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specifications

1616 PRECISION CAPACITANCE BRIDGE

Capacitance measurement, 3-terminak  DECADES: 12,
RANGE: 0.1 aF to 1 pF (10-7 10 10 F). ACCURACY.* 2]0
ppm, when rost-significant decade is |, 10, or 100 pF per
step; otherwise, and at olher frequencies, accuracy is ®[60
ppm + {G.5 F 20 Cus) ) ppm -+ {Fae) aF L

Capacitance, 2-terminal: Same as above, excepl as follows.
RANGE: One additional decade, 1o 10 oF (10"t 10 F),
Conductance measurement, 3-terminal: DECADES: 5 {virlually
extended to 11 by G multiplier).  RANGE: 100 aS to 100 us
{10-" o 10-15).  ACCURACY:* 2(0.1% + 1 slep in least sig-
nificant decade). There is a small reduction in conduclance
accuracy al frequencies other than 1 kilz,  RESIUAL C
(across conduciance standards): =< 0.03 pF).

Conductance, 2-terminak Same as above, excepl as follows;
RANGE: One additional decade, to 1000 ps {10 to 10 §).
Multipliers: FOR 3-TERM: X1, X10; FOR Z.TERM: X1, X10,
X100; atiect both C and G. FOR CONDUCTANCE ONLY: X1,
X107, . ., X100t {7 posilions). Effects of these muilipliers
arg included in the specified ranges.

Frequency: 10 Hz to 100 kHz.

Standards: CAPACITANCE: Air dielectric wilh TC < 440
ppm/ "G and D <10 ppm lor 7 lowest decades; Invart, air di-
electric with TC of -1 3 =] ppm/ "C and © <10 ppm for 3 mid-
dle decades; mica dieleclric with TC of 20 =10 ppm{ °C and
D <200 ppm for 2 highesl decades.  ADJUSTMENTS for il
capacitance standards available through key-locked door on
panel, THERMAL LAG: C stendards for firsi 8 decades
mourded in an insulsied compartment with a thermal tlime

~constant of 6 h (time required for compartment inlerior 1o
reach 63% of ambient change).
resistors in T nelworks with small phase angles,

CONDUCTANCE: Metal-filim

Comparison; Terminals provided to connect external standard
{or comparison measurements; 13-position panel switch mulli-
plies standard by ~0.1, 0. . +1. ;
Input: The smaller of 160 f.,.. or 350V rms can be applied o
the bridge transformer at the GENERATOR terminal without
wavelorm distortion; 500 V rms max, depending on conduc:
tance range, when GENERATOR and DETECTOR connections
are interchanged.

nterface: GOOO locking coaxial connecior on panel 1o connect 2-
terminal unknowns, 'GB74  Jocking  coaxial  connectors on

panel to connect 3-lerminal unknowns and 2 to connect axlamat
standard, DATA QUTPUT: BO-phn and 36-pintype B7 connectors on
rear provide connection to 8-4-2-1 weighted 8CD contacts{raated at
8 Y, 1 A} on each switch for capacitance and conductance values
respectively.

OSCILLATOR and DETECTOR: Connpect io rear BMNC con-
neciors.

Required: OSCILLATOR: GR 1316 recommended, DETECTOR:
GR 1238 recommended. The 1616 Bridge is availalle with
this ascillator and detector as the 1621 Capacitance-Measur-
ing Assemidy,

Available: 1316 OSCILLATOR, 1238 DETECTOR and & broad line
of capacitance standards,

Mechanical: Bench or rack model.  DIMENSIONS {wxhxd):
Bench, 19.75213.81x12.88 in. (502x351x327 mm); rack, 19x
12.22x10.56 in. (4B3x310x268 mm). WEIGHT: Bench, 57 b
(26 kg) net, 69 b (32 kg) shipping; rack, 49 b {23 kg) net,
61 1b {28 kg) shipping.

*Accwpoy for these condilions: Frequancy, 1 kHz, except s noted; teniparatire,

237 & 17 € humidity, <80% RIL See manus! lor detailed socuracy analysis,

t Negisterad trademark of the Carpenter Steet Co.
GO0 and G874 — Gilben Engineering, Glendale, Arizena BB3M

Calalog

Descriplion I'turnber

1616 Precision Capacitance Bridge
Bench Model
ack Model

16169700
16163701

1621 PRECISION
CAPACITANCE-MEASUREMENT SYSTEM

Internal Temparature: O standards in bridge, sbout 1740 above
ambient; for ullimate accuracy, allow 24 hrs 1o stabilize with ac
Prower Oofn

Freguency: 10 Hz to 100 kHz,

Supplied: 1616 Precision Capacitance Bridge, 1316 Oscitlator,
1238 Detector, all necessary interconnection cables, and
power cord. - )
Available: 1404 REFERENCE STANDARD CAPACITORS (10 pkF,
100 pF, and 1000 pF} for calibration.

L Power: 100 to 125 and 200 10 250V, 5010 60 717, BT W,

www.valuetronics.com

Mechanical: Bench or rack models, DIMENSIONS {wxhxd):
Bench, 19.75x24.25x15 in. (502x616x381 mm); rack, 19x
20.91x11.44 in, (483x531x29] mm). WEIGHT: Bench, 105
Ib (48 kg} nel, 140 b (64 kg) shipping; rack, 90 b {41 kg
net. 125 1b {57 kg) shipping.

Description Catatog viumber

1621 Precision Capacitance-Measurement System

Banch Mode!, §0-Hz 16219701

Rack Model, 60 Hz igg}g;gg
sl S5(aM .

Bench Modet, 5G-Hz LS

Rack Meodel, 50-Hz

vii




Condensed Operating lnstructions

AN

WARNING

Dangerous voltages may be present at the terminals of this

instrument, To

reduce the risk of electric shock, turn the

voltage source to O’ before connecting or disconnecting
device under test

CAUTION

Be sure the line-voltage switches on Oscillator
and Detector rear panels are properly set for

the available power,

TUNING AND PHASE ADJUSTMENT.

a, Set the controls as follows.
POWER : ON {up} oscillator and

detector

FREQUENCY SELECTORS: as desired or 1.01kHz

Cscillator o RANGE 16V

Fo ADJUST. MAX

Datector TIME CONSTANT: 0.1s
PUSH BUTTONS: both out
IN-PHASE FINE ADJUST: midran
QUAD FINE ADJUST: midrange
PHASE SHIFT {inner knobj: 180
SENSITIVITY: full on {ow)
Bridge TERM SELECTOR: CAL
EXT MULT. OFF

(First lhree digits masked)

b. Fine 1une oscillator to detector

ge

deg

G lovers X G Mult: OuS 0000 nS X 107
C'levers: 05 pF 00C F 000. U af

GAIN: 30db (or keep MAGNITUDE on scale}

frequency {peak on

MAGNITUDE meter). {Note 3id osc dial is continuous},

o Reset C lavers 1o 00 pf 000 fF 600 . 0 afF

Read just C levers for MAGNITUDE of 20-40

%
| Resel GAIN to 100db
i
t
I

d. Using PHASE SHIFT {large knob)
meter 1o 7ero.

bring GUADRATURE

| Reset C levers for MAGNITUDE of 80-100. reset 26i0

NOTE

o Reset C levers to all zeros.

2ero,

3. TERMINAL MEASUREMENT.

tors (HIGH, LOW) of 3-term Cy

al; shiekd at least the LOW ane.
excluded from the measurement.}

www.valuetronics.com

using PHASE SHIFT first and then QUAD FINE ADJUST.

Keep MAGNITUDE meter on scate for correct
phase indication; other meters may be off scale.

Adjust G levers for MAGNITUDE of 80-100C.
Using only IN-PHASE FINE ADJ. set IN PHASE meter to

a Connect unknown capacitor hetween inner conduc-

port, shield to outer

conductor of either or both connectors. Cables are option-

{Cabie capacitance is

vit

b. Set TERM, SELECTOR to upper X1 position unless
C, is larger than 1 nfF (1000 pF), then use X190, if appro-
priate, raiss C-MAX lever.

o Set © and G levers to approximate valuss of C and
G, {parallel components of "unknown’},

¢ With GAIN control keep MAGNITUDE indication on
scate. Turn SENSITIVITY and TIME CONSTANT cw, if
required 1o achieve final balance {below]. For best resoiu-
tion, increase £, RANGE to 180 V.

CAUTION
Do not exceed either 350 V rms or 0.16 f volts
(example: 16 V at 100 Hz) in normal configura-
tion,

o. Refine the balance, laft-to-right with C levers, bringing
IN PHASE meter toward zero until the G error predomin-
ates. Then continue with G levers, bringing QUAD meter
toward zero until the C error predominates. Repeat step e
until balance reaches the resolution you need.

2 TERMINAL MEASUREMENT.

a Set TERMINAL SELECTOR to right X1 position
unless C,, is larger than 1 nF, then use X100, Raise C-MAX
lever, if appropriate.

b. Set readout to vatug of fringing capacitance of 2-ter-
rinal port, e, ** nF *00 pF 115 fF 000.0 aF, 0 uS 200.0
nS ¥ 1%, if you selected X1 in step a. H X10 or X100,
sal C probortionaily smaller (11.5 fF or 1.156 fF, respec:
tively).

c. Balance the bridge with ZERO ADJUST.

d. Connect unknown capacitor 1o the Z-TERM C, port
outer shell — ungrounded — to cuter conductor of connec-
tor, inner {shielded) terminal to inner conductor,

e. Progead as before — steps, ¢, d, e of the 3-terminal
instructions.

FURTHER INFORMATION.
Refer 1o the Table of Contents.
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1621 Precision Capacitance-Measuremant System

i GenRad

WARRANTY

wWe warrant Ibat i product is frae from dofects In materal and worknnaiig snd,
vien properdy vaed, wii parform b secerdanes with Oonflad' 4 upphoabla publshod
aneciiications. 1f within one{i} year altor arigiral whiprrant It te fourld pot o moel
s alandard, i whl ba repakod or a1 the optlon of GooRad, roplscwd at ne thargn
whan telurned to 8 Genflad sorvice faciily,

CHANGES 1N TH# PROGUCT NOT APPROVED BY GEMRAD SHALL VOID
THIS WARRANTY
GENTAG SHALL NG T SE LJABLE FOILANY IMDIRECT SPECIAL, O COMSE-

OUENTIAL DAMAGES, EVEN F NDTICE HAS REEN QIVEN OF THE POSSI-
ALY OF SUCH DAMABES

T8 WARDANTY IS 1M LIEY OF ALL OTHER WANIANTIES, EXPRESS OR
IAELIED, INCLUDING, BUT HOT UMIED TO ANY IMPLIED WARRANYY OF
MEACHANTABLITY OR FITHESS FOR A PARTICULAR PURPOSE .

SERVICE POLICY

Your local GenRad office or representative witl assist you in all matters relating to
product maintenance. such as calibration, repait, replacement parts and service
contracts.

i GenRad policy is to maintain product repair Gapability for a period of five {5} years
after tha unit goas oul of production and to make this capability
svallable at tha then pravailing schadule of charges.

/
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Introduction—Section 1

1.1 PURPOSE |
1.2 DESCRIPTHIN

1.3 CONTROLS, INDICATORS, AND C(}NNE(‘)T(')R;S,: 1.3

1.4 ACCESSORIES .

1.1 PURPOSE.

The 1621 Capacitance-Measurement bSystern is designed
for the precise measurement of capacitors and capacitance
standards. tn the standards laboratory, is high resolution
for capacitance and conductance make this system well
suited for capacitance standards measureiments. s phase-
indicating error meters facilitate rapid balsncing. Conven-
it in-line readout maximizes accuracy of manual data
recording and BCD outputs are provided for automatic dala
processing.

The 1621 systemn measures elther Ferminal or 2-termi-
nal capacitors, The transformer-ratio-arm circuitry of the
bridge assures that 3-terminal measurements cai be made
accurately, even in the presence of large cap'ac'itances o
ground, For instance, a ground capacitance of 1 uF
produces an error of only 0.03% in the measurement of
1000-pF capacitor. This feature makes the assembly very
useful for in situ measurements of ungrounded circuit
capacitances.

the 1616 Precision Capacitance Bridge, one of the 3
instrumants in that system, may be olxtained separately.
The bridge will perform as described herein, if usad with an
osciliator and detector equivalent to the GJR 1316 and
1238.

NOTE

This manual describes the 1621 system generat-
ly and provides its operating instructions. This
manual alse describes in detadl the 1616 bridge
only,

A wide range of capacitances can be measured, extend-
ing from the resolution Hmit of 0.1 aff {107pF) to a
maximum of 10 pf, with internal stanciards, or farther with
axternal standards. For I-terminal unknown capacitors, a

www.valuetronics.com
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pair of coaxial lerminals is provided; for 2-tarminal coaxial
“unknowns,”” a single precision connector facilitates exact-
ing control of fringing effects.

Since an. impartant use of this bridge is the comparison
of capacitance standards, another pair of coaxial terminals
is provided on the bridge to which a 3-terminal reference
standard can be connecled and designated EXTERNAL
STANDARD. The other standard is then connecled to the
solected UNKNOWN terminals, and the internal standards
are used 1o complete the balance. 1§ the ratio betwesen the
two standards is close to 0.1, 1., or 10, the accuracy of the
moasurernent is equal to the accuracy of calibration of the
reference standard, and the precision of comparison is 1
part in 10% (0.01 ppm} of a 10-pF capacitor {or even better
for larger ones).

1.2 DESCRIPTION, Figure 1-1.

1.2.1 General.

The 1621 Precision Capacitance-Measurernent System
consists of the 1616 Precision Capacitance Bridge with the
1316 Oscillator and the 1238 Detactor, a complete system
for the precise measurement of capacitance.

Oscillator and detector are mounted above the bridge, in
a pedestal cabinel, as pictured in the fronl pages tand
Figure 1-2); or the three instruments may he rack mounied.
Connecting cables, supplied, go neatlly behind the assernbly.
An elementary system diagram is given in Fijure 1-1.

1.2.2 Bridge Circuit,

The ratio arms of the bridge are trangiormer windings,
tapped on the standard side in decimal sleps (—1, 0, %,
9 .9 X) and on the unknown side in decade steps
(X100, X10, X1). Separste, fixed-capacitance standards are
used. whose values range in decade steps rom 1 aF to 100
AF. This eombination af internal standards and transformer

INTRODUCTION 1.1
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ratios makes possible the wide measurement range of 1 to
1054

tass in the measured capacilor is gxpressed s paralled
conduciance from the resolution dimit of 0.1 IS 1o a
maximum of 1 mS a measerement range of 110 1013, The
values of the set of & conductance siandards are effectively
extended by series resistance standards, in G decade steps
(X1...X108),

AEADOUT

EGH !
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CAPACITOR]™

=
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i;a.ow
Ak o=
o) - INTERNAL  § STAMDARDS R
o e o e I Y . 3
1 = .
: —

136

© GH
OSCILLATOR

CAPAGITANGE LEVER SWITCHES

156 0b

Figurs 1-1. Elementary diagram, 1621 Precision Ca-
pacitance-rv!easurement System — GR 1616 hridge
with 1316 Oscillator and 1238 Detector. Conduetance
circuitry is omitted.

1.2.3 Standards.

Internal capacilance standards are of 4 types. The 3
ransl stable capacitors, made with invar® steel, have
temperature coefficients ahout 3 npn per °C,and the next
3 smaller capacitors (also invar}, about 20 ppm per °C.
Their nitrogen diglectric is hermetically enclosed to assure
independence Trom effects of changing atrnospheric pres
sure and humidity. The 2 largest standards, of sealed,
tow-Toss mica construction, and the 4 smallest, being open
sir-dielectric  capacitors, have termperature  coefficients
about 20 ppm per °C.

The set of 6 favar and 2 mica slandard capacitors are
well insulated from the envirgnment, the thermal time
constant being 6 hours. 50 the bridgs is remarkably
insensitive to Huctuations of environmental temperature
caused, for example, by a cycling air conditivner or the
maovement of personnet,

1.2.4 Osciliator.

The 1316 Oscillator, developed for the 1621 system, isa
convenient, stable, powerful source. Set ihe b in-line decads
frequency dials anywhere between 10 Wz and 100 kHz, and

1-2 INTRODUCTION
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you are sure of [requency within 1%, Alter warmup the
froquency stability is typicatly within *G.001% for 3 few
minutes. Set the level as desired, up to 1.6 Winto a wide
range of load impedances {0.25 £ 10 2.6 k§2) with the help .
of the front-panel meter {reading 0.1 to 125 V} and you are 4
sure of a pure and constant output signal. 1ts level varies
loss then £2% with tuning: its distortion romains less than
0.4% over 3 decades of Irequency and from open 10
short-circuit loading,

Auxiliary outputls are provided, both in-phase  and
auadrature, for detector references. These signals are
comparabie in quality with the main output. The level of
pach auxiliary output signal is about 1.2V rms, driving the
minimum recommended load impedance of 47 k& The
phase separalion between them is typically 87 to 90°,
except below b0 Hz it may he a few dogrees less. (FINE
ADJUST controls on the 1238 Detecior panel enable you
10 establish the desired quadrature phase i the detector.)

With the synchronizing circuit you can conveniently
lock this osciliator 10 a more stabie source or provide sync
to a scope, counter, or another oscillator.

NOTE
For more details aboul the 1316 Oscillator,
refer to Hs instruction manual.

1.2.5 Detector.

The 1238 Detector, also developed for the 1621 system,
complements the oscitlator and bridge with cenvenience
and sensitivity. Set the frequency dials to match those of
the oscillator, or select the flat response characteristic. Set
the gain as required; you can have full-scale readout for any
bridge error {rom 70 nV (tuned response} to 400 my
{(FLAT) — arange of 135 dB. Yel the instrument is frrumne
from damage by signais as large as 200 V, at any gain
seiting.

Watch ihe in-phase and quadrature meters as you
halance the bridge, they indicate conveniently whether 1o
adjust € or G next, and whether {0 increase of decrease the
weighting. (Convenient phase adjustments enable you o
compensale for any phase shift {0-360°) through bridge,
cables, and filter and 1o sei the 2 phase-detector references
exactly in guadralure.)

iy addition to filter tuning, gain, and phase, front-panet
controls select linear vs 20-dB-compressed response, rejec-
tion of power-line frequency components, and meter time
constants from 0.1 to 108,

:E-\M;;%;_t;r—eg“;;demark of the Carpenter Steel Co., Reading, Pa.



NOTE

For more details sbout the 1238 Detector, refer
1o its instruction manual.

1.3 CONTROLS, INDICATORS, AND CONNECTORS,

Figures 1-2 and 1-3 Hlustrate the instrument systern, front
and rear. Tables 1-1 and 1-2 further describe the individual
controls, indicators, and connsctors.

1.4 ACCESSORIES.

Table 1-3 lists the accessories supplied wilh the 1621
Precision Capacitance Measurement System.  Power cords
are supplied for the 2 instruments that use them, Rack
mounting hardware is also supplied with the system, if it is
the "rack” wversion,  For mounting refer to paragraph 2.5,

24
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Figure 1-2 Front-panel controls, indicators, and connectors of the
1g2% Provision Capacitanca-Measutemem Systam.
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Fig. 1-2
{tpm

Tabte 1-1

FRONT-PANEL CONTROLS, INDICATORS, AND CONNECTORS

Name

Daescription

Oscillator

i

POWER swilch

FREQUENCY
selecior

FREGUENCY
range switch
QUTPUT - VOL-
TAGE RANGE
switch

Voltmeter

QuUTPUT
ADJUST

Detector, Right Side

7

10

11

12

13

14

TIME
CONSTANT

IN-PHASE
mater

FINE ADJUST
{IN-PHASE)

PHASE SHIFT
{smatier knobl

PHASE SHIF
(arger knobs}

FINE ADJUSE

(CQUADRATURE])

QUADRATURE

SENSITIVITY
control

Togghe switch, down position:
QFF.

Set of 2 rotary switches with
decimal steps, 0 ... 9, and 1
stepless pot with similar
calibration and detent at 0.
IHuminatied decimal points.

Rotary switeh with 4 posi-
tions: Mz, Hz, kM2, ki

Rotary switch with B posi-
tions: 1.5, 5.0, 16.0, 50.0,
150,

Ac meter with 0-50 and 0-15
scales: has mechanical zero-
adiustment screw,

Stepless rotary potwith limits
Jabeled & and MAX.

Rotary switch with b posi-
fions: 0.1,0.3, 1,3, 10
SECONDS.

Zerp center meter graduaied
50-0-50; has mechanical zero-
adiustment screw.

Stepless rotary pot,

Iotary switch with 4 posi-
tions: 07, 90°, 1807, 2707

Stepless rotary vontrol, call-
Drated -50° 1o +50°,

Siepless rotary pot

Zoro-center meler graduated
50-0-50; has mechanical zero-
adjustment screw,

Steploss rotary pot.

3.
Fungtion @

Turns oscillalor on and off.

Selects and indicates frequency, a 3-digit numbser,
Decimal-point illumination serves as piot light.

Selects o lrequency range, indlicales unils, and
controls iluminated decimal point in itam 2.

Selacts oulput-voitage range and inclicates fuli-
scale meter range litem B Simultaneously
switches the oulput impedance from 0268
10 2.5 k§2 in decade steps.

Indicates output terminal voltage, in ranges
selected by item 4, '

Conlrols output level in the range selected
by itern 4.

Contrels the smaothing lintegration) of ‘@,_
detected signals and hence, effectively, the :
meter damping.

Indication of one component of bridge error
signial, such as the C component.

Adjusts phase of item-§ reference so the
quadrature component is vejected {a fine
adjustrmant).

Selects phase shift in coarse steps, supplemented
by iemns 9, 11, 12,

Shifis phase-delector refarences; set 50 thati near-
hy melers {items 8, 13} respond independently
1o Cand G error.

Addjusts phase of itern -13 reference so the in-
phase component is rejected {a fine arfjustiment).

Indication of one component of hridye error
signal, such as the G component.

Fine gain control; use it o keep INPHASE
and OUADRATURE meters reading on seale
(does not affect MAGNITUDE meter). .

1-4 INTRODUCTION
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Table 1-1 {Cont)

FRONT-PANEL CONTROLS, INDICATORS, AND CONNECTORS

Fig. 1-2
tem MName Description Function
Bridge

15 3 | . : ; .

2 Ground Socket for banana plug. Direct connection to master ground (elucirical
midpoint of ratio transformer} and chassis.

HE ?-TERMENAL GBO0 precision coaxial Connection for Z-terminal "unknown™ capacitor,
VJ.NKI\IOWE\E conneclor. Note: Nefther terminal may be connected direcliy
port 1o gnd (item 15}; outer = high; inner = low (Fig. -1,

17 3 TERMINAL Pair of G874 coaxial Connection for 3-terminal “unknown'™ capacitor.
UNKNOWN port | connectors, LOW and HIGH. Note outler shields are tied 1o master gnd (item 15},

18 E‘XTEHNAL, Pair of G274 coaxial Connection for 3-terminal external stendard capaci-
STANDARD connectors, identified as tor for special measurements, comparisons, of range
port HIGH and LOW. exiension,

19 ZERO Stepless 10-turn pot. Capacitance oflset adjustment. Range: a few aF in
ADJUST CAL or 3-TERM positions of item 20, 3, 3, and G0 p

{respectively) in 2-TERM X1, X 10, and X100 positions,

20 TERMINAL Rotary switch with 6 posi- Selects which UNKNOWN port {iterns 16, 17)
SELECTOR tigns: 3 TERMINAL {X10, connects 1o the bridge, or neither (CAL position],
(READOQUT X113 CAL 2 TERMINAL grounds the terminals of each port not so con-
MULTIPLIER} (X100, X10, X1} nected. Selects the READOUT MULTIPLIER -

apply i1 to both Cand G.

21 EXT Relary switch with 13 posi- Gives any exlernal standard {at e, 18) one of 12
MULTIPLIER tions: OFF--0.1,0,0.1 ... 1.0 weights (inciuding zero} or disconnucts that port
switch from the bridge and grounds both terminals.

22 CONDUCTANCE | Lever switch with 7 positions Gives the conductance standards an additional
rmuitiplier tever identified as: X1 ... X108, set of mullipliers.

23 CONDUCTANCE | Set of 6 lever switches, each Determines effective value of internal conduct-
standards 12-position with readout ance standards, atong with ilems 20, 22, Note:
levers indicater: -1, 0,1 ...9, X, Ist al G batance, unknown = (readout X CONDUCT-

cigit, u8 naxt 3 digits, ns; ANCE multiplier + ext std G X EX1 MULTY X
READOUT MULTIPLIER.

24 CAPACITANCE Sel of 12 lever switches, each Daterminegs elfective value af internal capacitance
siandards 12-position with readout slandards, along with item 200 Notet at C bal-
fovers indicator: 1,0, 1 ...9, X, 1st ance, unknown = (readout + ext sl CHXEXTY

7 digits, nf"; then in blocks of MULT) X READOUT MULTIFLIER.
a0pE, MR, aF,

75 CMAX Lever switch with 4 positions, Allows insertion or Temoval of first 1, 2, or 3
switch Up, no eflect; down, shullars (largest) standard capacitors from bridge. Lach is

aver Tst 3 capacitance digits, removed when a shulter covers its indicator. Note:

cumulatively in 3 steps. removal of large standards not usedd serves (o re-
duce capacitive loading across detector {for best
sensitivity); setting item 24 to zero does nol.

26 C-standards Set of 12 screwdriver adjust- To rim or aciust internal C standards if necessary.

trivemiers

w.valuetronics.com

ments fidden behind a smatl
panet; labels: 100 nE o 1al,

Labels indicate nominat X1 weight of corres-
panding standard when its switch is up lreadout = X
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Fig. 1-2
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Table 1-1 {Cont)

FRONT-PANEL CONTROLS, INDICATORS, AND CONNECTORS

Name

Doscription

Function

27

Detector, Left Side

28

29

C-standards
trimmers jock

MAGNITUDE
mneter

GAIN, dB

COMPRESSION

LINE
REJECTION

bock with keys.

Meter, calibrated O Lo 100;
has mechanical zero-adjust-
menl screwy.

Step alienuator, 12 positions,

0 ... 130dB.

Push-button switch (push to
engage, push again 1o re-
lease}.

Push-button switch {push to
engage, push again to re-
leasa),

Secures the small panel over item 26 to preserve its
adjustments.

indication of bridge-error-signat fevel.

Coarse gain control; use it 10 keep MAGNITUDE
meler reading on scale.

Qut: linear response, Tull gain. In: comprassed res
ponse, 20-dB-larger signat can be handled with
meters on scale.

Out normat. in: 40-dB attenuation of line-frequency
component in bridge error signai. (Circuit can be
adapted for 60 or 50 Hz.)

32 Fraguency- Rotary switch with B posk- Selects broad-band characteristic or frequency
‘ range tions: FLAT, Hz, Hz, kHz, range of tuned responso indlicating the units and
; switch - kHz. controlling the decimal point in item 34.
\!' 33 POWER Toggle sv\'fiﬂ’t'ch, up: ON; down: Turns detector on and off.
P switch OFF.
34 FREQUENCY Set of 3 rolary swilches with Selects and indicates frequency lo which detector
seleclor decimat steps, 0 ... 10. Hlumi- is tuned {unless item 32 says FLAT), Deciimalmpoint
natad decimal points, iHurnination serves as pitot light.
Tabie 1-2
REAR-PANEL CONTROLS AND CONMECTORS
Fig. 1-3
1tem Name Deascription Function
Oscillator
iR GUADRATURE BN jack " Provides a reference output, 80° leading the
REFERENCE “inephase” reference, at 1.3V open cireuit
QuUTPUT {connect to item 2111,
2R IN-PHASE BNC jack? Provides the other reference oulput, al the same
REFERENCE tevel. Approx in phase with item 41, fconnect
:; QUTPUT 10 itern 20R}.

| 16 INTRODUCTION
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Table 1-2 (cont)
REAR PANEL CONTROLS AND CONNECTORS

Fig. 1-3
) item Mame Deseription Function
! 3R EXT SYNC BNC jack* Use for synchronization, if desired. As an input,
tock range is £2%/V rms, up te 10 V. Asan
output: 8.3 V behind 27 k§1.
f 48 POWER BMNC jack ™ Main cutput, up to 1.6 W max, may be 125 V
QuUTPUT open circuit or BA short circuit {connect to
itern 130},
H5R 8/10 AMP Fuse in extractor post Protection against damage from short cireuit,
fuse holder
mn it 3R aty 511 G

~BR

9

10

TR

[

=

i

S DY

PR KL

P4t

ALH

d iines indicate cable connections.

Figure 1-3. Biear-panel controls, connectors, and cables, Dashe

INTRODUCTION 17
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Tabie 1-2 {Cont}

REAR-PANEL CONTROLS AND CONNECTORS

Fig. 1-3
ltem RMame Description Funetion
6R i,if.]e—voltage Slide switch {labeled B0G-60 Accomodates power supply to either range of
switch Hz} 2 positions: 100-1256 v, line voltages.
200-260 V.
7R Power plug 3 pin power plug Connects from power line and garth ground.
Detector, Left Side
aR 1/2 AMP Fuse in extractor-post Protection against damage from short circuit,
fuse holder
oR Linevoltage Slide switch {labeled 50-60 Accomodales power supply to either range of
switch Hz) 2 positions: 100-126 v, line voitages.
200-260 V.
10R Power plug 3-pin powar plug. t Connects from power line and earth ground.
11R ODC-METER 5-pin sockat, Outputs for remote metering: all 3 meter circuits
QUTPUTS included,
12R INPUT SIGNAL BNC jack.* Main input to be detected {connect from item 14R},
Bridge and Cables
13R GENERATOR BNC jack.® “input port for audio-frequency power 1o bridge
INPUT eircuitry. Connect from item 4R,
148 DETECTOR BNC jack.* Cutput port Tor bridge error signal (unbalance}.
QUTPUT Connect to Htem 12R.
15R 0776-2020 BNC patch cord Iriterconnect items 413, 13R.A
16R 0776-2040 BNC pateh cord Connect items 1R to 218, 2R 10 208 4.
81615200 8NC patch cord (red band) Connect iterns 128 to 141 A
17R BCD 36-pin socket Indicates in BCD code to external instruments the
CONDUCTANCE CONDUCTANCE -readout and CONDUCTANCE-
QUTPUT multiplier vatues {items 22, 23) and the position of
the TERMINAL SELECTOR {READOQUT MULTH-
FLIER) switch (item 20).4
18R BCO B0-pin socket Indicates simitarly the CAPACITANCE readout, ie.,
CAPACITANCE the positions of tha levers of iterns 24 and 254
QUTPUT
Detector, Right Side
19R AMPLIFIER BNC jack” Output for remote instrumentation; ac voltage.
OUTPUT
Z0R IN-PHASE BNC fack* Input reference for phase-sensitive detectors;
REF INPUT required lavel > 1V rms,
21R QUADRATURE BNC jack* tnput like 18R except leading that by 90°,
REFERENCE
INPUT

*BNC jack accepts Amphenol "HHCY plug or mifitary connector no. UG-88/Y,

ARefer to para. 2.8,
t Hafer to note, pg. 1-12.

1-8 INTRODUCTION
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Table 1-3
ACCESSORIES SUPPLIED WITH THE 1621 SYSTEM

GR Catalog Mo,

Name Description or Function {Tyne)
Power | 3-wire AWG number 18 type SVT cable, rated at 7A, 4220-0229
cord 230 V. The connectors, designed for 125V aperation, conform to the Standard {or

Grounding Type Atlachment Plug Caps and Receptacies, ANS| C73.1 1-1963.

Length: 7 f1. 2 required {1 aach for oscillator and detscior}.
Patch Shietded cable with BNC plugs, see para. 2.8;
cords fength 15 in, (Zreq’d) . . . . . L 0776-2040

fength 24 in. (1 req’d) e 0776-2020

tength 15 in., double shielded, red banded 1 req’d) . . . . . . . . . 8161-6200
Plug To fit DC METER QUTPUTS socket; pins: B (Amphenot 126-217} 4220-5401
Cap Plastic dust cover for GB00  connector 0900-7190

INTRODUCTION 1.9
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Figure 2.1. Dimensions of the bench models,
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SYSTEM

368.3 enm {14.5 in.)
202.1 mm {115 in.)
3327 mem {13.1 in)
405 mm {1.8 in.}
576.6 mm (22,7 in}

END VIEW

Figure 2-2. Dimensions of the rack models,

246,86 mm {11.6 inj
3247 mm {12.9in.)
a2 mm {13.0ind
350.5 mm {13.8 in}

1616
BRIDGE
358.3 mm {14.5 in.)
269.2 mm {106 inl)
300.9 mm (12.2 in.}
40.6 mm {1.6in)
209.9 mm {12.2 in))
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2.1 GENERAL.

The 1621 Precision Capacitance Measurernant System,
or the 1616 Bridyge alone, is available for either bench use
or for instailation in an EIA Standard BS-310 19-in, relay
rack with universal hole spacing. Appropriate cabinet and
hardware seis are available for conversion of a bench modet
for rack instaliation or vice versa,

Locate the instrument for convenience of opseration and
in a suitable environment. Avoid blocking the flow of air
through the vents. Some open bench asea, to the tight or in
front of the bridge, should be provided,

NOTE

If you assemble a 1621 System from separate
instruments, either install them in the
4177-2621 cabinet or consult GenRad
about the need for a magnetic shield between
bridge and delector, if you convert a 1621
from bench to rack, transfer the magnetic
shield.

2.2 DIMENSIONS.

The dimensions of bench and relay-rack models of the
system and of the bridge are given in Figures 21 and 2-2.

2.3 ENVIRONMENT.

The systern is desighed to operate in standards {aborato-
ries, in which the environment i typicelly very well
controlled. All specifications are valid over a temperature
range of 22.24°C. Storage range is —20 to +70°C.

2.4 BENCH MODELS.
2.4.1 Cabinet Hemoval.
To remove the bench-model cabinat, first stand the
systam {or instrument} in the normal, horizontal position,
free of all cables, and proceed as follows:
a. Remove the 4 dresspanal screws tA) aocessible
through hotes in the handles of each inslrument.

Figure 2-3.

REAR COVER

b, Withdraw each
cabinet,

instrument forward, out of the

2.4.2 Conversion for Rack Mounting.

To convert a banch instrument for rack mounting,
exchange the cabinet and install appropriate hardware, as
foltows:

a. Obtain the appropriate Rack-Mounting Cabinets, as
described In Table 2-1, from Gen Rad,

b. Obtain, optionally, a Bracket Set (Tabie 2-1) for each
cabinet. Brackels are especially recommended for heavy
instruments, which nesd support from the rear raii of the
rack.

Table 2-1

AACK-MOUNTING CABINETS AND
BRACKETS FOR 1621 SYSTEM

Quan-
tity Description Part No,
11 Rack-mounting cabinet {for oscillator). | 4174-3240
11 Rack-mounting cabinet {for detector). | 41743624
11 Rack-mounting cabinet {for bridge}. 4174-3627
7| Sets of rear-support brackets and 4174-2007
screws (1 for each instrument).

. Ramove the cabinet, as in paragraph 2.4.1,

d. Remove the rear covar from the bench cabinet, with
screws B, Figure 2-3], for later installation on the rack
cabinet,

e, Procesd with the rack installation, skip to paragraph
2582, step b.

2.5 RACK MODELS.
2.5.1 General.

Fach rack model comes completely assembled in a
suitabie metal cabinat, which is designed 10 stay semi-per-
manently in a rack. Each instrument can be drawn forward
on exlending tracks for access with support, oF {with a lift}

BENGH-DABINET
MBLY

fASSE 8

INSTRUMENT

— FRONT
PANEL

PANEL
SCREWS
A

SLIDE A
BLOCKS e

Figure 2-3. Bench -cabinat installation,

2.2 INSTALLATION
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RACK- CABINET
ASSEMBLY

IHSTRUMENT

ey
SLIDE
TRACK  BLOCKS
{EXTENDED,
FIp R

Figure 2-4, Rack-cabinet instaliation,

withdrawn completely. The cabinets listed in Tabie 2-1 are
all includad with a rack-model 1621 system, together with
screws. Table 2-2 lists the screw sizes for reference.

Table 2-2
KEY TO SCREW SIZES

Ret Figs. Mo, — Length,
2.3; 24 Description thds/in.  inch

A Dress-panel screws with washers | 10-32 .B6

B Thread-cutting screws 10-32 6O

C Thread-cutting screws 10-32  .bG

E Thread-forming screws 8-32 19

2.56.2 Installation, Figure 2-4.

Dyirections Tollow for mounting the cabinet in a rack and
instaliing the instrument on i1s tracks:

4 flemove 4 dress-panel screws {A) and slide the
instrument out of the cabinet until the tracks are fully
exlended, Continue pulling the instrument forward until
motion atong the tracks is stopped. At this juncture, tilt the
front of the instrument up slightly anel continue with-
dgrawal, past the stons, until it is free.

b. Insert Lhe rack cabinet wherever dasired in the rack -
be sure iU's level — and fasien it with 4 screws (C) Lo the
{ront rails.

c. 1§ the rack containg a rear sunport rail, use brackets
1) to support the cabinet with the rear rails; open-stotted
seraw holes atlow positioning.

d. Use the set of slots in the sides of the cabinet that
allgw alignment of the opensslotted holes in the brackels
with threaded holes in the rail. The long fange should ex-
tend 1o the rear.

g. inserl scraws {E} from ingice the cabinet, through the
slotted holes and drive them into the holes in the Jong
flange of the bracket. Each side takes 2.

www.valuetronics.com

NGTE
Start the screws in the aporopriate holes off the
rack, 1o make the threading easier.

1. Pass screws (B} through brackets and screw 2 into
each rear rail. {Details may be varied to suit particuiar
situations.}

g. To install the instrument, first set its rear edyge in the
cabinet front opening. Sde the instrument back, making
sure that the rear and the upper front slide blocks angage
the tracks. (Stops prevent further insertion.)

n, Pull the instrument forward with the tracks, keeping a
hand on each side [fingers underneathi, Slide the instru-
ment back about % in. along hoth tracks, past the stops, by
pressing down on the tracks {with thumbs) while tilting the
front of the instrument up shightly.

i, Push the instrument back into the rack, checking for
smooth eperation of the tracks and stide blocks.

NOTE
The instrument is now readily accessible for
behind-the-panel adiustments. 1t slides in and
out freely on extending tracks.

2.5.3 Conversion to Bench Use,

To convert a rack-mounling instrument for bench use.
exchange the cabinel, as [ollows:

a. Obtain a Bench Cabinet, part no. 4177-2621 for the
1691 syslem, or 4172-4106 for the 16186 bridge alone,
from GenRad.

b Remove the instrument from the rack cabinet, after
removing the panel screws 1A, Figure 2-4}. {When free
motion alony the tracks is stopped, tilt the front of the
Instrurment up stightly to clear the stops.)

c. Slide the instrument into the bench c:abinet.

d. Fasten instrument to cabinet using dress-panel screws
{A, Figure 2-3).

e. Transfer the rear cover, with screws {B), from rack
cabinet 1o bench cabinet.

INSTALLATION 2-3



2.6 POWER-LINE CONNECTION.

Power requirenrnt for the 1621 syslem is BT W al
100-to0-125 or 200-t0-250 V, H0-to-60 Hz. Make connection
as follows:

a. Set the line-voltage switches on the rear panels of
ascillator and detector (Figure 1-3) to correspond with the
available power-line voltage. Use a small screwdriver 1o slide
the swilch.

1. Connect the external power Hine to each power plug
using the power cords supplied or equivalent, 3-conducior
cords (para. 1-4}.

The fuses should have the current ralings shown on the
reat panels {Figure 1-3) regardless of which linevoliage
range is chosen in step a.

2.7 LINE-VOLTAGE REGULATION.

The accuracy of measurements accomplished with pre-
cision electronic test equipmeni operated from ac line
sources can often be seriously degraded by fluctuations in
primary input power, Linevoltage variations of +15% are
commonly encountered, even in laboratory environments,
Although most moedern electronic instruments incorporata
some degree of regulation, possible power-source problams
should be considered for every instrumentation setup. The
use of linevoltage regulators between power lines and the
test equipment is recommended as the only sure way to
rute out the effects on measurament data of variations in
fine voltage.

2.8 SYSTEM CONNECTIONS, Figure 1-3.

2.8.1 Oscillator, Bridge, and Detector,

Maka the 4 essential connections among the instruments,
using the 4 BNC patch cords supplied with the 1627 syslem
{refer to Table 1-3} as Toilows:

' a. Test power to the bridge: 1316 POWER OQUTPUT to
1616 GENERATOR INPUT,

b, Unbalance signal te the detector: 1616 DETECTCR
OUTPUT to 1238 INPUT SIGNAL. (Red-banded cable).

c. Aelerance siganis to the delector: 1316 BEFERENCE
OUTPUTS to 1238 REFERENCE INPUTS {one cable for IN
PHASE, one for QUADRATURE)

2 8.2 BCD-Capacitance-Output Connector. Figuses 1-3, 2-6.

‘Make connactions from the BCD CAPACITANCE OUT-
PUT sockel at the rear of the bridge, if you want to record
Or process ‘the C- measurement data’ wilh a printer, card-
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ounch coupler, or comparator. Use a 50-pin plug, Amphe
nal P/ 57-30500 (or equivaient) and cable such as Alpha
No. 1181/50, which has AWG No. 22 stranded wires.® For
pin identification, refer to Figure 2-5.

Motice that the outpul data is provided by swilch closures
only, The switches in the bridge are rated for up 10 0.5 A at
110 V {ac) with resistance loads. I, however, you want for
example 8 logical "1” {the on state of each dala bit] o be
mnle ented by -5 V with respect to the systam ground {pin

30) then use an external +5-V powsr supply and connect it
from ground to VYREF (pin 26). Logical "0 is an epen cireuit.

The capacitance readoul is available in hinary-coded
decimal form, the code being ”1-2-4-8" as detailud in Table
2.2 The body of the table contains only binary numbers,
composed of bits 0 and 1. Notice the extension of the ustal
BCD table, to include X {ten] and negalive 1.

As an examyple, suppose the bridge readout is 396 pF.
Figure 2-5 shows us that pins 20, 19, 43, 17, 16 and 40 are
“1v while pins 45, 44, 18, 42, 41, and 15 are ~“0”. This
kind of data is commonty accepted by printers.

However, suppose the bridge readout is 4{~1) 6 pF ~
the same capacitance! Figure 2-5 and Table 23 tell us that
nins 44, 43, 18, 17, 16 and 40 are 1" while pins 20, 19,
45, 47, 41 and 165 are "0".

A sufficiently sophisticated system will make a computa-
tion and print 396 pF (for example). A simple system
utilizes 3 12-character printer {including —1 and X as well
as the usual 0., Q) and will print out just what the bridge
readout shows, 1 the system must use a printer that does
not recogiize —1 and X a logic circuit may be fabricated, 1o
detect the occurrence of either —1 or X anywhere in the
readonst, and trigger an alarm such as a buzzer or a change
in color of the printout. {Table 2-3 shows that when both
Z-weight and B-weight binary signals of any one decimaj
digit are "*17, Lhere is such an occurence. In ouir example,
the pins involved are numbered 18 and 43.)

Either provide the system complexity needed to handle
data containing —1 and X without ambiguity, or make sure
that the operator removes them from his final balance
adjustiment. Operating  instruciions in 1his manusl are
writlen for the latter case,

NOTE
The capacitance dala must be scaled up by 1,
0, or 100 (the READOUT MULTIPLIER)
code Tor which is given below,

* Alpha Wire Corp., Elizabath, M.J.
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Figure 2-56. Terminal identification at BCD CAPACI-
TANCE QUTPUT connector {A-J13, rear panel of
bridge). Arrow toward connector = input; away = out-
put, These weights apply wien the TERMINAL
SELECTOR switch is set to READOUT MULTL
PLIER = X1 (either of 2 settings}, This is a rear view,
exterior of socket.

The BCD cutput is zerg for any internal standard that
has been removed from the bridge by the C MAX switch,
regardless of the position of the lever switch normally
controliing that standard.

Table 2-3 —m@——————

BINARY-CQDED DECIMALS {BCD}

Signal Weight (Binary} Digit

] 4 2 1 {Decknal)

1 0 1 1 w1

0 0 G Q 0

] 0 & 1 1

0 0 i 0 2

Q 0 H 1 3

0 1 0 0 4

0 i 0 i 5]

¢ 1 1 O &

G 1 1 1 7

i 0 0 0 8

i 0 G 1 9

1 0 1 0 X.

2.8.3 BCD-Conductance-Output Connector Figures 1-3, 2.6.

Make connection, similarly, from the BCD CONDUCT-
ANCE GUTPUT socket, using a 36-pin plug, Amphenol
P/N 57-30360 (or squivalent). For pin identification refer
to Figure 2-6. In addition to the basic conductance reacdlout
data, here is muitiplier data. ‘

The conductance multiplier is one of 7 vaiues,
o6 Ns exponent {rmagnitude only, expressed in

B(,[) code} appears at pins 13, 14, and 30. For example:
these 3 pins at “0" state means zero exponent, i.e. the G
multiplier is 1.
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The BEADOUT MULTIPLIER is one of 3 values, X1,
X10, XiOO. However, the BCD data has 6 possible valies,
corrgsponding  to the 6 positions of the TERMINAL
SELECTOR switch, as shown in Table 2.4,

For example: a binary 107 {decimal 5} means the
READOUT MULTIPLIER is X10 and (incidentally) the
measurement is being made via the 2-TERMINAL port,

IT your printer has decimal points, drive them from the
HEADOUT MULTIPLIER as follows (for printout in pF);
pins 33, 34, 35 drive the points following columns 5, 6, 7
respectively. Printing of a 2nd point indicales 2-terminal X1
or X10; all 3 points indicate CALIBRATION

r

Table 2.4
READOUT-MULTIPLIER CGDE
Weight Decimal FTERMIMNAL-SELECTOR
4 1 {Equiv,) Switeh Position
0 0 1 1 10 3-terminal
G 1 O Z X1 3-terminal
1 } H 7 CAL
1 0 G 4 K100 2-warminal
1 0 1 5 X116 2-lerminal
1 1 ¢ 6 X1 2-terminal
[ CommuC TANCE -
MULTIPLIER
EXPONENT
X ns HS [
";' R 2 20 200 2
VRE® L o ® o P Pwet
RRLE R EARSERL SR,
gljﬁFer{s&;mluLsi!EEl; Elﬁl'lz ] a“{ Telsels]2 ]y
{:_;r s[ 455;}53_1}_4 % é;zalz?[zei[ z]«i?;;alzli; ; I.!
J Y1y l l v ‘L ¥
4 1} 2 by L d 0.4 r L ac 400 4
_L i calfee 8 om0 8o e
J cow X nS S J

REAGOUT
MULTIPLIER
GUDE
H836-19

Figure 2-8. Terminal identification at 8C0 CON-
DUCTANCE QUTPUT conneetor {A-JT2, rear panet
of bridge). Arrow toward connector = input;
away = output, The indicated conductance weights
apply directly when the effective multiplier is 1, Tor
example:  CONDUCTANCE  multiplier = 107 and
READQUT MULTIPLIER = X T0Q0. This is a rear view,
exterior of socket.

2.8.4 Analog Outputs. Figures 1-3, 2-7.
AMPLIFIER OQUTPUT. Use a BNC patch cord to
connect this signal to remote manitoring or recording
equipment If desired. This ac signal is proportional to the
MAGNITUDE meter deflection, and is 4 V 1ms at full scale,
DC METER QUTPUTS. Use the B.pin plug supplied (see
Taliie 1-3) and cable suited to your system, if you wish 1o
have remote indication of the 1238 frontpanel meter
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deflections. A suilable cable is Alpha No. 1175, which
contains AWG N, 72 wires.

Pins are designated as shown by Figure 2.7 Only pin H
of these circuits may be grounded. A is 1, B is - Tor the
MAGNITUDE meter circuit (6 V coarresponds 1o full-scale
deflection.} D is +, H is — for the IN PHASE meter circuit;
E is +, H is — for the QUADRATURE meter circuit. For
each of these 2 circuits, the level is 1 V for full-scale
deflection of the corresponding front-panel meter, when
the SENSITIVITY control is cow {minimura). However,

2.6 INSTALLATION
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because that control affects the front-panel meters, not the
DC METER QUTPUT voliage, the voltage is relatively
fower when that control is ow.

[ S
a8 } MAGNITUDE

SN
e {m PHASE

T g 4 |GUADRATURE

R 2D
Figure 2-7. DC METER QUTPUTS socket on 1238
Dotector, extarior {1ear} view,




peration—Section 3

3.1 PHELIMINARY CHECKS

3.2 FUNCTIONAL SELF-CHECK . g;
3.3 PHASE ADJUSTMENT . e e s 32
3.4 CONNECTION OF UNKNOWRN (‘APACITOR S
3.5 BALANCE AND READOUT S 2
3.6 PARAMETERS OF THE UNKNOWN LAPAC! FQR Coe e 3T
3.7 FREQUENCY . 38
3.8 VOLTAGE LEVEL. 310
3.9 ACCURALCY . 310
3.10 PRECISION . 3-14
311 EXTERNAL STANDAHDS 315
3.12 PRECISE COMPARISONS . S A
313 NON-COAXIAL Z-TERMINAL CAPA(‘ITORS < 2 ¥
3.14DCBIAS . 320
3.16 REVERSED CONFIGURATiON . 322

L

WARNING
Dangerous voltages may be present at the tenminals of this instrument.

Refer to specific warnings contained in this section.

NOTE
The following instructions apply literally to the
1821 system. |f your 1616 bridge is connected
10 an oscillator andfor detector other than the
GR 1316 and 1238, interpret the corresponding
parts of this section apprepriately.

VAN
CAUTION
Do not connect a power cord wntil each line-
voltage switch has been set properly.

3.1 PRELIMINARY CHECKS,

Refer to paregraph 1.3 for figures iilustrating the con-
trols, indicators, and connactors and for tabulation of their
functional descriptions. The recommended initial operating
procedure follows:

a. Check that the line-voltage switches an the rear panets
of oscillator and detsctor are positioned sccording 1o the
available power-line voltage {either 100 126 V or 200260
V). To slide these switches, use the tip of a smail
screwdriver

b, The LINE REJECTION filter in the 1238 Detector
has been set for B0 or B0 Hz by GR {it can be purchased

either way} or by a user. if you need to verify that it

W\\fvw.valuetronics.com

matches your power-line frequency {or reset it), refer 1o
the 1238 instruction Manual,

¢. Check that the 4 BNC patch cords are in place at the
rear, connecting oscillator, detector, and bridge as described
in paragraph 2.8,

d. Check that 4 meters read zero {2 of them at mid-
scale). if necessary, adjust each with a smalt screwdriver, at
the recassed screw just below the meter.

8. Sel the QUTPUT VOLTAGE RANGE to 16 V. (High-
er voiages should be used only when they are needed,
usualty to facilitate high precision in measurements.)

A\

WARNING
Beware of hazardous veoltages: < 350 V at
I TERM UNKNOWN HI or EXT STD HY
< 3% V at 2-TERN UNKNOWMN Hi {outer
shall), while oscillator is set to a high level.

i, Connect the power plugs (rear panel} to a suitable
power line, using the power cards supplied. Flip the POW-
ER switch up {front panel) on each, oscillator and detector.
Verify that a decimal point is ilturninated in each FREQ-
UENCY selector.

3.2 FUNCTIONAL SELF-CHECK.

Adjust oscilator and detector to the same frequency anci
make a balance to check for system operation, as fatlows:
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a Set the frontpanal controls as listed {from upper left
10 iower right, Figure 1.2}

FREQUENCY — 1.01 kHz {Osciliaton:

OUTPUT VOLTAGE RANGE — 150

QUTPUT ADJUST — MAX

FREQUENCY - 1.01 kHz {Detector]

TIME CONSTANT ~ 0.5

{INE REJECTION — push bution out
COMPRESSION — push button out

GAIN - 30dB

SENSITIVITY — cow {miniimum)

PHASE SHIFT — 180°

FINE ADJUST — midrange iboth controts)

EXT MULTIPLIER — OFF (Bridge)

TERMINAL SELECTUR — CAL

ZERCO ADJUST — cow

C MAX - down (Asterisks hetow represent 3 closed
shutters.) )

CAPACITANCE — ** nF *05 pE QOO0 fF 000.0 af
CONDUCTANCF - 0 S 000.0 n§ X 108

b, Reset the GAIN il necessary 10 make the MAGNI-
TUDE meter read near midscate (20 10 801

c. Tune the detector o0 match the osciliator, as indicated
py a peak reacding of the MAGNITUDE meter, 10 the
nearest step. Fine tune with the osciliator 3rd dial.

d. Reset the CAPACITANCE to ** nf »x00 pE 000 fF

000.0 aF . Verify that MAGNITUDE drops to zero.

a. Raset the GAIN 1o 100 di3. Obsarve that a noticeable
unbalance occurs when tha 1-fF lever is moved to 1or ~1.

3.3 PHASE ADJUSTMENT.
in orcer to enjoy the convenience of the [_mase—sensitive
indicators, adjust the phase chifters as descrilbied below. The
adjustment is then useful as long as the frequency is un-
changed, the detector FREQUENCY remains tuned for
maximum response, and the CONDUCTANCE multiptier
is unchanged. Readjustmernt ol phase shift may be made
while the bridge is being talanced; refer o paragraph 3.5
NOTE
The goal is 0 minimize the response of one
phase-sensitive meer to changes in &, the other
to changes in G The iollowing procedure,
though not ideal for every measyrament condi-
tion, is adequate in general.

a Reestablish the null reading on the WMAGNITUDE
meter, as in para 3.2, However, set the CONDUCTANCE
multiplier so its exponent is 5, —d, 3, 7, for a fre-
guency of 0.1, 1,10, or 100 Y Hz, respectively. Then switch
GAIN to 60 JdB and unbatance the bridge by raising CA-
PACITANCE lover swilches oniy, raking the MAGNITUDE
meter read about 20. {For the first atlemp! use the

10 ¥ lover.) .
b. With the SENSITIVITY control, set the signal jevel in

the phase-sensétive detectors so that either IN PHASE or

3.2 OPERATION
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OUADRATURE meter reads 25 or more {in either direc-
tion} and both read on-scale.

c With the PHASE SHIFT controls, bring the QUAD-
RATURE meter approximately lo zero. If the range of the
jarger knob is not sufficient, turn the smalier knob to an
adjacent position.

¢, Now the {N PHASE meter should read upscale, to the
right (Lecause C readout is greater than C unknpown}, Re-
verse the direction of the meter deflection, if necessary, by
turning the sialler PHASE SHIFT kneb 2 clicks.

e Saez that both FINE ADJUST wnobs are set 1o a md
position {dot L), Increase the C unbalance until the MAG-
NITUDE meter reads 8099, Set SENSITIVITY to max,
cw. Set the PHASE SHIFT for zero on the QUADRATURE
metar. i zero cannot be oblained with the PHASE SHIFT,
use the QUADRATURE FINE ADJUST.*

{ Reestablish the null reading and refine it, if necassary,
using the C and G levers. The MAGNITUDE reading should
not exceed 2, or % division.

g Unbalance the bridge by raising CONDUCTANCE
evar swilches, achieving about the same magnitude of
unbalance as before ~ 80-89, {Try using the 1-uS lever))
Now the QUADRATURE meler should read upscale, 10
the right (G readout is greater than G unknown). Trim the
{N PHAGE FINE ADJUST onlfy 10 make the adjacent meter
read zero, or a minimum, (Do not expect zero at ali
nossible G unbalances at high freq.)

f. |1, in step g, the meter reads down scale, interchange
the IN PHASE and QUADRATURE connections at the
AEFERENCE INPUTS pehind the 1238 Deteclor. Then
repeat sleps a through g, above.

Table 3-1
SENSES OF PHASE-SENSITIVE METERS

REFERENCE PHASE-SHIFT controls set to
’comtections Mater o ag” 100° 27¢°
MNorimal IN PHASE C+ G+ C G-
Normat | QUADRATURE G C-> G~ Ce
Crossed IN PHASE G+ C+ G- C
Crossed QUADTATURE | C+ G Ras G+

We have assumed that it is preferable for the IN PIHASE
meter to respond upscale {to the right} for Cg > Cy and the
QUADRATURE meter, similarly, for G, = G,. However, if
you prefer 1o associate "IN PHIASE" with “eonductance’’,
interchange the M FFERENCE cannections at therear panel
{cross the patuh cords). 1f you prefer the opposite sense of
response, set PHAGE SHIFT near 0 instead of 180°. Table
2.1 shows the 8 possibte combinations.

“phiase adjustment is now adequate for mMost Measuremnents. Steps
f and g are refinemants.
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3.4 CONNECTION OF UNKNOWN CAPACITOR

3.4.1 Tiwse-terminal Capacitors. Figure 3-1,

As the simpliied daigram  shows, the 3-terminat
measurement  evaluates the direct capacitance C {and
conductance)] between HIGH and LOW tridge tertninals,
Shielded cables or patch cords (GB874-422A or 874-R221A)
ma be used to connect these terminals 1o a capacitances to
ground (C o C g including cable. capacitances) are excluded
from the measdrement, but i large enocugh they may alfect
accuracy.

Enclosure. Check that the capacitor to be measured is
enclosed in a shield, for connection to bridye ground. Not
only is the shield necessary for precision measurements, but
it must be mechanically fixed (permanently or repeatably)
for Cx to be defined, Physically, as the shield gets larger
and farther from the plates of Cx, the value of Cx becomes
larger and lass dependent on spacing of the shield. However,
that dependency never vanishes.

Use the 3-tarminat component mount GB74-X or [if that
is too small) a metal box, if an enclosure imust be supplied,

Connectors. Check that the "unknown” gapacitor has two
coaxial connectors lor convenient connection to the bridge.
the capacitor is relatively small and fight weight and is
eauipped with GB74 conmnsctors spaced 1.25 in. apart
{center-to-cenler), patch cords are nol necessary. The
capaciior can then be plugged directly into the bridge,
Howsver, shisided patch cords are convenient, their use
allows the capacitor being measured 1o sit onn a bench surface
or at a remote location.  The parameters of such cables are
negiigible in a 3-terminal measurement, except for noise
introduced inio the detactor when they are ‘Qn}oved.

Provide connectors if necessary, suchi as those listed in
Table 1-5. Connect the capacitor io the 3-TERMINAL
UNKNOWN ports.

Reversal. The measured direct capacitance s not
changed in most thres-terminal reasurements when the
connections to the capacilor are reversed, i.e., bridge HIGH
to capacitor L instead of bridge HIGH to capacitor H.

Shielding. Keep both HIGH and LOW connections shiel-
ded as a generat rule. At least one must be shielded or the
capacitance between connecling terminals and wires be-
comes part of the measurement,

The HIGH connection may be mada without shielding, if
you prefer. This terminal, heing al he high-voitage bt
low-impedance output of the transformer, is not sensitive
1o pickup from exiernal sources and seldom needs to he
shietded. There is voltage from the HIGH terminat 1o
ground. Much capacitance of conductance connected from
this terminal 1o ground reduces the transformer output
voltage and introduces possibla errors inlo the measured
direct capacitance and conductance. tn genaral, keep such
shunt C below 200 pf (see para. 3.91.

Keep the LOW connection shielded, This terminat, being
at the low-voltage but high-impedance input to the detec-
mr',‘ is very sensilive to noise and signal pickup from ex-
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Figure 3-1. Simplified bridge diagram — 3-terminat
connection of unknown capaeitor,

ternal sources and must be completely shielded for low
capacitance or any precision measuremerits. There 5 No
voltage from LOW to ground when the bridge is balanced,
Much capacilance or conductance from the LOW terminal
to ground shunts the detector, and by reducing sensitivily
fimits the precision of your measurements. [n general, keep
such shunt C below 200 pF.

Capacitange of the recommended paich cord, G874-
R22A (or 874-R2ZLA) is 90 pF,
2.4.2 Two-terminal Coaxial Capacitors. Figure 3-2.

As the disgram shows, a 2-terminal measurement eval-
uates the capacitance Cx (and conductance) between the
inner conductor and the shetl of a coaxial structure. The
ner conductor connects to LOW bridge terminal {(which
rmust be shielded for precision measurements), the sheil to
HIGH. Although the shell serves as a shietd, do not connect
it to ground. Capacitance to ground Cy is excluded from
the measuremeant.

AN
WARNING
Boware of possibly hazardous voltage on shell

of “unknown’’ capacitor whenever generator is
set to a high level,

If necessary, use of a coaxial adaptor {or special lest
fixture) belween the single G200 connector on the bridge
pane! and the capacitor being tested, The capaciance of any
such adaptor is included in the measurerent. However, the
7ERO ADJUST contro! can be used to compensate the bridge
— up to 3 pF -~ making the CAPACITANCE READCUT direct-
reading lor any unknown capacitor connected to the adaptor,
as described below,
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Figure 3-2. Simplified bridge diagram — 2-tsrminat
connection of unktsiown capacitor.
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NOTE
Nan-coaxia!l 2-terminal capacitors can also be
measured; refer to para. 3.13,

Enclosure. Check that the capacitor to be measured is s0
constructed that the shell shields the inner terminal, and that
both are isolated from ground, Use the Z-lermingl
component mount GB74-ML if an enclosure must be used.

Connector. Check that the capacitor has GI00 or G890
connector for convenient connection to the bridge. 1 not,
provide the latter type, or whatever fits your special test fixlure
{see belbw}.

Zero Adjustment. Compensate the bridge for capaci-
tance of its 2-terminai connector and — if one is used — the
attached short coaxial line, as follows:

a. Check that the front-panel controls are set as of the
completion of functional checks and phase adiustment,
paragraphs 3.2 and 3.3. {Freguenty is pptional; see para.
3.7.)

b, Set the TERMINAL SELECTOR to 2 TERMINAL
X1, %10, or X100 for measurements up 10 1 nf, 10 nfF,
or 10 uF, respectively.

¢ Sat CAPACITANCE lever swilches to the vaiue of the
fringing capacitance of the connecior that wilt receive the
unknown capacitor. in the simple case thal the READOQUT
MULTIPLIER is X1, no adaptor is needed, and accuracy of
+8 [E is sufficient, select CAPACITANCE and CONDUC-
TANCE readouts as foliows:

** nF *Q0 pf 116 fF 000.0 aF and 0 #5 GO0.0 nS ¥ 10°.

if the READOUT MULTIPLIER was set 10 X10 or X100,
use proportionally smaller settings (11 fF B0 aF, or 1 fF
180 aF, respectively). For greater accuracy, refer to para.

395
d. Adjust the ZERO ADJUST control for minimum
reading on the IN PHASE meter, Tur the GAIN control 1o

3.4 OPERATION
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00 dB, or as far as is appropriate o get a good indication
for this adjustrment,

The adiustiment is now valid for a particular terminal
capacitance and READOUT MULTIPLIER. If you change
either of these (and leave the TERMINAL SELECTOR on
one of the three 2-TERMINAL positions} repeat the zero
adjustment,

e, Connect the capacitor to the 2-TERMINAL UN-
KNOWN port.

Spacial Test Fixtures, The details of special fixtures are
beyond the scope of this manual. However, thase comments
apply:

1. The ZERQ ADJUST range is sufficient to compensate

up 1o about 3 pF with READOUT MULTIPLIER set at

K1 or X10, 656 pF at X100, Therefore, bridge readings

witl generally need correction (by subtraction) unless

you provide an external capacitor for test-fixture com-

pensation, Refer to para. 3,11,

2. Highly precise measurements are possibia; refer 1o

"direct substitution’”, para. 3.12.

3. Mount the test fixture directly on the 22-TERMINAL

UNKNOWN port or use rigid coaxial lines, elbows, ele.

{Flexibie cables change capacitance with position. If you

use them, your precision is only about +0.1 pF.}

4, Support the Tixture, if it's on a long, rigid line, 1o

avoid damage to the panel-mounted connecior, Lock

each conneclor so it will not shift position.

5. Consider also the possibility of connecting your fix-

ture 1o the I TERMINAL UNKNOWN port: thereby

taking acdvantage of the facl that various cable and
ground capacilances are excluded from the measure
rment,

NOTE
fafer also to NON-COAXIAL 2-TERMINAL
CAPACITORS, para. 3.13,

2.5 BALANCE AND READOUT. Figure 3-3.

This is the aclual measurement process. Preceding para-
yraphs explain how 1o tune osciliator and delactor, make
phase adjustments, and connect the capacitor to be meas-
ured. Balance the bridge, as follows, and you have the
measurement in both visual and digital forms. The sland-
ards for measurament are contained in the bridye.

25,1 Readout Muitiplier.

Sot the TERMINAL SELECTOR to the appropriate X1
position {2 or 3 terminai) unless the capacitor being meas-
ured is larger than 1 nF {1000 pF). Then set the selector to
the highest READOUT MU CTIPLIER {X10 for 3-terminal,
¥ 100 for 2-lerminal measurements}.

The purpose s to utilize one of the three "pF" lever
swilches for the most significant digit, if possible, thus
maximizing the accuracy of your measurement,

()
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3.5.2 Initial Settings of Lever Switches.

if the capacitor value is known, even approximately, set

that value into the CAPACITANCE readout, and set the
. doubtful digits at the right to &'s.

For example, if the capacitor is about 12 pi, set the
bridge 1o read 12 pF 556 fF 6555 af-.

CMAX. Move the C MAX lever down, covering as rmany
a5 3 of the unused digits to the Teft of the desired readout.
Covering as many as possible of the zerces at the lefL of the
final readoul helps 1o maximize ihe precision of your
measurgmant, by removing slray capaciiance which other-
wise Ioads the ratio transformers slightly.

CONDUCTANCE. For a typical measurement, sel the

i CONDUCTANGCE ievers initially to the zero readout: O ns
1 ©opoo.0 nS X 10%. However, if conduclance is known ap-
proximstely, set the levers to that approximation.
Unknown, A Black Box. |f the capacitance or conduc-
tance satiings cannol be set initiglly to the right order of

3 magnitude, the MAGNIT UDE meter will read off-scale.
: Temporarily, use the following aids to oblain a prefiminary
baiance:

a. Push the COMPRESSION button in.
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Figura 3-3. Tha 1621 Capacitange-Measurement SBystem — simpiified diagram. *Note: Effective values are
shown for all G standards and for C standards smaller than 1 pF.

h, Turn QUTPUT VOLTAGE RANGE and OUTPUT
ADJUST cew as may be required to bring the MAGNI-
TUDE meter on-scale,

¢. Explore large ranges of C and G lever-switch settings,
leaving most of the levers at zero so that the ones being
moved are always most-significent digits.

d. Watch the phase-sensitive meters {even though they
may be pinned and not properly phase related). A reversal
of sense {pointer crossing midscale) is an indication of
passing near a rough balance.

3.5.3 Baiance Procedures. Figures 1-2, 3-3.

GAIN, Set the GAIN control initially so the MAGHNI.
TUDE meter reads in the upper half scate, Laler, as balance
is improved, turn the control ow to maintain useful readings
on the other 2 weters.

SENSITIVITY. Set the SENSITIVITY control initially
at midrange. Later, as balance is improved, adjust for a jarge
onscale reading on one or both of the IN PHASE and
QUADRATURE meters,

OPERATION 35



NOTE
Keep the MAGRNETUDE maeter on scale, other-
wise the phase sensitive detectors may be over-
loaded, However, the INFPHASE and QUAD-
HATURE meters may be pinned without loss
of phase sensa indication,

TIME CONSTANT. Set the TIME CONSTANT initially
to 0.7 5, for immedisle response to your balancing opera-
tion,

Later, as balance is improved and the GAIN control has
to be set quite high, turn to larger thme constants. A noisy
reading lmeter pointer jumping} can be expected at high
gain if the time constant is too low. So increase it to cabn
jittery IN-PHASE and QUADRATURE meters, allow time
enough for each reading, and you can achieve a highly
precise balance,

Lever Switches. Decide which levers 1o adjust first by
looking at the PHASE-SENSITIVE DETECTOR rmeters. I
the IN PHASE meter reads farther from zero, adiust CA-
PACITANCE first; if QUADRATURE, adjust CONDUC-
TANCE.

CAPACITANCE balance. Refine the balance as follows,
left-to-right:

a. Start wilth the most significant digit that is in doubt.
Preferably, every CAPACITANCE digit o the right of it
should be setto b,

b. Push tha lever down if the IN PHASE meter reads up
scale; pull up if it reads down scale. Continue until the
meler peinter crosses zero. o

c. Leave that lever in the position closast to balance, te.,
making the IN PHASE meter point closest lo zero, on
sither side,

& Adiust the naxt lever to the right, similarly, if there is
sufficient mater deflaction 1o be e guide, (if the suggestion
in step a is used, you will probably not have 1o readjust the
lever you set in stap c.j

e Increase the GAIN as much as necessary o provide
that deflection, but not enough 1o deflect the GUADRA-
TURE meter off scale.

. Continue refining the capacitive balance until the
QUADRBATURE indication becomes a limitalion, then re
fine the CONDUCTANCE balance.

CONDUCTANCE bafance. 11 an approximalely corract
conductance setting has been iniliated, refine the conduc-
tance balance from left to right, similarky 1o the capacitance
balance. Minimize the reading of the QUADRATURE
meier,

However, if the CONDUCTANCE levers have been set 1o
zero, as described above, proceed as follows:

a Raise the CONDUCTANCE levers from O to b, start-
ing at the left of the multiplier and continuing left until
either the QUADRATURE meter pointer crosses zero tif
so, skip te step ¢} or all these lavers have heen raised.

3.6 OPERATION
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If the meter points 1o the right, drop the most-

significant lever 1o —1, so the readout s —1 45 5555 nS X
109, and skip to stap ¢

If the meter points to the left or zero, drop the most
significant lever to -+, so the readout is T S BHHH nS X
1057, '

b. Raise the conductance multiplier lever until the meter
cresses zero and stop at the setting nearest hatance. H this
fever is set to X1 or X130, PHASE SHIFT will have to be
reset, as described below. :

c. Nefine the conductance balance as outlined above {for
capaciiance) starting with the left-most {uS} lever and
proceeding to the right.

3.5.4 Final Balance,

Alternate between CONDUCTANCE and CAPACIH-
TANCE balances, as described sbove, improving whichever
is worss untif the other becornes a limitation, .

Congclusion. Stop when the desired procision has been
achieved. The bridge is probably capable of greater resolu-
tion than you need.

Voltage. |f there seems 1o be a gain or noise limitation,
even though GAIN is 130 dB and TIME CONSTANT is 16
s, raise the oscillator QUTPUT VOLTAGE. However, do
not exceed the tevel of 350 V rms. If the frequency is less
than 2200 Hz, do not exceed 0.16 f volts, where 1 is
frequency in Hz.

JON

WARNMING
While generator is set to a high level, beware of
hazardous voltages: <X 360 V across 3-TERM
UNKNOWN or EXT STDR; < 35 V across
2-TERM UNKNOWN {cuter shell high).

Phase Shift / Fine Adjust. While making a precise meas-
arament of a low-loss capacitor, check as follows:

a. As the 4th significant digit of C is being selected,
verify that the QGUADRBATURE meter responds negligibly
{compared 1o the IN-PHASE meler) Tor C-lever changes.

. Correct lhe phase if necessary with the QUADRA-
TURE FINE ADJUST contral.

o, When balancing conductance, make the cory esponding
check (and adjustment) of the other phase.

NOTE
A shight change in tuning of either oscillator or
detector will affect phase, even though the
change has negligible effect on magnitude of
responss,

Phase Shift / Reset. | the capacitor is lossy, the phase-
shift settings of paragraph 3.3 are unsuitable. Reset as

foliows: -
a Make an initial balance, watching the MAGNITUDE

A
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meter, until the 4th significant digit of C or G has been
chosen {whichever predominales},

b, Temporarily turn SENSITIVETY and GAIN controls
cew enough to bring both phase-sensitive melers within A
division of zero {scale value of 2.5). Set hoth FINE AD-
JUST controls to mid range (pointer up).

¢, Unbalance the bridge by raising C tevers {or G i it
predominates) enough to make large deflections on these
meters.

d. IT C predominates, adjust PHASE SHIFT for zero
QUADRATURE and upscale IN-PHASE meter readings.
Faise tha GAIN and SENSITIVITY settings as is appropri-
ale: refine the phase with ithe QUADRATURE FINE Al
JUST control (as described under Phase Shift / Fine Ad-
just).

i G predominates, adjust similarly, for zero IN-PHASE
and upscale QUADRATURE meter readings.

e. Return o the initial-balance condition, then unbal-
ance G {or C). The meter that read upscale in step d should
not deflect. Trim the nearest FINE ADJUST control for
this condition.

NOTE
Be sure the EXT MULTIPLIER switch is OFF
{rot simply zero) whenever the EXTERNAL
STANDGARD terminals ate unused.

Even though those terminals are open, their slray capaci-
tence may introduce error into the measurement of capaci-
tors below 1 fF and the unshielded LOW torminal may pick
yp enough “'noise’ to have a deirimental effect on pre-
cision,

NOTE
Keep the MAGNITUDE meter reading on scale.

If the MAGNITUDE meter is pinned, distortion in the
delector may fause a spurious phase shift. However, the IN
PHASE and QUADRATURE meters may point off scale
without loss of sense information.

35.5 Readout Correction. Figure 3-3.

if there is a —1 ar X in the CAPACITANCE or CON-
DUCTANCE numbers displayed above the lever switches, it
is generally recomimended to correct the readout as follows:

a Praceed from left to right unless X is adjacent 1o —1,
in either order. (Correct the righthand digit first in any
such pair.}

b. Change each -1 10 g and decrease the preceding digit
by one. -

¢, Change each X to U and increase the preceding cigit
by one.

d, Verify that the final balance is stili valid.

e The readout 1§ now correct for manual recording.

Also, il your measuremant systerm makes use of the BCD

cutput data {rear panal) that data is now in standard form,
Refer Lo para, 2.8.

NOTE
There may be occasions when it is desirable or
necessary to leave X in the readout.

if, for example, the bridge balances at ** nF X23 pF
456 (£ 785.5 aF (the last Z or 3 digils may L insignificant)
you have this choice: For greatest accuracy and a record as
1oy which internal standard is significant, leave the X inthe
readout. Take the responsibility for making sure the recor-
ded data is unambiguous (particularty if a srinter is being
driven from the BCD CAPACITANCE QUTPUT). For a
simpler readout, move the C MAX lover and correct the
readout 1o *1 nF 023 pF 456 fF 7855 al. But then the
brigge is aimost certainly unbalanced: if you now refine the
batance you are almost certainly reducing faccuracy by
depending on a larger, less accurate internal standard.

3.5.6 Units of Measurement.

The units of each, Cx and Gx, appear &N the front panel;
but be sure to apply the multipliers. For example, {Figure
1-2} if the readout is X9.8 nE and the READOUT MULTI-
PLIER indicates X10, C, is 1698 nk or 1.088 uF.

The conductance reacdout has 2 multiptiers. For exam
pte, if the readout is 5.43 uS X 10°¢ and ihe HEADOUT
MULTIPLIER indicates X100, G is 543 X 107 ps or
643X 1671°5

NCTE
The symbot “S" represents the Siemnens unit,
the unft of conductance (or admittance).
Siemens is equivalent to mho [the raciprocal of
ohim). represented by the symbot 13-

3.6 PARANMETERS OF THE UNKNOWN CAPACITOR.
Figuwre 3-4,

This bridge always measures dirsctly the paraliel etjuiv-
stent parameters C, and G, even in caso the loss compo-
nent of the unknown capacitor is in fact entirely in series
(as resistance of the connecting leads), Whether a series
R-C, a parallet §-C, or a more elaborate aquivalent circuit
hest describes the capacitor you are measuring cannoct be
decided on the basis of one measurement At the very lpast,
measure at several frequencies; there is Turther discussion i
Section 4.

Here in this paragraph is a group of formulas and dia-
grams relating the parailel equivalent parameters 10 the
saries equivalent parameters. Notice that D, Q, and w are
ecually valid mambers in efther set of paramelers.

3.6.1 Series Equivalent Parameters.

OPERATION 3-7
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Figure 3-4. Equivalent circuits of the unlinown capacitor,
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i where C = capacitance in farads
G = conductance in Siemens

R = resistance in ohms

w= 2%t

f = frequency in hertz.

3.6.2 Dissipation Factor.

Dissipation factar or loss langent ]
storage factor Q) is defined above, Refer also 1o para. 4.2,
0 is presented N convenient, graphical

which is used as follows:

a. Find C, on the appropriate scale, if the measurament
frequency is one of those given. Otherwise, notice thatl the
horizonta! scale is really the product fC,.
fraguency, the farther right your capacitance scale shifts,
{For example, at 3 kHz, imagine the 1k Hz scale
the right nearly halt a decade: if your C, = 8l
pfoon the Yk seale.) Tmagine a vertical ling trough that

point, reprasenting 10,

by Tind G, on the glared scale. Imagine

represent G

¢, Find D on the vertical scale, direct
intersection of your fC, andt G, lines.

. For grealer pracision, use the axpanded partia
{but determine order of magnitude from step ©
G,/ 2nl C,.

higher precision, use the formula: ©
led by the

i the range of bridge reasurement is exient

v 3.8 OPERATION
by
i
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Figure 3-5.

{the reciprocat of

farm in Figure 3.5,

The higher your
shifted to
,tocate 24
a slanted line 10
ty jeft of the

{chart
). For still

use of an exiernal slandard, extrapotale the corresponding
scale. (For example, an external standard of conductance
may be advaniageous Tor measuring large, lossy capaci-
tances al high frequency. Add more slanted lines i lhe
upper right portion of chart to represent such an exten-
sion.}

The shaded square in the main chart and that of the
expandled partial chart represent the same range of data. A
visual impression of the magnitude of this expansion helps
vou use the partial chart,

3.7 FREQUENCY.
3.7.1 Setting the Frequency.

To make measurements at any frequency in the range 10
Hz7-100 kHz, set the oscillator FREQUENCY selector dials
and range swiltch so thal they read as desired. Their indica:
tors together make a convenient, inling readout,

The 2rd-digit selector is a continuous gontrol (although
the readout indicates only 10 positions}. From the detent,
at the zero pasition, this control can be rotated cw, through
the indicated decade range, or cow for a small negative
extension of that range. Observe the limitations on high
voltage at high frequency &s described beiow,

in brief, use the following procedure to set the freg
vency of measurements by the 1621 Precision Capacitance
Measurement System:

a. Set the oscillator FREQUENCY controls.

b, Set the detector FREGQUENCY controls 1o match,
Without balancing the bridge, peak the response of the
MAGNITUDE meter by fine tuning of the osciliator.

¢, Make the phase adjustinent as in paragraph 3.3,

NOTE
Unless your measuremant must be made at ex-
actly 1.00 klz Uor example) set the osciilator a
little above such a round number. Doing so will
siinplify the wning of detector and oscillator 1o
the same freqguency.

3.7.2 Monitoring Freguency.
a. Connect a counter lo the EXT SYNC connector {rear).

b. Select PERIOD measuremnent {1 us TIME BASE} and
10 PERIODS AVERAGED on the counter. For g fre:
quency near 10 Hz, most or all of the counter reacdout is
now ulitized, The most significant digits will spill over o
the left as you Df gceed; remember them as ihey disappear.

o, Increase the PERIODS AVERAGED, turning the
control ow as far as is necessary o oblain the desired
resoiution of measurement. ]

d. Calculate [reguency. the reciprocal ol the pariod  just

measured.

Fal



s i

-

e SR AL N NN 1078
Oy "0y "0, a7 o 0 o
505 N " :( - A“’d‘ '(‘;5‘ [#] OO 5
\\ NN % % 10
o ™ N NN
\ \ \ 107
3
10 \\ ) > \ \\\ \ A 1073
Iy
2 \ Q
o 10°- “ o, 072
g AN AN y
; by, _

o \ e -0

i g

2z | I b, N L, o

o \ \ (9 i

i 4

g 0! N \ %

o 10 - 3 (o} .

& . 9 0

@ %

a 7" \ \\ \\\ \\\‘0& 102
a2 N ¥ . b h, N 103
ot \ \ \ \ \\\40“

- e T, P p / 7 p 7
1078- Vs Dy Dy Dy, Oy By O O, 05
A 25 2 2o g el e A
1078 - PP PP PP e P 108
(f=10" )~ O.| I o 100aF | 1o 100fF |} 10 100pF | 0 1000F | 1O pF
| | ] |
3 ¥ ¥ 1 i i T T L] T T L] ¥ ¥ 1 1
(£=107)-» Q. I 10 10GaF 10 ICOfF | 10 $00pF 13 H00aF | 0 uF
l} ¥ T T T T i i ¥ T ] H I 1 1
{f=1P0 )~ O | 10 100 aF | 0 100fF | 10 10GpF i 10 $00nF | 1CuF
{ T T F T T T ¥ I 1 ¥ T H ¥ 1
(f=10}- 01 ! 10 100aoF | 0 IG0IF | 10 W0k 10 100GnF 1 10 F
CAPACITANCE Cy, AT 4 COMMONLY USED FREQUENCIES
CONDUCTANCE G (SLANTED SCALES)
2 g T Y
NS o E
\ NOURRR
\ \ SEANEN NI \\
| & . b, b L. B,

& TS B SR
NN S A NI I Y RRNEANY

5 R WA | NN NN

e ’*: - \\ \\ \ ok h

SN S s \\ <] <

& 5\3 \\\\\ﬂ\a ™ ed \_(\ ?

Z 4 \\ N AN \\\LE \\ > \\\\\ a

N N AN N NN A N2

= D RR L

: SN i 6
\ Kﬁm\ ‘\"@w B -y

' e \\ L8
DEY RN F
{1=1000) —>~ ‘ ’l? 3 14 5 5 ls 11 iz

U U JUNS D S ....*,,,, R fry

(=120 w3 i 2 3 4 586 8 | 2
CAPACITANGE Gy FOR CERTAIN FREQUENCIES

161628 figure 3.5, Dissipation factor vs directly measured parama-

www.valuetronics.com

ters. Above: entire range of bridgs with intarnat standards.
Left: expanded partial ehart, used for greater resolution, For
any arbitrary frequancy, enter C, scale at correct produst fC.

{Exainple:

if =60, C, =6 pF, use tha scale for =120 but

read "C =3 pFl.
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3.7.3 Locking to a Frequency Reference.

I the raference frequency is known within £1%, and the
reference source can drive the 27-k82 EXT SYNC choult
with 1-10 V s, procead as Toliows:

a. Connact the reference source lo the EXT SYNC jack.

b. Tune the capacitance-measuring system Lo the refer-
ence frequency, setting the phase shift as described before,

However, il the reference frequency is not known to
1%, or its signal level is <1V rms, folow this procedure:

a. Using & tee, connect both the frequency reference and
a scope to the EXT SYNC jack.

b, Vary the 1316 Oscillator freguency over a range of
30% or so, observing the scopae. 1t should be possible 1o see
both varying-frequency and fixed-frequency components in
the waveform. {(Synchronize the scope, preferably, to the
reference.)

¢. Tuna the osciltator through tock, a condition in which
the waveform “stands stiil’”. Deterining the range over
which lock can be maintained, and set the FREQUENCY
dials to the center of that range.

d. Tune the detector and set the phase shift.

3.8 VOLTAGE LEVEL.

Saiection. The source vollage is selected by the Z con-
rols, OUTPUT VOLTAGE RANGE and CUTPUT
ADJUST, on the 1316 Oscillator. Read the front-panel
meter, full scale being the number indicated by the QUT-
PUT VOLTAGE RANGE switch. Another source can be
used instead; but always select a level within the limits
described below, and never more than 360 V rms, man.”

Frequency Dependence. Select a source voltage £ 0.16 f
volts rms, 1o avoid saluration in the bridas ratio trang
former. For example, at frequencies of 0.1, 1.0,10, & 100
kHz, maximum levels sre 16, 160, 350, & 3L0V nns.

NOTE
Voii.ég;es at the upknown capacitor, greater
than this limit, can be obtained by using the
reversed configuration of para. 3.75

Large capacitors, You cah resclve large C at high fre-
quency using relatively low voitage. Appropriately, tevels
available in the 1621 system are then Hmited by oscillator
loading. Normal operation 1s bolow these Himits: level <4 X
10°3 1 5C volts rms for OUTPUT VOLTAGE RANGE = 150
vV tevel < 107 /G for tower rangss. Example: for .01 uF
at 100 kHz, select 10V max, on the 15-V range.

2 TERMINAL X1. Use 20 Vv orms, max, at this ong
setting of the TERMINAL SELECTOR. O therwise, clipping
circuils designed 1o protect you from a shock hazard will
calise an @107 I your measurement.

Resolution. The chief reason for using a high volinge
leval is to facilitate balancing the bridgs to a high resobu-
tion. Generally, make prefiminary halances with 15 V- so.

Ther swilch o BG, and finally 180 V. as you refine the
measurement beyond the 6ih significant digit. Do not ex-
ceed the voltage limits described above.

“Unknown " Terminal Voltage. 11 the TERMINAL
SELECTOR is set 1o either of the X1 positions, the voltage
across C, s squal to the oscillator level, at moderate
frequencies, at balance. Gl balance, the terminal vottage
varies from much less {C, large and C levers sat very fow} o
nearly twice the oscillator level (C levers set very high
compared to T}

if the TERMINAL SELECTOR is set to X10 or X100,
the terminal voltage al balance is, respectively 1/10 and
17100 of the oscillator level. Off balance, the maximum
voltage at the UNKNOWN port is equal o the oscillator
level, At frequencies much above 1 kHz, measure the
terminal voltage, if you need to know it

3.9 ACCURACY,

The 1616 Precision Capacitance Bridge will imake rmeas-
urements with internal standards to an accuracy of 1 partin
105 {10 ppnd; it will make comparisons 1o 1 part in 10®
(.01 ppra). However, such performance does not obtain for
all combinations of frequency, “unknown'’ Cx, Gx, ground
capacitance, femperature, elc. Nor can the specified perfor-
mance be expected unless the associated oscitlator and
detector are equivalent to those in the 1821 System.

3.9.1 Accuracy vs. Frequency and Cx, Figure 3-6.

Refer to this figure for the specified accuracy as 2
furction of lest frequency and the magnitude of Cx. This
piot shows at a glance that the bridge performs best at
frequencies below a sow kHz, less accuralgly at higher
fraquencies, parlicularky if Cx is much below 1 pF.

However, as the dashed lines in the lower right corner
show, accuracy for simail Cx is practicalty as good as it is for
madiim Cx, provided that each measuremert is corrected
by subtracling the "zero ofiset” or maiking it 0; see "zaro
adjust” para. 4.4.

Zero Offset. Determine the offset as follows:

a. Disconnect the “unknown” capaciior; connect a
shiald {Table 1-4 “Open Circuit”h,

b Set TERMINAL SELFCTOR to 3T X 1

. Set C MAX to the lowaest position.

d. Balance the bridge carefully.

a. The C readout is now the desired offset. Record and
use i as a correction term, as described above.

Hesolution. AL the lower part of Figure 3-6, sccuracy is
fmited by resolution. The fimit is the smatlest C-standard
step, 0.1 ab or 1797, al frequencies above 1 kHz, As
fraquency 18 decreased below 1 kHz, and the osciilator
voltage decreased las discussed before}, it becomes more
and more difficult o determine that ieast-significant diyit.

*500V _may be appiied i GENERATOR and DETECTOR connections are inlerchanged (see 3.16).

3-16 OPERATION
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Figura 3.6, Spucified capacitance accuracy of the 1616 Bridge, Dashed lines apply if readings are corrected by subtracting zero offset.

So the line of 50-ppm accuracy {for example) curves up to
the feft, from 10% Mz 1o 10 Hz.

Errors from Batio-Transformer hmpedances. The chief
reason for the conspicuous reduction in ac:cdracy at high
frequency is the presence of leakage reactance {and winding
resistance) in the ratic transformer. Refer to Section 4.
Here are some saliant conciusions, al high frequency:

1. Bridge readout is probably high if the READOUY
MULTIPLIER s X10 or X100, low if X1

7. Accuracy is best when READOUT MULTIPLIER is
get to X1 and the most significant digit of readout is
large {preferably XJ.

3. The speciications {and Figure 3-8) represent nearty
worst cases’

3.9.2 Accuracy vs. Temperature. Figure 3-7.

Refer to this figure for an overall view of temperalure
effects on accuracy. Interpclate between 2 vertical lines if
necessary. For examnple, in the condral region (of greatest
accuracy} 28°C is about 2/3 of the way from 0 1o 25, say
16 ppm. [f you are measuring C=1000F atf=1kHzand 1
= 28°C, estimate the accuracy of the bridge thus: basic
accuracy = 10 ppm (Figure A6}, errer due Lo temperaiure
= 116 ppm {(Figure 3-7}, measurement acouracy = 226 ppr.

wivw.valuetronics.com

NOTE
The term "'steady-state temperature” is used in
the figure as a reminder that the effective tem-
perature of the internal standards can be known
only il the ambient temperature has been con-
stant for many hours,

For a more detailed treatment of temuerature efflects,
calculate correction and tolerance as shown by the fol-
lowing example. Find the tempsralure coefficient « of the
most significant standard involved {from specifications or
your own evaluation}. The example is the same as in the
paragraph above; o is +3 1 ppm/°C.

. Correction. Since t is 5 above bridge-calibration tam-
perature, calculate the correction adt = +3 {B) = +15 ppim,
The standard capacitor is high, therefore the bridge readout
is low.

b. Upper Bound. Since t is 4% above the upper bound of
the basic-accuracy  specification (310 ppm from 22w
24°C). add to the basic accuracy ait = +4 (4} = +16 ppm.
The surn is 426 ppm. {Assume the worst cases for a: 341
for upper bound, 3—1 for lower bound, t being greater than
237 conversely for t less than 23° C)

¢. Lower Bound, Since tis &% above the lower bound of
the Lasic-accuracy specification, add to —10 ppm the term
oM = 42 {8) = 412 ppm, Le, +2 ppm.

in conclusion, the rneasurement in ihis example is:
“readout’” + 15 ppm, wilh a tolerance of #11, —13 ppm, i
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Figure 3-7, Worst-case measurament error dua to temperature {based on maxinum temp
coef of C stds), Basic specifications apply in shaded band {23°C +1°C). In remainder of
chart the error may add (in the worst case} to the tolerance given in Figurs 3-6.

the readout were ** nF 103 pF 456 1F 789 aF, then the
measurement would be: 103.4583 pF, +.0011, —0013 pF
NOTE
1§ the bridge is 10 be used regulerly al a temper-
ature ather than 23°C, it can be calibrated for
such use. Refer to para. B.4, For temperature
rise in 1621 Systemn, refer to Specifications, in
front of manual,

2.9.3 Range and Dissipation-Factor Limitations. Figure 3-B.

G-Range Limits. The accuracy of a Cx measurement may
be limited by an extreme of Gx (or vice versal. For exam-
pe, if both Cx and frequency are very jarge {(near the Hmits
specified for the bridge) and the capacilor is very lossy, the
targest internal & standard may nrol be large enough for
balance. Simitarly, a very small Ox with very low losses
measured at a low frequency, may require sinalier G-stand-
ard steps for the desired resolution then the smallest in the
bridge. The simplest way to axiend the range is by the use
of external standards. The range limits are represented in
the figure by the ends of C, and G, sceles.

Dissipation Factor. Figure 35 covers sornewhat more
range of O than can easily be evaluated by this bridge. For
moderate values, ail the parameters discussed in paragraph
3.6 can be determined readily, However, at exiremes of U
{or Q}, only the predominate admittance can he measured
accuratety,

Very fow D. At about D < 10% the unknown capacitor
has Josses as low or lower than those of the internal stend-
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ard capacitor. If, for example, D = 1077, you cannot meas-
ure G, directly by the CONDUCTANCE readout, and so
cannot measure . However, this situation does not limit
the Cx-measuremant accuracy, because any decade of the
COMDUCTANCE standards can be sel 1o —1,

C-Accuracy with High D, Becsuse G standards have some
stray C, € accuracy is sacrificed when much G has to be
balanced. The errer can he + or —, depending on certain
compensations. Calculate accuracy as follows:

&C D -4 G

27 10°CD,y

=+
I 10° Do

whare Dy is the ratio of conductance to 1-kHz susceptance
of the G standards, and is 10° or more for this bridge.

Comparison accuracy depends on the G standards that
are changed between measurements. Substituting AG for G
in the formula, comp acc = £ AG / (27510% COq).

Sor example, H Cy = 12.3456 pF, G, = 1.230 X 10!
us end f = 500 Hz, then D = 3.2 and accuracy is +1600
ppr. 11 a similar capacitor has Cp = 12,3123 pF and Gy =
1.241 X 10 uS, then comparison accuracy is £13 ppm.
See also para. 4.7.

2.9.4 Shunt Capacitances to Ground. Figures 3-1, 3-2.
These capacitances, Cyy, Cpg and Cy,4 are exciuded from
the measuremant of Cy. However, if large, they can reduce
accuracy and precision {particularly at figh frequencyl,
If you can keep these capacitances below 200 oF each
{unknown tapacitor directly connacted to bridge terminals)



or 100 pF plus cable capacitance {unknown  capacitor
connecled by a pair of GB74-R2ZLA  palch  cords)
measurement accuracy is unimpalred, even at 100 kiz

Three-terminal Measurements. 11 you must measure in
the presence of larger shunt capacitances Lo ground, calcu-
late a bound on the probable error as Tollows:

. s 4 o
Creadout = Cx — @ G Cislgg

Greagout = G — ? CrsCisHg

Motice that the error terms are hoth negative. €, is
low-side-to-shield capacitance; C),;, high-side-toshield. in-
clude cable capacitances, if patch cords are used. Hsg and
Lsg are, respectively, the resistance and inductance of the
path from a virtua! common point in the shield surrounding
the unknown capacitor to the ground point in the heart of
the bridge. include the B and L of the patch-cord outer
conductors (2 in parallel, if 2 patch cords are used} in ng

and qu.

As Figure 3-1 shows, our srror calculation is based on g
lumped-parameter situation. {f cables are used, €, L, and H
are really distributed along the cables, and the corres
ponding error terms are even less significant than those
calculated above.

For example, assurne shunt capacitance of 45 pF at each
end of the unknown capacitor, in addition to 80 pF for
gach GB74-N221A patch cord. Assumne T uH and 10 m( for
for the series-impedance parameters of each cable and its
associated connectors, Assume Freguency is 100 kiHz, Then:

Che = Cpp = 1.35 X 10710 farad

i

LSg 6 X 107 henry

-5 X 1T? ohm

1

Ry

1

C arror = w? Chs Cig LSQ = 36X 10'% farad

G arror = 6 Cpg Cjg Ry = 36X 10711 Siemens,

i C, o= pi, compare this C error with the normal
error, B X 10'% F. (Refer 1o Figure 3-6; measuring 1 pF,
we expect H000-ppm accuracy.) Motice that most of that
arror is due to series inductance in the bridge {see para. 4.7}
antt is accentuated by any inductance of the cable inner
conductors. Al fowsr frequencies, with very long cabrles,
the sories inductance thus usustly contributes more error
than the ground return inductance.

Two-terminal  Measurements. Non-coaxial Z-terminat
measurernents can be considered a special case of 3-terminal
measurements in this aspect. |f neither terminal has more
than 200 pF to nearby instrument or hench "ground’”, and
if that ground is connected by low impadance to the bridge
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ground, the error from ground capacitance should be negli-
gibila,

Coaxial 2-terminal measurements differ in this aspect
because the LOW bridge terminal i completely shielded by
the FIGH. Capacitance from HIGH to ground does not
affect accuracy except for ioading of the ratio transformer,
That effect is negligible for Chg < 100 pF or 0.1 C
{whichever is greater). Howsver, a distinction must be made
betwean Chg and fringing capacitance, see below.

3.9.5 Fringing Capacitance.

Fringing capacilance is significant i coaxial 2-terminal
measurements. {The HIGH and LOW connectors for 3-
terminal measurements  are far enough apart se the fringing
between their inner terminals is only 125 aF.) As explained in
paragraph 4.2, the recommaendead setling of ZERO ADJUST
makes the balanced-bridge C readout expwess just the
capacitance Cx due 1o fields beyond the reference plane of the
GY00 connectors, entirely within the “unknown” capaciter
and its connector,  As described in para. 3.4, you may
assume the fringing is 0.1156 pF and be correct within : .GO8
pf, ie. 8 fF  Two methods are suggesizd for greater
accuracy, as foliows.

Standard Cepacitoriss a Coaxial Capacitance Siandard
{7 pF) or {1 pF) with calibration specified within £5 {F, or a
GO0O-WO4 Precision Open-Circuit Terminal {2.670 & .0067
pFl. You may have one calibrated to greater zecuracy by the
National Bureau of Standards, -

a. Sat front-panel controls as of the completion of func-
tional checks and phase adjustment, para. 3.2 and 3.3, at
the desirad frequency, para. 3.7,

b, Install the coaxial capacitance standord end set the
CAPACITANCE fever switches to its value.

o. Set the TERMINAL SELECTOR to 2 TERMINAL
X1, X10, or X100 depending on whether you wish 10
measure capacitors up to 1 aF, 10 n¥, or 10 uF, respec-
tively. Keap the C MAX switch down, during this procedure
{and during measurement of your unknown capacitors ex-
cept when their vatues require large C standards with a
READOUT MULTIPLIER of X100}

. Balance the bridgs, using the ZERO ADJUST control
for C and the CONDUCTANCE lever switches for G, Turn
the GAIN and SENSITIVITY contrals as required for suit:
abile indications of balance,

NOTE
The resolution of ZERQ ADJUST sattings is
about 0.6 fF for X1 and X10, about 5 fF for
¥ 100 READOUT MULTIPLIER,

e. f you want lo obtain a more exact value for the
fringing of the G900 Conneclor on your tridge (for use in
para, 3.4) remove the capacilance standard and rebalance the

bridge using  the CAPACITANCE  lever switches. The
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repeatability s about £1 fF; verify this by repeating the
above procedure a faw tines,

Direct  Measurement. Calibrate a  coasxial  Z-terminal
capacilor against the inlernal bridge standards, if vou prefer,
by the method of Milea* {Refer to Appendix A.)

This method requires the capaciior to he measured twice,
while atlached tc & fixiure made with a lee. suitable
connectors, and 2 lengths of flexible cable. The fixiure is not
readily available; details are left to youwr hgenuity.

3.9.6 Conductance Accuracy.

The accuracy specification is £0.1% £1 step in the least
significant digit, particularly for G = 1(7'? 8 However,
that last step need not be a limitation at larger conduc-

tance. 1f you avoid making the first digit of the CONDUC-
TANCE readout a zero:

G readout = Gx £0.1% Gx; for Gx = 1FT uS

Offset. Measure G and use the correction, as follows.

a. With EXT MULTIPLIER OFF, TERMINAL SELEC.
TOR at CAL, and readouts initially at zero, balance the
bridge.

b. The G readout is G, it may be + or —, with magni-
tude {typically) 107% 1S This offset is unalfected by
ZERO ADJUST. _

c. For any measurement in which G, is significant
{typically if the G multiplier is 107% or 107%) subtract it
from the readout, thus:

G, =G sadoyt * 1 in Bthwindow — G ) £ 0.1%

Temperature. The temperature effects on conductance
accuracy are nearly negligible. The basic specification of
+1000 ppm (see above) applies over the temperature range
of 23 ¥1°C. For further temperature changes, the worst
case obtains when the CONDUCTANCE mulliplier Is set o
104, 10°%, or 10%; then the readout at balance varies
inversely with temperature at the rate of 700 pom/ C. For
settings of 107%, 107 1072, 107", and 1, respectively, the
temperature coeflicients ara: —700, 300, £60, £H6, and
15 |‘);)|7|,"°C,

Of course, you can calibrate the bridge al a teniperature
other than 23 °C, making use of the 115 ppm” internal
stendards or any suitable external standards for references.
Refer to ;)aré. 5.4

The inlernal conductance standards tespond Lo environ-
mental temperature change with a small lime constant (a
few minutes) in conlrast 10 the largs capacitance standards,

C-Range Limits, As discussed abiove {conversely), G,
accuracy may be limited by the available range of internal C

*Millea, Aurel, " Connector Pair Technigues for the Accurate Meas-
urement of Two-Terminal Low-Value Copacitances,” Jourqaf of
Fesearch, 3, of the National Bureau of Standards, Vol 74C, Mos
384, July-Dec, 1870,
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standards, For exanple, if G, = 1072 8 aad D 1041 f=
10%, the smallest inlernal G standard is not small enough
for a precise balance. {Stray C in the G standards has 1o be
cancelled, so we are not able to measure C anyway ) If G,
= 107 8 and D = 107? at [ = 120, the largest internal C
standard is not large enough for balance, Use an external
standard, if yvou want to exiend either limitation.

Dissipation Factor. At very large D, the unknown con-
ductlance may have less capacitance than the internal stand-
ard conductance, Then you cannot measure C, directly and
so cannot maeasure DL But {in contrast to small-D timits)
this situation is generally no limitation on G, measurement
accuracy. C standards can be set negative if necessary for
halance.

At very low D, the accuracy of G, measurements is
limited because a significant part of the conductance in the
standard arm of the bridge consists of iosses in the internal
capacitance standards. 1t is therefore impracticat to measure
G, i the region near or beiow the bollom edge of the
chart Figure 3-5. If the low-loss C-standards are used {C, <
1 nF} this G, accuracy limitation is e at D = 1070, 10% at
D= 107, and about 100% st D = 107°.

Capaeitance to Ground. As explained in the C -accuracy
discussion, G, accuracy may be affected by the ground
capacitance and series impedance from the shield around
the unknown device through the cables to the bridge
ground. 1T you must use long cables, and particularly if you
need to test at high frequency, use the formula given there
to estimate the consequent error:

G

- T o R
readaut Gx - (‘ins{’ls ng

3.10 PRECISION.

The comparison precision of the 1621 syslem {or the
1616 bridge i set up in an equivalent systemi} is specified to
be £.01 ppm {one part in 10%) for low-luss capacitors
between 10 pF and 10 uF. This staternent means that the
systemr has the resolution, sensitivity, stability, repeat-
ability, and operating convenience necessary for you (o
balance capacitance to .01 ppm.

Such precision is significant in measuring capacitance
changes, comparing capacitors, adjusting and evalualing
capacitance standards, ele, The precision s available for
measurermnents described in preceding paragraphs, but far
exceads the absolute accuracy o which we can guarantee
ihe many possible combinations of internal standards.

Resolution. The smailest internal-standard step is
1F1F, so resolution of £.01 ppm extends from €, =
WHYE (19 pF) o 107%F {10 uF) without external stand-
arcds. An exira decade, at one end or the other of the range,
can be provided by a suiteble external standard.

Sensitivity, You can balance the 1621 system 10 %.01
ppm because (among other things) you can see a 01 ppin
unbalance on the detector. This remarkable sensitivity de-
pends on instrument capabilities, but also on your sefection



of a high source voltage, proper tuning of the detector, and
satting of the phase shift, as described belore.

Bacause source voltage must be kept below a limit pro-
portional to frequency, sensitivity is generally adequate for
the above-mentioned resolution only al frequencies above
aboul 900 Hez. These somewhat arbitrary limits obtain: at
10, 102, 107, 10%, and 10% Mz you can resolve to 201 ppm
when C, > 107, 1071®, 101}, 1072, and 1071 ?F, respec-
tively. {To reatize the 1071 2.F limits requires not only the
external standard mentioned under “'resolution” but also,
preferably, an extermal osciliator with a 3B0-V oulput,

Stabifity. You can enjoy the above-mentioned precision
because lalso} the internal standards which determine the
mast-significant digits of any such precise measurement are
sufficiently stabla, They are stable in terms of mechanicai
shock, aging, atmospheric changes, ambient temperature,
and other faciors,

Cansider temperature in more detail, These standards are
thermally isolated, with a time constant of & hours, Assurm-
ing you can make a comparison {2 measurements) in 6
minutes, the effect of & 1.°C ambient temperature change
on that comparison cannot exceed 1/60 of the specified
ternperature coefficient. Thal is 3 p;)rm’OC for C, in the
range 1-1000 pF, so the effect is .05 ppm. Therefore, for
+.01-ppm precision under  these conditions, be sure the
ambient temperature is regulated within +0.2°C.

NOTE
Hecause of the long thermal time delay in the
bricge, it must be held at the desired tempera-
sure a long time before precise measurements
can be made. Refer 1o para 4.5 for a guantila:
tive discussion.

For example, & 12°C changs, 24 hours before, will
disturh a comparison taking 6 minules as much asa 0.27.C
change during the comparison,

Take reasonable care io avoid machanical shock, requlate
temperature as described above, and you can rely on the
stability of the internal standards, for Gy about 11004 pF
However, the internal 10 and 160F standards, used Tor €y
in the range of 2-100 nf, may have as much as an order of
magnitude largey lemperature copfficient

To obtain .01 ppm precision using them, make more
rapid comparisons, provide better termperature reguiation,
or use an unusually-stable external standard as described
helow under the heading of Externally Datermined Accur-

acy.

3.11 EXTERNAL STANDARDS,

The 1616 Precision Capacitance Bridge has considerable
versatility to make special measuremants and comparisons
in addition to those already described, These paragraphs
deal with the use of external standards to extend range,
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resoiution, accuracy, and convenience of basic measure
ments,

An exiernal standard of capacitance or conductance can
be connecled to the standard arm of the Liridge through a
ratio-selecting switch analagous to each of the capacitance
lever switches. External and internal standards are ofien
used at the same time,

2.11.1 Range Extension to 117 uF.

Accessories. A 1-ul, highly stable, external standard, i.e.
GR 1409-Y Slandard Capacitor and two G874-R33 patch
cords.

Conneclions. Connect the capacitor to the EXTERNAL
STANDARD port of the bridge, 1hus: capacitor H Lo bridge
HIGH, capacitor L to bridge LOW, and capacitor G to the
shield of the LOW cable. Conngct the unknown capacitor
to its port as usual.

Catibration. Verify the calibration of the external stand-
ard with adapters and cabie at the frequency you plan 1o
use, by the method of para. 3.4 and 3.5, or as follows: set
£¥T MULTIPLIER 1o —~0.1, TERMINAL SELECTOR 1o
CAL: balance the bridge; and multiply the CAPACITANCE
reaciout by 0.

Ralance. Measure the unknown capacilor as usual except

that you now have a more-significant C digit than before,
controlled by the EXT MULTIPLIER switch.

Readout, |f the external standard is 1 uF, with sufficient
accuracy for your measurement, and if the series-induc-
tance error described Lelow is tolerable, interpret the EXT
MULTIPLIER setting multiplied by 10 as an extra digit at
the left of the usual C readout. (Exampla: ext std valug:
1.00011 pF; EXT MULT: 0.6, readout: BAnk 321 pF .
READOUT MULT:X100; desired accuracy: *0.1%. Final
value is 66.4 pF .}

But if you want greater accuracy, the measurement is:
[{external standard C value) (EXT MULTIPLIER) +
CAPACITANCE readout] (READOUT MULTIPLIER) —
{seriesinductance correction). In the same example:
{1.00011 X 0.6 + .054321) X 100 = 65.4387 pF, without
the correction (see below). In this example, that might be
06 pfF. Unless you can refine that, only 2 decimal places
are valid, Then the final measurement is.

65 4406 = 6539 uf.

Similarly, the final G readout is: [{external standard G

vaiue) (EXT MULTIPLIER } + (CONDUCTANCE readout)

PLIER]).

Series-1. Correction. The accuracy of measurement of
large capacitance is usually limited by the bridge and lead
inductance in series with the capacitance. The bridge read-
ing of capacitance is greater than the unknown capacitance
C, by a capacitance errar AC = 2 C2E 1f bridge induc
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tance £ is about 0.3 uH, in series with the UNKNOWN
terminals, yvou have a minimum error of the order of
+0.002% Cnf (kaz}z. Hence, at 1000 Hz and 100 1, the

bridge. reading might be high by about 0.2%. Reler also 1o
para. 4.7, '

2.11.2 Extension of C Resolution.

Although the resclution of the bridge is exceptionally
fine, you can make it ostil finer with a sufficiently smail
external capacitance standard, Thoroughly shield anything
connected to EXTERNAL STANDARD port, particularly
on the LOW side.

Accessories. A well-shielded 0.1-aF {i.e., 10'7F) 3tenm
inal capacitor; well-shieided cables, such as 874-RZ2LA.

NOTE
It you make such a capacitor, use bullon-sized
nlates spaced several om either side of a shield
wilh a small pinhole in the center.

Zero Adjust. if the measurement is to be made at the
3 TERMINAL port, shiskd he 3T LOW connector using an
open-circuit termination; set TERMINAL SELECTOR to
3T X1, C MAX lever down, and the entire C readout 1o
sero. Balance the bridge with ZERC ADJUST and the G
lever switches. [If the measurement is 1o be 2-terminal,
omit the shield, install a coaxial € standard, set TER-
MINAL SELECTOR accordingly, and balance the bridge
with the C readout fixed at the value of the C standard. }

Calibration. Measure the external standard at the EX-
TERNAL STANDARD port. A balance should oblain with
C readout set to 0.1 aF, EXT MULTIPLIER 10 1.0 j1i the
measurement is Lo be 2-terminal, set the C readout 0.1 aF
abave the value of the C standard. ] Use a high frequency
{10-100 kHz) and high oscitlator lTevel. Measurement pre-
cision of £10% is probably adequate. {Selling the EXT
MULTIPLIER to 9.9 should noticoably unbatance the
bridge.) 1 possibie, adfust the external standard to 0.1 aF.

Balance. Connect the unknown capacitor to ils port.
Measure as usual excent that you now have a toss-significant
C digit than before, controlied by the EXT MULTIPLIER
switch,

Readout. Interpret the EXT MULTIPLIER indication
mudtiplied by 10 as an exira digit at the right of the usual G
reaciout. (Example: ext sid value: 0.1 al, FXT MULT: 0.6,
readout: 734 aF 5; READCUT MULT: ¥ 10. Final value is
2.3456 fF.)

3.11.3 Exteﬁial!y Determined Accuracy / Comparisons.

Applications. 1f you want 10 rmake a series of measure-
manis with 1he convenience of direct roadout but with
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greater avcuracy than the internal standards permit, and i
you have suitable external standards, use lhis procedure.
{For example: the bridge may not yat be stabilized al room
temperature.) Alternalively, you may wish to reasure
against a standard deliberately set a few ppm different from
the internal standards,

Comparisons between external standards of the same
nominat value, or values differing by convenient ratios, like
1, 2, or 10, can be made 1o great precision {para, 3.10). Use
one as 'standard”, one as "unknown.” As a check on
nossil:le zero offset, interchange thern and compare again,

Accessories, A suitable reference, e, GR 1404-A
and 2 of GB74-R22LA patch cords,

Connactions, External standard capacitor to EXTERN:
AL STANDARD port; H to HIGH, L to LOW. Unknown
capacitor 1o ils port.

Ralance, Measure as usual, sxcept be sure 10 control the
most significant digit by the EXT MULTIPLIER switch.
Notice which C-lever switch (cali it 8} corresponds in mag-
nitude to the EXT MULT, Set 7S” and all at its left to zero.
for good external delermination of accuracy, EXT MULT
should be set high, and one ar more levers right of "™, iow
{preferabty zero).

{Example: Ext std: 100 pF; S is the 10-pF lever,
regardiess whether READOUT MULT is 1X or higher.
Mote: “'S” set to X would represent 100 pF, and so woulid
EXT MULT set to 1.0

Readout, Read out as ususl except that EXT MULTI-
PLIER reading multiplied by 10 musl be substituted for the
sore of lever switch S {Cxampie, as above, also: EXT
MULT: 0.8 READOUT MULT: 10X, C readout: 123 fF
455 aF . Final value is 801.23456 pfF.)

-

Accuracy. Estimate the C and G accuracies by adding
thess error contributions for each:

1. Error in catibration of the external standard capacitor,
PIHTL

7 Error of internal standards as they apply: {refer 10
para, 3.8} axpress temporarily as C or G (not ppin} and
multiply by the indicated READOUT MULTIPLIER.
£xpress result as ppm ol the "final vatue".

3. Error of ratio transformation, Typically:

grror is < 1 3 10 prm
for ratio: 1 10 100,

where the ratio is the product of EXT MULTIPLIER

and READOUT MULTIPLIER settings. Ratio of 1 must

he (1,0) (X1} not {0.1) (X101

4. Eror of zero offset. Bridge reading at balance with
poth ports open bul shielded (use a Ge74-W Termina-

N



tion on each LOW connector), EXT MULTIPLIER at 1.0,
and READOUT MULTIPLIER at X1, This arror should be
7ero,

3.11.4 Test-Fixture Compensation,

Applications, You may have a test Tixture, leads, termin:
als, etc, which have parameters included in C, and G, but
which you want to balance separately so that the bridge
readout is only the additional C and G of capacitors con-
nected to the fixture,

Notice that ZERO ADJUST performs just this funclion for
5. TERMINAL measurements only, for C only, and for a very
rmited range. bul with great precision, {lts function,
specifically, is to balance the capacitance of the G900
connector on the bridges.}

Accessories. Stable, adjustable. 3-terminal shizlded,
precision  capaciior and {optionaily) a conductance, e,
GR1422-CB capscitor, and two GB74-833 patch cords,
iAdjustable conductance standards.  though not  usually

needed, may be connected in paraliel.)

Connections. Connect the test fixture you plan to use 0
the appropriate UNKNOWN port; the compensating capaci-
tor land conductance, if any) to ihe EXTERNAL STAND-
ARD port. Set the READOUT MULTIPLIER as you intend
10 keep it for subseguent measurements.

Adjustment. With the C and G lever switches set 10 zero
and EXT MULTIPLIER on 1.0 {or alower setling} balance
the bridgs by adiustment of the external standard. |f that is
ordy capacitive, manipulate the CONDUCTANCE  lever
switches as usual.

Notice thal is is guite possible 10 make satisfactory tesl
fixiura compensation without reaching a perfect balanoe with
the external standard.  For example, suppose you need to
compensate about 20 pE READOUT MULT: X1, available
capacitor range: 10 10 110 pF. Set EXT MULT 1o .2, This
capacitor has a resolution better than 4 7, Le. < 1 fF
reforred 1o the lest fixture  If that resolution s sufficient,
simply verify thal you have achieved it. (Refine the balance
using C lever switchss and verily that sppreciably fess than
+0.5 £ is required of them]

i, in that example, resolution must be 10 aF. you need
anothér externai variable standard capacilor in paralls! with a
suilable fixed capaciiof.

3.11.5 Range Extension to 11 mB.
Accessories. A standard 10-k8) resistor and two GB74-
B33 patch cords {or one cord and G874-MB adaptor).

General Procedure. Refer 1o she analogous paragraph
3.11.1, which concerns ¢ rather than G. The readout for-
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mulae for C and G are both given there. The “exiernal
standard G value’ is 100 pS.

NOTE
External standards of C and G can bu used
simultaneousty by connecting them in paratlel.

3.12 PRECISE COMPARISONS.
3.12.1 Balance Comparisons.

Very precise comparisons between 2 capscitors nomin-
alty related by convenient ratios, such as 1, 2, or 10, can be
made by connecting one as EXTERNAL STANDARD, the
other as UNKNOWN capacitor, The internal standards ave
used only to evaluate Lhe difference. Refar to para, 3.11,

3.12.2 Direct Substitution,

Even more precise comparisons betweety 2 nominatly
acual capacitors can be made by connecting them sequen-
tiatly as the UNKNOWN capacitor, External standards may
be used.

Ralance Technigque. Make use of 1-1) and X settings of
laver switches if doing so will permit more of the most-sig-
pificant digits 10 remain unchanged. Example: if capacitor
A measures 123450012+ pF, and B something more like
177344.9098+ pF, then make the readouts 12 nF 345 pF
003 fF 265 aF and 12 nF 345 pF 00{—1) {F 850 aF
respectively.

Repeat measurements A, B, A, B, ete. 1o eliminate any
affects of temperature changes, connector ratiability, ete. In
1his example, then, B is 0014 pF, e, 012 ppm, less than
A

Precision, The only limit on how precisely a pair of
capacitors can be matched is the resctution of the bridge.
The errors listed in para, 3.71.3 do nol apply, absolute
“farnd’ value is of secondary lmportance, 1T A and B are so
similar that each can be balanced repeatedly with the same
0 mostsignificant digits, and il the Oth dinit is significant
{changing it upsels the balance) then you may be sure that
A and B are equat {for the moment) within 2001 ppm.
Generatly, comparisan precision is specified at £.01 ppm
for the 1621 systen. Refer 1o para. 3.10.

fringiog, and test-fix-
maasure-

Tarminal Capacitance. Terminal,
wure capacitenues canicel in direct-substitution
ments, a fact that makes this mathod conveniant for many
vinds of 2-terminal rmeasurements, even when great pre-
cision is not required. Refer to para. 343

3.13 NON-COAXIAL 2-TERM. CAPACIYORS. Figure 3-8,

Measurement of nen-coaxial 2.qerminal capacitors can be
precisse and repeatable only 1o the extent that the various
stray admittances can be brought under con Jol. Some can
be excluded from the measurement, sona need to be in-
cluded. Some are unavoidably influenced by the method of
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connaction to the bridge, and so the measurement is valid
only if such details are specifisd,

The capacilen terminals are represented in a general way.,
If they are a palr of binding posts al standard spacing or a
coaxial connecior and if the bridge UNKNOWN port can be
adaptled to mate with these terminals, the method of con-
nection can be specified reasonably well,
3.13.1 Unshielded, 2-Terminal Capacitors. Figure 3-8a.

Diagrammed is a very simple capacitor, with an internal
capacitance Cyo. Cao represents capaciiance betweon ihe
ferminals; Cy9 and Cjp capacitances to the nearest conduc-
lor in the environment {we assume for simplicity, there is
only one such conductor of importance},

Intrinsic Value. As it stands alone, the capacitance of
diagram a is:

Ciro + Cap + e
Cao + Cap

Connections, if the capacitor has a (874 connector of
1,76-inch-spaced binding posts, use a GYGO-Q874, or
GU00-Q8 adaplor, respectively. A length of cable or rigid
coaxial line can be usad 1o locate the point of atiachement
away from the bridge. OCther capacitors {in generall wil
require special adaplors or test fixiures.

Measured Values. When you connect that capacitor to
the 22 TERMINAL port of the bridge, all the strays change,
Diagram b shows 8 wire used to make connection at one
terminal, Even if you properly adapt the bridge port so the
capacitor mates without such a wirg, Cag is now different,
ie., Cay. Cp1 Is certainly larger than Caq. Cap may be
practically unchanged. Cso is capacitance from that "near-
by conductor” to bridge ground.

Becayse Czy, Cap, and Cgp form a Y network with a
midpoint thet we don't care about, we can substitute the
equivalent A, (Use a Y-Dor T transformation.) Two parts
of the A are excluded from the measuremant.® The third
part, across the bridge LOW & b HIGH tenminals, is:

Cay Tt

C T e T T T
28 Cn # Ca t Cso
Certainly, il we make Cs g large e sough with vespact 1o Gy,
and Cyq, Caas wilt approach zero. If Cgp 15 small enough,
C235 appl’oaches C2§ C31 / (Cll + le}

As represented by diagram b, the measured value is

Cyo +Caa +Caas.

1t i3 wsually preferable 1o make the third term zero
rather than try to make it approximate the third term in
the “intrinsic value.” 1f you du the former, Ly grovnding
any nearby conductors (diagram ¢} the measured valug is:

C10‘+C41.

Bacaust the—1616 clroultry is basically a g-terrninel bridye with
graund as guard.

1 3.18 OPERATION
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Correction for Cable, Connector, etc. There are 2 dis-
tinel metheds of removing adaptor capacitance from your
measurement {(results differ). For sach method, there are 2 Y\
technigues {resuits ate identical}). é

Open-Connector Method. Be sure there is nothing but air
at the connector or fixture 1o which the capacitor will be
connected, The 2 equivalent technigues are:

1. Use an external standard and/or ZERO ADJUST 1o

batance the bridge with zero CAPACITANCE readout

iref. para, 3.11). Now when you measure an unknown
capacitor, the readout is the cotrected measurement.

Alternatively:

2. Balance the bridge and record the readout Cyp, the

capacitance of adaptor, cable, and fringing. how when

you measure an unknown capacitor, correct your mgas-
urament as follows: “readout’” minus Cue. {Refer to
para. 3.9.5 for more ebout fringing.)

Substitution Method, Connect a standard capacitor Cg
with the same terminal configuration as the unknown o
1he test point., The 2 techniques are:

1. Use an exiernal standard andfor ZERQ ADJUST to

halance the bridge with CAPACITANCE readoul set to

€, Now when you measure an unknown capacitor, the
readout is the corrected measurement. Alternatively:

7. Balance the bridge and record the readout {CHT, )

Refer to para. 3.12. Now when you measure an un-

known capacitor, correct your measurement as follows:

“readout’” plus C, minus (Co+C,). @

NOTE
If the standard used in the substitution method
was calibrated to eliminate fringing and Cao,
the corrected measurement is Cyg.

Use the 3-Terminal Port (Figure 3-8, d}. #f you wish 10
measure, as directly as possible, the internal capacitance C1
make a separate, shielded connection to each termiinal. Make
connections (If the capacitor has a pair of hinding posts} with
a pair of G777-03 adaptors and a pair of GB74-R22LA
catles. Connect only the shielded plug of gach G777-Q3 to
the capacitor. Ground any neaiby conductor as shown. i the
shields extend Tar enough, (_24? will cartainly be less than C4G'
The measured value is

Cro+ Caz.

NGTE
As a rule, this bridge readout is vatid without
correction Tor cable and adaptor capacitances,
although either method described ahove may be
used for greatest accuracy.

3.13.2 Shiclded 2-terminal Capacitors. Figure 3-2, e.

These capacilors are enclosed in a conducting shieid;
examples are  GR 1400-Y, or 1422-D. Some may
alternatively be measured as 3.terminal capacitors {refer to &
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para, 3-4). Cthers may have ane terminal already connecled
10 the shield,

tnirinsic Value, As it stands alone, the capacitance of
diagram e is:

Cen * Cop +
(-'70'1'(180" Cys g

Hlowever, we are specifically interested in 2-terminal
valug, with ong terminal connecled to the case. Assuming
the right-hand terminal is the one, then the intrinsic capaci-
tance reduces to:

Coo + Crp t Cgo + Coyp.

Connections. Connect the LOW terminal to the GND or
shigld terminal using a link, 938-L, i it fits. Connect the 2
capacitor terminals 1o the Z-TERMINAL UNKNOWN port of
the bridge as follows: capacitor LOW to bridge outer (HIGH);
capacilor HIGH o bridge inner {LOW). I the capacilor
terminais are 1.75-inch-spaced binding posts, use G777-03
and G900-QB874 adaptors and, if desired, a shielded cable
{G874-R22ZLA). Alternatively, use only the link and a G800~
Q9 adaptor,

Measured Value, When you connect that capacitor 1o the
bridge at least 2 of the strays change. Cgg is probably
reduced (by shielding) 1o Cgy; Coo changes completely
{now that LOW and GND are connected] 1o Cyy.

As shown by Figure 3-9, f, the measured value is:

Cen +Cq0 +Cpy +Coy-

NOTE
Correct the bridge readout for cable and adap
tor capacitance, as describied before.

Use the 3-Terminal Port, Simply (Figure 3-9, gi. f you
wish 1o make virtually the same measurement without the
need to correct for cable and adaptor capacitances, proceed
this way.

a Connect LOW 1o shield or GND of the capacitor with
alink as Lefore.

b, Install a GB74-MB adaplor at the nidga 3-TERMINAL
FUGH connector. Tie thal to the capacitor LOW wilh a wire or
plain patch cord.

o, Connecl the G777-Q3 adaptor shielded plug onfy to
the capacitor HIGH terminal, Tie that to the bridge 3-
TERMINAL LOW connector using a shislded cable, G874-
K22 LA, Be sure the shield of the G777-03 adaptor does not
contact the shieid surrounding the capacitor. Make a washes
of paper or plastic.003 to 015 in. thick} for this pumpose.

d. Your measured vaiue {disgram gl is:

Cgo + Cug + Cpa.

320 OPERATION
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(where Cgy is comparable 1o Cgy + Coy of diagram f.)

Use the 3-Term. Port, with Correction (Figure 3-8, hj.
Some capacitors are specified in terms of the capacitance
added 1o a giver bridge port {Adapted, if necessary, to suil -
the capacitors). For exarnple the 2-terminal capacitances of
certain. GR 1422 capacilors are so delined. A typical
procedure follows:

a. Install a 938B-L iink on the capacitor-case (GND)
binding post, connecting also to the adjacent LOW post, if
any.

b, Install 8 G777-Q3 adaptor on the capacitor — insulated
plug at capacitor HIGH, shell connected plug at the adjacent
bind post with the link

c. Install & GB74-MB . Coupling Prebe as an adaptor on
top of the G777-Q3Unscrew the binding post just instalied,
far enough to determing the gap as follows:

. install anotherG777-Q3{shiekded plug only) on top of
the stack. With it firmiy seated, verify that a 1/16.in. gap (2
mm or izsst exisis between tha shields,

NOTE
This gap is the demarkation betwsen part of
the adaptor stack includad in Cg 5 and part that
is not. To stabilize the gap, wrap assenbied
adaptors tightly with electrical tape.

e. Connect the ton adapior to the bridge 3-TERMINAL
UNKNOWN, LOW using a shielded cable, G874-R22 LA,

f Install another G874-MB adaptor at the 3-TERMINAL
UNKNOWN, HIGH connector. Tie this, using a patch cord
or wire, to the link in step a. {1 the capacitor has only 2
binding posts, fasten to the link with an aligator clip;
olherwise, use the 3rd binding post.)

g. Temporarily unpluy the first G777-G3 adaptor from the
capacitor binding posts and suppart it nearby with the
inner. insutated plug exposed. Tie the shell-connected plug
funinsulated) to the capacitor-case binding post [bridge
HIGH) as before,

h. Compensate the bridge by the open-connector meth-
od {technique 1 or 2} described above. This step eliminates
(g3 (diagram b} from your measurement,

i Reinstall the fist G777- 03 adaptor as in step b, Measure
the unknown capanitor as usual.

i ¥our measured value (diagram h) is

Cgo + Cqo + Caa

3.14 DC BiAS.
[c bias voltage may be applied in either of two ways to
a capacitor that is being measured cn the bridge.



AN
CAUTION
2o not apply voltage at the bridge DETECTOR
QUTPUT connector in excess of Epay 0
Tabde 3-2, or the G standards may be damaged

A recommended powsr supply is the GR 1265-A.

VAN
WARNING
@ To minimize electrical shock hazard, limit
bias to 60 V.
® Bias voltage is present at connectors, test
fixtures and on capacitors under {ast.
e Capacitors remain charged after measurement,
e Do not leave instrument unattended with bias
applied.

# To remove the risk of electric shoelk, turp
the voltage source to "0 before connecting
or discaonnecting the device under test.

bt should be noted that the instrument is rated to aceept
bias voltages up to 500 V rms or de. However, to mini-
mize the risk of electrical shock hazards, the use of biasing
voltages of iess than 80 V is highly recommended,

3.14.1 Normal Bridge Coenfiguration / Parallel Bias.Fig. 3-10.
To apply bias in paraliel wilh the deteclor:

a. Connect the bridge as usual, but add the dc bias
supply in parallel with the detector, as shown in the dircuit
of Figure 310,

b, Shield all leads connecled io the high side of the
detector. Use a GB74-T iee connector for convenient parallel
connections and a G874-QBJA Adaptor,

e 1 your detector is not the GR 1238, connect a series
capacitor between detector input and bias supply 1o Block
bias voltage from the input stage. (This capacitor is built
into the detector input stage of the 1238)

d. Connact a serios resistor Fy between the high fead in
the tee and the bias supply 1o prevent the low impedance of
lhe Bias supply hom shorting the detector input, A resis-
tance of about 100 k82 is recommended. Lower resistance
reduces the delactor sensilivity; higher resistance reduces
thhe de vollage across the unknown capacitor since:

feler 1o Table 3-2 for the effective bridge resistance R al
the DETECTOR QUTPUT connector.  Insiall the resislor in a
shigld such as a GB74-X Insertion Unit,

NOTE
Use a choke in place of Ry for high ac imped-
ance, when low devoltage drop is needed.
Shield the choke from both magnetic and elec
tric fieids.
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g, Connoct the onit bolding Ry to the tee, and thal 1o
the DETECTOR OQUTPUT connector of the bridge, using
an adaptor (GRYA-ORBRPA).

[ e 4]

LRI7 38 i e i -

2

DETECTOR | (,74) ! "
I . I oGrisg
i L1 estiioares |
S S —
| S ] =

L
I T+
o]
1
ary
&
P
i
I S Y
A -
n
.
:

BIAS SuPaLY

GGG BRIDGE

Figura 3-10. Circuit for applying bias to the wvisknown
capncitor — normal configuration. Notes: *Razistor in
GB74-X Insartion Unit G874-02 Adaptor provides
binding posts for powar supply. **a8TA-T toe with
G874-QBJA snd GB74-QBPA Adaptors o BNC con
nectors,

f. Either polarity of de bias can be applied. Choose the
polarity required by the capacitor being tested. Olserve the
current limitations descrived below.

g. Calculate the bias from a known Eg, using the form-
uta i step <

3.14.2 Reversed Bridge Configuration / Series Bias, Fig. 3-11.

Compared to the normal configuration, this method
aliows higher oscillator vollage to be applied at fow freq-
vencies (unless the CONDUCTANCE multiplier must be set
yery highl; has lower sensitivity, and permits direct bias
measurement. 10 the reversed configuration, you apply bias
in series with the nscillator, use the Tollowing procedure

. Connect the bridge “reversed'’; refer 1o para. 3.15,

b Connect the do hias supply or batlery in series with
the osuillator,

o Observe the current limilations described below,

Table 3-2
CHARACTERISTICS AT BRIDGE
DETECTOR-QUTPUT CONNECTOR

CONDUCTANCE Multiplier Eppax™ Rap
1 ' 70V Y]
107! 210 89
gl 500 810
1073 500 8 M§2
164,105 or 10°¢ 500 80

SValts rms or de.
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d. Catculate the bias from a known g, using he form
ula given above, except that R’y (_iem(-:nds”on the settings of
FREQUENCY range and QUTPUT VOLTAGE RANGE on
the 1316 Oscillator. {R'y con be as large as 2.4 k§L}
Alternatively, measure £, {Figure 3-11).

"GENERATOR INPUT" CONNECTOR —-—-.

(/JD j
L“":{

i

OPTIONAL "REIECTOR
ELOATING GUTPUT” Ex
BIAS SUPPLY CONMECTOR - . ‘,_K_W.ma .
I - 1 W
I, ©x
+ E
* roEx
By = —E: B
T A s S S
- P X
i' - Ry :
- e U7 i a s S
H 1 8
I | .‘.___W_WK_MW___
GR 1316 .
OSCILLATOR GR 1616 BRIDGE e 7

Figure 3-11. Reversed configuration — bridge circuit
with osciliator and detector interchanged, showing op-
tional application of bias to unknown capacitor.

3.14.3 Dg in the Ratio Transformer | Demagnetization.

When the capacitor that is measured with bias (by either
of the preceding configurations) passes leakage current, do
will flow throngh the bridge ratio transformer. This current
will magnetize the core and affect the accuracy of the
ratios, end such use generally is not recommanded, 1t is,
howaver, possible to operate the bridge with some de in the
transformer, i you keep this current pelow the fyuax
values shown in Table 3.3 to avoid saturation of the core.
Operation within these limits will not damage the bridge,
but demagnetize the wranstormer afler such use o insure
accuracy in normal operation. Demagnetize as follows:

a. Connect oscillator ta bridge in the normal configura-
tion.

b. Set osciliator FREQUENCY to 100 Hz, QUTPUT
VOLTAGE RANGE to 50, QUTPUT ADJUST to 7ero. Set
bricdge TERMINAL SELECTOR to CAL.

3-22 OPERATION

c. Turn the oscillator QUTPUT ADJUST ow to MAX
anel then slowly cow to zero again,

3,15 REVERSED CONFIGURATION.
3.15.1 Explanation.

Figure 3-11.

To apply higher ac test voltage [up o 500 V] to the
unknown capacilor than that normally permiliad), use this
configuration, in which the oscillator is connected 1o the
tridge DETECTOR QUTPUT conneclor and the detector is
connacted 1o the bridge GENERATOR INPUT. Use this
reversed configuration when lower sensitivily can be tolerated.

In normal operation, the maximum voltage across the
unknown capacitor would be limited by transformer-core
saturation o Eygax = 016 f {para. 3.8). However, in
reversed oparation, the maximum voltage is linited by
power dissipation in Lridge resistors, or by insulation break-
down. The Tormer depends on the COMDUCTANCE wulti-
plier setting — refer to Eyy 5 In Table 3-2.

When the configuration is reversed, the ac test voltage
across the unknown capacitor is equal to the generator
voltage at balance, or hetween zero and twice that voltage
for any unbatance.

3.15.2 Procedure.

a. interchange 2 connections at the rear of the bridge
{Figure 1-3) so you have: oscitiator POWER QUTPUT tied
to bridge DETECTOR OUTPUT and bridge GENERATOR.
INPUT tied to detector INPUT SIGNAL. '

b. Batance the bridge as usual (para. 3.5) but observe the
limits of Table 3-2 instead of para. 3.8.

Table 3-3
BIAS CURRENT LIMITS FOR
TRANSFORMER SATURATION

READOUT MULTIPLIER Ivax”
X 130 200 mA
X 10 20
X1 2

+ An elastic lhnit — for best rogsolution these volues are 100 high; for
some rmeasurements, currents of B lazax may he tolarabie.



Theory—Section 4

4.1 INTRODUCTION Ce
4.2 PROPERTIES OF CAPACITORS
4.3 BASIC BRIDGE CIRCUITRY

4.5 C-STANDARDS ACCURACY
4.6 G-STANDARDS ACCURACY
4.7 RATIO ACCURACY

4.1 INTRODUCTION,

The 1616 Precision Capacitance Bridge is a standards.
raboratory  instrument of exceplionally high  precision.
Togelher with the other components of the 1621 Precision
Capacitance-Measurement Systern, il is designed for acou-
rate measurements of capacitance, conductance, and there-
fore the properties of dielectrics, as well as high-resolution
COMpParisons among capacitance standards.

This section deals with the 1616 bridge. For theoretical
discussions of the 1316 Oscillator and 1238 Detector,
please refer to their individual instruction manuals,

DIRECT
CAPACITANCE

Figure 4.1, Schematic diagram of a capacitor, showing
the direct capacitance and the associated terminal
caparitances,

SHIELD
(MAY BE GROUNDED)

___ ;EO

Figure 4-2. Structure of a 3 terminal capacitor with 2

1RIE

coaxisl connectors,
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4.4 CIRCUITRY OF THE 1616 BRIDGE

4-1
41
4-5
4-7
. 49
. 4-10
411

4.2 PROPERTIES OF CAPACITORS,

4.2.1 Basic Components of Capacitance, Figure 441,

Three Terminals. Most physical capacitors can be pre-
cisely represented by the three capacitances shown in Fig-
ure 4-1: the direct capacitance, Cyy . between the terminals
H and L {capacitance betwesn the plates of the capacitor),
and the two terminal capacitances, Cpyg and C , from the
corresponding lerminals and plates to the case, surrounding
objects and ground (to which the case is connected to
either conductively or by iis relatively high capacitance to
ground},

A 3-terminal capacitor (Figure 4-2) has connacted to the
G terminal a shield that completely surrounds at least one
of the terminals {H), its connacting wires, and its plates
except for the field that produces the desired direct capaci-
tance 1¢ the other terminal (L), Changes i the environment
and the connections can vary the terminal capacitances,
Cye and € . but the direct capacitance Cpy — usually
referred to simply as the capacitance of the threa-terminal
capacitor — is determined only by the internal structure,

This direct capacitance can be calibrated by 3-lerminal
measurement methods, utilizing geard circuits or transform.
ar-ratic-ann bridges, which exclude the lerminal capaci-
{ances.

The direct capacitance can be mada as small as desired,
since the shield between terminals can be complete except
for asuitably small aperture. The josses in the direcl capaci-
tance con also be made very low because dielectnic losses In
the insulaling materials can be made a part of the tenminal
impedances. When the 3erminal capacitor is 1oronnected
as Z-lerminal, the 2-terminag! capaciteance will axceed the
catibrated 3-lermsinal value, Cp (|, by the terminal capaci
tance Gy

Two Terminals. in the common 2-tenninal connection,

the capacitor has L and G terminals connected together,

e, L terminal connected to case. The terminal capack

THEORY 441



tance C) 5 is thus shorted, and the tolal uapacilance is the
sumol Gy and Cpga.

tn general, since one component of the terminal capaci-
tanca Cpjg is the capacitance beiwesn lhe terminal and
surrounding objects, the total capacitance is changed by
changes in the environment of the capacitor snd particu-
farly by the introduction of the wires required to make
connection to the capacitor,

NQTE

There is a possible confusion between H and L.
Usually the 2-terminal capacitor is fabeled H for
the more completely shielded connection, . for
the one connected to shield (il any). However,
the terminals of the 1616 bridge are labeled the
opposite way: L for the inner, H for the outer
part of the Z-terminal port. Bridge M connects
to capacitor L and G, but G must not be
groundsd.

The uncertainties in the calibrated value of this 2-termi-
nal capacitor can be of the order of tenths of a picofarad, if
the geometry, not only of the capacitor proper but also of
the environment and of the connections, is not carefully
defined and specified. For capacitors of 100 pF and more,
the capacitance can usually he adequately defined for an
accuracy of a few hundredths percent, if the terminals and
method of connection used for calibration sre specified.
For smaller capacitances or for higher accuracy, the nonco-
axial 2-terminal capacilor is seldom practical. The 3-termi-

nal arrangement is generaliy praferred. Neverthaless, there
ate very accurate capacitors {in all but the smailest sizes)
with 2, coaxial, ungrounded terminals.

Two Terminals, Coax Connection (Figure 4-3). in lhe
coaxial Z-terminal structure, capacitor terminal L is again
connected 1o the case, but not ground. The case is a
complete shield around the field that determines 1he direct
capacitance Cpy . Fields outside tha case contribute only to
Ci¢. which can be excluded from the measurement. 5o
most environmeéntal changas have little elfoct on accuracy.

If the bridge is designed to measure such & capacitor and
each incorporates s suitable precision coaxial connector, the
uncerlainties of measurement can be as low as 100
attofarads. The realization of such precision depends largely
on exacting definition of the boundary between capacitor and
bridge.  This boundary is represented in Figure 4-3 by line X-
B. Physically, the boundary 5 the plane of the mating face of
the outer conductor of 1he G900 connector, ie. the
reference plane of the connactor, For precise measurements,
the eleciric field must be entirely paraflsl to that relference
plane so the portion represented by C s uneguivocally part
of Cx, whereas T and CO are nof.

4.2 THEQRY
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Figure 4-3. A coaxial Z-terminal capacitor, its strue-
ture, component capacitances, and connection to a
bridge.

“The fringing capacitance Cp, makes the freestanding
capacitance of the capacitor slightly greater than C, How
ever, C, is the value we always measure, calibrate, and refer
to as the capacitance of the device.

The fringing capagcitance CF makes the bridge tarminal
capacitance slightly greater Wﬁen open-circuited than the
value Cf which obtains when a sultable capacitor is attached.
The Z[:hO ADJUST cannot be so accurately set with the
UNKNOWN port open as with a standard coaxial 2-terminal
capacitor installed. Limitations on the accuracy with which
GenRad can specify C__ involve uncertainty as to the position
of spring-loaded ;)arls" in the G900 connector and reduced
resolution because of ‘noise” picked up by the unshielded
LOW terminal, However the repeatabliity is much betlter than
the tolerance given CFB in para. 3.4, ie, %8 IF

Figure 4-4,

No physical capacitor is ideal, Le., free of inductance
and dissipation, atthough some are excetlent. So also, the
equivalent networks that are used lo represent a nonideal
capacitor do so imperfectly. However, they are satisfactory
in many instances, particularly if some of the parameters
are understood to be quasi-constants. (They may vary
somewhat with temperature, humidity, pressure, frequency,
acceleration, aging, illumination, etc.}

Generalized Cireuit. Figure 4-4 {a) represents the non-
ideal direct canacilance (Cpyy of Figure 4-1) with 5 hunped

4.2.2 Inductive and Lossy Components.



constants, B represents the metallic resistance in the leads,
supports and plates;
and plates, €, the capacitance batween the plates; Ty, the
capacitance of the supporting structure. Csnduclar;ce G
represents the dielectric losses in the supparting insulators,
the losses in the air or solid dielectric between capacitor
nlates, and the d-c leakage conductance. For most parposes,
C, and Cg are added as C. {Notice that Cp is zero if
support-structure capacitance is entirely within C, 5 and/or
Crgt
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Figuse 4-4. Capacitor hmped-parametoer sguivplent
circuits and vector diagrams.

The corresponding vector diagram, Figure 4-4 (b) shows
how the capacitive and conductive current components add
to make !, and how the capacitive, induclive, and resistive
voltage components add 1o form Ey. 1y leads By by the
phase angle 8, belween 0° and 90°, as is characteristic of a
physical capacitor. (We are not interesied in conditions at
such high frequency that 1y lags B4 3 The complement of @
is &, the dielectric loss angle,

Notice that, regardless of the relative magniludes of the
other vectors, & small inductive component { E L <IECH
always makes [E ] < B¢ | In other words, tho mesux(a of
series inductance makes a capac itor apparently increase in
capacitance as frequency (or the inductance) increases.

The effect of series resislance on appatcnt capac ftance is
opposite, because By tlends 10 make [y} > [Ecl But the
effect of shunt conduclance G on ap;) )rmui capacitance is
mastly to accentuate the offect of R, if any, by causing
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L, the series inductance of the leads

more lag in Iy, By itself, G w effect on apparent
capacitance because the bridge resuives them separately,

Equivalent Parallel Circuit. Figure 4-4 (c} is the eguiva-
fent circuit based on the 2 Con';ponenté measured directly
by the bridge. Terminal properties (E, 11, 8) are identical
with diagrams a and b. Diagram d shows the vector relation
ships.

The algebraic relationships between these components
and those of disgram a are given below, followed by simphi-
fying approximations that are convenient Tor studying the
effects of one parameter at a time. It is the capacilance C,
{not CSE) that we generaily mean by the term "'
capacitance”.

apparent

_ Cl-—w?tl) - G?
X

C =
11— ?LE + RG)E + {wGL + wi()?

Gl + RG) + w?RC?
(1 — W LC+BG)? + (wGL + wRCH?

G

% =

There is a resonance between L and C at a frequency f,.
We are concerned oniy with the condition { <X fg (and C, is
positive).

At sufficiently low frequency {f << {y), we olserve that

WALC << 1, but varfous losses may still make C, # C,
thus!
c C-G'L . C—-G'L
(14 RGE) 4 WG+ wRCIE {1+ RGY

GU+RG+w?RCY G
(1+RG)1Z +{wGL + wRC)2 1+ RG

1, =

x

whare the fractions at the right are valid at sufficiently low
atuesof Rand L.

I, however, we relax the frequency restriction to f<fy
but consider the case of negligible series loss (WRC << 1)
and reasonably small shunt loss {3 < wC), then C_ in-
creases with a term proportional to % as follows.

£\
C,=Cll+e? ) =Cl1H] =
fo

With this information, the capacitance at, To example, a
frequency of 2 MHz can be cor puted with high accuracy
from the calibrated value at 1 kHz. For f/f, up to 0.3 or so,
the accuracy may be greater than that of a measurement at
2 MMz because of the difficulties in delermining the meas
urement errors produced by residuals in the conneciing
loads outside the capacitor {unless, of course, one uses a
bridge particularly designed for measuremant at 2 M),
You may use a grid dip meter for measuring fg, with the
capacitor terminals shorlad.

THEORY 4.3
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There are secondary effects on the apparent value of
capaciiance in a 3-terminal measurament that will not be
described here except to say that they involve resonances
among | and C components in all 3 basic parts of the
network of Figure 4-1. {The series inductor in Figure 4-4
{a) may represent, at least in parl, a wire carrying current
not only lo Cpy but also o Gy or part of it} These
effects are generally negligible # the following approxi-
malion is valid within the desired measurerment acocuracy:

. i\?
C=C| 1+ ?’“0—

whare ' is the lowest resonant frequency of the network
Estimate f'g as the free yinging freguency of the largest €
component, such as Cyyg. lgiven some inttial enargy) with
the capacitor-lead and cable inductances, assume the bridge
HEGH tarminal is virtually grounded and its LOW terminal
is an open circuit.

Equivalent Series Circuit. Figures 4.4 (e} and 4-4 (f)
present another 2-component eguivalent cirguit which may
be appropriate if R and C are the only significant compo-
nents of diagram a. However, the 1616 bridge does not
measure R, directly. In terms of the parallel eguivaiant
circuit:

Loss Factors. An irmporiant characteristic of a dielectric
material, and hence of the capacitor made from it, is the
ratio of energy dissipated to energy stored, per cycle of ac.
There are 3 commonly used “faclors’” to express the same
characteristic,

1. Dissipation factor or loss tangent [y is the ratio as
defined above:

G Ies
0= cotl = e = e Rgwlgg = tan &
wly oy o

Expressed in terms of the components of Figure 4-4 a

G {14RG) + W*RC?

2L
1¥ frequency is well below resonance and if both series
and shunt losses are small, a good approximation is:

G
) A e + ReoC.
D e 8

2. Storage factor of quality factor Q is the ratio of
gnergy stored 10 energy dissipated per cycie of ac

4.4 THEORY
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3. Power factor is the ratio of the real power {watls
of dissipation) to the product of rms voltage and current
{voltamperes):

[ E
G 7
P F, =cosf= T“i = wﬂ—E = g &,
t  Eg

Notice that several other convenient expressions cen be
taken from Figure 4-4, such as Q or 1 in terms of current
componenis in diagrams © and d or voltage components in
diagrams e and f. Other convenient expressions are given in
para. 3.6, for wuse of D or Q in converting data from
seriesequivalent to perallel equivalent circuit forms and
vice versa,

NOTE
For low-loss capaciters, the difference between
O and PF. is very smail. For 0 =10", 1072,
and 173 (D — PFY/D is 05%, .005%, and
HX 1075 %, respectively.

4.2.3 Frequency Characteristics,

The lumped-parameter equivalent circuit such as Figure
a-4, a, for a real, physical capacitor is mast appropriate
undar the conditions in which the parameters (R, L, C, G
are canstants. In the following examples are some situations
in which they are, others in which we have 1o treal them as
yuasi-constants, or develop special “constants’’.

Capacitance. At high frequencies, the inductive effect
predominates {C increases with ). At low frenuencies,
C,is assentially constant if Q is very high arwl the diglectric
is air, Bul if the capacilor has a solid diglectric, such as
mica, it is responsible for a stight capacitance change with
frequency; Cq s then a guasi-constant.
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Figure 4-5. Capacitance vs frequency characteristic of
a mica capacitor.

Tha change in capacitance C, with frequency, of a
1000-pF capacitor with mica dielectric, is shown in Figure
4-5 The dashad line slanting downward to the right repre-
sents the change in the dielectric canstant of rica resulting
fram interfaciat polarization; that glanting upward to be



right shows the change in effective capacitance C, resulting
from series inductance. Though the fornmer phenomenon
may be true al much higher Trequency, it can be neglected
above 300 kiHz in this example, beceuse thore the laller
effect is so predominent. The magnitude of the change at
tow frequencies depends upon the dielectric material and is,
for example, much smalter for polystyrene than for mica,

Dissipation Factor, At high frequencies, “series’” loss
predominates because of skin effect in ihe feads and plates
(as explained below) Al jow frequencies, "shunt” loss
predominates, but G may be far from constant. 1F good-
quality, low-oss, solid dielectrics are used, G is nearly
proportional fo o then it may be useful to treat G/wC as
the guasi-constant Dy

The skin effect can be represanted by considering 7 a
variable, R = B, J @ in the second term, RwC, of the
formula for [, then:

D=0+ RLw??

The dissipation factor as a function of frequency for a
mica capacitor is shown in Figure 4.6, There U is the sum
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Figure 4-6. Dissipation factor vs frequency character
istic of a mica capacitar.

of three principal components: a constant dissipation factor
caused by residual potarizations and showi by the horizon-
tal dashed line: a loss produced by interfacial polarizations,
which contributes the [ shown by the dashed line slanting
downward Lo the right, and an ohmic loss with skin effsct
in the jeads and plates, which results ina D proportional o
the 3/2 power of frequency and is shown as the dashed line
slanting upward to the right. The tolal dissipation faclor
has a minimum value at a frequency thal depands on the
size of the capacitor; fy e varies inversely with capacilance
and ranges from 1 kHz 16 1 MHz for capacitance values
from 1 uF to 100 pF.

in an air capacitor, the losses in the air dielectric and on
the plate surfaces are negligibie uncler conditiens of mod-
erate humidity and tempersture. The loss is, iherefore,
largeiy in the insulating supports, and the above formula
applies. However, if the capacitor is variable, and the var-
ying part is lossless, D varies inversely with C. Then it is
preferable to treal G/wC as (G, w/wC, where G, is the
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effective conductance at w = 1. Thus, for the varisble air
capaciton:
G

l I3
D=Ewﬂﬂ&ﬁ”

Al very low frequancies, a “shunt” loss conveniently
representted by G may be significant. Leskage conductance
G is usually negligible at Trequencies above a few Hyz and is
imporiant only when the capacitor is used at dc for charge
storage. The dominant components of O at sudio frequen-

cies are the dielectric losses in the insulating structure and
in the dielectric material between the plates.

4.3 BASIC BRIDGE CIRCUITRY.*
4.3.1 Elementary Capacitance Bridges.

Measurements of capacitance, particularly those of high
accuracy, are made by a null method that uses same form
of the basic ratio bridge, shown in Figure 4-7. The capaci-

Gen)
&

Figure 4-7. An clementary coepasitance measuring bidge.

tance of the unknown, C,, s balanced by a raltbrated,
variable, standard capacitor, C, or by a fixed standard
capacitor and a variable ratio arm, such as B . Such bridges
with Tesistive ratio arms and with calibrated variable capaci-
tors or resistors can be used over a wide range of both
capacitance and Trequency and with a direct-resding accu-
racy which seldom exceeds 0. 1%.

For higher accuracy, resolution, and stability in capaci-
tance measurements at audio frequencies, a bridge with
inductively-coupted or wansformer ratio arms has many
advantages, and increasing use of transformerratio-arm
bridges is being made in the measurement of many types
and sizes of capacilors.

4.3.2 Transformer-Patio Bridges.

The advantages of transformer ratio anms in u bridge are
that accuracies within a few parts per million ara not
difficult to obtain over a wide range of integrat valuss, even
far ratios as high as 1000 to 1, and that thess ratios are
almost unaffected by age, temperature, of vollaye, The low
impedance of the transfarmer ratio arm also maokes it easy
to measure direct impedances and 1o exclude the ground

+Thomas, M. E., and Clarke, C. A, Handbook of Electronic
tnstruments and Measurement Techniques, Prentica-Huil, Englewood
Cliffs, W J. (19671 p 36-57.
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impedances in a twee-lerminal measuremant withaoul the
usz of guard circuits and auxiliary balances.

Toillustrate these characieristics, a simple capacitance
bridge with transformer ratio arms is shown in Figure 4.8
On the tereldal corg, a primary winding, connecled to the
generator, serves only to excite the core; the number of
primary furns, Np, determines the load on the generator
but does not influence the bridge netwark. 1 all the mag-
netic flux is confined to the core — as it is to a high degree
in a symmetrically wound toroid with a high-perneability
zore — the ratio of the open-circuit veltages induced in the
twe secondary windings must be exactly equal to the ratio
of the number of turms. The ratio can be changed by the
use of laps along the two secondaries, but, when the ratio is
fixed, the voilage is highly invariant. Changss in the core
permeabilily with time and temperaiure have only very
smalt effects on the effective ratio. {1 depends not only on
the turns ratic (a perfect integer} but alse on leakage flux,
which is not confined to the core in a practical transformer.
The ratio is, therefore, both highly accurate and highly
stabie,

hi%1

SUMMING POINT —

Figure 48, An elementary capacilance bridge with
transformer ratio arms,

In Figure 4-8, the two transformer secondary windings
are used as the ratio arms of the capacitance bridge with the
standard capacitor, Cg, and the unknown, O, as the other
two arms in a conventional four-arm bridge netwaork, The
condition for balance, or zero deleclor current, is easily
shown to be that

C, V. N
"~ mm ST N ey L2 e T e T maa—
V.G, =V, C. tharefore: c, v, K

This balance condition is not affected by the capaci-

tances shown from the H and L terminals of C and C 10
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the terminal G connected to the junetion of the ratio arms.
The capacitances between [ and G shunt the detector, so
that they aflect only the bridge sensitivity, The capaci-
tances between H and G are across the transiormer wind-
ings. To the extent that the transformer can be assumed
ideal, i.e., with no resistance in lhe secondary windings and
with no flux that does not link egually both secondaries,
the current drawn by the H-G capacitances does not changs
the voltages V_ and V, or ihe balance conditions. In prac-
tice, the transformer resistances and leakage inductances
cant be kept so small that quite low impedances or large
capacilances can be cormected from H to G belore there is
appreciable error in the bridge.

The iunction of the ratio arms, G, is therefore a guard
point, or guard potential, in the bridge. Al capacitances {o
G from the H or L corners of the bridge are exciuded from
the measurement. In the three-terminal capacitors repre-
sented by the H, L, G terminals in Figure 4-8, the bridge
measures only the direct capacitance, C,, of the unknown
in lerms of 1he direct capacilance, C,, of a standerd with-
out additional guard circuits or balances.

One can take advantage of the accurate and stable ratios
of the transformer by designing & bridge with an “un-
known' arm that is fixed and a ratio that can be varied to
balance the bridge. Far greater measurament accuracy is
feasitzle with such a design approach (making C, a fixed
capacitor rather than a variable one). For example, consider
the Tollowing alternatives.

Figure 4-9 shows thres of the possible ways of balancing
a simple transformer-ratio capacitance bridge. For simplic-
ity, the generator and primary are not shown, but it is
assumed that the two secondaries have 100 turns gach and
are excited so that thereis 1 volt per turn. The capacitor in
the unknown arm is assumed to be 72 pF.
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Figure 4.9, Circuitry for 3 methods of balancing a
transformer-ratio capacitance bridge.

In Figure 4-9a, the iwo ratio arms are equal and the
bricae is balanced in the convenlional way with a variahle
standard capacilor which is adjusted 10 72 pl.

The delector current can equally well be adjusted by &
variation in lhe voltage applied to a fixed standard capaci:
tor. In Figure 4-9b, the standard capacitor is fixed al 100
pi This s balanced against the 72-pF “unknown'’, connec-
tod to the 100-V end of the transformer, by connection of



the standard 10 72 V of the opposite phase, obtained from
suitable taps on the transformer wipdings. The inductive
divider shown has a winding of 100 turns with taps every
10 turns and, on the same core, another winding of 10
lrns lapped at every turn. 1f, as shown, the second winding
is connected to the 70-V tap on the first winding and the
capacitor to the 2-V tap on the second winding, the
required 72 V is applied 1o the capacitor, Six or more
decades for high precision can be obtained in a similar
fashion with more windings on one core and the use of
additional transformers driven from the first. Such induc-
tive dividers have very accuraie and stable ratios, but the
errors increase with the
jcading effects.

number of decaces because of

Another method of balance by veltage varialion is
shown in Figure 4.9¢, where a single decade divider is used
in combination with multiple fixed capacitors. The
100-turn secondary s tapped every 10 lurns lo provide
10-V increments. If, then, a 100pF capacitor Is connecied
10 the 70-V 1ap and a 10pF capscitor Lo the 26:V tap, the
resulting detector current balances that of the 72-pF “un
known', connected to 100 volts. This bridge can be given
6-figure resofution, for example, through the use of 6 fixed
capacitors in decade steps from 100 pl to G.001 pl, each
of which can be connecied to any one of the taps on the
transformer.

In any of these bridges, the bridge ratio can also be
altered by use of taps on the “unknown’” side of the
transformer to select the voltage applied to the capacitor
being measured. For example, a 720-pF capacitor would be
balanced in any of the circuils of Figure 49 if connected to
a 10-turn (10-V) tap on the upper winding. The range of
the bridge cen thus be exiended to measure capacitors
which are much larger than the standards in the bridge.

These advantages of wansformer ratio arms and dividers
make possible a bridge of wide capacitance range, and high
accuracy, one that is useful over a wide frequency range. It
is economically reasonable 1o constiuct the relatively few,
fixed capacitance standards 10 have the necessary stability
and accuracy for such a bridge, one that will measure with
01% accuracy over G decades of capacitance and 3 decades
of frequency. At low frequencies, a Tt is imposed on
sensitivity by the maximun voitage obtainable from the
transformer, since, for a given core, the voltage al satura
tion is proportional to frequency. At high requencies there
is o decrease in accuracy rasulting from the decrease in core
permaability with frequency, from the increased loading of
the transformer by its seif-capacitance as well as the Lridge
capacitances and, of course, from the usual residual capaci-
tances and inductances in the bridge wiring and compo-
nenis.

4.4 CIRCUITRY OF THE 1618 BRIDGE. Figure 3-3.
In general, this capacitance bridge is based on the 3rd
method, Figure 48, ¢ Each of the 12 internal capacilance
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standards is calibrated ot a cardinal vatue and each s
switched to an appropriate tap on the retio transflormer as
you bring the bridge to balance. Conductance {or loss in the
capacitor being measured) is balanced by the same method,
Conductance siandarcds of fixed, cardinat valuss are
switched to appropriate taps on the same ratic transformer.
The circuitry is desaribed in more detall in the following
paragraphs.

4.4.1 ExcHation.

The application of sufficient voltage {power is mostly
reactive) from the oscillator io the ratio transformer pro-
vides a test signal so the detector will respond to an un-
balance. The level of excitation is Hmited, always below the
saturation level of the transformer core. The primary
winding of 200 turns is driven directly by ihe oscillator
POWER QUTPUT port. Several design features eliminale
stray coupling to other paris of the bridge and particutarty
to the delector.

1. The GENERATOR INPUT port is connected to the

transformer by a shislded wire.

7. This shield is fieating in the bridge {grounded onty at

the osciliator).

3. In the ratio transformer, the primary winding is sur-

roundad by an electric shield that is grounded in the

;'bridge.

4,4.2 Circuit for the Unknown. Figure 3-1, 3-2.

The 2 terminals of C,, HIGH and LOW, must be connec-
ted, respectively, 1o the ratio-transformer secondary {upper
haif, in the simplified diagrams) and the surn, ning point
{which drives the detector). Because the mudpoint of the
ratio-transformer secondary winding is grounded, both
terminals of C must be floating. However, the 3rd ierminal
or shield of the capacitor under test is grounded at the
Fterminal port.

The facility for measuring capacitors lurger than the
largest standard, as mentioned above, obtains when the
TEAMINAL SELECTOR switch points to Xi0 or X100
Then, the HIGH side of C, is connected to the 20- or
2-turn tap, respectively, of the secondary winding, When
the selector indicates X1, the connection iz 1o the 200th
wirn from ground. Then the voltage across the unknown
capachor at balance equals the oscillator voltage.

Each of the UNKNOWN terminals is disconnected from
the bridge and grounded whenever the TERMINAL SELEC-
TOR selects CAL. When it selects 3 TERMINAL, the
2lerminal port is likewise grounded, and vics versa,

4.4.3 Capacitance Stendards. Figure 3-3.

There are 12 capacitance standards, one for each multi-
pte of 10 from 100 nF down 1o an effective value of 1 af.
The "high' side of each is connected to the frant-panel:
selected tap on standards side of the transformer secondary
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{generally the lower hall in the simplitied diagrami. The
“low” side of each standard is permanently conneclaed to
the same summing point, mentioned above, which drives
the detector. However, the 2 largest C stondards can be
disconnected from the sununing point by dropping the C
MAX Jever switch. Thus, stray capacitance shunting the
daetector can be reduced while you measure extramely smatl
vatues of increments of C

Fach of the first 6 CAPACITANCE lever switches
indicates values in fenths of the value of ils associated
standard. Thus, the lever witha - 1, 0,1, 2, .. .. 8, X pF
readout actually switchas the 10-pF standard capacitor.

The maximum current through each of these standard
capacitors {(when the cotresponding readout is X, ie., ten}
olxtains when its HIGH side is connected to the transformer
secondary at the ZO0Uh wirn, 180° out of phasa from the
unknown-capacitor- X1 connaction. That is the boliom of
the transformer as. shown in simplified diagrains. The
intermediale taps are 20 turns apart. The zero position is a
ground connection. Yhe — 1 position is a conngction 1o a
20-turn tap on the "unknown’ side of the transformer
sacondary.

in order to provide greater stability in the set of capaci-
tance standards it is preferable 1o use a moderate valued
capacitor connected to fewer turns than an extremely small
valued one connected to the usual number of turns. There-
fore a set of taps is brought out from Lhe ralio transformer
at imervals of 2 turns (1o a maximum of 20 turnst. Each
capacitor that conmects to this set of taps is 10 times as
farge as it would have to be if it were connected to the
usual (20turn-par-step) taps. The last 6 "C" tever switches
span 2 turns per step. The 6 associated standard capacitors
are each 10 times as large as the effective values shown in
Figwe 3-3.

Therefore, each of the last © CAPACITANCE lever
ewitches indicates values in hundredths of the value of its
associated standard, Thus the lever with a — 1,0, 1,
7....9, X -aF resdout actually switches the 100-af
standard capacitor. For these, of course, the - 1 position is
a connection 1o a 2-turn lap on the “unknown'” side of the
transtormer.

Physically, the transformer is man faciured with a
separate winding of 22 turns, tapped every 2 wns for the
small C standards. A set of 20 windings ol 20 turns each
servas the large € standards and the Tunknown', by a series
combination that acts as 8 center-grounded  400-tum
secondary, Except for the primary {200 turns) all these
windings are very intimately coupled by multifilar con-
struction,

Fach © stendard is calibrated to the desired value by
means of a trimmer. Al 12 are located behind the locked
door in the front panel (Figure 1-2}, where they are fabeled
with the effective values of the corrasponding standards, 85
shown in Figure 3.3, Calibration procedures are given in
Section 5,
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4.4.4 Conductance Standards, Figure 3-3.

There are 5 conductance slandards and a multiplier
circuit for reducing their effective values in steps, so that
vou have virtually 11 conductance standards, one for each
multiple of 10 from 10 uS down to 1 1§,

Like the capacitance slandards, the conduclance stand-
ards connest as follows: high side, via lever switches, 1o taps
orn the standards side of the transformer; low side, via
multiplier circuitry 10 the summing point that drives the
detecior.

Bocause this bridge is designed for the greatest precision
in C rather than G measurements, it is preferable to have
the main (20-lura-per-lap) secondary winding carry only
C-standards currents. Therefore, the G standards are con-
necled to the other (2-turn-persiep) winding described
before, Consequently, each of the b conductance standards
is 10 times as large as the elfactive values shown in Figure
33

It follows that each of the B CONDUCTANCE lever
switches indicates values in hundredths of the value of ils
associated standard. Thus the lever with a - 1, G, 1,
2,...9, X - uS readout actually switches a 100- S stand-
ard of conductance, i.e., a precision 10-k2 resistor.

When the G multiplier is set to X1, the connection from
the set of B conductance standards to the detector is cirect.
Whaen that setting is X 1077, a resistor network passes only
10% of the conductance standards’ current to the detector
surniming point. (The other 80% relurns directly 1o ground).
Similarly, at X107%, 1% passes to the summing point. The
“hox' (with these G standards and neiworks) also contains
pots for setting the multiplier ratios exactly to the
apnropriale powers of 100 B18 for 101, R19 for 1072 ete.
These pots are intended for calibration purposes as
described in section B,

tddeally, the current through each conductance standard
should be perfectly in phase with the ratio-transformer
voltaye. However, the resistor is bound to have some end-
toend capacilance. For example, R1 has sofne stray C in
parailel. Without compensation, the current through this
siray C allects the bridge balance condition iike increasing
the vatue of the © standard,

The componsation is represented sehemmatically by CZ23,
connected between the midpoint of R aned ground. Beler
1o Figure 59, Physically, C23 s formed by a threaded,
spring loaded steeve surrounding the main part of B1 and
adjustabiie by turning with a special wrench. The current
commponent from the transiormer through C23 leads by a
large angle {nearly g0”) causing the vollage at the midpoint
of 121 1o lag slightly with respect 10 the ratio-transformer
voltage. T the compensation s adjusted correctly, the
resulting lag in the current from the middle of B1 1o the
detector s just sufficieni to cancel the leading curreni
through the stray C.

Mot onby is pach of the § G standards compensated in
this way, but also 1 of the 4 series resistors in the G



muttiplior network. Thus, B89 passes througly a similar sleeve

with capacilance representad as C22. There is, of vourse,

more slray capacitence o gound in the Ostandmd clirooit
when the G miultiplier is set 1o some multinle other than
X1, Consequently, in same of the positions of that swilch,
the necessary compensalion to achieve rero phase shift is
the addilion of capacitance shurtting the series resisior. 5o,
for example, for the 107! multiplier, G has the adjustable
C1i8 in parallel,

The desired resull is complete independence of € and G
balances, and hence measurements. A measure of the
quality of the compensation is Dy, the ratio of conduclance
o 1-kHz parallel susceplance of €, of the G standard Gy
{We refer 1o the effective conduciance, including Lhe ruiti-
plier network H it is involved, ared the effective susceptance,
including the compensation described above. ) Reler 1o
para, 3.9.3.

Gy

Dy = ooz
2r30° €,

Because of the compensation described above, C, is very
sali and can be negalive. Thus, the Tactory adjusiments
assure that the nagnitude of Dy s very large for any
G-standard and G-multiplier combination you chose.

Because i is extremely difficult to oblain external stand-
ards of conduciance with zero or known shunt capacitance,
we do not recommend any resdiusiment of the “C”
compensation in the G box, ie., do not wrn any of the
slepves; do not replace any resistor passing through a
spring-loaded threaded sleeve in the G box. C18 and
C20...C27 are actory adjustments’.

4.4.5 External Standards.

" oAn extarnal standard, or whatever you connect to that
port, is connected like a capacitance standard [a large ona).
The LOW terminal is grounded, when EXT MULTIPLIER i3
set 1o OFF; and otherwise connected to the detector sunr
ming point. The HIGH tenninal also connects Lo ground in
the OFF position, as well as in the O position. FHGH
connects (e the ratio-transformer i steps of 20 turns
Untike the CAPACITANCE lever switches, the EXT
MULTIPLIER indicates directfy the raction you select of
the external standard {in farads and Siemens).  Thus the
settings of — 1,0, 1,2, ... .9, L0 Indicale {respectively)
that — 0.1, 0, 21, 02, ... 08, 1 limes the external
standard C and G are added o the CAPACITANCE axd
CONDUCTANCE indicated by the lever switches.

4.4.6 Zero Adiust, Figures 3-2, 6-3.

This front panel adjustment is primarity intended o
compensate the bridge for a few pF ol terminal cepacitance
when you chose a 2-terminal position of the TERMINAL
SELECTOR switch, The adjustable component is the pot
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124, conneclod across 2 turns of the ralio translormer {on
the standards side), with its wipsr arm capacitively coupled
through C17 Lo the detector simming point. Therefore, a
capacitive balance can be made without moving the C {ever
switches and a “zero offset”™ can be chosen so that the
readout is zero for some convenient reference condition in
2-terminal measurements, {See para. 3.4.2.}

A second function of the ZERO ADJUST control s to
compensaie the Lridge Tor a few al® of variation in effective
reio offset among the CAL, 3-TERMINAL X1, and X 10
positions of the TERMINAL SELECTOR switch, {In the
lalter 2 positions, the I TERMINAL UNKMNOWN LOW
conneclor must be shielded with a Type 874-WN Open-
Circuit Termination to remove the 176 aF or so of 1lerminal
capacilance freun the bridge } The ¢ircuit rom 324 through
C17, althoughs it is now disconnected from the deiecior and
grounded by the TERMINAL SELECTOR switch, neverthe-
less couples enough signal to the summing point for the
purpose desoribed before. (Notice that the range of adjust-
ment is now reduced by a factor of 10% or su.} A coarssr
adjustment, C301, very lightly couples some signal of the
opposite phase to the detector {via the G box) and is
provided so you can make sure that the ZERO ADJUST
control, somewhere in Hs range, reaches the desired zero
condition for each of the {first 3 positions of TERMINAL
SELECTOR. (Bach position will require a different ZERO
ADJUST selting.)

The obvious utitity of this second function is 1o make
the CAPACIHTANCE readout true, down to the 12th digit,
so you need not add a "zero correction” o each measure-
ment. However, accuracy in that digit is insigrificant for C,
above about 100 IF (0.1 pF). Therefore, only i you must
measure such small capacitors will you need this function
regularly. 1t does have ulility in recalibration of the bridge,
particularly in trimming the smallest mternal C standards
with the larger ones as references.

4.5 C-5TANDARDS ACCURACY,
4.5.1 Calibration,

The sel of 12 internal capacitance standards can be
catitirated quickly and accurately by a series of comparison
balances starling with a single external standard capacitor
of ahnost any size wilthin the range ol the bridye. Since the
Bfigure resolution of the bridge permils comparisun with a
precision of 1 ppim down o 0.1 pF, the accuracy of
catibration is usuatly determined by the agcuracy of the
slandlard,

Only une exlernat standard is required, inost conven
iently a 3-terminal 100-pF standard, such as the GR Type
1404-8, With & test fDraguency of ¥kt the
accurate, inlernal 0.1 transforimer ratio can be usecl o
ensute accutate decade ratios of the irlernal capacilance
slanclards. The — 1 position of any capacitane balance
swilch connecls the corresponding internal capacitor 1o a
20 s lap on the “unknown” side of the ratio trans
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former. This capacitor can be compared with the next
lower decade capacilor, which is comected 1o the 200-turn
winding on the stenderd side when the corresponding lever
is set (o the X position. Any adjustiments required can then
be made with one of the trimmers accessible beneath a
hinged cover on the front panel, Refer 1o para, b.4.

Such checks or recatibralions of Lhe bridge need not be
made often. The capacitors are constructied to be so stable
that after calibration they may be expecied to change less
than 10 ppm per year in normal use. The lemperatura
coefficients of the internal standards are stated in the
Specifications and the consequent elfect ol terperature oo
accuracy is summarized in para. 3.9.

45.2 Sealing.

The "air-dielectric” standards, excep! the 4 simallest, are
filled with dry nitrogen and sealed. il (hey were open o the
atmosphere, their capacitance would change 20 ppr for
gach 10% changa in humidity and about as much again for
pach 300 melers of elevation or 3% changs in Laromeatric
pressure because of the weather. Sealing practicatly elimi-
nates these infiuences.

The 2 largest capacitors, with salactad mica dielectric,
are also sealed to keep them dry and siable with respect to
the effects of humidity.

4.5,3 Thermal Lag.

The 8 largest internal capacilance standards are housed
in a “lag box,”" 8 thermally insulated conlainer that com-
prises most of the "C pox,” within the bridgs. For the
purpose of estimating transient {empsarature effectson pre-
cision of measurements, we represent the thermal proper-
ties of the iag box simply as foltows:

1 The rass M inside the box s all at temperature ;.
2 Heat is transferred through massless insulation of
thermat resistance RB.

Then the lag box will respond to a step change 00, in
environmental termperature (from ¢, tw #) at time zero
with a simple, exponential change ol inernal temperature
f; as follows: (A cluse analogy exists to a series 8-C circuit,
capacitanca baing analogous 0 M, applied voldaye to G, and
the capacitor voltage to 0 For the electrical circuit, the
thne constant is BC, Tor this thermal model, BM

t

Oi = f} , B [\3(}(‘ {y ¢ kliwv‘t)

L8

where € is 2,748 . and Uis lirne {in the same units as B2,
Consider rate of change of insicdds lmmprrature at any

ime t
4.10 THEORY
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During any lime interval At, that is very small compared o
the time constant, Whe internal temperature change is that
rate of change multiplied by Al The corresponding frac-
tional € change for a capacitor with a temperature coeffi-
cient a is therefore:

@ _

AC M, -~ Al -
_6. 1 a&{ W € am = ﬁ‘“ {AGG} € FM

Exarmple 1. what is the fractional change of the
e decade internal capacitance standard during a Bminute
measuring procass, if the environmenial temperature i5
known o be maintained in the range 23° £1°C7 The worst
possible case is 0, = 22°C and NGy = 2°C. From the
specilications, a representative value for ais 3 P/ Co the
thme constant for the lag box in the bridge is 360 minules
(G hownst. So.

AC ., ppm
< U

5 min R
} (é—ﬁ"ﬁ_!;]‘%n} (2° C) €% = .083 ppm.

Exarmple 2: What is the effect of a changs, 18 hours ago,
from 10° 10 23°C?

OC _ aPPmy 5y 30y e = 027 prn
&= {3 A Hgﬁﬁ) (13" C) € 027 pp.

4.6 G-STANDARDS ACCURACY.

The basic conductance accuracy of 0.1% depends on
precision resistors and mulliplier networks - that can pe
calibrated against external standards, The very high degree
of independence between G and C balances depends on
faciory-sel compensation in the G box, measured in lerms
of Dy, and the minute josses in the O standards, which aie
spacifisd,

As indicated in the parls list, lhe grealest acouracy is
provided in the standards lor the first 2 pesitions of the G
readout, R and 2 The next, 13, has o tolerance of
£ 1%, the following, R4 and RS, of £1%. bt comparisons
can pasily be made using the bridge ratios, in a manner
similar 1o the catibration of C standards, You can measure
the error in B35, for example, {against R or [2) but no
calibrating adjustment is provided.

Adiustments for the multiplier network are described in
para. B.4. Essentially, one makes the bridge balance with
the correct G readout while a standard external conduc-
tance {or nelwork]) is connected to the UN KNOWN port,

The faclory adjustiments make Dy at leasl 10% for any G
readout. This means, for example, if the unknown capacitor @




e

has & O of 107, the 1.5Hy arror in G mensirement due 10
stray capacitance in the G standards witl not exceed 0.1
poin. However, il the unknown conductor has a [ of 107% at
1 kM7, the error in © measurement may be as rmuch as 10%.
Refer to para. 3.9 and 4.4, As a rule of thumb, at 1 kMz

C_ 1 D

T T QD, Do

4.7 BRATIO ACCURALY,

To measure accurately wilh this bridge, you must
property batance a well delined unknown capacilor against
accurate standards via accurately known ratios. Section 3
deals wilh systoim operation; 4.2, definition of the device
heing measured; and 4.5 accuracy of internal slandards. The
following paragraph deals with the accurecy of significant
ratios in the bridge and iheir affect on your measurement.

The transformers in the Type 1616 Precision Capac
tance Bridge are not quite the ideal transformers shown, for
examole, in Figures 1-1 and 3-3. The resistance, ieakage
inductance, and capacitances of the ratlo-transformer
windings, which are assumed 1o be zero in ihe simplified
bridge theory, have been kept sufficiently small in the
wstrument so that errors from these residual impedances
are less than 10 ppm for capacilances up o 0.1 uf at a
frequency of 1 kMz. However, the resicdual impedances
nake the voltages at the wansformer ferminals differ
slightly from the voltages induced in the windings and
produce bridge esrors that increase with frequency and wilh
the magnitude of the measured capacitance. i

The accuracy of the ratios when the transformey i5
lightly loaded is better than 1 ppm for the unity ratio and
is betier than 3 ppm for the 0.1 ratio at 1000 Hz or lower
frequencies. The winding self-capacitances act as a more
significant foad as frequency increases, so that the arror in a
0.1 ratio increases to sbout 30 ppm at 10kHz and to G.5%
at 100 kMz. The phase errors are, in general, somewhat
Jarger than the magnitude errors of the ratios, A3 1000 Hz,
the phase error is probably within 10 p radians, but the
error increases tn approxhnate proportion 1o ratio and lo
the square of frequency.
4.7.1 Residust Impedances. Figure 4-10.

The simplified bridge diagram of Figure 4-10 s siritar to
ihat of Figure 3-2 but shows, in Lhe souivalent circuit of
the transformer, winding resistances (r), leakage induc
tances (£), and winding capacitances {Cizp} 0 both the
standard and unknown ratio arms. ihe magnitudes of these
residuals vary on the standard side as the lever switches are
moved, and on the unknown side as the TERMINAL
SEL ECTOR is reset. The resistance r and inductance ¥ are
approximately proportional 10 1uns in the ratio trans
former itsetf. However, because we include the series
impedances of intimately associated wiring and switches,
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that approximation is invalid for small numbers of turns,
Cey raprasents sitray ground capaciiance that i$ not assock
ated with the transformer, but appears in parallel with Cep
al any given setting of the switches, Typical parameters are
given in Tabla 4-1.

These residual impedances make the voltage V applied 10
the capacitor C, or C, differ from the voltage E induced in
the transformer winding. For small residusls, the relation-
ship belween these voltages is:

v

- 1+ w2y — jerCy,

where Cp = C + Cgq + Cg. and we use additional sub-
scripts s or x to designale the standard or “unknown” arm
of the bridgs.

For comvenience we postulate “effective’ values €' of
the main capacitor € in each arm {Figure 4-8), T’ and C',
are related by the simple balance condition of para. 4.3,
i.e., they are inversely proportional to the turns ratio. From
the circuit of Figure 4-10, for small residuals,

C' = {1+ w?RCy),

and subscripls X or s can be used as before. Hesiduals on the
standard side make €', > Cy and your readout rather low;
resicluals on the “unknown’” side make €', > C, and your
reaciout tends to be high. There is likely 10 be some cancel-
lation of errors, particularly when the turns ratio is b1

€ . t
R H x X
) _K__, PRy L o oo
TAA«J f
o 3
r]'\ ~
- Cax ,}' Corx l
w@ “
DETECTON l Cas Cors =
=

™ i
¢ v l GEMERATOR
——-§ L -
a 4
Gy
S S—

Figure 4-10. Simplified bridge schemnatic  diagram
showing residual impedances of the ratio transfarmer,

60036000000

Tablg 4-1
APPROXIMATE MAGNITUDES OF RESIDUAL PARAMETERS
Transformer . Stav:gard
turns r i Car capacitor  CGS
2 06 £1 3 i 100 nF | 850 pF
53 08 4 10 nF 1 500
20 18 5 1 aF | 150
60 35 7 10 pF 75
200 1.05 10 a00 pF 100 18 ] 100
- {2
Mote: Cox =< 10 pF. I
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The difficuity in determining the residual parameters for
the many switch combinations makes impractical the de
taited calculation of errors for correction of most measure-
ments. However, the uncertainty or worsl-case errors are
presented in para. 3.9, Also, if the capacitance being meas
ured is invariant with frequency, you can determine the
error due 1o residuals for any given measurement with a few
ancillary measurements and calculations. (Notice that the
error term is proportional 1o frequency squared.) More
convenient formulas are given below,

An effective conductance G’ can be defined, analogous
to C'7 G s larger than G by a term that is a hypethetical
conductance adding a component of current to the detector
summing point (under the ideal conditions of zero r and
zero ) equal 1o the true current component that flows
through € in phase with £ (because of r). We assume the
"unknown'' s a capacitor; a stightly different analysis
would be appropriate if it were a resistor.

G'=G+whrCsC

Subscripts x or s can ba used, as before.

By definition of the primed symbols, they are refated by
the turns ratio. Usually, only the most significant standard
is considered.

However, if. more than one standard of simitar significance
is involved . the relationship is generalized as:

O N = Ol + CrggNay - ClanNsn

.3

An alalogous formula can be used for G.

Hawever, if we assume for simplicity that only ona G
standaid is being used, we can express G( and the G error,
{readout — G} in Siemens, thus: '

| N

; G, = . (Gt W r CyCh ?r, Cy Cy
.
| .
b PP s o2 oo
i AG=w {x(“TxC'x - N_ A
%

Assuming, similarly, only one ¢ standard is being used,
we wiite the following expression .0 ¢, and define a new
effective capacitance standerd C" which incorporates the
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resicduat errors from both arms of the bridge. Assuming
smal! residuals:

M, C

SO At S P
N1+ @8, Cy ) N
crow C

5 s |1 w? {Qsc?s =8 Cyy)

The fraclional C error is [the increment by which C,
differs fram C" JC” for simplicity, we replace C”g with
C, in the denominator:

. C,— € ; )
CECrror = ——---E:w- =w? (4,Cp, — L0y
Notice that the coefficient of w” can be determined
experimentally, Tor any given C_ and switch settings for
multipliers and most significant digits, by making 2 meas
urements at different frequencies; assurme G constant.
The effects of residual impedances on aocuracy are
summarized in 3 observations:
1 The eifective value of the intarnal C stendards is
muttiplied by (1 + L2} where k is constant as fong as the
ratio-transformer switches are not changed.
2. In ganeral, k has either sign, and its magnitude is
within the bounds indicated graphically in para. 3.9.
9 Because of the factor 2, the residuals cause the )
predominant error at high frequency, above 10 kHz. __A,
Other ertors predominate below 2 kHz, :

4.7.2 Example with 1:1 Ratio,

The errors in the bridge readings can be determined by the
measurement of a calibrated capacitor, A convanient standard of
capacitance and loss is a three- termina air capacilor that can be
cormected directy to the hridge terminals to add a rinimurn of series
induciance and resistance,  For such a capacitor it can he assurmed
with good accuracy that the capacitance and loss have negligible
changes with requency up to 100 Hz and that any changes in bridge
readings with lrequency  indicate bridge erors.  Although the
dissipation tactor is not generally a simipla function of flequency, in &
cloan air capacitor the magnitude should be sulficiently low, ie., inthe
tens of ppra, that it can also be neglected.

The tabulaled resulls were obtained when such a 1000-pF
Capacitor  was  measured on 8 1621 Capacitance-
Measurernent System; see Table 4-2.

Noie that the apparent capacitance change at 100 kHz is
only 200 ppm, as compared o the astimated standards-arnm $



Tahte 4.2
ERROR EXAMPLE, BATIO 19

Frequancy O readout Retative error G readout
10 Hz X00.500 pF L7 ppm aommSux g
100 X(0.485 +7 0.136 W
1kMHz 1 X00.493 0 {1}, 240 1578
10 X00.488 -5 {1} B84 12
50 X00.385 —108 {11608 167!
100 X00.154 —379 {w1).7X0 1

error {w? 4. Cr.) of BBB0 ppm. The smaller measured error
resulis from a partial cancellation of transformer-impedance
errors in the 2 ratio arms of the bridge. When, as in this
example, the ratio is 11, the residual r and £ are egual on
bhoth the standard and unknaown sides of the transformer in
Figure 4-10. H the lotal load, Cq, is als0 the same on hoth
sides, the coefficlent (€C;, ~ 0y Jisveroand C = C7
= C. at any frequency.

5

in this example, and in general, the errors in the two
bridge arms do not quite cancel because the total Cy on
one side does not equal that on the other. The internal and
external stray capacilances to ground, Cg, and Cg o, are
saldom equal, since the hridge shialds and wiring make Cq
retatively high. Therefore, commonly, C7, > C, and the
bridge readout is fow. For example, other things being
egual, if Cp, — Cp o = 100 pF, the bridge would read Tow
by 1600 ppm oat 100 kHz

This kind of errar, being dependent on the internat
ground capacitances, is altered by any rearrangement of
decade switches to select alternative internal standards. In
the following example, the same 1000-plF capacitor is
measured with 2 of the several possible decade settings:

100 ke

KGO163 pF
998,686

ke

X00.4538 pF
9Xx0.493

AL 1 kMz, a setting of 9X was equivalent lo X0, as it
should ba. At 100 kiHz, not only was the measurement in
arror because of residual impedances, but the change from
X0 to 0X resulted in 3 new balance requirement so the final
reaclout was 89, In fact the two 100-kHz measurements
differed from each other by considerably more than the
arigingl error due 1o Irequency. The reading was lower for
the second 100-kHz measurement than for the first, be-
cause the capacitance Cg, was iarger. With the X00 selling,
the internal 1000-pF standard and its ground and wiring
capacitance joaded the transformer predominantly; with
the 998 selling, both the 300-pF and 10-pF standards were
also connected and the ground capacitance was thereby
increased about 170 pF. Also, several other capacitors were
swilched to higher taps in the final balance. This example is
neatly an extreme case.
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For a bridge ratio of 111, therefore, the bridge arrors in
Cand G are typically less than, say, 1000 ppr at 100 Hs
Both errors are proportional to frequency squared, 1 s nol
usually practical to apply corrections for these arrors to the
byidge readings, chiefly because the magnitudes of the stray
capactiances 1o ground and thelr variations with switch
setlings are not easily delermined.

4.7.3 The 10:1 Ratio,

Bridge errors from transformer residuals can, in theory,
be reduced or eliminated by symmalry in the bridge circuit
for any transformer ratio, just as in the example of the 1:1
ratio. All that is required is that §,Cq,, = £.Cy  or L /R =
Cy /Cyr, to make €, = C; hance, the residuals should be
proportional (o the ratio.

In practice, there are several reasons why the errors,
€ 2Cy or wzr()—‘ ., cannot be kept the same on both sides
of the bridge as the ratio is increased. The residual impedan-
ces v oand € (Tabie 4-1) differ stightly from projortonality
tr ratio, even when that is srmall. For high ratios, the r and £
on the low side can never be less than the miniinum values
set by the wiring, switch, and terminal impecancas. Any
wires usad to connecl the unknown capacitor to the bridge
also increase these residual impedances. The capacitance
rasiduals also are seldom proportional to ratio. Although
the bridye ratio is determined essentially by the ratio of the
unknown and stendard capacitences, € /C.. tha error
depends upon total capacilance in the bridge arm, eg., Cq
= Sk Ciq + . Neither the transformer-winding capact
tances, Cgy. nor the ground capacitances of the capacitors,
Cg; . are proportional Lo ratio.

Generaily, for a ratio of 10:1, the bridge arrocs in © may
be as high as 0.3% at 100 kHz, The errors ar: dependenl
upon decade settings and stiay capacitances in the bridge
and also outside, 5o that corrections are not easily made.

4.7.4 The 1:100 Aatio,

A typical situation in which you would use s 1001 ratio
is measuring a capacitor larger than 1 uF. Tha farge ratio
generatly means a large bekdge errov resulliing fram Lhe
residual impedances, but also simplicity in theb effect and,
therefore, a chance to correct your measurement by calou-
lation.

Capacitance 1o ground from the UNKNIOWH FHGH
terminal, due to the capacitor aitached there, can be
messured) {with another bridge) or estimated. That and Cg,
{Table 4-1} are wusually negligible in determining the
dgominant factor Cy, in the ervor.

Cry =€+ Caru ¥ Cox ™ 0

Error = w? (8,Cp, ~ 8,C75) & 0?0,y
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Notice that this error is positive Greadout is loo highl, that described, another sOuFe of error at high frequencies is the
it is fractional (a dimensionless percentage, not a nuimber of  voltaye induced i the internal bridge wiring connecied 10
picofarads), and that it s propostional 1o Irequency e detector cirouit by currents flowing in the bricdye
squared, the value of capacitor measured, and the totad cirenits connecled 10 the transformer, The kridge does not
series incuctance {including ransformer leakage and those have the short, coaxial current paths required for radio-
components of £, in cables outside the bridge). Whether %, frequency acocuracy. and mutual inductances of the arder of
includes also the series inductance within the structure of 0.1 pH between bridge arms may be expected. since ihe
the unknown capacitor depends on definition. 1§ not, then currents drawn from the transformer by the bridge capaci-
C, isan etfective "teriminal” capacitance and is fiable 1o be tors increase with frequency {i = wCE) and 1he vollages

frequency dependent. if yes, then C, is the seties capaci- induced in the detector circuit are propori%onal to wMi,
tance within that structure, and may be essentially indepen.  1hese error voltages, e = w?MCE, increase with the square
dent of frequency. of fraquency. The errors depand also, ina complicated way,

The G error ks more conveniantly treated as an additive upon the internal capacitors usad, the transformer voliages
term (mhos) rather than a fractional error. Because of the  applied 10 them, and therefore the front-panel switch sel-
4 sense of the targe ratio and the timitations of resistance in tings. Experiments confirm, however, that these errors
4 switches and connections, he lerm containing 7, predomi- appear notas a percentage of the measured capacitance but
nates, thus: as a more-or-less constant picofarad ervor of ¢ offset atany

one frequency. The order of maynitude of the error is 100

M - .

. § aF at 100 kHz

‘ NG = w? erTx(JX - ‘N; w? rsCTsCs i at 10 ‘

| . -

"i AG = w1, CrxCn ™ wir, G2 4.7.6 Ground-Circuit impedance.

3 Another source of error, which may be significant when

you  feasure @ Yerminal capacitor remotely at high
Again, this error is positive {reacout is high). However, itis  frequency, is the finite impedance of the path between the
a number of Siemens, not a eatio. It is proportional to fre- shield of the capacitor and ground in the ridge. This path,
quency squared, sz, snd to the total serigs resistance usually through one af hath, shields of the cables connec
including those components 0f Ty inn cables outside the ying the capacitor 10 the 3-TERMINAL UNKENOWN port,
bridge. Whether 1y includes any lossy component inside the has series B and L components ng; =Ry * jldbgy {Figure
capacitor under test depends on your definition. At any 3.1, Currents through ground capacilances Cis and Cy.
one freguency, the condugtance ©ah be expressed as an return through Zgo. The effects on the easurement ar
equivalant series COMpoNEnt R.. 8s shown in para. 3.6. negative errors in both C axt G thus ihe correction is
Usuaily that is not included in . However a8 known serips  additive’
resistance  (often calted Uchmic’ resistance or ¢-¢ series
resistance} may pe leated as pant of 1, and theraby ., = Creadout + wlchsc’ls%-‘sg
exchided from your meaguremaent.

As a rule of thumb, calcuiated corrections of the types
given above {for Cand G, tor 1:100 ratio} ere accurate to B
or 10%. Use them 10 reduce the errof of high-freguency
measurement an order of magnitude; but if frequency is 30

. 20 :
G, * G readout + w2 ChsCisMsg

¥z lfor example} do not axpect corrected measurements The error is most cornmonly noticed when Gy ondout 19
to be as accurate as 1-kH2 rmeasuraments. negative, both because it is often the larger of the two

components and because negative loss in 2 capacitor is an
4.75 C Offset Due 10 induction. obvious indication of the presence of error. An example is

In. addition 10 the residuat  impedances previousty given in para. 3.9
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" the trouble and of steps taken 1o remedy it
“instrument by type serial, and 1D numbers. {Reler to front.and

Service and

agrams —Section b

5.1 GR FIELD SERVICE e 8
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Exterior Views {Mech parts)

Federal Manufacturing Code

Figure 5-9. Schematic Diagram
Appendin A

WARNING
Dangerous voltages may be present inside this case. These

instructions are

intended for the use of

gqualified service

persannel only, to avoid electric shock, do not perform any
servicing other than that contained in the operating instructions
unless you are qualified to do so.

5.1 GR FIELD SERVICE.

Cur walranty (at the front of this manual) altests the quality of
materials and workmanshin in our products.  When difficulties do
ocelr, our service engineers  are available for technical
telephone assistance. If the difficulty cannot be eliminated by
use of the following service instructions, contact the GenRad
Service Department in Concord, MA. giving full information of
Besoribe the

rear paneis.)

Instrument feturn.  When returning  an  instrument 1o
Genflad for service, please identify the Tailure mode as
accuralely as possible and include this information with the
instrument,  For instruments not covered by the warranty, a
purchase order should be forwarded 1o avoid unnecessary
delay,

For return shipment, please use packaging that is adequate
to protect the instrument from damage. Le., edguivalent 1o the
orfginal packaging. Advice may be oblained rom the GenRad
Service Departiment in Concord, MA

5.2 MINIMUM PERFORMANCE STANDARDS.
5.2.1 General.

The equipment, methods, and criteria for verifying the
specified performance of the 1616 Precision Capacitance
Bridge in the 1821 Precision Capacilance-Measurement
Syslemn are given below. Hecalibration is described in para,
5.4. 1f performance is grossly inadequate, erratic, or cannot
be corrected by the adjustments, refer to trouble analysis,
para. b.b.

Equipment needed for the measurements and procedures

<" af 1his section is listed in Table 5-1, For sl these proce-

sww.valuetronics.com

dures, except as noted, set the front-panel controls initially
1o the standard positions, as follows:
Oscillator (1316},
POWER — on (after preliminaries, para. 3.1},
FREQUENCY — 1.071 kHz
QUTPUT VOLTAGE RANGE - 16V
CUTPUT ADJUST — 10 on lower scale of meter
Detector {1238).
POWER — ON (after preliminaries, para. 3.1)
FREQUENCY — 1.01 kHz
TIME CONSTANT — 0.35
FINE ADJUST — each control at midrange
PHASE SHIFT — 180° {Large dial at 0°)
SENSITIVITY — maximum {ow)
GAIN — 40 dB
COMPRESSION — disabled {button out)
LINE REJECTION = disabled {button out)
Bridge {1616).
C MAX ~ down (3 windows closed)
CAPACITANCE — zaro
CONDUCTANCE -~ zero
Conductance Muttiplier — X107
EXT MULTIPLIER - OFF
TERMINAL SELECTOR — CAL
2RO ADJUST — any position

5.2.2 Zero Setting, Offsets, and Sensitivity,

Verify that the capacitance offset Cy can be set to zero
and measure the conductance offset Gy, as follows. Sunsi-
tivity and precision are also verified.,

a. Perform the preliminary and functional checks,
tuning, and phase adjustments of para, 3.1-3.3.

b. Install an open-circuit shietd {Table 5-1) on the

SERVICE & DIAGRAMS 5-1
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Table 5-1

TEST EQUIPMENT

Requirements

Nelerence standard capacitor,
([GHTAGA A

Stanciard resistor, 100 k&2

Precision metal-fibm resistors

DC Resistance  bridge
{GRTBOH)
Binding-post adaptor

Patch cords

Open circuit

Stability: 20 ppimfyear; temperature coeflicient:
2 ppr/°C; terminals:, 35 value: 100 pF £10 ppm.

Accuracy, @ £.01% at 23 C,

10 Miz 20.1%
1 M2 £0.1% {4 required)
10.2 k2 +01%
100 £ 20.1%

Basic accutacy: +0.01%, direct reading; range 1S to
1 1€k 6-digit resolution

Fitls 2-TERMINAL UNKNOWHN port [GS00 connector}.
10 BANANA JACK 3/4" spacing

Doubly shielded coaxial cable with locking GB74
cormectors; length: 3 1t {2 required}

Shielded mount for conductance networks GB74
gonnestors; (2 reguired).

Mount Shieided mount for conductance network; GB74
connectors: {2 required}),
Fe
Table 5-2
CAPAGITANCE RATIC CHECKS
TERMINAL Approx Trimmer
SELECTOR nfF pF = aF Tolerance GAIN |_abel
3-ter x1 . X00 see 5.2.3¢ {00 see 5,2.3d 70db inf
CAL . NXO 000 00G.0 50DaF a0 100pF
CAL b *NX o0 000.0 50aF 110 10pF
CAL b *ON X00 000.0 10aF 120 1ipF
CAL i Q0 NXO 000.0 5aF 136G 100fFF
CAL *A *00 ONX 40.0 5aF 130 10aF
CAL *E 00 000 X00.0 50aF 130 1aF
CAL ah 00 0G0 NX0.0 HaF 130 100aF
CAL . *Q0 900 ONX.0 sal 130 10aF
CAL o *0Q 400 0on. X 2aF 130 t1aF
Al AN X00 QG0 000.9 5fF 50 10nF
CAL, NX 060 {00 000.0 504F a0 100nF

RITEIPE I

[P

s
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3:1 l‘:AFjvi\/iéNAL }tgw connector. Set lhe TERMINAL c. Sel the readout 1o the exact value of the 1000pF
SE LL;{QH 10 3-TERMINAL X 10 standard, slarling with an X For example, if the value is
. Balance the bridge precisely, with increased GAIN and  1000.016pF, set X00.016pF. i the value is 999.988, set

N {if necessary} voltage, as described in para. 3.5, using the HOO N8Y where N is -1, Set first row of Tabie H-2.
\\( \? lever switches for G but only the ZERO ADUUST contral d. Verify that the final C readout is not more than 10
™ for C. Leave the C readout at rero, excenl lor lemporary ppm different from the absofute 3-terminal value of the ©

changes of a step or two in the last digit to test whether standard. If that is known to £12 ppm, for example, the

you have sufficient sensitivity for O-figure resolution  accentable lolerance on this seasurement is ¥22 ppm, if

Record the G readout as Gy, the conductance offsel. It 13, then £13.

should notexceed 02 X 10°° uS in magnitude, and may be e. Remove the external standard.

githar + o;‘f. . . 5.2.4 Capacitance Ratios,

voi(j‘ ienm‘;‘t;\fgov \';‘» ﬂgff:ﬂa”v SUlf‘.?lCleﬂi ?o that an osu“dwf The following procedure checks each internal siandard

voltage © - GAIN setting of 130 dB, and SENSE  saainst the next higher, or lower, standard starting with the

TIVITY set near midrange resull in a deflection of 25 (5 100pF stendard being checked against the just-calibrated

divisions) for 5 steps of the fast C lever switch, near balanca.  1000pF slandard as indicated in the Znd row of Trble -2,

0. Repeat step ¢ with the Terminal SELECTOR set o This and the next eight checks work down to the lowest

sach of i B positions, the Tinal one being 3 TERMINAL standard.  The last two checks work up from 1000pF to

X1. The. bridge is now sat for Cg = O 0.1 aF, on 3 Aul. (f a 100pF or a t0pF standard was used as the

TERMINAL X1, and Gy = a known offset, external standard, then this ratio procedure would start urther
down on this table and checks should be added that go up
from the value of the slandard used to values skipped.) The
procadure for checking all other standards against the internal
1000pF standard is as follows.

a. Set the TERMINAL SELECTOR to CAL  Be sure EXT
MULTIPLIER is set to OFF. Set C readout to all Zeros with
first three digits masked using the C-MAX switch,

b. Balance the bridge with ZERO ADJUST and the G
levers. Use he lowest G multiplier (10-8).  Get negslive G
values using a -1 setting of the smaliest digit possitze. Leave
the 7ERO ADJUST as sel.  You now have Co < O.1aF lor
bridge configuration sst.

Note that the sensitivity of ZERQ ADJUST is variable,
Its setting is significant in 2-terminal measurements, but
3-terminal measurements can be made to specified accuracy
without regard for how this control is set. A rear-panel,
screwdriver adjustment is required if the range of ZERO
ADJUST is inadequate for balance in step &,

¥,
&
#,
e
]

. B.2.3 Capacitance Agcuracy.

Verify that the absolute value of one of the prime
internal standard capacitors has been trimmed within speci-
fication, as follows.

NOTE
H the requirad external standard s unavaliable, it is sl
possible to make a calibralion verification with  high
confidence by making only the Capacitance Ration Checks of
paragraph £.2.4.  The internal slandards are all of high
stability so thal checking all their ratios will almosl abwvays
detect any excessive arrors.  The chance of ali the standards
changing by the same amount (in %} is very small,

¢ Set up each of the C-readout combinations siarting
with the second row of Tabls 5-2. For each, balance the
bridge using the smaller C lever switches and the 15 controls
as reguired.  Verily that each balance is achieved within the
tolerance fimits indicated.  MHere ¥ indicates a zerv digit
covered by a mask as set with the C-MAX lever and N
indicates a selting of -1,

[ the detector phase adjustments are rade as suggested
by the Condensed Operating Instructions, the IN-PHASE
meter may be zemed with the C levers and a precise G
balance is nol necessary.  This meter can also be used 1o
extrapotate betwaeen C lever sleps 1o estimate the arror. The
GAIN settings in the table are suggested as inllial settings.
more gain may be required

65.2.5 Conductance Accuracy.
The following procedure makes use of 2 externatl stand-
ards to check the 6 hasic internal G standards. [An equally

e

a Stabilize the temperature of the bridge at 23° £1°C
for 24 hours previous to and during the following steps of
para. 5.2.3 (36 hours is required after the bridgs has been
above 45° or below 0°C; refer to para. 4.6)

b, Remove any shields from the 3-TERMINAL LNKNOWN
: terminals and connect instead an external reference standard
with a nominal value of 1000pF known to an accuracy of
100ppm or better. (Note: the following instructions pertain in
detail 1o the use of a 1000pF standard but a 10 of 100pF
standard may be used il the calibration principle is valid check could be made by measuring each with a d-c
bridge, a provedure which would require soma disassermbly

understood.
and unplugging of cannections to the "G hox."}
NOTE &
The accuracy of asuitable standard depends on  CAUTION
the certified accuracy when' caiibrgigd by N83 Restrict the oscillator level to 20 V rms ur less
or a standar'ds.labox'atqry, i.'is s@bshty and the when the TERMINAL SELECTOR is set to
time elapsed since calibration, 1t temperature 2 TERMINAL X1: otherwise safety diodes will
coefficient and the temperature, etc. distort the test signal and invalidate the balance

condition. SERVICE & DIAGRAMS 5-3
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At high settings of GAIN, movement of your hands or
other objects near the unshielded 2-TERMINAL UN-
KINOWN port will upset the balance. Keep hands away and
nearby objects still.

a. Install an adaptor on the 2-TERMINAL UNKNOWN
port and plug in a 100-k§} standard resistor {Fable B-1) as
the first G standard.

b. Resat the frequency o 102 Hz, the oscillator level to
10 V, and tune the detector and oscillator to match as
before. However, reset the PHASE SHIFT in the process of
balancing the bridge, as described in para. 3.5 under Final
Ralance Phase Shift/Reset.

NOTE
Reset the phase shift, as required, as you ap-
proach balance in any step of the procedure:
para. D.2.6 and 5.2.6.

The need to do so is recognizable when both phase-
sansitive meters respond to a change of either C or G lever
switches. {The inconvenience of having to reset PHASE
SHHFT is to be expected only for precise measurernents of
very lossy capacitors, not for most measurements.}

c. Set up, in turn, the combinatien of G standard,
TEBMINAL SELECTOR satting, and G readout for each of
the first 5 rows in Table 5-3. Complete steps ¢ through  for
each setup before proceding to the next.

d. Slart with a convenient GALN setting. Balance the
bridge using the C lever switches, increasing the GAIN 10
the "dB” number tabulated, (Resetl PHASE SHIFT as re-
quired.} PR

e, Adjust the SENSITIVITY so that a change of b
divisions on the GUADRATURE meter corresponds to the
percentage change tabulated as "“Tolerance’. Notice that a

0.1% change is the siep from X00 to XO1, or XO(-1.
Similarly, a 1-% changs is from X0 to X1, or X140 A 10-%
change is from X to 9. Change the GAIN if necessary.

. Veriy that thr internal G standard is within the
specified accuracy, In other words, the QUADRATURE
meter should read between the points labsled 25 when the
readout is set as tabulated. {The pertinent standards are R1
through RE, in that order )

5.2.6 Conductance Multipliers.

A procedure very similar 0 the preceding one is used to
check the G multiplier ratios (steps of 1077 ). In this para-
graph, the maximum accuracy {0.1%} is required for every
step. Unlike the internal G standards, the multipliers can be
trimmed by you, the customer, if you find they fail 10
meet the following specifications {para. 5.4).

a. The setup is much the same as before. Initially,
reinstall the 100k} standard resistor st the 2-TERMINAL

port and connect network A isee below} to the
TTERAMINAL UNKNOWN port, using shieided patch
cords.

b Networks & and "B* are 3-teririnal conductance standards
that you can assemble in 8 tew minutes. Fach is a tee of 3
resistoss, Figure B-1, enclosed in an electric shigld. Use a GB74-X
as an enclosure for each.  Measure the resistance of each resistor,
after soldering. at room temperatire, 10 an scclracy of +.03%.
Use a precision resistance bridge, such as the GR Type 1666. fFor
converience in making 4-terminal "kelvif cornections to each
resislor at the lest fodure of such a bridge, leave the resisior pigtails
full length.  {After the measwrernent they can colled up for future
use or cipped off}

c. Calculate the 3-terminal conductance of each network
you have made, thus:

Table 5-3
COMDUCTANGE ACCURACY AND MULTIPLIER CHECKS
External Terminal CONDUCTANCE Approx Trimmer
Standard Selector us ns Ml GAIN  Tolerance Reslistor
100 k {2 2-TERM X1 X 000.0 1 50 dB +0.1% none
160 2. TERM X10 0 X00.0 1 70 g.1 none
100 2-TEAM X100 0 0X0.0 i g0 0.1 none
tom( 2.-TERM X10 0 00X.0 i 80 2 none
10 2.TERM X100 O 000. X i a0 10 none
100 k £) 2-TERM X110 X 000.0 10-1 50 dB 4+0.1% Rria
100 2. TERM X300 X 000.0 10-2 70 R18
"AT 3-TERM X1 X CDE.F 10-3 80 R20
AT 3-TERM %10 X CDE.F 10-4 90 Rl
"B 3-TEAM X1 X GHiLd 10-5 110 122
8" 3-TERM X10 Y. GHILJ 10-8 120 R23

The letters ¢ thru J represent digits calculated as

described in paragraph 5.2.6C

54 SERVICE & pPIAGRAMS
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G = c =) RIS 3 o
’i JA na Rb f n X RC ; ﬂh Hc \< C;{)[_f >/ EU ,u.\).
A
- % ( _ i,
?, = . " A S L. P -5
o TR A A X OHN X107 ps,

Here, C, D . .. J represent numerical digits, of which F and
Jare insignificant. Notice that X (ten) is the preferred
most-significant digit in following procedure. For example,
G, is9.9765 n | express it as X. (-1)765 nS.

d. Set up, In turn, the combinations of G standard,
TERMINAL SELECTOR setting, and G readout for each of
the last 6 rows in Table 5-3. Complete steps e through g for
each setun, before proceding Lo the next.

: e. Balance the bridge, as before.
% I Adjust the SENSITIVITY as before, for 0.1% change
equals b divisions,

9. Verify that the most-significant G standlard multiplied
by the selected G multiplier is within £0.1% of its nominai
value, In other words, the QUADRATURE meter should
read between the points labeled 25 when the readout is set
as tabulated,

Rb
NETWORK "A" Re
e
Rd Ag
8 t

won Hf
HETWORK "B

1645 38

Figure 5-1. Three-terminal conductance standards, Ry
= Ry = Rg = Rg = T MO B, = 10.2 kiz. B = 100 5.

5.3 DISASSEMBLY.
5.3.1 Knobs,

CAUTION
Do not use a scrowdriver or other instrument to
pry off the knob if it is tight,

To rermove the kneb from a front-panel control, either
to replace, one that has been damaged or to replace the
associated contro!, proceed as foilows:

a. Grasp the knob firmly with dry fingers close to the
panel and pull the knob straight away from panel.

b. Observe the position of setscrew in bushing when the
control is fully cow,

c. Pelease the seiscrew with an Allen wrench; pull the
bushing off the shaft,

w.valuetronics.com

NOTE
To separsle the bushing from the knob, if for
any reason they should be combined off of the
shalt, drive a machine lap a lurn or two into
the bushing to provide sufficient grip for casy
separation,

To replace a knob:

a. SHip bushing on shaft and rotate 1o correct position as
obsarved in disassembly of knob,

b. Keep hushing away from panel by at 1zast the thick-
ness of a liling card. Pull it out farther ¥f nesessary to
pravent tip of shaft from protruding,

c. Tighten the setscrew in the bushing.

d. Place knob on bushing with retention spring opposile
setscrew,

e, Push knob on until it bottoms and pull it lightly, to
check (hat the retention spring is sealed in groowe in bush-

ing. A
NOTE
Keep POWER OFF during disassembly or re-
assembly.
{’
5.3.2 Cabinet Removal.

To remove the bench-model cabinet from the bridge,
first sat the instrument in the horizontal pesition, free of
unnecessary cables, and proceed as follows:

a. Remove the 4 dress-pangl screws (A) accessible
through holes in the handles.

b. With caution not to let the instrument drop out of its
cabinet, turn it face down to rest on the handles,

c. Pult the cabinet up and off, Carefully return the
instrument to a horizontal position.

To remove each instrument from the 1G21 sysiem
cabinet or each rack-mounted instrument from its cabinet,
apply step a, above. Then withdraw the instrument forward
carefuily as described in para. 2.4 and 2.5,

Figure 2-3.

5.3.3 C-Box Remaoval, Figure 5-2.

The subassembly containing the capacitancu standards
comprises a substantial part of the instruments’ weight and
valume, Although it is not to be repaired, it can he removed
as follows, either for replacemant or for access to miscel-
laneoLs wiring.

a. With the bridge right-side-up, outside its cabinet, re-
move the upper 3 screws (of a total of B} that are about Y%
in. from the rear edge of the right side panal,

b, Remave the corresponding 3 from the left. Also on
the left side, remove 1he 3 top screws, 3 more 6 in, below
those, and finally 2 more for a total of 11 that form a
rectangle.

o Slide the € box back only % in., so it has support, and
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disconnect the 3 BNC connestors behind the EXTERNAL
STANDARD port

d. Stide the bex back about 3% i and support it by
hand while disconnecting the edge connector from the
etched board and the 2 wires that are separately clipped
naar the middle of the bottom edgs ol that board.

g, Lift the C box out toward the rear

£ In reassembly, be sure to bring the C MAX gears into
mesh as nearly right as possible, That is, presel the gear on
the C box 1o the cow position {of 4 delent stops) as seen
from the left; preset the C MAX lever down {all 3 windows
btanked).

g. Connect the white wire (left] and black {right} firsy

then the etched-board connector; then the 3 BNG conneo-
tors in this sequence: violet {bottom), gray {middie}, red
(top).

h. Reposition the idler gear associated with C MAX, if
necessary, by loosening, moving, and relightening the small
recessed screw in the left side panel. Moving it loward the
rear decreases the backlash but may cause hinding, toward
the front makes the action more free.

i. Slip the gear engagement {if the attempt in step f was
unsuccessful) as Tollows. Tip the instrument onto its right
side, ramove the 11 screws from the left side, and 1ilt the C
box by hand enough to disengage the gears while you move
the C MAX lever slightty for better aligniment.

C TRIMMER PANEL

J7,8.-9

.~ RATIO
TRANSFORMER K
T1 T~

X

|

%

c301
ACCESS
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i i i overt and shown above,
Figure 5-2. fnterior view, upper rear, with the C box rem
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Cend, frontto-rear:

G-MULT TRIMMERS: RZ3, 21, R20, 119, R18, R22

G-BOX

. 13 COVER

4+

S

e

821"

Figure 5-3. Interior bottom view. The G box cover is shown fastensd temporarily in pesition for trimming the G-multipher sietwork,

5.3.4 The G Box.

This “hox,” vontaining the conductance slandards, is the
most conspicuous subassernbly in the bottom part af the
bridge behind the hank of lever switches. Although the G
box is not to be repaired, it can be uncovered Tor access to
the G-multiplier adiustments and it can be removed if
necessary. Use this procedure,

a. Place the bridye upside down.

b. For access to adjustments, remove the 4 cover serews,
Move the cover 1o the position shown and replace 2 of the
screws through the 2 spare holes (nearest the edye) of ihe
cover. Adiust only with the cover attachad.

o For removal of the box, make a nole of the positions
of the 10 wires to be disconnected, something like this: lefe
red tracer, green bacer, |Hue racer,
brown tracer, Dlack tracer; rear panel, lefttoright: red,
violet, black, grey, brown.

d. Disconnect those 10 wires and the yellow banded
BNC connacior.

e Remove 2 screws in the rear pansl {near, bul not
holding, the BCD CAPACITANCE QUTPUT connector)
snd 4 screws i the right panel {among, but not holding, the
slide blocks) while holding the G box so it does not fall.
it it frea,

f. In_ reassembly, mash gears praperty by preselting the
switch on the G box cow {as seen from the right} and the G

Figure 5-3.

w.valuetronics.com

multiplier lever “down,” indicating 108, I necassary, to
obtain propear mesh, ry again.

g, Adjust the gears for a reasonable amourit of backiash
by moving the G box slightly, while you haw the 4 right-
side screws temporarity loose.

NOTE
Do not reposition or replace any parts ur turn
any adjustments in the G box except as Tastruc-
ted in para. 5.4. Qtherwisa D, will have to be
reset, a factory operation.

5.4 RECALIBRATION AND ADJUSTMENTS.

Recalibration is principally the trimming of the internal
C standards for absotule accurasy and exact secade ratios.
The G muitiptiers (but not the b standards; can by trimnmed
atso. Adjustments include C301 which affects the ZERQO
ADJUST ranges and mechanical adjustmenty on the lever
switches.

The termperature of the bridge should be maintained well
within the allowsbie tolerance, just as the acouracy of each
adjustment should be greater than the acceptable accuracy
of the bridge. For exampte, in addition to the temperature
requirements described in para. .2, the briige shouid be
held at 237 £05°C for 6 hours previous ‘0 and during
racalibration.

SERVICE & DIAGRAMS 5-7
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For special uses, it is possible to recalibrato the bridge at
temperslures other than 23°C. The range of trimming pro-
vided for the inlernal C standards sets the upper and jower
limits at about 217 and 26°C, respectively. Il vou do
recalibrate at a nonstandard temperature, be sure Lo lag the
bridge with that information.

5.4.1 Adjustment of Internal Capacitance Standards.

To recalibrate the one or all of the internal capacitance
standards, proceed as in paragrephs 5.2.3 and 5.2.4 but
make adjustments of the trimmaers {listed in Table b-2) to
minimize the errors.  Additional procedure is as follows.,

a. Uniock and open the panel that covers the trirnmer
screws {para. 1.31

h. Obtain 8 small, sturdy screwdriver with an insulated
handle and shank [or enclose the shank in a plastic sleeve].

!
WARNING
Full oscillater voltage appears on the trimmer

serews,

¢, Notice that each screw is labeld in terms of the
effective value obtained when the corresponding lever switch
is set to maximum. Thus, the 3rd screw is labeled 1nF; it
trims C100G which adds 1000pF to the standard anm when
100pF per slep lever is set 1o X To trim C100 against the
external 1000pF standard (para. 5.2.3) wuse the nF {or
1000pF} trimmer as indicated in the first line of Table 5-2.

d. To trim a smaller standard against a larger (as in the
sext 9 rows of Table 5-2) use the trimmer whoss labeled
value is equal to the capacitance selling. See right-hand
column of Table 5-2.

e. To trim a larger standard against a smaller (a5 In the last
2 rows of Table B-2) use the trimwmer whose labeled value is
10 times the capacilance setting.  Sae right-hand column of
Table 56-2.,

£ If you are interested in preserving the accuracy as iong
as possible, guard your bridge against any violent motion.
Even the impact of a dangling patch cord swung against the
panel wiil cause measurable changes in calibration (but
insignificant compared to the specifications). Close the
access door over the C timmers with care, otherwise it will
snap in closing,

5.4.2 Conductance Muitiplers.

The G-multiplier calibration is similar o that above
Proceed as in para. 5.2.6 and trim so as o minimize any
errors you find. The additional progedure is as follows,
{Notice that any possible errors in the § G standards, para
5.2 5. must be corrected only by GenRad, which has means
for checking and adjusting DO at the same time.

a Gain access o the set of 6 screwdriver adjustments on
the G box, as in para. 5.3.4.

b. inturn, make the connections and setlings indicaterd in
the tast 6 rows of Table 5-3, and as described in paragraph
5.7.6, bui instead of determining the error, adjust the
timming resistor listed v the last colurn {for the best nuli
possible, Always adjust these trimmers in the order given
{R18 firsy because the Jast three adjustments have some
interdependence.

5.8 SERVICE & DIAGRAMS
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5.4.3 C301 [ Setting Zevo C.

The ZERO ADJUST control varles Cg, the capacitance
offset, in any position of the TERMINAL SELECTOR /
READOUT MULTIPLIER switch, So does the rearpanel
screwdriver adjustiment C301 {Figure 5-2). Normaily, 301
is set so that the 10-turn range of ZERQ ADJUST spans
conveniently the 3 conditions referred Lo in para. 5.2.2,
which are conditions of C, = 0 on CAL and both 3
TERMINAL-UNKNOWN positions. {The 3TERM LOW

connector must be shielded ) The adjustment should be
made at 1 kHz.

5.4.4 Lever-Switch Stiffness,

The front-panel lever switches thal control C and G
digits, ie, all but the first and last levers, have detent
mechanisms that can be adjusted as required. The factory
setting is approximately 12 oz (350 grams weight), the
force required at the normal finger position to push each
switch from step 1o step (hetween 0 and 9f.

Olher seltings are possible, to salisfy individual preferen-
ces. About 9 oz will provide a light ""feel” and enable you
to slide each switch up and down with your thumb on the
front of the knoh, but you need more skill 1o avoid stop-
ping between detents. About 16 oz will provide a positive
detent action that may be preferable if the bridge has many
operators, each making relatively few measurements at a
time,

Perhaps more important than the absolute stiffness of
the detent action is consistency. f one or more of your
switches responds differently from the majority it will be
an annoyance. Adjust the detent stiffness as follows.

a. Remove the bridge from its cabinet and position the
instrument upside down.

. Determine which construction you have, by reference
o Figure 54, A’ has 3 screws in a row along the bottom
under cach detent wheel the screw farthest from the panel
is an adjustment (not locked). “B" has 2 such screws, both
locked.

e 1f you have "A" construction, turn the adjustment
screw, cw 10 stiffers the datent action, eow to loosen it

A1 UB,)7 doosen sorews B and C just anough o allow
you to move the block that holds the spring. Tilt the block
as is required to obtain the desired delentl action and
tighten the same screws.

5.4.5 Maintenance Nole On Switches

Both rotary and lover switches may become noisy or
erratic from lack of lubrication.  For rolary swilches such as
the TERMINAL SELECTOR switch and MULTIPLIER swilch,
use CRAMOLIN BB oil. For lever switches, such as C and G
decades, use LUBRIKO H101 grease. Ciean contact ares of
lever switches with solvent {i.e., FREQN T#} before applying a
thin filim of lfubricant,

5.5 TROUBLE ANALYSIS,

11 the bridge requires service beyond the reatm of recali-
Lration and adjustment described above, or the categories




of repair described below, please relurn the instrument o

GenRad,  Refer 1o para &1,

~ADJUSTMENT SCREW, A
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R Figure 5-4, Detent mechanism of a typicst lever
k’ : switch, A and B constructions. The instremnent is up-
i sice down {showing the bottom edge of the front

panal), The type of wrench shown in part (0.25 inch,

B0, open end) i recommended for instruments
having the B construction.

6.5,1 Mechanical Damage.

Parts, such as connectors at front or reer, thal are
damaged or worn, can be replaced. A wire broken loose can
be resoldered ar replaced, Mowever, the replacement of any
tever switches is aof recorunended. Only the simplest re-
pairs to the mechanisms of the CMAX o1 the Gomultipier

levers is recommendsd.

w
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5.5.2 BCD circuits,

if the BCD code available at the rear panel does not mdicate the
rneasurarment as described iy para, 2.8, trace the choull with the
help of the schematic diagram, Figure B-7. If the trouble is in the
wiring, repair it Il in the switching, retum the instrument o
GenRad,

NOTE
The lever switches are not replaceable, except
by G

5.5.3 Non-Repairable Subassembiies.

The foflowing componants are not to be disassermnbled for
repain the ralio transformer T1, the coaxial choke T2, the G box,
and the C box. I the unusual event thal one of ther apparently
needs replacement, please consult with GenRad or retumn the
instrument as described bafore.

5.5.4 Typical Parameters,

The following parameters are typical. They arc listed for
reference in trouble shooting. Unless otherwise noted, set
the controls as follows; )

TERMINAL SELECTOR — CAL

EXTMULTIPLIER — 0

C and G readout — z€ros

C MAX — shutters closed

G multiplier — 10°%

At the GENERATOR INPUT jack: 3.7 H wt 100 Hz,
1 £ do, ungrounded. Demagnetize after dc measurement;
para. 3.14. Measured series inductance increases with test
voltage; may be b Hat 1V,

Al the EXTERMNAL STANDARD port, with £XT MUL-
TIPLIER at 1.0, 2.7 H at 100 Mz, 1 8 d¢, grounded,
Demagnetize as above.

From DETECTOR QUTPUT to EXTERNAL STAND-
ARD LOW, with the EXTERNAL MULTIPLIER sct to 1.0,
14 mH {below 1-V test voltage) at 1 kHz; R <T 1 £ dc

5.6 PARTS LISTS AND DIAGRAMS.

The following pages contain mechanical an.d electrical
parts tsts, schematic diagrams, and supplementary in forma-
tion.
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MECHANICAL PARTS LIST

Fig Fed
Qnt Raf Dascription GR Part No. Mg Coede Wifg Part No. Fed Stock No. "
FRONT @
i 1. Lock with 2 keys. 56050100 24655 5605-0100
2 2. Iﬁlun.dle. 5360-2032 240653 5360-2032
1 3 Cabinet ga_sket. 5331-2220 24655 5331-2220
i 4. Bench cabinet assembiy; 4172-4016 24655 41724016
detailed breakdown listed separately.®
2 5, Panel locking connector asm., 0874-4006 24655 0874-40006

JLEXTERNAL STANDARD IHGH;
M 3-TERMINAL UNKNOWN IIGH.
2 6. Panel locking connector asm., (874-4005 24655 08744005
J2, EXTERNAL STANDARD LOW,
J33-TERMINAL UNKNOWN LOW.

i 7. Banana jack, 15, ground connection. 4150-0900 24655 4150-0900
1 8.  Precision connector, 36, 2-TERMINAL 0900-4410 24655 0900-44 10

UNKNOWN.
1 -9 Knob asm., ZERG ATJUST, including: 5520-5333 24655 5520-5333

retaines. 5220-5402 24655 5220-5402

2 10, Konob asm., TERMINAL SELECTOR; 5500-5321 24655 5500-5321

EXTMULTIPLIER, including:

refainer. 5220-5402 24655 5220-5402

19 . 11, Knob for CAPACITANCE or CONDUC- 5500-5120 24655 5500-5120

TANCE lever switch, '
1 i2.  Doorassembly. 1616-1041 246355 1616-1041
REAR
i 1. Multiple socket, J12, BCD CONDUC- 4230-4036 93916 57-40360

TANCE OUTPUT.
i 2. Multipie socket, 113, BCD CAPACI- 4230-4049 93916 57-40500 5935062-1776 y

TANCE OUTPUT. &
2 3. BNC connector, J11, GENERATOR 4230-1200 91836 KC-12-161 :

' QUTPUT: 14, DETECTOR OUTPUT /7
2 4.  Foot (resilient strip). 41717010 246355 4171-7010
NOYTE

Elnctrics! parts information in this saction ia presanted
in guch g wey that all the data for & pari-numnberad sub-
pssombly era visibla in & single opsning of the manuel,
Thus, the parts figt appears on tatt-hand pages, whils the
part-locstion diagrem {on the apron! snd the chematic
diagram (tip out} are on right-hand peges.

*Cabinet kits and hardwasd are listed on page 5-12.
REFERENCE DESIGNATOR ABBREVIATONS

B = Motor P = Plug

8T = Battery Q * Tramsistor

c = Capagitor 113 = HRaistor

CR = Diode S * Switch

D8 = Loep T = Tramforimst

[3 = Fute U = imagrated Clrouit
J u Jack VR = Dicde, Zenor

K » Pinlay X = Sockst for Plug-in
#), = Polay Coil Y = Crysal

K§ = Ralay Switch z u Network

(S = Inductor

M~ Matar Ratarencas

MK = Microphona ASA Y3236 snd MIL.ST-18C

5-10 SERVICE & DIAGRAMS
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Appendix A

LOW jomecen

GR 1616 BRIDGE

LY

874-MB
G800 CONNECTORS
r,__/\...._.._..\
(HIGH b
a
3-TERMINAL o e e
UNKNOWN
PORT T S S| (——
874-TL
Ca Cy

SPECIAL CABLES

N

e

TEST FIXTURE 1616-33
Figae A1 Test setup for 2-terminal measurement, with {ringing eliminated.

Appendix A

)

An Interpretation of Millea’s Method*

to Eliminate Fringing from
Two-Terminal Measurement.

I a suitable 2-terminal standard is not available, and the
uncertainty of +.008 pF in the fringing of the G200 -
connector is unacceptable for your measurements, this
method is recommended. {Refer to para. 3.9.)

Test Fixture. The assernbly of adaptor, tee, cables, and
wires is shown in Figure | The special cables (2 required)
are nol cammercially available, but may be constructed as
foliows.

a Remove the G874 conneclor from one end of a Type
874-R22LA Patch Cord.

b, Install & G900 cable cornector instead, Type 900-
CHB. but do not connect ils outer conducior 1o the cable
shield. Leave a gap as shown, by cutting the shield braid
hack as far as the cable jacket. Touch the cut ends of the
braid back under the jacket enough to assure insulation. The
two should not be cut so shorl as 1o expose the inner
conductar 1o axternal fisids,  The rubber slaeve shouid provide
some strain teliel and the cable retainer {by overlapping the
shielded portion of the cablel sufficient shigiding. It is
imperative that the inner conductor of the connector be rigidly
supportedt so that CA and Ca are conslants.

c. Provide a ienminal for connecting a wire (274-LM) to
the outer conductor or each G800 comnector {poinis a. b,

Waorking Capacitor. Use a 7-terminal coaxial capacitor
with 2 G200 cennector.  This is CX; it may be your unknown
capacitor or ene you wish 1o calibrate a3 a standard.

Procedure.

a. With the connections as shown, i.e., Cy connected to
Ca.aloh, and b to g, measure: C, = C, + .

b, With the working capacitor transfered 1o the other
arm of the fixture, e, Cy connected to Cg, btoh, anda
to g, measure: C, = Cg + Cy.

c. With the fixture closed on itself, be, Cy connected to
Cy.aorbto h (neither to g}, measure C; = C b Cg

4 Cateulate the capacitance without fringing: Cy =
{Cy + Cy=Cy) /2.

*Millea, Aurel, “Connector Pair Techniques for the Accurate Meas-
urament of Two - Terminal iow Value Capoacitances,’” Journal of
Research, 3, of the National Bureau of Siandards, Vol 74C, Nos 3 &
4, July-Dec,, 1970.
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