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ABSTRACT o - -

- -~ .

** ~--= o In'the past decade there has been rendwed scientific 'interest’
in Extremely—Low—Frequencv'(ELE) tadio waves, in thé range from 3>Rz '
to 3 kHz. A brief hiatoricnl review is included of invéstigations

related to ELF phenomena,&and the spectrum characteristics are out-

3 lined with special reference to the Earth—ionosphere cavity ''Schumann

Resonances'" and to transient disturbances related to global lightning

activity. The current jechnology of measurement at’ ELF frequencies is

”’

briefly exawinéd and Ehe’design ériterie.are-discussed for a special

_»ﬁie{dfggrqable recejver and _magnetic-tape recording svstem for ELF
L}
signals. The detailed design equations and schemalics of a tested

3

prototype system are then presented, with special emphasis on the sub-

N .

systems’ involved: a convenient charge-induction type of E-field sensor,
a.modified.60~Hz notch filter with a controlled transient response, a <
Pulse Durationl&:?ulation (PDM) method for recording the ELF signals

_on magnetic tape, and a PDM demodulator system with a tape speed-
vaéiation c9mpensator, to ‘recover the EpF signals from. the magnetic

tépe; A number of examples are included, of field—fecofded natural ELF

transients and background noise. ‘ ) ' .

’
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CHAPTER 1

<A,

5

Y g INTRODUCTION D .
4 : -

'l THE EXTREMELY-LOW-FREQUENCY (ELF) SPECTRUM

‘1.1.1 HISTORICAL BACKGROUND : 3

The électromaﬁnetic spectrum abévelOOkﬁz has beén extensively
e*bloited for many ‘years,'The'goﬁmercial‘incentives have enéhredvadeq—
uafe theoféticéi andfexperimental inVest{gations of propagation phénom~
ena and the contiﬁuing development of communications svstems.

Below 100kHz, the greatlv increased size and cost of transmitt-—
ing antennae, the decreasing radiation efficiencv and the limtted.éhann—
el capacifv have almost eliminated commercial interesc.’ﬁowever; in the
Very~Low—FrequonGy (VLF) range, nqminallyB kHz-3N kEz, very ;eiiable 1ong-

range navigpation and time-standard svstems have been developed [1],(2),

[3],[4]). The attenuacioé rate is less than. 10 dB/1000km at.VLF, and
'propagaxion {s pritmarilv via wave%uide'hodes in the earth-ionésphere
cavitv, so that such svstems are‘relative%v immuné to the normai vagar-
ies reiated to ionospheric disturb;nces.
Below these frequencies again: at Extremelv-Low-Frequencies
. ‘ R ° »
(ELF), nominallv 3 H243kHz, li;s a portion-.of the electromagnetic spectrum
which _in'r.ecen‘t‘ vears 19 being 1ntensi\;e1v re—exal*e’d. ]
Historfcallv,saboug 1900 Nikola Tesla éégerQed periodic excit-
ation of tuned\spark—gaps by receding lightning storms, and envisioned
‘broadcast power based on the resonané pumping of the earth's charge at

about 10kz [5]. Hié proposals for world-wide communications on the same



.

" ances due to lightning flashes can find propagation paths far bevond the

v
. : . -

theme [6] were never.developed,.and éftey Marconi's successful trans-
atlantic signal experiments in 1901, commercial exploitafion concent?®’

-¥a§ed on the higher frequencies; Barkhausen reported in 1919 (7] that i
sharp audio whistles were often noted in the higﬁ—gain'amplifiers used
to monitor ;nemy telephone circuits (via eartp-rethrn qu:iénts) and in

1930 he postulated that these'whistles.might be due to a rong—path".

tonospheric dispersion of the audio-freauency components .of far—disgant

.

- - .

lightning flashes [8]. - ' . . ..

Some theoretical justificatfon'for such a dispersion mechanism

was offered in 1935 by Eckerslev [9] but it was not until 1954 that

A .

'Storey {10] offered the now accepted theq}y that ionospheric disturb-

°
iondsphere along the Earth's magnetic=flux Iines, so that inter-hemis—

t

pheric transmissions and reflections are possible: Extensive invest tgat-

.1on of these *whistlers' haslbeen'madﬁ_génce.;hat t tme because of their

relation to the characteristics éf‘tﬁe‘ionosphere and the magnetosphere

(11].

The possibility of,eérth—ionosphefé cavitv resonances again

became of interest in 1952, when Schumann offered a mathematical analysis o

of the subject [12];[131 and sﬁowéd that fo} the igeal'ca;e of perfec&ly
conducting earth—ionosphérg bourrdaries, the eigepfrequencies.yould in
“fact be f, = 7.46yn(n ﬁ.l) Hz k i.e. 10:6!&, 18.3Hz,.25.9Hz,.. D
The geﬁeral background noise 3t ELF makes it diffi¢u1t‘tb directly obse-
rve :hese.transientl§ excited resonances, altho;gh Schumann and Ronig

in 1954 [14) offered séveral recordirngs of *dampéd oscf?lations at about

9Pz showihg field strengths in the order of 500 micrdvolts}metre._



.

It was not until 1960‘that'Balser‘and Wagner ‘[15] seclured

évefaged power spectra of ELF noise levelsﬂwhtch(cleanly verifiza th¥

existence of the Schumann_resonénces.'The measured eigenfrequencies

v e

wér; at 7.8Hz, 16.1Hz,.20d3ﬁ3 « + . and wérE';ufficienﬂiy reéolved
so that es imates of the cavity. 9 nquld bé made fraf the lowered

. ﬁrequen s of the mode peaks and their relative amplitudea.‘gpbsequent

veriffcqtions of these spectra h!ve been made bv othe( investiggtots

using different methodd, and militarv interest has led to much experim- .

\ . . S, e, .
ental and theoretical work on FLF propagation characteristics and"
1épo§pheric‘conducciv1ty profiles. Extensive_bibliégraphies of televant

. -

LELF investigations have been included in papers bv Galejs [16], Jones -

,[i?], Wait [18] and others. : . e !
o ao . ) \‘.' °
. . In the pasf decade particularlv, the major research into ELF

phenomepa has been funded bv ‘the U.S.Navy énder 'Project Sanguine".
\\ .- . -~
Even one-wav coMmunicatlon with submerg&d tuhn’tines on a global scale

.is consideyed imperative and appears feas;ble; below 100Hz attgnuatiqn

is less than 1 dB/1000Km and sea-water penetration can be- in tﬂe orderx -
* of tens-of-metres. Unfortuynatelv, tranémitt?ng antennaé-must cover

* literally thousands of square miles and'reouire megawatts of input power
for a few wétté radiated. For one case citgg, the radiation<§esistance
for an ELF antenna 620 miles long was onlv about 0.01 oﬁms, so that

. o . ’ F]
less than 0.03% of the input powerzg;s radiated [19].. (These studies

have been of such wide interest that a special issue of the IEEE.Trans—.
actions on Communications, Vol. COM-22, No.4, April 1974, was devoted

éntirely to papers related to Project Sanguine.)

e o
o



¥

c'::)
cuxﬂbnts associated with suth

Q

an ELF transmitting arrav. and their dlstributioﬂ over such an in-ense

M [ )

Because of the very high KTrou

. ~-

area, the potentially adverse environmental and biological effectl

»
-

w,re extensively 1nvestigated [20] but. there renains a wide-apread

'controversy.ovef system cost-effectiveness and environmental impact [21]).

1.1.2 SPECTRUM GHARACTERISTICS

Since the’ELF wavelengths are much greatet than the height of

the iohosphere, propagation between the earth~ionosphere sheet conduct-

-

ors ip .essentially in the TEM mode. However, the bOundaries do have

.finite conductivities tesulcing in emall horizontal E-field components,

and theqe lead to wave leakages into the bounding media. fn practice.,

 this energy loas is a verv: small- fraction of the propagatiug vave energy.

. S0 that the ‘attenuation rate is-very low

1onosphere cavity.)

- . . ‘e

Propagation charactetiqzics at FLF over vatious path lengths “and
under a wide range of conditions have been measured by manv investigatots

[22] [23} [24], giving the tvpical attehuation curves shown below . (The

SV

;’”
-
’

dip in the region- of'lOkHz is due to a resonance absorption in the earth-

°

100 L : . ; ' i > ) Day A‘_‘ - . ' . .u; .
T e S, e
Attenuation - i ] AN
10f - -
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‘'Figure 1.1 ELF Attenuation vs Frequency (from Maxwell [33])
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- The natural ELF-noise spectrum consists pnlmarily of “random

© . .

disturbances related to world-wide lightnfng activity, The wide spectrum
of electromagnec ic tw&ion generated by ligh;ning strokes bas been

carefully investigated for many years [25),(26], [27] [28] {29) vith

various portions of the radiation lpectrum attributed to specific fleoh

. progesses. Most of the energy radiatgd in the 30 kHz - 109 kHz renge is’

‘related to the very. fast pre-discharge "leader"zﬁteakdoun'processdb, .
"and ;ttenuation with distdnee 15 suffipient‘to limit the.pronngation
to a few enousand kilometers; The main-di;charge "retﬁrn—stroke" .
radiation ﬁ;dké ai'abourvlo kHz, while slower decav currents be;ween :
.rhe multipleu return stro‘kee (de'scribed as "5;109 tails") ra.diate 4-4
'conaiderable enorgy bolqv 1 kHs. At such extremely-lov froquencieo. t&* :
i

_verv-low attenuation,rate ﬁgrmits worﬁ‘.&ido propagation, and this’ -
conetitutes the ELF "background noise" [{30], [31] [32] [33]
The ELF noise below 1 kHz may aqtually he considered as being

made up of two cdbmponents: -

“
L4

* 1) A background level of impulse noise,_ with a Poisson repe;ifion--

»

. rate distribution centred on a world-wide lightning-flash'
"‘ o . hd . . . .
Q"ﬁﬁgﬁ.of perhaps 100/sec, with a typical power spectral
AN * v N .

" "dgnsily of about 0.05 (mV/m)2/Hz [32].
. . v .
T 2)’A superimposed random noise, with peak-signal levels one or

. twe orders of magnitude greater than the background (but with

a much lower average repetition rate) generated byvlocal or
i .
regional lightning storms. . . )

The’ resultant ELF noise is typicaily as shown in Figure 1.2, which

shows narrow-band (5 Hz—40 Hz) recordings of the horizontal magnetic-field -:

° . - . “*
N h

& - .
.
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Fig 1.2 Narrow Band ELF Ntise Records (from Shand {34])
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* These noise bursts are supetpositions of rasonant-mode disturbances,

. with onlv the first two mdde"being evident in these recordings. Diurnal

variqt&ons in dctivity- produce cHanges in the number of bursts which .
occur, but' in general the average amplitudes remain essentially the

same. . E : . .
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Hidc-hnnd receivers cap—ef course dilplny the impulsive

. o
nature of BLF -1gnall ultﬁ less hodification by the rocoivin; -v-t.n.
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Fig. 1.3 WideyBand ELF Noise (from Bernstein [35])
. (recording methods and scaling not specified)



e . . °

! s . e
Occasionally, high-<speed chart recordings may display: the

aéquence of pulfies gerfprated by the multiple strokes of a L{ghtni;\g

. “ ' o
flash: v N e . :
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E‘nmplu of u pulse train of slow tail’ EL F stn.ospherics recorded umultnnuly at
u.e Hnwun ual Anzona Statious.

Figure 1.4 Lightning-!-‘_iash. Pulse Trains (from Hughes [36])

Despite the continuous presénce of such ELF activity, well-
dé}ined psc?ilacions“at échumang—mode fréquencies.are difficult to obse-
tve.:Typicglly, oscillatory_distprbapces retain their phase'cohefency
for only a few cycles beforé the randqm‘éuperposition of anothef disturb-~
;;cé. kn isolated modeé oscillation such as-that shévq 1nAFigure 1.5 is
therefore a c6mparative1y rare occurrence. - Nevertheiess; Shand [34])

suggests that "exceptihg the sources of local lig‘htnipg.and man-made
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Interfoerence, nn'mo-!:mrn}hle nan=Schumann activitv has, been found In the:
[} \ .

. - \
frequency range 5 - 40 c.pas.”,

N

,&:‘ T ONARSOW BAND (25-20 H2) vl Vo \ oo Y
. ' ' , I -y :
, ' . [ 200 vim
. ' ‘ f .' i ‘ .
) N. \.;'\' A \‘o«.’f"\*.‘."*-s-“‘.. ,~; .! " ‘-\ "A V'\"’\WWNQM
. . [ T Y . ‘ N .
. : \ ° 3 \ . K o ' . M
y . \ 4 b .
. VIOE. &t (L-4S by N i
: . e - '11 - T N A ) a
. KYOTO . O8NOIM37s . - 3% T, N
. . s

Figure 1.5 A Schumann-Resonance Fundamental-‘lode Transient

) . . (from (';;',:xwu et al. {37] )
- 0 .

']

Due to the difficulty in measaring the Schumann resonances
directlv, most of the ‘ivnospheric résecarch Sasod on the changing
. h ¢ v !
charactertstics of the resonances has relied on averages of ppwer

spectea integrated over manv minptes, (Short-period spectral eatimates,
. ~ . N 0. .

- - . - © - .o. "
as shown in Figure 1.6,  mav ‘show. constdefrable fine structureugnl even

peak splitting, but PRveroft [32) congiders such detail to bq‘spdriohs,

due to statistical fluctuatiens in signal stréngth and finite record

lengths.) i ) .

3
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1.2 EXISTING ELF MFASUREMENT TECHNIQUES

1.2.1 H-FIELD SENSORS

At PLP, induction coils are of course very inefficient ‘due

to the ext;encly low raté-offthange-pf-flux of the magnetic-field

-components. For useful levels of induced signal v&ltaxés. such 1ndu¥t6rl

‘ther;fore'tend to be a problém because oﬁ their phvsical size, and, from a

)

.c

stabilitv standpoint. " ’ . -

The system used by”thevPaclfic Naval Laboratorv (Victoria, B.C.)
is typical f393. For the Forizont.l H-f1ield componenfd. electrostatically-
shielded inducto}s are uséd. each witﬁ some 30,060'turns of #22 wire

wound on a laminated mu-metal core some 72 inches long, with a cross-

' secticn of approxinskﬂly 1.4 sq.fn., and a nominal weight of about

. ’
94 pounds. Inductance 1is given as 600 Henries, and sensitivitv is reported

to be approximately 150 microéolts/gamma/Hz; These coils are rigidly

supported and shiefhgd from wind buffeting,-since mechafical vibration.
S o
of the coil in‘th§4aa:th's magnretic fiedd dan easily penerate signal
. -._-"
artifacts an erdéy of magnitude (or more) greater than the ELF signals

¢
Q

of interest.
For #he still weaker traces of vertical H-field components,
Barkhausen noise in the high-permeabilityv core becomes unacceptable, so

that veéry largébair—core loops must be used ( tvpicallv a buried shielded

loop of 5 to 10 turns, with a loop diameter of 1000 ft. or more ).

Associa&ed receivers and recording equipment are typicallv at least
o : o : 2

500 ftézéwax frorh ;hg(sgn;ing.coils,Awith connections made via buried

shieldéd cables.

11

\
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For noothllcul applications, where the FLF nipnals iro intex-

rated over 30 seconds or more.ng:h a number of such readingmeqevedaged,

.

conatdernbly'smailct.collorcnn be used, but vibratfon in the Earth's

.magnetic field remains a prd}]em [46),[41]. ' .

]

1.2.2 E-FLELD SENSGKS

\

- I As noted previouslv, far-field nropngatinn.at FLF {s via a

TFM mode, sq?%hat abeve ground, onlv the vortlc;l F-fiald.oﬁhponent,is

normally meﬁéﬁrgble. Also, since the height of a practical FE-fileld “
) .

antenna will be a very small fraction of a wavelength at.ELF. its

effective source impedance will be verv high and almost totally caffac-

1(122; ¢ .

. The original workfﬁn the Schumann resonances B& Balser and
Wagner at '.1.T. [15] made use of a 120~ft . metal tower as the vértical
‘E-¥Yield sensor, while Rvcroft at Cambridg®,” England {32) used a 190-
megre,horizontal wire suspende&d at an averaée height of 4.5 metres
above the pround. Much shorter whip antennae have been used for special

-

applications; Maxwell made use of an 8.85 metre vertical-whip antenna
for ELF noise-field measurements {[42] and Hughes used a 21-ft. vertical
antenna for making field recordings of [LF lightning-flash waveforms
[43).

"' The ab§olute,calibration of Sth vertical-wvhip dntonnae can be
" rather éifficulc, since the "effectivé‘ﬁ;ight" of the svstem is a funct-
ion of 9ntenna_capacits;é; Eo ground, all mounting and amplifier input

capacitances, ground-plane effectiveness, and svstem geometry. The

meshod suggested bv Clavton et al. [44] made use of a near-bv reference

-

. Y
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o

o

monopole to generate a calculated E-field, and a special Schering
capacitance bridge to measure the effective whip-antenna capacitance.
A practical problem related to the vertical-whip antenna is
the‘wind%induced éaning and vibragion, whiéh‘can generate spurious
signals by modulating amtenna capacitance. The low-freauency a%tifécts

below 5 Hz can be minimized bv a controlled low-frequency roll-off in

the following amplifiers, but any vibration comporients above 5 Hzare
- a3 ° ’

directlv in the'frequé;cy'ban& of iqférest.

Two appréathes have been used to avoid such motion artifacts;
a tripod made up of three 6~ft.‘nluminum tubes ( with the preamplifier
in one, leg 5 has been used bv Jones and Xemp [45], and a ball antenna
rig%df; mounted on a supporting mast some 15 metres above a building
roof has been used with success bv Ngawa et al. in Japaﬁ [46].

Horizontal E—field components at ELF appear maiﬁly as leakage
fields in the copducting boundaries, and are related to the local earth
conductivity. Such horizontal-field components are usually measured in
terms of the voltage difference between widelv~spaced [ground electrodes;-
The voltage measured by such a grounded horizontal—wire.antenna is

related to the above-ground vertical E-field, to a goa},approximation,

by the expression [47)

V= 7.45  107% ¢ [T coss
) o

( e.g. for an Ev =_10m‘?ﬁ, and antenna length () of 100 m, a frequency
(f) of /10 Hz, a soil conductivity (o) of 10—3mhos/m, and ¢=0 for a wave

propagating lengthwise along the antenna, V ~ 700 uvolts.)



.

While such signals appear to be of sufflcient magnitud& to be useful
they tend: to be obscured bv electrode noises and bv* l!rtifact‘s traceable
to ground vibration of long cables. As earlv as 1945, Dahlberg {48]

used 'porous—_de' ground electrodes a ‘few hundred feet apart and measured ’

signals in the F)j Hz to 10 Hz'rangevwit-h- amplitudes of”a fevtv hundred
microvolts, -bﬁt because of the interferin]z noi§es thev appeared to be
of little use for géophysh&gl studies.
More, recently, in 1969, Stenkis et al. [49], [50] have used the

8 Kz Schumann fundament!l—mode signals for certain tvpes of geophvsical
surveys, using only simple 3/8 1"n. diameter brass-rod elect:rqdes. with
about 100-ft. spacing. Thev report integrated averalge. tfeliuric—field
strengths of approximatelv 10 my/Km in a sharplv-tuned band'at 8 Hz.
(Integrated averapge-noise amplitudes ) .gods of 4.0 sec. to 60 sec.
were used, and no attempt was made to 0uie c‘,ha‘vra'cteris.tic ELf-" wave-
forms.)

| For ELF communications wg’th subn;arines, a towed horizontal-
wire antenpa in sea wa%er has®been used, with the expased electrodes
made of tifanium; and with electrodes some 1000 fr. apart [51]. The » N

high electrical conductivity qf the Sea water reduces the available

signal voltages to a very low level, so that special signal encoding

" and extensive.digital data-processing of the received signals is

necessary for a data rate of even 1 bit/sec.



CHAPTER 2

GENERAL DESIGYN CONSIDFRATIONS

.o» : .

From the'brief review offered in the preceding chapter, it is

evident. that most of the research into ELF phenomena has required the
support of ratHer~extensive instrumentation svstems. Some ofbthase

svstems required thousands of feet of buried cable and well equipped

. . ;:ﬁ

1n§trumentation vans, while others wgre designed around permanent

elaborate facillties and were part of an international monitoring
A Y

network. Such systems. are tygically concerncd with-major dnd long-

established research, programs or have been-developed under military
research contracts. As a.result, independent access to such facilities

is normally iﬁpréctical, and even partial duplication can be financ-

»

ially prohibitive.

| Nevertheless, manv ELF'pﬁepomena are of fundamental theoret-
ical iﬁterest, so that some r;ady access to real-time field measure-
ﬁents is higﬂly desirable for specialized studies as well as for
general .research and teaching puréoses. These requirements have led to

the development of a special ELF recording svstem, based on the.l

following design consideratioﬁs. .

*2.1 PORTABILITY

.

Forrconvenience, the field equipment should be readily io;t-

able by a single person. This requirement i{s related to the fact that

) 60-tz power-line interference lies within the ELF range ofﬁtﬂfz;est

(5Hz ~ 200Hz") and despite the ‘effectiveness of a 60-Hz notch filter,

[}
Y

B
‘\
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-

it is often desirable to make field recordi®igs in selected areas

as remote as possible from power lines. Since such isolation may also
. . .

be bevy®nd immediate access to motor vehicles, equibment weight is an

Y . .

obvious concern. Such portability implies batterv operafion of amplif-

.

iers and recorders, which in any case ffees tﬂe svstem from deg;ndencp

ort a vehicle-mounted 601€zauxilia{y-powér unit, with its attendent

cost, inconvenience and added electrigal interference.

. e

Some form of magnetic-tape recording is desifﬂble. since thii
permits field tecording in real ti&e, with the abiifty to play back

the data in’ thé laboratorx for direct examinatign or further dats

pro@éﬁ&ing. From cost, batterv operation and weight considerations,

(ortable cassette-tape recorderd offer an immed-

v

Hsibilitv, although the fixed 1 7/8 inch/second

the domestic-mar
. &
iately attracei

tape speed lim® e frequency response, and' tape-transport "wow-and-

flutter" specifications are far below normal instrumentat-ion-recorder.

¥

standards.

Agéin from weight considerations, H-field sensaors are not

attractive, and because of cable veight and installation time, earth

electrodes for the horizontal E-field components are also unattractive.

Since the propagating TEM mode leaves the vertical component of the

E-field .with a more useful magnitude, it appears that an E-field
sensor offers the most practical solution.—Again for conveniénqe, the
commonly u§ed eleed whip-antenna has been avoided, and a more
readily portable "chargeninduction—plate" sensor has been psed.ijhe

. \
details of this type of sensor are fully covered in Section 3.1.)

-

. 16
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2.2 SYSTEM “FREQUENCY “RESPONSE
’\ . M .
. It was noted in Section 1.1.2 that El.? “‘signals down to at. .

least 7 Hz are 6f. interest because of the Schumann resonangeé. Below

. Il

about 5 Hz, the system frequency response must usuallv be rapidly

attenuated to prevent major baseline disturbances due’ to local space-

charge phenomena, geomagnetic signals, and possible. artifacts due to

- vibracion of antennae and cables. Figure 2.1 shows the general problem:

[ ..

(a)

1l sec.-.

(®) "\I“M/,}/‘MVM "“*\M VW, **‘.’s/\v’ﬁv“'“f fr‘m"“ Tw »j"w,\ww :

°

(a) With the lower cut-off frequency gt 1 Hz. = . .-
(b) With the lower cut-off frequene*_ Hz.

~Fig. 2.1 Low-Frequency Cuyt—Off For Baseline Stability
Large low-frequency disturbances as shm;'n in Fig: »2.1(a) may saturate
t.he sVstem amplifiers and lead-to.sign'al clipping. Careful choice 6f

e

the low—frequ.ency cut-off can produce the much more useful; recording,

of Fig. 2.1(B). . . .

In the "mid-band" region, interference from 60Hz and its

harmonics is the obvious concern, although a single high-0 notch filteti



'hecessary. g S .

-

R '
o o

. can, ulually ptovide an accepttble solution,'(providing thhb lources

such as 220V above—ground power lines are' etal-hundred yards l“ly)“
Some ttace of 3rd-harmonic noise mav then be evident, but in the pre-ent

applications an. added 1804lznotch filter has not Bpen considcred

P

! " Iu -v., “'| ,l.u, ‘] Ao ;,.‘,M‘ fl""l-'lln W:" """‘-""l'-" +, !nu '“ ',..

(a) , ,. b ._.; ~1| ¢ wn .... .h l...mr }«“h&‘me UHJNMN ?h'\'l'i'tg'

4

®) ?"“;'“’M%‘t.{;'*‘w'\wM*MWL Ak
' b o |

- .

(a) With thé 60-Hz notch filter OUT - - . .-

(b) With the 60-Hzwmotch filter IN - -

’./ ’ " - . - .
L et 4 B . 4
-+ Fig. 2.277  Notch-Filter Removal of .60-Hz Interference

Above 60Hz, ELF signals of interest exist up, to the nominal

3-kHz band limit, and of course these higher frequencies may be compbn-

ents -of lower-frequency waveforms. In such cases the widest‘aVailable

band-pass is always-desirable from a‘§ighal-resolution standpoin;.

. . « .. e

However, to get magnetic-tape recordings of ELF signals below S0Hz, a

frequencv-modulated carrier system is required,'énd"this leads to

'praqticai iimits on.the upper modﬁlation frequency.

As discussed more fully laver (under Sectton 2.4) an F.M.

"carrier frequepcy of 1000K:z has been used 1n the svstem, giving a

° .

“
I

18
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'nouinel 200-Hz upper frequency linit for recorded ELF signal.s ‘rhis
."

‘can still provide coneddéuble resolution of the deteils of a lo-Hz

‘tranaient vavefarm, so- that nost of the phenouna related - to the

Schumann resonances are well within the system ‘pass-band, if 5 Ez ‘and

20N Mz are taken as the nominal frequency llnit.l'.

2.3 TRANSIENT RESPONSE

: v 9. I; vas moted in Section 1.1.2 tl’ut ELP eigntle are. pte\doni

antly transients generated bv far-distant lightning ilashee, with

L 4

essentia;_ly a random-time distribution; steady-state sinusoidql 1npute

are the exception rather than the rule. -

. .
Unfortunately, for the faithful reproduction of transient
]
signals, a limited svstem frequency respopse is the very thing that
) should be avoided. The limitations on the time—domain response, for

-

various frequency-domain limitations, are well defined by the Laplace

. v .
transforms, but some of the waveform distortions stemming from rather

complicated transfer functions nay not be intuitively obvious, and the

generation of pass-band artifacts by certain tvpﬂb of input waveforms

should be specifically noted.

Figure 2. 3 displays some of the implications of a restricted

low—frequehcv response and the artifacts generated by typical filters.

Pulse inputs are shown in the top row (square wats at several frequen-

. e -

cies). the second row shows the output ,after the signal has passed

S

through a typical 2nd-order _high-pass Butterworthgfilter with a 10-Hz

10-

lower —corner frequency, while the bottom row shous the further result .

of 1nc1uding a 60-Hz passive Twin-T notch filter in the signal path.

- -



Input Pulsé’ . I ) ;;[.

e — : r_________.
l 257 maec l 50 msac ' : J 35 msec I

Output of
high-pass
ftl?er o

Output after
notch*filter
is added

.

. . N

Fig-.2.3 Typical-Signal Art ¥facts Due to Filter Transients

(see;texé for input-output conditions)

The above illustration of course, merely réﬁinds o;e that low~

frequency pulses have high~frecuency edge components, thaf a high-pass

filter will differentiate the edgeﬁ'of scquare waves, and that a Twin-T
notch filter Qill compound'the probleﬁ. In both cases, such cirgquits

can generate signal "artifacté"lwhich may seriocusly alter the waveforms
» .

of genuine pass-bana signals. .

We might note that the transient response.‘of.standard filter

types ( Butterworth, Tchebvcheff and Bessel )"'at0 documented [521'.

Jiimcy response

[53] but in the communications field the steadv-«tess

is usually of more concern than such transient
)

20
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reception ‘and récording of ELF signals, the reverse is true. O

»

olerate a non-ideal frequency.

‘However, the willingneas t

response does not really solv . The :attenuation at the

L) .
low-frequency end of the pass-b ed in Section 2.2) must .be

greater than 20 dB/decade. which 1mp11es at, least a’ 2nd order high-;

pass filter. The nont that can be done to minimize ttne-donain "ringing"

is to cnsure thac only.teal poles exist in the filter transfer funttion.

rt.wu 2.4 shows :&*lun ol nprmna by this. mto. waveform (b)

shows the output of a 2ndrotder Butterworth high-pass filter with a 10-Hz

' .

jcorner-frequency, and a 1-Hz square-wave input signal. The complex poles

in the transfes function lead to excessive overshgot before baseline

recovery; Waveform (c) is the output of a 2nd-order high-pass filter,

with the same corner-frequenévy of 10Hz but with dnlv real pales im the

transfer function. The reduction in signal overshoot is evident, but

the major pass-band vartifacts" of course remain.

S PIVU J
—

. e
: (C_) LT L

e . L]
pre

Fig 2.4 High—Pass Filter Transients
.

{see text for details)
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The problen anuociatnd with thé upper- frequeney 1iniit relates

'to the svnten 1mpulse response. For input pulses with a period ahorter

than’ the filcer time conatant, the output will himply be some approx-
imastion to the system impulse response, regardless of the Fact that
the pulse "/T frequency" may be far bevond the pass -band.

Again, conplox pglcs in the t:an-fer function con:rolliﬁg

the high-frgquency roll-off cah lgad to overshoot and ringing, while

- waintaining only real poles ‘0111‘ *mt.tn 'tvht ptob'ln. PFigure 2.5

111ustrates these points; wavefor- (b) shows the signnl overshoot

" and ringing which constitutes the 1mpulse response of a 2nd-oxder

low-pass Butterworth.filter, wfth a Mﬂ%qupper cotner4frequency.
wévefofm (c) shows the improvement when a 2nd-order filter, with

ot

the same cut-off frequency but only real -poles, handles the same

-

input pulse.

O Jﬂ‘ ﬂL J ,
e h N A

Y N A

Fig. 2.5 Low-Pass Filter Impulse Response

(see text for.détails)

- /
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The traﬁ-ients introduced bv thc tvpical Twln»T notch filter
can in fact be avoided This is Pouible bcquuse ghe 60-Hz 1nterferenco ‘
normally is steady state, and tho notch filter steadv~ctate response

¢an be’ isolated from signal transients.. Appendix A shows, in some detai],

how a Twin*T notch filter can be mod1f {ed to give a "clean" transient

response, while Appendtx ‘B offers almost as effective a solution using

a so-called gyratdt" notch filter. e e
v ®.

Q'v
AY

design philposophy must be to animize system transients by using the

Frqn the forcgotn. comments, it is apparcnt that the gcnnl ’

1owest ac‘fptable attenuation rates.at the frequency-pass-band limits
(although total avoidance of complex poles is not really practical)

and by usin lt sien free 60-Hz notch,filter svaten
5 £

. P} o - .
2.4 MACNETIC—1{Pﬁ RECORDING » .
2.4.1 DIGITAL vs F.M. RECORDING

‘#¥pe decision to use a cassette-type. portable magnetic -tape

recorder for field recording of the ELF signals ‘p&d(E? immediate

[
restrictions on the choice of recording methods and fotmats.

The magnetic -tape cassettes confotm to international standards
. '

de}ived from the original Philips Corp. designs [Sél'which established

-

the tape speed at 17/8 inches/sec;,(-4.76 cm/sec).‘This provides an -
-acceptable compromise between recording time and fiequency response

[ 3 .
for domestic use, but such a low tape speed ie an unfortunate restrict-

ion from a data- ~recording standpoint.

Direct ahalog recording of ELF signals down to 5Hz 1s not
» . : .

[ &)
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fclsible with a magnetic-tape recorder becauae of the lowefreqeency -
limitationa of the play-back head: The stgndl output le;el of a magnetic-
- tape repreduce head 1s proporgional to the rate-of-change of the

: magnetic flux egtttng the head yrndings. and this of course is a funct-
'ion of t;e frequency.of the recerded signal, as well as the design o£'
the head gap, core ‘permeability and the number of turns of the coil
winding (55] The result is that the generated output voltage drops off
with decreasing frequency at 20 dl/decnde. With the nvutlublo uxim
tape retentivitv of about 1000 gauas and the best.availnble head design,
the lowest usefual recording enq playback frequency is about 100 Hz,

and at 101!zghe recorded signal cannot usuallv be recovered from tse

3

packgréund noise due, to the magnericsoxide and surface 1mperfectiqns.
The use of digitlllrecoraing techniques is also ruled eut by
thefl 7/8 inch/sec tape.speed, in this case due to high-freauency
limitations. qu digital sampling and a somewhat cgude repredqction of
a sine wave, as few.as 5 samples/cyclée may beytolerated, but even at |
such a low sampling rate; for a signal at 200 Hzand for an amplitude
resolution of say 0.5X ( 8 binary bits per sample ) this deﬁ;ﬁdsAa‘
serial recording Jbit rate" of:
Bit Rate = 200 T 5 x 8 = 8,000 bits/sec. o
In recording digital data on magnetic tape, 1n1tially-sherp
trans}tibns between magnetization directions (corresponding to a x
binary 1 or O ) are blurred b9 self—demagnetizat}en forees, so ther
the final tr;nsition is spread along a finite iength of tape. As a

result, the number of flux reversals per inch of tape which can be

reliably recovered 1is not just a matter of reproduce-head gap resol-



>

.o -

ut of tape bit-déhslty capability as Qellz ?ﬁe ;heo;pticnl

' limit for the h;ghhst—qualitv magnetic oxides is usuallv ouoted as
Aabout §, 000 flux reversals per inch [56) but tor the 'data- recoverv
reliability required bv a digital system - a recordiwmg densu’,af
about 1,000 bits/inch is a ptactical limit At this bit denlitv a
tape speed of § 1nches/sec. would' be required for a serial data rate"
of 8,000 bits/second Since the cassette tapq—transport spoed is a
fixed 1 7/8 1nch/lec. we would 1n fact be restricted to an upp-r

»

signal frequency of:

frhax™ L1:875 x 10C0 = 46 Hz
5x8

[
.

which 1s about oﬁé order of magnitude too low to be acceptable.
The.abOQe limitatjons therefore;res;rigt the choice of

recoraing methods to some form of yfrequencv moduiation An F. M

'recording technique :ermits the 7)1ection of an audio carrier. freqg~

uencyv ;ell within the' recqord/reproduce range of the recorder to be

used. The permissible modulaiion.ranges from D.C. to perha#s 20%

of the carrier centre-frequech [57]). Such techniqueq have been

widelv used for manyv years, and linear voltage-to-frequency converters

are available commercially or cah be designed- to specification using

discrete components.

2.4.2 PULSE-DURATION MODULATION (PDM)
The direct)use of a frequencv-modulated sinusoidal cérrier

is'in this case undeslrable, since during plavback spurious ¥frequency

shifts due to tape-transport speed variations can be generated, and

»

-
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.

such frequency shifts cannot be dist{nguished from those due to the

-

genuine modulation. Tnpe-—tr@ns‘pqrt, speed variations of from 1% - X

P

are typical 'in'port.:\ble magnetic-tape rovnrdcra ( due to the D.C. motor-
apeed control limitation‘q and fluctuations in winding tension in the
tape cabqette ) and guld produce cqu(valent errors In the demodulated
.analog signal. . . C : .
_ Row'e\{cr. one t;pe of _p.u.lses-width modulation offvrs a built-1in
monitqf for such.speed variatiéns:Athe.ftxed—repetition-rate Pulse-

Duration Modulation (PDM) with "traiiing—edge" modulation [58). This

modulation methd involves the following pulse waveforms:

/

— . -

: !
S » ” ’u T{ min.
s - ST .
' e T -
j___-, _‘L L I T2

‘Tl‘ 'nTiN '
+ | | 'I;l max.
Ty *© T""
o (a) Zero "lodulation . (b) ™Maximum Modulation
o]
Fig. 2.6 Pulse~Duration-Modulatign,Naveforms
¥
o

The "zero-modulation”" waveform is shown in Fig. 2.6(a) and has a 50%
N ~
dutyv cvcle X Tl =T, ). The xepetition rate is held constant, while the

relative durations of,T1 and T2 are modulated -as shown in Fig. 2.6(b),
- .

v

i.e. (T1+TZ) = T = a constant -

Id
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and modulation of the transition time of the trailing edge of Tlimust
be limited to prevent puise "overlap", that 1is, T, or Ti must nevef be
reduced to zero duratidnj or modulation infgrmaxion will disappeaf. the

basic repetition rate will be lgst, and thgwﬂemodulator output will be

meaningless:

0

there is a theoretical resolution limit of about 5,600 flux revefééls

per inch. At a tape speed of‘1'7/8 inches/sec. this 1hpiies a mi;imum

pulse width of about 100 microseconds. With a portable tape—;ecorder

upper-frequency limit of about 8 #Hz,a reliable resolution of 159 micro-
q .

seconds with an uncertainty of a few ﬁigroseconds appears to be a.

practical limit.

bv a demodulator whose output tracks the shcceeding variatioqs of

( Ty - T, ) with the durations of T, andA'I'2 nééspred each "cvcle" by
some form of sample-and-hold intégrator. If a S5S-sample approximation to
a sine wave 1Is apain assumed to be "acceptable"”, then a 200 Hz max inum-
modulafion frequency requires 1,000 samples/second, which implies a

PDM repetition rate of 1,900 pulses/second. This therefore defines the

Pulse widths of the PDM waveform as:

T

1 millisecond

1

[

”

500 Lsec +350 usec.

(150 i:see min.,

850 usec max.)

o~
X

.

- ~ Recovery of the analog signal from the PDM waveform is effected

It was noted in Section 2.4.1 that for standard magnetic tape

P
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2.4.3 RFECORD-PLAYBACK OF PDM WAVEFORMS

Although the pulse- duration‘ﬁodulatidn offers useful propert—

ies, the "+ ransmission"” medium in thisscase is'a magné!ic tape, and

[

satisfactory recorddng and recovery of the PDM waveform remains a .

prohlem.

The modulation information,of the_PﬁM signal resides in the

) -

3
transition time of the trailing edge of T, relative to its leading edge.
As already noted,. a square-wave gignal_recorded on tape as an initially

abrupt change in the direction of magnetization, dées. retain its

”" 2.

squareness'.

*

+ . —_—

(a)Record-Head 0 ' | , -t
Current _

(b)Magnetization . distance

~ Direction and /’*_—j\\~_~ﬁ >X along tape
Intensity —

- "—"transition
4 zone

(c)Signal from ’ . .
) Plavback Head "“‘/jk' \\/f* 4‘/\‘ g \p[‘ —t

(d)After , . .
Differentiation \/\ “/\/’-“*ﬁJ\————~4
(e)Zero~Cros« 'y - 5 —
Detector at ! ‘ Lo ‘. —t

Fig. 2.7. Basic PDM Wavefarms Q'ring Record-Plavback
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]Figure 2.7(b) is a representation of how the linear .distrib-

ution of tape magnetization is modified by the self-demagnetizétion

. férces; so that the origihai abrupt change imprinted bv the record head

.

reverts to a relatively-wide "transition zone'", whose width is a funct—

ion ofvthe magnetic-oxide properties and its coating thickness.

]
The reproduce-head output voltage during tape playback is sgbun~,//,

in Fig. 2.7(c), and this signal can then be differentiated .to recover a

-

signal ;hosé'"zero—crossing" points shoﬁld represent the abrupt time
transitions of the original recorded waveform. In theory, the zero- -
créséing detector could therefore he‘hsed to generate a replica of the
original PDM waveform. In practice, this approach tends to resu1£ in a
poor signal-to-noise ratio,_since small amplitude variations of the play-

back signal and associated tape background noises are greatly accentuated

by the differentiation, and a zero-crossing "time-jitrer" resulgf. In

addition, for pulse periods much longer than the transitién zones, the : o
head output voltaée has multiplg regions-of zero slope, which leads to
ambiguéus.output signals from the differentiator, hence false zero- .

crossings and output-wvaveform errors. (The addition of hysteresis and

some form of voltage-level logic can reduce these false zero crossings,’

. 2

but such methods tend to have criticallv-narrow tolerance margins for
<hanging circuit parameters.)

A much more tolerant svstem results if the PDM signal is differ—

» -
L]

entiated before it is recorded. As indicated in Figure 2.8(c¢), the tape-

magnetization p:&rn will then have a continuouslv-decreasing intensity

between each transition zone. The plavback-head output voltage will



”
.

display a zero crossing which is actually related to the end of each

Q@ -

transiéion zone, but since no added differentiation is involved, this

O

zero crossing will be relatively stable in the‘presence‘qf associated _\?'

" ! N J .
noise In addition, the slowly—changing intensitv of maghecization
between transition zones provides a tesidual non-zero output signal of
sufficient amplitude so that false zero crossings are avogqed.

This method of recordtng and playback of the PDM waveform

has therefore been used in the prototype system being described.

(a)PDM Signal

. - '—__—_—W
0 . ‘ . ) o=t
(b)Record-Head \»
r . F T ~t
(cfHagnetization

Current J\
Direction and ,_,/\“*‘~\/;_,,,,,*_

A e ..
N/ distance

along tape

Intensity

9

_"..\‘ N o

(d)Signal from - .. . ' S | R
Playback Head L i ’ ’

- -

(e)Zero-Crossing -t
Detector Qutput | .

N

-

Fig. 2.8 Modified Record-Plavback System Waveforms
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2.4.4 COMPENSATION FOR TAPE-SPEED kV.ARIATIONS

t.
.-
-

The demodulation of a PDM signal involves the generation of an
‘output voltage of the’ forn. ,_‘ ' . .

o
*

Vo-'K(Tl-T )

A(vith 11 and T as 1n Pig. 2.6) and 1nvolves a dircet tt-e-nasurenent

]
demodulation The signal to-noise ratio of such a system will be relased -

almost entirely to the "time ~jitter” of ‘the zero crossings of the recov-

s -

ered PDM waveform. In practice, the separation of'the‘modulatioh from

the PDM-carrier waveform is best achieved by a so-called "integrate-

and-dump" svstem [59]'which is one form of a synchronous detector.

»

Although the Pe;iod Ty is nofmallvtvaried'in resﬁphse to mod-

ulation, it will also va}y dué to changing tape speed. Hodever,-apy
varkation ia the .total period T must’be due onlv to. a tapé-speed change.
- Therefore, if’ the output signal is normalized by a factor ‘proportional

to the total-period T, it 1s theoreticallyv possible to make the output

--essentially immune to tipe-speed variations.

i.e. 1€ ,voag;_(rlfrz) 1

then a fractional change of tape speéd will modiff.the time scale bv a

factor (a), so that

°

V. = K(aT, - aT ).
° oT 1 . 2

which remains : = XK( T1 - T2 )
. CT .

L . ’ .
and hence no change in output voltage occurs. (The proviso of course 1is

that the change in tape speed be slow rélﬁ?ive;to the sampling}rate,

£y



a1

s
L 4

.

.. .

so that the.sahe_scale.factOt.(u) will apply to T3, Tzligd T; Since

.;"wsw-ahd—flutter" ebeed variations arE.u;unllv at less thenvlﬁfw and
since the sampling rate. 1is the 1000/lec. pulee-tepetition rate of the . .

PDH carrier. the faetor (u) will 1n iect be essentially eon:tent )
L o I ‘ . é»”.ﬁqy“.._.,vla .?ffc.h;swfggx‘ RO SR
2.5 SYSTEM SENSITIVITY ARD GAIN REQUIREMENTS - ’

In & system design}'it is of course hecessaty'te have an
_estimate df‘the required input sensitivtty, In'the'case of ELF signals
this can Be calcﬁlated from published data on the measured Spectrnl

' deﬂsity of ELF noise. - From a number of soutces [60] [61] [62] the

average spectral densitv in the S Hz to 200 Hz range can be taken as

' 'ab0ut Q. OS(mV/m)ZIHz for the vertical E- field component, but peak or rms

Y

Avalues are not simply related <o the average values derived from

' spectral density data (due to the 1mpulsive character of ELF signals)

. However, for design purposes the expected peak values can be taken as

perhaps twice the average value.

Fsr a nomiﬁal.ZOOJlibandwidth,.the peak values of background

wnoise can therefore beaestimated as . : -

E(peak) = 2 JG Oggmv/m£7 x 200Hz E.6 nV/m

'with.regional 1ightn1ng storms‘producing peak gignals one or twe orders ~
of-magnitude higter, Using these guidelines, the system.requires a "full-
scale” sensitivftv of.about 10 mV/m on the most sensitive tsnge, and

gain swdtching to allow for an attenuation of approximatelv 40 dB.

The ampllfier-galn renuirement is somewhat more difficult to



: B ' . v . ’ < . . . - ' b . ‘ . : ) '
o - ) . . R s . ' S

' dpfine. cince it is dependent on the !-field sensor trenlfer charactor-

ie‘tic. aud on aenqitivity of the puhe-durat.ion-.odulator circuit The .

‘general. requirenent is aimply that an ELFP dilturbance of lﬂ uV/n. who.q
frequency 48 within the pass - band sust provide maximum moduletion of

i he Pm-carrier waveforn

e m anglicede of outwt mg (’m o M . ,

to the tape recorder is typicolly 1 volt (peak) into the "AUJL" input.
P
However, the fact that the signal is in this case a ditterentiated .

-

pulse must be recqgnized The automatfc-gain control circuits used in
many oorxable recorders -are designed to hold a proper recording level
despite wide variations ‘of the inﬁht -signal level, and are of course
keyed to the average values of typical voice and music waveforms. With
the low duty-cycle of voltage spikes generated.by differentiating the
PDM square waves, the automatic-level;control .setting of the signal-~"’
amplifier‘gain’can be .excessive, leading to waveform clipping and an
improper recording level. However, if the recorder is‘alao equipped
with a recording-level meter and a manual level: control, satisfactory
recording is readily accomplished by setting the indicated recording
level about 10 dB below the level recommended for speech and music.

On playback,'a.signal from the "FARPHONE" jack of the magnetic-
tape recordér is used to drive the PDM demodulator; The output amplitude
is adjustable by the recorder 'VOLUME" control, witn a maximum of
iuerhaps 3 Volts (peak) across a tvpical 10-ohm earphone load. ( Note
that .in some recorder designq, a 10 to 50 ohm resistor may have to be
provided as a nominal substitute load if the signal is taken from the

a

earphone jack for ‘use by High—inputfresistance devices.\Otherwiae, .

33
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- C g vy K . .
1nterual negntiw-facdb;ck circuiu uy disphy 1patnbi)1tv. 80 t.tut

tocordenanpuiiet o.cillatiom may occur.)

.~

‘l'hh dmdulator output volugc is q matter of choim

.
‘

o

: 2

d.esign. In the nysteu being dencribad, the' output has be-n lcnm tqa \. .‘

:s 0 volts full scalé fot conpuabilitv with an nvailablc analos/
duiul‘ oupuur 1n|m': S
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. The general systém configuration ‘is ghowm bc,low.-‘ in "block~ .

DETAILED SYSTEM DESIGN -

() Playbavck Conf igﬁration

Figure 3.1 Systein Block Diagram

. ' _35

... diagram" form: N .- .
. N _— e e e e e e e — — —_— e e e— e -
S t e
e ] ~ to—{Baveery |
: ~~—95] Pack P,
.'__"_[ b l “~ i {
» v ] b " :
- E-field | ' ., = T g 60Hz. ; High~Pagq | Pulse J
Sensor . b mplifier = Filter " Filter ir Modulator, .'
— DO ’ H '
| o—_—t o ———
! Level i
Att 1 N
| At ;:;::Ehoj Indicat_or} o .
! . ' by
, Mag.-Tape 1 : -
] Recorder
(a) Field-Recordfng Configuration - b |
Mag.-Tape |
Recorder !' ________ - = o
- - ‘ AC
t e '
t l — Power L. Power
| | . Supply |
i | o— N - | .
= ’ ' Input - Z rO% - Pulse | 45 V
—— - — —_——
. | Amplifier L Dgfgmgs " Demod. | analog
5 - A -
| ; o ; output
| "Tape-Speed- f
' Compens. !
—_—
[



L]

. 'l'he detailed d'cli'gn' eonaiionu. circuit schematics and notes
on circuit opor&tion are included in the, follouing sections. The discuss—
ion can be convenicntly subdivided into four. functional.sections: the
E—f.ield sensor assembly, the signal anplifiot_n ahd filtera.‘ the PDM
mgdulator. and the PDH dcnodulntor. . o
SPTEES It will. be mtd ‘tht record!ngc of system: nvetor*m Seen .‘ \
. extensively used for illustrations. The ease with which such recordings |
eould .be made, with almost any desired time scalilng, resulted from the
fortunate availahility of a Hewlett-Packard Model QABOA Signal Analyzer.
" This unit provldes'analog/digital samﬁliné,'with dq;a memory4étorage.
-and playback facilities. A "tecorging" can be made coneisting of 1,000
sequential samples. Q: a choice of sampling rates from'Z.samples/second.
to 100 oodf samples/second, and "plaved back" at a much lower rate via
dxgital/analog output facilities to a standard X-Y recorder.
o : :

3.1 THE E-FIELD SENSOR

For system’portability, the usual E-field sensors mentioned in

-

Section 1.2. 2 are considered rather inconvenient The following sub -sect-
ions cover the desigm of a "charge—dnduction" type of sensor, which app-
ears to be a useful alternative to.-the whip antenna for measuring the

S ° -

vettical E- field component of ELF signals

. E i
1 [} [} \ ] ’\!—} .
sensor ./ ”[>f'7d_i_*{— ——— e —_— -y shielded i
¥ I “ Eleet f . Cable-Drive - cable to
vard =~ I . Electrometer-- - ——— T -
& - = i ' | Amplifier amplifiers
. = - -T-AJ - "~ and
> ' ) modulator
A .

Fig. 3.2 The E-Field Sensor Block Diagram - ’ .
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.1 THE CHARGE-INDUCTION PLATE

One bf the simplest nethods~of l'neasuring the vertical E-field

| _at the Earth's surface is a "charge-induet.ion—plate method, which 1is
basically the systenm used by thson in 1916 [63] to measure the Earth'- o
surface-charge density. .

1 !

f

{
‘ ' i
E-field , ‘ ETfi*ld o
’ ! . ) 1
. 4 | ! |
L e J_v v ey it . ! - ! '
: S Y v Yy ‘ 1
. .. . )
- Ty . . S
.- = . A
& Ele.ct:r:— ‘ . ~ Electro- - ‘ "‘*out
—_— ,_“_'e er._’ . meter
» I -
wren /L s
. / > ,'/ ' . Lo /’ . . . '/"
(a) The Wilson "Cﬁafge-Plate" (b) The Portable E-Field Sensor
. Figure 3.3 The Charge-Induction. Plate System

Wilson took great care to keep the chat‘g}a plate flush with the

“Earth's surface, and used :a null-balance method to prevent E-field L

T Al
distortion (since he was concerned with absolute charge-density measure- ,

ments). For a portable system this is impractical, but as in Fig. 3.3(b)
above, a shallow abpve~ground' assemblv has been used. This leads of

course to some edge distortion of the incident E-field, but s_itice the

system can be calibrated in known fie}ds,‘ this distortion factor
little concern. Note that the ''guard" electrode is in this case
to reduce the effective mounting capacitance, not to eliminate electrode

‘edge effects. (Sée Section 3.5 for the p.hvsical design details.)
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3.1.2 THE SENSOR EQUATIONS a
The signal voltage Vin available from the chafge-induction

plate for anv incident E-field'can be calculated from basic charge-

capacity-voltage relgtiqn"ips. -
' . ' virtual "
) ) , electrode
' ] | i ‘ Rl —'.'.'::T'.':::
\ i ’ : ! !
LA 0 e :iCa
. v o | ' sensor
S B L Vg +| . ' ;{ plate .
S : l
area A Y_in @ . _»_____.____L,_,..Yin
Cinz= Rin -

w—ciim b
:. . , | R Lo .

(b)

(a)
Figure 3.4 FEquivalent Circuits For The E-Field Sensor
S .

‘ v
L .
.

In Fig. 3.4(a) the normal inctdent E-field induces a surface-charge

- density of :
' o =D = g4E

and for a plate area A, the total induced charge’{s simply

0 = oA = eoEA

1f C, is the free-space capacity of the exposed plate, and Cy, is the

lumped capacitvy of the plate mounting, wiring, and ‘electrometer input,

then



but the capacitance.C, = €,A, so that

vin- E - Ca.A
o Cq + Cipn

" *..x

fhisiinstintaneous voléage will-deca§ exponentiallv as the induced
charge leaks off through associated legkag; resist&ﬁbés represented in
Fig. 3.4(b) by Ry. S |

For éysteﬁ analysis, the equivalent cj;cuic of éig. 3.4(b) 1is
convenient. The 1né1dent vertical F-field can be viewed as the result of
- a voltage ;ource V, apblied to a theoretical she;t—electrodc located one
metre above the sensor plate. The capacitance C, remafns valid aAd can
be calculated directlv as a parallel-plate condenser, and anv E-field

can be defined directlv in volts/metre.

Using "standatd" Laplace notation, the voltage transfer

function can be written as

_Vy(s) [ T s '
H(s) = _‘:78_185 <E‘a + Cin> s + _1 -~

Rin(Ca + Cyp)

The charge-plate svstem ts therefore a lst-order high-pass filter, with
a lower corner-frequency of. . o)

1 oo
¥ 7 Rin(Ca + Cin)

and for pass-band frequencies (for w>>wy), the electrode system will

appear as a simple capacitive voltage divider with

Vin . La. :
Va Ca + Cin )

[}

For the 10 inch b‘nch charge~induction plate used, the

value of C; is approximately 0.33 picofarads, and the total input



capacitance of a typical electrometer circuit can bé taken as approx-
imately 10 picofarads. Therefore, for an E-field change of sav 10 mV/m,

the voltage signal available at the electrometer input will be

- 9 »
C 0.33
- v VN W ———=55)] = 0. .
AVin. (A a)(—ca—hi—n) = (10 m )( 10.33_> 0.33 l\{
( Greater sensitivitv could of course be acﬁieved by increasing the
dimensions of the charge—inductign plate, vhich would increase the o
) ' . BadiN
Jﬁluefof Ca.)
If desired, the amplitude-resoqnse versus frequeﬂhy can be
. calculated from ¢i . ¢
' a0 C 1
| ™ G = a
'H(jw) (w) ( Ca + Cin> [ Vl + (wo/w)Z‘]
where 1 Q
in(Cy + Cy.) !
The tra esponse to a step input (such as the leading or trailing
edge of a square wave) can be given in the time domain as
v(t) =(-=ta__ exp[~t/Rj,(Cy + Cqp)] !‘
. Ca ¢+ Cin in a '11'1 ,

.

L3

For, a lower corner—frequepcy of say 1Az it ii evident that Rin

must be a verv-high resistance, {i.e., e
. o . 1
_ 1 _ 1 - 0
Rin = O @& < Cim) 2y (1) (10-1T) - 1.6 x 1¢'° ohms

which is greater than 10,000 mepohms, but is a realizable input resist-

ance provided by many alternative electrometer circuits.

&
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3.1.3° THE ELECTROMETER-AMPLIFIFR CIRCUITS

As noted in Sébtion 3.1.2, for the desired low—frequenQiu'

#esponse and the necessarv voltage sensitivitv of the E-field sensor,

the follou1ng input conditions appear necessary:

/

. ' _ (Cé + Cin) < 10 picofarad . ;‘
Cin © minimize
’ . Rin > 1010 ohms i

N

The simplified schematic of'the electrometer-input circuit is

shown
* . .
in Figure 3.5. .
) N
¢ +5 Vv
sensor '
. [ “

»
guard signal
IR s o out

\
.‘-
“ feedbatk

?

Figure 3.5 The_Electrometer-Input Circuit

\

s
P -

This configuration is essentiallv a uni%v—gain source follower, with a

1 4

"bootstrapped" input resistor Ry. Since large electrostatic voltages
PP P 1 , g

can be encountered during handling and use of this ”charge—inductbﬁ??
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»

]

type of senéér,<gate protécfion of the inputiFET (field-effectcsransist—-
or)_is imyefative. inpdt ;ag;ci;ancé-musc be as low éé possible, and the
1/f nqise figure below.IO Hz is of concern. &heSe considérafions.and
component availabiiity have léd.to a'nhmBer'of design compromisés,‘alph—
ough the electrometer ﬁq;formaﬁce remains adequate.

8Transistqr Q is;;‘dual—gate MOSFET (an RCA 40822, which has
#ntékral gate-protection‘diodes). This device retains a useful transcon-
ductance at‘the very—low draiﬁ curteng (100uA) uséd to minimize its
noise figure, and the second gate pgpvides'isolakidq beyweén the inpt{tA~
‘gate and the drain, to.eruce the effective input’capacitance. Tran#gstor
.QZ is ailow—néise type 2N5087 PNP devica, also-operated at “a’ low collécto;

current (100uA) for reduced 1/f noige.

For -suth a éitcuit,.the voltage gain is appxoximatel&

v 7
. L+ fmifeeoRy

nnc! is therefore maximum for the'maximum gmlRG produ-ct. i’c;r the typg ) ‘;
40822 MOSFET. with zero yoltége between gaté 2 and'tﬁe source, and with
T V4g = 3V, the beét compromise between noise and gain appeared to bé .
“ith'rd ='100HA énd R, = 5K ohms. Under these conditions, Bml = 16—“mhos
., ond vich I = 170uA the 285087 has an hg, =.100, so that actual gain

of the "unigy-gaiﬁ" amplifie} is'approximately-Av = 0.98.'
Y ) Thé Ro2Cy tiﬁe constant oé the "bootstran' déupliné netwo}k i§
képt greater‘than 1 second to engure 1ts'iow-ftequenpy ?fﬁectiweness'to
.-at least ong.decade below the nominal 5 Hz low-f.renuenc; cgt—’-c;ff-of. the -

over-all system response.

k] oo .
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- The input resistor Rl‘is a Victoreen Corp., "Hi-Meg" electrbm-

eter resistor of 1010 ohms. With the "bootstrapping arrangement, the

‘effective tnput resistance will be -

10 - . :
Resg = Rrea1 . _10 = 5 x 10! ohms

I 1 -4, 1 -~ .98

v

-

s-

which is more than adequate in this application.
The electrometer section of Fig 3.5 is A.C. coupled to a

cable-drive amplifier, which is sketched in Fig 3 6. This provides a
r

naminal voltage gain of five, and provideq a low—impedance cable drive

)

td ‘minimize noYse pick up.

»

- .
- e - e e
- - - =

- ,
! cable, to
.. amplifier
to Rz - AAAAA
- - Rll
’ .- . - )
) d’ R
e Figury .6 . The Cable-Drive- Amplifier.

e
’ (W N . s : .
‘/‘;‘* Transistors Qj, 04s Qg are all-low-noise units, type 2N5210. For minimum

1/f no¥sq at 10 Hz, 03 is .operated at a colléctor current of 20 uA, and



# '*-

and the optimum source resistance of SY ohms (‘%r oﬁ’lmum noise at-this

current level) is provided by the resistance of RS and R6 in parallel.
The emitter resistor Rg'provides bias stabilitv, and is left unbvpassed
for flat low-frequencv response.

With such a low collector curtent, the output resistance.of 03

is fairly high, and the collector-load resistor Ry must be high ( 120K

ohms) to achieve an aﬁceotéblevgain.‘Transistors 0, and 65 constitute a

«

Darlingcon—connectednemitter follower, .whith is necessary to minimizé

g% (3 and ‘which provides the'

ielded cable. Effective put iqbedgnce is approximately
10 ohms. '

Capacitor C37provides_;n initial by-passing of radﬁo—frequency‘

and high audio-frequency noise, with the roll-off starting at about 2 kHz.

A dire¢t-current feedback ioop from output to input is provided
. ' . \

.

Abv Rll -to provide 1ow—frequencv stabilitv,m and sets th;* voltage
gain. from sensor plate to cable—drive amplifier output, at a nominal
value of X5. (It- might* Qw noted that with higher gain, the single—
.shielded cable permits sufficient %ignal leakage back to the verv—high-
1mpedance sensor plate, so that low- frequencv oscillations can oecur .

in the 1-Hzto lO-Hzrange. Doublershielded cable would Eresumably elimin-

<
- ) o~ .

ate this problem.)

The detailed circuit schematic with ¢component values used,

is given as Figure«3.7.

M
<
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 3.1.4 smsoa'cm_mrzusr"xc's EEE 5 ;

The characterization of the sensor alsembly requires the nens~
urement of RiP and cin Tﬁis is effected bv applving a xnuafe\yave of
'known amplrtude first to. the sensor plate directlv. and then ‘to a sheet
conductor supported a known distance nbove the aensor plite. The outputo
signal amplitude and waveforn can thpn be used to calculate Rin’ cin"
‘and the ;et éain from sensor plate to the output of the eable-drive

amplifier. The guard electrode extensions prevent dietoxtion of the

..mcu.nc s-fuu -and are at D.C. ground poemua. Ce T e

. . -
R - .

: 4heet conductor TZET o L ) .

) l. l ', ! "'.. -t . .' _. . .
<%:> / - | "FO cm. '
\ ‘ ‘ Co. . .

R a
uard )5/

- —L- gxtension .

+

{
2
t

!'cabiz to .
amplifier

. .

Figure 3.8. Sensor.Calioretion Arrangement

The results from such a series of tests are shown in Figure 3.9.
.“The input SHz square wave with an amplitude of 25 mV (p-n) is shown in
C Pg. 3 9(a) If this signal is connected directlv ta the sensor plate,
the cable-drive amplifier output is .as shown in Fig. 3. Q(b), from which

it . is evident that the sensor aesemblv net voltage gain is

© 200 mv- T
4“‘—zsmv'8 S :

I/\,I - i Vin



v

‘éﬁﬁ
@ - L | | Va (20 aV/cm)
-—-—J : . . ’ ) . st
. . ' s O : ’ B
' . '... .
(e) . Vo (50 aV/cm) e
(x = SO maec/em) = '
' . :{;‘:~
Figure 3.9 Sensor Calibration Waveforme (see gext). .

¢

With a sheet.cohduetor modnted 10 cm. above the éelsor plate,’

R °
the capacity Ca (of the eouivalent circuit 3.4(b))Y can be calculated

assuming parallel sensor-plate areas, 10 em. apart, giving Cq = 3.3 pF.

”If;the input signal .is connected to this everhead sheet as v ; the

<

measured output of the cable-drive amplifier is .as shown 1n Fig. 3.9(c),
from which Vo_- 55 mV. From this, knowing the amplifier gain to be X 8

: \Y 55'mV ’
vin.TQ'-*T 7mV

" Then, since. " “vin c__i_c__

) (V -V )
and rearranging, © C = —JL————lﬂ-
o " Vin

_then ) Cin = (3:3)(25 ~ 7) = 8.5 pF.
. . : 7

\ a . B ’

4y
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r¢sutlhcn.l.)
SR

ST areer. the step response, the- uwcfm nf Fix. 3. "" "‘°"' ‘

.

an nc dt:churgo curve duo to the comWined c!tactl of thc ionoot time

.COn-tant lnd the amplifiet couplinq c.plcitor Cz of Fig. 3 6 FTo.

the diffqrcnco between the indicat-d tiln conntcntn of Pigutcs 3.9
(b) and (c). the exponential decav 1s elcinatod to be 0,44 of the’

step amplitudo ‘in- 100 msec. . '
. 0.U/RC_ :

o Then,-sinc. . - 0,44
| ' . RC = T%*%:E = 0.12 sec.’ .
et R+ e 017 mie.
‘81‘;"‘8 h T g },23,;)10-12 - 1010 °‘“".1-

(If might be noted that although:fhe effective resistance of the 10!

ohm ‘input resistor should be about 5 x 10!! ohms due to tha bootstrap
circuit, this will be shunted by. the leakage resistance of the gate-
ﬁrotection diodes in the 40822 MNSFET. The'effective Rin = 1010 ohms

as calculated abqvc, is therefore the resultant of these paralIeled

‘i.

A noise figute for the sensor input system can ‘be derived from

/

the following test records:

(a) Rin = 0 ohms

(Hor..scale

= 100 ms/cm)

53 - TAAANA NRAAA U AP VYA R = 1010 ohma

Figure 3.10 Equivqle’zlnpu: Noise Records (see text)

a8



Piguxo 3. 10(-) -houo the a-pltfior-output ltlhal wbcp the sensor plntc |

4 -hortod to ground. The ptak-co-paak anplfrud. of thin noinc 18 approx-

1nnto1y 30 wv referrod to thc 1nput (or upproxt-accly 7 uV rus. for .

LI N

gaussian noiuo, nssultng the Zd lovol as the nominal pcak valuc) wﬂc::’ : v

"*i

Al

the el.ctrodo non-ahortod but elcctroataticnlly ahieldod. th.‘noiso

levcl 1: as -hown 1in Figutc 3.10(b), and. is approxtna:cly 8o uV (p-p)

-

ot 20 uv ras, refcrred to thc input. o . o A T fg »

,The ch.orhttcal noise lcvel can bc calculntod on thc aaaunption
~ that' thc dolinnnt loutcc u111 bo thd Johnoan (thcrnnl) nolse 1n thn f”',U

1of° ohm 1nput r)@isiance The classical expr.uaion tor Johnson noise
’is: : . e ) .
Vo = 2/kTRB " Volts(rms) - = Boltzmann's constant

' ’ . - temperatutc,'x

= resistance in ohms’ . o
= bandwidth in H2 . KK

N

LR

.In this case, the noise bandwidth is limited by the Thévenin-eqdivalent . e

a

circuit. . . . ' .

- Rep v
e A

Cailcin" ) n
e

Figure 3.11 Thévenin-Equivalent Circuit for Input Noise

<°

oN

te < .
R . -

which sets an effective uppgr:cofner-frequency at appmoximately:,

: - 1 - = 1 - 1.3 Rz ‘ -
e 2mRi (Ca + Cin) 2n(1019) (1.2 x 10711y T ~ '

~

The ldweq corher-frequenéy for the noise:is at 0.3 Hz, set b§ the RC
COppliﬁg network into tfansisfor 045 of the cable—drive amplifier. The



. 4.‘ . . . .
4 ' S . . B
[ 8 o
. .uuuu notse bandwidth e therefore a mi.m! 1 Hs, nnd the cxpcctod
. th.m].endtn lével, will be:
. Vo = .2V(1.38 x 10779) (2,98 x 10D 1010) (1)
o e 2T x 10772 = 13 x 106 = 13 yV (rms)
wvhich ts in reasonable,agrecﬁcnt with the observed noise level of .
.about 20 uV (rms).  ° - N I ‘ ’
.A sensor noise tiguteican thetef@r. be.défined and calculated -
. as e .
LR e .t totmd noise-sover output ‘
' ) .‘“F * 10 los (nolle-power output due.to F;;)
"4 * . .
: i - 20 N " - . ;
. =10 103(13)_- 3.8 d8 R
which indicatés that the sensor noise level will be 3.8 dB greater
. ) , ' ’
than the theoretical noise level due to thermal noise in the very-high ”

input resistance.



3.2

AMPLIFLERS Mm:‘rn._ﬂls

S |

Al noted in tho system block diagram of Figure 3. l(a), part

‘

of the field- -recording system consists of the signal amplifiers, a 60-Hz

notch filter

and a high—pasiAfilter with a lower corner-frequency of

- about § Hz.These are girango& as sketched in Figure 3.12 below,“and.i'

widl be discussed in detail in the following sectfons.

. . R
C o] stgnar 3 +~N
from - Amplifier ! A '
E~Field r \ |
Sensor ! , ° |
' - . " ' = :
! Attenuator 60-Hz |- |
i v ) Amplifier | }
T e |
| adjust|
T = = - - -« —
N 60 Hz Notch Filter
Figure 3.12 Amplifiers and Filters: Block

 Nigh-Pass

Filter

Diagram

"

.

te PO

Modulator
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’

3.2.1 THE INPUT AND SUPOTING AMPLIPIQR® - . : Co

ional amplifiers. The simplf??eh schematic is shown below:

The‘,.llepligi.eu are designed around integrated-circuif™operat-

.0

. ‘ -
LY -
Rlo “".“ . . .
SAAAA
. > R Ty <
C2
e R
——~»—-—~'——4 v .*‘ * -
from ! Vas C ‘
E-Field 2 ‘ . A2 N
Sensor v . ds : , i J:V . 't@ '
= ' A -10. . ‘. ¢ i ‘High~Pass
X - - B SO F - -
e i st B L
O . .
: R | 40 - -1 Netch=v .
' C)-“fbv‘fj- X Filter , :
Attenuator = . ST T oT . ’ oot
Switch ) , o - 4
Figure 3,13 The Input and Summing Amplifiers )
. ) 4 .
The.effettiye inpuc-couplind’time constant RyC; is selected so
ihablits'low-frequenéy roll-off starts at about 1 lz, ably below

. the 5 I'z dominant lower corner—-frequencv set bv the high-pa

(Section 3.2.3). Resistor R; is a relativelv-low 22K ohms, so that the

1nput—xésistance changes of amplifief Al due to attenuator switching i

will not materially alter the tnput time cgnstant.

The gain switching of amplifier Al is defined in terms of .

.

attenuatfon for svstem-application convenience. The resistance values

of RZvRJfRAvRS;Re are selected so that voltage-gain changes are in

10 dB steps, as tabulated on the fallowirg page:.



0O " ' 83
. . Attenussor Voltage . ‘ <
C Setting . Gatn A
. ) “ .
0 dB : X 100
-10 d% X 31
. . . p ‘\
-20dB . o oX 10 . >
-30 dB f.uz;?x h&! .
-40 dB . X 1 ‘ '

.

The voltape gain of amplifier A2 {s set at X 2.5 bv ti\e resist~
ance -ratio RB/R.?' Tigs ampl{tder also serves as a "qumming" amplifier.
for the narmal qignal vbltage V1 and the out—of-phaqe 601!1 gignal V,, so

that the 60-Fz {n“ferferencz ls effectivelv nulled out.

Capacitor Cj across the feedback resistor of amplifier A2

.

pro\_lldeo the dominant high-frequencv attenuation, with the roll-off

starting at about 200Hz. A small D.C. feedback 1is provided by resistor -

Rg to minimize output D.C, shifts with different attenuator-switch

.

settings.

3.2.2 TEE 6Q-HZ NOTCH FILTER -
K Y

b It hifs alreadv been noted that 60- l'z pgwér gg interferencfls
g 5 *
_within the ELJ pass band of interest ( 5Hz- g&!‘l!z;i. "‘i{tho’;%k?lai,; 3“} -
\ Teld o

'aAJ L] ! trn‘ ’ ‘s’!&
portabilityv does offer the opportunity qf ’lxéng a %rd(n

- far rémoved fro_m overhead power'lihnes, the fac\:gz‘emairﬁ‘ ti&’.at 6

* .
hat™ eyﬁ&n ssm:l‘ ieat_io :

interference can be so all perv

LS

. notch filter may still be required. T v v o e
. - L] 3 Y . -,-\
’ ~ 4t was.specifically ment iongd Qeqtiou. 2 3 thd,t,’the tr.ﬁ,ipnt
5 ° - - l -

-I

can generh‘e s%gnal artifacts

recponsc ofihe tvpical Twin-T notch L'

il
if the input waveform aoproach.ee th;. fpa

C kY

' “ LS

o{ .. ‘squate-edped pulse. The

Cok

-(\
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following notes offer amore detailed discumsion of this problc-;

The "standard'' passive Twin-T RC no‘tchiv'filter is shown in
bFig;Jre 3.14(a), in a svmmetrical gonfiguration. Figure 3.14(h) shows
the filter translent response for varifous input pulse widths, for‘a

S >t

"notch frequency of 60 Hz. ' . .
¢

. Inpyt Pulse
S .Width -

v . R ‘. ~ R~ . ) . 190 msec.
r——’M‘—ﬂ""’\’M‘] .

L ' ; J & .
(‘}.-_,4_,.’ . _,-b B msec .

-~ ‘N
F
. . Ly
Schematic ; Transient Response (Vguy) PR
(a) (b)
2
L4 \
Figure 3.14 The Passive Twin-T RC Notch Filter
’ ) 5 .

. 4

{ . ”
tith the Cﬁ'lponent svmmetrv noted in“ig. 3.14(a) and with no

"output -loading, the voltage transfer function is

v 8%+ 2 : '
_out - T WaT - .
Vin H(s) ) bwos o.? (3.2.2.a)

where w, = 1/(RC).
Frem the above transfér function, it 1s evident that the @ of

this configuration is onlv 1.25, so that for g 60!z notch frequency, the

rejection-band w@th {s 240Hz (.putting the -3 dB points at 16 Hz and



& ' ) h -
225%2) . This.notch widtH‘Ls of course una;:;ptable when the desifed pass -
band .is 5Hz to 200Hz, and the signal artifacts of 3.14(b) are certainly
undesirable. o | : >
| N Active ne;wor; high-0 versions of the Twin-T notch filter are
well known [64],[65] and can reduce the notch width to almost any déstre@
value. prever.‘theApoor transient response femaiﬁs.and high-0 ringing
éan coﬁpound thé problém. ‘//4
The poor tfansient response as illustrated in Fig{ 3.14(b) is
related to the fact that the desi?able notah in the frequencv-response
" curve is a'steady—sfate characteristic, while the transient response in
the timeldomain is dominated bv the RC—coué;ing congigurationé and their
time constants. The input network ( C and R/2 ) simplyv dxfferentiates
the edges of applled square waves or pulses.,
. Fortunatelv, in the present application, the steadv-state

response can be almost totallv isolated from the transient response. In

the modified notch-filter arrangement of Figure 3.15, the steady-state

e
601 interference is isolated via a sharplv poakeﬁ'bniﬁcnmplif{er (the
’ . : 4
o J e ———
,Vin-*“*""““'”“ — - .v-___...‘ )'\ &'l\mplifiET ) 1v--’-
AU S v ? ’é ch Ce—e . out
Low-Pass *
Filter K _ |
e J e T : y
\ i 60 H ~-
o t4 i/) ~ Amplifier . .29 z
S ‘ ‘ (ko)
A T :
- . [
High-0 60-liz \Vull
T lotch Filter““' j Adjust
<

Figure 3.15 The Modifjed Notch Filter Block Diagram

A%
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high-Q notch filter is now located in the negative-feedback loop of an

6perationa1 amplifier). This out~of—ph5§e 60-Hz signal is then added to
the original signal with its amplitude adjusted to "null out" the 60-Hz

interference. The transient _signals pass directly thrq&gh, and never

enter the twin-T netwo

% With pypical comp

this modified notch filter

values as detailed in schematic Figure 3.21,

has the voltage.transfer function:

' » . - 045k 01 - .
H(s) = (1 - .13k,) [S' * < 0?&3 0'5k;>w°sb+ (1 01 - .175kgq) 2

.13k, 1 ~ .13k, /"“°
| s° + .0045wes + 1.01w?

where k, is the fractional setting of the null-adjust potentiométer. It

3

is evident that the second term of the bracketed numerator can be

reduced to zero by adjusting the value of ko ( to about 0.1 ), leaving

the transfer functjon as:

s? + 1,00542 -
H(s) = .99 <s: + .0045w,s + 1.01w2s (3.2.2.5)

ye
<

. ' The steadv-state zero has been reéstablish@&, although a slight
shift of frequencv is necessary to restore the notch to precisely 60 Hz.
(16 practice, both the freauency and the null adjustements arenmade while
observing the filter output with an oscilloscope, with a 60-Hz input
signal‘dcrived from the power line.) The value of .0045 in the denomina-
tor of fhe transfer function in&icntes an cffective 0 of 1/.0045 = 220,
which gives arnotch width of 60/0 = .27 Hz at the - 3 dB points.

/Thv modified notch filter has a pulse response controlled by

the characteristics of the summing amplifier, not bv the twin-T network.

" 56



Only a resjidue of the high-0 .ringing of the Twin-T network remdins
vtsibfe in the over al%dpodified notch-filter response. The pulse

. » i

- response for the modigigé system 13 shown in Figure 3.16 below, for

. .
different input-pulse widqhg}

. Inéﬁt-Pulse
. ’ ' - Width

10N msec.

10 msec.

1 msec.

Figure 3.16 Pulse Response of the Modified Notch Filter

-~

. % A much more complete discussion of . the modified notch filter, its

-

derivation, and the manipulation of the transfer-function poles, is
given in Appendixi. ‘ T

It should be noted that a so-called_'ﬁyrator" notch-filter §

g{?bu'i't“ is often inpludem manufacturer's integrated-circuit applicat-
‘- X ‘ [ ‘

ion notes [66],[67] with no comment on its specidl characterisfics. It
does in fact have a transfer function gimilar to Eq'n (3.2.2.b) with a
pulse response equal to that of Fig. 3.16. For medium and low-Q applicat-

fons (Q<20) the pyrator would be preferred to the modified Twin-T

svstem because of {ts circu{t simplic{tv. For high-0 applicationsN0>20)



g .
v .

undesirable capacitor ratios become necesséry, which leed out it¥ use
in the present ELF-receiver design. llowever, for completeness, a brief

discussion of the gyrator notch filter is given in Appendix B.

3.2.3 THE HIGH-PASS FILTER y

1]
» ’ A

A basic secondorder high-pas# active filter' is shéwn in

Figure 3.17(a).

5 R3 F
|___NVAA__T_q X .1
— i Cy =¥
: l I ! 3T
R ’ ! . + . '3
1 \—F\K\ ! . 'Basic High-] . a ¢
. - - »Pass Filter | *
Cl Cao .
. Ry )
-_— K . o
Basic High-Pass Filter Modified Figh-~Pass Ffltqr
“ * (b)

(a)

Figure 3.17 The High-Pass Filter Modification

The volthge transfer function of the basic high-pass filter is:

5

Vour (s) _ (s) = = 2 . \" - ' )
vints) 1 s+ [wy + 1/(C1R) '+ (1 = DuwyIs + (w3w3)
G M o ’ -
where wy = 1/(§1C1) and wy = 1/(R2C2). SR

To retain only real poles in Hj(s) (as suprested in Section 2.3
v 7 |

to reduce transient overshoot) componefit values c3n bé chosen so that
- L] .

Ry = Ré and Cy = Cya tafn for an amplifier gaiﬁ factor of K = +1, the

¥

1 ¥

¢



RX

tradsfer function would reduce to: i .
. . | : N . ' ’ ¢ ' ' o ~
2 -
O - s - —B
Hy(e) 82 + 2ues + wi (s + w,)?

¢

where we * 1/(RyC;) = 1/(R2C2), and-the poles would both be real at

8 = -w,. This would provide a low-frequencv roll-off ot 40 dB/decade,

-

but for f. = Snz the response ‘wouid only 'be down by about 28 dB at 133.

which in practice is 1nsufficient to naintain an. acceptable base line

stability in the face of large E-fi¢ld discurbances encounteted at about

a

this frequency. : - ' o ?

The best approach -appears to be tﬁe addition of a transmission’
> %

’ ) .
shovn in Figure 3.17(b). For the desired frequencv-response curve, comp-

‘lex poles must be tolerated ( Ry = Rp/20, C3 = 20C2 ) but the zero,

locations do provide some overshoot damping. (See Fig. 3.18 and Fig.3;20.)

4 The transfer function of the paralled low-pass network ( Ry and’

C3 of Figyre 3.17(b$) is:

“ ) . _ e
w L
- Hp(e) = o - A

where w3 = 1A(R3C3) = w,. For the component values used (noted in Ffgure

. 3 ‘

3.21) and with the ( X 0.1 ) scale factor provided bv apnropriatée resis-.
[ 4 2 .

tance values af the subsequent summing network, the resultant transfer

function becomes:
P : /

-vut (s)

Via(s) H(s)\f-Hl(s) + 0.1H2(s)

'<2+(1 04w.)s+w> s+w.> i

zerp around 11'z, which can be done effectively by the filter modification

[v]
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or in factored form,

rd

H(s) =

~

(s + .17 + 19.2) (s + .17°= 19.2) (s + 33)

.t
°

These pale ana'z;ro_locations can be

J,IU(b) to petnit gome.vigu&li;atiop

fféﬁuency iésponne.
. biw_
X -25.8

_Basic High-Pass Section
With Complex Poles

(a)

. Figure 3.18 High-Pass Filter

51z in this manner, is the fact that

- Ys +15.8 + 125.8)(s + 15.8 - §25.8)(s + 36.5)

of their effect on the system

;*0" :

. . .-...

graphically displayed as in g_i‘tﬁréfi;"‘

bl .
+28.3 ' J

.#.,g

) q\-'on‘a
|

—*-
t

-30.3

*

Pole-Zero Locations of the:
" Modified High-Pass Filter

(d) -

Pole~-Zero Modifications

LN

One penalty for securing the added attenuation rate just below

a D.C. term has been added to the

transfer function ,[0.lw,/(s + w,)) which for a notch depth of about

=60 dB constitutes a zero-frequency leakage at the ~20 dB level. (See

Figure 3.19.)

v

LY

Actually, this can be tolerated since the input coupling

network provides a 20 dB/decade low-frequency ro“ff, and the sensor

>



s . , ) S . \ .
) . . . ' :

amplifiér.addh another 204dB/dcc:re attenuation from almost the same

, -~ ' s :
point. The effective low-frequency roll-off is indicated by the dotted

curve in Figure 3.19.

e QAT NN W 93 W W el Freasinn
»‘v\’ . . . o ) . ) ‘
W . modified +- * L 1 i
;;3, .hig:;:?_i . S S \ _ .
¥ respos " a : L x N
) » et o |-
effective ——___| . -
over all . =80 Patdr C e - : R . .
response L7 : _ . . -
[

Figure 3,19 Fréquency Resp‘onse of the High-Pass Filter

The attenuation rate from 5 Hz down to 1.5 Hz is about 100 dB/decade, and

\ provides‘ an acceptable v.base-line stabilicy, (as wéz; indicated 1in Figure .

2.1).

The. transient response is of course somewhat degraded from that
possible with onlv real poles, and 1s noted in Fig. 3.20 below.

M

i

<

: o ’ Input Square Wave
‘ - ‘1 ) ' . (1Bz )

Y., : '
' -~ .
d - : Output of Basic
r e —r High-Pass Filter .
. _ (real poles only)

~N

‘ . \ )
O .N/ - e M > ' Output of Modified
- o R . High-Pass Filter
o . _ ‘

(2

’

- ‘-.’;, .

L - .., . ) - . : .
Fi'gufé‘%O'»-Transient Responsé of the Modified High-Pdss® Filter -
‘e ,._. v E . ) ’ » "r’_;b

[T
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3.3 THE PULSE-DURATIDN HODULATO!

"fhc ouput of the modified ht:hfpnns filto?’nctvork ot‘ria. 3.21°

is the 1nput lignnl co tho pnlao-duratton\nodulatér circuit, Thc opcr.-
®

tion ot the ﬂodulatot ooction can be conveniently dtscu'lod undor a

‘number .of -u)-oqcttonul'uo outlined below in block-diagram form. .

PIM Signal
/7 B

/ e
/

i -
a‘" ’
. - :
: » '1kHz Ramp .
.Zero Modulation | Generator
Pulse-Width Adjust - r '
&
Signal Amplifier| : Voltage
Input - /Limiter T ""iComparator

e

'Marker'
Input

Figure 3.22

] ‘Modulation
| Indicator

i

|

t rbifferegt— ,

F—-.T
& Scaling '
° " Output to
. Magnetic-Tape
¢ Recorder
&‘

Pulse-Duration Modulator Block-Diagram

The following.sub-séctions cover design details, schematics, and

circuit operation.

LY

d

¢ %
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BUFFER-LIMITER AMPLIFIER " o .

A buffer-limiter amplifier is proViJ;d between the modified

high-pass

modulator

f@ltcr system (of Section 3.2.3) and the pulse~duration

. ?hia nnglifgef p.rfqrni l.iérnl functions, and its general

)

configdration is shown in Figure 3.23 below.

S!gndls From

The High-
Pass
Filter"
Section

2

»

R )
-__"l\,’\l\-- .

R X . To Voltage

2 > ¢omparator

e ININ/ NN ."’. -

s

- {

—_ P
g
\\Panel .'Marker'
Switch

Figure 3.23 The Buffer-Limiter Amplifier

pass filt

The signals from the iow—pass shunt network and from: the high-

er section are combined via scaling resistors Ry and.Rz; and

become the signal input to the non-inverting amplifier A7.

(set by t

chosen so

A voltage'gain of about X 13 is also p;ovidéd by this amplifier
he resistance ratio (R5 + Rg)/Rs). This final voitage gain is

that an E-field disturbance of 10 mV/m at the sensor plate,

with an attenuator-switch setting of O dB, will provide a voltage swing
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. [} .
of approximately 6 Volts at the output of amplifier A7. This conatitutes

a "full-scale" aignal. which will be used to drive the pulac-dyration ‘ kﬂ\

A,

modulator.

- v

. As notedlin Secfion 2.4;2. a pulse-~duration mdédulator should
not bé over modulated, or the.balic pulse-repetition rate may be lost
by "pu%se:overlap"..Any danger of such over modulation is Mgadily

" -prevented by limiting the signal voltage at the ouput of n’pnfi':r A7,
‘ and since this limiting is non-§fit1;al, (ic }hplies okf—ecale data),
it is convenient to simply use the operatiop@l-amplifier saturation
limits as an intrinsic signal—limitiné system.

A panel MARKER switch is provided so that an "end-of-record" !
signal can be added to the data being recorded. T%is marker signal has [}
been chosen as an off-scale signal (via R,;) of sufficient magnitude
to over-ride any normal signal.

As noted in Section 3.2.3, traces of the D.C. offset voltages
of operational amplifiers Al and A2 will be passed through the‘}ow—pass
shunting net;ork of the modified high;pass filter system. In addition,
the positive and Aeg;tive clipping levels of amplifier A7 will differ
bf perhaps-one-half volt. These combined of fsets are trimmed out by a i
fixed-bias resistor Ry during assembly and calibration. (This is effected
by observing the output of amplifier A7 with an oscilloscope, while
;ntroduéing an adjustable sinérwave signal into the.system: Thc.signalw
amplitudg is édjusted,so that a slight signal over-drive is observed at
the output of amplifier A7, and resistor R3 is then selected so that -

H

svmmetrical peak clipping occurs.).



3.3.2 THE 1}-kllz RAMP GENERATOR B

The pulse-~duration podulation scheme involves the use of a
voltage ”famp". i.e., a voltage which rises linearly with time between
predetermined limiis. The voltage is 'reset' to its initial value at the
end of each uilli'second.'.. so that its repetition rate is 1 kHz. The

simplified schematic is shown below.

1-kHz Ramp,
to Voltage
Comparatop

B Figure 3.24 The 1-kliz Ramp Generator

Amplifier All is arranged as an 1ntegrgtor, with its output

14
voltage being related to time bv the expression:

Ve (t) ". ﬁ‘{%;i)dt+ Ve (0) ,» t>0

Transistor 0 is normally conducting, so that the effective value of
Vin 1s normally constant at the -6.5V saturation voltage of the collector

of 0;. The initial (reset) value of V, at time t = 0, is approximately

-4.9V, and using the component values noted in the detailed schematie



Iq

. . ‘- R < )
3
v,

: A RN
[ (=6,5V)t ’ L
Ve (t) = -1 5 3x10~ 3 (3x10%) - (4%9v)

= (10t - 4:9) Volts .
. -

from which 1t 1is evident that V,(t) is a pds}&ive-gofhg‘voltah  Tamé,‘
rising at a constant rate of 10V/msec, and starting from an initial
value of -4.9 Volts,

During this risc time, amplifier Al0 is saturated with its

;.
13

output at approxtmately.+6.5V. Resistors Ry and Ry scale this down to L
+4.7V which is then used as the reference voltage on the (+) input of
Al0. The'(-) input of.AIO is the ramp voltage V,(t), monitored via
resistor Rjy. |
The ramp is terminated when V,(t) exceeds +4.7V, {.e, when
the (—).input of amplifier Al0 becomes positive with respect to the (+)
inpuﬁz Vhen thié occurs, the oﬁtput of Al1N switches Abruptlv from its

positive-saturation level to the ne&ettve-saturacion level of about -6.7V,

(which switches the (+) input-reference value to -4.9V). The. ramp durat-
fon is therefora the time required for Vo to rise from -4.9V to +4.,7V
at the rate of 10V/msec, or

T = -Li;gfg—ﬁ*Z) msec = 960 microseconds

"hen the output of amplifier AlO switches to its negative level,
the base current for transistor 01 drops to zero, and its collector is

no longer clamped to its -6.5V level. The RC time constant of the All



"

\..

.integrator i{s now much reduced, since the diode Dy cond\ucts, and the

effective Vi, to the integrator .+6.8V through a resistance of only
17K qhms.(Ra + R6). This generjltes a nepati{ve-going ramp, starting from an
L]

upper!qw;tching level*f +4.7V, with the relevant expression for V,(t)

becoming:

r . ”
- 6.8V \
Ve (o) [ @720 (1. 7x10% g+ (0 7V

v 2P
»

o . . .
= (-1.8x105%t + 4.7) VOL}-

Since this ramp voltage goes negative at the rate of 180V/msec, 1t

[ 4
reaches the -4.9V level (of the (+) reference input of the- voltage-
comparator AlO) in the time

o 4.7 +4.9) Volts
T2 180V/msec . 53 usec.

This constitutes the ramp "reset", after wvhich amplifier Al10 switches ¢

to {ts original state and the next voltage ramp begins.

+6.8v. .,
[3
| . Effective Vi
o to the 5
Integrator
-6.7
: \
. : +4.,7V
; Ve (t)
-4 .9V - :
: I * 960 usec T T5¥ Lsec’

Figure 3.25 The 1-kHz Ramp-Voltage aveform ’ ‘

-
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3.3. 3 THE VOLTAGE COMPARATOR
The required pulse—duration—moddlated"Vaveform is gene}ated by
the oyput switching of-amplifier A9, vhich 1s arrapged as a voltage

comparator. The ouput-pulse duration is determined bv the time taken

for the linear ramp to rise from its initial value to the level of the

-~

. : \
modulating $ignal. X .
) ’ \/\ N
- ;:22 i Voltage_
P Ry -Comparator

\VAVIAViaS

- — Rg
. + b - -
rz - '« vOUt
Pulse . J RG:\ : ’
Width P. Dy
Adjust [ 1 __:. _
] . .

Figure 3.26 The Voltage Comparator

t
The sinanal-input voltage (from the buffer-limiter amplifier)

is scaled down to plus-or-minus 3 Volts maximum, hv resistors Ry and Ry
so that all voltége compdrisons in amplifier A9 occur well within the

linear .common-mode range. The l-kHz ramp signal from integrator All is

also scaled down; bv resistors Ry and Ry, to +3.4V an 3%V 1imics.

] - .
This ensures that the ramp magnitude is alwavs Rrea

o

r than the modul-

ation signal, so that the basic pulse can never be rkduced to zero

duration. The ramp voltage therefore. sweeps the (-) 1>§ut of the voltage-

69



comparator from -3.6V up through the signal-voltage level present on
the (+) input. When the ramp voltage exceeds the signal voltage, the (-)
input bggpmes pbsitivevrelative to the gr) input, and the output of

amplifier A9 switcheseabruptly from its positive-saturation level to the

v
.

negativetsaturation level. The output reverts to the positive level
when the ramp is "réset", and the (=) 1input of A9 reverts to the initial

-3.6V level. The duration of the positive-output pulse is therefore

linear lv controllable bv the sipnal level at the (#) input of voltage-

comparator A9, ‘ . .
' -

The time relationships of the variou?«vwforms involved are

v
., . Vs

sketched in Fu}xre 3.27. o _ 'u” ! . -

. ) msec __{
ta

+3.4v
7]
(+) . ‘ .
0?‘ .
(+) Input ) -3.6v /
of . A9 » '
. +6. r , '
T1 Ty
. . ’
LY .
L > A
e v ik
. ~6,7V
‘ ~ 850us
Input-Siy:nal: Max. Neg. Input Signal: Max. Pos.
. . (a) . (b)

.

Figure 3.27 ‘Pulse-Duration-Modulator Waveforms

-~ . . . °*

.

It has alreadv been noted that the positive and the negative

saturation levels of the Qrerational amplifiem slightly diffé,rerfl‘,

- . . /.’ ,.% l‘; JLFON
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then fed to the output

‘in some cases with the recording site.

*the

-

S0 that both the input signal (when ad1usted for qvmmetrical clipping

1n the limiter) and the.lsz ramp voltage have slight D.C. components.

The PULSE-WIDTH-ADJUST potentionoter Pl (of Fig.

bias voltage tp the (+) input of the voltage-comparator A9,

, -

'&ero~mpdulat10n?

3 26) adds a selected

to control

switching time. This potentibmeter is sdmply

adjusted go that Ty = T2 with zero-input signal, as observed with an

oscilloscope at the output of A9 or at the output to the tape recorder.

+
.
~

3.3.4 DIFFERENTIATION AND SCALING

The *pulse waveform at the output of the voltage-comparator A9

is a true PDM waveform with
Section 2.4.3, an imvrvved‘
is obtained 1f the pulse wa.
PDM waveform from the vole

an RC coupling network

short time constant

(relaz

TR Ne Ty

etr-

"

The resultant spike exponer:: .

the PDM waveform, are scaled

tace,

"AUX" input of a cassette tape
3.3.5 THE MODULATION INDICATOR \

The magnitude of the natural ¥.f

et

tra:itng-vdee medulation,

[ SAR" I ST

but as noted in
‘r!-rerroduce characteristic

The

iated Yetore use.

‘re ncassed through

PN N
.

»~tch has a.verv

XY

w Ty or T3).

- . - trattion times of
V N o - ik, and are
.
-
4 R c o e the tvoical
Tew ot ff!' -
4 .
« e AT Ly Wil h time, akd
Some  Lone \/ Cf ress fleld-
.

£
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" modulation level.

. . S ; & [P AL LARE N
. v s ™ 3)}“ o 2 .

N : a3 LN
'-"» a”mf «a

. z h
‘ ‘: R
. . . .,

strength is therefore required during the recording proceas..?o that the

best nttenuator—swgtch setting can be selected for a reasonable PDM-
' ’ Q “- .

‘To‘Modulator e

Figure 3.28 The Modulation-Level Indicator W

- . A
Rcfer}ing to the above schematic section, note that the signal being fed
S R _ . . .
to the PDMimodulagor is "sampled" hv diode§’, with the positive peak
T s . * > -
ed on Cy1. The véltage on C; is continuouslv monitored bv the
. . ‘ . - [

*

e

value

high fimpedance voltaée follower A8, with a slow discharge rdte
input resistance of AS8. The +3V maximum signal level to the
modulator is restored to +6V maximum bv a gain of two Iin the voltage-

folloper (set by the resistance ratio (Ry + Rp){R;). The low-impedance
*

-output, via a calibration resistor R4, drives a small panel-meter M, so

that a full-scale F field transient produces a full-scale meter deflect-v.

. - -

—4on° ™ : . ) ‘ . .

This inéication o{ the modulation level is rather "erude', due
to t randem transient nature ofvthe ELF signals. However, it has been N
observed that typicaiA éignfls héve reas§nnbiv equéi positi;e and
negative peaks (on the average), so that reading one pg}ariiv peak value

fs at least a useful guide. The discharge time constant of C; via the

»

\ -



K4
igzut rehisfziéé of'hﬁpllfier A8 (aﬁbut 1 second) gives a rough indicat-
. o . . R ‘ . R . 4 . - .
fon of the wverage signal level, - ' ’ D
3.3.6  THE PDM-MODULATOR TRANSFER CHARACTFRISTIC _ _ T

The transfer characteristic, from the volt#ge level at the

(+).1hput o{ the buffer-limiter ampli{ter A7, to the pulse-duratibn

. )

modulation gbsetved at the output of the voltage-comparator AQ. 1s-of

Interest from a syscem—calgbration s:anapoiht{

_ o
. . T, - limiting
1 sec
i =
o
. ) . P ,
=
\* - )
- w V. (mV) -
. “‘ '# . e =™ Vin
N - ‘v
- .
‘ . S U .
&3 » et o '
e W PR
. . . g . » .
limiting— —~ hso - - YL A .
' . = Ry ?
: - ) -
Figure 3.29 The PDM-Modulator Transfer-Characteristic . . :
S . LT RN
. ; - . ' .. j :'.‘-"
- The. detailed cifcuit schematic, with component values, for
the preceding sub-sectioss 8f Section 3, are combined in Figure 3,30 °
. ~ “on the following page. .

\ | *
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schematic of the hatterv power .upplv 1s given as
Figurc 3 31..'1'hc following notes cover the design and operatinl dctaih. o -
v For a}ailnhility. weight am; goat connideratk'.?eandard-
. "size "(‘" flashlight cells are ulgdqi‘n thc%ptterv pack Tweivo cells nrc
‘ a;rtnged to provide +°V and -9V relative '!5 ‘iround Such cells are

‘ rated at 1200 M—,hours, intcmittent use, to a ne“inal "‘end-voltage'

y'
.+ of 1,2 Vqlta. The totd1l current drain of the" z-fiqlchaonaor u\d the - _“3. '
Ty amplifier-filter-modulator. system ia appro:‘tipatolv 76 M 80 .

v L X

useful batte fQ of Adbout 4S5 hourb can be expected Alkl.

~ .o R
eguiyalent‘i can of course be .subatituted for lonper urvice 1tte. -

To retain constang operating voltmes for some of the circu-tto

N
(primarilv the 1-kHz- rad rator). the batterv voltages are reducod

L RN . - A
_ and stabilized at t6.8V simple Zexﬁr—diode/tun-istor voltage regul-

V

ators. With the lov coll 'hor-e‘itter voltages iavolved, and at the low -

‘current levelg coxuerr:;d. smll-signal transistors (types 2M3904 -and
. LR )
2N3906) are adaquate as’ ;eries regula“yithout heat-ain}t-precautiong.
. -, ,

Regulation is suffic'fenc to holdp.perae voléagea at 6.8V ¢.05V, for-

" a batterv voltage rug,down from 9.5V to 7. 4V
, a

A battery- test facility is 1nc1uded which makes use of the

modulation-level" panel meter. A Zener-d!,' type iNS23338 supprcsldg “

6V of the battery voltage. to permit an expanded—sca}e rending in fhe "~ f""

' .

6V - 9V range of in.terest'. The 5.6Kohm resistor sets meter deflection - 1“
3 %y " ol
at approximatelv ha,lf-rscale for the "end-of life" indication. The +9V . ‘

and the -9V batterv packs uy ‘be checked ‘individuallv bv unna of & k& ‘ #

Y

panel-'mounted selpctor switch. . . ® A ‘,

.
.. . e A N

qum
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~ation iﬁVolvqa the follpw

Cassette
Rccordet

D Vs

-

9

o

3.4 THE PULSE-DURATIVN DENODULATOR

n

Dur}qg plnyb1‘¥ of n.nngn.tic-tlpe recording, thc.!!ﬂ demodul -

Amplifior &

o :

Y

Zero~Crossin
Detector

: Ty L+ _/!
casurement

¢

ing functional circuit blocks:

(T1-T7)

Total 'T'

" Mea suruentr‘:

_ Genera t“‘

1/T

—— Multiply :=Out

el

{ !
S

Figure 3,32

The dgslgﬁvdetatls and operation of these circuits are covered

Jgal‘npling '
Reset

Pulges |

Demodulator Block Diagram “'

i ¥

. ir_ghé following sub-sectfions.

~
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3.4.1 INPUT A'fPLIFIER AND ZERO-CROSSING DETECTOR

.
.

The pl.nyback sfignal derived fr the recorded differentiated

PDM waveform has %’hn aketched in Figure 2.8, but for use by the

deu\odulator civcuits, this amplitude-v&rh&le non-sinusotdal pignll

must he reformed into the beat possihle rapliga ¢f the origir®l PDN
vaveform. A simplified sketch of the circuits involved fa shown in |

L 4

N ' o

et Yout to "
Pulse-Width
.Measuring

" Clircuits ~

3

Figpfe 3.33 Input Amplifier and Zeré—Crossing Deigctor

Referring to the above figure, the plavback signal froﬁhthe

casl.tte tape recorder is developed across an 1nput-load resistor Rl

This 10-ohm resistor provgges c:; load equivalent og an earphono. and in

the part'icular recorder used, it was noted that such a load resiotot of



-

i,
A
-

-
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a

40 ohms or lower, was necessary to prevent recorder-amplifier osc¢illat-

e

fons. The typical’ gortable }-ocordor can produce a peak undistorted

signal of about 3 Volts agrods such a load.

| Amplifier Al provt:hl a voRage gag-n. of five_. set by the resist-
ance ratio R3/Ré. 80 ttéli(t‘ $3V peak aignal input can slightly over-

. \
drive the amplifier output (abom?t 314V with the $15V supply voltage).

ginqg an output signal'of about’ t1ov beak is normally used,full’recordex
9“‘@“‘ volume is not required, avoiding possible distbéf;on from this

source. Capacdsor C; adds a slight high-frequency emphasis for .ondvhngb

sharper “sero crossings”. o P . 1
e . K i * ) .

) This precaution arainst waveform peak clipping in the input

~

amplifier is necessary to ensure Qtibility of the regenerated PDM wave-
form,_’.kcé time displacements‘of the zero crdssings can occur if the
. .

wvaveform is clipped and the duty cycle changes due. to modulatien, A

small>ﬁane1 meter (M) is provided so that the peak signal level at the

output of amplif!er Al can be c v set to a reference value

LY

) N - o ! .-
. during signal plavbaQ‘. Diode D) sfgres the peak (positive) value of the—-
—~4 . & .

, -~ e & .
signal on .capacitor C2. and this voltage 13 'read out" bv the high-input=- -
- M T e leam T L B od “\

bk X J

.. N o
impedance voltage-follower A3. Resistor R; provides the required meter

calibration.

_Amplifier A2 is the "zero-crossing"detectot: which recreates
the pulse—duration-modulated waveform, as sge;ched in Figure 3.34. This
zérq-crossing.detectioﬁ.i‘ limply achieved bv operating.a-plifier A2 '_
witbopt a_f'edback.rgsisto so tﬁat its Outputiis alvl§luat either éh& .

(+) or the (3) saturation limid. Agting as a voltngé comparator, it

switches state when the (-) 1hput crosses through’ the noﬁinal zero



voltage at the (+) input. In practice, a slight hysteresis is provided

by resistors Ry and Rg to prevent falae transitiona due to minor notae
. . ®

fluctuations of the inhput s;gnql. The polarity sense ‘of periods Ty and

T; have been chosen for convenience in following circuiﬁ"

-~ .

+10V .
outpR of”
0 ‘Amplifier Al
-10V .
+14V " -
' <t . b Output of
0 - : Zero-Croasing
i Detector A2
-14v - A T,

. o N ° '
Figwre 3.34 Zero-Crossing-Detector Waveforms
. '

3.4.2 MEASUREMENT OF PERIODS T; AND T,

Direct time measurements are made of the pulse-duratiohs 1
and Tp. With a pulse waveform available at the output’ of the zero-
: *
. crossing deteetor, with constant-voltage positive qnd negative limits,

anfopbrptional~ampllfier voltage integrator can be used to make a very
3 . .
. ’ ’ . -
accurate pulse-duration measurement. The tvpical arrangement is shown
i . -

in simplified form in Figure 3.35(a). Note that in this dravlng,'the

1

integrator-reset and the sample-and-hold switcheg are skefched as N



- . - . . N .
- .
, . .

simple contact points, although as detailed in Figure 3.35,.polldfntute

switches (junction field-effect transintors) are actuadly %qedm

Integrator *
Reset
Sy . Sample &
4 N Hold
Dy Rl ! C1 } ’
Vi * l a{|—" ‘4 V. / :
) R L- | I/ i l ’
2 L Adb -L—-a\ + AS> T -

+ -
. T \
. 1 0. ..
(a) Sdmplified Schematic (b) Waveforms

Figure 3.3S Tvpical Period Measurement

L]

. Referring to the gbove sketches, note that the negnti;{lkransit—

~ion of Vi, (the output of the ®wero-crossimg detector) 1s taken as the
start of period Ty, and 1s used to generate an 1ntepraéor-ras;t pulae,
This .pulse actuates swiCCh S; (turns a FET switch ON) which "resets”

the Lnteﬁrator by dischhrn(ngAcapacitor €C1. The negative voltage level
of Vin (via»diéde D1 to consure that oﬁly th;s po;tion of the wavcéori is
related to the measurement of the perifod Ti) is intégra;ed for the period
Ty1, and develops a positive ouput-voltage V.: This integrator-output

-

voltage 1s‘a‘lu6ear function ofxptme} since Vin 1s a constant, with the

.~

- - oa X
L@ ¥ P ot

"



82

- -t .
T
.
CU. Y o CE¥ L g ).
Sprwrr » LRAL. JRRR W
L AV,
ey oy e e .,
Ly 2 S9e s sowpad
. el Hv oD .
L FF, ST AT A £5°ry \\v~.
siowV’ S 233 d e
14
“
’ w’
~
- .‘
(& 2-22) =

BTy I e S

~

.

J10l1eINpowaq uoyIwengaasing ”uﬁumﬂu;um

Voo
. ’ T Dw)
SvaveT )
™ . s M B 4

> ﬂQH
Pad
\N&

N S e Ty

Gvowy CAe T Tovy g Todlovoov, v Ty

. 4
9¢ ¢ 21n3yy

Ircaov\ (L4273 . .

. Eouawrany
z i ¢.\-\.4N el\(Q\M

novr NIy,

l‘n‘ I VP v
S VUSNIVE WONS

775 %00

| A " ]

R IR M IR YR BV Vg 4

TN YW Yy LTSN

IS



.
\ 83
valnee ot U0 i wrihed by othhe relation:
T 2 o ‘
. B oy Y
AR . Cdiode ) ie, t v, (0)
1°1
-,
cwhich tor Dy DR Lse s owith tvpical Moo component values as noted in
Fiv.odu bt ooaand witt o an ideal reset to Vo€0D) = 00 can bo oevaluated as:

¢ (1300 (oxI07")
PR W S B L - L0 5.
(1.1o=10%)(1.5%x10~") olts

Cinve this Vg i direct]y proportional te Ty, Vg, becomes a linear
Trace analoy of the period Ty as it varies from 150 tsec to 850 usec.

e poitive portion of (whichk represents To) s effectively

in
- . 'S
.
ti toel e i interratar by o the Jiode D1, leaving the integrator
Inpat o velr e a0t zere vl oresistor Moo that the output Voo oremadins
natant cope dtive trancition of Vioois used to senerate a Usample-

- ldT palee Wi momentarily closes switeh SH, which charges
A irter Ottt e ltave V0 Note that the change ip voltare on O

ool e to mare up tor the clarve lovs dariar the preceding period

1

or it omav e ogppreciably dirtrereat i the value ot V., has been changed
Preotoo e o talation ot period Do Amplifier AS js arraneed asoaounitv-

gpain voltare follower with it< hivh-impedance input monitoring the

L4 ~

voltare on caracitor s with mininum charge loss during a4 period T.
iis sequence ot period Ty omeasarenent and the q&nr&yc of dts

'
Voot e analoe oo ‘n:)itittw‘ s i repeated during each cvele of the PDM
3 <

rnput ccvetorm Voo, e, at the 1orHz POMorepetition rate. The oulput
’

ol tare - T hower A T theretore (easentiallyfr "econtinuous' voltage



propertional to the pulae duration Ty, As the duration af 1y chanpes in

rocpense to modulation, the output of amplifier AS "grack<" it chanpging’

value oo donitored Peoedie 1000 samples/sec supplied by the integrator A4,

-

A oomall T-kHe ripple will of course be present on the signal at the out-

aut of o amplifier AS date to a trace of charge loss from capacitor 5, and
! MY ! 2

. .
Jue to anv TTy between 170y edine-samnles.
. i
- Period TH is measured in 4 similar manner, bat the decoupling
Jdiode ks reversed so phit only the positive periods of Vo are used by
- 3
*
ite voltaye integrator. .
. »

'I‘fu-\tok.:l pvriod‘“[) s measured <eparately, and s discussed

N »
under Sectron 3,44,
[t mipht bhe noted that this demodulation method is much more

effective than the waaal sharp-cut =off Tow-pass filter used for PHM
femovinnlation, earecially in terms of ite transient response. The sample-
and-nold riople at 1 Mz, s more than 70 dB down from its source
sornitude as the PO owavetform Vg, and a full-wcale modulation shift

cig he tracred in one or two samples, giving a rise time * 1 mseoc to

2 o witdi o no wavetform overshoot .,

M et

woroduction at the

remodulator Output

of 2 Pecorded 10-Hz
- Square ave.

Yivure 3.37  Square-Wave Response of the PDM Svstem

The ghove chart record shows a reprodaced 10-Hz cauare wave, from modul-



ator input, via a magnetic-tape record, and back through the demodulator

to a recorder. .

Feferring to the detailed schematic Figure 3,36, note that the

.

(+T1) and the (—Tg) voltaves are summed by amplifier A6, whose output

voltaye therefore represents the signal —(Tl - T»). Since the measure-

ment channels for periods Ty-and Tor are identical exceptdor polaritv,

»

it is evident that if Ty = T, representing cero modulatiom, then the

output of amplitier A will be zero as required,

3,403 PESTT OAND SAMPLE PULSES

AT reset and sample pulses are directly or infirectly derived
srom either the leading or the trailing odees of the POM waveform, as
recenerated b th zero-crossing detector A2,

!

As a specific proup of functdonal circuits, these are detailed

]
’

on 1 separate schematic Figure 3.38, 7

The duration of an dinteprator-reset or 1 sample-and-hold pulse
Poonominatly 10 Jcece, which t¢ rouchle determined by the time (‘on!st‘;lnt
of the nput RC coupling networlh € a 150 pF capacitor and a 68}'\-r0s‘is‘.tor).
“.'ntw that the pulses labelled (P4) and (P’))-a?\dorived from the trailing
edges ot the (P3) pulse, rather than directly from the (P1) waveform.
This i+ necessary, wince the functions controlled by pulses (P2) and (P3)
must he completed hefore the functions controlled by pulses (P4) and (P5)
ean bewin, A1 pulses have 15V Jevels: the positive pulses are US.O':
turn ON the tvoe MPF-102 N-channel junction-FFT pates, while the negative

-~

pulses are used to turn ON the Ewpe 25460 P-channel FET's,

85

+
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$.4.4  TAPF-SPEED COMPENSATION

The -circuits detailed in Figure 3.40 provide the compensation
for tape speed variations, using the method discussed in Section 2.4.4
-

(the ﬂvncfntinn of a signal proportional to (TI‘TJ)/T)' The basivc wave-

form relationships are sketched below as Figure 3.39.

-

| T L

0 - oo ;
. . ~ .
L)ALI output - tf\\ﬁ>\ o r\\\\\

T 3 T

(P)

) vy
- [ o IVO Tl T~ v °

~ |

- S - . .
A3 output
. o
(+) input _ ’ ////// i B ) L’i
af ALY A " 5 L /’4 ‘t —~
() / V/ — —
-
+ - ——e ' , '
(r7) | |
—_ I —— .——.’ -
1/T /7"
- - —~ -
('[‘1-71) -~ r (TI‘_TZ)_v .
L _ o &
- 4\\ - .
< (T1-T») . R {T -TH)"'
S ) =
(a) "Mormal" Tape Sﬁeed (b) Higher Tape Speed
Figure 3.39 Tape-Speed Compensator VWaveforms

(refer to text for full discussion)
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The total period T s measured independently of the Ty and Ty

.

L]
measurements. While it is true that T is already known implicitly as the
sum of Ty and T,, the combined timing errors lead to a value of T which

{s not sufficientlv stable to use in tdpo—spo@d compensation.

) Referring to Fig. 3.40, amplifier All is arranged as a voltage
inlvgrat&r which produces a negative-poing ramp of fixéd slope. At the
end of cach period T, snmplorpslse (P3) gates the value to a storage
capacitor, w{th the voltape '"read eut' as Vg bv voltage-follower Al2.
(Fig. 3.39, second row from the-top, shows the relevant wayeforms’and
their time relationship.) As soon as this sampling is complete, pulse
(P%) resets the inteprator to zero, and the measurement cvcle repeats.

The "current' value of T (the voltase V,) is the input to a
sevond inteprator Al3, whose output is therefore a positive-going ramp
whose slope is proportional to the peried T {the longer the period T,
the more nepative is V, and the steeper is the output ramp from Al3).

The ouput ramp from intecrator Al3 is applied as a sweep, volt-
age to the (=) input of voltaﬁu-comparator Al4; the (+) input is held
at a fixed +5V. The output of Alz is therefore a waveform wiih thé
pésitivo— ulse width related to the slope of the sweep voltage at its
(-) inpﬁt' the stecper the slope, the less time reaquired for the sweep
to rise from OV to the +5V reference level, at which t{me the output
changes state. If the period T increases, the pulse-width kP7) decreases
and is proportional to 1/T (3rd and 4th row waveforms of Fig. 3¢39).

/
i The FET switch Oy; and the integrator A9, constitute a 'time-

amplitude' multiplier. In this case, the amplitude of the input voltage

represents -(T;-Tp) and it is inteprated for the time 1/T. The output )
1742

-



ot integrator A‘?,odt the end of the (P7) pulse, [s therefore proportional
to (Ty-T2)/T and this valud, is "sampled' by pulse (P8), stowed on a  hold
capacitor; and read out by voltage-follower Al10. N—r

b
Fipure 31.39(a) sketches this sequence for a "normal' period (T),

with the output of integrator A2 befng proportional to the area the —
]

shaded rectangle (bottom row). Figure 3,39(h) represents the sequence

duriag a tapv—spoo( increase, which has slightlv reduced the total period
!

(T) wever, the shaded rectansle now has lonper duration but reduced

. .
amplitude, so thdt area is a constant ¥for this fcular value of.

©

Rroximation to:

-

To-To _ (Tp-To) . 2 .
T2

TH Ao . -~
Fhis measurement and intepration scauence is repeated for cach
. :
cvele of the PDM waveform (P1), which as alreadv noted, has a repetition
rate of 1 kHz. Yhe demodulated PDM signal is now a pseudo-continuous

analog voltage at the output of amplifier Al0. This output voltage can

of course be scaled as desired by selecting the appropriate value of the
-

feedbact resistor (from the output of AlO to the (-) input). A simple
output RC low-pass filter has been used to reduce the trace of 1—‘kHzt)
“sampling” noise, singe the recording svstem used was capable of feprod—
ucing it. |

The effectiveness of such a tape-speed-variation éompensation
svstem can be demonstrated bv introducing a {qun&hetic" PDM waveform
as (P1) in plate of the output of amplifier A2 (Fig. 3.36). THls wave-

form was derived from a standard "function generator', which can provide

LY

90




an asvmmetrical pulse waveform, with a4 swept freouency: the cquivalent
L}
ot a _rvepenerated PDM waveform from o tape recorder with a verv bad

tape-specd variation,

\

(a) JN\‘\\\‘\‘[\\\‘N;—‘]\\\\\-\fx\\\‘-‘f‘\\\“- (Ty-T) .

.

“. Mo saee
. . B .
(v) -~ A ",- A e _A (,[_L,}r_f_)
' v
Figure 3.41 Tape-Specd -Variation Compensation
Far the above test, the pulse ratio was set at T = 0.8 T,

and the frequency sweep was from 1 kHz to 1.2 kHz in 100 msec:-a 20%

frﬁquoncv shift. Figure 3.41(a) shows the expected ghango in the demod-
ulu;cd signal (T1-T,), (recorded from the output of.amplifier A6, Fig.3.40
with the D.C. component suppressed). Figure 3.41(h) shows the "compens-—
Jlod”‘ﬁiﬂnﬁl (TI—TQ)/T at the output of amplifier Al0. The recorder gain
for (b) was ten times that used for (a), to show the extent of the comp-
ensation., (The‘"spiko" disturbances in the commensated signal of Fig.
3.41(b) occur during the frequencv-sweep "flvback'™, which generates an

*
equivalent tape acceleration which exceeds the compensator tracking rate.
This is over 250 times the maximum tape acceleration expected in even

a poor tape recorder, which might have a 27 speed change at a 10-Hz

"flutter" rate, ~



(

/ . »
Tt should be noted that this particular characteristic of

pul-e duration modulation has long lws}h recognized foand under other
LY N -

narnes (woch as pulse=ratdo modulat ion) has bheen used for various

approaches to tape apded "wow-and .‘]\ltt('r" compansation [68],[69],

3.4.5 POWEFR SUPPLY

L]
Ihe demodulator has been desipned with an ALC. operated power-

supplv, on the assumption that plavbhack of a «i gnal tape and demodul -
. .
atfon of  the PDM gsienal can be done under "hase-station"” conditions

\v’ht‘(‘ ALC, pover is available.

The detailed schematic (s given as Figure 3242, This power

sunpplv provides +#15V and =15V relative to a common ground, for use
by inteprated-circuit operational amplifiers, Since the load is
«soent fally constant, adequate voltage repulation is provided by
Jener diodes and series transistor regulators. FET current regulatogs
are used to nrovide constant Zener currents, which improves the

\

cffective line regulation,
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Voo PHYSTCAD DESer Hllkll“

The phearoal deapne ot - Pt Soaotem Y hoeen lJlr“lV
drortared by che ot ended porta®i e ol compenent Yvattab(ltey. For
he nake ot completencaa, the tallown, nateos !l hetebe e hN'Huth

but vt should be apprectated that e redate onlye to thie prototvpe

‘qw&!vm, which was intended to evaluate number ot devivn concent o, jiyv

T,

ploveacal dedien altevnat ives are ot course possible, and could bhe

cqually aeceptable.,

() The VoFTRLD opnann assembhlv jo qketehed in Fipure 3.43, The
phvacal dimencions were determined by the convenient size of
[ “Vwmmnndf“l&‘f-l\ Chass i C1OxA" 1™y L Thi provides a
sencsor o plate area which 1o Tarve cnogeh toovenerate a usetal
Syl o veltave Oy Tarver o] gt would amarove the Signal o to-

Noloe ratico) and amall cneusno to tit rato an attache cave.

(oY e AYPLIFIFN =000 T ATOR Gvat om was devipned (olfi! into g
standard Black-ohenolic "meter case' (A 3/4 s 0 1/a"x 0 lﬁ/yﬁ”).‘
Pivure 300% Shows the sanel oarransement nsed, the printed-
cireabt board location and the battere Sprce . Some care is
required to mount all ot the comsonents ot Figure 3.21, 3.30,
and 3031 onto a4 dinele-vided ro hoard of  the \iinu:ns ions <hown.
The shield behind the PO hoard Y;;-imhtw11tivv to prevent local
pick up of &0 interterence he the High-impedance notoeh-

tilter cirenits. Accer o Moles mier he Irilled through this
Ay

shield to permit freaucncy and nal) adiustment s,

o~



\9

. . U259 TEDTSAL

A N [ ./ < Tov T

B N S O N

AT

£7°f 2andry

1‘ had - cr*2r2>» 7
—_— —— M ‘- N T T
. R wm e - :
.-, — v - T 4
. — e s
- ., T : \L“I‘ - J
LD . e
- -P_ mas =y e, — -
., o~ -— ~ !
\ X - r‘n‘w‘uﬁiﬁlﬂwﬂ)ﬁvl?u B PRETLE =Y ==
. P ~ i : . .
N f e ST e - Ly n.‘!tl‘uﬁﬁ.{v
v 2 I Y AN NI IR N
. . = .-
- R RGN 8
- ...,Jl‘tn.‘\.wua
.-, .
. - i -
TN C e ¥ N p
- Ty - ATy - -7 o N ,
Ce T s T, e . «
-~
- .
T '
IR . Pen,
v T
. . !
5 J
o b X 2N SVER S
- L} - ~ L or/
. . <o .
. - “
S e g YT iSwe B .
.- ~- .
. AR Anve . 8 !
- -~ ! s
- -
R VC - * -
. !

[ & VIV iPoms
[ PEH

“ivy
Juy o

1. L V'

-
Y A



- -
r
- ‘n<.1 .
3-
G
.
- IS
.
~
~ +
f
- ~
»
Tav

INVAR [oueyd

.,
$103eNpoR-do 1)} duy

pho oandg”

oA ry TN

/3 ‘\m\ PAL RS
B . " B ——
Ju42 - Lovy - L 2 o
! ‘ 2 . i : s y// TN
i | . A / g
e SRS (G
L AN e N |
e + o M Dmame T - a T ZOUN
134
Mo ouvd Maw W REF A T A S - TN % i’
. .
-—
M
P
L i
L3 .
- )
YN, vl
> v\ Cogrors )



97

(c) The j’h" DIZTODULATOR svstem is also housed in a4 meter case, with

te phvsical lavout as shown in Figure 3.45. The circuit compon-

e s of Figures 3.36,3.38, and 3.40 are\qeunted on the plug-in
printed-circuit board. The rectifier and regulator components
T

of Figure 3.42 are mounted on a separate PC board secured to a

r
. L Y
sub-panel bracket. The output 'banana jacks' are spaced .to accept

standard molded "General-Radio' twin-plug connectors.

. Q

The following are the norinal weights of the svstem sub-assemblies:

v

field sensor and 4N' of cable 2.5 1bs
Amplifier-modulator (with batteries) 2.5 "
Portable tape recorder (with batteries& 4.5 " . ’
Attache case 3.5 "

b4
—
w
—
b2
N

Field-portahle svste

POt demodulator 2.0 "
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3.6 THE MAGNETIC-TAPE RECORDFR

The portable magnetic-tape recorder used with this svstem i{s a
- ’
Realistic" “lodel CTR-20 (listed as "Radio Shack" Cat. No. 14-873). The
nominal frequency response is given as 60-10,000 Hz, And has been

. : ) . 4
adequate for the required time resolution of the PDM pulse edges.

During recording, the output signal from the amplifier-modulator

3

is iptroduced (via a shielded patch cord) into the "AUX" input of the
tape recordcr.AThe optimum recording level for the differenciated PDM
signal éppéars to be at approximatelv -10 dB.

During plavback, the recorder output signal is taken from the

"FAR" jack, and introduced (againvvia a shielded patch cord) into. the
iPput‘jack of the PDM demodulator. Proper plavback level (garp;event
input-amplifier overload) is determined bv observing the signal-level
indicator on the demodulator panel.

As with all mapnetic-tape svstems, some problems related to
signal "drop-outs'" have been encountered. If proper zero crossings are
not developed in the demodulator, valid T1 and T, pulse widths cannot be
established, and the output signal will be invalid for one or more
samples. These effects are illustrated in Figure 3.46. The recording of
Figure 3.46(a) originated from the first few feet of tape of a Qell—
used cassette. A visual check showed small "crease" marks and "burnished"
spots, which were presumablv made by the drive-spindle votation on a
momentarily-stalled tape, probably during repeatéa replavs and rewinds

of this section. Figure 3.46(b) shows the signal derived from a later

section of the tape, but with a somewhat low setting of the recorder

volume control, leading to marginal control of the zero-crossing detector.
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(b) | A‘lli A‘ — S |

(c) . — v e~

(a) .Poor section of tape (worn spots).
(b) Good tape, but low plavback volume.

(c) Good tape and proper plavback volume.y

L] e}

Figure 3.46 Signal "Drop-0Out" Durinp Tape Playbaek

The recording of Fig. 3.46(c) was from the same section of tape as was
Fig. 3.46(b), but with the volume;ggntrol setting increased until
proper switching of the zero-crossing detector was observed.

Anv good qualitv magnetic-tape cassette appears to be adequate,
£

&
nroviding due care is exercised to prevent the phvsical blemishes noted

above., 5?
It should be noted that the presence of a few drop-outs in an
otherwise good recording need not destrov the value of the record. The

drop-outs rarely last for more than a few samples and typically produce

ontput-signal discontinuities which are recdgnizable: the tape-signal
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drop-out results in an immediate p¥giod-medsurement error (of T;, Ty or T)

wﬁi;h is Sémpled and prodﬁcés an odtput:signhl a;scoﬂtihuitv which has a
rise time limi;ed only by the output RC Iiltetvand the recorder writing
speed. The observed drop-out arti%act is typica11§ of several-volts
magnitude ;nd 2-4 msec rise time, which with a chart speed greater than
a few inches/sec has a visu&lly-dtfferent charactertstic from normal

FLF signals: tha§ can therefore be ignored, or the playbaci Can be
rechecked with different adjustments. If the signals are digitized for
computer data reduction, such inQalid drop-out spikes can be detected bv
a simple algorith rélated‘to their excessive dV/dt, and the invglid

points can be dropped and replaced in some acceptable manner (linear

" interpolation, a running average, etc.).
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3.7 SYSTT)1TRANSFER‘CHARACTERISTICS

. {ie trsp‘!er characteristics of the system.sub—assemblien hgve ‘
been noted in their respective sectioﬁs. The following notes cover the
over-all s;stem characteristics, from incident F-field to the final
do&gdulator output rgcord. ’F\\

. The svstem frequency response is given in Figure 3.47.*Che 60N-Hz
notch width is less than 1 Hz, and the dotted response above 200 Hz {s

an indication that the effective amplitude response becomes difficult to

.define as the frequency approacheé the 1 kHz PDM repetition-rate.

<

(-,

. 0 1 5 e S0 290 : y
[} . ﬁ‘\\\ Mz
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Figure 3.47 Svstem Frequencv Response .

Although such a frequencv-response curve implies a sinusoidal
response, this is not true as waveform degradation occurs in a sampled-
data system. Above 150 Hz, waveform reconstruction is dependent on the

~

available number of samples per cycle provided by the PDM "carrier"



system, Flgure 3.48 shows this loss of waveform rep(oduction as the
number of samples per cvcle drops from ‘W samples/cvcle at 100 Hz, Sé
only 2 samples/cycle at 500 Hz. The output RC filter does provide a
slight smoothing of the sa&pling Steps without exce&sive slowing oi the

pulse rise time.

.Freq. (Hz) ' . Chart Speed
. ) \
200 ' A/\/\/\W 5 msec/cm
400 . qu/ﬂj\v/\/\/’\/\/’\/\/-\j\¢*\j\1\\/\J\ "

500

Figure 3.48 Sampling Rates and Waveform Reconstruction

L~

The svstem pulse response is of <course degradéd by the low-freq-
uency roll-off below 5 Hz, which in. the time domain implies a time cons-
tant of about 30 milliseconds. Figure 3.49 shows the svystem pulse resp-

onse from incident E-field signal, through the PDM-modulation process,
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magnetic-tape recording and plavback, to demodulattion and chart record-

ing.

w T - - :

(b) ‘ ~ l’\,_,\ ,‘"\\.

(c)A U’\\_\/’,‘\-\,\ \/J\A\/(\- v .

(@)

e e e e ettt Al . e A et s e i SN . .. ot

(a) Input waveform: 10 msec pulses.

(b) Demodulator ocutput: vert.= 5V/cm, hor.= 20 msec/cm.
(Input E-field pulses = 10 mV/m: Atten. = 0 dB)

(c) Demodulator output (scale factors as in (b) above)
(Input E-field pulses = 100 mV/m; Atten. = -20 dB)

(d) Demodulator output (scale factors as in (b) above)

(Input sensor shielded; Atten. = -20 dB)

Figure 3.49 Svstem Pulse Response
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Fleure 3.4920) i; ;ho voltage waveform which estdlishes the
incident F-ficld at the sensgg plate. Figure 3.49(b) displavs the full
svstem sensitivity, with a 10 mVfm E-field pulse of 10 milliseconds
durat ion recorded with 0 dB attenuation., Fiwure 3.49(c) reproduces a

similar pulse but with an amplitude of 1NN mV/m req rded at -20 4B
&

attenuation. Figure 3.49(d) shows the system noise jevel, at an attenua-
tor segting of -20 dB but with a zero input signal fan electrostatically-
chielded sensor assembly). lote that with a posit pbvoltage pulse

applied to a calibrating plate mounted above the $¥r plate, the

incident FE-field is nepative. The svstem gatp ha% ~  darranged so

that the strip-chart recording polaritv 4
incident F-field. N
Figure 3.49 can also be used to calculate an over-all transfer

. o
characteristic, as shown in Figure 3.50,

Vout m
wp [9
(Demodulator) o N
S
3l /"
[
di

_-u0dB .-
[T J N A
20 LT &Y RJ 10T ¢
(mV/m) ’ Input .
FE-Field
Signal

Figure 3.50 Input-OQutput Transfer Characteristics



Figure 3.50 provides an over-all svstem calibration: the demod-

ulator output voltage versus the amplitude of the incident E~field signal

(assuming the frequency {s within the 5 Pz-200 Hz pnss-band‘varlous
\

settings of the amplifier-modulator attenuator switch,
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CHAPTER 4

CONCLUSTON

4.1 TYPICAL FIELD RECORDS OF ELF SIGNALS

As noted in the introduction go Chapter 3, the avaflability of
4 Hewlett Packard Model 5480A Signal Analvzer has permitted the reprod-
uction of field records with a wide choice of vertical seng v and
horizontal time scaling. The resolution however is limited bv the 1RO
samples/scan, and in some of .the following fllustrations of expanded-
scale X-Y recordings this mav implv onlv 50 samples/cm. AP a result, the
apparent fine structure observable is E% some cases simply quantization
noise and must be interpreted with some caution.

-The following pages show tvpical records of natural FLF signals.
The vertical scale is piven in terms of mV/m F-field amplitude, 9nd
the relevant horizontal time scaling is noted. A few features of interest
have been marked, and selected sections have been repeated with an
expanded time scale.

These particular records come from a series made At approximately
0300 hrs M.S.T. Mav 17, 1975, in Mavfair Park, Edmonton, Alberta. This is
river-vallev municipal park, located close to the centre of the city,
with the actual recording site being an Opeé.grassy area some 100 vyards
awav from the nearest reoadwav and from lighting standards. The skv was

cloudless and only a light breeze was blowing. No data are available

regarding continental lightning activity for this period.
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Figure 4.1 Tvpical ELF Field Recordings (Sample #1)
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pattern at
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about 13 Hz.

burst similar to tp, but at

Chursts »f several cveles at about S Hz.
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4.2 Tvpical FLF Field Recordings (Sample #2) A g
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Scaling Data: (a) Vert: 30 mV/m/cm Hor : 1 sec/cm “
(b) (c) Vert: 12 mV/m/cm Hor : N.25 sec/cm
Features: f1....0s¢illations at approximatelv 27 Pz, super imposed

on a low-frequencv (5 Hz) disturbance.
fo....several oscillations at about 22 Hz.
f3....0scillations at about 22 Hz, superimposed on other

-

disturbances.

v ®

Figure 4.3 Tvpical FELF Field Recordings (Sample #3)
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Features: fl....oscillations at about 13 Hz.
f,....disturbances with components at 5.7 Hz,
7.3 Hz, 13 Hz, and 20 H=z. A

..dissturbances at about 13 Hz, but less coherent

than the burst noted a% f].

Figpure 4.4 Tvpical FLF Field: Recordings (Sample #4)

.
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Scaling Data: (a)(b)(c) Vert: 12 mV/m/cm Hor: 0.25 sec/cm

Features: fl....damped oscillations at about 21 Hz.
fr....oscillations at 15 Hz superimposed on other

dlst%anc.es
f3....negat' e impulses at a 6.7 Hz repetition rate.

fa....oscillations at about 32 Hz.

Figure 4.5 Typical FLF Field Recordings (Sample #5)
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[n Ficure 4.3(b), feature (fl) appears to be a lichtlv-danped
burst of oscillations at 27 Py (the n = 4 mode of the Sehumann reson-

ances) superimposod on a few cveles ot a H }!z distyrbance. A commnn )
voitation source nicsht be presumed because of their ticme juxtaposition.
In Fipure 4.3(c), feature (f,) consists of damped oscillations at about
22 Pz (merhans the n = 3 mode), and feature (f3) is a longer -burst at

22 Hz superinmposed on a low-frequency dis;ﬁrbance, and building up te a
hirher amplitude for a few cvceles.

In Figure 4.4(b) feature (f1) consists of a burst of daﬁ;ba
nsvil}ﬁtiuns at AbDUL.P3 Hz (the n = 2 mode). Similar ;omponents can he
seen in fcuturé (fz) of the.sumc recording  but incoherentlv mixed with
disturbances at qucrnl other frequencie s, Furthér traces of<the 13 Hz
oscillation are evident in'rcrnrdinﬂ—»trin_(c) feature (f3).

In Fipure 4.5(a), feature (f1) is a damned oscillation at about
21 Hz (the n = 3 mode). In recording~strip (b)Y, feature (f>) consists

of 15 Hz oscillations apparently excited by the lnrg.‘ﬁfcgative impulses
t .
which occur at a repetition rate of about 6.7 Hz, The .« impulses do not

appear to be fundamental-mode oscillations since thev are not sinusoidal,

but tho‘uniformity of spacing and the similarity of their amplitude and

shape would imply a common orisin. Recording=strio (¢) includes bursts

ot oscillations (such as feature (fg)) at about 32 Iz (the n = 5 mode).
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K
4.2 COMMENTS . .
Several comments should be added to the material covered in the 5
preceding chapters, and these comments relate go two specific themes:
circuit design detail;(:hich Hh&é been tolerated 1in the prototvpe system
but are qﬁi&e evidently not optimum, and secondly the problem of system
transient responses and possible signal artifacts.

From the standpoint of further circuit deJélopment, the relevant

point$ might be itemized as follows:

(a) The newer high-grade low-noise FET operational amplifiers (such
as the Burr-Brown 3523 series, or the Teledvne-Philbrick 1421
series) should be evaluated for use as the electrometer/cable;

drive amplifier in the E-field sensor assembly.

(b) The batterv drain of the amplifier—modulato; module could be
;onsiderably reduced by the ;se of low-current-drain operational
amplifiers (such as the RCA CA-6078A) in several locations.

Such units could be used in the linear-amplifier stages‘although
their slew-rate limitations wotnld probably rule out their use in -

the pulse circuits.

4

(c) The temperature stability of the prototvpe system has not been
evaluated. Voitage—offset drifts are a minor concern since the .
closed-loop gains are relatively low, and integrator drifts lead
only to D.C. shifts which are zeroed out during playback and
the generation of a thart recording. The system has been used in
the field over a temperature range of 0°C - 25°C with no evidence
of trouble e#cept an ocgasional sign of nul? shift in the 60-Hz

'S st
N »
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" o . - - :

" notch filter. Metallized-film polvcarbonate capacitors with a
teﬁpcrature coefficient of less than 1N0ppm/°C were used in
s obviously critical circuits, but a complete review of the

system temperature stabilitv would be useful.
L ]

(d) It would be interesting to explore the adc@ capabilities of
a "stereo" portable recorder. A socpnd‘stgnal with a pass band
from 200 Hz - 10 kHz could be extracted from the electrometer
amplifier, and this could be direétly recorded as an analog
signal on the second recorder channel. On playback, time-
correlated ELF and VLF sfgnals would then be available for .

recording on a 2-pen system.

g

With regard to system transients and potenttal signal artifacts,
the general problem has alrecady bheen discu;sed in Sgstinn 2.3, topether
with examples of pass-band transients generated by filter step and
impulse responses. However, a comment should be addea in regard to the
apparent lack of concern bv investigators in the ELF field regarding

such instrumentation problems.

In reviewing the rather extensive literature on- ELF investigat-
ions, it was noted that tﬁore was no documentation of instrumen;ation
step or impulse responses, no mention of -the tvpe or order of the low and
high-pass filters used, onlv an occasional sketch of the frequency
responsélof a svstem and never a fu;l Bode plot of magnitude andrphase
versus freqﬁency. Only a single mention was found of the possible degrad-

ation of waveforms by notch filters [70). This lamk of concern regarding

* )
svstem transient resnonse is” all the more surprising in view of the
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impulsive nature of typical ELF signals, and the fact that -some aspects
“of theoretical work have been based on the analvsis of waveshapes of
recorded 'transients.

Figure 4.6 is an {llustration of ﬁhis point.

250 usec

(a) Input Pulse

. A' A{ Output From a
(b) L&&-Pass Filter

5 ’ F
() ,( ’\/\ With .an Added
, |5 msec 60-Hz Notch Filter
A "Slow-Tafil" /
(d) - \‘/A FLF Waveform
p—n 5 msec ' (aftey Hughes [71]) -
’
Figure 4.6 Filter Artifacts and a "Slow-Tail'" Vaveform <;Ey
In the above Figure, waveform (a) is a 250 usec inrs* -
waveform (b) is the resultant output from a 2nd-order Butte . . ov

-pass filter which has a 500-Hz upper corner-frequency, a



' .
shows the added distortion if a passive Twin-T 60-Hz notch filter is
included in the signal path. %eform (d) 1s a sketch of a tvpical

ELF "slow-tail' wavefo used 1n\’|he studv of far-distant lightning

that one needs onlv select the

~

proper order low-pass filter with an ap'propriate corn€ér-frequency,
and the filter impulse response would matth the "slow-tail" waveform.
A somewhat related concern pertains to published recordings -

such as those reprodued in Figure 4.7.
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TYPICAL ELF ATMOSPHERIC NOISE
Wide-band and narrow-band ELF noise from Florida (Feb. 1068).

[ 4

Figure 4.7 Typical ELF Atmospheric Noise (Evans and Griffiths [73])
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The implication'is that the wideband noise contains the narrow-
band components illustrated. However, the imnulsive nature of the wideband
record is evident, and a transient pulse a few milliseconds in duration
obviously does not have a [/2-sec train of ZO—Hz,oscillation; as a comp-
onent . The fur}her implication that low-frequency components dgf;tain
phase coherency over dazens of cycles is also unfoftunate, and does not
agree with reality; waveform coherency for more than 4 or 5 cyclep is
rarel* observed. The narrow-band reco}dings of Figute 4.7 simply. portray
the impulse responses.of the high-0 sharply—tﬁned filters.‘Any attempt
to use such equipment in making estimates of spectral densities would
seem to be rather futile.

An addigional point in this regard 1{s that published spectral-
densityv estiﬁates [15].[17],(22] have probably been based on the classic-

al method which compensates for the instrument frequency response after

the time-domain data has been transformed to the frequency domain, since

multiplicatjon is then involved instead of convolution. Unfortunately,
there is no evidence that anvthing except the steadv-state frequgncy
respo;se of the system is ever used for this correction. From a circuit-
theory standpoint it has been pointed out [74] that a short-burst of
osc111at10ne is equivalent to multxplylng a 'steadv-state sinusoid by a
gating pulse. In the frequency domain, this requires the convolution of
the instrument’'s steadv-state response with some sinc function, to
derive its."impulse” frequency response. Since this transient freéquency

response may be considerablv different from the steady-state response,

the published spectral-density .estimates may be Eonsiderably in error.
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4.3 SUMMARY

The Extremely-low-Frequencv (FLF) spectrum of electromaghetic
waQes (3 Hz - 3 kHz) has a number of special characteristics. The back-
ground noise in this range is pgenerated primarily by global lightning
activity, and the resultant disturbances may propagate to great distan-
ces in th; Earth-ionosphere cavitv (via a TEM guided-wave mode) since
the attenua;ipn‘a: such low frequencies mav be less than 1 dB/1000 Km.i
Cavity resonances are identifiable at about 8 Hz, 14 Hz, 20 Hz, ... ,
the so-called Schumaﬁn resonances. The extensive earth penetration at
FLF wavelengths has g%en used for geophvsical prospecting, and penetrat-

ion is sufficient even in: sem water to permit signal transmissions to
. ‘. '

submerged submarines.
' .
L)

Measuring and recbrdiﬁg svstems for FLF signals are typically
semi-permanent large-scale facilities. Directional H-field sensors are
heavy, bulky and must be specially installed to be free of vibration in
the Earth's naturai.ﬁ%ﬂnetic field. Vertical F- field components are
usually monitored bv omni-directional elevateddwhip or ball] antennae.
Extensive back~up instrumentation is typically required, with signals
being recorded on computer -grade magnetic-tape svstems for subsequent
analysis. '

This thesis is concerned with thé svstem design of a portable
receiver-recorder for special field investigations. The nominal nasgs, -
band is 5 Hz - 200 Hz to cover all.Schumann-resonance phenomeﬁa with

acceptable waveform reproduction. Batterv operation and portability

has been a prime consideration (13 1lbs total weight) and a cassette
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magnetic~tape recorder provides the data-storage medium.
The svstem design has been given tn detafl, with all relevant

design equations and circuit schematics for:

1) A "charge-induction" tvpe of F-field sensor, with an electrometer

tnput and a cable-drive amplifier.

2) A semi-remote (40 ft from the E-field sensor) variabie—gain
amplifier svstem. The frequencv response 1is shaped to minimize
pulse-waveform distortion, and a modified 60-Hh2 notch filter
has been included which does not ge;erate pulse transients. A

Pulse-Duration-Modulation (PDM) svstem is included to permit

the recording of ELF signals on magnetic tape.

3) A PDM demodulator svstem permits recoverv of the FLF signals
from the magnetic tape. Special circuits are included to compen-
sate for tape-speed variations during plavback. Output of the
regenerated ELF signal is at a suitable voltage level for chart

recording or analog/digital conversion.

Reproductions are included of tvpical field-recorded ELF
signais, and these records are at least equal in cuality to those in
the published literature on ELF research. It is notéa that signal
artifacts are especiallv likelv in ELF instrumentation, due to the
impulsive nature of ELF signals and the usual transient responses of
signal filters.

The detailed derivation of the modified 60-Hz notch filter is
given in Appendix A, and illustrates how transient and steadv-state

responses can be separated to ensure a good pulse response.
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APPENDIX A T

THE MODIFIED TWIN-T 60-HZ NOTCH FILTER

“

A.1 THE PASSIVE TWIN-T NOTCH FILTER

°

A typical twin-T network, with symmetrical elements and a
*resistive load is shown in Figure A.1(a), and its frequency respemse is

sketchéd in Figure A.1(b).

1 : 10 60 100 1000

0 —Hz

_29_
Ampl, dB
40

'GQ!,

(a) : (b)

Figure A.l1 The Passive RC Twin-T Notch Filter

-

The voltage transfer function for Figure A.1(a) can be written,

in standard lLaplace notation, as:

VQ(S) 52 + wg .
= = g R
Vin(s) Ho (s) s< 4+ 2(2 + R/RpJwes + (2R/RL + 1)@0
- o

wvhere w, = 1/(RC). With negligible loading on the filter output, e.g.,

if the notch filter feeds into a high:impedance voltape follower, Rp> =
and the transfer function reverts to:

4

Ho(s) =

S2 + mg (A—l)
s + bues + w?l
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The 0 of such’ a filter is-low (.25) and for a AN-1z notch frequency

this leads to a 3-dB-down notch width of 240 Hz,

The poles of this filter are real, and the pole-zero locations

are sketched in Figure A2,

Mo,
s plane o1
X e e X e - - =0/we
LI i
-3.7 —0.2?
o ~1
Fiocure A.2 Poles and Zeros of the Passive Twin-T Filter

-
The impulse response of the passive twin--T notch filter can be

devived from Iqn. (A-1):

N — Il ®a .

HO(H) s+ bdes % ws
@ 4 N _AJULT. - ‘é'}?&"-
s+ 27w s + 3.7w,

o
-

and returnine to the time domain via the inverse Larlace transforms,

cives the inoulse response:

ho(t) - [ F(t) + .31&00";‘w°t~ A'xwoe—7.7mot ]”(F)
dvich for fo = 60 Bz, t> 0, and t = milliseconds, pives:
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ho (t) = 117e-C-1t _ 1625e~1-“1t (t=msec) (A-2)

The form of this impulse response is sketched in Figure A.3:

® 7t (msec)

to -1508 at t-0+

3

\
\

\-

Figure A.3 Impulée Respdnse of the Passive Twin-T Filter

The pulse response can be evaluatied by using a unit-amplitude

input pulse of width (1):

Lx(t)
x(t) = u(t) - ulet-1) D! '————]
giving, X(s) = (1-e~T8) . . t
s -t L

>

The ouput response of the passive twin-T filter with this input pulse,
is:
Y (s) = X(s)Hy(s)
_ Q(1-e7TS) s2 + wf )
s s?2 + 4wes + 62

/(1 _1.16 1.16
\'s

—a~T8) |
= (1-e ) s + .27we M s + 3.7we
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- [ 4

‘and.reverting to the time domain, with f,=60 Hz, and t>msec, the pulse .

- N

‘' response is giveh by: - . " Y

Yo(t) = [1 + 1.16(e™1 -4t = ¢=0.18)]y(p) L o,

- [1+ 1,164 (E7T) _ o=0.1(e~T) ]y (1)

which produces the following waveforms for typical values of the pulse

width (1):

i____[_~,_,{ . T

l/,/"_~—d*1\\\\\__;l__L//”————__Y\\\\g____‘J’ T ; 50 msec

—*¥r,-—- e

JM . J/Y\_ \ r = 10 msec

Figure A.4 Pulse Response of the Passive Twin-T Filter



A.2 THE HIGH-Q TWIN-T NOTCH FILTER

To increase the effective 0O of a twih-T notch filter, an active-
network version can be arranged as shown in Figure A.S(a). with its

typical frequency response shown in Figure A.5(b).

R ¢ . ;
._,_IL.Z__L, { IS -20
A !« C I C - A -
o l b Ampl, dB
I R R )
Vin 2R Yo
l L 4 J— 1 -5 | i

(a) ‘ (b)

- Figure A.5 High-Q Active Twin-T Notch Filter

>

In this case, if the voltage-follower gaim is verv close to unity, some
deliberate network loading by resistor Ry is usually necessary to reduce
the gain and maintain stability at the high 0'value desired.

The voltage transfer function for the circuit of Fig. A.5(a),

assuming a voltage-follower gain of unity, will be:

£

Va(s) Hy(s) = s2 + 2
Vin (5) 1 s? + 2(R/R)uwes + (2R/R| + 1)u?

(A-3)

and for the resistance Ry = = the poles and zeros coincide on the jw
axis.
.. For typical values of components for f,=60 Hz (w.=2nf,), e.g.,

let R=80Kohms, C=.033uF in Fig. A.5(a) above, the gain is readily cont-
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1313

rolled by varving the resistance of 2, which can therefore be used to

control the Q0 and hence the notch width,

biw/o,

Ry,=5035K
/‘7
P l.1u
1

Rp=:.1C R1‘=0
:._3 -4 O/wo
~0.1

Figjure A6 Root Locus for the Hich-0 Twin-T Motch Filter

The locus of the positive complex root is shown in Figure '\ 6, as the
cain is v;xri"in teras of the load resistor Ryt the poles become complex
For Rp»33lohms. From Lan. (A-3) the @ can now be cxpressed in terms of
this loading resistor Ry as:
~ )
S

Q= 5 S ot

e, with Ry S00Eoh 5 (and R = 80Kohms as alread.w noted), the filter

0

500/169 = 3.1, se that for fo = 60 Hz the noteh wideh has been
veduced to 60/3.10 ~ 20 Hz . This notch characteristic is sketched in
Fioure AL5(b) 1 rhe prese.ce of Lhe vole is evident on the high-frequency

side of fo.
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la)
The 1mpg response will now reflect the presence of the.
complex p&les. Eqn. (A-3),
2 2 .
- ~8° + wa
L) = T T R/R D wes + (2R/RL, + Dl
whichfor Ry = 470Kohms (the closest stnndatd resistor value to the -
500Kohms), gives in.terms of partial fractions:
- s + 17w, (.86)(1.15wq)
HLGS) = 1 - 132 0 58 s (L5002 ¥ (o v 17w 7 (115032

and for f, = 60 Hz, t = mflliseconds, and t>0, the time-domain impulse

response becomes:

~

hp(e) = - e 9-06t (132c0s.43t + 114sin.43¢t) (A-4)

" hy(t
200-11€8) .

Figure A.7 The Impulse Response of a High-0 Twin-T Filter

AP

&
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¥—
The pulse response can be derived b,&d.ing the same apprqQach as
for the passive twin-T filter, i.e., the input pulse is assumed to be af

unit amplitude with a duration 1, giving:

Y (8) = X(a)H) (a2 "

l_e"‘s 52 + w2

s T 87 ¥ 2(R/RDw,s + (2R/Rp + Dw?

and again with resistor R = 470Kohms, the output in terms of a'partial

fraction expansion becores:

Y)(s) = (1-e7T5)

Q

J4 258 (s +.17u,) ) 264 (1. 15w,)
(s +.17we)? + (1.150s)2 ~ (s +.17we)? + €1.15w.)7

Returning to the time domain, with fo = 60 Hz and t = milliseconds, glves

the pulse response as:

.

vy (t) = [74 +e”-08t ( 258c0s.43¢ - .26451n.a3zﬂ u(t)

- [.74 + e=-C6(t-T) [.258co;.£3(t-r) - .2easin.a3(c-r)ﬂ u(e-1)

... (A-5)

which produces the following waveforms for tvpical values of pulse width:

m/\/\/\J T = 50 msec

bt

. b » T = 10 msec
Mo Mo}

Figure A.8 The Pulse Response of a High-Q Twin-T Filter
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A.3 THE 60-HZ PEAKED AMPLIFIER -

As noted in Sections A.l1 and A.Z; both the low-Q and the high-Q
versions of the twin-T notch filter displav poor transient responses,
although the steady-state frequency response can be shaped as required.
One approach to an improvement of the pulse response is to use the

high-Q twin-T network to form a 60-Hz peaked amplifier, and use its
R
Pl
steadv-state output to "buck out” the interfering 60 Hz in an auxiliarv

—amglifier.

7. —
\1n

" High-0 i
2 B . 60-Hz Peaked
= woteh Filt ° Am;u??ei

; L |
i RS . -

Figure A.9 The 67-Hz Peaked Amplifier

O

For the peaked-amplifier section of Figure A.9, using the high-0

transfer function Hy(s) of Eqn. (A-3), !

N S

Vo(s) _  _ Ry ' L —
Vin(s) Ry | 1+ Hp(s)Ry (R, + Rg)/(R3Rq)



Using tvpical resistance values (as noted in Fig. 3.21), Ry = 47Kohms ,

R, = 47Kohms, R3 = 10Kohms, R, = 33Kohms, and RS = 2:2Kohms.

1
VO(S) - ' -
3 Ha (s) 1+ 75 [

Vin

s? 4+ ]
s” +.34wes + 1.34w?

-

2 2
- s +.34was + 1,34wi
Hy(s) .013[ 5T +.00450.s + 1.0107

Fvaluating 'Hz(jw)! gives the freauencv response:

YV Ia o
S 10 €9 100 1200y

Gain
dB

Figure A.10 The Freauencv Response of the 60-Hz Amplifier

.

The pole-zero locations for this peaked lifier are

From the transfer function H?(a), (Cqn. A-6), it can be shown that:
&

(-0.18 *+ §1.15)w,

[ ]
The zeros are at: s

W

The poles are at:

g
i}

(-.1002 * §1.005)w,

" (A-6)

interest.

The complex pole and zero in thylppor—hal? S plane, with an expanded

S5cale, are shown in Figure A.11.
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the voltayre

pives:

Letting y=

®

transfer function of “igure AL12 is:
Cv (s [ F ol (s
*\:“Q('_) = H}(r:) mo=l, Ly - l‘l(i)-
in(s) S 5
Snbatituting for Hy(s) from Fano A=, and letting resistor "‘l
"
* "\‘w O R s 4 ‘V'llom‘r; \\
}")‘(f‘.) = = 1 - .013 ‘;.‘A. l’:n'\_ IR _,-_?_._: :
"3 \5 L0 s+ 1.01ws)/
b, ~,t‘(.()l 3), rearvancineg, and ienoring the <ign
Y3

e 1ty summine amplitiecr, the traastfer function can be rewritten as

“»l‘ (‘w)

U iy
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Note.in Figure A.13 that the complex pole location remains the same as

in Figure A.1l1 .but the zero hag been restored to the jw axis, very close
to the desired 3 = wo.. In practice of course, the freauencv~trim adjust-

ment ‘in the twin-T network permits a precise location of the frequengy

null. o

Figure A.l14 shows the character of the high-0 notch, and since

the O is now ovér 200, the bandwidth has been .reduced to about 60/200 =

© 0.3 Hz. (If such a notch width is considered too narrow, the Q can be
reduced as required by reducing the resistance value of Ry, im Fig. A.S5(a)
which manipulates the pole. location as in Figure A.6.)

. A

.

:L 10 5° 105 10190 Hz «

| ®]

Figure A.14 Frequencv Response of the Modified lotch Filter

. a

While the frequency respomse of the modified notch filter is

.

simplyv that.ofné high-Q filter. the impulse and transient responses

are mucQ‘different.'The impulse response can be derived from Eqn.. A-7

-
iR}

as follows: v

P
[

Rad

wod fi,00 = .90

—

_ 8% + 1.00502
l's? + .004Suw,s + 1.01u2

140
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- 14 “
. o d’
- _ .0045w,8 + .0]lw? .
H[‘(S) -99<1 . S? + .Onaswos + 1.0132> .
= .99 - 1.7 — s + .002uw, 2.2(1.005w,) \]o
. -1 7\(s +.0020,)7 + (1.005we)2 * (s +.0025,)2 + (1.005m.)ﬂ

v

which gives a time domain response, with f, = 60 Hz, t = msec, and t > o,

hg(e) = - 1.67 e7-9907t (c65.38t + 2.251n.38¢) (A-8)

I B 2 I %3 .
. - f} A ) .° , . ©
ﬁi&‘iiﬂﬁ%ggﬁ ‘ . ' :
- . ’ ’ o] ‘

.Figure A.15 The Impulse Response of the Modified Notch Filter

.

S
~ .

The impulse response now reflects the changed pole ldcation: its proxim-

ity to the jw axis produges very little damping of the sinusoid, but since

5

the pole is very close to the zero the amplitude of the sinusoid is only

about one tenth that of the straight high-0 twin-T filter (as shown in

Fig. A.7).

The pulse response of the modified notch filter, with a unit- «  )

amplitude input pulse of duration 1, can now be derived from the transfer

2
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function of Eqn. A-7, givings, i b |
= [y -~ ,
v 0 /
. .f.\/’ i :
Y4 (s) = X(s)H,(S) » ' . e
_ : : * v
- <1—e-T5,>=(.99) 52 + 1.0050% , \ )
s "\ s° % .0045w.s + 1.01w? ‘ : ,
. —ese [ .99 .01s - .0045w, =Y !
= - T8 > 2
(1-e )( s + s + .0045w.s + 1.01w¥>
g o - : -
e i1oa=Tsy 299 .Ni(8 +.0022uwg) _ 0044 (1.,005w,) )
+ (1e )[ s ' (s +.00226,)% + (1.005.92 (s +.0022uws) ¢ + (1.005w,)?] ~ .
. N . A .

=
-

Returning again to the time domain with f, = 60 Hz and t = msec", the

'“puise'reéponse becomes:. > o
< . ‘\ : ‘
vy(t) = [.99 ¥ e7-0008t ( 01cos.38c R .nnaSin.38c)] u(t) L
. ’ K \ .

. N | .
- t99 + e™ 0008 (t-1) (.0lcos.38(t-1) - .004sin.38(t—rﬂ u(t-1)
]

4 N, * ‘ o s e e s e tA"g)

W

which is illustrated by the following test results, for several input- .
o C

g

i~
»

N ] .
1 : x .
pulse widtﬁg}\ ‘ oS? ’ -

X

T = 50 msec

“[TL‘" " : ’ T = 10 msec

e

) . - <J T = 1 msec

r@
|

Figure A.16 The Pulse Response of the “Modified Notch Filter

~
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It is apparent from Figure A.16 that the pulse response of the
‘modifiad notch filter is a considerable improvement over that of the

standard high-0 twin-T filter (as shown in F;g. A.8).

Pe) .
From Eqn. A-9 for the time-domain response ya(t), it can be

seen thdt the (.02) cosine coefficient teﬁresents a nominal 2% 60-Hz

-
~

.ripple on the pulse response, and its exponential damping is negligible.
This ripple originates as‘the "error" signal at the oﬁtput of the 60-Hz
peaked amplifier after each excitatign b& a pulse. edge: it is not related
to the 60-Hz content of the incoming signal. (If d?sired, the level of
this ripple could be reduced bv a hfgher loop gain and further optimiz~

ation of the 60-Hz peaked amplifier.)

A.5 PHASE RESPONSES : .

° ¢

It is of some interest to compare the phase responses of the
LR Y

various versions of the notch filter. From Eqn. A-1 for the transfer

function of the passive twin-T network:

s? + ‘QE
s? + bwes + w2

Hy(s) =

1 - (wfwg)? :
1 - (w/wo)? + §(bw/w,)

. -

Hy (Jw)

The phase angle is therefore:

° -

bw/w,

-ol - ‘ R
Bo(w) = - tan [T_—(w/—m-:] (A-10)

~
i -

In a similar manner, from the transfer function Ean. A-3 for the high-0

twin-T notch filter, the phase¢ response can be expressed as:
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' _‘_ -1| 35/ w, :
8;(w) = - tan [1.35 = (w/w.)J | (A-11)

and from Egn. A-7 for the modified notch filter transfer function,

*

. o) »
e 1] 200450/ w, (A-12)
8, (w) tan. [1.01 = (m/u.)z]

- . . o

s

The phase responses given bv equations A-10, A-11 and A-12 are plotted

. below:

TheiPassive
Twin=T Motch

Filter
The High-Q
Twin-T MNotch
j Filter
t
]
90}
e(de81 : l _ " The Modified
- odh— . 10 60 100 1G00 Twin-T Notch
. N ‘ Hz Filter .
-990 *

Tiguré A.17 The Phase Responses of the Various Notch Filters



A.6 EFFECTIVENESS AND LIMITATIONS

The efféctiveness of the modified notch filter is shown 1in
Figure A.18. The input. signal consisted df a 13-Hz square wave plus: a
superimposed 60-Hz sine wave, of equal peak-to-peak ampliéudes. The
-recorded output is shown (a) with the notch fiiter switched OUT, and (b)
with the notch filt;r switch?d IN. (The équare-wave droop is due to the

" capacitive coupling into the amplifier section which precedes the notch

filter.)
(a) Notch Filter OUT.
4 P
S
(b) Notch Filter 1IN

<.
, >

Figure A.18 The Effectiveness of the Modified Notch Filter

The limitations of this modified'ngtch filter are related to the-
very high "internal Q" of the 60-Hz peaked Qmplifier. The approacﬂ to
s teady-state opergtion of the system is determined by the expénential
term of Eqn. A-9, which in units of seconds is exp(-0.8t). The time
cénstant is therefore 1.25 seconds, and to §ett1e to within 1% of the

. steady-state value will require about Syeconds. This is- illustrated

148



in Figure A.19, which was generated by abruptly gating a congtant-ampli-

tude 60-Hs signal into the notch-filter system,

. 1M ey, l
‘- .Q .I \n-'."h"....-..-...g
3 A -.4.-.-|.-.-ov/---.-.v-ulw"'. J‘;.‘:’M“

y . . v
: Soieh u.‘..:..l_’..n-l bl ly i siwle mintg
Jaitiattuise

‘ahrm““
B OL OLS 11. .5 sec.

Figure A.19 Settling .Time of the Modified Notch Filter

Under thé usual field conditions, the 60-Hz interference is -

.
[}

essentially constant, so that after the initial turn-on settling time

of 6 or 7 seconds, this long time constant is of little concern. However,

.

an occasional field record has shown a short damped traiqfof 60-Rz

oscillations, presumably due to power-demand switching in the relatively
distant power-line distribution svstems, with a resultant step change 1in
the amplitude of the local. 60-Hz interference field. .
A second limitation of the modified notch filter is that the
nominal 2% rippie due to pulse excitation can be driven to %ﬁ‘— 102 if
the.pulse repetitign rate is a precise sub-multiple of 6N-Hz. To date,

this has not been observed in field recordings, perhaps due to the random

t ime distribution of the natural ELF transients and the short coherence

-
.

t imes of the lowffrequenCQ components.

148
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APPENDIX B
\

THE "GYRATOR' MNOTCH FILTER

B.1 SCHEMATIC AND TRANSFER FUNCTION -

The basic circuit of the so-called "gvrator" notch filter, using

integrated~circuit operational amplifiers such as the common type "741",

-

is shown in Figure B.1.

Ry
vyin I A vo
L Y
| R Amplifier
Section
"Gyrator"
R Sectieon
4
R €2 s
\ ©

Figure B.1 The Gyrator’Notch Filter

The voltage transfer function for this notch filter can be

shown to be:

- s2 + Ry + Rg - BRARDC s + w2
VC1CHRRs ‘

2 + (R3* Ry + R)
VCICZR(;RS

he H(s)‘;

(B-1)

Clwos + w?

whére we = JalCzRaRs.
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R}
B.2 POLE-ZERO LOCATTONS : ¢

From the transfer function for H(s), it is evident that a zero
will occur (the desired frequencv notch) if the centre term of the

numerator is made equal to zero. This will occur 1if:

i.e., if - ' Ry + Rg = RyR3/Ry .

For conVenience, make resistors R1 = R2, so that the requirement for

a frequency notch becomes simply that:

+°Re =

R 5 R3

4

’ .
From Eqn. B-1 the filter O can be written as:

4

{C1CoRRe ' .
C1(Ry3 + R, + st

A further simplification results if resistance values are chosen so that:

The transfer function then reduces to:

H(s) = ST S (8-2)
s) = s2 + 4JC1/Cq wos + wl
where now w, = 1/(R4VC1C3), and the expression for O becomes:
1 /cC
O = TVEIL (5‘3)

L1
This leaves the 0 defined bv the ratio ?f capacitanceé Cland CZ' while

the notch frequency is related to their product via w, = 1/(R44C1E2).



& 4
Since the ayrator —section gain ia manipulated bvgtihe capdcitance
SOl
A . ~, .
ratio (22/<:l, the complex-pole locatipn relative to the zero can be

rwn*ifv defined in torm; of Cz/Cl. ’
- A
. Ao |

"ﬂ’{‘.

2.1 0 (\’5 IR n N v

- t i 4 A " - - 1 A - ¢4___{>
X - .
.\ L, oy
e C_!/CI'Q’)O CZ/C1=1000 ' CZ/CI-“-IOOOO L.0.18
0=5 Q=8 0=293

Fivure B.2 Pole-Zero locations tor the Cyrator Poteh Filter

B.3 PRACTICAL I,Ifill‘,"\'l'{()f\‘sK

.

There are two practical considerations which limit the

ion u) the eyrator notch filter:

(a) lhe maximum useful Q is about 20, From the expression for 0 in
terms of the capacitance ratio (Fe~. B=3) it can be scen that for 0 = 20
-

the caparsitance ratio C,/Cyp = 6,400, “ith res istor R, = 100Kohms (abont

the highest practical value in view of the operational amplifier input

resistance) and f, = 60 Hz, the required capacitance values hecome:
-
Cy = 330 pF
C2 = 2.1 uF

Such a value of €y can be secured in a metallized-foil capacitor, but {t
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is close to the practical limit of cost and aize.(Electrolytic capacitors

are not acceptable because of the A.C. non-polarized operation, and

because of their capacitance instab{lity.) FEven with a capacitance ratio
of 6400/1 it {s difficult to secure the two units with similar temperat- 5
ure coefficients of capacitangé’qu & result, ‘te notch-frequency drift

with temperature mav be a problem.

(b) The maximum permitted level of the interference component of Vin

is a function of Q. This is q’lated to 'the large capacitanée ratio C,/Cy
which implies that the amplitude of the 60~Hz oscillation (in this case)
at the output of amblifier A2 (the voltage V2 in Fig. B.l) must be very
much greater than its amplitude at the (+) input of amplifier Al. For a
maximum signal amplitude of perhaps 10 V (peak) at V,, the maximum

amplitude of the 60-Hz component of Vip will be:

. . Vo _ 10 ,
. Vin(en Hz) © ‘TZ = = = 0.5V (peak)

It is necessary that this interference-level restriction be observed in

any application of this tvpe of notch filter, since peak_cll ing of V
y . PP 2

can introduce transient distortions into the Qutput qidhii V <

B .4 ADVANTAGES

For applications where a O of lesgzghanx 20 is aé uat:e, th?vra{—;v ,,! ’ ,
. AR

&

b

.
‘ x
or notch filter is a4 simple, stable npproach ﬁith ra;ﬁcfvebv few conﬁonq,‘%p €§¥,
; 3
\ - :‘f*ﬁ%gﬁ
ents. !Minor frequencv adjustments can be easi mgfle if resistor RQ 1s L e
: - v . - R .
variable; alternativelyv, if the required capadit e is sufftciently low,
[ - A

. h ] .
capacitor Cy can be chosen as a trimmer capac';p . %It should be notéd .

¥ - °
k4 . .

B > g : :
,:’.Hy )
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that to secure a valid null at the notch frequency. resistor Ry may have
to be somewhat reduced from its theorcetical value, to allow for the fin-
fte fnput resistances of the operational nmpllf(ers..

Figure B.3 shows thgt the pulse response s free of leading and
trailing-edge differentiation, and the '"'shock-excited” 60-Hz rl#le is
sufficiently l;w for most applications. Note that this 6N-Hz ripple 1s
a constant percentage of the pulse .1mplitudo,\ and is' not a feed tHrqugﬁ

of 60-Hz interference from the input signali in the illustration of

Fig. B.3(a) no 60 Hz interference was pr¥esent on the input pulse.

[

(2) 13 Hr Square-
a Y 5 tlave Input Signal

. Notch-Filter PR
; ‘ % .
(h) m OlltPUt ‘J

‘s
*

Figure B.3 Pulse Response of the Ovrator Yotch Filter



