of the 
vehicle and is therefore part of each of the other four regions to some extent. As is characteristic of 
any boundary layer, large gradients in both temperature and velocity exist. Boundary layer 
ionization, in reference to signal attenuation, is only significant above an altitude of about 75 km 
where the boundary layer thickness is similar to the thickness of the shock layer.3 The properties in 
the inviscid region outside of the boundary layer generally have a much more significant effect on 
signal strength at lower altitudes. Therefore, the effects of ionization in the boundary layer are 
frequently neglected in signal attenuation calculations. 
 

 
Figure 4: Radial Electron Density And Collision Frequency Profiles At The Antenna Location On A 
Typical Blunt-Nosed MIRV At 27 Km. 3 



 

For the type of MIRV pictured in figures 2 and 3, the plasma sheath exists between altitudes of  
120 km down to 15 km with the peak electron density occurring at about 27 km. Sample contours 
showing the calculated radial distribution of electron density and collision frequency at the antenna 
location (near the rear of the vehicle) are shown in figure 4. The corresponding temperature profile is 
nonlinear and ranges from about 3,800 K at the vehicle surface to about 2,000 K at the shockwave. 
From figure 4 it can be clearly seen that the collision frequency in this region near the rear of the 
vehicle is fairly linear while the electron density is highly nonlinear. 

 
 

AERODYNAMIC SHAPING EFFECTS 
 
With a general description of the plasma physics and aerodynamics of hypersonic reentry vehicles 
complete, the benefits of aerodynamic shaping of the vehicle can be explored. As was shown in 
figures 1 and 2, there is considerable interest and research that pertains to sharp leading-edge 
hypersonic configurations. This is primarily due to the drag reduction and lift increase that can be 
achieved by having a sharper leading edge with an attached shockwave. Unfortunately, sharper 
leading-edge vehicles also have associated problems, such as a higher leading edge heat transfer rate. 
In addition, for a given length vehicle, increasing the sharpness of the leading edge will decrease 
both the vehicle volume and volumetric efficiency. 
 
As mentioned above, an air-breathing hypersonic cruise vehicle will only use a small range of angle 
of attack. Thus, the cruise vehicle flowfield will be different than was described for the reentry 
bodies, but by understanding the advantageous results from the reentry flowfield, the cruiser can be 
shaped to provide similar properties. The reentry bodies generally try to locate the telemetry antenna 
towards the back of the vehicle in the aftbody flow region. An air-breathing vehicle also requires 
placement of the antenna as far from the stagnation region as possible, but due to the small angles of 
attack in this case, the vehicle flowfield will be dominated by streamlines passing through the 
stagnation region. Therefore, the challenge of aerodynamic shaping is in designing the vehicle to 
minimize the flowfield temperature (and hence, lower the electron concentrations) while ensuring 
the structural viability of the leading edge.  
 
The flowfield generated at the leading-edge is extremely important for an air-breathing hypersonic 
vehicle since a streamline that originates at the leading edge will generally pass by the tail of the 
vehicle. By using a sharp leading edge on a hypersonic vehicle, not only will the temperatures be 
lower than if the leading edge was blunt, but the plasma sheath surrounding the vehicle will be 
thinner and contain fewer free electrons. The benefit of a thinner plasma sheath is that it will be 
easier to transmit through or easier to alter using an active method of plasma modification.7 By 
thinning the shock layer, however, the temperature and electron gradients will be more severe than 
shown for the blunt body in figure 4. 
 
The relative effects of reducing the leading-edge radius are understood, but what requires further 
investigation is to determine the optimum shape for the leading edge. Generally, simple circular 
cylinder shapes are used for leading edges, but research has shown that it is possible to generate 
noncircular, sharp leading edges that may provide a more advantageous telemetry environment.11,12 
There is a class of leading-edge shapes, generated by a two-dimensional power law function 
(y=Axn), which show a desirable combination of aerodynamic and geometric properties. Certain 



 

designs behave aerodynamically sharp (attached shock), while simultaneously behaving 
geometrically blunt (good heat transfer characteristics). These power law shaped leading edges show 
promise towards providing a more benign plasma environment. 
 
By shaping the vehicle geometry in the proper fashion, it may be possible to design the shock layer 
so it expands rapidly after the flow is past the leading edge. By rapidly expanding the flow, the 
temperature will be reduced, and along with it, possibly the electron concentration (through 
recombination with the ionized species). If expanded too rapidly, the temperature will drop too 
quickly and the flow will freeze (i.e., chemical reactions will cease and the ion and electron 
concentrations will be fixed). These recombination and freezing characteristics have been studied for 
reentry bodies,13,14 but further work is needed to generate methodologies for advantageous 
aerodynamic shaping of sharp leading-edge, air-breathing hypersonic vehicles. 
 
 

CONCLUSIONS 
 
From the time that man started venturing into the realms of space, the problems associated with 
communication blackout due to the plasma sheath have been studied analytically, experimentally, 
and with flight test vehicles. Unfortunately, little progress has been made in the last 40 years towards 
solving this problem in a robust and acceptable manner, although small strides have been made. Due 
to security concerns, much of the information on the progress that has been made in these areas 
remains classified. 
 
Through the result of many years of research, accomplishing the milestone of building and flying an 
air-breathing hypersonic cruise vehicle seems to be looming just over the horizon. Extending the yet 
unfinished work of achieving telemetry through plasma layers from the reentry environment to the 
sustained hypersonic cruising environment is now required more imminently then ever. The need to 
eliminate the communication blackout problem is critical for T&E of hypersonic cruise and access to 
space vehicles, which will spend a considerable amount of time in earth’s atmosphere, likely 
enveloped in a plasma sheath. Since the plasma environment is highly dependent on the vehicle 
configuration, flightpath angle, and flight velocity, the proper design of an air-breathing hypersonic 
vehicle will need to incorporate the T&E telemetry concerns into the base-level design requirements. 
Including T&E concerns after the fact for air-breathing hypersonic vehicles would most likely make 
testing impossible or require substantial redesign of the vehicle. Any postproduction vehicle 
enhancements made to satisfy T&E telemetry requirements would likely be very costly, time 
consuming, and most importantly, disrupt the small vehicle performance margins.  
 
The most promising techniques for eliminating the reentry communications blackout phenomena 
will likely be a combination of techniques. Aerodynamic shaping of the vehicle, especially the 
leading edge, will play a major role in tailoring the flowfield properties to make telemetry through 
the plasma sheath possible. Although not detailed in this paper,7 methods of active flowfield 
modification using electrophilic injection, or imposing a magnetic field, will benefit from the 
reduced electron concentrations achievable through aerodynamic shaping. 
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