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Effects of Various Re-Entry Vehicle Parameters
on Radio Frequency Attenuation

F. A. VlCENTE*
Aerospace Corporation, El SegundOj Calif.

The effects of antenna location, cone angle, nose radius, signal frequency, vehicle velocity,
and wall temperature on rf signal attenuation are examined. For the assumptions of a clean
air equilibrium flow and a thin slab electromagnetic model, the results indicate that a great
reduction in rf signal attenuation can be achieved by proper aerodynamic shaping of the
vehicle. Sample calculations are made for a transmission frequency of 600 me for nose
bluntness varying from J-in. to 1-ft radius, cone angles from 10° to 60°, wall enthalpies from
300 to 1200 Btu/lb, and velocities from 20,000 to 24,000 fps for a range of altitudes of 50,000 to
200,000 ft. Altitude-velocity maps for lines of constant attenuation are also presented. Re-
sults indicate that, for sharp slender bodies, rf attenuation can be limited to 10 db throughout
the re-entry envelope.

Nomenclature

a = speed of sound
CQ = speed of light in a vacuum
db = attenuation
dS/dn = entropy gradient normal to streamline
e = charge
E = electric field
ft = transmission frequency, cps
g = mass conversion factor, 32.2 Ibm/slug
hi = enthalpy
hw = wall enthalpy
/ = energy conversion factor, 778 ft-lb/Btu
J = current density
L = plasma thickness
m = electron mass
N = number density of electrons
HO = £0/Co = 27T/X0

Ri = radius of curvature in the hodograph plane
Rn = nose radius
S = specific entropy
T = transmission coefficient
u = velocity component in axial direction
v = velocity component in radial direction
v = electron drift velocity
vni = velocity normal to ray
vri — velocity along ray
V = freestream velocity
Ve = re-entry velocity, kft/sec
V\ira = limiting velocity
W = F/Flim
X = (cop/co)2

y = ratio of specific heats
A0 = angular increment from ray to ray
rje = electron density, electrons/cm3

0 = flow angle
Bc — cone half angle, deg
X0 = free space wavelength
fj. = Mach angle
^ = stream function
co = transmission frequency, rad/sec
coc = collision frequency, collision/sec
cop = plasma frequency, rad/sec

Introduction

ALTHOUGH the use of aerodynamic shaping has been
•t*- considered a solution to the rf attenuation problem, the
importance of various vehicle parameters on signal fade has
not received sufficient detailed attention. It is the purpose
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of this paper to examine the effect of: 1) antenna location;
2) cone angle; 3) nose bluntness; 4) signal frequency; 5)
vehicle velocity; and 6) wall temperature, for a sphere-cone
configuration. These effects are examined in detail in order
to provide a logical basis for identifying those shaping
parameters that most effectively reduce rf signal attenuation.

Although heat-shield materials appear to represent a large
contribution to rf attenuation by the injection of various
impurities into the flow streaming over the antennas, this
report does not consider the effect of impurities. Obviously,
with the vast number of heat-shield materials available and
with the varying range of impurities which these materials
contain from sample to sample, it becomes an impossible
task to examine impurity effects for a parametric study of
the type attempted here. It is possible, however, to examine
all other parameters that have an important effect on signal
loss by using clean air, and thereby to show the trends that
are present rather than the actual absolute values of attenu-
ation. As may be noted, vehicle attitude (angle of attack)
effects are also not presented. However, it is possible to
obtain an indication of attitude angle effects simply by the
use of the cone-angle results presented. Although angle of
attack may not, in a strict sense, be superimposed on the
cone angle, such a superposition can lead to valid qualitative
results.

Additional Assumptions

The prediction of rf attenuation during re-entry involves
analysis of: 1) the flow field around the vehicle; 2) the
chemical kinetics of the air; and 3) the electromagnetic
effects due to the presence of an electric field induced by the
antennas.1 These disciplines are mutually coupled, but, as
a first approximation, they are considered as separate en-
tities and analyzed individually.

Because this paper is restricted to sphere-cone vehicles at
zero angle of attack, it is possible to analyze the inviscid flow
about a vehicle that has a specified degree of nose bluntness
by the method of characteristics for axisymmetric rotational
flow.2 For a relatively sharp-nosed slender body, which has
a turbulent boundary layer, conical flow methods may be
used to analyze regions greater than 40 nose radii down-
stream of the nose. Therefore, for most sharp-nosed ve-
hicles and for blunt-nosed vehicles where it is not possible
to place antennas forward of the 40 nose-radii station, the
analysis of the flow field in the vicinity of the antennas can
be based on a sharp cone with an attached shock. With the
inviscid flow field established, the usual treatment of the
viscous boundary layer is possible. Laminar and turbulent



654 F. A. VICENTE J. SPACECRAFT

S/R S/R S/R
a) BLUNT REGION b) INTERMEDIATE c) CONICAL

REGION REGION

Fig. 1 Entropy distribution normal to vehicle wall.

flow may be considered and the required plasma parameters
computed.

The dissociation and ionization problem can be bounded
by considering a frozen and an equilibrium air state. For
sharp-nosed bodies (R < J in.), equilibrium flow predominates
at altitudes lower than 125,000 ft, but nonequilibrium dis-
sociation effects are important for higher altitudes. Recent
work3 has established the rates at which these nonequilibrium
dissociation reactions proceed. However, for sharp-nosed,
slender bodies, dissociation and ionization effects are local-
ized to the nose tip and the thin boundary-layer region.
Consequently, since 1) the effect of contaminants in the
boundary layer (e.g., from heat shields) is difficult to estab-
lish for a general study of the type attempted here; 2) the
altitude, where an overdense plasma is expected, is on the
order of 100,000 ft; and 3) the purpose of this paper is to
show trends rather than absolute values, the chemical
kinetic approach selected for this study is equilibrium chem-
istry for clean air.

The presence of an overdense plasma in the vicinity of an
antenna causes three phenomena that have an adverse effect
on rf signals. These phenomena are: 1) attenuation of
the rf signal due to electromagnetic interaction with the
electrons in the plasma; 2) antenna pattern distortion due
to the presence of the plasma; and 3) antenna breakdown,
which can occur at lower power levels than in the no plasma
case. Only the electromagnetic interaction effects are pre-
sented here, using primarily the thin plasma slab model of
Gold.4 Because much earlier work has been performed, us-
ing a semi-infinite model, constant attenuation lines are
presented using both methods, but the thin-slab model more
closely resembles the actual physical case and should more
nearly agree with the experimental flight attenuation results.

Because antenna pattern distortion due to the presence of
a plasma is extremely difficult to measure under actual flight
conditions, a nondistorted pattern is usually assumed in the
reduction of flight data. Some portion of the observed signal
loss could be attributed to pattern distortion rather than to
rf attenuation, but since the actual magnitude of this effect
has not been established, it is neglected herein. Antenna
breakdown is well defined for a low-pressure environment;
although the presence of plasma would be expected to change
the properties causing antenna breakdown, it is not con-
sidered significant at low telemetry levels and will be neglected
for this study.

Method of Analysis

The region in the vicinity of the nose is governed by flow
effects that arise as a result of the air passing through a strong
curved shock. At some distance far from the nose, the
shock reaches the limiting conical value. (The greater the
bluntness, the farther rearward will conical flow be estab-
lished.) Little or no ionization should be present in this in-
viscid conical region because of the relatively low tempera-
tures involved. The highly rotational flow produced by the

strong shock region remains in a narrow layer close to the
body and is eventually completely swallowed by the boundary
layer, so that the inviscid portion of the flow field appears
to behave essentially like a conical flow as far as attenuation
is concerned.

In order to be able to compute the flow properties in this
region, the numerical method of characteristics must be
used. Fortunately, such a solution for an axisymmetric
flow is available and is used in this paper. However, a
severe limitation exists in the use of the method of character-
istics in computing the inviscid flow field continuously from
the blunt region to the fully conical region. This limitation
arises from the usual assumption of constant entropy gradient
along the characteristic lines.

In order to solve the usual nonlinear partial differential
flow equation for axisymmetric flow, Ref . 5 gives the follow-
ing expression :

= o
Two compatibility relations arise; namely, for character-
istics of the first family,

dW ,. dx sin/z tan/z sin# ,-=- — tan/x dd — — —— 7— —— — +W y cos(0 + p)
dS dx sin3/x
dn gyR cos(0 + = 0

and for characteristics of the second family,

dW dx sin/* tan/x sinfl
y cos(0 — /z)

dS_
dn

dx sin3/*
gyR cos(# — JJL)

The intersection of the characteristics is governed by dy/dx =
tan(0 + /*) for the first family and dy/dx = tan(0 — ju) for
the second family.

It is observed that the compatibility equations form a
system of two equations having three unknowns, dW, dd, and
dS. Ferri5 makes the perfectly valid assumption of constant
entropy gradient along the characteristics; this assumption
is valid not only for flows with constant entropy gradient
but also for flows where a very gradually changing entropy
gradient exists. In the latter case, a fine mesh size will yield
valid results. However, if the calculation is made over an
entire slender body, the entropy distributions noted in Fig. 1
would be expected.

As seen from Fig. Ic, a very sharp elbow exists in the en-
tropy distribution, and, consequently, an extremely fine mesh
size would be required to permit a valid solution. If such a
mesh size were used, two events would occur, namely, 1) an
increase in numerical errors due to the many more calcula-
tions per unit length, and 2) a tremendous increase in machine
computing time.

However, by carrying the computation to the intermediate
stage and then graphically patching this to a conical solution,
which is assumed to exist at infinity, a small error is intro-
duced, but satisfactory results may be obtained. Conical
flow fields may be solved rather easily by the use of the
hodograph plane to set up the difference relations required.5
By proper recasting of the equations to include real-gas
effects and by using an iterative approach that uses the shock
as the starting point, results identical to those of Romig6

may be obtained. The expressions used are as follows:

vni+i = vni cosA0 — (Ri — vri) sin A 6
Vrj+i = ~v"i sinA0 — (Ri — vr?) cosA0 +

k+i = Astag - (vni+l
2 + Vri+l

2)/2gJ
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The laminar boundary layer is computed by the method
of Van Driest7 and for turbulent flow the method of Walker8

is used. References 9 and 10 yield the thermodynamic
properties and the electron densities present in the flow,
respectively. The collision frequency between electrons
and molecules is found by the method described by Musal.11

Reference 4 can then be used to compute the rf attenuation
once the plasma parameters have been determined. The
conductivity function that characterizes the electromag-
netic properties of an ionized gas can be determined from the
equation of motion of an electron, namely,

mdv/dt + racocv = eE

A plane electromagnetic wave is assumed to impinge in
the normal direction to a plasma slab varying in thickness
0 < z < L. The plasma properties are assumed to vary in
the z direction only, thereby allowing an inhomogeneous
electron distribution to be considered which is the case
physically. With these conditions and the relation J =
Nev, the preceding differential equation may be solved for
the current density and then substituted into Maxwell's
equations to yield

Ff" + n0
2(l - kX = 0

= -F//nQ

where j = 1, 2, for the right- and left-handed circularly
polarized waves, respectively, and k = I — icoc/co.

For the limiting case, which is appropriate here because of
the thin boundary-layer plasma, i.e., L/X0 <<C 1, the function
X(z} is represented by a Dirac delta function at z = 0, 5(2),

where

XL = f
Jo

Substituting into the second-order differential equation, and
integrating once from 0 to z,

which leads to

T = 1/(1 - mo/cZL/2)

When the Poynting vector is evaluated

ALT=IOOKf t ]

e = 22,200 fps |

w = 300btu/lb I

a) ELECTRON DENSITY b) ATTENUATION

Fig. 2 Longitudinal variation of electron density and rf
attenuation for hw = 300 Btu/lb.

ation of attenuation with frequency is small. Figure 2a
shows a typical variation of maximum electron density along
the length of the body. Figure 2b shows values of attenua-
tion as a function of vehicle body station for a wall enthalpy
of 300 Btu/lb. Figure 3 shows a typical profile of electron
density within the boundary layer. This distribution of
electron density was obtained, as were all the other results in
this paper, assuming a turbulent boundary layer. Figure 4
shows the same parameters as Fig. 2 but for 1200 Btu/lb.
As observed from these figures, the maximum electron density
essentially reaches the conical flow value at x/Rn > 35 for
all cone angles, but the level of attenuation at any x/Rn is a
pronounced function of cone angle. For cone angles below
30°, the conical-flow value of attenuation is reached at
lesser values of x/Rn. For high cone angles (Bc > 30°), a
minimum attenuation exists near x/Rn = 5, because the
boundary layer is relatively thin in this region, but, for the
conical portion of the flow field, the flow behaves as expected
and a higher cone angle yields a higher attenuation. How-
ever, the minimum-attenuation "window" is not easily
used because its location varies with altitude and because it
occurs so close to the nose. For these results, it can be in-
ferred, for example, that antennas located 10 or more inches
behind a J-in. nose should give minimum attenuation; this

then the attenuation is

db = 10 logger

The assumption that the transmission across a thin in-
homogeneous plasma sheath depends on the integrated value
of electron density and not on the detailed distribution has
been shown to introduce only a slight error into the calcula-
tion.4

For a semi-infinite plasma model, the analysis of Rhein-
stein12 could be used, but for the sharp slender bodies
analyzed here, the attenuation due to reflection alone is im-
portant; hence, the absorption portion of the semi-infinite
model may be neglected.

Results

The results are grouped in such a way that electron densi-
ties and attenuation values appear together for each param-
eter analyzed. The parametric effects presented are: 1)
antenna location; 2) cone half-angle; 3) variation of trans-
mission frequency; 4) nose radius; 5) vehicle velocity; and
6) wall temperature. The attenuation values presented are
for a transmission frequency of 600 Me, which was chosen
because it represents a median in the range where the vari-

hw x x / R N RN

BLUNT BODY 6 0 0 b t u / l b 10 40 1/4
CONICAL 600 btu /Ib 10 — —

ALT = 100 Kft
Ve= 22,200 fps
TURBULENT FLOW

9C B.L. % DIFF

lOdeg 0.095 ^ „_„
2.67

lOdeg 0.093

Fig. 3 Typical boundary-layer electron density profile
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Fig. 4 Longitudinal variation of electron density and rf
attenuation for hw = 1200 Btu/lb.
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Fig. 6 Variation of attenuation vs cone angle.

inference is, of course, valid only for altitudes less than 125,000
ft.

Figure 5a shows the variation of electron density with cone
angle for the in viscid flow. It indicates that no electron con-
tribution to rf attenuation from the inviscid layer, which
would affect VHF or UHF transmission, is expected for
Be < 20° at altitudes below 200,000 ft. Consequently, for
all practical cases of slender bodies, the boundary layer is
the sole contributor to rf attenuation. This greatly simpli-
fies the analysis, because the inviscid calculations may be
limited to those which provide inputs to the boundary-layer
calculation. For frequencies above 35 gigacycles (Gc), the
contribution of the inviscid region of rf attenuation is limited
to angles above 28° to 34°. The stagnation region is shown
to be a contributor for all cases where equilibrium flow is
expected. For transmission frequencies of 250 Me to 35
Gc; the contribution of the inviscid layer depends primarily
on the thickness of the layer.

The contribution of the boundary layer can be seen im-
mediately from Figs. 5b and 5c. It will be noticed that the
electron densities are above equivalent VHF frequencies
for all cone angles at altitudes below 200,000 ft for the ve-
locity examined. Figure 6 indicates that the contribution
of electrons to the rf attenuation becomes strong for angles
in excess of 30°. In particular, the attenuation for low cone

a) INVISCID FLOW b) BOUNDARY LAYER c)BOUNDARY LAYER
MAX

hw= 1200 btu/lb.
x = lOin.

ALT
50 Kft/

10 Gc

5 Gc

l . 2 G c

600mc

25 50
6> , deg

10-'

ALT = 100 Kft
Ve =22200 fps
hw = !200btu/ lb

x = 10 in.

Fig. 7 Typical variation of rf attenuation as a function of
transmission frequency.

77, 4
ALT = 100 Kft

Ve =22,200 fps

hw =600 b t u / l b ]
x / R w = I O

Fig. 5 Variation of maximum electron density vs cone
angle. Fig. 8 Variation of electron density vs nose radius.
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angles is observed to be very small. The temptation is
to say that the flow of clean air over bodies with low cone
angles contributes very little to the attenuation of an rf
signal. A word of caution should be interjected here inas-
much as the electromagnetic equations assume a plane wave,
impinging on the plasma. In most real instances, the plasma

A L T = I O O K f t
x = 10 in

Fig. 9 Variation of attenuation for sharp-nosed vehicles.

Fig. 10 Variation of attenuation for blunt-nosed vehicles.

is in the near field of the antenna where the interaction is not
well understood, and, consequently, all that can be deduced
from these figures is trends. The trends, as indicated by both
the variation of electron density and the attenuation with
antenna location and cone angle, are consistent, but the
actual magnitude of attenuation for slender bodies must be
provided by experiment.

Figure 7 presents a typical representation of the influence
on attenuation of the transmission Irequency; this figure
indicates that the attenuation remains constant well into the
gigacycle range. In particular, the attenuation changes very
little until the frequency has increased over 5 Gc. This effect
appears regardless of which theory is used, i.e., either the
finite thin slab or the semi-infinite plasma theory.

Figure 8 indicates that a reduction of nose radius from 1
ft to 1 in. reduces the electron density by approximately a
factor of three. A further reduction to 0.1 in. reduces the
concentration by a total factor of 10; a similar reduction can
be achieved by reducing the cone angle by an increment of
10°. These two reductions should be considered as additive
in terms of attenuation reduction. Corresponding attenua-
tions for three different body stations at three different wall

Fig. 11 Typical var-
iation of electron
density and rf atten-
uation vs velocity.

Fig. 12 Dependence of attenuation on wall enthalpy.

temperatures, given in Figs. 9 and 10, indicate that the
largest drop in attenuation is achieved when the nose radius
is reduced from 1 to 0.1 in. Consequently, the advantage
that is gained from reducing the tip diameter is to move the
flow disturbance further forward toward the stagnation re-
gion producing a lower signal attenuation further forward on
the body.

An order of magnitude drop in the electron density is
achieved by reducing the velocity by 3000 fps, as observed
from Fig. 11. This results in a marked drop in attenuation
due to the strong dependence of ionization on kinetic energy.

The effects of wall temperature can be expressed in terms
of the value of enthalpy at the wall. A drop of 600 Btu/lb
decreases the electron density by a factor of 2 to 3, resulting
in a marked decrease in attenuation. From Fig. 12 it is ob-
served that a drop in enthalpy of 600 Btu/lb is equivalent
to reducing the cone angle by 4°.

Lines of constant attenuation for a 600 Me transmission
frequency (Fig. 13) indicate a weak altitude dependence of
attenuation for the limiting case of orbital re-entry (approxi-
mately 26,000 fps). Table 1 may be generated as a quick
determination of the lowest boundary of signal loss. In act-
ual flight conditions, the attenuation will be higher due to the
chemical kinetic and electromagnetic effects.

Table 1 Cone angle vs attenuation

Oc, deg db loss

10
14
18
22

1.0
3.0
6.0

11.0
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Fig. 13 Altitude-velocity map of lines of constant rf
attenuation (thin slab).

Figure 14 represents the same calculation as in Fig. 13
except that the semi-infinite slab model is used. It is noticed
that up to an angle of 22° a large discrepancy occurs between
the two theories. However, for a cone angle of 26°, similar
results are obtained because in the semi-infinite case, only
the attenuation due to reflection is examined (absorption is
neglected), whereas in the finite slab case, the attenuation
is a function of thickness.

Conclusion

This paper has examined the effects of antenna location,
cone angle, nose radius, signal frequency, vehicle velocity,
and wall temperature on rf signal attenuation. Individually
the conclusions drawn are as follows:

1) For minimum attenuation, this study indicates that
antennas should be placed well back from the nose region.

2) A sharp slender body with a cone angle less than 20°
restricts the ionization region to the boundary layer, and no
appreciable attenuation is found for cone angles less than 20°.

3) The decrease in attenuation due to an increase in trans-
mission frequency is significant only for transmission fre-
quencies in excess of 5 Gc.

4) A sharp pointed nose (Rn < J) limits the blunt-body
attenuation effects to x/Rn < 35.

5) A small decrease in velocity infers a large decrease in
attenuation.

6) A 600 Btu/lb decrease in wall enthalpy is equivalent
to reducing the cone angle by 4°.

From the results presented, it is observed that a great
reduction in signal attenuation can be achieved by com-
bining various parameters, for example, by locating the
antennas sufficiently rearward, decreasing the cone angle to
below 20°, insuring that the vehicle retains a sharp pointed
nose radius (less than \ in.) throughout the region where
transmission is required, and using a clean ablator that pro-
vides a relatively cold wall to the flow. It is recognized

ALT,
K f t

Fig. 14 Altitude-velocity map of lines of constant rf
attenuation (semi-infinite).

that a particular application may not permit all these reduc-
tions to be achieved. However, it is still possible to achieve
significant reductions by making use of the individual fav-
orable conditions outlined in this paper.
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