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Certain commercially available components have been tested to
establish test procedures for characterizing tevminal protection
devices used in electromagnetic-pulse (EMP) applications. The
devices tested include spark gaps, filters, avalanche dicdes, and
various other nonlincar components. Square pulses of 50- and
500-nsec duration and up to 11 kV in amplitude, with rise times of
2 to 4 nsec, werc applicd to the devices. Response time and energy
leakage werc recorded for cach test. Inscrtion loss and approxi-
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mate failure lavel were measured for each device. Results are
presepted in tabular form. The devices that appear suitable.
for terminal protection include spark gaps, some filters, and
some semiconductor devices with breakdown voltage less than
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This work was sponsored by the Defense Nuclear Agency under
subtagk RYYOAXEBO99, Theoretical and I»:x;:enmcntal EMP. Hardening.
Several HDL staff members have contributed toward this proqram. Initial
‘planning of the test sequences was carried out by Herbert s, McBride -
(formerly of HDL). The - devices were acquired and tested by
William C, Gray. Goorge oort_aak directed the overall program.. ‘
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le  INTRODUCTEON

1.l statement wf Problen

Flectromaghictic  pulses  (EMP)  generated by Lo Jdetonation’ cof
naclear weapons can thdiice iarge voltages and curresnts 1 wires, cables,
and uantenha: connected b sensitive clectrical and el trOn equlpment
thereby causing MOMENLAry Or  permanent WJdicrugption  in the operation of
this equpment.  Wiile yrounding and  shiclding  techaiques  can
gffectively divert the direct EMP wave, the induced energy mast  be
prevented from cntering via the terminals of the equapment, Thus, there
is a nced for terminal protection devices (TPD's), both for retrofitting
existing equipment and for use 1n the design af new ogquipment,

The TPD asrociated with a yiven terminel  is to be connected
between the -termindal and ground, thus providing an aiternate path for
the incadent trunsicnt current and reficoting some, or perhaps most, of
the ehergy away from the protected. wyulpment, The mere  wmpurtant
characteristivs of TPO's fuliow: : .

_ (1) The wnsertich ioss incurred sy conmecting the TPD should not
be so large as to  interfere with the normal operation of the system,
For pravtical purposes,  thls may Lunit the Loertion loas to -l JdB over
the fregquency range of  interest, In come systens, the TPL capacitahle
could be Limited to a fuw picofarad:.

(b)  The TPO should be capable of  abscrbint o Large  amount  of
energy without being  damaged  therebpe o protestion philosophy  that
allows thy protective clement o be damaged 10 the brocuss of provadin
protection b itadvisables  There may be oo orpertunity for replacement
during an att.ack,

(<) tae iPL anedll be sncperatie £oroanpat valtages below tiee
destired  peotectim level and oanoald o wesr oni o apadiy S anpats that
nReeed  this level, josaing from Lowetoehlgn o iy tiveey, P apend
with which this tratnaition takes  plase may be alled the response time
of tiw TP, During this transition  the  TRE valtage may X eed the
protection level by u aubstuantiai amountescuiod overshooteewhich shouid
be minimal 1n amount and time,  Tiwe requirement, of the system being
protected will-larjely establisie lamats for the oversioet,

(d)  After the nitial overshoot, e TG should  limit - the
traniient voltage to a redsonably zmall range near - the protection level,
more or less independent of the current passing  threugh  the device.
What constitutes a reasonable voltage range will be determined largely
by the requirements of the system being protoected, )

Preceding page blank
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Quantitatively, the desired characteristics of terminal protection
devices can be derived from th. parameters of voltayes and currents
induced in the antennas, wizer, and cables of -the system, and -from the
pProperties of the system to be protected.  Based on field and laboratory
testing experivnve, some standards for TPO's have been  tontatively
established. First, the TPD should be able tu suppress a  voltuge
transient of about lU kV, which impliecs a maximuun short=circuit current
of about A00 A in a SU-.. system, Second, the TPD should switch from the
low= to the Ligh=conduction state in less than 5 nsev, Third, the TRD
should be able to maintain this high=conduction state for at least
500 nsec. ) S

1.2 objectives
Primarily, the firstepnasce objuctives of the test program were to:

(a) Duvelop experamental techniques f{or  characterizing amd
evaluating TPU's that have potential usefulness in EMP auplications;

(b) Collect  expurimental Jdata  {data  bank) on  the iasertion
lowses, enerjy  abusorbing capacitics, recponse  times, and  voltage
lim ting effectivencass  of the candidate D', so that their usefulness
L EMP applictions can be determined; asd

(¢)  Bevelop Lasertiog methods that optirize  the ceffectiveness of
TPD's 1n specific system app-iications,  These resuits  were expected to
generate other benefits. For example, 1t was anticipated that selection
criteria, specifications, aml  accuvptance  tests for TPL's could be
derived from thi . data bane, : :

ied Sulection of LDevices

Many characteristties of elecstrical ompenents ciltimately dotermine
their suirtability  fur termanad protection devices, sach oan switlhing
tume, power=handilnyg cajpability, welght, sont, s12c, tenperature Limits,
frequency  limits, ruggedness, amnd hermet: s soaliltg, some of these
characterigtics are not knpown or-at least have not been puablished by Lhe
manufacturers, 1In many cases, the julseepower=tandling capability has
not been published because it is pot an important consideration in the
normal usage of the Jdevices The devices tested in thls program were
selected on the ! 1.:. 3f a techalcaleliterature survey and  from
sugoestions of those experienced i the field, :

2. TEST PRoEDURE

To evaluate the effects of pulse testing, it 15 necessary to
compare vertain electrical properties of cach  device before the pulse
test with the same properties ‘measured after the  pulse test, It was




decided that measurements of insertion loss and current-voltage
characteristics would be adequate for thas work. Tnerefcre, before high
valtage pulse testing, each device was examined on a spectrum analyzer
to measure its insertion loss from 0.0l to 100 MHz, and each device
{except spark gaps and filters, was also examined on a curve tracer,

After being pulsed each device was again tested on the curve
tracer and/or spectrum analyzer., Comparisons of pre-test:and post-test
data were then used to assess component degradation. This pr: cedure was
followed for each pulse amplitude.

In the initial round of tests the pulse width was 50 nsec and the

amplitudes--measured across a matched 50=;} load with no TPD in
" place-~were 1, 3,8, 8,2, and 11 kv, When postepulse tests indicated
<hat a device had been damaged, no further pulses were applied to that
device., A listing of the undamaged or surviving devxc;s wa.. completed
after the tests.

In the second series of tests (which was applied to the survivors
of the first tests), the pulse width was increased to 500 nsec, and the
amplitudes ware 3.5, 7.5, and .11 KkV, These additional tests were, of
course, intended solely to study the energy ‘dissipction capacities of
the devices to a somewhat greater extent. ' The 3.5-kV, S00=-nsec pulse
was chosen to be roughly equivalent to the 11-kV, 50-nsec pulse as far
as semiconductor-device-junction heating is concerned, assuming that
both pulse widths lie in the range of applicability of the Wunch! model
for semiconductor junction damage due to thermal effects,

‘The highest test level of 11 kV was chosen because it wis the
maximum available and because it appeared to be u good practical test.

The logic flow diagram fot these studiec 1s shown in figure I. _
3. INSTRUMENTATION
3.1 Pulsers

The pulse generators used in these experimenty woere of the chatgnd
coaxial transmission=line type, having two inelinc spark gaps to create
fast rise times, The gaps were operated in a nitrogen atmosphere, and

the pressure and gap spacing were varied to give the fastest practxcal
rate of rise for each pulse amplitude.

" Wunch, D. C., and Bell, R. P., IEKE Trans. on Nucl. Sei., Vel. N&-15,
No. 6, Dec 1968,
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Figure 1. logic flow chart for pulse testing and evaluat inn
of termainal proetection devizes (TPD).

One line produced S0=nsec pulses with amplitudes of 1 to 11'kv
into a matched 50-. load, uveneraliy, the rise times obtainable with
this pulser were 2 to 3 naec, muasured {rom 10 to 90 percent of nlailun;
but at the highest voltage, there was a 1= t 2-nsec decrease in rise
timwe This line was “i.: . .a: i required a resistive matching section to
connect to the measurement scotisns. The match was poor at the -lowest
voltage but reasonuably good aut the higher vultages,

The .ther Transmissich itne produced 500-nsec pulses with
amplitudes of 1 T i kV inte a matcned Yu=, load. The rise times
obtained witl this puisur wore about 2 to 4 nsec, measured from 10 to

¢ percent” of maximum, Shorter risc times could perhaps have been
avnieved, but no effort was made to du  Su be.ause the object of using
O )=ndec pulses was tn investijate damage lcveis more extensively, This
1t was a  standard 3el/b=1li. ve:ds  r19id Copper transmission line and
. .0 taroughouts Two taper sectaons reduced the 3=1'd=i1n,  diameter to

Touo1ne Lo fit the measurement sSeCTion,

A schomatic diegram of these pulse generdaters s shown  in
fiure o The theory of pulsesforming lines 15 reviewed in appendix A,
which follows the treatmont of soldman.

e ldmar, stanfovrd, "Lag lace Transform  Theory and Flectrical
Transsents,” Lover, NI, 1939, '
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Figurs J. Schematic diagram of pulse gencrators used for testing -
of terminal protection devices. .

S.? 'Measurement Socticn

The voltage across and the current through the 1oad were .

determined by means of special instrumentation sections placed before

and after the load, as shown schematically in figqure 3. The voltage was
measured with a resistive probe and attenuator, which provided a
matching network between the 50-. instrumentation section and the 125-

inpur of a Tektronix S19 oscilloscope. A ceries of plug-in networks was -
used to provide further attecnuation when necessary. This woltage
measurement was made on the downstream side of the device under test so

that orly the trarsmitted wave was obtained. o

The current was determined by observing the voltage drop across a
small resistance internal to the instrumentation section and ‘concentric
with the conductors of the 50-d line. Several resistance values were
-available in the 0.04- to 0.4=3 range, so. that the voltage drop could be
adjusted to a convenient range. The current was measured ahead of the
device under test; thus, the measured values include the current through
the 50-. terminator. This terminator current is relatively small.
ex.ept when the device does not conduct; it was then generally ignored,
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3,3 Uscilloscopes and Cu.ru

Voltage and currunt pulses were recorded by two Tektronix 519

oscilloscopes equipped with Tektronix C=27 cameras with 1lil lenses, -

using Polaroid type 410 film, ASA 10,000, The inputs to these
oscilloscopes weres applisd directly to the deflection plutes, which

permitted rige times of 0.28 to 0,30 nsecs The combination of Pll.
phosphor in the CRT and ASA 10,000 film allowed clear recording of all

pulses, even when the oscilloscope sweep speed was 5 nsec/cm,

Photographs with a sweep npeed of 2 nsec/om were poniblc but added no

useful information.

3.4 Curve Traver

Current-voltage characteristics wers generally obtained, using a
Tektronix 576 curve tracer equipped with a Tektronix C=12 camera and
Polaroid type 107 f£ilm, ASA 3000, In some cases a Tektronix 7904
oscilloscope equipped with a Tektronix 7CTIN curve tracer plug-in and &
Tektronix C=31 camsra were substituted for the above combination. In
such cases it was necessary to photograph the tom:d nnd reverss curves
separataly, which presented no dxfftculey.

Since thaese curves are swept out at suéh 2 low frequency (they are
commonly called d-c characteristics), the devices were simply attdached’
to the curve tracer in a convenient fashion,
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3.5 Spectrum Analyzer

Insertion~-loss measurements were made with a Hewlett-Packard

spectrum analyzer saystem, which included .a model B8443A tracking

generator-counter, a model B552A spectrum analyzer IF section, a model
8SS3A spectrum analyzer rf section, and a model 141S display section. '
The camera employed was developad by Fairchila for the Defensé’Atomic

Support Agency (now the Defense Nuclear Agency).

Two photoqraphn made for cach device covered approximate frequency .

ranges of 0 to 10 MHz and O to 100 MHz. Tie vertical resolutlon of this

instrument is 10 dB/div, so that variations of less than ~ 1 dB were_

@ifficult to measure.

.The dcvice _undez' t@s: -was mounted in the same housing for thaad

measurements as for the pulse testa. The O-dB raferonce was established

by making the same observationa on an empty houning. The test‘app&r;:ua
iz shown schomaticall/ in- f;gure 4. '

ORI |af our

- TRACKING -
GENERATOR/COUNTER o

‘ Re L IRF N
sECTION | .

pIsPLAY | aF
SEC TION SECTION

TEST 1TEm

Figure 4. Schematic diagram of spectram analyzer test.

4. RESULTS

4.1 Irportant Observables

4.1,1 Znsertion Loss

The (frequency responce of a device uxder normal operating
conditions, or its insertion loss, was measured as indicated in section
3«5, This gives the direct amount of loading of a 50=. circuit by the

11!
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devica in its nonconducting state. 1t was found that the ingsertion loss
can be well represented by values at a few frequencies. - .We chose 5, 10,
50 and 100 MHz, largely as a matter of convenience, but the choice is

not critical., These results are presented in table I, along with 3-dB
points (where these could be determined) for all devices tested., The’

frequencies at which the loss passed through 1 @B would perhaps"have
been more useful, but the resolution  of the spectrum ~analyzer was of
such that. thewe points could not be determined with a reasonable
accuracy. The insertion louses and 3-dR frequencies listed in table I*
are averades over the sample of that par:icular device typa. The sizes
of these samples are listed in table II.* B

As table I indicates, many aemxconductct devices’ wculd be ‘usaful
only at low frequencies bacause of their high-insertion loss. The more
obvious examples are silicon-controlled rectifiers (SCR's) and some
avalanche diodes., The case of the avalanche diode  is particularly
Llluniratinq because the same properties that cause a diode to ‘show
high=insertion loss=-that is, large junction area and small depletion
width==also allow it to survive larger input transients. The depletion
width, of course, derives from the impurity concentration, and ' a higher
level of impurity carriers means that more current can be impressed
without excesaive neating of the crystal.

At the other extreme, spark gaps generally axhibit little or no
measurable ingertion loss.

4.102 Survivability

The approximate level at which a device was damaged was determined
by comparing pre-= and post=-pulse curve tracer..and spectrum analyzer
photographs. Damage was defined in this context as any significant
ditference between the two sets of photographs, This ~damage was
generally evidenced by an increase in leakage current, for example. In
extreme cases, the device either opened or shoried, It turned out that
the insertion-loss curves were not often useful for damage evaluation,
although they did sometimes confirm conclusions based on curve-tracer
photographs. When the device was destroyed, as indicated by the curve
tracer, it was occasionally noted that the insertion loas had markedly
increased; and in rare cases where curve~tracer photographs werec not
available this fact was of some value,

*These tables are included with tabulated data on pp. 1B through 3¢.
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Preset crowbar, dc
Hybrid SCR crowbar
Avalanche diode
Bipolar diode

Microwave switching diode

PIN DIODE

Pulse shaping diode
Silicon-controlled rectifier
Diode ac switch

Biased Zensr-like suppressor
Thyristor

SPARK GAPS

Gas-tube arrester

Spark gap ‘

Miniatyre gap

Preionized gap

FILTERS

Bandpass filte:

Crystal bandpass filter

EMI filter

RFI/EMI filter

Lossy~lire filter
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The damage data are summarized in table 1II. Each device is
labelled with the highest value of input voltage for which no devicve in
that sample sustained damage=--this is called the Safe Voltage; the

lowest value of input voltage for which any device in that sample.

sustained damage is called the Failure Voltage. 1t should be clear that
these numbers repregent no assurance of performance,

In rare cases the existing data did not permit such an evaluation
for a particular device. Some of these cases are labelled with "UNDET*
in the appropriate column. 1In a fev other cases the devices were
destroyed during curve tracer tests, Taese are indicated by "DEST CT

in the appropriate column, even though other devices in that sample may

have escaped 'damage until pulsed., Fcr damage evaluation, all such
devices were simply considered as untested,

The devices that survived the 1ll=kV, 50-nsec puise test include
all spark gaps tested, some avalanche diodes, some crowbars, and some
filters, Table II shows that the majority of the survivors of the
li-kV, 50=nsac pulse test also survived the 1l-kV, 500-nsec pulse test,

4.1,3 Rasponse Time and Overshoot

When a large, fast rise-time pulse was applied to a device, the
transmitted voltage momentarily exceeded the rated breakdown voltage of
the device, often by several kilovolts. This exceas voltage, generally
referred to as overshoot, depends on the overall response time of the
test system, Operationally, the response time must include the effects
of lead inductances==as these cannot be completely scparated from the
device==and of the test appavatus in addition to the inhereat response
time of the device. 1In these tests, the devices were rourted in a way
that would minimize the effects of leads and test fixture, which ic
presumably the way they would be mounted in practice, Since these
contributions are not easily separated, the overall response time is the
relevant parameter,

Response time was defined for these tests as the difference
between the time of arrival of an incident pulse and the time at which
the overshoot decayed to one-half of its maximum value, ' This and other
rvelevant parameters are defined in figure 5 and tabulated for the 1leXkV
input pulse in cable III.

All measured values in table III are averages over the sample of
that. device type. The clamp voltages are given as upper bounds because
they wure read from the same photographs as the peak voltages and could
not be determined with greater accuracy.
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VOLTAGE

RISE TiME o
DWELL TIME o 15-1,
WIDTH 1y

PULSE DURATION » T
Vp * PEAK OVERSHOOT VOLTAGE
Ve + CLANP VOUTAGE OR ARC voOLTAGE

Figure 5. Response time and overshoot parameters for terminal
protection devices.

Using measured values of these parameters for the firat pulge
incident on the device, it is possible to estimate the energy that leaks
past the device into a 50=-.; load. The results of such computations are
also displayed in table III. Some words of caution are in order with
respect to these energy leakages. First, in our test apparatus and to
some degree 4in all real systems, there are reflections at various
points, so that more than one pulse will be incident on the device., In
our case, the saecond pulse was larger than the first, ofuen by a factor
of 2 or 3. Second, the total heating effect on a sgsemiconductor
junction, due ¢t all the leakage pulses, will to some extent be
cumulatives This effect will, of course, depend on the separation of
the pulses, because of junction cooling between pulses and, thus, on the
detatls of a particular system. At the.very least the -eneryy-leakage
data of table III provide a convenient basis of comparison fur the
various devices tested. The method used to calculate these leukage data
is given in appendix B, Note that both peak voltage and energy leakage
are greater for spark gaps than for most other devices,
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4-1.‘ Clg!g Level

The effectiveness of a protectivu device is determined in part by
its ability to 1limit the transmitted voltage after the ~ initial
overshoot. Thus, the clamp 1levels of all semiconductor davices that
survived all 500-nsec pulse tests were measured under .similar
conditions. The ~results are given in table IV. Note that the actual
voltage drops are often more than twice the‘rated breakdown voltage.
The energy dissipation in table IV is the product of the maximum current
and the breakdown voltage, V,, which was used for this calculation
instead of the clamp voltage. The result is a more conservative
estimate of the energy disaipation capacit' of that particular device.

4.2 Dearivable Quantities

To evaluate the protection offered by a given TPD to a particular
circuit with a specified threat level, it is necessary to consider the
combination of - protactor and protected circuit in considerably more
detail, This can be done in principle by applying the specified threat
to the TPD and using the resulting time-domain waveforms to obtain. an
equivalent gcnerator for the TPD. This equivalent generator can then be
applied to the protected components, and the energy dissipation in each
of these components can be evaluated, By this time, there are adequate
data from which a prediction of either damage or nv damage can be made.
A method of obtaining the equivalent circuit of the TPD is given in
appendix C. A method for predicting junction damage is given in
apperdix D and extended to the case of multiple pulses, '

4.3 Discussion of Devices

This section summarizes the conclusions obtained from this study
relevant to the suitability of various devices as TPD's.

4.3.1 spark Gaps

Spark gaps s8till appear to be among the main bulwarks against
intrusion of large EMP surges. They are the only protection necessary
in some systems, In other systems, they are the only protectors ow
available with sufficiently small insertion loss.

Spark gaps are available with de=c breakdown voltaqeé_vazyinq‘trom_

about 90 to more than 10,000. The addition of radicactive gases and
electrode materials has evidently permitted much faster and more
consiscent arc formation. These materials can be made with
interelectrode capacitances <« 1 pF, so that circuit loading is small.
Furthermore, they are virtually indestructible by a single EMP
transient, with current ratings typi~ally of ~ 10 kA for several
microseconds.,
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All of the spark gaps tested in this program appear about equally
effective for EMP protection., This does not mean that they are
equivalent, merely that our tost methods could not distinguish between
them. The principal drawbacks to using spark gaps are the high dec
breakdown voltave and ‘the relatively high=energy lealage, especially
with small overvoltages.

4.,3,2 Filters

Two types of filterse-bandpass and low pass~-were evaluated, In
the former category only two different kinds of device were tested, The
microwave bandpass filters made by Texscan appeared. able to handle the
test pulses without damage, and the transmitted voltage waves were
small, largely because of arcing somewhere in the device, Such a filter
with a vrelatively narrow passhand would probably give adequate
protact:on for some systems.

Of the several low=pass filters tested, only the EMI filters made
by Spactrum Control appeared to be undamaged, Generally opeaking, these
tiiter; passed relatively large amounts of eneryy. If low leakage is
necessary these filters would have to be used in conjunction with or
replaced by some other device,.

4.3.3 Avalanche Diodes

The avalanche diodes comprise the last major category of devicern
suitable for terminal protection., Generally speaking, only diodes with
low=breakdown voltages can handle the necessary energy, and thuse diodes
have such higheinsertion loss - as to make them useful only at low
frequencies. .

There is oae scheme for reducing insertion loss of a diode, ' ‘This
method, however, yields a somewhat slower regponsce to a large transient
and is ineffective for siqgnal voltages that exceed the forward barrier
potontial of the compensating diode, - '

Avalanche diodes can be used extensively tn protect lowevoltage,
lowefrequency circuits, Some low-capacitance (microwave) diodes alsc
have potential in combinacion with other devices that will handle most
of the energy, leaving the diode to provide fast clamping of rolatively
low=level signals in high=frejquency circuits,

“Clark, 0. M. and Winters, R. D., General Semiconductor Irdustrivs,
Inc, “Feasibility Study for EMP Terminal Protection,” TFinal Rejort,
Contract No. DAAG3I®=72-C-0044.
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4.3.4 Miscellaneous Semiconductor Devices

A number of specidal devices, such as diode a=c switches (DIAC's),
crowbars, biased suppressors, silicon-controlled ructifiers (SCR's),
thyristors and pin diodes are, in general, of -little use for varying
roasons. A few of the MCG preset crowbars and the RCA DIAC's survived
the pulse tusts, Of these, only the DIAC has acceptably low insertion
loss above a few hundred kilchertz.

5. CONCLUSIONS

The collection of devices that survived all specifiod pulase tests
principally  includes all spark gaps, some bandpass filters, most .
avalanche diodes with breakdown voltages less than about 50, and a few
miscellancous semiconductor devices witn breakdown voltages. also less
than about 50. The dividing line ncar 50 V is, no doubt, a function of
the maximum current and - pulse width used. The devices that survived
application of an l1=kV, 500ensec pulse include almost all survivors ot
the 50=nsec pulsc test.

. Of the devices that survived both pulse tests, only spark gaps
have acceptably low-insertion Joss over the frequency range from 0. to
100 MHz, Therefor., if wide=band protection is needed at the upper end
of or beyond the above range, it can at predent be provided only by
spark gaps. ‘ o

Spark gapa frequuntly fire slowiy and orratically at overvoltages
of luss than 2 or ) times the d=c breakdown wvoltage. For this reason,
they often allow greator onergy leakags for small overvoltages than for
large overvoltages. - Also, because of the arc formation time, spark gaps .
generally jpass somewhat more energy--even when significantly
overvolted==than do semiconductor devices, which respond rather rapidly.

. The speed of raesponse of weach device depends strongly on che
method of installation. In fact, examination of table IIl suggests that
the ovorall response is dominated by such things as lead inductance and
the impudance mismatch offered by the  test chamber, Other tests have
shown that lead inductance is the more important, It is therefore of
utmost importance to provide the shortest possible shunt paths for
transivnt currents (except in the case of filters). This implles very
small TPD packages with short or no leads.

The bandpass microwave filters manufactured by Texscan offer

substantial protection, and these or similar filters wmiy be useful where
wide=band response 18 not necessary., ’
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6. RECOMMENDATIONS

6.1 Individual Devices

when further pulse tests are undertaken, a few carefully :éiacted

devices should be examined more closely so that the relevant parameters.

can be detvrmined with greater precision., Thce large number of devices

used in a survey of this nature does not permit adequate time to test a.

statistically significant numbet of each typo.

Future experiments should be planncd carefully so that the dcvice
parametars in the high conduction mode can be derived from the pulse
data. These paramoter: are essential for predicting damage to protected
circuits.

A diligent search should ‘be made for a low capacitance device
usable at fraquencies extending through and somewhat beyond the VHF
range. Such a device could supplement or replace the spark gap in many
applications.

The usefulness of bandpass filtors should be investigated more
carofully., This will probably require some sort of aurvey of the
bandwidth requirements o! military ayltcns.

6.2 Combinations of Devices

It is likely that 10 existing single dovice can provide adequate
protection for some systems., The alternail.'~ is a combination of
devices that complemant each other so that the swwdeu . :'- -tion
results. -Generally speaking, the combination must have low=insertion
loss, be relatively unsusceptible to damage, and provide rapid response
to transients, with good voltage clamping ability.

The spark gap appeaxs to be a vital part of any such mixture. It
can be put in front of some other device without changing the overall
fraoquency response, while lending its hardness to the whole. The idea

-is to make the gap fire zapxdly, and this usually means' a large
overvoltage. )

Preliminary tusts indicate that a spark qaé followed by a filter
can in some casesa provide excellent transieqt protection for the
following reasong:

{a) The frequency content of the input is drastically altered
when the spark gap fires. Thus, when the transient is large enough to

Zire the gap, the energy left in the filter passband may be small, even

though the frequency distribution of the original transient was strongly
concentrated in the filter passband. :
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(b) Before the spark gap fires, it can be strongly affected by
the portion of the transient that is reflected from the filter, The

filter will, in general, refl.ct a wave composed mainly of frequencies

well sutside its passband, For such frequencies, the coesficient of
reflection for the incident voltage from the filter is essentially +l.
The reflected signal will than add constructively to the input sigral
across thes spark gap and speed its turnon, Naturally, the physical
separation between gpark gap and filter should be small,

The most difficult case for this combination to handle will be
when the input transient is concentrated in the filter passband, but the
voltage is not large enough to trigger the spark gap during any one-=half
cycle, _ pis would occur, for example, with a damped sine wave of the
form Ae Y sinut, where w 4is in the filter passband, 4 is not too large,
and A is only a few hundred wvolts. Even in this case, however, the
filter output impedance is still roughly that of the input -line, which

“may be large enough to limit the output current to a tolerable value.

It is thorefore recommended that the effectiveness of this and
other device combinations be determined.




APPENDIX A.==AN ANALYTICAL MODEL FOR THE FAST PULSER USED IN COMPONENT -
TESTING :
Transmission lines may be analyzed by using methods that fall into . -

one of two groups. The methods of the first group use electric circuit
theory and have the advantage of analytical simplicity, The parameter
: values and the conditions under which the resulting equations are
applicable, however, must be derived separately, :

The methods of the socond group depend on electromagnetic theory,
They have the advantage of depending directly on the most fundamental
principles of macroscopic eluctrodynamics, These methcds alsc provide
all necessary restrictions and gfjroximations and give the paramoter
values, : ' '

" Either procedure ultimately results in a pair of coupled
first-order equations relating the current and voltage a: a [articular
point on the line. Assuming that the line is balanced=«that is, there
is no common-mode current, the fundamental transmission-line equations
are o :

. e e e — AP o A

S SR
't X

e

C-Chtena—d
it

'
where i » i{x,t) = current in each counductor,
e = Qox,t) = p§tential difference between conductors,
1, = inductance per unit lenygth,
K = resistance per unit lengeh,

C = capacitunce por anil lengtil,

G = conductance per unat lengiic.

This appendix follows closely the treatment by Soldman, Lapiace
transforming the above ejguations leads to

RSN
(s + RN, s) o = et 4 L ixe!

.

iy, st .
(Cs + GI(x,8) = =~ ===+ Upin, o),

Goldman, Stanford, “Laplacc Transform Theury and Electrical
Transients,"” Dover, NJ, 1943,

Praceding page blank
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APPENDIX A

These equations are still coupled. Differentiating and substitutang
give

2 .

a1 (Ls+R)(Cs+G) T =¢C :s%i;gl - L(Cs + G )1i(x,0)

x

32k ~3i(x,0) .

Lo (Ls+R)(Ce+G)E= =2~ C(Ls+R)ex,0) .

Ay’ KES

Let n= ((Lg +, R) (Cs + 6)11(2. Then the complementary solutions (to
the homogeneous equations) are

I(x,8) = Aje "% 4 Bye™ ,

n X

F{x,8) = Aze X+ Boe”

If we asgume no current or voltage on the line at t = 0, the
complementary functions provide a complete solution.
Now suppose the initial conditions are not Qquiescent, In

particular, consider an initially charged line (fig, A=1l), which is a
so-calied pulse-forming line,

[ ) 1
OPEN (CHARGING) é SWITCh
END 0 2,
%
Xe0 _ Xed

’

Figure A-l. Civcuit diagram of pulse~forming line.

Generally, we have 2, =2 = J17/C, a pure resistance called the su.qge
impedance of the Jine: We assume that R = G = 0, which is an excellent
approximation in such lines. Then the fundamental equations are

:"1 - sr]c‘r = r_‘_e_(_)'_‘gl - I.CS‘(X;O)
ax }x

~

ZE ek =120l L ege(x,0)
5%t x

QU e VUSRS 2 SRR e

et o e
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Prior to time t = 0, we have

efx,o) = R, *
L}
S‘.\:'l‘. = 0 '
wihich imply also that

elxpod o Alx0t o,
'X ™

Thus, our vquations sim:lify to

o=,
c.\;‘

o ¥ o
v - w1 CE 2
o 3

B8y standard methods of solving differential equations wath constant
coefficients, we find :

-y nx
TEN,s) = Ae + By
" . F
. -nx . KA [
Flu,s) = A o + 5 + 5

WhuEe 1t 5 g bfve  From tue form of the fundamental eduations in this

&

i EOXLMation, we Khow that

Ao therefore fang wna?

From ¢hc initial condizion at x = ¢,

l(l\'_\:’ CRT IR SN i B

Aot - .
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APPENDIX A

At the other end, for t » 0, we have

i(d,t) = ""'-(-(/l""t—)' HJ-;.-:.(A(d,t) R

<]

F(dy8) 'J-::E(tl,ﬁ) .

cur solutions at this end become » ’ !

vhich has the transform

1(d,s) .'A!(O-ml - vml)

E{dy8) ,’:— af e e M e ko

Using these thren relations at x =« d we easily find tha:»

1 [€ ke -nd
LTS ra

The solutions in the froguency domain are, thervrore,

“e8) T 3

- - —————— M,

IJ— -sﬂ.(-?((l-':-:) v-siﬁf-(d-*.\:)l

t

N ' L

“s¥TC ) 1LY 1raeny '
. v
L L S

t sl‘l
X, N D

PR -

‘These are  readaly  transtormed  buck intn the time domain. The rusuits
aru . ' :

e BT v -l AT
S
1

|
iyt s BT - ! rlz -Vi_r.ue-\-,), - ' !'t -ﬂ"r«.i~..;|‘ '
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where U(t) is a unit step function having the property

f, t - 0

O =4yl

The current consists of two stop functions that have opposite
8igns and travel in opposite directions. The first step starss at
x=d, t =0, and moves to the left. The second step beyins at x = 0,
t = d/IC, and moves to the right, cancelling th: first as it moves, The
net effect is the life history shown in figure A-2,

W ek
X0 Xs4
0'

‘!'5"/% - ‘ | . reavic

X0 Xed

%ﬂ.\/{i }*0. ‘I — 7 j . 0-(000.)&
X0

Xsd

1>24VLC

oS
i

el
X0 - - Xeg

P

Fionre A=l. Life Bistors of surrent wave 1 jalee=forming line,

The wavefrone travelling to tie left can alag in considered  to be
reflectid  from  the open end witie o cighys 1 s1a. Al the stored
ooy is dltimately  absorbued L the  terminating resistor Koo ;:J..nt
X = l'l.

oy
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The appropriate reflection cocfficients are given in a number of
standard texts., For voltage, '

and for current,

where 2 is the actual terminating impedance, In the simple cases
congidered nere, we have either = 2 vor :f.T = s, The consequent
reflection coeflficivnts follow immediately,

Similarly, the voltage consists of three scep  functions, one
stationary in space, one moving to the left, and one to the right, The
net effect is the life history shown in figure A-3, '

‘ .
€ »o—— 0D ~---'
—g.O L J R ‘[——_j '.oﬁ

X:0 Aed
'
[ 2
3o _ N .c-c\/E
N -
X0 Xed
E -0 o -
. ! ’[ ] t+(D,+d) /C
) ’ Xea
s T
2 t»2d4/LL
Xe 0 ' xAne

Fiaure a=1, Life Eistory of voltage wave i pualae=formina i,

b
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Xty 3

In this example, the observed voltage at tie ‘terminating end is never

greater than 50/2.
The cnurgy initially stored in such a line is

ks (Ca)Ed .

On the-other hand, 1f T = 2dJ/LC is the duration of the pulse, the energy -

digsipated in R is
e
.-...1/9- [
R [ : r.O]J;..‘MI,

. 1 . *h
I-KT = :(d-b .
which is, of coursc, in accord with the principle of conservation of
enerqgy,

For ‘a coaxial linc with air dielectric, the above formulation is
valid provided that 1, << ), where a, is the i.d. of the outer
conductor, and A is the Shortest wQVelunqtﬁ of interest,
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APPENDIX B,~-CALCULATION OF ENERGY LEAXKAGE THROUGH TPD INTO A MATCHED.
LOAD FROM A PULSED INPUT .

.

To compare terminal protection devices in terms of their ability
tn» shield other «circuits from large transients, it is useful
calculate the cnergy leakage into a standard load, For this purpose,
the parameters defined in figure 5 {body of report) are reproduced in
figure Bb~l and connected in a piecowise linear fashion, Familiaricy

with illustrative pulse data reflects the adequacy of such an
approximation,

b Sl

to

——— . - e v e T g S ———E

Referring to figure Bel, the energy deposited in the load R ir
region 1 is1

v2 ' ' Vzt
\ .
Ey = [f1 R0 - By ftl tfae - 2L, 1) ,
0 Rty 0 , ]
: similarly, for region 2,
tz vi | ‘
!z . . ] Pz(t)d: * % (c2 - tl) . (R=11)

Vh 08 V' »
Ve * CLAMP VOLTAGE
Vp ¢« PEAK OVERSHOOT VOL TAGE

raure B=1, AT XImate Ut} oat veltaen

wave S e TR b e, ule
Pt enanedit i,

Preceding page blank  °
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9

To evaluate Ey, we first nced V, and t, in terms of known quantities.

It is easy to diacovot that

Vo ft-t, -
! 2
V() =V - T (ts- tz) L XA

. . v .v .
- bt . : (h=1)
ta ottt 2 (8 -ty =

The energy E, is then

t V§ (¢) [ t-t,

2
4
B, = - dt = dt ., (B=4)
| 3 "zf R 2ty - tz)]

A simple change of variable gives
vz

~ gty [ u 32
'3' ‘& ,j] “ [1" Z(tsftz_)] du

2
v (v -V VoV (VY .
;.2_2.1_2—2-’ (ta=ts) |1 - 2=« pc)_
3 32 . : “ay?
P

v
R T
3,3
g, = 2{v -v°) t.=t (K=5)
3 VR (t37C2) -

In region 4,
'Eb- ] P‘(t)dt- R (Y-t‘.)
t

v2 v v
- .-2——‘ . -y
E, " —iﬁ- [ 1-:2-2 {t4=2) (v )] {H=e)

P

-,'&u

VR
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Adding all four components gives the total energy leakage into the load
for one pulse.

2 2 3_ 3
v v , 2(v2 - v
- 21 . —P__ € o
2 Sl e S NN al
2
v S(V -
+ —% Tet, == :P——c-) (Ls-tz) . 1R-7)

This can be simplified further for the cases at hande==that i3, at the
highest input voltages. Here, we always have v, =~ SVC: and in most
cases we have vV, > 10 Vc.‘ Hence, we can safely ignore Ve in comparison
to V.. Also, sfnce the V- term is small, we can  approximate it with a

more gonerous estimate by dropping all times except 1,

Then the approximate :6tal enerygy leakage is

? ? 2 )

vV ot v 2V vee
E, = 21 2 k- s , ¢
3R YR ‘fz ‘1’ * R ‘tJ" t?) o (K-§;

since neither ¢t nor ¢, = ¢ way directly measured, this can be written
in the more convenient form *

1/; V: 1
ET " 3R [ ‘t2—tl) T Y +2t3] +-i—'- . th-h

The term ¢t = b s ket 10Lact bDeladsd 1t was directly measured, along
with t ’ t' s and T,

ALl aames wete recorded an nunuscgonds; thus, 1f we want g

‘in
1wules, all terms mast be multiplied by 13 7. T




APPENDIX Co.=~ANALYSIS OF EQUIVALENT CIRCUIT OF A DIODE UNDER TEST CONDITIONS

A model for a 2¢ner diode instulled in a test system with internal
impedance R is shown in figure C-.. Otiier mudels  have been used for
various freguency ranges and conditions of biase This particular model
appears to bue the simplest one which is -adegquate for  the lurge=signul
cases  The following treatient, adapted from that given by Jutgin et ui-
suggests  how TP parumcters might bo deraved when adesjudte experimental
data are available. Other devices might be more or less tractable than
the diode,

Tie diode symbol in figure C=1 represenss an ideal deode, that s,
1t Bas  zero  umedance wien forwdard  bilascd, infinite  imoedance  for
Negative Lldas botweens serc and V,, and 1t ddldrts 3ty ampedance so that
the neqdtive bias aever ox.cods V§. The  sunction  capdcitance, €, 1s
assamed Lo bue the cafavitarne at breakdowne

..‘-’v PSS SIS Y P ST e

When o positive pulse - Cegatave bias) is ogjj.aded to this diode,
the duener junction  1s considored 0oaeen virduit untii thie breakdown
voltage, V., &8 roaclied with e Cajaciter, O, ;hurqiﬁq througin L oand r.
Whern bruakéown VULUES the Voltuagn ackesis O cedastes L Shive

1% should be peoanted out that tine vonditions of NEUIeNY, leves
fast rise time pulses wiel Vg one to Lhroes orders of magaitude greater
wn Y,y dre such that the aacident voltage exoceds Ve after a fraetion
a tdhwseconds  Honcu, 1t shoudld bee josnibic %o treat  this nenlinear
Howi e as plecowise linvar, that S, o Uneste the chaltrineg (75 SR Y | ;
Leotan ameasaring o tame whel She diode g far o enougihe 2nto thic avalidlobe
region that  ats realstance asoessentialiy constant and ejdal to re o
Liols Cast She o EIVAlent crroult e s e sheowno 3 figure Jeu.

image. et .

ORI T N T L O S I 18 L 5 FOr S S 0 A N O R T Lol (0 B P22
Ll rant Lnotih WV, FUAVERIRTT SRR AN LT SN L I S RS T ST A S A A S X0
Ploe S L F e inobdent fdoo, s kb St oy aeceun® fur e kserved
At W Ltetey Mhoniey oo parame ters el d aless boo st lent to
Aslow valouloetioan of the  source  Mfaslanoe ot o termundgl jrotoctas

deves se, o eddered s Wl e UAValest oponerat

A ——

CUuPIifie it Jee, Jetkin=, . Vo, oand o Bimiere, o0y, bradi s, DU, arn!
Ma comaltd, "Mettaods, Devyo e gl irocuat foer the EMP O Har fonrer -0 Areey
Elecstraryz.,™ Ral Toon kejore 3 oMe 0™ ety themsannadal Rejoat

wr. IR TP TV LR Y .
AN & N '
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R , ~ '

T
//"_\\\> L ;

"yl i) Vet
vgit? EER 3
' |

Figure C~l. Fgyuivalent circuit for Zener diode under test conditions.,

v,mc

Fiaure =, Reduced eiuivalunt circuit for lener dinde und r test
vondition:s,

“The loul: voltages Eor the vircwit of figure C=J arut

(“I : LA
R+ ¢L .~ riy = Ly~ - Vg(l)‘
di, di, .
-ri, - Lgo * (Rér) i, + L ge- = 0« (=1

The Laplace transforms of thesc Jdre
' (R+r+18) 1, (5) = (r+18) 1, (2) = Vg(u)

S(r+16) 1, (8} + (Rer+1Ls) 1, (s) =0 . e

solvang for the autput carrent qave:
Vg(s) {(r + Lsg)

Ty " R(R ¥ 2¢ « 2um)

he

PENEND N PUNSIE G SR SR 7 O

. —
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Assuming the input voltage, V_(t), has an
time constant 1, 9 :

-t/1
V‘ (t) = v, (1.- e ) .
which transforms to
v
V(s) » - S- T o .
8 T s(’ + %) ,

Setting R + 2r = 2R', I becomes

1 .0 1

2 Yac| —yce e

(s + } ) (8 +R')

L .

L

+ DU OV, U

s(s + % ) (s ; %— )

The inverse transform is readily obtaineas=for

L o e ot @ e P W A PRI I 4
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exponential rise with

(=3)

{Ce3)

. (C=6)

cxample, from tie

Standard Mathematical Tables, 20th Edition published by the Chemical

Rubbor Company .

After a little rearranging, we oot

T !
NI S P Y S A LA i RS
2 2R R' R't-L Rit~L
This afpudars to have tie correct form, and it 1s easy to show that
R VT
(O =0, 4, €)= pxe 2y - (1o

Furthermore, aip:lication of L'los; attaits  rule shows that the
pracketed sum  is Loanded when R = L,
given approximatels by

The output voltage, VI(t), is

e, . L. et bl

e ———— - o meaBhe o

PPN . -

.
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V(t) = R, (¢) + v,

v . L - r
olr L=r -t/ | ') -R!
V(t) = ’2 i‘, + R’.l-.l: e - .'i.‘.:. _ ﬁ @ R't/L

+V . (7=
2
Thas has the followimj limits:

Y T ... Dte el
v(0) v, ¢ 0, V() 5 + VvV

The eXpression for the autput voitage catt be simplified by consivering
the approximate values of the parametor:s,

.-
-
B
'
+
. i
e
(=
.
o

vit) =V | .
(408 3

In prancible, L vaias of b &5y e dete od by cudtracting Vo, from e
euilabrauam voloage across the fosie ant o ividing the diftorelice by ot
Jiade current, Then the vaiwe LU LRy da oblainied by frttiey the

observed wavetsem too V), a0 sy e mern sl o b ant scjsarese Sinoe KR
s sapposed to be Known, L oweuid theds b avaliacles The fact tnat roas
wtually monlie ar can preumably e frtted ante e analvsis af
desitred, )

tor compating b L, egles g varsatyon it r, 1t 1s nevessary
tu abserve anly the Lnatil averstenets du Mos wpploXifnation, we hawve

v

I
3] ~t/1 ‘Rt /20 -
I - e .

v(t) N
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1 Since K oand V. are known, the ‘problem i to Fiwd values of ¢ and L so .
. . ‘. - . .

. that this ox: russion best fits the observed form,

i What 18  needed, of course, 16 an egivilent generator for the TRD }
: Jducing apg Lication of o large transivit,  fhe next step is to apply Shas

! generator  to tiwe protected  circeuits to osee whether o the protestion

) offered by the T8 is  dadeguatu. The  recessary circeuit aralysis cudes

' and semiconductor damage deta are availavle  elsewhere,  Appondix D of

parent ruport gives a method useful where multiple  refloctions must be
; considered,




APPENDIX D.=--THERMAL RESPONSE OF SEMICONDUCTOK JUNCTIONS UNLLR APPLICATIGON

OF A SE{UENCE OF PULSES
D-1, INTRODUCTION

Zn many clectronic systems, an EMP-induced transient cffectively
consists of a damped sequence of pulses. Fhis condition arises cither
because of filtering inside the system, or because of multiple
reflections from discontinuities in sigral transmission paths, The
result is that not one pulse but a t=iin of pulses is actually inecident
on a given TPD, Thus, since the neating effect of the leakage pulses on

rotected . circuits is to some extent cumulative, multiple fpulses may
raise tiic temperature of a semiconductor junction to the fallure point,
even thoujh any one pulse might not be nearly laryge efiough to do so.

A substantial amount of effort, both theoretical and experme.ntal,
has been applied to this problem in recent years. The ext.erimer tal work
has consicted mainly of applying a uniform train of rectangulas »ilses
to a devace until it fails., The onget of failure ir generally amwwunced
py second breakdown, The theoretival work has been mostly cunfined to
calculations of tomperature rise at certain points in the depletion
region, The general procudure is to assume some medel for the
semiconductor and environs, with hceat added hosogeneously to o the
junction during =ach nulse. The inhomogeneous dJdiffusion . oqguation is
then solved for the chosun model, using valucs of thermal canductivity
and diffusivity averaged over the expected temperaturv  range, The
predictod junction tomperature is compared with the tenperaturs
necess.. cor initiation of scecond Lbreakdown, which~=for unknown
rzasons-=lies ver” near the intrinsic temjerature if the semionnductora

This appendix  preoents  the tescits oprawned by Minnicr' ' for a
single incident pulse and oxtended by Frankel te aieount for an
arbitrary numoer of pulses »f known majnitud-:, widthi. and senaration,
lhe solution 1 adequate for all pulse widtiis greater thad aocut 1 nsec
and tihe julse train can he uite leny, poss:biy as loag as 5¢ .seg,
before the heat sink changes remperature appreviably. The responses to
sinusoidal and damped sinusoidal inputs are alsv disvussed, Manniti's
papers also give a substantia! bibliography of the field of <hermal
breakdown 2f semiconductsr JunctlOnhse

‘Minpiti, P. J., Jr., “Development of a Semicondictor Failure Model for
Liyhtring Induced I'ulses," MDAC-East Aviorics  Pech. lNote ATN “o-6n],
Dec 1972, ’

-Minniti, R. J., JJr., "Investiagation of Second Froeakdows in
Semiconductor Junction Devices,” MPAC-BEait  Avanmies Toech, Note AR
73-992, June 1973,

‘Frarkel, Kenneth A., "A Madel for Soricondacter faslure Jue to the
Aprlication of Multiple Pulses," Fourtceith Jnnuar Student  Techtieal
Symposiun at HDL, 13-1k Aua 1173,

&Y
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APPENDIX D

The genceral line of developinent  in thig appendix is to prococd
from the simplest modul to  progrossively more realistic madels,  Some
sdmple, well=known material has  been included tu make the treatment
Feasonably self-contained, We are aware that the moduels uipployed have
defucts but hope that the reosults indicate a viable way of treating the
ceffect of multiple pulses in o giver gystem. '

It bas been found that Junction devices undergo a phenomenon known
a9 "geond breakdown" befoye they fail. In sccond breakdown, the device
pefiates  in o highecurrent mode  with 4 luwevoltage drop. acrosy the
Junctinn. When o device is in the avalunche mode, it is believed that
vlevated temperatures will cause current constrictions at defects in the
Junction. Thu lovally increased current density will further raise the
temperature 2t the weak  points.  Thesc locat hot spots can enlarge thu
defoct, and an cause local melting, which mdy duostroy the device,

Som¢ authors LbLelieve that a device will go into second breakdown
AUn any wedx  spot reaches the intrinsie temperature of the device, At
this temperature, the nwnber  of thermul ly=gonerated insurinsic carriegs
is equat to the number due  to dopiny  of  the semiconductor, At tin
instrinsic temperoture, the sunction barricer can  pe destroyed  at i
weark rpol, and most of the ciarrent  trics to  go througis tivis region ol
low resistance,

Examinat.on of U data for =econd briakdown caused by srmjie
puises of a given time duration shows time thore is a4 wide range in tie
power nceded tu cause second breakdows in devices of g given type. This
range often wvarics bv a4 faotor of L. or three, and e spread  is
sumetames an crder  of  magaitude.  Suen g Sprent 1n Jdata 1s indioative
that any general ticory duve- L] cai s Lesr b e, GPLvoXimation,

. . .
Two models Wit reoently Ly Minnaris T oare Jdicussed  an o tige
folluwineg scotiong,

U=Ca BULUTLIN N DLFFUSIo EUATLAD i B RLIPANGULAK 1%PUT pULSES Ll
MBITRARY ML HT, WD, AnD skt ANATION, USLNG A SIMPLE ONE-
JLUMENSIGNAL Mo, ’ ’

Corisiler the mudo | shown i €1juare: =) This samplified model
will boe used to 1laustrat, tihe metinad of sulution, the results of whizh
Cdn thur be generallised te more comtlye e Ciasen

Minnits, R, O, Jr., "Bevelorment of g ferpconductor Failure Model  for
Lightning fnduced Fylu.:," MDAC-Fast Avionies  2ech, Note AYN Tasa,
e 1972,

Minnati, R, J,., Jy., "Hlvestigataon of Hecond Breakdowe g
Semiconductor  Juartion  aevioe:, " MEACSL. st Aviontos Tech Nt ATN
T3=0132, June 1173, ' ‘
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OEPLETION REUION °

!

L suL K

X0 T,
;5;/45::{3122;{:4&‘},§;d§ ;f;{s<;<;<;<;<;c

Ficure D=1. Simple, one-dimensional thermal moael of semicornductor
diode,

The initial «conditiun is that the dgemiconductor and its
environment arc in thermal eguilibrium at temperature To.

If the chip tomperaure at any point is denoted by T{x,t), the
appropriate boundary conditions aru

T
— =
4% RX=L

The most gencral form of tiwe diffusion equation is

Tix,0) =T (o,t) =T, 0.
v

Hcfﬁ'-x'o(K?D +|Mf,T,()
st
where

» = density,

¢ = gpucific huat,

T = temperature,

t = time,

K = thermal conductivaty, -

H = heat qenerdated per unit volume
fer unit time, and

>
r o opaonition vootur.

For samliaavy,  we  consider only the case where K 1s independent
% B W This  ts far  from  true, of course, but the equatien is  not
Otherwise sodvaisle by urdinary analytical means, and aumerical solutions
are pesicsnary, The diffas1on vjuation can then be written

W e
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.l_ .}:r. n2 __1_’_.
k .)t - v T 4 aAK [} } (D-l)
where
k = K/uc = thermal diffusivity,

P = power input,

a = depletion width, and

A = active arer.

Note that the equation now has no dependence on TO, 80 the solutions
give the temperature rise, AT = T =~ To‘

To solve the inhomogencous  equation, we first solve tne
homogeneous equation : .

Loar, 2

k It wo?
ax;

(=2}

where we assume that the chip is 80 large that the y and 2 dependences
of T can be ignored. Using the method of scparation of variables we
assume a soclution of the form

AT(x,t) = F(x)G(t),
and find

. -t?
F = Bcomiix + Cginky, G = Ae A7kt ¢

where A, B, and C a:e constants of integration, and -7 is the

separation constdnt.

The boundary condition at x = 0 implies that B = 0, and the other
boundary condition fixes tie values of /. We eauily find that

g = (u-1) i’E ' N8 jporaative ity ,

Thus, the general solution %o the homugeneous equatic. i

. N -kt
re z . .
“lc\l.t) - l%# sinex ,
ne,
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APPENDIX o
with constonts Dn.

The varticular integral follows nost

2asily from a modified form
of equation (D-1), viz

T L it . s '
_j"t* - ;)'(': LAl N ‘.‘.(' = kT ¢ Qv h=14:
Now we assume 5 solution of the form
o= X i (Osinix
n=1
and a heat function of the form
° : -4
= 2‘ Q(Ostnix (b-4)
n=}

Puttiry these ineo eyuation

{D=~3} and using the linear indepondonce of
8in £X, wn have for all » ’

(lln + .- k., - (‘)
dt n n

This is easily solvod using ehe integriting factap

R
¢ .

Poomul by joth siide, thus, we oy

- ve
) 4’_ .- k(’ s 0. [ .
dt r n
Wi can noxt e y, BY  lnverting viuatlon =), sinee ¢ s
assumed 1ndependent of v,
\ |
J ’ k3!
(Zn 4 (. / thefy, xdx = 2 l—\n-i-x '
f."'»l |
v .
R N R T A
0 1.

e et m—n

SO

s,

|
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Putting this into the equation for :n and noting that :n(o) = 0,

gives
¥ : -
I“(t) = ( Vee kt )qin:lenrn .

From equations (D=1} and (D-3), we suv that
kP
AAK !

l!:

s0 the temperature rise is given by

ST A SR R
..l(x.l) - alAK “‘:| ‘ " )

1
7 aincl sinea sinix , {=f)

pulse applied at time O and lasting until time t,

for a roctanqular
Ly Minniti,!’" who also show.d

This result has recently been published
that the time dependence reduces to

AT v ¢, t - A

i
|
!

ot

~
ap:
x

Prankel’s contribution’ was to extend this result to the case of N
The

rectanqular 1alses  of  arbatrary  Lerast, wideh, and scparation, H

solution  to i tabomegenceas Sl ffus ton eguation was given earlier  in
[IPIVLLTO IO SRR FS TR Y B TN sl e Pl MLLY 1y
! ( o UM ot Ay ) ool NGt NI T e,
[0 Felr,
SMintiti, M. Jo,o e, My et o 1 15 FUE in
LI AL BN LR N FI e A . I Nt At
Ty, e by,
ey ke, oo o N, CAM D e L L T T T S LR U Y
HEE N Y LN THTIF AN T PR TIPSR BRI Y e A .
I PR LA LONL AR BTN Y S Y R
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this section. This solution, equation (D~5), was, of course, only the
particular integral, but in that case the complementary function was
2ero because the initial temperature difference was zero. Thug, the
complementary function qoverns the temperature decay with no excitation
present, while the particular inteqgral aoverns the temperature rise with
excitation,

Now suppnse that the heat source is turned off at time t; the

: initial condition is qgiven by ejuation (D=5), with t = t,, and the same

) boundary conditions exist as before. The solution to the heat equation
for this condition was previously given as

- 27Kt 4o :
! AT = z: Dhe sinix .
n*l

Since the initial condition 13 alrecdy in Fourler series form, it is
evident that the snlution at some later time, t , ix

e 2P ks (qoomr ke ) mirk(tet))
dT(x,t4) AR = (1 e )c

%7 gincl slnea sinex
Further, suppose that the first pulse was of power P, and that at
tet a pulse of power P, is ajplied until t = ta' Then we have

(;

T3S T sincl ginca sin-x

AT(x.tB) =

.. (l-v"’fk(t‘-"))l o

1f there is no Julse unerl t: t,
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) «
ST(x,Ly) = 5ﬂRk ééﬁ }; slnel aln:a sinex
'P! ( l_u'f'k(i') t\-:'"k(tn,’l:)

N S e D R Ll

By now it shiould be easy to sce how this goes. After N pulses, we

shall have .
1 T .
AT(x.t:J_,) = Efif 133 }; sin:l sinsa sinex ;

Z. P [1 e TR e )]«""""‘(‘.*N-!"-m-i) ;

And after a period of no pulse following N pulses,

AT(x t ) - _— ﬁi L sinel sinra sindx
' allAK nel Y T e ’

» IR S £ SRR T IR TUED Y S SN W : 2

3:1 pm [1 U e .mo.)J 1 N -m-.) {

| |

D-3. SOLUTION FOR N CYCLES OF A SINE-WAVE INPUT, USING A SIMPLE i
. A

ONE=-DIMENSIONAL MODEL

Suppose the input voltage 1is in the form of a sinusoid, The
device .voltage is approximately zero when forward bilased and
approximately V when reverse biased. The current is given by I =
sinut and the power by P = IOV sinut, ' o

Referring to section D=2, the equatior to be solved is

d:n + k-o: = kA Rin.t
----- n n
dt
where
nw ,
A sinsl winca -

® e
n al.AR:
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Using the same integrating factor as before, we find that

Brk sinct = weonst + uo-“"kt
tow kA 1y —r .
n n DR SR
The qgeneral solution is then given by
2kt Vv , .
CLlxaL) - _-__Q.\_ ) ainflsinitas{vex
R alAK nel FLAYKT 4wt
':"ksln;t - LCCoRwt =+ we " ke
for t ;:_-;- s where : is the period of the sine wave.
After one=half peried of such heating,
. lklu\’ s
UIN 9 e ) Sl lndas =N
STINE) = TAE o sinflainsasingx
: -k -
O " *o ’
And after one period, we ave
21 vk .
. STlxy Y = TR L sin lsto astnex
n=|
K- - K-
AT I ¢ )

SI1NCe we arsamed

that no eieray 1s odded wien tin Junction is forward
biased,

In aeneral, afrer N+ ope=halt poriod:,

_‘(....f_\'_j.l ) .U 1|t
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whereas after N periods,

21 Vi !

TN N) = --‘TA-K .gﬂ ginicl. sinna stnex

R e

---Ov-—q—— ll + -

e s

Scna o

r o “k(N+ l -m}t .

D~4. SOLUTION FOR N CYCLES OF A DAMPED SINE-WAVE INPUT, USING A SIMPLE
ONE-DIMENSIONAL MODEL , {

Suppose the input is a damped sire wave., The problem is similar
to that of section D=3, except we take

1
-.‘.t 1
1= ¢ sin.t ]
o
|
g0 that the exjuation to be solved is
de —
LN STk = RAL @ ! sn.t,
dt n n
where An is the sam- as in section D=3. The resualt ix - 1
! )
- kU] k- t‘(ﬁ I\-“.\lll l- SN t g
= ‘\4\ (8] T e metemce o ve = o "—’ —— - . i

n n ke )+

This has almost the same form as for the sine wave, the difforence being
mainly that the ¢'k terms of the integrand are replaced by @ k='.

After one-half wvele, this becomos

. = k‘\ " E—o—-——-——;——-—’-

n 1 (« k=) + .-




AVEENDIN L
Al e v,

[

b (« h="1 *a

<
4

T et e answer o for e second persod, 3m1 1o deereass the
Jarrent v o T and trovesd s before s Hence, at o —rowWe act

nocntevarn, after Hoe cpe=half toriad s weo ocal sec that

‘i’(.\, = .)= ml_ sinei sloca sin x
n=1
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D=5, GENERALIZATION TO MORE COMPLICATED MODELS

The  first step in this progressive generalization is shown  in
ficure D=2, Here, a bulk layer is simply added on top: of the dopletion
reqion. The dilfercnce avpears in the evaluation of 0, In this case
we hawve

J=b
]
0= ,Hnln:-':-:d.\: .
n |

Leb=a

Using a trivonometrice idontity, we find that

Q, = -"-‘-‘E |vosuleose (atb) + winclsine (a+h)

= vcoB-Leos:h = sinclein b .

The boundary condition of x = L roquires that cosdl=d,  ilence,

g, * :’.(Ll sinel [sluc(u+b) = slucb] .

n

fhus, the only difference between this case  and  the previous e
is the replacement

sin-a- sin:(a+h) - aincd .
In sulvefuent discusilons, #i0a Jdjpears vietever comp bete formal e are

reprreds T Wil by ounderirocd chact ot extra Laver an g v be
avcounted for af necesazary. )

el 9¥/0x00

. __1 .ouu »
[ ]
'
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¢
;.‘ ¥ Atdildx o
{ The final model  considered  here (Fri, =40 has been treated
; extenrively by Mimmit:i, The solution o derived oo ential by the nam
‘ way as in section D=, the main compitoaticn bt that tlere are nee
! three Fotrier expansiors instead of one, Thas, we o Crrsr s lve the
; homogeneous eguation ’
if Ll i - X Y v i
] — — ‘-l--—-+-———+-—- .
i k s N v e
i by assuming . solution of the form
i (T, t) = F(x) VIY) W(2) u(t) .
» . R
; Proceeding as before we £i3d
K ¥om Beos.s + Uskios
}
- Vs gloosy + Clslaey
Wom pMeoss e+ WMslnae
where B, ¢, B', ', B, amd "% oare commtabts of itedr oo ani e,
=n, and e are scraration constants, -
The boundary condiion at 2 =« oampbies tnar Booooy anad one nirteon at
x = L fixes the vaiue of @ as ot re, )

The apjrerriate iowedary condirien: oo 0 e s g

SEMCONDLC VOR
[T

YV HEAT SINK
ACT:v€ REG'ON
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Py KA «
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Vo= PN

By orgwet ry we also see that
o o
— o e =y .

oy e 0 e =Y

LU e gt enbae( KY L ot

D < ag'. .
To vatisfy both the.;m equations we set C0o= o,
. N UL T TT R A T3 SR PR LY DR O,
Usiin the beundary conditions an the 2 direstion, we Sind ¢ = 9,

N Dyoan inteeroer e,

Finally, thc tine dependence id aiven by

Thusy, the veneral seolution to the homegenvous Gquation i

[ RRRYH

. e -y ) - Ha .
vt \ 1 , . I . S B L
gt 4 .
op o
. ]

Poar s rarrimular intearal, we acsume a solution of the form

P

Lo e S o ot the torm

, e PN
.
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Puttinu these into equation (D-3) as before qiweé

L. .
[ v

ds
___:‘“.:.‘hl'. o+ k(0+~ S

-Q
Wy, P My ity P

This 154 solved, using the integrating factor
Koo +e +0)L
o
to multitly both sides.
Hext, we get Om o p by inverting the eguation for 7. We can de
this in several steps., For 1,y#N, we jot
,

A - Fi .
(‘)x.z,n,p ° I/ R [ ’ Wsfurx cosay casw ds dy dg
L=it 90

= i biuvl. Si la .‘,. I4 ."9‘
1) 22 g . cd st : .~
\“ u p . Nad sl n rl

HR RO '

L PP

vounl 2ointnedaration et or. and £, becaune wll che eneray iy
assuamed e be dissipated in the active regiun,

For omhae Sase 0 F D, e v ), we et

r- r;
22 .
2. L= sina :iill-d{ / ooy dvde
vigily N : " -
a0 0
LA 4 -
- Boamm=es o 5ileld Siild o adir g
ity llyd eiv e .
|
3 2l For s Case P , W gt
. e L P Y TR I T H .
Ve’ o
":.l‘.i'.-', N . . R

optopr Wl

P

PO DRy T T
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None of these is dependent or {.; thus, our splution beccmes

0
. PR

. m — ~k(v +e ey )t
‘myn,p K #r by )

I - ¢

The genoral solution for the temperature rise is then

u ] :
. \ 240, P LY R R R 1
N - BRSUE LS 3 L. - u Pt
-.1(rot) lll,‘F’O k(t'+"+°- ) ‘ ] ! '
n=}

The solutions for all zero and nonzero values of -, r,y can be oombined
into wae formuia if the terms are properly defined. Hep~e, Mirniti
gives the aeneral solution

-

[ e ‘-( T SO I8 Ykt
ARLRT  myriypan :

AT(r,t) = b~ ¢
sinl sinca sinerx cosoy cose,

USRI

- -
sl wroey)
. In+
alicre o= -‘3 d .
-L
L
Gy = e,
)
Glog = ) rsine 7 0 B 00
“l :
] . ,
Gy = o siner B0,

: | )
ey ) = = siner-sinar., . 0,

Thas —xpye scaem 5 eastly extonded to cnive the temperature rise due te N
rectan-riiar jul oo At th - emd of the Nth pulse
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(s 8y Al sinia stn
LYl (r,tzN_l} ST AKRY m,n}.'iw() sinil sinea sin2x

Gy )
iU O ..pjn-ah.,,_
COSaY coyz Sy

.‘:: P [ 1 - o~ (v+ady )k (. et )J

‘=1 o 13'+,€"+—,'")k(t._ Nei"beimr)

and after a period of no pulse following N pulses,

+f - . e .H. "o \..‘ . . e (RIS
.Al(r.t:.\i ) = ALK moihen  SIL sina sinex

U

(vsw(mwzh(rtﬂh;)

: P ‘l - ("( ('+..-'+,'Ik(l' .~;‘12';',")

Y

“{. + )k‘lx"t.'_z’ .

It 1% wany Y0 nbhow that Fhese L3 S SRETN PR TIN

reduse to the previous
Ones whet tine

ForFPiety s onn thee active a%cea gre remeved,

Lo

sl

sessasiattSincan,




