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CHAPTER 7
ELECTRICAL ARMING, SELF-DESTRUCT, AND FIRING DEVICES

Advances in the state of the art of electronics have provided the fuze designer with many new, unigue, and cosi-effective
means of performing accurate timing and numerous and complex fuzing control and logic functions. This chaprer discusses the
use af electronic, electrochemical, and micromechanical circuits and devices in present-day electronic fuzes. Typical applica-
tons af elecerically operated components, such as switches and electroexplosive devices, are described and illusirated. The
use of elecironic logic 10 perform safery funciions, e.g., fast-clock monitoring, sensor interrogation, and safery and arming
(S&A} monitoring, I5 discussed. Examples of circuits and logic diagrams used io perfarm these functions are provided, The
theorv and current 1echnology base for digital 1imers and for the componenss of a digital timing system (power supply. time
base, and counter) are covered in detail. Numerous circuits and semiconductor devices are presented 1o illusirate the impact of
state-of-the-art integrated circuits on fuze technology. The final outpur of most electronic fuzes is the firing of an electroexplo-
sive device. Examples of high- and low-energy firing circuits, design guides, and equations for calculating the energy output of
a capacitive discharge firing circuil are provided. Microcomputers are becoming more prevolent in complex fuzing systems
that require multiple timing and saferv logic functions. A general description and the operational characteristics of several
microcomputers suitable for use with fuzing systems are discussed. Recent advances in the field of microelectronic chips have
led 1o the development of micromechanical sensors of environmental faciars, i.e., accelerarion, pressure, and force. A micro-
mechanical accelerometer design is described, and size, performance, and sensitivity data are presented. Electrochemical tim-
ers, capable of performing timing from seconds to months, are described, and their advaniages for fuzing applications are
discussed. Design technigues for achieving a reliable design in electronic fuzes are cited, and the relative merits of commer-
cial vs milisary high-reliability electronic componenis are compared.

7-0 LIST OF SYMBOLS T, = period of oscillation &t pin 13, s
C = capacitance. F or pF T, = period of oscillation at pins 10 and i1, s
C, = capacitance across transistor. uF T, = pcr_lod of mo‘.hﬁe.d RC multivibrator, ps
O = ouieu eamacitsnee 11 T = period of oscillation, us
Lv, = WUULpUl Lapauitalive, Ji — a s
= stored electrical energy, erg ‘;: "mt'l i v
f = frequency. Hz v " s:pp YJO t:gc.
Sour = output frequency of oscillation, MHz v A - EE’D+ Tﬁ’ i v
g = acceleration due to gravity, m/s’ (fu's’) "j" - cimui?cl;-osri:i::\[fz?;gc v
I = peak point current, pA cc y
1 (MA){ = maximum value of [, pA Vo = diode forward voltage drop, V
r I = runcurrent. A r Vop = power supply voltage, V
i" = siop currcn‘l A V,v = input voltage, V (See Fig. 7-20.)
! ) Vio- = no-fire voltage across bleeder resistor, V
I = valley rurrent 11 A NO ".‘E N
fpe T OVARCY CREERL BA V, = outpul voltage, V
Ry _ V, = stop volaage, V
K= }-.dlmcnsnonlcss V, = run volage, V
P’ = average power dissipated by basic inverer, VV_, f ::c:?:(:f;afvtmd.% RVR2 ratio, V
W 55 =
R = r':sismncc a V, = offset voliage, typically 0.4V
R, = resistance A, Q2 Via = :!a::'::: vsimge a1 switching point of
= i B. '
Ry = resistance B, 2 V, = valley voliage, = 0.6 V
R = kR, Q V = stopvolage V
© " R,+R/ n = duty cycle, dimensionless
R, = resistance L, Q
R, = resistance S, 0 7-1 INTRODUCTION
R, = resistance T. (2 Since 1970, a wide variety of new electranic devices has
R, = resistance |, Q become available to the electronic fuze designer. These new
R, = resistance 2, devices have made previously used electronic components
R’ = required bleed resistor, Q obsolete, including vacuum tubes, cold cathode diodes, and

T = period of simplest RC multivibrator, jis square {oop magnetic cores. The clecwronic fuzes of today
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7 heavily on the functional complexity available in stan-
Jard and custom integrated circuits, The dominant inte-
grated circuit {IC) technology used woday is complementary
metal oxide semiconductor (CMOS) because of its high-
noise immunity and low-power consumpton. Major
advances have alsa been made in resistors, capacitors, crys-
tals, inductors, and in the packaging of these components.
They are now available in ultraminialure packages, which
are attached to a substrate or to a printed circuit board by
surface mount technology. These advances have led (o
extremely small, very rugged circuit designs.

Ozher IC technologies that might be considered by the
fuze designer include

1. HCMOS-—high-speed CMOS
TTL-—transistor transistor iogic
LSTTL—low-power Schouky TTL
ECL—emiuer-coupled logic
I'L—integrated injection logic
FAST—Fairchild advanced Schouky TTL
S0S—silicon-on-sapphire

8. GaAs—pallium arsenide.

CMOS ariginally could not compeie with the speed of
TTL logic, but today CMOS is able 1o maich the speed. In
fact, CMOS replacements for many TTL ICs are available
in the HCMOS family group.

The influx of new information and technologies presents
a problem to writing a handbook that is 10 contain the latest
circuits and techmiques because the electronic technologies
of 1oday will be superseded by newer ones in the very near
future. The best that can be done is 10 give the designer
background information and 1o impress upon him the need
to review the current titerawure before selecting a circutt,

NO AW

7-2 COMPONENTS
7-21 SWITCHES '

Switches used in safety and arming devices (SAD) must
be small and rugged, must close (or open) in a specified
time. and must remain closed (or open) long enough to do
their job. Switches can be operated by setback, centrifugal
force, or impact.

A typical trembler switch, as illustrated in Fig. 7-1, is
essentially a weight on a spring. When the velocity of a
munition changes, inential forces cause the weight 10 deflect
the spring so that the weight makes contact with the case.
The switch shown has a currem rating of 100 mA and oper-
ates at accelerations of 4010 100 g.

Ideally, the seasitivity of an impact switch should remain
constant as the switch is rotated about its tongitudinal axis,
but tests on cantilevered switch designs, like those shown in
Figs. 7-1 and 7-2, show wide vaniations in tolerances. The
variattons tn switch sensitivity are generally due 1o eccen-

Iricities hetween the cantact and contact hnnﬂng and varia-

lions in the spring constant.
The design of the impact switch in Fig. 7-2 is less suscep-
tible to tangential accelerations than the switch in Fig. 7-1
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r Seating Compaund Lead —

= Erartb iy Haous
WFETILLMT ¥ R

—Caorntact

Crimp at
Six Fiaces Comtact Spring
pting Contact Terminal

Figure 7-1. Trembler Switch

Spring
Cartect X Cover
8
El~
v ‘
e l

Body 4/ ‘/y
tnsulation

6.22mm {0.245in)

Figure 7-2. Low-Cost Biased Impact Switch
(300-1000 g)

and has improved resonant resistance to in-{flight vibrations
and oscillations.

Switches that sense setback, spin, and impact are cur-
rently being developed as micromechanical cantilever
beams of silicon, silicon dioxide, or photoetched metal with
dimensions of a few microas.

Impact sensitivity and reliability can be improved by
mounting two or more switches radially in spinning muni-
tions or muually perpendicular in nonspinning rounds, as
shown in Fig. 7-3. If possible, electronic logic should be
incorporated in fuzes employing impact-operated switches
to prevent the fuze from functioning if closure is sensed
prior to arming. Also to enhance overhead safety, the switch
should be out of the detonator firing circuit as long as is
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(A) Mounting Technique for Spinning Munitions

1

{B) Mounting Technique for Nonspinning Munitions

Figure 7-3. Mounting Techniques for Impact Switches for Spinning and Nonspinning Munitions

(Ref. 1)

praciicable. consistent with the operational requirements of
the munition.

Fig. 7-4 shows a mercury-operated cenurifugal switch. As
the munition spins aboul i1s axis, mercury in the right com-
partment penetraies the porous barrier to open the circuit.
The switch has an inherent arming delay that depends on the
porosity of the barrier among other factors. Mercury
swilches should not be used a1 \emperatures beiow —4G°C
(-40°F).

Heat generated in thermal baneries can be used 1o acti-
vate simple, reliable time-delay mechanisms that perma-
nently close an electrical circuit at some specified
temperature. Performance of these devices as delay ele-
ments depends upon close control of the rate of heat transfer
from the battery to the thermal switch. Their application
gencrally is Himited (o relatively shon time delays {up 1o a
few seconds) and 1o applications for which high accuracy is
not required. Two switches of this 1ype are shown in Figs. 7-
5 and 7-6. These fusible-link thermal switches are used to
provide the electrical arming delay and the self- destruction

Mercury Spin Axis

Chamber Glass \p
” ;_.h ._._._ _7 — = & |

Porous Barrier

Electrical Leads

Figure 7-4. Switch for Rotated Fuzes

delay in the M217 Hand Grenade fuze. Both switches oper-
ate over an ambient temperature range of —40° o 52°C
{—40° to 125°F).

The arming delay switch, shown in Fig. 7-5, closes within
1.0 to 2.4 s after initiation of the thermal battery. The switch
contains a cadmium-lead-zinc alloy disk having a meling
point of about 138°C (280°F). This disk is adjacent to B
larger fibergiass disk, which is perforated with a number of
small holes. When the metallic disk melts, the molten metal
flows through the holes in the fiberglass, bridges the gap
between the contacts, and closes the switch. Coating the
fiberglass insulator with a wetting agent to improve the Row
of the molten metal gives more uniform switch closure.

The self-destruction switch, shown in Fig. 7-6, has an
average functioning time of 4 to 6 s. Closure times range
from 3.5 s a1 52°C (125°F) to 7.0 s at —40°C (~40°F). Its
thermaliy activated element is a pressed peiiet of mercuric
iodide, which has insulating characteristics at normal tem-
peratures but becomes a good electrical conductor at its

Heat Source and Contact

T

N \\%\\\\\\ N AT
Holos Insuiator Comntact
{A) Open Posltion (B) Clasad Puslition

Figure 7-5. Thermal Delay Arming Switch

Ref. 2)
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Tamperature-Sensitive Elemant (Hgl2)

(A) Op_a: Position

{8) Ciosed Position

Figure 7-6. 'Thermal Delay Self-Destruction
Switch (Ref. 2)

melting point, 260°C (500°F). More uniform switch clo-
sures are obtained by spring loading one of the switch con-
tacts. This brings the contacting surfaces together sharply
when the todide peltet melts and reduces contact resistance
in the closed swiltch to a few hundredths of an ohm.

Alithough other thermal-sensitive devices, such as bimet-
als. can be feasible for thermal switch applications, the fus-
ible link appears 10 possess the advantages of simplicity,
safety. and reliability. Its compactness and rugged design
make it resistant to damage or malfunction caused by rough
handling. shock, or vibration. Also there is little variation in
the temperaiure at which the switch closes because the tem-
perature is determined by the melting poim of the fusibie
link. Bimeuallic thennal switches often must be individually
calibrated and adjusted and thereafier may be subject to
deformation or premature closure. Cost and size also favor
the fusible-link design. The primary disadvantage of fusible
fink switches is that they are one-shot devices that cannot be
tested or reused.

Ambient iemperature variation can greatly affect the
function time of a thermal switch. Care should be taken to
install the switches so that their ambient temperature is kept
as nearly constant as possible. The following precautions
will aid in reducing the adverse effects of vanations in
ambient temperature:

1. Place the thermal switch as close to the heat source
as practicable.

2. Minimize the mass of thermal switch components
and of any components interposed between the heat source
and the thermal switch.

3. Use materials with low specific heat wherever pos-
sible. '

4. Control the quantity and calorific value of the heat-
producing material.

5. Control the thermal insulation of the assembly.
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6. Control the manufacturing tolerance of campo-
nents.

7. Control the uniformity of assembly, including
assembly pressure of components and intimacy of contact
beiween mating surfaces.

7-2.2 ELECTROEXPLOSIVE ARMING
DEVICES

7-2.2.1 Explosive Motors

Explosive motors are devices that produce gas at high
pressure in short periods of time in a closed volume for the
purpose of doing work. They are small, reliable, one-shot
devices well-suited to remote control of small movements,
such as switch closures. Most explosive motors are electri-
cally initiated. Hence their initiation mechanism and their
input characteristics are the same as those of the electric ini-
tiators described in par. 4-3.1.4.

A dimple motor, as shown in Fig. 7-7, is similar in con-
struction to an electric detonator, except that the bottom is
concave and the explosive is a small gas-producing charge.
The pressure of the gas liberated by the reaction inverts the
concave end to a convex surface. A typical dimple motor
imparts 2 2.54-mm (0.10-in.}) movement against a 35.6-N
{8.00-ib} load. Careful design of the relatively complex cur-
vature of the dimple and accurate control of the metal con-
dition are necessary for reliable and satisfactory functioning
(Ref. 3).

Bellows motors, as illustrated in Fig, 7-8, consist of a
number of convelutions, which expand under the gas pres-
sure produced by the motar charge. They are used where a
longer (up to 254 mm (1.0 in.)) or angular stroke is
required. They are capable of producing forces of up to 44.5
N (101b) or torques to 3,39 N-m (30 fi-1b).

ANy AW LTS W LSl AN RSN AR

Piston actuators, as shown in Fig. 7-9, are another form of
explosive motor used in many modern munitions. The
exiendable version shown is capable of shearing a 1.27-mm
(0.05-in.) pin over 8 minimum wavel of 5.1 mm (0.20 in.).
Other piston actuators are available with outputs up 1o 1335
N (300 Ib}. There are also retractable versions and a rotary
version called a ROTAC.

Explosive motors may be used to move, lock, or unlock
an arming device, or they may be used to operate a swiltch.
Dimple motors are ofien used to close an electric contact, as
described in par. 7-2.2.2.

7-222 Electroexplosive Switches

Explosive switches use s dimple motor or piston o drive
a contact assembly to perform a mechanical switching oper-
ation, In the design shown in Fig. 7-10, the piston contact is
displaced by a dimple motor; this displacement unshonts the
wwo spring-loaded contacts and closes a second pair of con-

tacts, The cunn-hlna time for thic device is less than 15 ms.

RALL S, B LI VY ALASIEEIE N LRSS &RSE mASSS wewr T L=t

Although this desngn is used in currently stockpiled fuzes,
cheaper and more reliable switching methods are available
in solid-state clectronics.
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1 2 3 4 b
1 Plug
2 Cup
3 Slesve
4  Motor Charge
gss@ 2 Lead Mononitro Resorcinate 85%
CBSIO 5%
: 5 Wlth Egyptian Lacquer
' 6 Washar
7  Lead Styphnate Spot Charge
7 6
(A) Dimple  (B) Dimple
Before Firing After Firing
Figure 7-7. Dimple Motor T3El
Plug Ferrule Bellows Motor Charge
\ Lead Mononitro Resorcinate  85%
-__.l: %
|
— SRR — ——
III’I:V‘\‘
Lead Styphnate Motor Charge
Spot Charge Lead Mononitro Resorcinate  #5% Lagd Styphnats Spot Charge
KCIO4 5%
With Nitrocellulose Lacquer Figure 7-9. Piston Actuator Used in M762 Fuze

Figure 7-8. Bellows Motor, TSE1

7-2.3 ELECTRONICALLY CONTROLLED
FUZING FUNCTIONS

In clectronic fuzes, the electronics section of the fuze
may be required to
1. Arm the fuze after a selected time delay
2. Detonate the fuze after any of the following condi-
tions: impact, delay after impact, after a preselecled time
delay, or after receipt of a sngnal from a target proximity
Sensor.
3. Perform functions such as time gating, switch status
monitoring. AND/OR functions, and sequence monitoring.
It is critically important that the fuze not prematurely arm
or deionate. To prevent premarure arming or delonating,

7-5

(Ref. 4)

design safeguards are included in the electronic fuze design.
Some typical safeguards are a fast-clock monitor to prevent
premature arming and sensar interrogation to prevent pre-
mature detonation,

7-23.1 Electronic Logic Devices

Electronic logic devices can be used in conjunction with
a system clock and some form of counter (o perform a vari-
ety of logic and coatrel functions. The technology most
commonly used in ordnance applications is CMOS. The
simplest CMOS logic clement is the inverter, which con-
tains two metal oxide semiconductor (MOS) transistors (a
“P” type and an “N™ type) connected in series, as shown in
Fig. 7-11. The reason for its extremely low static, or quies-
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Figure 7-10. Switch, Electroexplosive, MK 127 MOD 0 (Ref. 4)

Voo

Voo

Input Output In

(A) Basic Inverter

3 Out In 1 Out
q N High Low
4

(B) CMOS Transistor Equivalent

~1000Q
P ' Sw 1
———

|
L——~1 sw2

~1000 2

Vss

(C) Functional Equivalent

Figure 7-11. Basic Logic Inverter

cent. current drain is that for either logic level input (1 = +V
or 0 = ground (GND)) to the inverter, ane ar the other MOS
transistor is off. Therefore, virtually no cwrent flows
through the inverter. For example, the maximum input cur-
rent for a CD 40100B (32-stage static lefi/right shift regis-
ter) is specified as 100 nA at 18 Vdc and 25°C (77°F). The
inverter changes states as the input signal rises and falls.
The typical switching point is within 45 to 55% of positive
dc power supply voliage V. There is a momentary period
during the switching process in which both the “P” and “N"
transistors are simultaneously on, and this condition gives a

make-before-break action. During this period a resistive
load of approximately 2000 ohms is placed across the
power supply. This load constitutes one of the elements that
make up the dynamic current drain of the CMOS invener.
The other two ¢lements that contribute to dynamic current
drain are parasitic node capacitances and any load capaci-
tance. For a capacitive load the average power P’ dissipated
by the basic invener, if driven with a square wave input, is
given by

P’ = C Vf pW (7-1)

-
L )

)
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where
C, = output capacitance, pF
V = supply voliage, V
f = frequency. Hz.

The basic two-transistor inverter can be used to construcl
more complicated logic devices {gates). For example, a
quad-two input NOR gate is shown symbolically and sche-
malically in Fig. 7-12. Sixteen “P” and “N™ transistors are
required 10 construct this device. A more complex device,
such as a 64-bit static shift register. can contain more than
1000 transistors.

7-2.3.2 Typical Application of Electronic Logic
Fig. 7-13 presents a logic diagram of a genenic bomb
fuze. The generic fuze is for illustrative purposes only 1o

perform some of the functions listed in par. 7-2.3. The 1u.e
provides three arming times:;
. Retard—2.6255s
2, Dive—-5.5005
3. Level—10.000s.
The fuze also provides four impaci-delay times:
I. Insianiancous
2. Shon—I10ms
3. Medium—25 ms
4, Long-—60 ms,
The fuze contains
1. Fast-clock monitor
2. Arm swiich monitor
3. Target-detecting device (TDD} monitor
4. Impact switch monitor.

Voo

(A) Single Two-nput NOR Gate

Ky

407 11

(B} Schamatic Represantation of CD 4001

Figure 7-12. Quad-Two Input NOR Gate
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A fast clock (defined in par. 7-2.3.3) or an improper TDD
or impact switch ouipul will cause a dud as will a fuze that
is armed before 1.0 s after launch.

7-2.3.3 Fast-Clock Monitor

The fast-clock monitor is intended to safeguard against a
system clock that has changed frequency so that it is sun-
ning at a significantly higher frequency than desired. If the
systern arming time is being derived from a master clock,
dangerously shortened arming times can result if the clock
runs fast. Some technigues for safeguarding against the haz-
ards created by a runaway system clock are

1. A narrow band phase lock lcop (PLL), shown sche-
matically in Fig. 7-14, which can be used to monitor the
masier clock. If the masier clock frequency is outside the
PLL lock range (high or low), the PLL will indicate this
faci. and an appropriate logic decision can be made.

2. Two redundant timers running in paratiel. 1f (.
puts of both are not simulianeous at some poinl, the sysia.
will fail to function or will accept the clock that has the
tonger time period. The circuitry of these timers is shown in
Fig. 7-15.

3. Use of a simple resistor capacitor (RC) network to
determine whether the master clock frequency is proper.

7-2.3.3.1 Fast-Clock Monitor Circuits

The fasi-clock monitor circuit of Fig. 7-16 operates as
follows:
1. The system clock frequency of 32.768 kHz is gated
after launch via AND gate 1 into the binary counier,
2. At launch, flip-flop (FF)! is set and capacitor C
charges via resistor R. Afier 3.7 ms, inverter (INV) goes low
and disables AND gate 2.

Voo
! Clock to Am
Mastar Clock PLL
CD 4046
Lock
Bandwidth
CD 4011
t 5% Lock Indicator
i
Figure 7-14. Phase Lock Loop Fast-Clock Monitor
Timer 1 $§ Q .
R '—T— One Shaot ——
T
Clear
Timar 2 § R Q - Ons Shot -—I_
A
Clear
Sa Set
Qa Output
Rasat
Figure 7-15. Redundant Timers
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System Clear
RC ~3.7ms T
NV R
Systemn Clear > R R y /' ~ L ‘ .
Q AN {9& tno >—Is Q-
Launch >4 5 J_ | Signal
c
I FF2
= A{S (Q ]
30.5 ps 39 ms 1j0(0|
32.768 kH2 L 01111
e AND )| ©1920304Q5Q6Q708 010 [NC
LAGCK ./ Dinary Counter 111 (D
System Clock
R= Reset
System Clear Se Sot
Q= Output
NC= No Change
O = Dominated by
Set = Yinput
Figure 7-16. Fast-Clock RC Monitor Circuit
3. if the system clock is operating correctly, QB of the The fast-clock monitor circuit of Fig. 7-17 operates as
binary counter will go high 3.9 ms after launch, but it wili follows. An independent RC multivibrator running at 35
not be able to pass through AND gate 2 because AND gate 2 kHz is used 10 monitor the 32.768-kHz, crystal-based sys-
was disabled at 3.7 ms by the RC circuit. However, if the tem clock. At launch AND gates | and 2 are enabled permit-
system clock runs fast enough to cause QB 10 go high befare ting the 35-kHz and 32.768-kHz clocks to drive binary
3.7 ms. then the outpul of AND gate 2 will go high, set FF2, counters 1 and 2. If the crystal clock is operating correcily,
and result in a dud signal. Q8 of counter 2 will go high before Q8 of counter 1, and the
f=35kHz
AND 1 :
RC Binary Counter 2
M“‘“T“‘“" >—— 99,9,92R8%,
FF 2
| Launch AND 3
R | C Q 8 System RQ A Dud
--'- -I._ 7— = Q . T T 3 = -.' -
T S ng:"m Clear ° J Signal
AND 2
32,768 kHz >_ Binary Counter 1
Crystal Oscillator QLR Q, R = Reset
System Clock S= Set
Q = Output

Figure 7-17. Fast-Clock Multivibrator Monitor Circuit
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output of FF2 will be rese1. will disable AND gate 3, and
will prevent a dud signal from occurring. If the crystal clock
is operating at a higher frequency than 35 kHz, however,
then QB of counter 1 will go high before FF2 can be reset,

and a dud signal will occur.

7-2.3.4 Sensor Interrogation

A wide variety of sensors can be used 10 initiate the deto-
nation of a high-explosivc warhead. Typical devices used to
initiate detonaiion on iargel lliIPdLl are trembler switches,
inertial switches, ingestion switches, crush switches, capaci-
tance switches, and piezoelectric crystals, Other, more
sophisticated devices are used lo provide some standoff
from the target when the warhead is detonated. Some exam-
ples of standoff sensors are (1) mechanical probes, both
extendable and fixed, which can provide standoffs of sev-
eral centimeters 1o several meters, and (2) electronic sen-
sors, i.e.. radio frequency (RF). infrared (IR}, capacitive,
and optical, which can provide standoffs of a few centime-
ters, a few meters, or hundreds of meters.

Although a premature initiation of the warhead usually
would not be harmfu) (o the launching vehicle because of
the SAD, overhead safety could be compromised and/or
warhead effectiveness could be reduced to zero. Sensor
interrogation is the use of an electronic timer and electronic
gates and logic to determine the status of a target sensor
prior 1o and afier arming and 10 adjust fuze operation 10
compensate for a defective sensor. The logic diagram
depicted in Fig. 7-18 contains Iwo sensor interrogation
schemes: one for a TDD (RF, optical, or probe) and one for
an impact switch.

The STINGER fuze M934, described in par. 1-3.3.2 and
Ref. 5. contains numerous safety and status sensar logic cir-
cuits 1o detect duration of launch acceleration, rocket motor
staging, safety and arming (S&A) rotor status, impact
switch, and hard-target switch interrogation.

The launch sensor is a simple spring -mass system similar

ie ewntah 3 anitarad for

[14) I.ll.nl luu:uuwu ul l 15 l'l. 1iUs SWIlCH 15 mvouwlw (it

the first 40 ms after launch, and if it remains closed for more
than 20 ms, the S&A counter is activated. If the switch does
not remain closed for the required 20 ms, no fuze tming
function occurs.

Separation of the launch motor from the missile (staging)
is sensed by a simple shorting clip. Upon staging the clip is
broken; this action enables the flight motor ignition relay,
the arming actuator, and the flight motor timer. Absence of
proper staging results in the fuze not functioning.

During the first second of flight, the S&A rotor status is
monitored by an electronic abort switch (photoelectric cell).
If rotor mation occurs during this period, the abort switch
senses it and provides an initistion signal 1o an explosive
piston actuator, which fires and permanently blocks arming
of the rotor.

A1 arming. which occurs one second after launch, a signal
is generated by the main fuze timer, which enables the

impact switch circuitry and interrogates the hard-12.%
sor circuit. Impact switch closure prior to this tnic .,
ignored. Interrogation of the hard-iarget-sensor circuits con-
sists of determining the swie of the sensor and generating
corresponding enable or disable signals.

7-3 DIGITAL TIMERS
7-3.1 THEORY AND CURRENT
TECHNOLOGY BASE

A digital limer system is generally comprised of a power
supply, a time base (clock, oscillator), at least one frequency
counter, various logic elements, a preset circuit (for pro-
grammable timers), and check circuitry {cither self-check or
exiernal check). A digital timer can be constructed from var-
ious clocks and digital ICs (counters and logic) to provide
the desired output times and control logic. If size is not a
constraint, these various devices can be purchased in stan-
dard packages (dual in-line package (DIP) and single in-line
package (SIP)) and assembled on a printed circuit board. If
size is a constraint, packaging options are available to per-
mit the designer to shrink the circuitry. Some examples of
packaging options are

1. Small Outline Integrated Circuits (SOIC). These
devices occupy one-fourth o one-third of the circuit board
area occupied by an equivalent conventional DIP.

2. Small Outline Transistors (SOT). These devices
occupy one-tenth to one-fourth of the board area of an
equivalent conventional TO18 or TOS transistor.

3. Leadless Carriers. An IC chip can be purchased
from many manufacturers and assembled into a leadless
chip carrier with a dramatic decrease in required space, €.g.,
a 16-pin device is 6.35 x 6.35 mm (0.25 x 0.25 in.) and
replaces a 16-pin DIP, which is 7.6 x 20 mm (0.3 x 0.8 in.).

4. Quasi-Custom Integrated Circuits (gate arrays,
standard cells). A timer design requiring several DIP
devices can very often be intcgmwd into one or two quasi-

and man

cusiom mwgmu:u circuiis at ltluuvcly low c¢osi and cas
yield a truly dramatic reduction in the board area required.

S. Fully Cusiom Integrated Circuits. A fully custom
IC yields the ultimate in space savings because each custom
device is tailored to the designer’s requirements. This tech-
nigue permits integration of the timer functions in the small-
est volume. It is more efficient than quasi-custom designs
because there is no wasled space. Quasi-custom designs
generally have a utility factor of 80 w0 90%.

6. Microprocessors. Very often, the most economical
tmplementation of a digital timer can be designed by using a
microprocessor with on-board programmable read-only
memory (ROM). The ROM can be mask programmed to
meet individual user rcquircmcnts. or it can be an electi-
Gllly erasable pn:glu.uutw.mc ROM {EEPDOI"{}. which pe-
mits the user 1o modify the program if sysiemn requirements
change.
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The design techniques using discrete ICs are very differ-
ent from the techniques using a microprocessor. With the
discrete ICs the designer creates his own architecture and
must be familiar with various logic families to minimize the
number of DIPs required. With the microprocessor, its inter-
nal architecture already exists, so the designer must write a
program which most efficiently uses that internal architec-
ture in order 1o achieve his sysiem requirements. Micropro-
cessor systems require a higher system clock frequency than
discrete designs and more input power. Most microproces-
sors run at 5.0 Vdc, which may not be true for discrete tim-
ers.

Fig. 7-19 is a schematic of a typical digital 16-s precision
timer with high-energy output,

7-3.2 POWER SUPPLIES

As mentioned earlier, most recent digital timers for fuze
applications are constructed from some type of CMOS tech-
IC technology, especially a1 lower frequencies (<] MHa2).
The fact that space is usually at a premium in 8 fuze diclates
minimum power supply volume. Examples of power
sources for ordnance applications are discussed in deuail in
Chapter 3.

Very small power supplies generally contain enough
energy and current capacity to power a CMOS timer for
much more than 200 s. The designer must provide a battery
output of 3 to 18 Vdc and must consider the activation lime
of the battery if timing accuracy is critical. Concern about
aciivation time is important if the timer derives its start sig-
nal when the output voliage of the battery rises to the
threshold of a voliage level sensor. This activation time of
the battery then becames an error term in defining the true
accuracy of the timer. This error time can be eliminated if
the battery is activated before launch or if a charged capaci-
tor can power the limer during the first 25 to 50 ms of posl-
launch operation while the battery is activating. In this case,

EMT...:
Grame @ T
e
* 4 215
: .I r 314
- —_—e | PRTY
2 1 viofstel,

Fre O- ’“p— S R M o
n““lc 1 1 : rie oh o
Figure 7-19. 16-Second Precision Ordnance

Timer

the timer start signal could be provided by a setbac) Q
switch that closes within a few milliseconds of launcn. ==
assumes a power supply is available prior to or during
launch to charge the capacitor.

Supercapacity capacitors are a relatively new technology.
They have been advertised as “keep-alive” power sources
for nonvolatile random access memory (RAM). These
“supercaps” contain one¢ farad or more of capacity and, if
charged 10 § Vdc, can power a CMOS timer for an

artramaly lnna tims
ALY IUNE was.

7-3.3 TIME BASES (OSCILLATORS) FOR
DIGITAL TIMERS

Oscillators are used as time bases for digital timers and,
for most current digital timing applications, can be broken
down into four types: relaxation oscillators, RC multivibra-
tors, quartz crystal oscillators, and ceramic resonator oscil-
lators. The capabilities and limitations of each type are

discussed in the paragraphs that follow, and schematics are
presented.
7-3.3.1 Relaxation Oscillator Using a
Programmable Unijunction
Transistor (PUT)

A schematic of a PUT oscillator is shown in Fig. 7-20.
The period of oscillation T~ is given by

Vin

T = RyCyln —— us (1-2)
Vm - VA.
where
C; = capacitance across transistor, pF
VA = VS + VT' v (7-3)

V; = set voltage determined by R1/R2 ratio (See
Fig. 7-20.), V

R, = resistance 1 (See Fig. 7-20.), 2
R, = resistance 2 (See Fig. 7-20.), Q2
V, = offset voliage, typically 0.4 V
V,y = input voltage, (See Fig. 7-20.), V
R, = resistance T (See Fig. 7-20.), Q.

Conditions for sustained oscillation are

V-V
1. ——* (MAX) > 1, (MAX)

7-4
R, (74
where
1, = peak point current, u A
I,(MAX) = maximum value of [, pA
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V-V, The output frec!ucncy .of oscillation fow‘in Fig. 7-20 of a
2. T {MAX} <1, (7-5) PUT oscillator is a series of pulses reflecting the capacitive
T

where
{,. =valley current, pA
V.. = valley voltage =06 V

7-6)

Parameters (i.e., /.. /,. and V,) are specified in the data
sheet for a panicular PUT device. One such device is the
2N6120 for which the specified values for /,, I, and V,
are

I, =10 JAMAX, @ R; = 10K, V,= 10V
fe=25HAMIN, @ R = 10K, V,=10V
V; =02VMIN 1006 VMAX, @ R; = 10K, V,

=10V
where
RG - Rth ‘
R, +Rl
ViN
Rr 2 R1
Va $— 4 Vg

fout N
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discharge nature of the oscillator. Each pulse represents the
discharge of C; through R, 10 ground.

7-3.3.2 RC Multivibrator Using Integrated
Circuit Inverters

The RC multivibrator in its simplest form is any of the con-

figurations shown in Fig. 7-21 less resistor R.. The period T

of the simplest RC multivibrator is given by )

Voo — V. V
= —RC[ln (_DE___T.’E)+ In (—E)} Hs
. VDD VDD
-1

where
R = resistance, £
C = capacitance, y4F
V. = transfer voltage at switching point of inverter,

V,, = diode forward voltage drop, V.

The period of this multivibrator is sensitive to variations in
V,p 8s well as 1o variations in V,,. The addition of R, 10
the simplest RC multivibrator form results in the forms
shown in Fig. 7-21. The addition of R, greatly reduces the

@

N

—p —!

(A) Schematic of a PUT Oscillator

Figure 7-20. Programmable Unijunction Transistor (PUT) Oscillator

7-14

(B) Output Frequency of Oscillator
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PP, silivity of the period 10 variations inV,, and V,,. The
period of the modified RC multivibrator T, is given by

Vv V.,.-V
T = -Rc[m (== )+ (__)]u
L “Wop+ Ve 2Vop—Vx
(7-8)
provided R, 2 10R.

A good approximation of Eq. 7-8is T, = 2.2 RC, with K =
10. Either (2) or (3) of Fig. 7-21 can be converted into a
gatcable oscillator by using one input of the first inverier as
a control input.

7-3.3.3 RC Multivibrator Using CD 4047
Integrated Circuit
An RC muluvibrator using a CD 4047 integrated circuit
is shown schematically in Fig. 7-22. The periods T, at pin
11 and

ins 10 and 11 of the

necillatnr are given hy
1 OsClal given by

LV -1 L - L)

ro L
fOUT
2

fOUT

220 RC, s (7-9)

T =

5 440 RC, s

(7-10)

where
T, = period of oscillation of pin 13, s (See Fig. 7-
22)
T, = peried of oscillation at pins 10 and 11, s (See
Fig. 7-22.)
Sour = output frequency of oscillation, MHz.

7-3.3.4 RC Multivibrator Using a 555-Type
Integrated Circuit

An RC multivibrator using a 555 IC timer is shown sche-
matically in Fig. 7-23. The output frequency of oscillation
four of this oscillator is given by

1.46

= —14% Mu 7.11
Jour (R, +2R,)C (-1D)

——-—-gc 1 14— Vpp
2 I f—
[R 3 12 o
P " four /2
0.'-o"cmn:m.>—— 5 101——-—--—0— lmllz Cormplemant
Vop —{ ¢t 9
f— 7 8
il
Figure 7-22. RC Multivibrator Using CD 4047
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OnOffControl >——— I8 &

==
3 +
Q

Figure 7-23. RC Multivibrator Using a 555
Timer Chip

where
R, = resistance A, {}
R, = resistance B,

and the duty cycle n, which is that portion of the period
where the output is high, is given by

R
n= — 8 | dimensionless. (7-12)
(R, +2Rp)
7-3.3.5 Ceramic Resonator Oscillator

A ceramic resonator oscillator is shown schematically in
Fig. 7-24. The frequency of oscillation is determined by the
resonant characteristics of the ceramic resonator. Typically,
ceramic resonators are available in the frequency range of
380 kHz to 12 MHz.

5V

0
I 1 L
L1 1
Figure 7-24. Ceramic Resonator Oscillator
(380 kHz to 12 MHz)
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7-3.3.6 Quartz Crystal Oscillators Using Discrete
Crystals

Two examples of quanz crystal oscillators using discrete
crystals are shown in Fig. 7-25. The frequency of oscillation
is delermined by the resonant characteristics of the crysial
and the mode in which it is operated (fundamental or over-
tone). Typically, quantz crystals are available in the fre-
guency range of 10 kHz to 100 MHz. Some crystals are cut
in the shape of a tuning fork in order 10 obtain very low-fre-

............ MNarimme frr wntohar and tina fizac
qucllu; ULITIGMAIY UL WalkliLy dijy uUijic juiea.

7-3.3.7 Integrated Quartz Crystal Oscillators,
Fixed Frequency and Programmable

Integrated quarnz crystal oscillators are available in either
fixed frequency or programmable forms and are able to
interface directly with either CMOS or TTL logic families
or microprocessors, The oscillators also may contain built-
in frequency dividers. Oscillators with built-in frequency
dividers span the frequency range of 0.005 Hz 10 1 MHz.
Fig. 7-26 shows a block diagram for one such device, which
is available in a standard 16-pin DIP.

7-3.3.8 Time Base Accuracy

The PUT oscillator is among the simplest of oscillator
configurations. but it provides the poorest performance of
any of the 1ypes discussed because of the relatively large
variation in V; at ambient temperature and over the temper-
ature range. Typically, V; will change from 0.65100.17 V
over the temperature range of —40° 10 75°C (-40° w0
167°F).

The various RC multvibrators have slightly better per-
formance characteristics but are still not very accurate.
Therefore, generally RC multivibrators should not be used
in systems requining an accuracy of 2% or better. By select-
ing an R and a € that are very stable and whose 1emperature
characteristics are opposite, e.g., +100 ppm and - 100 ppm,

R

four

Ay

Cy
C ]

(A) Series Oscillator, 1/2 CD 4069

ever, it is possible to obtain oscillator performance of better
than 1%. This performance level is best accomplished by
using hybrid microelectronic techniques by which chip
capacitors can be obtained with a desired temperature char-
acteristic and the frequency-determining resistor can be
dynamically rimmed by laser to achieve the exact fre-
quency desired. Also the temperature coefficient of the

resistor can be adiusted to comnensate for the temperature

233300 Lall L= L0 LN Al Hy et L

coefficient of the capacitor.

The ceramic resonator oscillaior provides beter accuracy
than RC types but should not be used in sysiems requiring
an accuracy of 0.5% or better. Crystal oscillators are the
most accurate of all oscillator types; accuracies range from
0.002 10 0.05%. Complete crystal oscillators are available in
leadless carrier packages measuring 12.7 x 12.7 mm (0.50 x
0.50 in.} and, if desired, tested to the requirements of MIL-
STD-883 (Ref. 7).

7-34 COUNTERS

There are many counter types, but some of the more com-
mon types are Binary, Decade. Programmable, Binary
Coded Decimal {BCD), Up/Down, and Presettable.

A counter, such as the CD 4040, which is a 12-stage
binary counter, divides the input clock frequency by two for
each binary stage. The switching action takes place on the
high-to-fow transition of the clock waveform. The clock
input rise and fall imes are unlimited because the clock
input of the counter has Schmitt trigger action. When the
caunter is used in the ripple mode, the first Jow-1o-high tran-
sition takes place on the 2" clock pulse, whereas on a
repetitive basis, the low-to-high or high-to-low transitions
ke place on the 2" clock pulse. For example, a seven-siage
binary counter (CD 4024) has a 2’ (128) division capability
on a repetitive basis, but the first low-to-high transition for

(B) Pierce Oscillator, 1/3 CD 4069

Figure 7-25. Quartz Crystal Oscillators (10 kHz to 2.2 MHz)
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-
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Figure 7-26. Integrated Quartz Crystal Oscilla-
tor, Fixed Frequency and Programmable
(Ref. 6)

the Q, output occurs after 2%, or 64, clock pulses. By
proper choice of clock frequency and by selecting an appro-
priate counter stage, a wide variety of system clock frequen-
cies ts achievable. For example, Fig. 7-27 shows a crystal
clock of 40.96 kHz driving a CD 4040 counter. A decade
counter—CD 4017, CD 40160, or CD 40162—divides the
input clock frequency by a factor of 10.

A programmable counter—CD 4018, CD 4059, MC
14522, and MC 14526—can be programmed via cenain
control inputs to divide the input clock frequency by differ-
ent amounts depending on the input code. The CD 4018 can

Downloaded from http://www.everyspec.com
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addition of a CD 4011, it can be programmed to divide by 9, <@
7. 5, or 3. The CD 4059 can be programmed 1o divide the
input clock frequency by any number “a" from 3 to 15,999,
The MC 14522 is a 4-bit BCD counter, which can be pro-
grammed to divide by 1 o 10. The MC 14526 is a 4-bit
binary counter, which can be programmed to divide by 1 10
16.

A variety of other counters is available for performing
digital uming functions. A pantial list of digital counters
includes

1. CD 4029—Presetiable Up/Down Counter, Binary
or BCD Decade

2. CD 4510—Presentable 4-Bit BCD Up/Down
Counter

3. CD 4016—Presetiable 4-Bit Binary Up/Down
Counter

4. CD 40102—Presettable 2-Decade BCD Down
Counter

5. CD 40103—Presettable 8-Bit Binary Down
Counter

6. CD 40160—Decade Counter With Asynchronous
Clear

7. CD 40161—Binary Counter With Asynchronous
Clear

B. CD 40162-—Decade Counter With Synchronous
Clear

9. CD 40163—Binary Counter With Synchronous
Clear

10. CD 4045—21-5tage Binary Counter With Oscilla-
tor Amplifier
11. CD 4536—24-Stage Programmable Timer With

be programmed to divide by 10, 8, 6, 4, or 2, and with the Oscillator Amplifier
3 System Clear
v 1
40.96 kHz k
CD 4040
Q1Q2Q3Q4Q5Q6Q7Q809Q10Q11Q12
Ra
v f Q4= 20.48 kHz
D1| Qo= 10.24 kHz
c _L' | Q4= 2.56 kHz
T Cor T4 Qg= 640 Hz
Qs_- 80 Hz
| Q12= 10 Hz

I

Figure 7-27. A Crystal Clock (40.96 kHz) Driving a CD 4040 Counter
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12. MC 14521—24-Stage Frequency Divider With
Oscillator Amplifier.

7-4 OUTPUT CIRCUITS

The outpt of a digital timer is usually a pulse, often one
clock pulse period wide, which may be positive or negative
going, i.e.. ground to +V or +V (o ground. In some applica-
tions the pulse may be adequate to meet system require-
ments, but in others the timer output may be latched to give
a continuous vellage level afier the timer output has
occurred. The outpul from the timer may not have enough
energy to perform the desired function; if il does not, the
timer output must be buffered or isolated through use of a
transistor amplifier. Some examples of timers are presented
in Figs. 7-28 through 7.32.

In the example shown in Fig. 7-28 and Table 7-1, the CD
4536 is used as a programmable timer. The timer output
pulse width can be programmed through components R and
C.

In the example shown in Fig. 7-29 and Table 7-2, the CD
4536 output is used o set a flip-flop. The timer output is
then latched and will stay high until a system clear pulse is
applied 1o the laich,

The decode out sclection table, or truth 1able, shown in
Tables 7-1 and 7-2, shows the outputs available from Lhe
“decode out” terminal when various combinations of 1's
and O's are applied to the 8 bypass and 10 inpus A, B, C,

4

O

and D. A logic 1 on the § bypass input enables a bypa <
the first eight stages and makes stage 9 the first counter
stage (labeled 1" under the column headed “8 Bypass =
I"). Seiection of any of the 16 outputs is accomplished by
the decoder and the inputs A, B, C, and D.

Example I. Refer to Table 7-1 and set a logic 1 on the 8
bypass; then, by setting Aand B = ] and C and D = 0, an
output pulse is obtained from the decoder output terminal.
This output comes from the twelfth stage of the 24 ripple-
binary counter stages and is the founth in the list of 16 possi-
ble input combinations shown in the table.

Example 2. Referto Table 7-2 and set A, B,C=0and D= |,
with 8 bypass = 0. The seventeenth stage will give a time-
out delay of 2 s,

In the example shown in Fig. 7-30, the MC 14521 is used
as the timer. The timer output at 4.0 s is laiched with a flip-
flop, and the [atched output is buffered with a iwo-transistor
level shifier to drive a 28-Vdc relay coil.

In the example shown in Fig. 7-31, a CD 4020 is used
with a 32.768-kHz crystal oscillator 10 generate an output
0.25 5 after the system clear signal goes low. The time delay
output is buffered with an NPN transistor 1o drive a high-
energy, capacitive discharge firing circuit. The CD 4020
cannot supply enough current to wm on the silicon-con-
trotled rectifier (SCR) directly.

In the example shown in Fig. 7-32, the CD 4020 provides
the same 0.25-s delay as the circuit shown in Fig. 7-31,

Binary

Select 8

Oscillator
D Bypass (1) Inhibit

T ]

Osdillator out
32.768 kHz CD 4536 put
Mono in l
R
Voo W Resst Clock
Inhibit

I

Note: See Table 7-1 for Explanation of the Use of the 8 Bypass

and Binary Select Inputs

Figure 7-28. Programmable Timer With Pulse Qutput
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except that the output pulse occurs only once and is a sh_ N3

TABLE 7-1. PROGRAMMABLE TIMER pulse of 244-ps duration. The output pulse scts a Aip-flop,
WITH PULSE OUTPUT which resets the timer. The output buffer uses a two-transis-
tor level shifter that delivers energy (o the load for 244 us.
Dy C B A N[%]?SED%{; %’I*‘L\SIES In the examples shown in Fig. 7-33, a high-energy and a
‘ low-energy capacitive discharge firing circuit are shown.
8 Bypass=0 | 8Bypass=1 The low-energy circuit contains 1.36 x 107 J of energy, and
0 0 0 0 9 1 the high-energy circuit contains 0.321 J of energy. Neither
ol 04t o0 1 10 2 circuit can deliver the full amount of energy to the electro-
o] o ) 0 N 3 cxplosive devices (EED) because of circuit losses, panticy-
: larly in the storage capacitor and SCR. Aluminum
0'to! ! 12 4 electrolytic capacitors are available, which outperform tan-
0l l 0l 0 13 3 talum capacitors in energy transfer efficiency.
0] 1 0 1 14 6 EEDs can vary in firing energy requirements. In some
0 1 : 0 T 7 applications, a very insensitive EED is required. There is a
class of EEDs, known as 1-AMP, 1-WATT, NO-FIRE
0 ! ! ! 16 8 devices. These devices can dissipate 1 W of power in the
1 0] 00 17 9 bridgewire and not fire. The firing energy required to guar-
110 0 ] 18 10 antee EED firing is called the “all fire™ and is usually speci-
B ] 0 19 T fied as an ampere-second product. That is, a constant current
0 n applied for the proper amount of time is guaranieed to fire
] 0 ! ! 2 ! the EED. If this technique is used, a design margin should
] 1 {010 21 13 be allowed to account for component tolerances in the firing
1 1 0 1 22 14 circuit. A more common method for firing EEDs, however,
] 1 1 0 3 15 is 1o use the capacitive discharge method, which involves
storing energy £ on a firing capacitor according to the equa-
) 1 1 1 24 16 tion
(N
Binary ;
Select ()
ABCD 8 Bypass
Qscillator c ) 1t
D 4536 -
32.768 kHz S
Qb Latched
Output
System Clear > R
System Clear
S= Set
R= Reset

Q= Output

Note: See Table 7-2 For Explanation of the Use of the 8 Bypass and

Binary Select Inputs
Figure 7-29. Programmable Timer With Flip-Flop and Latched Output
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TABLE 7-2.  PROGRAMMABLE TIMER
WITH LATCHED OUTPUT
SELECTION TABLE

Number of

D C B A 8 Bypass Siages
oclolojo 0 9
o|lo]o]o 1 ]
ololo!l i 0 10
0j0|0]1 ] 2
rlojo}o 0 17
11o]o]o 1 9
11oj1]o 0 19
11ol1}o I ¥
NERERE 0 24
NERERREEE 1 16

STAGE TIME OUT,

SELECTED s

15 0.5

16 1.0

17 2.0

18 4.0

19 80

20 16.0

21 32.0

22 64.0

23 128.0

24 256.0

E =5CV, erg (7-13)
where

C = capacitance, #F.

Statistical test methods exist 1o determine the all fire energy
requirement for a particular EED using the capacitive dis-
charge finng method. Firing energy data are available for
current procurement EEDs in MIL-HDBK-777 (Ref. 4).
Firing circuits for a low-energy EED (5 x 10™ J)and a
!nah--nprnu EED fl AMP 1 WATT NO-FIRE) are chown

AMP, 1 WATT, NO-FIRE) are shown
in Fig. 7-33. Normally, a ﬁnng margin of two or more
should be allowed, especially if the circuit is expected 0
operate reliably over the temperature range of —54° 10 71°C
{=65° 10 160°F). A1 =54°C (=65 °F), the value of the firing
capacitor may be reduced by 10 to 40% or more, and the
internal impedances of the firing capacitar (effective series
resistance (ESR)) and the SCR may be increased signifi-

cantly and thereby reduce the amount of energy avail:
the EED.
Some designers prefer not 1o use SCRs in EED firing cir-
cuits for fear that system noise spikes might cause them to
fire prematurely and latch on. For an out-of-line EED the
SCR latch-up would not create a hazard, but the firing circuit
would be rendered inoperative. This latch-up problem can be
avoided by making R {470 (2 in Fig. 7-33{A) and 10 0 in
Fig. 7-33(B)) large enough o starve the SCR, i.c., lower the

current lhrnuyh R 1o a value less than the minimum hn!dnpu

current valuc of the SCR. If the system cannot tojerste the
RC charge time constant, some other scheme may have 10 be
employed to fire the EED. The technique shown in Fig. 7-33
would be appropriate since the firing circuit in this example
is activated onty as iong as the umer output pulse is present.
If the timer output pulse width is too long, it can be shorn-
ened by using a one-shot multivibrator whose period can be
programmed to be virtually any value and is independen: of
the timer output pulse width. The 470-£ resistor and 0.01-F
capacitor from the SCR gate-10-ground of each of the cir-
cuits of Fig. 7-33 help immunize the SCR from system
noise. A resistor from the SCR cathode-to-ground could also
be helpful if the SCR and EED are scpamtcd in the system

by 76.2 mm (3.0 in.}. This extra resistor is shown with a

dashed connecting line in the two circuits in Fig. 7-33.

There are altemnative output switching devices, which
could be used in place of an SCR. Some examples include
power metal oxide semiconductor field-effect transistor
{MOSFET), Darlington transistors, and a combination of
PNP and NPN transistors, such as is shown in Fig. 7-32.
These alternatives have the advantage of not laiching on;
they also provide very high current gain (output signal
amplification).

7-5 STERILIZATION CIRCUITS

It is a safety requirement in most ordnance devices that
the firing capacitor have an energy bleed resistor placed
acT0ss it. The system requirement ususiiy dictates the mini-
mum “safing” period. Fig. 7-34 shows a typical firing cir-
cuit. If the EED has a “No-Fire” energy of 500 ergs, then
from Eq. 7-13

f E ,500
Vvo-rise = sC = S0 =32V

If the system requires a “safing” period of 1 h, then from the
following relationship

] _ 3600
530

R’ = 1.61 x10° Q

%)

(7-14)
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Figure 7-32. Firing Circuit With Short Duration Output
where chip microcomputers and microcontrollers are particularly
R’ = required bleed resistor, 0 well-suited to fuzing because they require the least number

C= capacitance, F
I= time, s
V 1p = EED no-fire voltage, V.

The energy bleed requirement exists so that, in the event of
a2 dud picce of ordnance. an explosive ordnance disposal
(EOD) team can recover or remove the ordnance with the
assurance that the electrical firing circuit is safe.

7-6 MICROPROCESSORS

Microprocessors are being used in a variety of fuzing
applications 10 provide numerous programmed functions
including Uming. sensor monitoring, self-checking, sensor
control, and signal processing. The advantages of using a
microprocessor in fuzing applications are that hardware
design is minimized and fairly complex fuzing algorithms
can be implemented routinely. One disadvantage is that cur-
rent microprocessors usually run at 8 maximum clock fre-
quency of 10 to 20 MHz or less, and their actual signal
processing speed is considerably less. This speed limitation
could preclude using a microprocessor in a fuze for very
high-speed target encounters.

Vinually all timing and logic functions required of an
elecironic fuze can be performed by any of the many micro-
processors currently available. The cheice of a particular
microprocessor is determined by power, speed, size, and
cost restrictions imposed by the system on the fuze. Single-

~=d

LFY]

of peripheral circuits and their internal architecture is suited
to liming and control applications.

Two eight-bit microprocessors that are widely used in
fuzing applications are the MC 146805G2 and the 80C48,
49, -50, and -51 family. Both are fabricated from high-
performance silicon gate CMOS 1echnology.

The MC146805G2 will operate up to 4 MHz and has a set
of 61 basic instructions. The 80C48 and 80C49 can operate
in a single-step mode or up to 1 MHz and each has a set of
11} basic instructions.

One advantage to using the 80C48-51 family is that the
Mmicroprocessars share a cominon instruction set. Thus a
designer can start with an 80C48 (least RAM and ROM
memory space)} and expand upward in memory space as
sysiem requirements grow without having ta perform a
major rewrite of program software.

Functional block diagrams of the MC146805G2 and the
MSMB0C48 microprocessors are presented as Figs. 7-35
and 7-36, respectively.

7-7 ELECTRONIC SAFETY AND
ARMING SYSTEMS
One emerging technology that is being pursued by all
branches of military service is the use of electronic safety
and arming devices in missiles and smart weapons. Basi-
cally, an eleconic SAD can be defined as an S&A system
that contains neither primary explosives in the explosive
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Figure 7-34. Energy Bleed Resistor Example
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Figure 7-35. Functional Block Diagram MC14680G2 8-Bit Microcomputer (Ref. 8)

wrain, nor an interrupted explosive train, nor a mechanical
energy interrupter, but does have access 1o an energy source
sufficient for warhead detonation. It is a no-moving-parts,
solid-state unit employing & slapper detonator explosive
train. Therefore, it is expected to provide significant advan-
lages in safety, rediability, size, cost, and other performance
features compared to SADs based on existing technology.

A block diagram of a generic electronic SAD is shown in
Fig. 7-37. It is basically a single-channel, single-point-initi-
ation unit having two connectors: a multipin connector for
inputs and monitors and an output connector for attachment
to a slapper detonator. It does not contain any explosive and
can be fully tested including the firing of disposable slapper
detonators. This SAD has a microcontroller or similar large
scale integration (LSI) element that will enable it to be fac-
tory programmable for a wide range of applications. Envi-
ronmental sensors are pan of the S&A system, but they are
shown as external inputs because they are usually unique 10
cach application. The SAD is capable of being used with a
wide variety of sensors, such as launch signals, fin deploy-
ment signals. and command-arm signals. Some of the safety
features iliustrated by Fig. 7-37 are

1. The use of two separate IC elements, ncither of
which can arm the SAD independently

2. The use of two dc switches and one dynamic switch
in the arming power path

3. The use of dc switches on both cides of the con-
verter drive

4. The use of transformer coupling between the high-
and low-voliage sections. )
Two advantages of this arrangement are that application of
power to any point in the circuit cannot resuit in aming and
that shorting any or all of the arming switches does not
result in arming.

The SAD firing capacitor can be designed for single- or
multiple-point output 1o fire slapper detonator(s). The slap-
per detonator and HNS-4 explosive pellet are external to the
SAD housing and are connected by cabling.

The technology to produce electronic S& A is maturing,
and a fully developed system is being used by the US Army
in the Fiber-Optic Guided Missile (FOGM). Theré are still
problems to be solved, e.g., establishment of safety criteria
for electronic S&A; development of service-accepted logic
and environmental sensors; and reduced cost and size, but
the potenual is great for next generation SADs for missile
and smart weapon application.

Additional information on electronic S&A systems is
included in Ref. 10.
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Figure 7-37.

7-8 MICROMECHANICAL DEVICES

Recent advances in the technology of microelectronic
chips have led o the development of a new technology
called micromachining, which allows silicon mechanical
devices o be made almost as small as microelectronic
devices (Ref. 11). Chemical eiching techniques are added to
m!gg'gmggtum_na to form three-dimensional shapes that can
be used as switches and as sensors for environments such as
force. pressure, and acceleration. The excellent physical
preperties of silicon, the small size of micromachined sili-
con devices. and its adaptability to high-volume CMOS
manufacturing techniques make this technoiogy cost-efiec-
tive for fuzing applications.

Accelerometers with an on-board amplifier have been
designed and fabricated on chips as small as 17.4 mm’x 0.5
mm thick (0.027 in’ x 0.021 in. thick). A silicon oxide
beam is formed over a shallow well and using a boron etch-
stop technique, a metal layer is deposited on the top surface
of the oxide cantilever. The metal layer and the flat silicon
on the bottom of the well act as two plates of a variable air-
gap capacitor. A lump of gold is formed on the free end of
the bcam by plating. If the silicon chip is moved suddenly,
the inerua of the gold weight causes the beam to flex and
change the air gap and hence the capacitance. The output of
the sensor is a voltage that is proportional to acceleration.
One accelerometer of this type had a sensitivity of 2 mV/g,
where g is the acceleration due to gravity. The amplifier is
an impaonant part of the circuitry because signal condition-

7-217

Generic Electronic Safety and Arming Device (Ref. 10)

ing of some kind must precede the voliage transmission in
most small capacitive sensors. Fig. 7-38 illustrates an accel-
eromeier design with capaciiive iemperaiure compensation
and amplification integraled on the same chip. Refs. 12
through 15 provide additional material on this technology

and on other types of micromechanical sensors.
7-9 ELECTROCHEMICAL TIMERS
Electrochemical timing devices are simple, small, low-

cost items capable of providing delays that are from seconds
to months long (Ref. 16). The operation of electrochemical

timers ic hnc.d on Faradav'c firct two lawe of nlnf‘l’rﬂlu:lt
Ao LA I J F 28 BTV

These two laws can be summarized 10 state that the mass of
an element depesited or liberated during an electrochemical
reaction is proportional 1o the electrochemical equivalent of

the efement, the current, and the time the current flows.
When a sofution is clectrolyzed, the number of electrons
received at the anode must equal the number delivered from
the cathode. The ions arriving at the cathode are reduced,
i.e., they obtain electrons, and those amriving at the anode
are oxidized, i.e., they forfeit clectrons. Electrochemical
systems that use these principles are called coulombmeters.

7-9.1 ELECTROPLATING TIMER WITH
ELECTRICAL OUTPUT

™. D: mned D a E all hac haan tead ng--m'
15€ Dissell 8N odrmian c-Leu 1as occh Used in Tl

military applications, including arming and self-destuct
delays in the Antipersonnel Mine, BLU-54/B (Ref. 17).
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Figure 7-38. Accelerometer Using Micromechanical Technology With Integrated CMOS Circuitry

(Ref. 12)

Celi construction is illustrated in Fig. 7-39. The ceii con-
sists of a silver case (the reservoir electrode), 6.35 mm (0.25
in.) in diameter and 15.88 mm (0.625 in.) long. The working
elecurode of gold over base metal is held in place by two
plastic disks that function as both seals and electric insula-
tors. The case is filled with electrolyte that contains a silver
salt in a weak acid (Ref. 19). Electrical leads complete the
cell. Cell mass is about 2.8 g (1.92 x 10™ slug).

The cell illusirated is a single-anode cell, which permits a
single time delay. If more than one delay is desired, several
anodes of different sizes may be combined in the same unit
{Ref. 20). A dual-anode cell is useful because of the com-
mon military requiremem for two different time delays. For
example, a mine may require an arming delay of a few min-
utes and a self-sterilization delay of several days.

The systemn consists of three parts: a source of dc volt-
age, an electroplating cell in which the constant cument
causes the metal anode (silver in this design) to be deplated
al a known rate, and a detector circuit that senses the
progress of the reaction,

During the timing period the voltage across the E-cell is
low, as illustrated in Fig. 7-40. Upon completion of anode

7-28

Ao maas_ i axA

deplaiing the voliage rises rapidly and thus indicaies the end
of the timing interval. One way to detect this voltage rise is
to use the simple detector circuit shown in Fig. 7-41. The
performance of this circuit can be understood by consider-
ing its three phases of operation:

1. While the cell deplates, the run voltage V,, shown
in Fig. 7-40, is below the activation voliage of the transistor.
Therefore, since the cell is drawing practically all the cur-
rent, the equivalent circuit consists of just the cell plus its
resistor.

2. During the rapid transition to the high-voliage state,
the current level through the cell is reduced as the transistor
base starts to take current.

3. While operating at the stop voltage V,, the cell
draws a very small residual current, which in most cases is
negligible compared with that drawn by the transistor. Thus
the equivaleat circuit is essentially the original circuit with-
out the coulombmeter.

Typical voltage-current characteristics at vartous operat-
ing temperatures are shown in Fig. 7-42. Fig. 7-42(A)
shows the maximum running (deplating) voltage V, and
current f,, whereas Fig. 7-42(B) shows the stop voltage V,
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Figure 7-40. Operating Curve of Coulomb-
meter at Constant Current (Ref. 18)
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wuh the aclivation vollage threshold of !hc transistor,
whereas the siop current /, is the residual current passing
through the cell.
The advantages of an E-cell electrical output coulomb-
meler are
1. Good accuracy (within +4%)
2. Good miniaturization

7-29

3. Simplicity and inexpensiveness
4. Wide variety of timing intervals

5. Very low power requirements

6. Good shock and vibration resistance

7. Operation over the military temperature range

8. Repeated use {by deplating).
The disadvantages arc

1. A power source and detector circuit are required.

2. There is decreased accuracy for shon set times afier
long storage.
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7-9.2 ELECTROPLATING TIMER WITH
MECHANICAL OUTPUT

The mechanical output timer operates electrochemically
in the same manner as the electrical readout E-cell design.
At the end of deplating. however, the action is mechanical
switching rather than electrical. Fig. 7-43 illustrates the
Internal Timer MK 24 Mod 3, which operates on this princi-
ple. The timer cell (based on a patented idea (Ref. 21)) con-
sists of a molded polychlorotrifluoroethylene (Kel-F) cup,
which holds the anode assembly. After it is filled with an
electrolyte of a silver fluoroborate solution. the cup is heat
sealed with an end plug. which holds the silver cathode. The
anode assembly consists of a silver plunger to which a con-
1act disk is fastened, and the plunger is surrounded by a
compression spring and scaled with an O-ring coated with
fluorasilicone lubricant. All materials were selected for their
chemical compatibility with the electrolyte.

Al the end of the timing interval, the anode plunger is
pushcd 10 the lefi. In its new posilion the contact disk closes
a singie-pole. single-throw (SPST) swiich and opens the
anode switch to terminate the deplating action. The contact
force at switch closure is 3.6 N (0.800 Ib}, and contact resis-
tance after switch closure is less than 0.3,

7-30

The timer is 15.88 mm (0.625 in.) in diameter, 41.3 mm
(1.625 in.) long, and has a mass of 9 g (6.16 x 107 siug).
Timer accuracy underwater (the designed-for condition) at
—-2.22° 10 32.22°C (28° 10 90°F) is £5%. Over the entire
military temperature range, the accuracy is +10%. Models
have withstood shocks as high as 12,000 g, low- and high-
frequency vibrations, cold storage at —62.2°C (—80°F), and
temperature-humidity cycling.

7-10  REDUNDANCY AND RELIABILITY

MMy | N |
TECHNIQUES

Par. 2-3 discussed ways in which reliability can be
improved by parallel redundancy and listed a2 number of
standards that address the subject of reliability. To achieve
reliability in electronic fuzes, the designer has a number of
techniques at his disposal (Ref. 22).

Because of the large number of variables involved, it is
not feasible to assess precisely the relative merits of com-
mercial pans versus parts that meel military specifications

for any given situation. The designer must select these com-

ponents based on which are the most technically sound and
cost-effective for the design. To achieve this goal. the
designer should
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Figure 7-43. Interval Timer MK 24 MOD 3 (Ref. 16)

[. Design for a minimum number of pans without
degrading performance.

2. Apply derating techniques.

3. Perform design reliability analyses.

4. Reduce operating temperature by providing heat
sinks and good packaging.

5. Eliminate vibration by good isolation and protect
against shock, humidity. corrosion, etc.

6. Specify component reliability and bum-in require-
ments.

7. Specify production quality requiremenis and system
petformance tests.

8. Use components whose important properties are
known and are reproducible.

9. Use techniques that interrogate fuze operation prior
1o launch whenever passible.

The quality of the pants used in a system is only one fac-
tor in the overall reliability equation, albeit a very signifi-
cant influence (Ref. 23). The logical starting point in the
creation of a reliable system is obviously high-quality parts.
There are measures, however, that can compensate, at least
partially. when circumstances militate against procurement
of pans that fully conform to the most rigorous standards.
Such measures include, but are not limited 1o, more exact-
ing quality assurance provisions at assembly levels during
fabrication, and properly designed assembly and end-item
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level screening and acceptance tesis. If these techniques do
not sufficiently reduce the component or system failure rate,
redundancy, or standby, systems can be used.

The designer of electronic fuzes often must decide
whether to use commercial parts or parts that meet military
specifications in the electronic design. For example, in high-
value weapon systems, the use of higher grade electronic
components is mandatory, and the designer must comply or
must justify the rationale for his noncompliance. In general,
the cost of higher grade discrete components, e.g.. resistors,
capacitors, and transistors, is not significanily greater than
that for commercial grade. The biggest cost differential is in
the plastic versus ceramic ]C components. For example, a
ceramic IC that meets military specifications can cost as
much as forty times that of an identical screened plastic IC.
Ceramic ICs, however, have the following advantages:

1. The seal is hermetic, s0 it protects the chip from the
deleterious effects of moisture. .

2. They are capable of operating at very high tempera-
tures, e.g., 125°C (257°F).

3. They have a lower mean-time-before-failure rate
than plastic because of more extensive mechanical and elec-
trical testing.

Disadvantages of military-grade, high-reliability ceramic
ICs are
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