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ABSTRACT ARTICLE HISTORY
Assessing the utility of hypersonic boost glide vehicles (BGVs) Received 3 February 2023
requires comparing their capabilities to alternative systems Accepted 5 September 2023
that could carry out the same missions, particularly given the

technical difficulties and additional costs of developing BGVs

compared to more established technologies. This paper dis-

cusses the primary motivations given for BGVs—most notably

countering missile defenses—and summarizes current hyper-

sonic development programs. It finds that evading the most

capable current endo-atmospheric defenses requires that BGVs

maintain speeds significantly higher than Mach 5 throughout

their glide phase, which has implications for their mass and

range. The paper then compares BGVs to maneuverable reen-

try vehicles (MaRVs) carried on ballistic missiles flown on

depressed trajectories and shows that MaRVs can offer signifi-

cant advantages over BGVs in a wide range of cases. Finally,

the paper shows that BGV maneuvering during its glide phase

can result in substantial costs in range and glide speed.

The United States, Russia, and China are leading the development of hyper-
sonic weapons: vehicles primarily intended to glide for long distances within
the atmosphere at speeds greater than five times the speed of sound, or
Mach 5." Several other nations have smaller active development programs.”

Assessing hypersonic vehicles requires understanding what capabilities they
may provide compared to alternative systems that could carry out the same
missions, particularly given the technical difficulties and additional costs of
developing hypersonic gliders compared to more established technologies.

In particular, we compare hypersonic glide weapons to maneuverable
reentry vehicles (MaRVs) carried on ballistic missiles flown on depressed
trajectories (DTs).> DTs are ballistic trajectories with significantly smaller
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loft angles, and therefore lower apogees and shorter trajectory lengths for a
given ground range, than those trajectories that maximize missile range.
MaRVs use atmospheric forces to maneuver during the terminal phase of
flight and can provide many of the capabilities motivating hypersonic
weapon development. In particular, the ability to maneuver during reentry
could allow MaRVs to evade terminal defenses, to use terminal guidance
for high accuracy, to retarget over hundreds of kilometers, and to dive to
targets at a steep angle. Unlike hypersonic gliders, MaRVs cannot maneu-
ver significantly during midcourse flight or fly for long distances at alti-
tudes below 50km, and do not glide to substantially increase their flight
ranges.

Our previous paper, referred to here as Paper 1,* analyzed hypersonic
weapon performance using a computational model of hypersonic flight and
vehicle parameters derived from tests of the U.S. Hypersonic Technology
Vehicle-2 (HTV-2), a representative glider, conducted in 2010 and 2011.”
We assessed common assertions made about hypersonic weapons with
regard to delivery time, maneuverability, and detectability, finding that
many of these claims were exaggerated or false.

Paper 1 focused on long-range hypersonic vehicles, like the HTV-2 and
the Russian Avangard (Vanguard).® Both systems are said to reach speeds
of Mach 20 or higher.”

After testing the HTV-2, U.S. focus shifted from intercontinental missiles
to shorter-range, lower-speed systems (with non-nuclear warheads). The ana-
lysis in Paper 1 also applied to shorter-range hypersonic weapons, but here
we consider those systems more specifically—in particular, hypersonic vehicles
with ranges up to a few thousand kilometers and speeds of Mach 5-12.

Since ballistic missiles with ranges of more than a few hundred kilo-
meters reach hypersonic speeds, the term “hypersonic weapons” is ambigu-
ous. We instead refer to weapons that travel a significant portion of their
trajectories at low altitudes, relying primarily on lift forces to stay aloft, as
“hypersonic boost glide vehicles” (BGVs). BGVs are accelerated to high
speed by rocket boosters and then glide without power to their targets. In
addition, there are hypersonic cruise missiles (HCMs), which also use boos-
ters to reach hypersonic speed and rely on lift forces to reach long distan-
ces but carry engines to maintain their speed throughout flight.

In this paper, we discuss the primary motivations given for developing
hypersonic weapons and summarize the evolution and current status of
U.S. BGV programs, then look in detail at three topics:

1. The capability of current missile defense systems to intercept hypersonic
weapons. We show that evading defenses appears to require that BGVs
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maintain speeds throughout their glide phases significantly greater than
Mach 5.

2. A comparison of ranges, masses, and flight times of BGVs and MaRVs
under various conditions, including when the BGV speed is high
enough to evade defenses. This analysis shows that MaRVs out-perform
BGVs in many scenarios.

3. An analysis of the midcourse maneuvering capability of BGVs, which is
cited as an advantage of BGVs over MaRVs. We show that this maneu-
vering can result in a significant reduction of speed and range.

Motivations for hypersonic weapons

Advocates of BGVs discuss a broad set of motivations for developing them;
we list key motivations below.® There is little discussion, however, of which
motivations can uniquely, or even best, be fulfilled by BGVs, and therefore
whether these motivations justify the efforts and expenditure needed to
solve the difficult technical challenges facing BGVs.” In other words, do
BGVs offer meaningful advantages over systems such as ballistic missiles
with MaRVs?

The primary motivations given by those leading U.S. BGV development
are:"”

1. To quickly attack targets from long ranges

2. To achieve high accuracies and home on targets (which requires ter-
minal maneuvering)

3. To retarget over a large area during flight (which requires terminal and/
or midcourse maneuvering)

4. To evade or destroy air defenses and missile defenses.''

If the aim is to accomplish goals (1)-(4), there are several types of weap-
ons that could do so.

For example, these goals do not require flying low in the atmosphere for
long distances and could instead be met by ballistic missiles with MaRVs.
MaRVs have the significant advantage that they rely largely on existing
technology, and therefore present fewer technical challenges and may there-
fore have higher reliability and lower cost than BGVs and HCMs. A 2023
report by the Congressional Budget Office states that MaRVs and BGVs
would have similar capabilities in a conflict, but that BGVs “could cost
one-third more to procure and field than ballistic missiles of the same
range with maneuverable warheads.”"?

We show in Paper 1 that MaRVs launched on DTs can have shorter
delivery times than BGVs because they encounter less drag.'’ This means
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that the desire for hypersonic speed and short delivery time does not argue
uniquely for BGVs.

Both BGVs and MaRVs can maneuver during the terminal phase and
could be equipped with a similar ability to home on targets. Terminal
maneuvering also allows both systems to retarget by hundreds of kilo-
meters. While MaRVs cannot maneuver significantly during the midcourse
phase, below we show that midcourse maneuvering by BGVs can result in
a significant reduction of speed and range and therefore may not offer a
particular advantage over the maneuvering offered by MaRVs.

Moreover, if significant maneuvering is seen as crucial for a given mis-
sion, then developing supersonic cruise missiles may be a better choice
than BGVs and would face fewer technical hurdles. A supersonic vehicle
traveling at Mach 3 would be subjected to a heating rate during its glide
phase that is roughly eight times smaller than a hypersonic vehicle traveling
at Mach 6, since atmospheric heating, which is a major impediment to
developing BGVs, increases approximately with the cube of velocity.

Finally, we compare below the ability of BGVs and MaRVs to evade mis-
sile defenses.

This paper compares the capabilities of BGVs and ballistic missiles with
MaRVs designed to reach distances of up to a few thousand kilometers and
speeds of Mach 5-12. While HCMs are not considered in detail, our mod-
els apply to analysis of these systems as well. We show that comparing the
capabilities of these systems requires specifying the mission they are
intended to carry out, the launch platform, the need to evade defenses, and
other parameters.

Comparing BGVs with MaRVs

BGVs and MaRVs are not entirely distinct means of delivering warheads.
Both are accelerated by booster rockets and typically have a ballistic phase
for some period after booster burnout. A MaRV’s ballistic phase will make
up most of its trajectory, continuing until it reenters the atmosphere. A
BGV of the same range will follow a shorter ballistic phase before begin-
ning its glide phase. For the BGVs considered here, the glide phase typic-
ally makes up about half of the weapon’s total range.'"* To exit from glide
as it approaches its target, a BGV uses aerodynamic forces to dive to the
ground.

A standard ballistic missile reentry vehicle relies on inertial forces due to
its high speed to stay aloft during its long ballistic phase, while gliders sac-
rifice some speed to drag but stay aloft for a significant portion of flight
using lift forces, by traveling at lower altitudes. MaRVs represent a middle
ground, flying much of their trajectory ballistically, then using lift forces to
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maneuver late in flight. A MaRV might be considered a hypersonic glider
that reenters the atmosphere relatively late in flight. Both MaRVs and
BGVs follow non-ballistic trajectories for part of their flight.

For very long-range systems, a BGV spends a much larger fraction of its
trajectory within the atmosphere than does a ballistic missile with a MaRV.
For example, the full test range for the U.S. HTV-2 flight tests was about
7,600 km. The glider was intended to travel about 75% of that distance at
altitudes below 100km (generally considered to be the upper edge of the
atmosphere) and about 60% gliding below 50km."> In contrast, a MaRV
on a long-range trajectory would spend well under 10% of its trajectory
below 50 km.

For shorter ranges, the distinction is less clear. The apogee of an efficient
ballistic missile trajectory decreases with its maximum range, so for shorter-
range systems the reentry vehicle will spend more of its trajectory within the
atmosphere. A warhead on a 10,000 km-range “minimum-energy” trajectory
(MET) will reach altitudes of about 1,500 km.'® Missiles on METs with
ranges less than 400 km never leave the atmosphere (the apogee of a short-
range missile on an MET is about a quarter of its range). In addition, ballis-
tic missiles flown on less energy-efficient depressed trajectories can use a
more powerful booster to reach the same range as a warhead following an
MET, but with a lower apogee due to their higher initial speed."”

A potential advantage of gliding is that by using lift forces to stay aloft a
BGYV can reach a given range with a lower initial speed than a ballistic mis-
sile warhead and could therefore require a smaller booster to accelerate it.
Booster technology, however, is well developed and building a somewhat
larger booster to deliver a ballistic missile warhead is often feasible. Smaller
boosters could be an advantage for air-launched vehicles since they would
reduce the mass the aircraft needs to carry; they could also be useful for
vehicles launched from submarines where space is restricted.

The fuzziness in the distinction between MaRVs and BGVs is apparent
in the history of U.S. development efforts, discussed below.'®

Evolution of U.S. hypersonics

After half a century of intermittent work on hypersonic vehicles, U.S. inter-
est in developing BGVs grew following the September 11, 2001, terrorist
attacks.'” They were seen as a way to deliver prompt, global attacks with
conventional (non-nuclear) weapons against threats such as terrorist organ-
izations and activities.”® While ballistic missiles could be modified for this
mission, U.S. long-range ballistic missiles are only used with nuclear war-
heads. Using BGVs would reduce the risk that the launch of a long-range
strike might be construed as the beginning of a nuclear attack, prompting a
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nuclear exchange. This interest led to the development of the HTV-2
vehicle as part of the Force Application and Launch from CONtinental
United States (FALCON) program, announced in 2003 and run by the
Defense Advanced Research Projects Agency (DARPA). The HTV-2 was
intended to reach glide speeds greater than Mach 20 and a range of about
7,000 km.*!

The HTV-2 vehicle was based in part on “waverider” designs proposed
in the early 1950s.>> These designs use a wedge or half-cone shape intended
to match the shock-wave pattern of the airflow around the glider, enclosing
part of the shock wave under the vehicle to provide additional lift. Since
the shock pattern depends on the vehicle’s speed and altitude, this concept
could not be applied directly to long-range vehicles, since their speed and
altitude can change significantly during the glide phase.””> Drawing on this
design, however, was used to improve vehicle performance by increasing its
lift-to-drag ratio (L/D), which is a key parameter of BGVs. The HTV-2
demonstrated L/D of about 2.6 in tests.** (See Appendix B for the implica-
tions of increasing L/D.)

Around 2003 the Department of Defense (DoD) started a parallel track
for developing a long-range BGV, called the Advanced Hypersonic Weapon
(AHW).”® Tt was based on a MaRV design—the Sandia Winged Energetic
Reentry Vehicle Experiment (SWERVE)—that originated in the late 1970s
and was flight tested through the mid-1980s.°° Like the SWERVE, the
AHW had a conical body with fins, rather than a wedge shape; DoD offi-
cials saw this design as a more technologically mature backup to the
FALCON program.”” The AHW had one successful test, in 2011, reaching
3,700km with a speed of about Mach 7, although the goal was to reach
6,000 km and Mach 9-10.%

By the mid-2010s, U.S. focus shifted to shorter-range hypersonic weap-
ons with speeds of Mach 5-12 and ranges of a few thousand kilometers, in
part due to difficulties with the HTV-2 tests.”” In addition, the mission for
hypersonic weapons changed: Use in theater-scale conflicts to evade or des-
troy defensive systems became a key motivation.

U.S. development then focused on two BGV designs. DARPA began
developing a short-range wedge vehicle called the Tactical Boost Glide
(TBG) system. DoD also began developing a short-range conical vehicle,
called the Common Hyper Glide Body (C-HGB), based on the AHW.

In 2018, DoD’s goal was to produce the C-HGB for joint use by the
Army, Navy, and Air Force, with each service using its own booster system.
The Army’s program is the Long-Range Hypersonic Weapon (LRHW), and
the Navy’s is the Conventional Prompt Strike (CPS) weapon.’® The Air
Force terminated its version of this program, the Hypersonic Conventional
Strike Weapon (HCSW), in 2020.%"
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The LRHW and CPS reportedly have a total range greater than 2,775 km,
roughly half of which is the glide phase.’* This range implies an initial
speed of about Mach 10-12.

The conical C-HGB, as a descendent of the SWERVE and AHW, is
clearly derived from MaRV designs. It has an estimated L/D of about 2.2—
lower than the HTV-2’s L/D of 2.6.> As a result, DoD’s decision to pursue
a conical design will likely result in a BGV with less range and maneuver-
ability than a successful wedge design with higher L/D would have.** This
also means that our estimates in Paper 1, based on the HTV-2, may some-
what over-estimate the flight performance of the C-HGB.

In 2019, the Air Force joined DARPA on the TBG program to develop
an air-launched BGV—the Air-launched Rapid Response Weapon
(ARRW)—intended to have a total range of about 1,600 km and average
speed of Mach 6.5-8.>> The Air Force reportedly saw ARRW as potentially
lighter than the C-HGB, allowing an aircraft to carry more of them.’® In
early 2023, following multiple failed tests, it announced that it did not plan
to procure ARRW vehicles but would finish development tests to provide
data for future programs.®’

The United States and other countries have also been developing HCMs
powered by air-breathing engines called scramjets, with speeds of Mach 5-
10 and ranges of up to a couple thousand kilometers. From 2009 through
2013, the United States tested the X-51A HCM, which reached Mach 5.1; a
DARPA/Air Force program to develop the Hypersonic Air-breathing
Weapon Concept (HAWC) HCM builds on this program.*®

Scramjets for military HCM programs like the X-51 use hydrocarbon
fuels rather than hydrogen fuel, which the earlier U.S. NASA X-43 vehicle
used.” Using hydrocarbons limits their speed to below about Mach 8-10.*
In 2020 Mark Lewis, then director of modernization at the DoD’s Research
and Engineering office, said he expects air-breathing systems will “probably
top out around Mach 7,” which may limit their utility for certain missions,
as discussed below.*'

In addition to its long-range Avangard BGV, Russia has tested a ship-
based HCM, the Tsirkon (Zircon), which is reported to reach Mach 6-8
and ranges of 400-1,000 km.** Russia’s Kinzhal (Dagger) weapon is an air-
launched ballistic missile that maneuvers during reentry using fins, rather
than a BGV. It reportedly reaches Mach 10, with a range up to about
1,500 km.**

China’s DF-ZF (previously called WU-14) is a BGV carried on a DF-17
booster, reportedly able to reach Mach 5-10 and a range of 1,200 km.**
China declared it operational in October 2019.*> China is also developing a
wedge-shaped HCM called the Xingkong-2 (Starry Sky II). During its first
test in August 2018, it reportedly reached Mach 5.5-6, traveling at 29-30 km
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altitude for 400 seconds, which gives a glide range of 660-720km.** Some
reports suggest the vehicle could be operational in the mid-2020s."

As discussed, a key U.S. motivation for developing current BGVs is to
evade terminal missile defenses. Whether a BGV (or HCM) can do so
depends on its speed and design, as discussed below.

The capability of missile defenses against hypersonic weapons

This section assesses the ability of existing missile defenses to intercept
hypersonic weapons and identifies the characteristics a weapon needs to
evade interceptors.

The vulnerability of a vehicle to a specific defensive system depends in part
on its flight altitude relative to the operational altitude window of the interceptor.
A BGV’s equilibrium glide altitude is determined by its speed, mass m, and lift
coefficient C;, or alternately by its speed, L/D, and ballistic coefficient f =
m/(CpA), for drag coefficient Cp and reference area A. For L/D=2.6 and f =
7,500 kg/m’, a BGV will glide at 28 km at Mach 5 and 38 km at Mach 10.%

It is important to recognize that BGV dynamics during glide phase (vel-
ocity profile, range, and flight time) depend almost entirely on L/D and
very weakly on f for a given initial glide speed V: Changing f will change
the drag at a given altitude but also change the glide altitude so that the
vehicle feels essentially the same drag force (see Appendix B).

Two types of missile defenses are currently deployed. Midcourse
defenses, such as the U.S. Ground-based Midcourse Defense (GMD) and
Aegis Standard Missile-3 (SM-3) systems, engage weapons at long distances
and high altitudes when they are traveling on predictable trajectories above
the atmosphere. Such “exo-atmospheric” defenses must operate at altitudes
of 100 km or higher and in principle can defend large ground areas.

Terminal defenses engage weapons late in flight when they are reentering
the atmosphere above their target. These defenses, including the U.S.
Patriot and Aegis SM-6, and Russia’s S-400 and S-500, maneuver aero-
dynamically and must operate at tens of kilometers altitude, meaning they
are “endo-atmospheric.”* They engage weapons at short ranges and pro-
tect at most small ground areas. (The U.S. THAAD system operates in the
high-endo to low-exo-atmospheric regions—see below.)

More information is available about U.S. defenses than those of other
countries. We therefore model U.S. systems and assume they are represen-
tative of what other countries deploy now or may soon.

GMD and SM-3 interceptors
The United States deploys two long-range exo-atmospheric interceptors:
the Ground-Based Interceptors (GBI) of the GMD system, and the SM-3
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interceptors of the Aegis Sea-Based Midcourse system deployed on ships.
Both are hit-to-kill systems, meaning that the kill vehicle carried by the
interceptor attempts to destroy a target by physically colliding with it. Both
interceptors cannot engage targets below about 100km altitude, due to
heating of the kill vehicle’s IR sensor at lower altitudes.”® As a result, nei-
ther could engage BGVs once those vehicles are in their glide phases.
Moreover, when the weapons are in their ballistic phase, the interceptors
would be vulnerable to decoys and other countermeasures designed to
penetrate exo-atmospheric defenses.”’

THAAD
The Terminal High Altitude Area Defense (THAAD) is a hit-to-kill system
designed to engage ballistic missile reentry vehicles as they are beginning to
reenter the atmosphere below about 150km altitude. The THAAD inter-
ceptor’s speed is about Mach 9 and atmospheric heating of its IR sensor
restricts its use to altitudes above 40 km.”* The interceptor has two sets of
thrusters for maneuvering: a set near the center to provide divert forces at
high altitudes, and a set near the rear of the vehicle for attitude control,
which allows maneuvering at lower altitudes by tipping the missile and cre-
ating atmospheric lift forces.”

Since BGVs slower than about Mach 10 would glide at altitudes below
about 40 km, THAAD could not engage them during their glide phase.

THAAD might be able to engage BGVs or MaRVs near the end of their
ballistic phase as they reenter the upper atmosphere, where the atmospheric
density might be too low for these weapons to generate sufficient lift forces
to out-maneuver the interceptor. Since its operational range is only about
200 km, however, THAAD interceptors co-located with the weapon’s target
could not reach a BGV before the start of its glide phase; they might also
not be able to reach a MaRV on a depressed trajectory before its altitude
was too low. THAAD might be able to engage the weapon during its pre-
glide phase if it was forward-deployed and positioned essentially under the
weapon’s trajectory, although the defense is not likely to know the location
of the trajectory in advance if the BGV is fired from a mobile platform.

Moreover, at higher altitudes when the weapons are still in their ballistic
phase, THAAD would be vulnerable to decoys and other countermeasures,
as above. These countermeasures would not work at lower altitudes but
could prevent THAAD from identifying the warhead and launching early
enough to intercept above 40 km.

As a result, THAAD could not intercept BGVs in their glide phase and
is not well-suited to engaging prior to the glide phase.



10 D. WRIGHT AND C. L. TRACY

Patriot and other terminal interceptors

Current terminal interceptors use aerodynamic forces to maneuver to hit
missile warheads late in their trajectories when they are below about 40 km
altitude. By intercepting so late, they can defend only small ground areas—
typically a region a few tens of kilometers in radius. They can therefore
attempt to defend small targets like some military installations, but cover-
ing a large, populated region would require many interceptors, which
would have to be interspersed within the region.

Current U.S. terminal systems include versions of the Patriot Advanced
Capability-3 (PAC-3) defense, as well as the Navy’s SM-2 and SM-6
interceptors.

During typical exo-atmospheric engagements, the only force acting on
the interceptor’s target is gravity, and the dynamics of the intercept depend
on the relative speed of the interceptor and target—the closing speed—
rather than the objects’ individual speeds. For endo-atmospheric engage-
ments, however, both interceptor and target can maneuver aerodynamic-
ally, and what matters is the relative lateral acceleration that the two
objects can achieve at the altitude of the engagement as each attempts to
outmaneuver the other. The interceptor must be able to closely match eva-
sive movements of the target.

An important principle of guidance and control theory is that intercep-
tors must be able to achieve two to three times the lateral acceleration of a
maneuvering target to reliably intercept it.”* The estimated miss distance
for an engagement will depend on specifics of the interceptor sensor and
guidance system, as well as what the defense knows about the target and
the kind of maneuvers the target may execute. The target will have a good
idea of what maneuvers it can execute that will be most stressing for the
interceptor.55

The lateral acceleration a of an object with mass m, lift coefficient C;
(laterally oriented), and velocity V at an altitude with atmospheric density

p is given by:
CLAPV2
a=———
2m

(1)

where A is a characteristic area associated with the body.
The relative acceleration of a target and interceptor at the same location,
and therefore the same p, is:

2
atarget Mint (CLA) target Vtarget
= )
QInt mtarget <CLA)[nt Vlnt
Note that the most important variable is the velocity ratio at intercept,
since it enters as a square.
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Both the target and interceptor generate lift forces by creating an angle-
of-attack between their body axis and velocity vector.”® At higher altitudes
where p and therefore the lift force is relatively low, the maximum lateral
acceleration is set by constraints on how large an angle-of-attack the body
can achieve; at lower altitudes the maximum lateral acceleration is limited
by the body’s ability to withstand the associated forces.”” We assume the
interceptor and target have similar structural constraints, and do not con-
sider them explicitly.

Lateral acceleration of an interceptor and BGV

We apply Equation 2 to compare the maneuverability of a representative
endo-atmospheric interceptor and a BGV. We estimate the characteristics
of the PAC-3 Missile Segment Enhancement (MSE) interceptor, which was
fielded in 2016 as an advanced version of the PAC-3 interceptor and is cur-
rently one of the most capable endo-atmospheric interceptors.”® The ori-
ginal PAC-3 is now called PAC-3 Cost Reduction Initiative (CRI).

For the BGV, we consider a model system similar to the HTV-2 and
about which aerodynamic parameters are known: the Common Aero
Vehicle (CAV), for which lift and drag coefficients have been calculated in
a report by Phillips.”> While this is a useful model for analyzing hypersonic
vehicles, the wedge-shaped CAV may not be representative of conical
designs like the C-HGB, which might have lower L/D and thus less
maneuverability.

PAC-3 MSE parameters. The PAC-3 MSE interceptor has a body diameter
d=0.29m and length /= 5.3 m, giving a length-to-diameter ratio of about 18.%°

The hit-to-kill MSE interceptor has a “lethality enhancer:” a set of rods
that shoot out from the body to give it a larger lethal diameter.®’ This
increases somewhat the miss distance that will still allow the interceptor to
hit its target, but that increase is not large enough to change the dynamic
analysis below.

The CRI is reported to have a mass of about 315kg with 158 kg of pro-
pellant, which implies a mass after burnout of about 160 kg; we assume the
same mass for the MSE.®

Based on the reported increase in intercept range of the MSE over the
CRI, we estimate the MSE speed is about 1.8 km/s (Mach 6), compared to
1.4km/s (Mach 4.7) for CRL®® The MSE is said to intercept at altitudes of
304+ km, compared to 20+ km for CRL®* It has a two-pulse motor; the
second pulse might be used to maintain the interceptor’s speed during
flight (we assume the interceptor travels at its maximum speed throughout
its flight).
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At zero angle-of-attack (¢) the cylindrical MSE body will generate zero
lift. To maneuver, a set of small thrusters around the body give it a non-
zero (@, which creates lift. We estimate the lift coefficients for ¢ of 10-20°
for the interceptor and BGV.

We estimate the lift coefficient of MSE from the normal force coefficient
Cy of a cylindrical body:®®

Cy = % sin 2@cos §+ n cq, % sin®@ (3)
where A, is the base area, A, is the planform area, and A is referred to as a
reference area of the body. For high Mach number, the parameters c;, ~
1.3 and 5 ~ 1, and are related to the crossflow drag of a cylinder.”® For
small @, C; is essentially equal to CnY

The quantity appearing in Equations 1 and 2 is C A, which Equation 3
gives in terms of the known areas A, and A,. Using A, = Id and A, =
nd’/4, Equation 3 at high Mach number becomes:

¢

52 1
4+ 2=~ sinfe (4)
2 T

CLA =~ CyA = Ay |sin 2pcos 7
Applying Equation 4 to the MSE with I/d=18 gives the values in
Table 1.

BGV parameters. To estimate the variation of the BGV’s lift coefficient with
¢, we use data for the CAV. We assume L/D =2.6 and m =900kg, which
are appropriate to the HTV-2.%

Phillips’ analysis presents aerodynamic parameters for two CAV models
with different values of L/D, called the CAV-H and CAV-L, for “high” and
“low” performance respectively.”” The CAV-H model has a mass of 910 kg,
a length of 2.7-3.7m, and a diameter of 1.2m, which is similar in size to
the HTV-2.”° While it has a somewhat higher L/D than the HTV-2 (3.0-
3.3 at Mach 20 for ¢ in the range of 10-15°) we use its variation in lift val-
ues as a function of ¢ to estimate the approximate performance of related
wedge-shaped gliders.”! The L/D of the CAV-H model is maximized near
¢ =10° for speeds above about Mach 6.

We estimate the glider’s lift using the values Phillips calculates for the
CAV-H at Mach 6, which leads to the values in Table 2.

Table 1. Estimated lift values for the MSE interceptor at varying angle-
of-attack.

¢ 10° 15° 20°
CA 0.079 0.17 0.27
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Implications for interception

Using Equation 2 and the requirement that the interceptor must generate
two to three times the lateral acceleration of the target to reliably intercept
it, we find the following requirement for the interceptor velocity V.

CiA
Vi, > (2 fo 3) Mint ( L )target
mtarget (CLA) Int
where 7 is defined as the expression multiplying Vi4,c.;. Inserting the esti-
mates of the MSE (interceptor) and CAV-H (target) parameters for ¢ in
the range of 10-20° gives y in the range 0.8-1.2. This leads to an approxi-

mate condition for the interceptor to be able to reliably intercept the tar-
get:

1
2

Vtarget =7 Vtarget (5)

Vine = Vtarget (6)

This condition implies that an MSE interceptor cannot be expected to
reliably intercept BGVs like the CAV traveling at speeds much greater than
its own, and therefore could not reliably intercept a BGV traveling faster
than about Mach 6 during the BGV’s dive toward the ground.

The condition in Equation 6 will not depend strongly on details of the
vehicles such as their mass and lift coefficient, because those parameters
appear within a square root. This suggests that the key issue in developing
a more capable interceptor is to increase its speed.

Note that the speeds typically cited for BGVs are their initial glide
speeds, which will be significantly higher than their speeds during their
dives because of drag. It is the speed at the engagement altitude, near the
end of BGV flight, which is relevant in Equation 6.

Figure 1 shows the speed of a BGV with aerodynamic parameters similar
to the HTV-2 during its dive, based on calculations described in Paper 1.
The curves start at the glide altitude of the vehicle for velocities of Mach
5-10; the vehicle then dives by using lift forces to pull it downward.

The boxes in the lower left of Figure 1 show the approximate regions
where interceptors like the PAC-3 CRI and MSE would likely be able to
intercept the BGV during its dive, based on this analysis. At very low alti-
tudes, defenses could not intercept BGVs even if they were traveling suffi-
ciently slowly.

These results suggest that a BGV like the HTV-2 traveling faster than
about Mach 10 at the start of its dive should have a speed above Mach 6

Table 2. Estimated lift values at Mach 6 for Phillips’ model of the CAV-H using a
reference area a =750 in®> = 0.48 m*.

o 10° 15° 20°
CA 0.20 033 047
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B =10,000 kg/m? —— B = 7,500 kg/m* ————
aor T Mach o Mach 10
; /
35 N Mach 8 7, ]
1 Mach 7 / /
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Figure 1. BGV speed during its dive from its glide altitude. Curves are labeled by the vehicle’s
speed at the start of its dive (i.e., at the end of glide). Solid curves assume f§= 10,000 kg/m2
during the dive, and dashed curves assume = 7,500 kg/m% both assume L/D =2.6. The boxes
in the lower left show the regions where the PAC-3 CRI and MSE would likely be able to inter-
cept such a vehicle during its dive. Interceptors may not be able to engage BGVs at very low
altitudes.

throughout much of its dive, and thus be able to evade an interceptor like
the MSE. If a key role of BGVs is to evade or attack terminal defenses, the
attacker should fly these weapons in ways that ensures they have high
enough speed (about Mach 10) at the end of their glide phase.

As an example, for a glide range of 1,000 km, a BGV like that considered
here would need to begin its glide at about Mach 13 since it would slow to
approximately Mach 10 during glide. Achieving high initial speed drives up
the mass of the required booster. Alternately, a lower initial speed would
limit the distance that a BGV could glide and still start its dive at Mach 10.

The solid curves in Figure 1 assume = 10,000 kg/m? for the BGV dur-
ing its dive phase and the dashed curves assume f =7,500kg/m>. A recent
study reports = 4,680kg/m” for the HTV-2 vehicle at maximum L/D dur-
ing glide, although it could be higher if the vehicle was flying with a lower
value of L/D during the dive.”> For smaller values of f3, the BGV will slow
more during the dive, requiring it to start its dive with a speed greater
than Mach 10 to evade defenses.

Current Aegis SM-2 and SM-6 interceptors have speeds of about Mach 4
and are therefore less effective against BGVs than are Patriot systems.
While they use fragmentation warheads rather than hit-to-kill, they must
still achieve small miss distances. The planned SM-6 Block IB will report-
edly be faster than Mach 5, giving it somewhat greater capability, but still
less than MSE.”
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Note that the engines on HCMs could counteract the speed loss due to
drag during the glide phase, but the very high thrust needed to overcome
drag due to the exponential increase in atmospheric density encountered
during a dive would require an impractically large engine and fuel mass.
As a result, even HCMs would require a high speed at the beginning of
their dive to be able to evade defenses.

Defense against BGVs
As discussed, the current type of missile defense relevant to stopping
attacks by BGVs of the ranges considered here is terminal defense.

Our analysis implies that defenses similar to PAC-3 MSE should be able
to engage BGVs that have glide speeds at the start of dive of up to roughly
Mach 10 and may therefore be able to defend small regions against these
vehicles.

However, current ship-based interceptors like SM-2 and SM-6 may be
too slow to effectively intercept such vehicles.

A key step for improving terminal defense capability is to increase the
interceptor speed. The development of the MSE and the new SM-6, how-
ever, suggests that significant increases may be difficult to achieve. The
United States is developing a new system—the Glide Phase Interceptor
(GPI)—intended to engage during the BGV’s glide phase. Doing so could
allow longer-range intercepts, increasing the defended area, but GPI would
need to be considerably faster than current interceptors since it would
engage BGVs before they slowed during their dives, which raises similar
heating issues.

To counter new defenses, the offense can attempt to develop faster
BGVs. These vehicles would experience significantly higher heating rates
and require more massive boosters.

Terminal defenses should be able to use ground-based radars to track
and engage BGVs, since BGVs of the ranges considered here would typic-
ally glide at 30-40km altitude, and radars could detect such vehicles at a
range of about 400km or longer. These radars could be cued by missile
detection and tracking systems, such as the U.S. Space-Based IR System
(SBIRS).”

Appendix C contains a discussion of the role of new space-based
Sensors.

Comparing range, mass, and flight time of BGVs and MaRVs

As seen above, in analyzing hypersonic weapons one must consider not
only their top speed, but their speeds throughout glide and dive phases.
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We consider here how a BGV’s speed is related to its mass, range, and
delivery time, and how it changes during flight.

Increasing the maximum speed of a BGV or MaRV—the speed at the
end of the boost phase—will increase its maximum range and decrease its
flight time for a given range but will increase the mass of the booster
needed to accelerate it to that speed. This mass increase can be significant
since the rocket equation requires that booster mass grows exponentially
with its burnout speed:”

M; = My AV/Ve )

where M; and My are the initial and final masses of the booster plus vehicle
before and after burning fuel to bring about a velocity increase of AV. V,,
is the booster’s exhaust velocity.

We refer to the mass of the BGV and MaRV vehicles as the “vehicle
mass” and the mass of the vehicle + booster as the “total mass” of the
weapon. Equation 7 shows that the total mass depends on the vehicle mass
and the speed to which the booster accelerates it. Total mass is an impor-
tant issue for air-launched systems since it limits the number of weapons
an aircraft can carry.

For context, current U.S. air-launched missiles appear to have masses of
between 1,000 and 2,000kg.’® The DoD has reported the mass of the
ARRW plus booster as about 2,300kg.”” The payload capability of a B52-H
bomber is reported to be 32,000 kg; the B1-B heavy bomber is reported to
be able to carry about twice that amount, including munitions carried
internally and on external mounts.”®

The Army and Navy are likely less concerned about large mass for sys-
tems launched from land or surface ships, although large systems can raise
challenges, for example in submarines.

Below we estimate the relative ranges, booster masses, and flight times
for BGVs and MaRVs focusing on two scenarios, in which:

1. The vehicles have a speed of Mach 5 when they begin their dive to their
targets. We refer to this as the Mach 5 scenario. As shown above, these
vehicles may be vulnerable to interception by terminal defenses.

2. The vehicles maintain higher speeds during their dive phase to allow
them to evade terminal defenses. As discussed above, that currently
appears to require a BGV or MaRV keep its speed above about Mach 6
to low altitudes, which requires a BGV to have a speed above about
Mach 10 when it starts its dive. To be conservative, the analysis below
assumes a speed of Mach 9 at the start of dive. We refer to this as the
Mach 9 scenario.
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In this section we ignore BGV maneuvering during its glide phase, which
will reduce its speed and range. We return to that issue below.

To allow comparison, we first assume the BGV and MaRV vehicles have
the same mass and aerodynamic parameters. This means the MaRV is
essentially the BGV vehicle fired on a predominantly ballistic rather than a
gliding trajectory; it would have a similar ability to maneuver during reen-
try but would not use lift prior to that. We assume both vehicles have
masses of 700kg, which is somewhat less than the 900-1,000kg reported
for the HTV-2 vehicle.””

In reality, since the MaRV vehicle does not experience the long period of
atmospheric stress and heating that the BGV does during its glide phase,
the MaRV could likely be lighter than a BGV of the same range, leading to
a proportionate decrease in booster mass.

For example, in the 2000s the United States flight tested a MaRV being
developed for the Conventional Trident Modification (CTM); it was based
on the Mk-4 reentry vehicle with flaps for aerodynamic maneuvering to
give high accuracy.®” The CTM’s intended range was more than 6,000 km,
with a considerably higher reentry speed (near Mach 20) than the systems
considered below, yet its reported mass was only 120kg.®" While increasing
the maneuverability of this system would require additional heat shielding,
its low mass suggests a more capable MaRV could still have a mass well
below 700kg, especially if it was intended for ranges of a few thousand
kilometers.

We therefore also consider below how the results would change if the
MaRV were less massive than the BGV.

Estimating booster mass
With these assumptions, we estimate the total mass and the standoff range
at which each system can be launched.

We first consider air-launched BGVs and MaRVs, since air-launching is
a scenario in which booster mass could be critical. We assume the aircraft
is flying at 10 km altitude at booster launch and that the booster burns out
at an altitude of 40km, with varying burnout speeds and velocity angles;
changing the launch and burnout altitudes has little effect on the results.

To estimate the mass of the required booster, we use an equation derived
from Equation 7 assuming the booster has n stages and accelerates the
vehicle to a speed V. Each stage has a fuel fraction f (equal to the propel-
lant mass of the stage divided by the total stage mass) and an exhaust vel-
ocity V.,,, and the booster experiences gravity and drag losses of §V:**

el
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Here m is the mass of the payload—the BGV or MaRV vehicle. M, is
the total mass of the booster plus vehicle. For a solid booster of this size,
we assume V, =2.8km/s and f=0.87, which includes the mass of the
interstage sections. Assuming the booster is launched at 10km and burns
out at 40 km altitude, 6V is about 0.3 km/s.

Our calculations assume n=2 stages. While two stages may not be
needed or desirable at the lower end of the hypersonic regime, Equation 8
gives similar values for low speeds using n=1 or 2. The total mass
increases roughly exponentially with booster speed.

MaRV range and flight time estimates

For a given speed and velocity angle at booster burnout, we calculate the
MaRV range and flight time numerically using the trajectory model in
Paper 1, assuming a standard atmosphere and a ballistic coefficient of
B =7,500-10,000 kg/m>** As noted, we assume burnout occurs at 40 km
altitude. The vehicle uses lift forces during reentry to dive more steeply,
just as BGVs do; this allows a faster descent and less slowing due to drag.
We assume L/D of —1 to —2 when the MaRV is below 30km altitude
(where the minus sign means the lift force is pulling downward), with the
value chosen to give a nearly vertical impact at the ground. Varying the
altitude at which the dive begins or the value of L/D has little effect on
the total calculated range and flight time.

We consider missile ranges up to 3,000 km, with three cases for each
range, in which the MaRV is launched (1) on an MET (with a burnout
angle near 40°), (2) on a DT with a burnout angle of 30°, and (3) on a DT
with a burnout angle of 20°. For each range, these burnout angles deter-
mine the required burnout speed and therefore the total mass of the
weapon.

The total ranges and flight times we calculate are the distances and times
after booster burnout (i.e., from the start of the ballistic phase); including
the booster’s powered phase would add approximately 100-150 km of range
and 1.5minutes of flight time but would depend on the details of the
booster and flyout trajectory.

BGV range and flight time estimates

BGV flight consists of several stages: a ballistic phase, a pull-up phase as it
reenters the atmosphere and maneuvers onto a horizontal glide trajectory
at the appropriate altitude, a glide phase, and the final dive phase. Note
that in discussions of BGVs, “range” may be used to refer to glide range vs.
total range; we attempt to be explicit about this in the discussion below.
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As above, we calculate the range and time of the ballistic phase numeric-
ally given a speed (Vj,) and angle (yp,) at burnout, which is assumed to
take place at 40 km altitude. The ballistic phase ends at an altitude h, a few
kilometers above the initial glide altitude, which is set by the vehicle’s
speed at the beginning of glide and its values of L/D and f (see below).
The speed and angle at the end of the ballistic phase are V, and —v,,
respectively (the minus sign makes v, a positive number).

The range and flight time of the dive phase are calculated numerically,
starting with the vehicle’s speed and altitude at the end of glide phase, and
assuming L/D of —1 to —2, as above. Our calculations assume f§ = 7,500 kg/
m” for the BGV.**

If a BGV’s value of f§ were lower than this, its dive time would increase
somewhat because the dive would begin at a higher glide altitude and the
BGV would slow more during the dive. More importantly, because it would
increase drag during the dive, a lower value of  would require the BGV to
start its dive with a speed greater than Mach 9 in order to evade defenses
during dive. Requiring a higher speed would increase the total mass of the
BGYV above those calculated below.

Equations for the pull-up phase. To maneuver into its glide phase, the BGV
undergoes a “pull-up” maneuver that takes it from reentering at an angle
-Yo to gliding at its equilibrium altitude with y ~ 0. This maneuver reduces
the vehicle’s speed before it begins its glide, and this reduction can have an
important effect on BGV range.

We use Acton’s equations for the pull-up phase, which we put in the
form of Equations 9-12 for the change in speed (V), altitude (h), time (),
and range (r), where the subscripts 0 and 1 refer to the start and end of
pull-up, respectively, and the vehicle maneuvers from a reentry angle of
—Yo to 0:%

ST ”
ho =y = Y?’f o (10)
h—ty= Y‘;iztz” (11)
o=t = Yolzum <1_ 2%0A> (12)
where
A= 1 208Ruum (13)
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w=o(Vy) =1—— (14)

and V, = [g(Re+h)]0'5 ~ 8km/s for the altitudes of interest here, where R,
is the Earth radius.

The constant Ry, has units of length and is essentially the turning
radius of the pull-up maneuver. Acton relates it to parameters of the
vehicle as:

2
Ruum :Li:i <E) (Re+h1) (15)
/pp1 o \ Ve
where p; is the atmospheric density at the end of the pull-up phase, and
the second equality uses Equation 14, and Equation 19 for p;; h; is the ini-
tial glide altitude. Alternatively, as discussed below, R;,,, can be considered
a parameter chosen to optimize the pull-up maneuver.
Note that the second term on the right-hand side of Equation 13 can be
written as:

Olog

T (16)
Vg/Rtum

which is the ratio of the effective gravitational acceleration (g reduced by
the inertial factor o)) to the centripetal acceleration of the vehicle due to its
pull-up maneuver. For high speeds or sharp turns, this term is small so
that A ~ 1 and Equations 6-9 reduce to the simple form in which the vel-
ocity change depends only on Y, and L/D, and not Rirn.® We use the full
equations for our calculations.

Figure 2 shows how the speed change during pull-up, 6V=V, — V;
given by Equation 9, varies with Ry, for the case of yo = 5°, L/D=2.6,
and several values of V), As discussed, for large Vjy, 0V varies slowly with
Ry To reduce speed loss during pull-up the vehicle should turn using a
small value of Ry, Too small a value of R,,,, will lead to high stresses;
keeping the associated forces below 15 g, which appears to be a conservative
value based on modern airframes, gives minimum values of R;,,, of 42km
for V, = 2.5km/s to 135km for 4.5km/s.*’”

Equation 10 shows that the choice of Ry, will determine the altitude
change during pull-up, which is the difference in altitude between the end
of the ballistic phase and the beginning of equilibrium glide. Calculations
show that the overall range and flight time results for the BGV are insensi-
tive to the particular choice of Ry, as long as it is in the region of the
curve in which 0V does not vary rapidly. Figure 3 shows the values of R,
we use for a given velocity and angle at the start of pull-up.
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Figure 2. Speed change during pull-up, 6V=V, — V;, as a function of R, for yo = 5° and
L/D=26.
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Figure 3. The curves used to interpolate the value of Ry, for a given velocity and angle y, at
the start of pull-up, chosen to give low values of 6V and appropriate values of altitude change

for the associated speed and 6y.

Equations for the glide phase. The drag force on the vehicle during glide is:
1 p
Fp =-CpApV? = —mV? 17
D=5%tD p 28 m (17)
The equations of motion show the lift force must equal the vehicle weight
mg reduced by an inertial term due to its flight over a spherical Earth:
V2
Fp=|1-— |mg=omg (18)

Ve
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where o(V) is given by Equation 14 and includes the inertial (centrifugal)
effects at high speed. Since F; = (L/D)Fp, combining Equations 17 and 18
gives the equilibrium glide altitude h of the vehicle at speed V, where h
corresponds to the atmospheric density satisfying:

20gP
h) = 19
=% (19)
Fp can then be written:
o,
Fp=m % (20)
D

Equation 20 shows that although Fp, appears from Equation 17 to vary as
V2, as V changes during glide the vehicle will change its glide altitude to
produce a lift force given by Equation 18, which removes most of the vel-
ocity dependence of Fp. Because of this, Fp has only a weak velocity
dependence through o, which varies by less than 10% as V changes from
Mach 5 to Mach 10.

We use Equation 20 to derive expressions for BGV glide dynamics.
Ignoring the very small change in potential energy of the BGV as its alti-
tude changes during glide, the BGV’s change in kinetic energy during glide
equals the work done by drag:

mV? mg V2
d( B ) ——FDdT——%<1—762)dr (21)

Appendix D shows this can be integrated and put in the form (where
ag=0(Vy)):

2grg 12
V(TG) = Ve |:]. - Otgexp <m>:| (22)
which gives the speed for a BGV that starts gliding with a speed V, and
glides a distance rg.

Equation 22 gives the glide range of a BGV starting at V, and ending at
Vras:

f

yve (127,
ro(Ve Vi) = 2=21n % (23)

2g 1—V§/
VZ

Appendix D shows that Equation 22 can also be used to derive the time
duration of glide over distance rg:
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1+ (1 2o ) )2
o MpVe |17 (1 - e (3577))

24
V. g 1+ V,/V, (24)

to(re) =

Equations 23 and 24 can be used to derive an equation for the time dur-
ation of glide starting at V, and ending at V.
(1=Vi/Ve) (14 V,/Ve)
(L+ Vi/Ve) (1= V,/Ve)

L/DVe In

(Vi V) =2

(25)

Notice that these equations depend on L/D but not f.

These equations allow us to estimate the BGV range and flight time for
a given booster burnout speed V,, and angle y;, (determined by the boost
phase trajectory). Given those burnout values, we calculate the range,
speed, and angle at the end of the ballistic phase, and use those numbers to
calculate the range and speed at the end of the pull-up phase, at which
point the BGV is on a glide trajectory with y=0. The BGV then glides
until it slows to Vs and then dives to the ground. The total range is the
sum of the ranges during the ballistic, pull-up, glide, and dive phases.

To calculate the curves in the plots below we choose values of Vj, and
Yvo such that the glide range is roughly half the total range in each case,
although the results are not sensitive to this choice.*®

To do this, for a total range R and speed V; at the end of glide (where
Vy=Mach 5 or Mach 9) we vary Vj, and vy, to find a combination with
the smallest V, (and therefore the smallest total mass of the weapon for a
given vehicle mass) that gives a total range R and glide range rg = R/2, sub-
ject to the constraint that the BGV dives from its glide phase when it
reaches a speed V. For each range R and speed Vj that allows us to calcu-
late the flight time and a total vehicle mass (from Equation 8).

The speeds, angles, ranges, and flight time for the ballistic and terminal
phases of the BGVs and MaRVs are determined by numerical calculations
of the trajectory using the model described in Paper 1.

In particular, our calculations follow these steps:

1. Assume the ballistic phase begins with booster burnout at 40 km alti-
tude, with speed V;, and angle y;,. Calculate the range, time, speed,
and angle at the end of the ballistic phase (which is the beginning of
the pull-up phase). This will typically occur a few kilometers above the
altitude at which glide will begin (for most of our calculations we
assume the pull-up phase begins at about 40 km).
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2. Pick an appropriate value of Ry, for the speed and angle at the begin-
ning of pull-up and use Equations 9-14 to calculate the speed, range,
altitude, and time at the end of the pull-up phase.

3. Assume the vehicle starts glide with y=0 and its speed at the end of
pull-up, at an altitude given by Equation 19.

4. Calculate the glide range and time using Equations 23 and 25 assuming
glide ends when the BGV reaches V.

5. Calculate the range and time of the dive phase given the vehicle’s speed
and altitude at the end of glide phase.

6. Sum the range and flight time for the ballistic, pull-up, glide, and dive
phases.

7. Iterate this process varying V,, and 7y;, to find values that give a trajec-
tory for which the glide range is roughly half of the total range.

8. Calculate the total mass of the weapon for this value of V,, using
Equation 8.

Comparing BGVs and MaRVs for short ranges

In this section, we compare the ranges, flight times, and masses of BGVs
and MaRVs for total ranges up to about 1,200km. Since these weapons
may be air-launched, the total mass is an important consideration. The sys-
tems considered in this section have total masses of 2,000-4,000 kg.

As noted, the BGV is assumed to have L/D = 2.6, which is the value esti-
mated for the HTV-2; the MaRV is assumed to have L/D=0 until it
reaches 30km altitude on reentry, below which it has L/D of —1 to —2.%
The results for the two systems will be approximate, both because the ana-
lysis is approximate and the parameter values are uncertain. But our pri-
mary interest is estimating the relative capability of the two systems, which
should be fairly insensitive to these details.

Figure 4 shows the total mass as a function of range, assuming both
vehicles have a mass of 700kg. In this case, equal total mass means the
vehicles have the same burnout speed.

If the vehicle masses are larger or smaller than 700kg, then the curves in
Figure 4 will move up or down by the ratio of the actual vehicle mass to
700 kg.

Figure 5 shows the results if the MaRV mass can be reduced relative to
the BGV, because of reduced heat shielding or structural requirements as
discussed above. In that case, Equation 8 shows that the total mass of the
MaRV plus booster could be reduced compared to the BGV by a similar
fraction as the reduction of vehicle mass, while maintaining the same burn-
out velocity. Figure 5 compares the total masses assuming the BGV vehicle
has a mass of 700kg and the MaRV vehicle has a mass of either 500 or
350 kg.
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Figure 6 shows the flight time of the vehicles in Figures 4 and 5 as a
function of range. The lines correspond to the smallest total mass for each
range and vehicle mass, as shown in Figures 4 and 5.
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Figure 4. Smallest total mass required to reach a given range assuming BGV and MaRV vehicle
masses are 700kg, for a MaRV (thin lines) on an MET (burnout angle about 40°) and on DTs
with burnout angles of 20 and 30°, and a BGV (bold lines) on a trajectory for which the glide
range is half the total range. Speed at the end of BGV glide phase is either Mach 5 or Mach 9.
Range is the sum of the ranges during ballistic, pull-up, glide, and dive phases.
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Figure 5. The results shown in Figure 4 for the Mach 5 BGV and 30° MaRV, but in which 350-
and 500-kg MaRVs are compared to the 700-kg BGV shown in that Figure. The burnout speed
of the MaRVs for each range is the same as in Figure 4 so their total mass is reduced by the
ratio of the MaRV vehicles assumed in the two cases (350/700 and 500/700).
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Figure 6. Flight time versus range for the scenarios described in Figures 4 and 5. The lines cor-

respond to the smallest total mass for each range and vehicle mass, as shown in Figures 4
and 5.

Implications for short ranges
For clarity we refer to BGVs with speeds of Mach 5 and Mach 9 at the end
of their glide phase as BGV-5 and BGV-9, respectively.

Mach 9 case. Under the assumptions in our analysis, a key implication is
that if aircraft only carry weapons with masses less than about 3,000kg
they will not be able to carry a BGV-9 with a range of more than about
400km (Figure 4) unless the BGV vehicle mass is less than 700kg. In con-
trast, a 700-kg MaRV vehicle with a total mass of about 3,000 kg could be
launched from a range of about 1,000 km while maintaining speed sulffi-
cient to evade defenses. Lower mass MaRV vehicles could be launched
from much greater distances (Figure 5).

Mach 5 case. Aircraft could launch BGV-5s with total mass below 3,000 kg from
ranges of about 1,300km. A BGV-5 will typically have a longer range than a
MaRYV with the same total mass, assuming equal vehicle masses (Figure 4).

For low total masses (around 2,500 kg) this range difference is relatively
small: A 2,500kg air-launched BGV-5 could have a range up to about
900 km compared to about 800 km for a MaRV of the same mass launched
on an MET—a difference of about 10%—and the two vehicles would have
similar flight times.

For a 3,000 kg weapon, the BGV-5 could have a range of about 1,300 km
compared to 1,050 km for a 700-kg MaRV on an MET or 970km on a 30°
trajectory—a difference of 20-25%. The range advantage of the BGV-5
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increases with larger total mass, as discussed below, but such weapons are
unlikely to be air-launched.

If, however, MaRV vehicle mass can be reduced relative to the BGV-5
then the range advantage of the BGV-5 disappears. Figure 5 shows that a
500kg MaRV vehicle can reach 1,200km on a 30° trajectory with a
2,500 kg total mass, compared to 900 km for a BGV-5 with the same total
mass and a 700 kg vehicle mass. A BGV-5 with a 2,800kg total mass could
also reach a range of 1,200 km, but its flight time would be longer than the
MaRV by more than a minute and a half.

Figure 5 shows that the MaRV’s range advantage will increase signifi-
cantly if its mass can be made even lighter.

Comparing BGVs and MaRVs for longer ranges
We next compare BGV and MaRV for total ranges up to 3,000 km.

For ranges much longer than 1,000 km, 700-kg BGV and MaRV vehicles
with their boosters would be massive enough that they would likely be
launched from ships or land rather than aircraft. One of the few estimates
available of the total mass of the Army’s ground-launched LRHW, with a
reported total range of about 3,000 km, is more than 7,000 kg.”

As above, we consider the two cases in which the BGV speed is either
Mach 5 or Mach 9 when it starts its dive to the target. We again assume
that the glide range is half of the total range and assume that burnout
occurs at about 50 km for surface launches; the results are not sensitive to
this assumption.

Figure 7 shows the total mass of the weapon as a function of its range,
assuming both BGV and MaRV vehicle masses are 700kg; in this case,
equal total mass means the vehicles have the same burnout speed. As
above, this plot shows the relative capabilities of the two systems; if the
vehicle masses are larger or smaller than 700 kg, then the curves in Figure
7 will move up or down by the ratio of the actual vehicle mass to 700 kg.

Figure 8 shows how Figure 7 changes if the MaRV mass can be reduced
relative to the BGV. It compares the 700-kg BGV in Figure 7 with a 500-
kg and 350-kg MaRV flown on a 30° trajectory with the same burnout
speed as in Figure 7. Equation 8 shows that the total mass will decrease by
the ratio of the vehicle masses, with the same performance.

Figure 9 shows the flight time of the vehicles in Figures 7 and 8 as a
function of range. The points correspond to the smallest total mass for
each range and vehicle mass, as shown in Figures 7 and 8.

Figures 7 and 9 show that, for a given range, decreasing the burnout
angle of a MaRV from its MET value (near 40°) to 30° leads to only a
small increase in the required booster speed, and therefore mass, but sig-
nificantly reduces the flight time.
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Figure 8. The results shown in Figure 7 for the case in which 350- and 500-kg MaRVs are com-
pared to the 700-kg BGVs shown in that figure. The burnout speed of the MaRVs is the same
as in Figure 7 so their total masses are reduced by the ratio of the MaRV vehicle masses in the
two cases (350/700 and 500/700). the flight time versus range curves in Figure 9 still apply.

Implications of the results

Mach 5 case. Gliding increases the range of a BGV relative to a MaRV for
the same burnout speed. While small for low total masses (around
2,500kg) the range difference increases with total mass, assuming equal
vehicle masses. For total masses around 5,000 kg, Figure 7 shows that the
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and 8.

maximum BGV-5 range would be about 3,000km compared to about
2,000 km for a MaRV with the same vehicle mass.

This difference can also be discussed in terms of the total masses of the
two systems required to reach a given range. The mass difference is small
for ranges less than 1,000km. For 1,000 km maximum range the MaRV
total mass is larger than that of a BGV-5 by about 15%; at 2,000 km it is
larger by 35%, and at 3,000 km it is larger by 50%.

However, if the MaRV vehicle mass can be reduced by these percentages
relative to the BGV, then both systems will have the same range for the
same total mass (Figure 8 and Equation 8).

In addition, MaRVs can have significantly shorter flight times than
BGV-5s to the same maximum range (Figure 9): The flight time of a BGV-
5 is 20% longer than a MaRV with a 30° burnout angle over 1,000km
range and about 30% longer over ranges from 2,000 to 3,000 km.

Mach 9 case. The situation is different for BGVs diving at speeds high
enough to evade terminal defenses.

As above, for systems with small total mass, MaRVs have a clear advan-
tage over BGV-9s because they can have longer range at lower total mass,
even assuming the MaRV and BGV vehicles have the same mass. Figure 4
shows that for the smallest total mass considered for a BGV-9 (3,000 kg)
the MaRV range would be more than twice that of the BGV-9 because the
starting glide velocity of the BGV-9 is not much above Mach 9, so it can
glide only a short distance before it dives. If the MaRV vehicle mass can be
reduced relative to that of the BGV, the MaRV’s advantage is even greater
(Figure 5).
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For total masses of 4,500-5,000kg, MaRVs and BGV-9s would have
similar capabilities, (assuming equal vehicles masses) with ranges of 1,600-
2,000 km (Figure 7). The MaRV could reach longer ranges if it had a
smaller vehicle mass (Figure 8).

For ranges beyond 2,000 km the flight time of a MaRV launched with a
30° burnout angle to its maximum range would be less than that of a
BGV-9 flying to the same range (Figure 9). Assuming equal vehicle masses,
for 3,000 km maximum range the total mass of a MaRV would be about
25% larger than a BGV-9 (about 7,600 kg for the MaRV versus 6,200 kg for
the BGV-9) (Figure 7). On the other hand, if the MaRV vehicle mass was
20% smaller than the BGV vehicle mass, both systems would have the
same total mass for 3,000 km maximum range and the MaRV flight time
would be shorter by half a minute.

Appendix B discusses how changing L/D affects these results.

The dynamics of maneuvering during glide phase

The ability to maneuver in midcourse is frequently cited as a significant
advantage for BGVs over MaRVs.”' Reasons given include retargeting dur-
ing flight; increasing the uncertainty of the trajectory to a defender; and
avoiding overflight of certain regions from a given launch site, either for
political reasons or to avoid a defense or radar site.

These benefits must be weighed against various considerations. For
example, the fact that short-range systems can be launched from mobile
platforms may reduce the importance of midcourse maneuvering. In add-
ition, if BGVs can be detected by space-based sensors, maneuvering around
ground-based radars may be of little utility. And while midcourse maneu-
vering can increase the area over which the weapon can be retargeted,
maneuvering during reentry alone can allow either a BGV or MaRV to
retarget over hundreds of kilometers.

Moreover, making large maneuvers in the glide phase can significantly
reduce the speed and range of a BGV.””> Consider a BGV with speed V. To
turn, it uses lift to generate a force perpendicular to its motion, creating a
perpendicular velocity component V, to change the direction of its velocity
vector.

Because V is large, even relatively small turn angles require large V. For
example, if V=4km/s (Mach 13.3) turning by just 25° requires creating a
V, of about 1.7 km/s (Mach 5.6), which is itself a hypersonic velocity.

To turn, the vehicle would bank and use some of its lift for changing
directions rather than staying aloft. To do this, the vehicle would drop below
its initial glide altitude during the turn. At the new altitude, the BGV would
have essentially the same speed but at higher atmospheric density and could
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use the additional lift to turn. Its drag would be greater than at its original
altitude, which would reduce its speed and range relative to gliding without
turning. We discuss this process and calculate the tradeoff.

Assume a BGV is gliding with speed V; at altitude h; and density
p1=p(hy). It uses its entire lift force to stay aloft (see Equation 18):

CLAp, V2 1%
F :%: <1 _712> mg = o(Vy)mg (26)
e

where V. =g(R, +h). Equation 26 gives the density at the initial glide alti-
tude as:

20umg 20,4
PL=cav: T, v
LAV /D 1

(27)
where o; =a(V;). For altitudes of interest here h and p are related by:93

p(h) = 1.75exp (— %) (28)

with % in km and p in kg/m>. The density increases by about a factor of
two for each 5km drop in altitude.

Assume that the BGV drops instantaneously from h; to h, to begin its
turn and banks by angle 0 to create a horizontal component of lift. It flies
for a pathlength r at the lower altitude and then stops banking and uses its
lift to rise instantaneously to its new glide altitude, which will be somewhat
lower than h; because its speed has decreased during the turn.”*

When the vehicle drops to h,, the speed is assumed initially to remain at
V1, so the vertical force keeping the vehicle aloft at h, is:

CLAp,V}

ng) = Ff) cost = cost = oymg (29)

where F,® is the total lift force at h, and the last equality uses the fact
that the vertical component of lift must keep the vehicle aloft with speed
V; at the new altitude (ignoring the small change in V, due to this small
change in altitude). Since F;” = o;mg, then Equations 26 and 29 give:

cos0 = Pi (30)

P2
where 0 is the bank angle.”
During the turn, drag will slow the vehicle. Since the vertical force F,”
must remain equal to «(V)mg, the vehicle slowly drops in altitude to
increase the ambient density:

CLApV2

FY(v) = Ff)(V) cos0 = cosh = a(V)mg (31)
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The horizontal force used for turning is:
F (V)= Ff) sin® = F? tan 0 = o(V)mg tand (32)
The drag during the turn is:

£ _ CoApV? _ o(V)mg
D = =
2 L/ cos 6

(33)

where the last equality uses Equation 31.

Equation 33 shows that the drag is larger than at the original altitude by
a factor that reflects the ratio of densities (Equation 30), as expected. The
change in speed that results from the BGV flying at the lower altitude over
a distance r, starting at a speed V; at a bank angle 0, is given by Equation
22 with the drag force increased by a factor of 1/cos 0:

V(r) = Ve[l — oy exp (r/Re)]l/2 (34)
where
_ E/pcos® V2

R
0 22

(35)
F,| creates a lateral horizontal velocity V. Since F, always acts perpen-
dicular to V it will rotate V but not change its magnitude, rotating it by an
angle x, which can be calculated using:

e — v, 1 Fidt _ a(V)g tan6 gt — a(V)g tanb

V(r) V. m v V2

since dV |, = (F,/m) dt, and using Equation 32 and the fact that dt=dr/V.
Inserting Equation 34 for V and integrating gives:

© o, _gtanb[ r dar’
Jo = V2 [ r+J01—0€1 exp (r'/Ry) G7)

dr (36)

which gives:

L & -
K(r) = /psin O ln( 1—oy ) (38)

2 1 — oy exp (r/Ry)

Equation 38 gives the angle of rotation for a BGV gliding over a distance
r starting at a speed V; and with a constant bank angle 0.
The radius of curvature of the turn is given by:

Radius;,,, = r (39)
K

Equation 38 gives the distance r the vehicle must travel at lower altitudes
to turn by x before returning to higher altitudes to glide with 0=0.
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The distance r required for a given x decreases as 0 increases, ie., the
vehicle turns faster at lower altitudes where the atmospheric is thicker.

The time required for this turn (traveling a distance r, starting at a speed
V; at bank angle 0) is given by Equation 24 with the drag force increase by

1/cos 0:

r 2Ry 1 — o exp (r/Rg)"/?

t(r) =—— In|1+ (40)
V. V. 1+ Vi/V,

The additional drag the vehicle experiences while at lower altitudes will
decrease the speed and the maximum range of the BGV compared to
remaining at its original altitude without turning. The decrease in V from
its initial speed V; while traveling the distance r during the turn, compared
to traveling the same distance r starting at the original altitude, is given by
(using Equations 22 and 34):

200 1\ Y2 2008 r 172
SV(T) =V, < |:1 — 0l exp (L/ 152 >:| — |:1 — oy exp (ﬁ)}
D"e D'e

(41)

We can similarly compare the total pathlength of the glide phases of the
maneuvering and non-maneuvering flights. If the BGV begins its maneuver
with speed V; then Equation 34 gives its speed V, after maneuvering over
a distance r. Its total glide distance, assuming glide ends when it reaches
Vf, is:

1-Y /
L/ DVe2 vz
In T /
— Y2
V2

where the first term is the glide distance during the turn and the second
term is Equation 23 for the glide distance when the banking angle is set to
zero after maneuvering.

This pathlength can be compared to the BGV range starting with a speed
V; and flying until it reaches Vy without maneuvering:

RE(r, Vy) =1+ (42)

R%(0, V) = —_ 43
G( f) 2g 1—V1/V2 ( )

Figures 10-14 illustrate the dynamics of turning at two speeds and angles
(assuming L/D =2.6). We determine the turn distance r required to give a
turn angle k for a given altitude change oh, and calculate the time duration
of the turn, the velocity change, and distance traveled.
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Figure 10. The pathlength the BGV must travel at an altitude oh below its initial glide altitude
for the turns shown (30° for the dotted curves and 45° for the solid curves). The bold lines are
for an initial BGV speed V; = Mach 13.3 and the thin lines are for V; = Mach 10. The total
glide range with no maneuvering is 980 km for V; = Mach 10 and 2,140 km for Mach 13.3 (in
both cases gliding to Vs = Mach 5), for the parameters used here (L/D = 2.6).
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Figure 11. The time required for the BGV to turn through the angles of 30° and 45° by drop-
ping in altitude by a distance dh during the turn. Other details as in Figure 10.

N

Implications
These plots show that midcourse maneuvering can be slow and costly.
Turning at altitudes only a few kilometers below the equilibrium glide alti-
tude can reduce the costs but will be slow and take place over a third to a
half of the total glide range for turn angles of 30-45°.

Faster turns over a shorter distance require dropping to lower altitudes for
the maneuver, which can significantly reduce the glide range (Figures 13
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Figure 13. Reduction in BGV pathlength due to turning, for V; = Mach 5. Curves show the
total glide range of the maneuvering BGV divided by its range had it remained at its initial
equilibrium glide altitude without turning. Other details as in Figure 10.

and 14), especially for BGVs intended to evade defenses (Figure 14). In this
case BGVs starting their turns at Mach 10 will have very short glide ranges.

The discussion above is for a single turn. Maneuvering around a particu-
lar location may require multiple turns, which can significantly increase the
costs.

For example, consider a BGV at Mach 10 that makes a 30° turn by
reducing its altitude by 5km, and then turns by —30° to return to its initial
heading (Figure 15). The BGV will travel 235km during the first turn, and
its speed will drop to 2.4km/s. Turning back by 30° will require it to travel
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Figure 14. Reduction in BGV path length due to turning as in Figure 13, but for Vs = Mach 9.
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Figure 15. The trajectory of a BGV initially traveling at Mach 10 that dives from its glide when
Ve = Mach 5. To turn, it drops by dh=5km, turns by 30° clockwise and then by 30° counter-
clockwise to its original heading, after which it returns to its (new) equilibrium glide altitude.
The increased drag reduces the total glide pathlength to 57% of its value with no turns, shown
by the dashed line. This figure assumes L/D = 2.6.
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Figure 16. A maneuver similar to that in Figure 15 except the BGV is initially launched 30°
from the line to the target, and maneuvers by 60° to reach the target. As in Figure 15, the
increased drag reduces its total glide pathlength to about 57% of the pathlength it would have
with no turns, shown by the dashed line.

140km and its speed will be 1.9km/s when it returns to its equilibrium
glide altitude. From there it could travel only 190 km until reaching Mach
5. Its total glide pathlength will be only about 565km rather than 985km
without turning. In this case the new trajectory has only moved laterally by
about 100 km.

In Figure 16, the BGV is launched 30° from the direction to the intended
target to fly around a location on a line between the two. This case is the
same as in Figure 15, but with both turns in the same direction. The total
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pathlength of the maneuvering case is again 565km, compared with
985km with no maneuvering. If the BGV needed to reach a greater dis-
tance from the dotted line during the maneuver, that would require larger
turns which would further reduce its range.

Conclusions

U.S. development of BGVs and the decision to procure and deploy these
weapons appear to have proceeded without a careful analysis of whether
their military missions can be met as well or better using other systems,
especially those that may be less expensive and more reliable since they
rely largely on existing technologies.

Since U.S. BGV development focuses on systems with glide ranges less
than about 1,500km and total ranges less than about 3,000 km, this paper
compares those systems to MaRVs flying on depressed trajectories.

Hypersonic weapons and terminal defenses

Our analysis of current terminal missile defenses shows that hypersonic
weapons of the types considered here may be vulnerable to endo-atmos-
pheric interceptors when the BGV or MaRV are in the final dive portions
of their trajectories. A key result is that evading current missile defense sys-
tems requires vehicles to maintain speeds substantially higher than Mach 5
throughout their glide.

In particular, the speed of a reentering vehicle throughout its dive to the
target should be greater than that of the interceptor. To evade the most
capable current defense systems, a BGV or MaRV must maintain a speed
greater than about Mach 6 during its dive, meaning that a BGV should
begin its dive from glide phase with a speed of about Mach 10 or greater.

Moreover, the required minimum speed of a BGV will increase as new
generations of faster endo-atmospheric defenses are developed.

Because of the velocity losses of the BGV during pull-up and glide
phases, a BGV requires a higher burnout speed than a MaRV to achieve
the same speeds during reentry.

Range, flight time, and mass of BGVs vs. MaRVs

The total mass and size of the BGV or MaRV vehicle plus booster is impor-
tant for some basing modes. This analysis estimates the minimum total
masses of BGVs and MaRVs as a function of range. (Range here refers to
the total range of the weapon after booster burnout.) While the specific
results of the calculations depend on the particular parameter values
assumed for the vehicles, our calculations illustrate the relative capabilities
and potential tradeoffs between two systems with the same parameter values.
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Our baseline comparison assumes that the BGV and MaRV use the same
vehicle flown on different trajectories. We also look at MaRVs that are less
massive than a BGV vehicle.

The primary advantage of BGVs is their ability to fly at low altitudes for
long distances, which is primarily useful for maneuvering during midcourse
flight. While it can also allow them to underfly exo-atmospheric missile
defenses, U.S. weapons of the ranges considered here are unlikely to face
exo-atmospheric defenses in the foreseeable future. Our analysis shows that
these BGV capabilities come at a cost in speed, mass, and/or range, as well
as increased heat loading.

Our results show there are important missions in which MaRVs have a
combination of mass and delivery time that make them preferable to
BGVs, especially if MaRV vehicles can be made less massive than BGVs. A
general advantage of MaRVs is that they use existing technologies and are
not subject to the prolonged, intense heating or aerodynamic instabilities of
a BGV’s glide phase, which have complicated and slowed the development
of BGVs. MaRVs may therefore be available sooner, be less expensive, and
have higher reliability than BGVs.

Our analysis compares the capabilities of MaRVs with BGVs that finish
their glide phase with speeds of either Mach 9 or Mach 5; the former may
be able to evade current terminal defenses, while the latter likely cannot.
We refer below to these as BGV-9 and BGV-5, respectively.

BGVs that can evade defenses (BGV-9). Our results show that if launch
vehicles, such as aircraft, only carry weapons with masses less than about
3,000 kg, then MaRVs have a clear advantage over BGV-9s.

In particular, for these masses, aircraft would not carry a BGV-9 with a
range of more than a few hundred kilometers unless the BGV vehicle mass
was less than 700kg. Such aircraft could, however, launch a 700-kg MaRV
vehicle from a range of about 1,000 km that could maintain speed sufficient
to evade terminal defenses. Lower mass MaRV vehicles could be launched
from significantly greater distances.

Weapons with total mass greater than about 3,000kg are likely to be
launched from land or sea, and the mass and size of the weapon is likely to
be less of a consideration.

Assuming equal vehicle masses, for ranges up to about 1,750km a MaRV
can have a lower total mass than a BGV-9. For longer ranges, a BGV-9 will
have a smaller total mass than a MaRV for comparable flight time.

If, however, the MaRV vehicle mass is 20% less than the mass of the
BGV vehicle, the total mass of the MaRV will be less than that of the
BGV-9 over all the ranges considered here.
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BGVs not intended to evade defenses (BGV-5). If BGVs are intended to have
hypersonic speeds but not evade terminal defenses, i.e., maintain glide
speeds above Mach 5 but below Mach 9, then a BGV could reach longer
ranges than a MaRV with the same burnout speed for ranges longer than
about 500 km.

For small total masses, the range difference is small: A BGV-5 with a
total mass of 2,500kg could have a range up to about 900 km compared to
about 800 km for a MaRV of the same mass. If, however, the MaRV vehicle
mass could be reduced by 10% it could also reach 900km range for the
same total mass and same flight time as the BGV-5. Further reductions in
MaRV mass relative to the BGV would make MaRV capabilities competi-
tive with those of the BGV-5 at longer ranges.

The difference in capabilities of the systems increases with range and
total mass. For ranges of 2,000-3,000 km, assuming the vehicles have the
same mass, the total mass of a MaRV would be larger than that of a BGV-
5 by 35-50%, since it would require a higher burnout speed, but the deliv-
ery time would be 30% shorter. If the MaRV vehicle mass could be made
25-35% smaller than the BGV vehicle mass, the two systems would have
the same range for the same total mass at these ranges.

Maneuvering

Both MaRVs and BGVs can maneuver aerodynamically by hundreds of
kilometers during their final reentry. In addition, BGVs can maneuver dur-
ing their glide phases, and some proponents cite this additional maneuver-
ing capability as an important advantage.

Midcourse maneuvering, however, increases drag and can significantly
reduce the BGV’s speed and range, which limits the potential amount of
maneuvering and therefore reduces the advantages of such maneuvering. In
comparing BGVs with MaRVs, one must therefore take into account the
potential costs and benefits of midcourse maneuvering and the scenarios in
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