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An Electronic System for Measuring 
Pendulum Periods 

A bstract- An electronic system for mea suring the period of 
free ly swinging pendulums bas been developed for use with the 
Canadian P endulum Appa ratus. Extensive tes t ing with a n elec
trically genera ted test s ignal suggests tha t the erro r in determin
ing the mean period of a on e-seco nd pe ndulum, averaged over 
1200 seconds, does not exceed 100 a nd may be a s low as 13 ns. 
Further testing with actual pendulums indicates th at the measure d 
periods, fo r a group of 3000-second obse rvat ions, have a standard 
devia tion of 600 ns. It is believed tha t this increased error 1s due 
to some fac tor a ssociated wi th the pendulums, such a s the effec ts 
of m ic roseisms, kni fe- ed ge effec ts, or the dimensional stabil ity of 
the pendulums th emselves. 

[ :\' TROD CT ION 

Tl LE a11 acli an 1'e11du lu 111 Appa ra lus (CPA) fo r 
relat_i"e g rav ily rneasu re~11 e11l ha: ~mdcrgonc ex 
tcn ~n e rcdcvclopment s111 cc 1960. f he ma111 ob

jecti,·e o f thi s program, which was to replace the ph oto
g raphie method fo r measuri ng pe11dul um periocl s wil h ~n 
electronic sy lem, has n O\\' been completed. Other ancil
larv problem. such as temperature a nd pressure contrai 
ha;.e al o been uncler tudy. The ba. is o f thi s appa ratu i 
a group of six bronze pendu lums wh ich a re a ll owed to 
s11·in g-, two a t a lime, on agate knif e-edgcs. The knife
cdges a re mountccl on a comm un support so lhal the two 
pendulum. oscillatc in the same plane. \ \!h ile in use, the 
pendu lums a re housed in side a ,·acuum charnber, l\'hc rc 
pressure and temperature can be maintained at a constant 
value. 

In operation the pendulum s a re fir t defl ected by a me
chanical device protrucling through the wa ll of the cham
ber and suclcl cnlv relea. cd so tha t th ey osc illa te fr ccly in 
oppo. ing pha~e. -,\ ntiphase operation essenti a ll y cl ccoup les 
the pendulum from their support in the man ner cle
scribed by V ening-MeineszJIJ The mean per iocl o f two 
ncarly identical pendu lurn s swi ng-ing in antiphase with 
equal amplitudes on a common support may be thoug-ht of 
as the period of a fi ctili ous pcndu lum swinging on a sta
tiona ry support. 

The periocl o f the fi ctiti ous pend ul um , which is app rox
imately 1 second , must l;e determined to within 10-; sec
ond. in o rder to achi e,'<.: a 0.2 mGal accuracy. Thi s prc
ci ion was achievecl in the photographie methocl by deter
mining the average period for 3000 oscillati ons o f the 
penclulum . The proccdure was to record the time o f six 
uccessivc 11ull cross ings o f cach pcllclul um ;il the i>egin -

~[anuscript rccci ,·cd DcccmLcr 22, 1966; rcvised Apr il 18, 1967. 
T he author i, \\'ith the Departmcnt o[ E ncrgy, Mines and Rc

~ourccs, G ravity D ivision, Dom ini on O lisc r va tory, O ttawa. Canada. 
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ni11g and end o f each obsen·at ion. A n electronic system 
which provides a ten fold in1provement in the accuracy of 
pe riod mea urements is oullinecl in the fo llowing sections. 

(;1 -: N EJ( ,\ I. D ESC l( IP TfON OF TIIE Til\Il;\"G SYSTEl\J 

A block cli ag ram o f the timing system is hown in 
J."ig. 1. The pri ma ry time source is a J ames Kni ght fre
qucncy standa rd hav ing a dri f t rate of 5 parts in 10 ' 0 per 
clay. i\ "clock'' pulse, 10 tJ. wide, is fo rmed by the control 
and clock pu Ise generator every 20 tJ.S. The clock pulses a re 
:, to rcd il! a binary accumu lator where they provide a mea
su rc o f cla psccl t;111c and th e reso luti on of a time interva l 
measuremcnt i plus or minu one count or 20 tJ. s. A series 
of c< :nt rol pul ses, cach sp1cecl exactly between two clock 
pul ses, is al so prov ided by th e pul se gcnerator . The control 
pulses regulate the operation o f the prin t-out circui~ _o 
th.i l tl:c binary accunrnlato r is inte rroga ted only when 1t 1s 
clo rm;111t. 

A timing pulse, orig inating from the photocletector . 
opens the selector gale so that a control p ulse is applied to 
the time ga te whi ch consi ts of a series of transmi ss ion 
gates . A thi s control pul se a lso closes the selector gate 
onl y a single pulse i chosen. The transmission gates ~re 
a rranged to prov ide a nondestructi ve read-out of the m
sta 11 ta 11 eous state o f th e bina ry accumulator. Ali gates con 
nectecl to l,ina ri es in the ONE sta te a re open . while thosc 
connectecl to binaries in the ZERO state are closed. The se
lectecl conlrol pulse is th en tra nsmitted th rough the open 
gates to a specially cles igned recorcler C3 J where it ~roduc~ 
a pattern of dots. A dot indicates that the assoc1ated b1-
na rv is in the ONE statc; absence of a dot indicate that 
the ·associat ed bina ry is in the ZERO state. 

The print -out cont rol circui t automatically provide _for 
the rccorcl i ng o f seven successive periods after the pnnt
out scq uence ha been initia tecl ; a second se ries is re
corded a fte r a predetermined number of oscillations of the 
penclulum . 1 f th e total elapsecl l ime is known the average 
period fo r any number of S\\'Îngs may be obtained. In ad
diti on to it s instantaneous states, the nurnber of recycles 
of the bina ry accumulator mu st be fo uncl to dete rmine the 
elapsed time. A n approximate per iod may be obta inecl 
from the six indi vidual periods reco rcl ccl at the sta rt and 
fini sh o f each sequence with suffi cient accuracy to compute 
the nttmbcr o f recycles for any observa tion time up to ap
proxi rna tely 3500 second :;. For longer avera~ing times it 
is necessa rv to make a prelimina ry obse rvation o f about 
] 00 second~ clura ti on to obtain a sufficicntlv accu rate esti 
ma te of the periocl . 
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Fig. 2_ Schematics: top half-control and clock pu! e generator; 

bottom hal[-seleclor gate. 

The Photodetector System 

The purpose of the photodetector is to provide an exact 
electrical analog of the pendulum's motion . A bcarn of 
light which is reflected from a mirror on the pendulum is 
focused onto a difierential photocell. As the pendulum os
cillates, the beam plies back and forth acros the photocell 
o that the difference between the outputs from its two 

halves is a sinusoïdal voilage which is ynchronized with 
the pendulum's motion and whose amplitude is propor
tional to the pendulum's amplitude. The light beam is ad
justed to illuminate bath halve of the photocell equally 
when the pendulum is vertical o that the zero crossings 
of the output waveforrn coincide with the null position of 
the pendulum. 

In electing a suitable photocell, bath photo-voltaic and 
photo-conductive cells were evaluate<l under actual oper
ating conditions; the latter type proved to be unsuitable 
because of ib ext remely high 5ensiti\·ity to temperature. 
Al o, the use of photo-voltaic cell simplifies the elec
tronics because no bias current is required for their oper
ation. IIence, a matched pair of selenium photocell , mea
suring approximately ¾ by ¼ inch, has been chosen 
ior each photodetector. 

Photo rnltaic cell s may be operated in one of two 

111ocles, ci ther as a current or a voilage source. Operating 
the cell into a low impedance gives an improved tempera
ture stability and a linear respon e, but require an addi
tional impeclance matching tage which can give rise to 
ternperature drifts equivalent to those experienced when 
the photocell are operated into a high impeclance. A the 
clifferential photocell arrange111ent tends to reduce the 
effect of nonlinearitie in the photocell respon e, other 
factors such as 11onconfor111ity of the light beam introduce 
greater clepartures from lincar re,ponse than do the pho
tocells . As a strictly line;1r respon,e is tHll required and a. 
the photocells are locatccl in . ide the pendulum case, which 
is ternperature cont rollccl , the voltag mode of operation 
was chosen. 1\ commercial operational amplifier connected 
to each photodetector provides a gain of 150 with an input 
impedance of 10 000 ohm . A Schmitt trigger then con
vert~ the ;1111plified ignal to a rectangu lar wa\·e who e 
leading eclge coïncides with the po itive-going zero cros -
ing of the penclulum waveform . 

The Gating Circuits 

The contrai and clock pulse generator (Fig. 2) trans
forms the sinusoiclal output from the frequency Landard 
( 100 000 Hz ) into two 50 000-IIz rertangular wa, e · 
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Fig. 3. Print-out control schematic. For simplicity the coils and contacts of the relays and switches have been eparated into their in
dividual components. Cf refers to the second contact associated with relay L,; S' refers to the third contact associated with switch S,. 

wliich are exactly out of phase. The input signal is 
squared with a trigger module and then divided by two 
with a flip-flop module (F-1) to provide the dock pu] es. 
The second output from the flip-flop, which is out of 
pha e with the first, is u ed to trigger a monostable multi
vibrator ( M-1). The multivibrator, which is adj usted for 
a 10-second pulse width, generates the control pul e . 

The selector gate (Fig. 2) consist of a standard 
6-diode transmission gateC 1 l (de ignated G-102) along 
with other logic module . The photodetector signal acti
vates a flip-flop circuit (F-2) which controls the transmis-
ion gate. When the gate is open a control pulse is trans

mitted to the monostable multiYibrator ( l\I-2) which gener
ates a 100 µs pul e. This pulse is returned to the reset line 
of the flip-flop and closes the gate. Thus, a single control 
pu! e is selected for each posifo·e-going zero crossing of 
the pholodetector ' ignal. An cmitter follower ( Q 1 ) pro
vides the nece sary power to dri,·e the time gate "·hich con
si t of 15 type G-102 transmission gates connected in 
parallel; each gate is a sociated with a particular binary in 
the accumulator. 

Print-Out Control Circuit 

The purpose of the print-out control circuit (Fig. 3) is 
to permit the automatic recording of eYen uccessiYe pen-

dulum periods at preselected intervals during a gravity 
measurement. A pre et impul e counter (L1 ) equipped 
with electrical reset initiates the print-out sequence each 
time a predetermined number of pendulum oscillations 
has elap ed. The counter, which may be set at any nurn
ber between 0 and 10 000, counts backwards from this 
number ( say 3000) until 0 is reached. The pulse, which 
advances the counter from 1 to 0, closes a contact which 
re ets the counter to 3000 and slarts the recorder. The 
counter i driven from the photocell amplifier which is as
sociated with knife-edge 1 and, since the pendulum peri
ods are nearly identical, it totalizes the number of swings 
for both pendulums. 

Two 8-position wafer switches ( C/ and C, 2
) driven 

[;y the recorder motor ( L 5 ), control the application of prrn·er 
to the styli and chart drive mechanism. These switches are 
closed in positions 2 lo 8 inclusive and provide power for 
the recorder motor and styli circuits. In position 1 (stand 
by) the switches are open, clisabling the recorder until they 
are a(h·anced to position 2 by some external method. 

The output from the photoccll amplifier triggers !lrn 
monostable multivibrator~ (fil~ and J[ ,. ) connectecl inca'.-,
c:,de. In addition to clelaying the output of Jf3 by 300 m . . 
.li~ also controls the operation of the indicator lamp and the 
pri11t-out contrasl circuit associated \\·ith Q 1 . The negatiw 
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output from .1/2 turns on Q 1 , allowing the indicator larnp 
tn llash once for cach pcndulum period. C1 is charger! 
through R, and R ., while Q 1 is conducting. and the potential 
anos C 1 increascs until relay L e pull in and clisconnects 
the stylus power source. The dclay time and, hence, stylu 
current pulse width may be Yaried frorn 0 to 150 m by 
R 5 which proYide a convenient contrast contrai for the 
recorder p1·int -out. The inclicator lamp and R3 form a Yolt
agc diYider \\·hich in conjunction with the clamping diode 
(D 2 ) limit the potential across C1 to a maximum of 12 
mit in orcler to protect the relay coil from oYer-voltage. 
The output from !ll3 , a 50-m negatiYe pu! e which i gen
erated 300 ms after a pendulum null crossing, is applied to 
the impulse counter and recorder rnotor by means of Q2. 
The 300-ms delay provides sufficient time for bath pen
dulums to generate a print-out before the recording paper 
advances. 

The fi.r t requirement in preparing fo1· a gravity mea
surement is to re et the impulse counter, the binary accumu
lator, and the recorder motor to their zero or starting posi 
tions. When S1 is switched from stand-by to reset, power is 
applied to C5

1 through S,3 and, if the recorder rnotor is in 
any of the positions 2 to 8, it will autornatically step around 
to position zero when the pendulurns are swinging. S3 per
rnits manual operation of the recorder motor if required. 
\Vhen the recorder reaches po ition zero, C,,1 opens to pre
vent any further rnovernent. At the sarne titne L 3 ( counter 
reset coi!) and L 4 ( delay relay) are activated by S1

6 while 
Si1 (not shown) resets the binary accurnulator to zero. A 
capacitor ( C2 ), which is connectecl across L 4 , delays the 
opening of C/ for 1.5 seconds. The closing of C.1 permits 
the recorder motor to be advanced from po ition zero and 
the time delay assure that this contact remains closecl for 
at least one pendulum period. 

:\fter zero reset has been completed a gravity measure
ment is tarted by allowing S1 to return to the operate posi
tion. In orcler to pre\·ent a miscount during the start pro
cedure, S1 must be released when the print-out contrai cir
cuit is inactive. By ynchronizing his movements with the 
ffashing light, the operator may release S1 between two 
successive pendulum pulses. Thus power is supplied through 
S,C to the impulse counter which begins counting pendulum 
pul es and to C.1 which is closed for the first pendulum 
pu! e by virtue of the 1.5-second time delay. The first pen
dulum pulse acti\·ates L2 which ach·ances the recorder to 
position 2 and closes contacts C,1 and C/. C5

1 allows the 
recorder motor to continue operating a fte1· C. 1 opens while 
C.-.2 applies power to the styli circuits. The instantaneous 
time of the second zero crossing is printed out and the re
corder is advanced to its third position . This sequence con
tinue until even print-out have been obtained and the 
recorder motor ha returnecl to zero where it disable the 
recorder circuits. 

.\s the pendulums swing, the preset counter continues 
counting until it reache zero and contact Ci1 clo es to apply 
pmYer to L 3 and L 4 • C.1 close for 1.5 seconds so that L 2 

ma~· once again be actiYated and the recorder motor ad-

Yanced. Thu a print-out sequence i autornatically repeaterl 
each time the preset counter reache zero. 

.\CCURACY OF TIIE TIMIXG YSTElll 

Two serie of tests haYe been conducted to evaluate the 
performance of the timing y tem. The fi.r t serie u ed a 
imulated signal to measure the stability of the electronics 

( excluding photocell ) . The econd eries was intended to 
test the complete y tem including the pendulums and 
photocells. 

Series I Tests 

The fi.rst eries of te t were intended to simulate the 
output of the photocells with a signal of much greater ta
bility than that obtained with the pendulums. The genera
tion of a 1-Hz te t signal with a phase stability of about 
10 µs proved to be exceedingly difficult, and was not in fact 
achieYed. A method to utilize a les table test ignal by 
comparing the result from both channels proved to be 
atisfactory, however. 

The test signal, having an amplitude of 65 mV and a 
pcriod of 1.3 seconds wa generated by integrating the 
output from the last flip-flop in the binary accumulator. 
Although this signal had excellent long-term stability be
cause it was controlled by the frequency standard, it 
short-term stability left much to be desired. A sample of 
individual periods was measured with a Berkeley ( Mode! 
7161U) EPUT meter and found to have a standard devi
ation of 210 [J.S. 

The test signal was applied to both amplifiers connected 
in parallel and four 1200-period observations were made in 
exactly the same manner a for the pendulums. The in
st2.ntaneous f mes of _eyen successi"e zero crossings were 
recorcled for each channel at the tart and end of each in
terval. As well as the mean period, averaged over 1200 
oscillations, 12 individual period could be determined per 
channel for each observation. Each channel thus provided 
an inclependent obserYation of the cluration of indiviclual 
periods. The results of one of the four tests are shown in 
Table 1 and the strong correlation between the two chan
nels indicates that variations in indiYidual periods are bein(T 
measured. Similar re ults from a typical pendulum mea
surement al so recorded in Table I show no such correlation 
be,ause the inputs to each amplifier are derived from inde
rendent sources. Since cach channel yields an independent 
measurement of the same period, the differences in the 
rneasurecl periocls are due to the combined triggering error. 
of bath channels. The rm error computecl from the com
bined re ults of the four test was foull(l to be 106 µs. Since 
thi error is divided by the number of o cillations ( ) u ed 
in cleterrnining the mean period. and since the mean of seven 
such obserYation is used in the cletermination of the final 
result, the error in the mea ured period of the fictitious 
pendulum . due to triggering effect , i given by: a8 = 
106 X 10-6/N\17 . If N equal 3000, a8 equal 13 n , which 
is nearly one order of magnitude more precise than required. 

The mean periods for each of the four te ts are recorded 



:.IE \ l:RIXG PEXDl.:LC:.l PERIODS 1() 

TABLE I 

MEAS REME:-.T OF [:-;Dl\' IDUAL PERIODS 

Test Signal Pendulum-Generated ignals 

Amp-2 [DifT] 
Pend-! Pend-3 

[Diff] .\mp-1 ,\mp-1 .\mp-2 
(seconds) (seconds) (second ) (seconds) (seconds) ( econds) 

1.31040 1. 3 1032 0.00008 1 .0007-1 l .00098 0.0002-l 
1 .31110 1.3 1112 0.00002 1.00126 l .00080 0.00046 
1 .31066 1.3 1064 0 .00002 l .00024 l .00108 0.00084 
1 .3 1046 1.31048 0.00002 1.00088 1.00096 0.00008 
1.31102 1.31 104 0.00002 1.00158 1.00132 0 .00026 
1.31020 1.3 1008 0.000 12 1.00104 1 .00098 0.00006 
1 .31134 1.3 11 36 0.00002 0.99996 1.00100 0.00104 
l .31022 1.31024 0.00002 1 .00188 1.00042 0 .00146 
l .31104 1.31104 0.00000 1 .000 10 1 .00132 0.001 22 
1 .31052 1.3 1048 0 .00004 1.00046 1.00066 0.00020 
l .3 1080 1.31084 0.00004 1.00036 1 .00078 0.000!2 
1.31078 1.31078 0.00000 1 .00048 1 .00116 0.00068 

/ 
48 

L (diff) 2 

rms error = 11 m-'
48

• = 106 µS 

• For combined results of four te$ts. 

T ,\ BLE 11 

S MMARY OF TE T [ RESULTS 

.\m p 1 1 . .\mp 2 
Observa-

tion -
Xo. T (seconds) 

u , 
T (seconds) 

u, 
(ns) (ns) 

l 1 .3107201 2 250 1 .31072013 150 
2 1.3 1071998 320 1 .31071995 350 
3 1 .3 1072023 250 1.31072008 300 
-l 1.3 1072008 280 1.31072001 300 

:\ lean 1.3107201 seconds u~, 98 ns 

in Table II. The short-tenu stability ((;8 ) which is the 
tandard deviation of the seven observed periods a well as 

the standard deviation of the mean ( (r M) reflects the "j itter" 
in the test signal waveforrn . From the standard deviation 
of the individual periods ( 210 µs) the values of 

[ 
210 X lQ-6✓2] [ -J u, u. = ------ and <J'Jf uu = u,/v7 

1200 

may be estimated at approximately 260 and 100 ns, respec
tively. Since the measurecl value of (rM and (; 8 are in close 
agreement with those cstimated from the stability of the 
input waveform, it may be concluded that no sources of 
error, larger than approximately 10-1 second , contribute to 
the overall error le\'el. 

Series II Tests 

In the second series, one pair of penclulums, which was 
maintained under carefully controlled environmental con-

t Gianni Corporation trademark. 

<litions, wa u ed to generate te t signal . Thirty 3000-
seconcl obsen·ation \l'ere carried out during a three-month 
intenal. The fictitious periods, to \l'hich mali corrections 
for variations in amplitude and temperature had been ap
plied, were found to be normally distributed about the mean 
with a standard deviation of 600 ns. 

Pholocell Errors 

It will be noted that Series I tests excluded photocletec
tors while Series II included them. The increased noise 
level in Series II tests may be due to either the penclulums, 
the photocells, or a combination of both. Although no clear
cut method has been found to clistinguish between photo
cell- and pendulum-derivecl errors, there is some evidence 
to indicate that the photodetector are not contributing sig
ni ficantly to the noi e lev el. 

1) The use of different varieties of detectors, including 
photo-voltaic and photo-conductive cells as well as photo
pots, t riJ cloes not alter the noi e level. 

2) Increasing the illumination by a factor of two, there
by increasing the S/N ratio of the photodetector, has no 
effect. 

3) An analysis of pendulum results by Saito, r21 indi
cates that the stati tical distribution of pendulum periods 
is determined by random deformations of the pendulums 
themselves. 

CONCLUSIONS 

An electronic ystem bas been de,·eloped for measuring 
the fictitious period of two freely oscillating pendultm1s, 
averaged over 1200 periods, with an accuracy (-+-2 (r ) of 
-+-26 ns. A series of ob ervations with actual pendulums 
indicates that the period of the fictitious pendulum for a 
single observation with one pair of pendulums may be 
ascribed a standard deviation of 600 ns, for a 3000-second 
observation. This increased error level is believed to be 
due to either the instability of the pendulums themselves or 
to external causes uch as microseisms or knife-edge ef
fects, rather than to errors in the electronic timing system. 
As a complete gravity determination normally involves 12 
ob~ervations with each of six pendulum pairs the standard 
deviation of the final result will amount to approximately 
0.15 mGal. 
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