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WARRANTY

We warrant that this product is free from defects in material and workmanship and, when properly used, will
perform in accordance with applicable TET specifications. If within one year after original shipment, it is found
not to meet this standard, it will be repaired or, at the option of IET, replaced at no charge when returned to IET,
Changes in this product not approved by IET or application of voltages or currents greater than those allowed by
the specifications shall void this warranty. IET shall not be liable for any indirect, special, or consequential
damages, even if notice has been given to the possibility of such damages.

THIS WARRANTY IS IN LIEU OF ALL OTHER WARRANTIES, EXPRESSED OR IMPLIED, INCLUD-

ING BUT NOT LIMITED TO, ANY IMPLIED WARRANTY OF MERCHANTIBILITY OR FITNESS FOR
ANY PARTICULAR PURPOSE.

/A\  WARNING A\

OBSERVE ALL SAFETY RULES
WHEN WORKING WITH HIGH VOLTAGES OR LINE VOLTAGES.

Dangerous voltages may be present inside this instrument. Do not open the case
Refer servicing to qulified personnel

HIGH VOLTAGES MAY BE PRESENT AT THE TERMINALS OF THIS INSTRUMENT

WHENEVER HAZARDOUS VOLTAGES (> 45 V) ARE USED, TAKE ALL MEASURES TO
AVOID ACCIDENTAL CONTACT WITH ANY LIVE COMPONENTS.

USE MAXIMUM INSULATION AND MINIMIZE THE USE OF BARE
CONDUCTORS WHEN USING THIS INSTRUMENT.

Use extreme caution when working with bare conductors or bus bars.

WHEN WORKING WITH HIGH VOLTAGES, POST WARNING SIGNS AND
KEEP UNREQUIRED PERSONNEL SAFELY AWAY.

/N CAUTION A\

DO NOT APPLY ANY VOLTAGES OR CURRENTS TO THE TERMINALS OF THIS
INSTRUMENT IN EXCESS OF THE MAXIMUM LIMITS INDICATED ON
THE FRONT PANEL OR THE OPERATING GUIDE LABEL.
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Condensed Operating Instructions

VAN

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 foliows.
POWER : ON ({up) oscillator and detector
FREQUENCY SELECTORS: as desired or 1.01kHz
Oscillator Eo RANGE: 15V
Eo ADJUST: MAX
Detector TIME CONSTANT: 0.1s
PUSH BUTTONS: both out
IN-PHASE FINE ADJUST: midrange
QUAD FINE ADJUST: midrange
PHASE SHIFT (inner knob): 180 deg
SENSITIVITY: full on (cw)
Bridge TERM SELECTOR: CAL
EXT MULT: OFF

G levers X G Mult: OuS 000.0 nS X 10°
C levers: 05 pF 000 fF 000. O aF

(First three digits masked)
GAIN: 30db (or keep MAGNITUDE on scale)

b. Fine tune oscillator to detector frequency (peak on
MAGNITUDE meter). (Note 3rd osc dial is continuous).

c. Reset C levers to 00 pF 000 fF 500 . O aF
Reset GAIN to 100db
Read just C levers for MAGNITUDE of 20-40

d. Using PHASE SHIFT (large knob) bring QUADRATURE
meter 10 zero.
Reset C levers for MAGNITUDE of 80-100, reset zero
using PHASE SHIFT first and then QUAD FINE ADJUST.

NOTE
Keep MAGNITUDE meter on scale for correct
phase indication; other meters may be off scale.
e. Reset C levers to all zeros.
Adjust G levers for MAGNITUDE of 80-100.
Using only IN-PHASE FINE ADJ, set IN PHASE meter to
zero.

3-TERMINAL MEASUREMENT.

a. Connect unknown capacitor between inner conduc-
tors (HIGH, LOW) of 3-term C, port, shield to outer
conductor of either or both connectors. Cables are option-
al: shield at least the LOW one. (Cable capacitance is
excluded from the measurement.)

vii

b. Set TERM. SELECTOR to upper X1 position unless
C, is larger than 1 nF (1000 pF), then use X10. If appro-
priate, raise C-MAX lever,

c. Set C and G levers to approximate values of C, and
G, (parallel components of “unknown’).

d. With GAIN control keep MAGNITUDE indication on
scale. Turn SENSITIVITY and TIME CONSTANT cw, if
required to achieve final balance (below). For best resolu-
tion, increase E, RANGE to 160 V.

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

e. Refine the balance, left-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 value of fringing capacitance of 2-ter-
minal port, i.e., ** nF *00 pF 115 fF 000.0 aF, 0 uS 200.0
nS X 107, if you selected X1 in step a. If X10 or X100,
set C proportionally smaller (11.5 fF or 1.15 fF, respec:
tively).

c. Balance the bridge with ZERO ADJUST.

d. Connect unknown capacitor to the 2-TERM C, port:
outer shell — ungrounded — to outer conductor of connec-
tor, inner {shielded) terminal to inner conductor.

e. Proceed as before — steps, c, d, e of the 3-terminal
instructions.

FURTHER INFORMATI/ON.
Refer to the Table of Contents.



Specifications

1616 PRECISION CAPACITANCE BRIDGE

Capacitance measurement, 3-terminal: DECADES: 12.
RANGE: 0.1 aF to 1 uF (10" to 10—* F). ACCURACY:* =10
ppm, when most-significant decade is 1, 10, or 100 pF per
step: otherwise, and at other frequencies, accuracy is =[50
ppm + (0.5 + 20 Cus) (fiue)? ppm + (fime) aF].

Capacitance, 2-terminal: Same as zbove, except as follows.
RANGE: One additional decade, to 10 uF (10~ to 10— F).
Conductance measurement, 3-terminal: DECADES: 5 (virtually
extended to 11 by G multiplier). RANGE: 100 a$S to 100 us
{10'* to 10— u). ACCURACY:* =(0.1% + 1 step in least sig-
nificant decade). There is a small reduction in conductance
accuracy at frequencies other than 1 kHz. RESIDUAL C
{across conductance standards): =(< 0.03 pF).
Conductance, 2-terminal: Same as zbove, except as follows:
RANGE: One additional decade, to 1000 uS (10-"*to 10-' S).
Multipliers: FOR 3-TERM: X1, X10; FOR 2-TERM: X1, X10,
X100; affect both C and G. FOR CONDUCTANCE ONLY: X1,
X10-1, ... X100~ (7 positions). Effects of these multipliers
are included in the specified ranges.

Frequency: 10 Hz te 100 kHz.

Standards: CAPACITANCE: Air dielectric with TC < +40
ppm/°C and D <10 ppm for 7 lowest decades; Invart, air di-
electric with TC of +3 =1 ppm/°C and D <10 ppm for 3 mid-
dle decades; mica dielectric with TC of 20 =10 ppm/ °C and
D <200 ppm for 2 highest decades. ADJUSTMENTS for all
capacitance standards available through key-locked door on
panel. THERMAL LAG: C standards for first 8 decades
mounted in an insulated compartment with a thermal time
constant of 6 h (time required for compartment interior to
reach 63% of ambient change). CONDUCTANCE: Metal-film
resistors in T networks with small phase angles.
Comparison: Terminals provided to connect external standard
for comparison measurements; 13-position panel switch multi-
plies standard by =0.1,0. .. +1.

Input: The smaller of 160 fu. or 350 V rms can be applied to
the bridge transformer at the GENERATOR terminal without
waveform distortion; 500 V rms max, depending on conduc-
tance range, when GENERATOR and DETECTOR connections
are interchanged.

interface: G900 locking coaxial connector on panel to connect 2-
terminal unknowns,'G874 locking coaxial connectors on
panel 1o connect 3-terminal unknowns and 2 to connect external
standard. DATA OUTPUT: 50-pin and 36-pin type 57 connectors on
rear provide connection to 8-4-2-1 weighted BCD contacts(reated at
28 V. 1 A) on each switch for capacitance and conductance values
respectively.

OSCILLATOR and DETECTOR: Connect to rear BNC con-

nectors.
Required: OSCILLATOR: GR 1316 recommended. DETECTOR:
GR 1238 recommended. The 1616 Bridge is available with
this oscillater and detector as the 1621 Capacitance-Measur-
ing Assembly.

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

Mechanical: Bench or rack model. DIMENSIONS (wxhxd):
Bench, 19.75x13.81x12.88 in. (502x351x327 mm}; rack, 19x
12.22x10.56 in. (483x310x268 mm). WEIGHT: Bench, 57 Ib
(26 kg) net, 69 Ib (32 kg) shipping; rack, 49 Ib (23 kg) net,
61 Ib (28 kg) shipping.

*Accuracy for these conditions: Frequency, 1 kHz. except as noted; temperature,
23% £ 1° C: humidity, <50% RH,

See manua! for detailed accuracy analysis.

t Registered rademark of the Carpenter Steel Co.
(G900 and G874 — Gilpert Engineering, Glendale, Arizona 85301

Catalog
Description Number
1616 Precision Capacitance Bridge
Bench Model 1616-9700
Rack Moudel 1616-9701

1621 PRECISION
CAPACITANCE-MEASUREMENT SYSTEM

internal Temperature: C standards in bridge, about 1°C above
ambient; for ultimate accuracy, allow 24 hrs to stabilize with ac
power on,

Frequency: 10 Hz to 100 kHz.

Supplied: 1616 Precision Capacitance Bridge, 1316 Oscillator,
1238 Detector, all necessary interconnection cables, and
power cord.

Available: 1404 REFERENCE STANDARD CAPACITORS (10 pF,
100 pF, and 1000 pF) for calibration.

Power: 100 to 125 and 200 to 250 V, 50 to 60 Hz, 51 W.

Mechanical: Bench or rack models. DIMENSIONS (wxhxd):
Bench, 19.75x24.25x15 in. (502x616x381 mm);: rack, 19x
20.91x11.44 in. (483x531x291 mm). WEIGHT: Bench, 105
Ib (48 kg) net, 140 |b (64 kg) shipping; rack, 90 Ib (41 kg)
net. 125 Ib (57 kg) shipping.

Description Catalog Nnumber

1621 Precision Capacitance-Measurement System

Bench Model, 60-Hz 1621-9701
Rack Model, 60-Hz 1621-9702
Bench Model, 50-Hz 1621-9703
Rack Model, 50-Hz 16219704
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1621 Precision Capacitance-Measurement System

QuadTech warrants that Products are free from defects in material and workmanship and,
when properly used, will perform in accordance with QuadTech's applicable published
specifications. If within one (1) year after original shipment it is found not to meet this
standard, it will be repaired, or at the option of QuadTech, replaced at no charge when
returned to a QuadTech service facility.

Changes in the Product not approved by QuadTech shall void this warranty.

QuadTech shall not be liable for any indirect, special or consequential damages,
even if notice has been given of the possibility of such damages.

This warranty is in lieu of all other warranties, expressed or implied, including, but
not limited to any implied warranty or merchantability or fitness for a particular
purpose.

SERVICE POLICY

QuadTech policy is to maintain product repair capability for a period of at least five (5) years
after original shipment and to make this capability available at the then prevailing schedule of
charges.
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1.1 PURPOSE.

The 1621 Capacitance-Measurement System is designed
for the precise measurement of capacitors and capacitance
standards. In the standards laboratory, its high resolution
for capacitance and conductance make this system well
suited for capacitance standards measurements. Its phase-
indicating error meters facilitate rapid balancing. Conven-

ient in-line readout maximizes accuracy of manual data

recording and BCD outputs are provided for automatic data
processing.

The 1621 system measures either 3-terminal or 2-termi-
nal capacitors. The transformer-ratio-arm circuitry of the
bridge assures that 3-terminal measurements can be made
accurately, even in the presence of large capacitances to
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 Jin situ measurements of ungrounded circuit
capacitances.

The 1616 Precision Capacitance Bridge, one of the 3
instruments in that system, may be obtained separately.
The bridge will perform as described herein, if used with an
oscillator and detector equivalent to the GR 1316 and
1238.

NOTE

This manual describes the 1621 system general-
ly and provides its operating instructions. This
manual also describes in detail the 1616 bridge
only.

A wide range of capacitances can be measured, extend-

ing from the resolution limit of 0.1 aF (107pF) to a
o

maximum of 10 uf, with internal standards, or farther with
external standards. For 3-terminal unknown capacitors, a

pair of coaxial terminals is provided; for 2-terminal coaxial
“unknowns,” a single precision connector facilitates exact-
ing control of fringing effects.

Since an important 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 connected and designated EXTERNAL
STANDARD. The other standard is then connected to the
selected UNKNOWN terminals, and the internal standards
are used to complete the balance. |f the ratio between the
two standards is close to 0.1, 1., or 10, the accuracy of the
measurement is equal to the accuracy of calibration of the
reference standard, and the precision of comparison is 1
part in 108 (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-Measurement System
consists of the 1616 Precision Capacitance Bridge with the
1316 Oscillator and the 1238 Detector, a complete system
for the precise measurement of capacitance.

Oscillator and detector are mounted above the bridge, in
a pedestal cabinet, as pictured in the front pages {and
Figure 1-2); or the three instruments may be rack mounted.
Connecting cables, supplied, go neatly behind the assembly.
An elementary system diagram is given in Figure 1-1.

1.2.2 Bridge Circuit.

The ratio arms of the bridge are transformer windings,
tapped on the standard side in decimal steps (—1, 0, 1,
2...9, X) and on the unknown side in decade steps
(X100, X10, X1). Separate, fixed-capacitance standards are
used, whose values range in decade steps from 1aF to 100
nF. This combination of internal standards and transformer

INTRODUCTION 1-1



ratios makes possible the wide measurement range of 1 to
1014

Loss in the measured capacitor is expressed as parallel
conductance from the resolution limit of 0.1 fS to a
maximum of 1 mS a measurement range of 1 to 103, The
values of the set of 5 conductance standards are effectively
extended by series resistance standards, in 6 decade steps
(X1...X108),

HIGH READOUT
( ) MULTIPLIER
UNKNOWN -
CAPACITOR
GR 1238
( ) DETECTOR o
LOW p6_®
-
T~ T~ T~ e
( ) =4 INTERNAL STANDARDS -1
_L s 5 : g ; GR 1316
EXT . OSCILLATOR
STD AT 2 2 2 _))
t ol 2
i ) T il
@& . sl
) ! ‘9 111
ic )

CAPACITANCE LEVER SWITCHES

Figure 1-1. Elementary diagram, 1621 Precision Ca-
pacitance-Measurement System — GR 1616 bridge
with 1316 Oscillator and 1238 Detector. Conductance
circuitry is omitted.

1.2.3 Standards.

Internal capacitance standards are of 4 types. The 3
most stable capacitors, made with Invar* steel, have
temperature coefficients about 3 ppm per °C, and the next
3 smaller capacitors (also Invar), about 20 ppm per °C,
Their nitrogen dielectric is hermetically enclosed to assure
independence from effects of changing atmospheric pres-
sure and humidity. The 2 largest standards, of sealed,
low-loss mica construction, and the 4 smallest, being open
air-dielectric capacitors, have temperature coefficients
about 20 ppm per °C.

The set of 6 Invar and 2 mica standard capacitors are
well insulated from the environment, the thermal time
constant being 6 hours. So the bridge is remarkably
insensitive to fluctuations of environmental temperature
caused, for example, by a cycling air conditioner or the
movement of personnel.

1.2.4 Oscillator.

The 1316 Oscillator, developed for the 1621 system, is a
convenient, stable, powerful source. Set the 5 in-line decade
frequency dials anywhere between 10 Hz and 100 kHz, and

1-2 INTRODUCTION

you are sure of frequency within £1%. After warmup the
frequency stability is typically within £0.001% for a few
minutes. Set the level as desired, up to 1.6 W into a wide
range of load impedances (0.25 £ to 2.5 k§2) with the help
of the front-panel meter (reading 0.1 to 125 V) and you are
sure of a pure and constant output signal. Its level varies
less then #2% with tuning; its distortion remains less than
0.4% over 3 decades of frequency and from open to
short-circuit loading.

Auxiliary outputs are provided, both in-phase and
quadrature, for detector references. These signals are
comparable in quality with the main output. The level of
each auxiliary output signal is about 1.3 V rms, driving the
minimum recommended load impedance of 47 k. The
phase separation between them is typically 87 to 90°,
except below 50 Hz it may be a few degrees less. (FINE
ADJUST controls on the 1238 Detector panel enable you
to establish the desired quadrature phase in the detector.)

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

NOTE
For more details about the 1316 Oscillator,
refer to its instruction manual.

1.2.5 Detector.

The 1238 Detector, also developed for the 1621 system,
complements the oscillator 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 from 70 nV (tuned response) to 400 mV
(FLAT) — arange of 135 dB. Yet the instrument is immune
from damage by signals as large as 200 V, at any gain
setting.

Watch the in-phase and quadrature meters as you
balance the bridge, they indicate conveniently whether to
adjust C or G next, and whether to increase or decrease the
weighting. (Convenient phase adjustments enable you to
compensate for any phase shift (0-360°) through bridge,
cables, and filter and to set the 2 phase-detector references
exactly in quadrature.)

In addition to filter tuning, gain, and phase, front-panel
controls select linear vs 20-dB-compressed response, rejec-
tion of power-line frequency components, and meter time
constants from 0.1 to 10 s.

* Registered trademark of the Carpenter Steel Co., Reading, Pa.



NOTE 1.4 ACCESSORIES.

For more details about the 1238 Detector, refer Table 1-3 lists the accessories supplied with the 1621
to its instruction manual. 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” version. For mounting refer to paragraph 2.5.
1.3 CONTROLS, INDICATORS, AND CONNECTORS.

Figures 1-2 and 1-3 illustrate the instrument system, front
and rear. Tables 1-1 and 1-2 further describe the individual
controls, indicators, and connectors.

T PRI Caraciiamct méanysaar

Figure 1-2. Front-panel controls, indicators, and connectors of the
1621 Precision Capacitance-Measurement System.
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Table 1-1
FRONT-PANEL CONTROLS, INDICATORS, AND CONNECTORS

Fig. 1-2 _
Item Name Description Function
Oscillator
1 POWER switch Toggle switch, down position: Turns oscillator on and off.
OFF.
2 FREQUENCY Set of 2 rotary switches with Selects and indicates frequency, a 3-digit number.

selector decimal steps, 0... 9, and 1 Decimal-point illumination serves as pilot light.
stepless pot with similar '
calibration and detent at 0.
Illuminated decimal points.

3 FREQUENCY Rotary switch with 4 posi- Selects a frequency range, indicates units, and
range switch tions: Hz, Hz, kHz, kHz. controls illuminated decimal point in item 2.
4 QUTPUT-VOL- Rotary switch with b posi- Selects output-voltage range and indicates full-
TAGE RANGE tions: 1.5,5.0, 15.0, 50.0, scale meter range (item 5). Simultaneously
switch 150. switches the output impedance from 0.25
to 2.5 k82 in decade steps.
5 Voltmeter Ac meter with 0-50 and 0-15 Indicates output terminal voltage, in ranges
scales; has mechanical zero- selected by item 4.
adjustment screw.
6 QUTPUT Stepless rotary pot with limits Controls output level in the range selected

ADJUST labeled 0 and MAX. by item 4.

Detector, Right Side

7 TIME Rotary switch with 5 posi- Controls the smoothing (integration) of
CONSTANT tions: 0.1,0.3, 1,3, 10 detected signals and hence, effectively, the
SECONDS. meter damping.
8 IN-PHASE Zero-center meter graduated Indication of one component of bridge error
meter 50-0-50; has mechanical zero- signal, such as the C component.

adjustment screw.

9 FINE ADJUST Stepless rotary pot. Adjusts phase of item-8 reference so the
{IN-PHASE) quadrature component is rejected (a fine
adjustment).
10 PHASE SHIFT Rotary switch with 4 posi- Selects phase shift in coarse steps, supplemented
(smaller knob) tions: 0°, 90°, 180°, 270° by items 9, 11, 12.
11 PHASE SHIFT Stepless rotary control, cali- Shifts phase-detector references; set so that near-
(larger knob) brated -50° to +50°. by meters (items 8, 13) respond independently
to C and G error.
12 FINE ADJUST Stepless rotary pot. Adjusts phase of item -13 reference so the in-
(QUADRATURE) phase component is rejected (a fine adjustment).
13 QUADRATURE Zero-center meter graduated Indication of one component of bridge error
50-0-50; has mechanical zero- signal, such as the G component.
adjustment screw.
14 SENSITIVITY Stepless rotary pot. Fine gain control; use it to keep IN-PHASE
control and QUADRATURE meters reading on scale

(does not affect MAGNITUDE meter).

1-4 INTRODUCTION



Fig. 1-2
Item

Table 1-1 (Cont)

FRONT-PANEL CONTROLS, INDICATORS, AND CONNECTORS

Name

Description

Function

Bridge
15

18

19

20

21

22

23

24

25

26

Ground

2-TERMINAL
UNKNOWN
port

3-TERMINAL
UNKNOWN port
EXTERNAL
STANDARD
port

ZERO
ADJUST

TERMINAL
SELECTOR
(READOUT
MULTIPLIER)

EXT
MULTIPLIER
switch

CONDUCTANCE
multiplier lever

CONDUCTANCE
standards
levers

CAPACITANCE
standards
levers

C MAX
switch

C-standards
trimmers

Socket for banana plug.

G900 precision coaxial
connector,

Pair of G874 coaxial
connectors, LOW and HIGH.

Pair of GB74 coaxial
connectors, identified as
HIGH and LOW.

Stepless 10-turn pot.

Rotary switch with & posi-
tions: 3 TERMINAL {X10,
X1} CAL; 2 TERMINAL
(X100, X10, X1).

Rotary switch with 13 posi-
tigns: GFF,.~0.7,0,007 .- %0

Lever switch with 7 positions
identified as: X1 ... X106,

Set of 5 lever switches, each
12-position with readout
indicator: —1,0,1 ... 9, X 1st
digit, uS next 3 digits, nS;

Set of 12 lever switches, each
12-position with readout
indicator: —1,0,1...9, X. 1st
2 digits, nF; then in blocks of
3: pF, fF, aF.

Lever switch with 4 positions.
Up, no effect; down, shutters
over 1st 3 capacitance digits,

cumulatively in 3 steps.

Set of 12 screwdriver adjust-
ments hidden behind a small
panel; labels: 100 nF ... 1 aF.

Direct connection to master ground (electrical
midpoint of ratio transformer) and chassis.

Connection for 2-terminal "'unknown'" capacitor.
Note: Neither terminal may be connected directly
to gnd (item 15); outer = high; inner = low (Fig. 1-1).

Connection for 3-terminal “unknown’ capacitor.
Note: outer shields are tied to master gnd (item 15).

Connection for 3-terminal external standard capaci-
tor for special measurements, comparisons, or range
extension.

Capacitance offset adjustment. Range: a few aF in
CAL or 3-TERM positions of item 20; 3, 3, and 50 pF
(respectively) in 2-TERM X 1,X 10, and X100 positions.

Selects which UNKNOWN port (items 16, 17)
connects to the bridge, or neither (CAL position);
grounds the terminals of each port not so con-
nected. Selects the READOUT MULTIPLIER —
apply it to both C and G.

Gives any external standard (at item 18) one of 12
weights (including zero) or disconnects that port
from the bridge and grounds both terminals.

Gives the conductance standards an additional
set of multipliers.

Determines effective value of internal conduct-
ance standards, along with items 20, 22. Note:

at G balance, unknown = {readout X CONDUCT-
ANCE multiplier + ext std G X EXT MULT) X
READOUT MULTIPLIER.

Determines effective value of internal capacitance
standards, along with item 20. Note: at C bal-
ance, unknown = (readout + ext std C X EXT
MULT) X READOUT MULTIPLIER.

Allows insertion or removal of first 1, 2, or 3
(largest} standard capacitors from bridge. Each is
removed when a shutter covers its indicator. Note:
removal of large standards not used serves to re-
duce capacitive loading across detector (for best
sensitivity); setting item 24 to zero does not.

To trim or adjust internal C standards if necessary.
Labels indicate nominal (X 1) weight of corres-
ponding standard when its switch is up (readout = X].
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Table 1-1 (Cont)

FRONT-PANEL CONTROLS, INDICATORS, AND CONNECTORS

Fig. 1-2 ;
Item Name Description Function
27 C-standards Lock with keys. Secures the small panel over item 26 to preserve its
trimmers lock adjustments.
Detector, Left Side

28 MAGNITUDE Meter, calibrated 0 to 100, Indication of bridge-error-signal level.

meter has mechanical zero-adjust-
ment screw,

29 GAIN, dB Step attenuator; 12 positions, Coarse gain control; use it to keep MAGNITUDE
20 ... 130 dB. meter reading on scale.

30 COMPRESSION Push-button switch (push to Out: linear response, full gain. In: compressed res-
engage, push again to re- ponse, 20-dB-larger signal can be handled with
lease). meters on scale.

21 LINE Push-button switch {push to Out: normal. In: 40-dB attenuation of line-frequency

REJECTION engage, push again to re- component in bridge error signal. (Circuit can be
lease). adapted for 60 or 50 Hz.)

32 Freguency- Rotary switch with 5 posi- Selects broad-band characteristic or frequency

range tions: FLAT, Hz, Hz, kHz, range of tuned response, indicating the units and
switch - kHz. controlling the decimal point in item 34.
33 POWER Toggle switch, up: ON; down: Turns detector on and off.
switch QFF;
34 FREQUENCY Set of 3 rotary switches with Selects and indicates frequency to which detector
selector decimal steps, O ... 10. lllumi- is tuned (unless item 32 says F LAT). Decimal®point
nated decimal points. illumination serves as pilot light.
Table 1-2
REAR-PANEL CONTROLS AND CONNECTORS
Fig. 1-3
Item Name Description Function
Oscillator
1R QUADRATURE BNC jack* Provides a reference output, 90° leading the
REFERENCE "“in-phase’ reference, at 1.3 V open circuit
QUTPUT (connect to item 21R).
2R IN-PHASE BNC jack* Provides the other reference output, at the same
REFERENCE level. Approx in phase with item 4R. (connect
OUTPUT to item 20R).
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Table 1-2 (cont)
REAR PANEL CONTROLS AND CONNECTORS

Fig. 1-3
Item Name Description Function
3R EXT SYNC BNC jack* Use for synchronization, if desired. As an input,
lock range is £2%/V rms, up to 10 V. As an
output: 0.3 V behind 27 k§2.
4R POWER BNC jack* Main output, up to 1.6 W max, may be 125 V
QUTPUT open circuit or BA short circuit {connect to
item 13R).
SR 8/10 AMP Fuse in extractor-post Protection against damage from short circuit.
fuse holder

5R 6R

TR
L
-8R
i _9R
S & 9F
- . ! o 1
; i * i
{ . : 10R
i
!
e o |
b e . |
I . 1
L i - ] : “11R
21R 1 s :
i 5
i i
08 t -12R
i -
i
19R
13K
18R -
4R
17R
15K

16R —

Figure 1-3. Rear-panel controls, connectors, and cables. Dashed lines indicate cable connections.
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Table 1-2 (Cont)

REAR-PANEL CONTROLS AND CONNECTORS

Fig. 1-3
Item Name Description Function
6R Line-voltage Slide switch (labeled 50-60 Accomodates power supply to either range of
switch Hz); 2 positions: 100-125 V, line voltages.
200-250 V.
7R Power plug 3-pin power plug. ' Connects from power line and earth ground.
Detector, Left Side
8R 1/2 AMP Fuse in extractor-post Protection against damage from short circuit.
fuse holder
9R Line-voltage Slide switch (labeled 50-60 Accomodates power supply to either range of
switch Hz) 2 positions: 100-125 V; line voltages.
200-250 V.
10R Power plug 3-pin power plug. * Connects from power line and earth ground.
11R DC-METER 5-pin socket. 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 to bridge
INPUT circuitry. Connect from item 4R,
14R DETECTOR BNC jack.* Output port for bridge error signal (unbalance).
OUTPUT Connect to item 12R.
15R 0776-2020 BNC patch cord Interconnect items 4R, 13R.A
16R 0776-2040 BNC patch cord Connect items 1R to 21R, 2R to 20R &
8161-5200 BNC patch cord (red band) Connect items 12R to 14R &,
17R BCD 36-pin socket Indicates in BCD code to external instruments the
CONDUCTANCE CONDUCTANCE-readout and CONDUCTANCE-
QUTPUT multiplier values (items 22, 23) and the position of
the TERMINAL SELECTOR (READOUT MULTI-
PLIER) switch (item 20).&
18R BCD 50-pin socket Indicates similarly the CAPACITANCE readout, i.e.,
CAPACITANCE the positions of the levers of items 24 and 25.&
QUTPUT
Detector, Right Side
19R AMPLIFIER BNC jack* Output for remote instrumentation; ac voltage.
QUTPUT
20R IN-PHASE BNC jack* Input reference for phase-sensitive detectors;
REF INPUT required level > 1"V rms.
21R QUADRATURE BNC jack* Input like 18R except leading that by 90°.
REFERENCE
INPUT

*BNC jack accepts Amphenol ““BNC’’ plug or military connector no. UG-88/U.

ARefer to para. 2.8.

t Refer to note, pg. 1-12.
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Table 1-3
ACCESSORIES SUPPLIED WITH THE 1621 SYSTEM

GR Catalog No.
Name Description or Function {Type)

Power | 3.wire AWG number 18 type SVT cable, rated at 7A, 4220-0220
cord 230 V. The connectors, designed for 125-V operation, conform to the Standard for

Grounding Type Attachment Plug Caps and Receptacles, ANS| C73.11-1963.

Length: 7 ft. 2 required (1 each for oscillator and detector).
Patch Shielded cable with BNC plugs; see para. 2.8:
cords length 15 in. (2 req'd) 0776-2040

length 24 in. (1 req'd) Lo 0776-2020

length 15 in., double shielded, red banded (1 req'd) 8161-5200
Plug To fit DC METER OUTPUTS socket; pins: 5 (Amphenol 126-217). 4220-5401
Cép Plastic dust cover for G900 connector 0900-7190
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Installation—Section 2

2.1 GENERAL

2.2 DIMENSIONS

2.3 ENVIRONMENT

2.4 BENCH MODELS

2.5 RACK MODELS :

2.6 POWER-LINE CONNECTION

2.7 LINE-VOLTAGE REGULATION .
2.8 SYSTEM CONNECTIONS

T DM

——— — —————— A !
TOP VIEW

S

:n

Lm
oOO0Om>

- 19.8
BENCH MODEL

22
22
22
22
2:2
24
24
24

1621
SYSTEM

348.0 mm (13.7 in.)
381.0 mm (15.0 in.}
596.9 mm (23.5 in.)
617.2 mm (24.3 in.)

[

FRONT PANEL c . END VIEW
(G T
Figure 2-1. Dimensions of the bench models.
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2.1 GENERAL.

The 1621 Precision Capacitance Measurement System,
or the 1616 Bridge alone, is available for either bench use
or for installation in an EIA Standard RS-310 19-in. relay
rack with universal hole spacing. Appropriate cabinet and
hardware sets are available for conversion of a bench model
for rack installation or vice versa.

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

NOTE
If you assemble a 1621 System from seéparate
instruments, either install them in the

4177-2621 cabinet or consult GenRad
about the need for a magnetic shield between
bridge and detector. 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 2-1 and 2-2.

2.3 ENVIRONMENT.

The system is designed to operate in standards laborato-
ries, in which the environment is typically very well
controlied. 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 Removal.
To remove the bench-model cabinet, first stand the
system (or instrument) in the normal, horizontal position,
free of all cables, and proceed as follows:
a. Remove the 4 dress-panel screws (A) accessible
through holes in the handles of each instrument.

Figure 2-3.

REAR COVER

b. Withdraw each
cabinet.

instrument forward, out of the

2.4.2 Conversion for Rack Mounting.

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

a. Obtain the appropriate Rack-Mounting Cabinets, as
described in Table 2-1, from GenRad.

b. Obtain, optionally, a Bracket Set {Table 2-1) for each
cabinet. Brackets are especially recommended for heavy
instruments, which need support from the rear rail of the
rack.

Table 2-1

RACK-MOUNTING CABINETS AND
BRACKETS FOR 1621 SYSTEM

Quan-
tity Description Part No.
1| Rack-mounting cabinet (for oscillator). | 4174-3240
1| Rack-mounting cabinet (for detector}. | 4174-3624
1| Rack-mounting cabinet (for bridge). 4174-3627
3| Sets of rear-support brackets and 4174-2007
screws (1 for each instrument).

c. Remove the cabinet, as in paragraph 2.4.1.

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

e. Proceed with the rack installation, skip to paragraph
2.5.2,step b.

2.5 RACK MODELS.
2.5.1 General.

Each rack model comes completely assembled in a
suitable metal cabinet, which is designed to stay semi-per-
manently in a rack. Each instrument can be drawn forward
on extending tracks for access with support, or {with a lift)

BENCH-CABINET
SEMBLY

INSTRUMENT

s
- wﬁ
FRONT
PANEL
E
SLIDE SCREWS
BLOCKS (&)

4174

Figure 2-3. Bench-cabinet installation.
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RAIL TRACK
RAIL (EXTENDED.
withdrawn completely. The cabinets listed in Table 2-1 are
- all included 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
Ref Figs No. — Length,
2-3; 24 Description thds/in. inch
A Dress-panel screws with washers 10-32 56
B Thread-cutting screws 10-32 50
il C | Thread-cutting screws 1032 .50
E Thread-forming screws 8-32 .19
2.5.2 Installation. Figure 2-4.

RACK-CABINET

(,assmaw

BLOCKS

INSTRUMENT

4135

Figure 2-4. Rack-cabinet ihstallation.

Directions follow for mounting the cabinet in a rack and
installing the instrument on its tracks:

a. Remove 4 dress-panel screws (A) and slide the
instrument out of the cabinet until the tracks are fully
extended. Continue pulling the instrument forward until
motion along the tracks is stopped. At this juncture, tilt the
front of the instrument up slightly and continue with-
drawal, past the stoos, until it is free.

b. Insert the rack cabinet wherever desired in the rack —
be sure it's level — and fasten it with 4 screws (C) to the
front rails.

c. If the rack contains a rear support rail, use brackets
(D] to support the cabinet with the rear rails; open-slotted
screw holes allow positioning.

d. Use the set of slots in the sides of the cabinet that
allow alignment of the open-siotted holes in the brackets
with threaded holes in the rail. The long flange should ex-

. tend to the rear.

e. Insert screws (E) from inside the cabinet, through the
slotted holes and drive them into the holes in the long
flange of the bracket. Each side takes 2.

NOTE
Start the screws in the appropriate holes off the
rack, to make the threading easier.

f. Pass screws (B) through brackets and screw 2 into
each rear rail. (Details may be varied to suit particular
situations.)

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

h. Pull the instrument forward with the tracks, keeping a
hand on each side (fingers underneathj. Slide the instru-
ment back about 'z in. along both tracks, past the stops, by
pressing down on the tracks (with thumbs) while tilting the
front of the instrument up slightly.

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

NOTE
The instrument is now readily accessible for
behind-the-pane! adjustments. It slides in and
out freely on extending tracks.

2.5.3 Conversion to Bench Use.

To convert a rack-mounting instrument for bench use,
exchange the cabinet, as follows:

a.Obtain a Bench Cabinet, part no. 4177-2621 for the
16271 system, or 4172-4106 for the 1616 bridge alone,
from GenRad.

b. Remove the instrument from the rack cabinet, after
removing the panel screws (A, Figure 2-4). (When free
motion along the tracks is stopped, tilt the front of the
instrument up slightly to clear the stops.)

c. Slide the instrument into the bench cabinet.

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

e. Transfer the rear cover, with screws (B), from rack
cabinet to bench cabinet.
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2.6 POWER-LINE CONNECTION.

Power requirement for the 1621 system is 51 W at
100-t0-125 or 200-t0-250 V, 50-10-60 Hz. Make connection
as follows:

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

b. Connect the external power line to each power plug
using the power cords supplied or equivalent, 3-conductor
cords (para. 1-4).

The fuses should have the current ratings shown on the
rear panels {Figure 1-3) regardless of which line-voltage
range is chosen in step a.

2.7 LINE-VOLTAGE REGULATION.

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

2.8 SYSTEM CONNECTIONS. Figure 1-3.

2.8.1 Oscillator, Bridge, and Detector.

Make the 4 essential connections among the instruments,
using the 4 BNC patch cords supplied with the 1621 system
(refer to Table 1-3) as follows:

a. Test power to the bridge: 1316 POWER OUTPUT to
1616 GENERATOR INPUT.

b. Unbalance signal to the detector: 1616 DETECTOR
QOUTPUT to 1238 INPUT SIGNAL. (Red-banded cable).

c. Reference siganls 1o the detector: 1316 REFERENCE
QUTPUTS to 1238 REFERENCE INPUTS (one cable for IN
PHASE, one for QUADRATURE).

2.8.2 BCD-Capacitance-Output Connector. Figures 1-3, 2-5.

Make connections from the BCD CAPACITANCE OUT-
PUT socket at the rear of the bridge, if you want to record
or process the C-measurement data with a printer, card-

2-4 INSTALLATION

punch coupler, or comparator. Use a 50-pin plug, Amphe-
nol P/N 57-30500 (or equivalent} and cable such as Alpha
No. 1181/50, which has AWG No. 22 stranded wires.* For
pin identification, refer to Figure 2-5.

Notice that the output data is provided by switch closures
only. The switches in the bridge are rated for up t0 0.5 A at
110 V (ac) with resistance loads. If. however, you want for
example a logical “1” (the on state of each data bit) 1o be
represented by +5 V with respect to the system ground (pin
30] then use an external +5-V power supply and connect it
from ground to VREF (pin 25). Logical “0" is an open circuit.

The capacitance readout is available in binary-coded
decimal form, the code being '1-2-4-8"" as detailed in Table
2-3. The body of the table contains only binary numbers,
composed of bits 0 and 1. Notice the extension of the usual
BCD table, to include X (ten) and negative 1.

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

However, suppose the bridge readout is 4{—1) 6 pF —
the same capacitance! Figure 2-5 and Table 2-3 tell us that
pins 44, 43, 18, 17, 16 and 40 are ""1"" while pins 20, 19,
45, 42 41 and 15 are "'0".

A sufficiently sophisticated system will make a computa-
tion and print 396 pF (for example). A simple system
utilizes a 12-character printer (including —1 and X as well
as the usual 0. ..9) and will print out just what the bridge
readout shows. If the system must use a printer that does
not recognize —1 and X a logic circuit may be fabricated, to
detect the occurrence of either —1 or X anywhere in the
readout, and trigger an alarm such as a buzzer or a change
in color of the printout. {Table 2-3 shows that when both
2-weight and 8-weight binary signals of any one decimal
digit are “1'", there is such an occurrence. In our 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
adjustment. Operating instructions in this manual are
written for the latter case.

NOTE
The capacitance data must be scaled up by 1,
10, or 100 (the READOUT MULTIPLIER})
code for which is given below.

* Alpha Wire Corp., Elizabeth, N.J.
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Figure 2-5. Terminal identification at BCD CAPACI-
TANCE OUTPUT connector (A-J13, rear panel of
bridge). Arrow toward connector = input: away = out-
put. These weights apply when the TERMINAL
SELECTOR switch is set to READOUT MULTI-
PLIER = X1 (either of 2 settings). This is a rear view,
exterior of socket.
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The BCD output is zero 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
controlling that standard.

Table 2-3

BINARY-CODED DECIMALS (BCD)

Signal Weight (Binary) Digit

8 4 2 1 (Decimal)

1 0 1 -1

0 0 0 0 0

0 0 0 1 1

0 0 1 0 2

0 0 1 1 3

0 1 0] 0 4

0 1 0 1 5

0 1 1 0 6

0 1 1 1 7

1 0 0 0 8

1 0 0 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 OUTPUT socket, using a 36-pin plug, Amphenol
P/N 57-30360 {or equivalent). For pin identification refer
to Figure 2-6. In addition 1o the basic conductance-readout
data, here is multiplier data.

The conductance multiplier is one of 7 values,
1 106. lts exponent (magnitude only, expressed in

BCD 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.

The READOUT MULTIPLIER is one of 3 values, X1,
X10, X100. However, the BCD data has 6 possible values,
corresponding to the 6 positions of the TERMINAL
SELECTOR switch, as shown in Table 2-4.

For example: a binary 101 (decimal 5) means the
READOUT MULTIPLIER is X10 and (incidentally) the
measurement is being made via the 2-TERMINAL port.

If your printer has decimal points, drive them from the
READOUT 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 indicates 2-terminal X1
or X10; all 3 points indicate CALIBRATION.

Table 2-4
READOUT-MULTIPLIER CODE
Weight Decimal TERMINAL-SELECTOR
4 2 1 (Equiv.) Switch Position
0 0 1 1 X10 3-terminal
0 1 0 2 X1 3-terminal
1 1 1 7 CAL
1 0 0 4 X100  2Z-terminal
1 0 1 5 X10 2-terminal
1 1 0 6 X 2-terminal
CONDUCTANCE -
MULTIPLIER
EXPONENT
® nS 13 ‘
-2 0.2 2 20 200 2
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Figure 2-6. Terminal identification at BCD CON-
DUCTANCE OQUTPUT connector (A-J12, rear panel
of bridge). Arrow toward connector =input;
away = output. The indicated conductance weights
apply directly when the effective multiplier is 1, for
example: CONDUCTANCE multiplier = 102 and
READOUT MULTIPLIER = X100. This is a rear view,
exterior of socket.

2.8.4 Analog Outputs. Figures 1-3, 2-7.

AMPLIFIER OUTPUT. Use a BNC patch cord to
connect this signal to remote monitoring or recording
equipment if desired. This ac signal is proportional to the
MAGNITUDE meter deflection, and is 4 V rms at full scale.

DC METER OUTPUTS. Use the 5-pin plug supplied (see
Table 1-3) and cable suited to your system, if you wish to
have remote indication of the 1238 front-panel meter
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deflections. A suitable cable is Alpha No. 1175, which
contains AWG No. 22 wires.

Pins are designated as shown by Figure 2-7. Only pin H
of these circuits may be grounded. A is +, B is — for the
MAGNITUDE meter circuit (6 V corresponds to 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 ccw (minimum). However,

2-6 INSTALLATION

because that control affects the front-panel meters, not the
DC METER OUTPUT voltage, the voltage is relatively
lower when that control is cw.

+
} MAGNITUDE
+
P ¥ 1N pHasE
H -
€ 4+ | QUADRATURE
Bk 30

Figure 2.7. DC METER OUTPUTS socket on 1238
Detector, exterior (rear) view.
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WARNING
Dangerous voltages may be present at the terminals of this instrument.

Refer to specific warnings contained in this section.

NOTE
The following instructions apply literally to the
1621 system. If your 1616 bridge is connected
to an oscillator and/or detector other than the
GR 1316 and 1238, interpret the corresponding
parts of this section appropriately.

VAN

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

3.1 PRELIMINARY CHECKS.

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

a. Check that the line-voltage switches on the rear panels
of oscillator and detector are positioned according to the
available power-line voltage (either 100-125 V or 200-250
V). To slide these switches, use the tip of a small
screwdriver

b. The LINE REJECTION filter in the 1238 Detector

“~™ has been set for 50 or 60 Hz by GR (it can be purchased

either way) or by a user. If you need to verify that it

matches your power-line frequency (or reset it}, refer to
the 1238 Instruction Manual. )

c. 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 small screwdriver, at
the recessed screw just below the meter.

e. Set the OUTPUT VOLTAGE RANGE to 15 V. (High-
er voltages should be used only when they are needed,
usually to facilitate high precision in measurements.)

JAN

WARNING
Beware of hazardous voltages: < 350 V at
3-TERM UNKNOWN HI or EXT STD HI;
< 35 V at 2-TERM UNKNOWN HI (outer
shell), while oscillator is set to a high level.

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

3.2 FUNCTIONAL SELF-CHECK.

Adjust oscillator and detector to the same frequency and
make a balance to check for system operation, as follows:

OPERATION 3-1



a. Set the front-panel controls as listed (from upper left
to lower right, Figure 1-2):

FREQUENCY — 1.01 kHz (Oscillator;

OUTPUT VOLTAGE RANGE — 15.0

OQUTPUT ADJUST — MAX

FREQUENCY — 1.01 kHz (Detector)

TIME CONSTANT — 0.1 s

LINE REJECTION — push button out
COMPRESSION — push button out

GAIN — 30 dB

SENSITIVITY — cew (minimum)

PHASE SHIFT — 180°

FINE ADJUST — midrange (both controls)

EXT MULTIPLIER — OFF (Bridge)

TERMINAL SELECTUR — CAL

ZERO ADJUST — ccw

C MAX — down (Asterisks below represent 3 closed
shutters.)

CAPACITANCE — ** nF *05 pF 000 fF 000.0 aF
CONDUCTANCF — 0 uS 000.0 n§ X 107

b. Reset the GAIN if necessary to make the MAGNI-
TUDE meter read near midscale (20 to 80).

c. Tune the detector to match the oscillator, as indicated
by a peak reading of the MAGNITUDE meter, to the
nearest step. Fine tune with the oscillator 3rd dial.

d. Reset the CAPACITANCE to ** nF **00 pF 000 fF
000.0 aF. Verify that MAGNITUDE drops to zero.

e. Reset the GAIN to 100 dB. Observe that a noticeable
unbalance occurs when the 1-fF lever is moved to 1 or —1.

3.3 PHASE ADJUSTMENT.

In order to enjoy the convenience of the phase-sensitive
indicators, adjust the phase shifters as described 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 multiplier
is unchanged. Readjustment of phase shift may be made
while the bridge is being balanced; refer to paragraph 3.5.

NOTE
The goal is to minimize the response of one
phase-sensitive meter to changes in C, the other
to changes in G. The following procedure,
though not ideal for every measurement 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, —4, —3, =2, for a fre-
quency of 0.1, 1, 10, or 100 kHz, respectively. Then switch
GAIN to 60 dB and unbalance the bridge by raising CA-
PACITANCE lever switches only, making the MAGNITUDE
meter read about 20. (For the first attempt, use the

10 fF lever.)
b. With the SENSITIVITY control, set the signal level in

the phase-sensitive detectors so that either IN PHASE or

3-2 OPERATION

QUADRATURE 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 to zero. If the range of the
larger knob is not sufficient, turn the smaller knob to an
adjacent position. :

d. Now the IN PHASE meter should read upscale, to the
right (because C readout is greater than C unknown). Re-
verse the direction of the meter deflection, if necessary, by
turning the smaller PHASE SHIFT knob 2 clicks.

e. See that both FINE ADJUST knobs are set to a mid
position (dot L). Increase the C unbalance until the MAG-
NITUDE meter reads 80-99. Set SENSITIVITY to max,
cw, Set the PHASE SHIFT for zero on the QUADRATURE
meter. |f zero cannot be obtained with the PHASE SHIFT,
use the QUADRATURE FINE ADJUST.*

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

g. Unbalance the bridge by raising CONDUCTANCE
lever switches, achieving about the same magnitude of
unbalance as before — 80-98. (Try using the 1-uS lever.)
Now the QUADRATURE meter should read upscale, to
the right (G readout is greater than G unknown). Trim the
IN PHASE FINE ADJUST onfy to make the adjacent meter
read zero, or a minimum. (Do not expect zero at all
possible G unbalances at high freq.}

h. If in step g, the meter reads down scale, interchange
the IN PHASE and QUADRATURE connections at the
REFERENCE INPUTS behind the 1238 Detector. Then
repeat steps a through g, above.

Table 3-1
SENSES OF PHASE-SENSITIVE METERS

RE FEHE_NCE PHASE-SHIFT controls set to
connections Meter o 90° 180°  27¢0°
Normal IN PHASE Ge G+ C— G—
Normal | QUADRATURE | G« | C~ G- C+
Crossed IN PHASE G+ C+ G- C—
Crossed | QUADRATURE | C« G- C— G+

We have assumed that it is preferable for the IN PHASE
meter to respond upscale (to the right) for C; > C,; and the
QUADRATURE meter, similarly, for G, > G,. However, if
you prefer to associate "IN PHASE" with “conductance”,
interchange the REFERENCE connections at the rear panel
(cross the patch cords). If you prefer the opposite sense of
response, set PHASE SHIFT near 0° instead of 180°. Table
3-1 shows the 8 possible combinations.

*Phase adjustment is now adequate for most measurements. Steps
f and g are refinements.



3.4 CONNECTION OF UNKNOWN CAPACITOR

3.4.1 Three-terminal Capacitors. Figure 3-1.

As the simplified daigram shows, the 3-terminal
measurement evaluates the direct capacitance C  (and
conductance) between HIGH and LOW bridge ter)r(ninals,
Shielded cables or patch cords (GB874-422A or 874-R22LA)
ma be used to connect these terminals to a capacitances to
ground (C, , C__, including cable capacitances) are excluded
from the nsﬁeasusremem, but if large enough they may affect
accuracy.

Enclosure. Check that the capacitor to be measured is
enclosed in a shield, for connection to bridge 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 less dependent on spacing of the shield. However,
that dependency never vanishes.

Use the 3-terminal component mount G874-X, or (if that
is too small) a metal box, if an enclosure must be supplied.,

Connectors. Check that the “unknown” capacitor has two
coaxial connectors for convenient connection to the bridge. If
the capacitor is relatively small and light weight and is
equipped with G874 connectors spaced 1.25 in. apart
(center-to-center), patch cords are not necessary. The
capacitor can then be plugged directly into the bridge.
However, shielded patch cords are convenient, their use
allows the capacitor being measured to sit on a bench surface
or at a remote location. The parameters of such cables are
negligible in a 3-terminal measurement, except for noise
introduced into the detector when they are moved.

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

Reversal. The measured direct capacitance is not
changed in most three-terminal measurements when the
connections to the capacitor 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 general rule. At least one must be shielded or the
capacitance between connecting terminals and wires be-
comes part of the measurement.

The HIGH connection may be made without shielding, if
you prefer. This terminal, being at the high-voltage but
low-impedance output of the transformer, is not sensitive
to pickup from external sources and seldom needs to be
shielded. There is voltage from the HIGH terminal to
ground, Much capacitance or conductance connected from
this terminal to ground reduces the transformer output
voltage and introduces possible errors into the measured
direct capacitance and conductance. In general, keep such
shunt C below 200 pF (see para. 3.9).

Keep the LOW connection shielded. This terminal, being
at the low-voltage but high-impedance input to the detec-
tor, is very sensitive to noise and signal pickup from ex-

Cis C, Chs,
T

3-TERMINAL, SHIELDED
UNKNOWN CAPACITOR

DETECTOR

| OSCILLATOR

Tl 41

Figure 3-1. Simplified bridge diagram — 3-terminal
connection of unknown capacitor.

ternal sources and must be completely shielded for low-
capacitance or any precision measurements. There is no
voltage from LOW to ground when the bridge is balanced.
Much capacitance or conductance from the LOW terminal
to ground shunts the detector, and by reducing sensitivity
limits the precision of your measurements. |n general, keep
such shunt C below 200 pF.

Capacitance of the recommended patch cord, G874-
R22A (or 874-R22LA) is 90 pF
3.4.2 Two-terminal Coaxial Capacitors. Figure 3-2.

As the diagram shows, a 2-terminal measurement eval-
uates the capacitance Cx (and conductance} between the
inner conductor and the shell of a coaxial structure. The
inner conductor connects to LOW bridge terminal (which
must be shielded for precision measurements), the shell to
HIGH. Although the shell serves as a shield, do not connect
it to ground. Capacitance to ground Chg _is excluded from
the measurement.

WARNING
Beware 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 test
fixture) between the single G900 connector on the bridge
panel and the capacitor being tested. The capacitance of any
such adaptor is included in the measurement. However, the
ZERO ADJUST control can be used to compensate the bridge
— up to 3 pF — making the CAPACITANCE READQUT direct-
reading for any unknown capacitor connected to the adaptor,
as described below.
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Figure 3-2. Simplified bridge diagram — 2-terminal
connection of unknown capacitor.
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NOTE
Non-coaxial 2-terminal capacitors can also be
measured; refer to para. 3.13.

Enclosure. Check that the capacitor to be measured is so

. constructed that the shell shields the inner terminal, and that
both are isclated from ground. Use the 2-terminal
component mount G874-ML if an enclosure must be used.

Connector.  Check that the capacitor has G900 or G830
connector for convenient connection to the bridge. If not,
provide the latter type, or whatever fits your special test fixture
(see Dbelbw).

Zero Adjustment. Compensate the bridge for capaci-
tance of its 2-terminal 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 adjustment,
paragraphs 3.2 and 3.3. (Frequency is optional; see para.
3.7.)

b. Set the TERMINAL SELECTOR to 2 TERMINAL
X1, X10, or X100 for measurements up to 1 nF, 10 nF,
or 10 uF, respectively.

c. Set CAPACITANCE lever switches to the value of the
fringing capacitance of the connector that will receive the
unknown capacitor. In the simple case that the READOUT
MULTIPLIER is X1, no adaptor is needed, and accuracy of
18 fF is sufficient, select CAPACITANCE and CONDUC-
TANCE readouts as follows:

** nF *00 pF 115 fF 000.0 aF and C MS 000.0 nS X 1078,

If the READOUT MULTIPLIER was set to X10 or X100,
use proportionally smaller settings (11 fF 500 aF, or 1 F
150 aF, respectively). For greater accuracy, refer to para.
3.9.5.

d. Adjust the ZERO ADJUST control for minimum
reading on the IN PHASE meter. Turn the GAIN control to
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90 dB, or as far as is appropriate to get a good indication
for this adjustment.
The adjustment 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.

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

1. The ZERO ADJUST range is sufficient to compensate

up to about 3 pF with READOUT MULTIPLIER set at

X1 or X10, 56 pF at X100. Therefore, bridge readings

will 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 possible; refer to

“direct substitution”, para. 3.12.

3. Mount the test fixture directly on the 2TERMINAL

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

(Flexible cables change capacitance with position. If you

use them, your precision is only about 0.1 pF.)

4. Support the fixture, if it's on a long, rigid line, to

avoid damage to the panel-mounted connector. Lock

each connector so it will not shift position.

5. Consider also the possibility of connecting your fix-

ture to the 3-TERMINAL UNKNOWN port; thereby

taking advantage of the fact that various cable and
ground capacitances are excluded from the measure-
rient.

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

3.5 BALANCE AND READOUT. Figure 3-3.

This is the actual measurement process. Preceding para-
graphs explain how to tune oscillator and detector, 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 stand-
ards for measurement are contained in the bridge.

3.5.1 Readout Multiplier.

Set the TERMINAL SELECTOR to the appropriate X1
position (2 or 3 terminal) unless the capacitor being meas-
ured is larger than 1 nF (1000 pF). Then set the selector to
the highest READOUT MULTIPLIER (X10 for 3-terminal,
X100 for 2-terminal measurements).

The purpose is to utilize one of the three “pF" lever
switches for the most significant digit, if possible, thus
maximizing the accuracy of your measurement,
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Figure 3-3. The 1621 Capacitance-Measurement System — simplified diagram. *Note: Effective values are
shown for all G standards and for C standards smaller than 1 pF.

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 5's.

For example, if the capacitor is about 12 pF, set the
bridge to read 12 pF 555 fF 555.5 aF.

C MAX. Move the C MAX lever down, covering as many
as 3 of the unused digits to the left of the desired readout.
Covering as many as possible of the zeroes at the left of the
final readout helps to maximize the precision of your
measurement, by removing stray capacitance which other-
wise loads the ratio transformers slightly.

CONDUCTANCE. For a typical measurement, set the
CONDUCTANCE levers initially to the zero readout: 0 uS
000.0 nS X 10°%. However, if conductance is known ap-
proximately, set the levers to that approximation.

Unknown, A Black Box. |f the capacitance or conduc-
tance settings cannot be set initially to the right order of
magnitude, the MAGNITUDE meter will read off-scale.
Temporarily, use the following aids to obtain a preliminary

“.balance:

a. Push the COMPRESSION button in.

b. Turn OUTPUT VOLTAGE RANGE and OUTPUT
ADJUST ccw as may be required to bring the MAGNI-
TUDE meter on-scale.

c. 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-significant 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 Balance Procedures. Figures 1-2, 3-3.

GAIN. Set the GAIN control initially so the MAGNI-
TUDE meter reads in the upper half scale. Later, as balance
is improved, turn the control cw to maintain useful readings
on the other 2 meters.

SENSITIVITY. Set the SENSITIVITY control initially
at midrange. Later, as balance is improved, adjust for a large
on-scale reading on one or both of the IN PHASE and
QUADRATURE meters.
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NOTE
Keep the MAGNITUDE meter on scale, other-
wise the phase sensitive detectors may be over-
loaded. However, the IN-PHASE and QUAD-
RATURE meters may be pinned without loss
of phase sense indication.

TIME CONSTANT. Set the TIME CONSTANT initially
to 0.1 s, for immediate response to your balancing opera-
tion.

Later, as balance is improved and the GAIN control has
to be set quite high, turn to larger time constants. A noisy
reading (meter pointer jumping) can be expected at high
gain if the time constant is too low. So increase it to calm
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 to adjust first by
looking at the PHASE-SENSITIVE DETECTOR meters. If
the IN PHASE meter reads farther from zero, adjust CA-
PACITANCE first; if QUADRATURE, adjust CONDUC-
TANCE.

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

a. Start with the most significant digit that is in doubt.
Preferably, every CAPACITANCE digit to the right of it
should be set to 5.

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

c. Leave that lever in the position closest to balance, i.e.,
making the IN PHASE meter point closest to zero, on
either side.

d. Adjust the next lever to the right, similarly, if there is
sufficient meter deflection to be a guide. (If the suggestion
in step a is used, you will probably not have to readjust the
lever you set in step c.)

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

f. Continue refining the capacitive balance until the
QUADRATURE indication becomes a limitation, then re-
fine the CONDUCTANCE balance,

CONDUCTANCE balance. |f an approximately correct
conductance setting has been initiated, refine the conduc-
tance balance from left to right, similarly to the capacitance
balance. Minimize the reading of the QUADRATURE
meter,

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

a. Raise the CONDUCTANCE levers from O to 5, start-
ing at the left of the multiplier and continuing left until
either the QUADRATURE meter pointer crosses zero (if
50, skip to step c¢) or all these levers have been raised.
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If the meter points to the right, drop the most-
significant lever to —1, so the readout is —1 uS 5555 nS X
10°¢, and skip to step c.

If the meter points to the left or zero, drop the most-
significant lever to +1, so the readout is 1 uS 555.5 nS X
1078,

b. Raise the conductance multiplier lever until the meter
crosses zero and stop at the setting nearest balance. If this
lever is set to X1 or X10!, PHASE SHIFT will have to be
reset, as described below,

c. Refine the conductance balance as outlined above {for
capacitance) starting with the left-most (uS) lever and
proceeding to the right.

3.5.4 Final Balance.

Alternate between CONDUCTANCE and CAPACI-
TANCE balances, as described above, improving whichever
is worse until the other becomes a limitation.

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

Voltage. |f there seems to be a gain or noise limitation,
even though GAIN is 130 dB and TIME CONSTANT is 10
s, raise the oscillator OUTPUT VOLTAGE. However, do
not exceed the level of 350 V rms. If the frequency is less
than 2200 Hz, do not exceed 0.16 f volts, where f is
frequency in Hz.

JAN

WARNING
While generator is set to a high level, beware of
hazardous voltages: < 350 V across 3-TERM
UNKNOWN or EXT STD; < 35 V across
2-TERM UNKNOWN (outer shell high).

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

a. As the 4th significant digit of C is being selected,
verify that the QUADRATURE meter responds negligibly
(compared to the IN-PHASE meter) for C-lever changes.

b. Correct the phase if necessary with the QUADRA-
TURE FINE ADJUST control.

¢. When balancing conductance, make the corresponding
check {and adjustment) of the other phase.

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

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

a. Make an initial balance, watching the MAGNITUDE

—

—



meter, until the 4th significant digit of C or G has been
chosen (whichever predominates).

“ b. Temporarily turn SENSITIVITY and GAIN controls

2w enough to bring both phase-sensitive meters within %
division of zero (scale value of 2.5). Set both FINE AD-
JUST controls to mid range (pointer up).

c. Unbalance the bridge by raising C levers (or G if it
predominates) enough to make large deflections on these
meters.

d. If C predominates, adjust PHASE SHIFT for zero
QUADRATURE and upscale IN-PHASE meter readings.
Raise the GAIN and SENSITIVITY settings as is appropri-
ate; refine the phase with the QUADRATURE FINE AD-
JUST control (as described under Phase Shift / Fine Ad-
just).

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

e. Return to 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
(not simply zero) whenever the EXTERNAL
STANDARD terminals are unused.

Even though those terminals are open, their stray capaci-
‘ance may introduce error into the measurement of capaci-
tors below 1 fF and the unshielded LOW terminal may pick
up enough ‘‘noise” to have a detrimental effect on pre-
cision.

NOTE
Keep the MAGNITUDE meter reading on scale.

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

3.5.5 Readout Correction. Figure 3-3.
If there is a —1 or X in the CAPACITANCE or CON-
DUCTANCE numbers displayed above the lever switches, it
is generally recommended to correct the readout as follows:
a. Proceed from left to right unless X is adjacent to —1,
in either order. (Correct the right-hand digit first in any

such pair.)
b. Change each —1 to 9 and decrease the preceding digit

by one.

c. Change each X to 0 and increase the preceding digit

by one.

d. Verify that the final balance is still valid.

e. The readout is now correct for manual recording.
Also, if your measurement system makes use of the BCD

output data (rear panel) that data is now in standard form,
Refer to 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 fF 785.5 aF {the last 2 or 3 digits may be insignificant)
you have this choice: For greatest accuracy and a record as
to which internal standard is significant, leave the X in the
readout. Take the responsibility for making sure the recor-
ded data is unambiguous (particularly if a printer is being
driven from the BCD CAPACITANCE OQUTPUT). For a
simpler readout, move the C MAX lever and correct the
readout to *1 nF 023 pF 456 fF 785.5 aF. But then the
bridge is almost certainly unbalanced; if you now refine the
balance you are almost certainly reducing accuracy by
depending on a larger, less accurate internal standard.

3.5.6 Units of Measurement.

The units of each, Cx and Gx, appear on the front panel;
but be sure to apply the multipliers. For example, (Figure
1-2) if the readout is X9.8 nF and the READOUT MULT!-
PLIER indicates X10, C, is 1098 nF or 1.098 uF.

The conductance readout has 2 multipliers. For exam-
ple, if the readout is 5.43 uS X 10 and the READOUT
MULTIPLIER indicates X100, G, is 5.43 X 107* puS or
5.43X 1071°S .

NOTE
The symbol “S” represents the Siemens unit,
the wunit of conductance (or admittance).
Siemens is equivalent to mho (the reciprocal of
ohm), represented by the symbol 1J.

3.6 PARAMETERS OF THE UNKNOWN CAPACITOR.
3.6.1 Series Equivalent Parameters. Figure 3-4.

This bridge always measures directly the parallel equiv-
alent parameters C, and G,, even in case 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 parallel R-C, or a more elaborate equivalent circuit
best describes the capacitor you are measuring cannot be
decided on the basis of one measurement. At the very least,
measure at several frequencies; there is further discussion in
Section 4.

Here in this paragraph is a group of formulas and dia-
grams rélating the parallel eguivalent parameters to the
series equivalent parameters. Notice that D, Q, and w are
equally valid members in either set of parameters.
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where C = capacitance in farads
G = conductance in Siemens
R = resistance in ohms
w=2xf
f = frequency in hertz.

3.6.2 Dissipation Factor. Figure 3-5.

Dissipation factor or loss tangent D (the reciprocal of
storage factor Q) is defined above. Refer also to para. 4.2.
D is presented in convenient, graphical form in Figure 3-5,
which is used as follows:

a. Find C, on the appropriate scale, if the measurement
frequency is one of those given. Otherwise, notice that the
horizontal scale is really the product fC . The higher your
frequency, the farther right your capacitance scale shifts.
(For example, at 3 kHz, imagine the 1-kHz scale shifted to
the right nearly half a decade; if your C, = 8 pF, locate 24
pF on the 1-kHz scale.) Imagine a vertical line through that
point, representing fC, .

b. Find G, on the slanted scale. Imagine a slanted line to
represent G, .

c. Find. D on the vertical scale, directly left of the
intersection of your fC, and G, lines.

d. For greater precision, use the expanded partial chart
(but determine order of magnitude from step c). For still
higher precision, use the formula: D= G,/ 2afC,.

If the range of bridge measurement is extended by the
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use of an external standard, extrapolate the corresponding
scale. {For example, an external standard of conductance
may be advantageous for measuring large, lossy capaci-

tances at high frequency. Add more slanted lines in the ('

upper right portion of chart to represent such an exten-
sion.)

The shaded sguare in the main chart and that of the
expanded partial chart represent the same range of data. A
visual impression of the magnitude of this expansion helps
you use the partial chart.

3.7 FREQUENCY.
3.7.1 Setting the Frequency.

To make measurements at any frequency in the range 10
Hz-100 kHz, set the oscillator FREQUENCY selector dials
and range switch so that they read as desired. Their indica-
tors together make a convenient, in-line readout.

The 3rd-digit selector is a continuous control (although
the readout indicates only 10 positions). From the detent,
at the zero position, this control can be rotated cw, through
the indicated decade range, or ccw for a small negative
extension of that range. Observe the limitations on high
voltage at high frequency as described below.

In brief, use the following procedure to set the freg-
uency of measurements by the 1621 Precision Capacitance-
Measurement System:

a. Set the oscillator FREQUENCY controls.

b. Set the detector FREQUENCY controls to match.
Without balancing the bridge, peak the response of the
MAGNITUDE meter by fine tuning of the oscillator.

. Make the phase adjustment as in paragraph 3.3.

NOTE
Unless your measurement must be made at ex-
actly 1.00 kHz (for example) set the oscillator a
little above such a round number. Doing so will
simplify the tuning of detector and oscillator to
the same frequency.

3.7.2 Monitoring Frequency.
a. Connect a counter to the EXT SYNC connector (rear).

b. Select PERIOD measurement (1 us TIME BASE) and
10 PERIODS AVERAGED on the counter. For a fre-
quency near 10 Hz, most or all of the counter readout is
now utilized. The most significant digits will spill over to
the left as you proceed; remember them as they disappear.

c. Increase the PERIODS AVERAGED, turning the
control cw as far as is necessary to obtain the desired
resolution of measurement.

d. Calculate frequency, the reciprocal of the period just

measured.
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Figure 3-5. Dissipation factor vs directly measured parame-
ters. Above: entire range of bridge with internal standards.
Left: expanded partial chart, used for greater resolution. For
any arbitrary frequency, enter C_ scale at correct product fC.
(Example: if f=60, C, =6 pF, use the scale for “f=120" but
read “C_=3 pF"~).
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3.7.3 Locking to a Frequency Reference.

If the reference frequency is known within £1%, and the
reference source can drive the 27-k§2 EXT SYNC circuit
with 1-10 V rms, proceed as follows:

a. Connect the reference source to the EXT SYNC jack.

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

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

a. Using a tee, connect both the frequency reference and

-a scope to the EXT SYNC jack.

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

c. Tune the oscillator through lock, a condition in which
the waveform “'stands still’””. Determine 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.

Selection. The source voltage is selected by the 2 con-
trols, OUTPUT VOLTAGE RANGE and OUTPUT
ADJUST, on the 1316 Oscillator. Read the front-panel
meter, full scale being the number indicated by the OUT-
PUT VOLTAGE RANGE switch. Another source can be
used instead; but always select a level within the limits
described below, and never more than 3560 V rms, max.*

Frequency Dependence. Select a source voltage < 0.16 f
volts rms, to avoid saturation in the bridge ratio trans-
former. For example, at frequencies of 0.1, 1.0, 10, & 100
kHz, maximum levels are 16, 160, 350, & 350 V rms.

NOTE
Voltages at the unknown capacitor, greater
than this limit, can be obtained by using the
reversed configuration of para. 3.15.

Large capacitors. You can resolve large C at high fre-
quency using relatively low voltage. Appropriately, levels
available in the 1621 system are then limited by oscillator
loading. Normal operation is below these limits: level <4 X
102 / fC volts rms for OUTPUT VOLTAGE RANGE = 150
V; level < 102 / fC for lower ranges. Example: for .01 uF
at 100 kHz, select 10 V max, on the 15-V range.

2-TERMINAL X1. Use 20 V rms, max, at this one
setting of the TERMINAL SELECTOR. Otherwise, clipping
circuits designed to protect you from a shock hazard will
cause an error in your measurement.

Resolution. The chief reason for using a high voltage
level is to facilitate balancing the bridge to a high resolu-
tion. Generally, make preliminary balances with 15 V or so.

Then switch to 50, and finally 150 V, as you refine the
measurement beyond the 6th significant digit. Do not ex-
ceed the voltage limits described above.

“Unknown"-Terminal Voltage. If the TERMINAL
SELECTOR is set to either of the X1 positions, the voltage
across C, is equal to the oscillator level, at moderate
frequencies, at balance. Off balance, the terminal voltage
varies from much less (C, large and C levers set very low) to
nearly twice the oscillator level (C levers set very high
compared to C, }.

If the TERMINAL SELECTOR is set to X10 or X100,
the terminal voltage at balance is, respectively 1/10 and
1/100 of the oscillator level. Off balance, the maximum
voltage at the UNKNOWN port is equal tc 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 make meas-
urements with internal standards to an accuracy of 1 part in
10° (10 ppm); it will make comparisons to 1 part in 10%
(.01 ppm). However, such performance does not obtain for
all combinations of frequency, ""unknown"” Cx, Gx, ground
capacitance, temperature, etc. Nor can the specified perfor-
mance be expected unless the associated oscillator and
detector are equivalent to those in the 1621 System.

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

Refer to this figure for the specified accuracy as a
function of test frequency and the magnitude of Cx. This
plot shows at a glance that the bridge performs best at
frequencies below a few kHz, less accurately at higher
frequencies, particularly if Cx is much below 1 pF.

However, as the dashed lines in the lower right corner
show, accuracy for small Cx is practically as good as it is for
medium Cx, provided that each measurement is corrected
by subtracting the "zero offset’” or making it O; see ''zero
adjust’’, para. 4.4.

Zero Offset. Determine the offset as follows:

a. Disconnect the “unknown’' capacitor;
shield (Table 1-4 "Open Circuit™).

b. Set TERMINAL SELECTOR to 3T X 1.

c. Set C MAX to the lowest position.

d. Balance the bridge carefully.

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

connect a

Resolution. At the lower part of Figure 3-6, accuracy is
limited by resolution. The limit is the smallest C-standard
step, 0.1 aF or 10'°F, at frequencies above 1 kHz. As
frequency is decreased below 1 kHz, and the oscillator
voltage decreased (as discussed before), it becomes more
and more difficult to determine that least-significant digit.

*BO0OV may be applied if GENERATOR and DETECTOR connections are interchanged (see 3.713).
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Figure 3-6. Specified 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 left, from 10® Hz to 10 Hz.

Errors from Ratio-Transformer Impedances. The chief
reason for the conspicuous reduction in accuracy at high
frequency is the presence of leakage reactance (and winding
resistance) in the ratio transformer. Refer to Section 4.
Here are some salient conclusions, at high frequency:

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

2. Accuracy is best when READOUT MULTIPLIER is
set 1o X1 and the most significant digit of readout is
large (preferably X).

3. The specifications (and Figure 3-6) represent nearly
“worst cases”’.

3.9.2 Accuracy vs. Temperature. Figure 3-7.

Refer to this figure for an overall view of temperature
effects on accuracy. Interpolate between 2 vertical lines if
necessary. For example, in the central region (of greatest
accuracy) 28°C is about 2/3 of the way from O to 25, say
16 ppm. If you are measuring C = 100 pF at f= 1 kHz and t
= 28°C, estimate the accuracy of the bridge thus: basic

“accuracy = 210 ppm (Figure 3-6); error due to temperature

: 216 ppm (Figure 3-7); measurement accuracy = £26 ppm.

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 if the ambient temperature has been con-
stant for many hours.

For a more detailed treatment of temperature effects,
calculate correction and tolerance as shown by the fol-
lowing example. Find the temperature coefficient a of the
most significant standard involved (from specifications or
your own evaluation). The example is the same as in the
paragraph above; a is +3 =1 ppm/°C.

a. Correction. Since t is 5° above bridge-calibration tem-
perature, calculate the correction adt = +3 (5) = +15 ppm.
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 (£10 ppm from 22 to
24°C), add to the basic accuracy adt = +4 (4) = +16 ppm.
The sum is +26 ppm. (Assume the worst cases for a: 3+1
for upper bound, 3—1 for lower bound, t being greater than
23°; conversely for t less than 23° C.)

c. Lower Bound. Since t is 6° above the lower bound of
the basic-accuracy specification, add to —10 ppm the term
adt=+2 (6) =412 ppm, i.e., +2 ppm.

In conclusion, the measurement in this example is:
“readout’’ + 15 ppm, with a tolerance of +11, =13 ppm. If
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Figure 3-7. Worst-case measurement error due to temperature (based on maximum 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 Figure 3-6.

the readout were ** nF 103 pF 456 fF 789 aF, then the
measurement would be: 103.4583 pF, +.0011, —.0013 pF

NOTE
If the bridge is to be used regularly at a temper-
ature other than 23°C, it can be calibrated for
such use. Refer to para. 5.4. For temperature
rise in 1621 System, refer to Specifications, in
front of manual.

3.9.3 Range and Dissipation-Factor Limitations. Figure 3-5.

G-Range Limits. The accuracy of a Cx measurement may
be limited by an extreme of Gx (or vice versa}. For exam-
ple, if both Cx and frequency are very large (near the limits
specified for the bridge) and the capacitor is very lossy, the
largest internal G standard may not be large enough for
balance. Similarly, a very small Cx with very low losses
measured at a low frequency, may require smaller G-stand-
ard steps for the desired resolution than the smallest in the
bridge. The simplest way to extend the range is by the use
of external standards. The range limits are represented in
the figure by the ends of C, and G,, scales.

Dissipation Factor. Figure 3-5 covers somewhat more
range of D than can easily be evaluated by this bridge. For
moderate values, all the parameters discussed in paragraph
3.6 can be determined readily. However, at extremes of D
{or Q), only the predominate admittance can be measured
accurately.

Very low D. At about D < 10°° the unknown capacitor
has losses as low or lower than those of the internal stand-
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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 D. However, this situation does not limit
the Cx-measurement accuracy, because any decade of the
CONDUCTANCE standards can be set to —1.

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

6_C=+ fD =% G
& = 103 Do _2?7 103(:00 '

where 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 / (2r10° CD,).

For example, if C, = 12.3456 pF, G; = 1.239 X 107
uS and f = 500 Hz, then D = 3.2 and accuracy is 21600
ppm. If a similar capacitor has C, = 12.3123 pF and G, =
1.241 X 10" uS, then comparison accuracy is 13 ppm.
See also para. 4.7,

3.9.4 Shunt Capacitances to Ground. Figures 3-1, 3-2.
These capacitances, Cjg, Cy,, and Cy,q are excluded from
the measurement of Cy. However, if large, they can reduce
accuracy and precision (particularly at high frequency).
If you can keep these capacitances below 200 pF each
(unknown capacitor directly connected to bridge terminals)



or 100 pF plus cable capacitance (unknown capacitor
connected by a pair of G874-R22LA patch cords)
measurement accuracy is unimpaired, even at 100 kHz

Three-terminal Measurements. 1f you must measure in
the presence of larger shunt capacitances to ground, calcu-
late a bound on the probable error as follows:

= 2
C readout = Cx — w” CpgCys Lsg

G resdout =G — w? ChsCisRgg

Notice that the error terms are both negative. C,  is
low-side-to-shield capacitance; C,, high-side-to-shield. In-
clude cable capacitances, if patch cords are used. ng and
Lgg are, respectively, the resistance and inductance of the
path from a virtual common point in the shield surrounding
the unknown capacitor to the ground point in the heart of
the bridge. Include the R and L of the patch-cord outer
conductors (2 in parallel, if 2 patch cords are used) in ng
and L.

As Figure 3-1 shows, our error calculation is based on a
lumped-parameter situation. If cables are used, C, L, and R
are really distributed along the cables, and the corres-
ponding error terms are even less significant than those
calculated above.

For example, assume shunt capacitance of 45 pF at each
end of the unknown capacitor, in addition to 90 pF for
each GB74-R22LA patch cord. Assume 1 uH and 10 mQ for
for the series-impedance parameters of each cable and its
associated connectors. Assume Freqguency is 100 kHz. Then:

Che=Cjs=1.35X 107 farad

LSg =5X 107 henry

Rsg =5 X 10°° ohm

Cerror = w? Cpg Cig Lsg =36 X 107° farad

G error = w? Cpg Cig Rgg =36 X 107! Siemens.

If C, = 1 pF, compare this C error with the normal
error, 5 X 105 F. (Refer to Figure 3-6; measuring 1 pF,
we expect 5000-ppm accuracy.) Notice that most of that
error is due to series inductance in the bridge (see para. 4.7)
and is accentuated by any inductance of the cable inner
conductors. At lower freguencies, with very long cables,
the series inductance thus usually contributes more error
than the ground-return inductance.

Two-terminal Measurements. Non-coaxial 2-terminal
measurements 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 bench “‘ground”, and
if that ground is connected by low impedance to the bridge

ground, the error from ground capacitance shouid be negli-
gible.

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

3.9.5 Fringing Capacitance.

Fringing capacitance is significant in coaxial 2-terminal
measurements. (The HIGH and LOW connectors for 3-
terminal measurements are far enough apart so the fringing
between their inner terminals is only 125 aF.) As explained in
paragraph 4.2, the recommended setting of ZERO ADJUST
makes the balanced-bridge C readout express just the
capacitance Cx due to fields beyond the reference plane of the
G900 connectors, entirely within the "unknown” capacitor
and its connector, As described in para. 3.4, you may
assume the fringing is 0.115 pF and be correct within £ .008
pF, ie., 8 fF.  Two methods are suggested for greater
accuracy, as follows.

Standard Capacitor.Use a Coaxial Capacitance Standard
(2 pF} or (1 pF) with calibration specified within £5 fF, or a
G900-W04 Precision Open-Circuit Terminal (2.670 = .0067
pF]. You may have one calibrated to greater accuracy by the
National Bureau of Standards.

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

b. Install the coaxial capacitance standard and set the
CAPACITANCE lever switches to its value.

c. Set the TERMINAL SELECTOR to 2 TERMINAL
X1, X10, or X100 depending on whether you wish to
measure capacitors up to 1 nF, 10 nF, or 10 uF, respec-
tively. Keep the C MAX switch down, during this procedure
(and during measurernent of your unknown capacitors ex-
cept when their values require large C standards with a
READOUT MULTIPLIER of X100).

d. Balance the bridge, using the ZERO ADJUST control
for C and the CONDUCTANCE lever switches for G. Turn
the GAIN and SENSITIVITY controls as required for suit-
able indications of balance.

NOTE
The resolution of ZERQO ADJUST settings is
about 0.5 fF. for X1 and X10, about 5 fF for
X100 READOUT MULTIPLIER.

e. If you want to obtain a more exact value for the
fringing of the G900 Connector on vyour bridge (for use in
para. 3.4) remove the capacitance standard and rebalance the
bridge using the CAPACITANCE lever switches. The
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repeatability is about 1 fF; verify this by repeating the
above procedure a few times.

Direct Measurement. Calibrate a coaxial
by the method of Millea.* (Refer to Appendix A.)

This method requires the capacitor to be measured twice,
while attached to a fixture made with a tee,

readily available; details are left to your ingenuity.

3.9.6 Conductance Accuracy.

The accuracy specification is +0.1% +1 step in the least
significant digit, particularly for G = 10'® S However,
that last step need not be a limitation at larger conduc-
tance. If you avoid making the first digit of the CONDUC-
TANCE readout a zero:

G readout = Gx $0.1% Gx; for Gx >10"5 1S

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) 10°® uS. This offset is unaffected by
ZERO ADJUST.

c. For any measurement in which G, is significant
(typically if the G multiplier is 10° or 10'6] subtract it
from the readout, thus:

x = (G reagout £ 1 in 5th window — 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 multiplier is set to
104, 10°°, or 10°; then the readout at balance varies
inversely with temperature at the rate of 700 ppm/°C. For
settings of 10°%, 107, 1072, 107!, and 1, respectively, the
temperature coefficients are: —700, —300, *50, #50, and
+15 ppm/°C.

Of course, you can calibrate the bridge at a temperature
other than 23 °C, making use of the “+15 ppm’ internal
standards or any suitable external standards for references.
Refer to para, 5.4.

The internal conductance standards respond to environ-
mental temperature change with a small time constant (a
few minutes) in contrast to the large capacitance standards.

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

*Millea, Aurel, "Connector Pair Techniques for the Accu rate Meas-
urement of Twc: Terminal Low-Value Capacitances,”” Journal of
Research, 3, of the National Bureau of Standards, Vol 74C, Nos
3&4, July-Dec, 1970.
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2-terminal
capacitor against the internal bridge standards, if you prefer,

suitable
connectors, and 2 lengths of flexible cable. The fixture is not

standards. For example, if G, = 10"3 S 2ad D= 104t f=
10°, the smallest internal C standard is not small enough
for a precise balance. (Stray C in the G standards has to be

cancelled, so we are not able to measure C, anyway.) If G, e

=10%S and D = 102 at f = 120, the 1argest internal C
standard is not large enough for balance. Use an external
standard, if you want to extend either limitation.

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

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 losses in the internal
capacitance standards. It is therefore impractical to measure
G, in the region near or below the bottom edge of the
chart Figure 3-5. If the low-loss C-standards are used (C.=<
1 nF} this G, accuracy limitation is 1% at D = 10'3 10% at

=10%, sid about 100% at D = 1075,

Capac.'rance 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. If 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 =Gx—w2 CsCi R

readout

3.10 PRECISION.

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

Such precision is significant in measuring capacitance
changes, comparing capacitors, adjusting and evaluating
capacitance standards, etc. The precision is available for
measurements described in preceding paragraphs, but far
exceeds the absolute accuracy to which we can guarantee
the many possible combinations of internal standards.

Resolution. The smallest internal-standard step s
10'?F, so resolution of +.01 ppm extends from Cy
10'YF (10 pF) to 10°5F {10 uF) without external stand
ards. An extra decade, at one end or the other of the range,
can be provided by a suitable external standard.

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



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

Because source voltage must be kept below a limit pro-
portional to frequency, sensitivity is generally adequate for
the above-mentioned resolution only at frequencies above
about 900 Hz. These somewhat arbitrary limits obtain: at
10, 102, 10%, 10*, and 10° Hz you can resolve to .01 ppm
when C, > 107, 107%, 107!, 1072, and 1071 2F, respec-
tively. (To realize the 107 2.F limits requires not only the
external standard mentioned under “resolution” but also,
preferably, an external oscillator with a 350-V output.

Stability. You can enjoy the above-mentioned precision
because (also) the internal standards which determine the
most-significant digits of any such precise measurement are
sufficiently stable. They are stable in terms of mechanicai
shock, aging, atmospheric changes, ambient temperature,
and other factors.

Consider temperature in more detail. These standards are
thermally isolated, with a time constant of 6 hours. Assum-
ing you can make a comparison (2 measurements) in 6
minutes, the effect of a 1-°C ambient temperature change
on that comparison cannot exceed 1/60 of the specified
temperature coefficient. That is 3 ppm/°C 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
Because of the long thermal time delay in the
bridge, it must be held at the desired tempera-
ture a long time before precise measurements
can be made. Refer to para. 4.5 for a quantita-
tive discussion.

For example, a 12=C change, 24 hours before, will
disturb a comparison taking 6 minutes as much as a 0.2°-C
change during the comparison.

Take reasonable care to avoid mechanical shock, regulate
temperature as described above, and you can rely on the
stability of the internal standards, for C, about 1-1000 pF
However, the internal 10 and 100-nF standards, used for C,
in the range of 2-100 nF, may have as much as an order of
magnitude larger temperature coefficient.

To obtain .01 ppm precision using them, make more
rapid comparisons, provide better temperature regulation,
or use an unusually-stable external standard as described
below under the heading of Externally Determined Accur-
acy.

3.11 EXTERNAL STANDARDS.

The 1616 Precision Capacitance Bridge has considerable
versatility to make special measurements and comparisons
in addition to those already described. These paragraphs
deal with the use of external standards to extend range,

resolution, accuracy, and convenience of basic measure-
ments.

An external standard of capacitance or conductance can
be connected to the standard arm of the bridge through a
ratio-selecting switch analagous to each of the capacitance
lever switches. External and internal standards are often
used at the same time.

3.11.1 Range Extension to 111 uF.

Accessories. A 1-uF, highly stable, external standard, i.e.,
GR 1408-Y Standard Capacitor and two G874-R33 patch
cords.

Connections. Connect the capacitor to the EXTERNAL
STANDARD port of the bridge, thus: capacitor H to bridge
HIGH, capacitor L to bridge LOW, and capacitor G to the
shield of the LOW cable. Connect the unknown capacitor
1o its port as usual.

Calibration. Verify the calibration of the external stand-
ard with adaptors and cable at the frequency you plan to
use, by the method of para. 3.4 and 3.5, or as follows: set
EXT MULTIPLIER to —0.1, TERMINAL SELECTOR to
CAL; balance the bridge; and multiply the CAPACITANCE
readout by 10.

Balance. Measure the unknown capacitor as usual except
that you now have a more-significant C digit than before,
controlled by the EXT MULTIPLIER switch.

Readout. If the external standard is 1 uF, with sufficient
accuracy for your measurement, and if the series-induc-
tance error described below is tolerable, interpret the EXT
MULTIPLIER setting multiplied by 10 as an extra digit at
the left of the usual C readout. (Example: ext std value:
1.00011 uF; EXT MULT: 0.6; readout: 54 nF 321 pF . . .;
READOUT MULT:X100; desired accuracy: *0.1%. Final
value is 65.4 uF.)

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

65.44—.05 = 65.39 uF. _

Similarly, the final G readout is: [(external standard G
value) (EXT MULTIPLIER ) + (CONDUCTANCE readout)
(CONDUCTANCE multiplier)]] (READOUT MULTI-
PLIER).

Series-L 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 error AC = w?C2Q. If bridge induc-
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tance £ is about 0.3 uH, in series with the UNKNOWN
terminals, you have a minimum error of the order of
+0.002% C,¢ (fi14,)?. Hence, at 1000 Hz and 100 uf, the
bridge reading might be high by about 0.2%. Refer also to
para. 4.7.

3.11.2 Extension of C Resolution.

Although the resolution of the bridge is exceptionally
fine, you can make it still finer with a sufficiently small
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., 1071 *F) 3-term-
inal capacitor; well-shielded cables, such as 874-R22LA.

NOTE
If you make such a capacitor, use button-sized
plates spaced several cm either side of a shield
with a small pinhole in the center.

Zero Adjust. If the measurement is to be made at the
3 TERMINAL port, shield the 3-T LOW connector using an
open-circuit termination; set TERMINAL SELECTOR to
3T X1, C MAX lever down, and the entire C readout to
zero. Balance the bridge with ZERO ADJUST and the G
lever switches. [If the measurement is to be 2-terminal,
omit the shield, install a coaxial C 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 obtain with
C readout set to 0.1 aF, EXT MULTIPLIER to 1.0. [!f the
measurement is to be 2-terminal, set the C readout 0.1 aF
above the value of the C standard.] Use a high frequency
(10-100 kHz) and high oscillator level. Measurement pre-
cision of £10% is probably adequate. (Setting the EXT
MULTIPLIER to 0.9 should noticeably unbalance the
bridge.) If possible, adjust the external standard to 0.1 aF.

Balance. Connect the unknown capacitor to its port.
Measure as usual except that you now have a less-significant
C digit than before, controlled by the EXT MULTIPLIER
switch.

Readout. Interpret the EXT MULTIPLIER indication
multiplied by 10 as an extra digit at the right of the usual C
readout. (Example: ext std value: 0.1 aF; EXT MULT: 0.6;
readout: 234 aF 5; READOUT MULT: X10. Final value is
2.3456 fF.) '

3.11.3 Externally Determined Accuracy / Comparisons.

Applications. 1f you want to make a series of measure-
ments with the convenience of direct readout but with
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greater accuracy than the internal standards permit, and if
you have suitable external standards, use this procedure.
(For example: the bridge may not yet be stabilized at room
temperature.) Alternatively, you may wish to measure
against a standard deliberately set a few ppm different from
the internal standards.

Comparisons between external standards of the same
nominal value, or values differing by convenient ratios, like
1, 2, or 10, can be made to great precision (para. 3.10). Use
one as '‘standard”, one as "unknown.”" As a check on
possible zero offset, interchange them and compare again,

Accessories. A suitable reference, ie., GR 1404-A,
and 2 of G874-R22LA patch cords.

Connections. External standard capacitor to EXTERN-
AL STANDARD port; H to HIGH, L to LOW. Unknown
capacitor to its port.

Balance. Measure as usual, except be sure to control the
most significant digit by the EXT MULTIPLIER switch.
Notice which C-lever switch (call it S) corresponds in mag-
nitude to the EXT MULT. Set 'S" and all at its left to zero.
For good external determination of accuracy, EXT MULT
should be set high, and one or more levers right of "'S”, low
(preferably zero).

(Example: Ext std: 100 pF; ”'S” is the 10-pF lever,
regardless whether READOUT MULT is 1X or higher.
Note: 'S set to X would represent 100 pF, and so would
EXT MULT set to 1.0.)

Readout. Read out as usual except that EXT MULTI-
PLIER reading multiplied by 10 must be substituted for the
zero of lever switch “'S.” (Example, as above, also: EXT
MULT: 0.8; READOUT MULT: 10X; C readout: 123 fF
456 aF. Final value is 801.23456 pF.)

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

1. Error in calibration of the external standard capacitor,
pom.

2. Error of internal standards as they apply: (refer to
para. 3.9) express temporarily as C or G {not ppm) and
multiply by the indicated READOUT MULTIPLIER.
Express result as ppm of the “final value"'.

3. Error of ratio transformation. Typically:

error is < 1 3 10
for ratio: 1 10 100,

ppm

where the ratio is the product of EXT MULTIPLIER

and READOUT MULTIPLIER settings. Ratio of 1 must

be {1.0) (X1) not (0.1} {X10).

4. Error of zero offset. Bridge reading at balance with
both ports open but shielded (use a G874-W) Termina-



tion on each LOW connector), EXT MULTIPLIER at 1.0,
and READOUT MULTIPLIER at X1. This error should be
Zero.

3.11.4 Test-Fixture Compensation.

Applications. You may have a test fixture, 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 function for
2-TERMINAL measurements only, for C only, and for a very
limited range, but with great precision. ({lts function,
specifically, is to balance the capacitance of the G900
connector on the bridge.)

Accessories.  Stable, adjustable, 3-terminal shielded,
precision capacitor and (optionally) a conductance, ie.,
GR1422-CB capacitor, and two G874-R33 patch cords.
(Adjustable conductance standards, though not usually
needed, may be connected in parallel.)

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

Adjustment. With the C and G lever switches set to zero
and EXT MULTIPLIER on 1.0 (or a lower setting) balance
the bridge by adjustment of the external standard. |f that is
only capacitive, manipulate the CONDUCTANCE lever
switches as usual.

Notice that is is quite possible to make satisfactory test-
fixture compensation without reaching a perfect balance with
the external standard. For example, suppose you need to
compensate about 20 pF; READOUT MULT: X1: available
capacitdr range: 10 to 110 pF. Set EXT MULT t0 0.2. This
capacitor has a resolution better than 4 fF, ie, < 1 fF,
referred to the test fixture. If that resolution is sufficient,
simply verify that you have achieved it. (Refine the balance
using C lever switches and verify that appreciably /ess than
0.5 fF is required of them.)

If, in that example, resolution must be 10 aF, you need
another external variable standard capacitor in parallel with a
suitable fixed capacitor.

3.11.5 Range Extension to 11 mS.
Accessories. A standard 10-kQ resistor and two G874-
R33 patch cords (or one cord and G874-MB adaptor).

General Procedure. Refer to the analogous paragraph
3.11.1, which concerns C rather than G. The readout for-

mulae for C and G are both given there. The “‘external
standard G value" is 100 uS.

NOTE
External standards of C and G can be used
simultaneously by connecting them in parallel.

3.12 PRECISE COMPARISONS.
3.12.1 Balance Comparisons.

Very precise comparisons between 2 capacitors nomin-
ally 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 are
used only to evaluate the difference. Refer to para. 3.11.

3.12.2 Direct Substitution.

Even more precise comparisons between 2 nominally
equal capacitors can be made by connecting them sequen-
tially as the UNKNOWN capacitor. External standards may
be used. :

Balance Technique. Make use of (—1) and X settings of
lever switches if doing so will permit more of the most-sig-
nificant digits to remain unchanged. Example: if capacitor
A measures 12345.0012+ pF, and B something more like
123449998+ pF, then make the readouts 12 nF 345 pF
001 fF 255 aF and 12 nF 345 pF 00(—1) fF 855 aF
respectively.

Repeat measurements A, B, A, B, etc. to eliminate any
affects of temperature changes, connector reliability, etc. In
this example, then, B is .0014 pF, i.e., 0.12 ppm, less than
A,

Precision. The only limit on how precisely a pair of
capacitors can be matched is the resolution of the bridge.
The errors listed in para. 3.11.3 do not apply; absolute
“farad’’ value is of secondary importance. If A and B are so
similar that each can be balanced repeatedly with the same
9 most-significant digits, and if the 9th digit is significant
(changing it upsets the balance) then you may be sure that
A and B are equal (for the moment) within +.001 ppm.
Generally, comparison precision is specified at +.01 pom
for the 1621 system. Refer to para. 3.10.

Terminal Capacitance. Terminal, fringing, and test-fix-
ture capacitances cancel in direct-substitution measure-
ments, a fact that makes this method convenient for many
kinds of. 2-terminal measurements, even when great pre-
cision is not required. Refer to para. 3.13.

3.13 NON-COAXIAL 2-TERM. CAPACITORS. Figure 3-8.
Measurement of non-coaxial 2-terminal capacitors can be
precise and repeatable only to the extent that the various
stray admittances can be brought under control. Some can
be excluded from the measurement, some need to be in-
cluded. Some are unavoidably influenced by the method of
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connection to the bridge, and so the measurement is valid
only if such details are specified.

The capacitor terminals are represented in a general way.
If they are a pair of binding posts at standard spacing or a
coaxial connector and if the bridge UNKNOWN port can be
adapted 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 C;q. C4o represents capacitance between the
terminals: C,o and Cs capacitances to the nearest conduc-
tor 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:

Ca0 C30
Ciot Co0 i T

Connections. |f the capacitor has a G874 connector or
1.75-inch-spaced binding posts, use a G900-Q874, or
G900-Q9 adaptor, respectively. A length of cable or rigid
coaxial line can be used to locate the point of attachement
away from the bridge. Other capacitors (in general) will
require special adaptors or test fixtures. '

Measured Values. When you connect that capacitor to
the 2-TERMINAL port of the bridge, all the strays change.
Diagram b shows a wire used to make connection at one
terminal. Even if you properly adapt the bridge port so the
capacitor mates without such a wire, C4¢ is now different,
ie., Cay. Cyy is certainly larger than Cao. C3o may be
practically unchanged. Cso is capacitance from that “near-
by conductor’’ to bridge ground.

Because C,y, Ca1, and Cso form a Y network with a
midpoint that we don’t care about, we can substitute the
equivalent A. (Use a Y-Aor T-m transformation.) Two parts
of the. A are excluded from the measurement.” The third
part, across the bridge LOW and HIGH terminals, is:

Ca1 Ca

Cass = Ca1 +Cay +Cso

Certainly, if we make Csq large enough with respect to Cz1
and Csy, Cp3s will approach zero. If Csq is small enough,
C2 35 approaches Cz1 C3y / (Cyy + Cs1).

As represented by diagram b, the measured value is:

Cio + Cay +Ca3s.

It is usually preferable to make the third term zero
rather than try to make it approximate the third term in
the “intrinsic value.”” If you do the former, by grounding
any nearby conductors (diagram c) the measured value is:

Cio+Caa.

*Because the 1616 circuitry Is basically a 3-terminal bridge with
ground as guard.
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Correction for Cable, Connector, etc. There are 2 dis-
tinct methods of removing adaptor capacitance from your
measurement (results differ). For each method, there are 2
techniques (results are identical).

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

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

balance the bridge with zero CAPACITANCE readout

(ref. para. 3.11). Now when you measure an unknown

capacitor, the readout is the corrected measurement.

Alternatively:

2. Balance the bridge and record the readout C,¢, the

capacitance of adaptor, cable, and fringing. Now when

you measure an unknown capacitor, correct your meas-
urement as follows: “readout”” minus C,g. (Refer to
para. 3.9.5 for more about fringing.|

Substitution Method. Connect a standard capacitor C
with the same terminal configuration as the unknown to
the test point. The 2 techniques are:

1. Use an external standard and/or ZERQ ADJUST to

balance the bridge with CAPACITANCE readout set to

C,. Now when you measure an unknown capacitor, the

readout is the corrected measurement. Alternatively:

2. Balance the bridge and record the readout (C+C,).

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

known capacitor, correct your measurement as follows:

“readout’’ plus C; minus (C+Cy).

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

Use the 3-Terminal Port (Figure 3-8, d). If you wish to
measure, as directly as possible, the internal capacitance C_I |
make a separate, shielded connection 1o each terminal. Make
connections (if the capacitor has a pair of binding posts) with
a pair of G777-Q3 adaptors and & pair of G874-R22LA
cables. Connect only the shielded plug of each G777-Q3 to
the capacitor. Ground any nearby conductor as shown. If the
shields extend far enough, C42 will certainly be less than C40'
The measured value is:

g 48

NOTE
As a rule, this bridge readout is valid without
correction for cable and adaptor capacitances,
although either method described above may be
used for greatest accuracy.

3.13.2 Shielded 2-terminal Capacitors.

These capacitors are enclosed in a conducting shield;
examples are GR 1409-Y, or 1422-D. Some may
alternatively be measured as 3-terminal capacitors (refer to

Figure 3-9, e.
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para. 3-4). Others may have one terminal already connected
10 the shield.
Intrinsic Value. As it stands alone, the capacitance of
diagram e is:
(Cqp + Cgg) (Cos + Cog)
Crp+Cgo+Cos+Cos

Ceo + Cop +

However, we are specifically interested in 2-terminal
value, with one terminal connected to the case. Assuming
the right-hand terminal is the one, then the intrinsic capaci-
tance reduces t0:

Ce0 + Cq9 + Cgg + Coyg.

Connections. Connect the LOW terminal to the GND or
shield terminal using a link, 938-L, if it fits. Connect the 2
capacitor terminals to the 2-TERMINAL UNKNOWN port of
the bridge as follows: capacitor LOW to bridge outer (HIGH);
capacitor HIGH to bridge inner (LOW). If the capacitor
terminals are 1.75-inch-spaced binding posts, use G777-Q3
and G900-Q874 adaptors and, if desired, & shielded cable
(G874-R22LA). Alternatively, use only the link and a G900-
Q9 adaptor.

Measured Value. When you connect that capacitor tc the
bridge at least 2 of the strays change. Cgq is probably
reduced (by shielding) to Cg;; Coq changes completely
(now that LOW and GND are connected) 10 Cg .

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

Ceo +Cqp +Cgy +Coy-

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

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

3. Connect LOW to shield or GND of the capacitor with
a link as before.

b. Install 3 GB74-MB adaptor at the bridge 3-TERMINAL
HIGH connector. Tie that to the capacitor LOW with a wire or
plain patch cord.

c. Connect the G777-Q3 adaptor shrelded plug onfy 10
the capacitor HIGH terminal. Tie that to the bridge 3-
TERMINAL LOW connector using a shielded cable, G874-
R22LA. Be sure the shield of the G777-Q3 adaptor does not
contact the shield surrounding the capacitor. Make a washer
of paper or plastic[.003 to .015 in. thick) for this purpose.

d. Your measured value (diagram g) is:

Ceo + Cqo0 + Caa,
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{where Cg4 is comparable to Cg; + Cg, of diagram f.)
Use the 3-Term. Port, with Correction (Figure 3-9, h).
Some capacitors are specified in terms of the capacitance

added to a given bridge port (Adapted, if necessary, 10 SUil

the capacitors). For example the 2-terminal capacitances of
certain GR 1422 capacitors are so defined. A typical
procedure follows:

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

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

c. Install 3 G874-MB  Coupling Probe as an adaptor on
top of the G777-Q3Lnscrew the binding post just installed,
far enough to determine the gap as follows:

d. Install anotherG777-Q3|shielded plug only) on top of
the stack. With it firmly seated, verify that a 1/16-in. gap (2
mm or less) exists between the shields.

NOTE
This gap is the demarkation between part of
the adaptor stack included in Cq3 and part that
is not. To stabilize the gap, wrap assembled
adaptors tightly with electrical tape.

e. Connect the top adaptor to the bridge 3-TERMINAL
UNKNOWN, LOW using a shielded cable, G874-R22LA.

f. Install another GB74-MB adaptor at the 3-TERMINAL "~

UNKNOWN, HIGH connector. Tie this, using & patch cord
or wire, to the link in step a. (If the capacitor has only 2
binding posts, fasten to the link with an aligator clip;
otherwise, use the 3rd binding post.}

g. Temporarily unplug the first G777-Q3 adaptor from the
capacitor binding posts and support it nearby with the
inner, insulated plug exposed. Tie the shell-connected plug
(uninsulated) to the capacitor-case binding post (bridge
HIGH) as before.

h. Compensate the bridge by the open-connector meth-
od (technigue 1 or 2) described above. This step eliminates
Cg3 {diagram h) from your measurement.

i. Reinstall the first G777-Q3 aaaptor as in step b. Measure
the unknown capacitor as usual.

j. Your measured value (diagram h) is:

Ceo + Cqg +Cas.

3.14 DC BIAS.

Dc bias voltage may be applied in either of two ways to
a capacitor that is being measured on the bridge.



VAN

CAUTION
Do not apply voltage at the bridge DETECTOR
OUTPUT connector in excess of Epay in
Table 3-2, or the G standards may be damaged

A recommended power supply is the GR 1265-A.

VAN

WARNING

e To minimize electrical shock hazard, limit
bias to 60 V.

e Bias voltage is present at connectors, test
fixtures and on capacitors under test.

e Capacitors remain charged after measurement.

e Do not leave instrument unattended with bias
applied.

® To remove the risk of electric shock, turn
the voltage source to 0" before connecting
or disconnecting the device under test.

It should be noted that the instrument is rated to accept
bias voltages up to 500 V rms or dc. However, to mini-
mize the risk of electrical shock hazards, the use of biasing
voltages of less than 60 V is highly recommended.

3.14.1 Normal Bridge Configuration / Parallel Bias.Fig. 3-10.

To apply bias in parallel with the detector

a. Connect the bridge as usual, but add the dc bias
supply in parallel with the detector, as shown in the circuit
of Figure 3-10.

b. Shield all leads connected to the high side of the
detector. Use a GB74-T tee connector for convenient parallel
connections and a G874-QBJA Adaptor.

c. If your detector is not the GR 1238, connect a series
capacitor between detector input and bias supply to block
bias voltage from the input stage. {This capacitor is built
into the detector input stage of the 1238.)

d. Connect a series resistor Rg between the high lead in
the tee and the bias supply to prevent the low impedance of
the bias supply from shorting the detector input. A resis-
tance of about 100 k&2 is recommended. Lower resistance
reduces the detector sensitivity, higher resistance reduces
the dc voltage across the unknown capacitor since:

B, Egfpgp
X Rg+Rgp

Refer to Table 3-2 for the effective bridge resistance R at

the DETECTOR OUTPUT connector. Install the resistor in a

shield such as a G874-X Insertion Unit.

NOTE
Use a choke in place of Rg for high ac imped-
ance, when low dc-voltage drop is needed.
Shield the choke from toth magnetic and elec-
tric fields.

e. Connect the unit holding Rg to the tee, and that to
the DETECTOR OUTPUT connector of the bridge, using
an adaptor ( G874-QBPA).

|
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BIAS SUPPLY

Figure 3-10. Circuit for applying bias to the unknown
capacitor — normal configuration. Notes: *Resistor in
G874-X Insertion Unit; GB874-Q2 Adaptor provides
binding posts for power supply. **G874-T tee with
G874-0QBJA and G874-QBPA Adaptors to BNC con-
nectors.

f. Either polarity of dc bias can be applied. Choose the
polarity required by the capacitor being tested. Observe the
current limitations described below.

g. Calculate the hias from a known Eg. using the form-
ula in step d.

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

Compared to the normal configuration, this method
aliows higher oscillator voltage to be applied at low freg-
vencies {unless the CONDUCTANCE multiplier must be set
very high); has lower sensitivity, and permits direct bias
measurement. In the reversed configuration, you apply bias
in series with the oscillator; use the following procedure:

a. Connect the bridge ‘'reversed’’; refer to para. 3.15.

b. Connect the dc bias supply or battery in series with
the oscillator.

¢. Observe the current limitations described below.

Table 3-2
CHARACTERISTICS AT BRIDGE
DETECTOR-OUTPUT CONNECTOR

CONDUCTANCE Multiplier Emax® Rgp
1 0V 9kl
107! 210 89
102 500 810
1073 500 g8 MQ
10%,10°%, or 1078 500 80

*Volts rms or de
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d. Calculate the bias from a known Eg, using the form- c. Turn the oscillator OUTPUT ADJUST cw to MAX
ula given above, except that R’g depends on the settings of and then slowly ccw to zero again.
FREQUENCY range and OUTPUT VOLTAGE RANGE on
the 1316 Oscillator. (R’g can be as large as 2.4 k§2.) L
Alternatively, measure E, ' (Figure 3-11). 3.15 REVERSED CONFIGURATION. Figure 3-11.
3.15.1 Explanation.

To apply higher ac test voltage (up to 500 V) to the
gg;gg?oﬂ unknown capacitor than that normally permitted), use this
configuration, in which the oscillator is connected to the
bridge DETECTOR QUTPUT connector and the detector is
i connected to the bridge GENERATOR INPUT. Use this

CPTIONAL DETECTOR . . gl
FLOATING ouTPUT" Ex reversed configuration when lower sensitivity can be tolerated.

BIAS SUPPLY CONNECTOR "
[ H

"GENERATOR INPUT" CONNECTOR

In normal operation, the maximum voltage across the
Rap unknown capacitor would be limited by transformer-core
-+ saturation 10 Eyax = 0.16 f (para. 3.8). However, in
reversed operation, the maximum voltage is limited by

155 power dissipation in bridge resistors, or by insulation break-
LShe b down. The former depends on the CONDUCTANCE multi-
ILLAT GR I6!'6 BRIDGE ALy R . &
plier setting — refer to Ey, o % in Table 3-2.
Figure 3-11. Reversed configuration — bridge circuit When the configuration is reversed, the ac test voltage
with oscillator and detector interchanged, showing op- across the unknown capacitor is equal to the generator

tional application of bias to unknown capacitor. ;
i P voltage at balance, or between zero and twice that voltage

for any unbalance.

3.15.2 Procedure.
a. Interchange 2 connections at the rear of the bridge
3.14.3 Dc in the Ratio Transformer / Demagnetization. (Figure 1-3) so you have: oscillator POWER OUTPUT tied
to bridge DETECTOR QUTPUT and bridge GENERATOF‘,J
INPUT tied to detector INPUT SIGNAL. -
b. Balance the bridge as usual (para. 3.5] but observe the
limits of Table 3-2 instead of para. 3.8.

When the capacitor that is measured with bias {by either
of the preceding configurations) passes leakage current, dc
will flow through the bridge ratio transformer. This current
will magnetize the core and affect the accuracy of the
ratios, and such use generally is not recommended. It is,
however, possible to operate the bridge with some dc in the

transformer, if you keep this current below the Iy, Table 3-3
values .showr1 |r.| Table 3-‘3 TO aqu saturation of the t.:ore. BIAS CURRENT LIMITS FOR
Operation within these limits will not damage the bridge, TRANSFORMER SATURATION
but demagnetize the transformer after such use to insure
accuracy in normal operation. Demagnetize as follows: READOUT MULTIPLIER Imax*
a. Connect oscillator to bridge in the normal configura- X 100 200 mA
tion. X 10 20
b. Set oscillator FREQUENCY to 100 Hz, OUTPUT X 1 )
VOLTAGE RANGE to 50, OUTPUT ADJUST to zero. Set — - -
bridge TERMINAL SELECTOR to CAL. e T O e e it | T 1o
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Theory—Section 4

4.1 INTRODUCTION & ow
4.2 PROPERTIES OF CAPACITORS
4.3 BASIC BRIDGE CIRCUITRY

4.4
4.5
4.6
4.7

C-STANDARDS ACCURACY
G-STANDARDS ACCURACY
RATIO ACCURACY

. 4.1 INTRODUCTION.

The 1616 Precision Capacitance Bridge is a standards-
laboratory instrument of exceptionally high precision.
Together with the other components of the 1621 Precision
Capacitance-Measurement System, it is designed for accu-
rate measurements of capacitance, conductance, and there-
fore the properties of dielectrics, as well as high-resolution
comparisons 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

&
V. A
<% S
X NN
P S
G

Figure 4-1. Schematic diagram of a capacitor, showing
the direct capacitance and the associated terminal
capacitances.

SHIELD
(MAY BE GROUNDED)

LRIG 39

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

CIRCUITRY OF THE 1616 BRIDGE

4-1
41
4.5
4.7

.4-10
411

4.2 PROPERTIES OF CAPACITORS.

4.2.1 Basic Components of Capacitance. Figure 4-1.

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 between the plates of the capacitor),
and the two terminal capacitances, Cyyg and C| g, from the
corresponding terminals and plates to the case, surrou nding
objects and ground (to which the case is connected to
either conductively or by its relatively high capacitance to
ground}.

A 3-terminal capacitor (Figure 4-2) has connected to the
G terminal & shield that completely surrounds at least one
of the terminals (H), its connecting wires, and its plates
except for the field that produces the desired direct capaci-
tance to the other terminal (L). Changes in the environment
and the connections can vary the terminal capacitances,
Cqg and C g, but the direct capacitance Cyy| — usually
referred to simply as the capacitance of the three-terminal
capacitor — is determined only by the internal structure.

This direct capacitance can be calibrated by 3-terminal
measurement methods, utilizing guard circuits or transform-
er-ratio-arm bridges, which exclude the terminal capaci-
tances.

The direct capacitance can be made as small as desired,
since the shield between terminals can be complete except
for a suitably small aperture. The losses in the direct capaci-
tance can also be made very low because dielectric losses in
the insulating materials can be made a part of the terminal
impedances. When the 3-terminal capacitor is reconnected
as 2-terminal, the 2-terminal capacitance will exceed the
calibrated 3-terminal value, Cy L. by the terminal capaci-
tance Cp 5.

Two Terminals. |n the common 2-terminal connection.
the capacitor has L and G terminals connected together,
i.e., L terminal connected to case. The terminal capaci-
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tance C| ¢ is thus shorted, and the total capacitance is the
sumof Cpy and Cg.

In general, since one component of the terminal capaci-
tance Cyg is the capacitance between the terminal and
surrounding objects, the total capacitance is changed by
changes in the environment of the capacitor and particu-
larly by the introduction of the wires required to make
connection to the capacitor.

NOTE

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

The uncertainties in the calibrated value of this 2-termi-
nal capacitor can be of the order of tenths of a picofarad, if
the geametry, 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 be adequately defined for an
accuracy of a few hundredths percent, if the terminals and
method of connection used for calibration are specified.
For smaller capacitances or for higher accuracy, the nonco-
axial 2-terminal capacitor is seldom practical. The 3-termi-
nal arrangement is generally preferred. Nevertheless, there
are very accurate capacitors (in all but the smallest sizes]
with 2, coaxial, ungrounded terminals.

Two Terminals, Coax Connection (Figure 4-3). In the
coaxial 2-terminal structure, capacitor terminal L is again
connected to the case, but net ground. The case is a
complete shield around the field that determines the direct
capacitance Cyy . Fields outside the case contribute only to
C_g. which can be excluded from the measurement. So
most environmeéntal changes have little effect on accuracy.

If the bridge is designed to measure such a capacitor and
each incorporates a suitable precision coaxial connector, the
uncertainties 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 is the plane of the mating face of
the outer conductor of the G900 connector, ie., the
reference plane of the connector. For precise measurements,
the electric field must be entirely parallel to that reference
plane so the portion represented by sz is unequivocally part
of Cx, whereas C. and CD are nof.
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Figure 4-3. A coaxial 2-terminal capacitor, its struc-
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
10 as the capacitance of the device.

The fringing capacitance (.‘.F makes the bridge terminal
capacitance slightly greater wﬁen open-circuited than the
value C_ which obtains when a suitable capacitor is attached.
The ZE%O 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 parts in the G300 connector and reduced
resolution because of “noise” picked up by the unshielded
LOW terminal. However the repeatability is much better than
the tolerance given C_. in para. 3.4, ie. %8 fF.

4.2.2 Inductive and Lossy Components. Figure 4-4.

No physical capacitor is ideal, i.e., free of inductance
and dissipation, although some are excellent. So also, the
equivalent networks that are used to represent a nonideal
capacitor do so imperfectly. However, they are satisfactory
in many instances, particularly if some of the parameters
are understood to be guasi-constants. (They may wvary
somewhat with temperature, humidity, pressure, frequency,
acceleration, aging, illumination, etc.)

Generalized Circuit. Figure 4-4 (a) represents the non-
idea! direct capacitance (Cy of Figure 4-1] with 5 lumped



constants. R represents the metallic resistance in the leads,
supports and plates; L, the series inductance of the leads
and plates; C,, the capacitance between the plates; Cy, the
capacitance of the supporting structure. Conductance G
represents the dielectric losses in the supporting insulators,
the losses in the air or solid dielectric between capacitor
plates, and the d-c leakage conductance. For most purposes,
Ci and Cy are added as C. (Notice that Ck is zero if
support-structure capacitance is entirely within Cyg and/or
Clg)
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Figure 4-4. Capacitor lumped-parameter equivalent
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, inductive, and resistive
voltage components add to form E;. |1 leads E+ by the
phase angle 8, between 0° and 90°, as is characteristic of a
physical capacitor. (We are not interested in conditions at
such high frequency that |1 lags E+.) The complement of 8
is &, the dielectric loss angle.

Notice that, regardless of the relative magnitudes of the
other vectors, a small inductive component (|E, | < |E¢|)
always makes |[Eq| < |[E¢|. In other words, the presence of
series inductance makes a capacitor apparently increase in
capacitance as frequency {or the inductance) increases.

The effect of series resistance on apparent capacitance is
opposite, because Eg tends to make |Eq| > |Eq|. But the
zffect of shunt conductance G on apparent capacitance is
mostly to accentuate the effect of R, if any, by causing

more lag in |+, By itself, G has no effect on apparent
capacitance because the bridge resolves them separately.

Equivalent Parallel/ Circuit. Figure 4-4 (c) is the equiva-
lent circuit based on the 2 components measured directly
by the bridge. Terminal properties (Et, |1, 8) are identical
with diagrams a and b. Diagram d shows the vector relation-
ships.

The algebraic relationships between these components
and those of diagram a are given below, followed by simpli-
fying approximations that are convenient for studying the
effects of one parameter at a time. It is the capacitance C,
(not Cge) that we generally mean by the term “‘apparent
capacitance’’.

C {1 =&l =G%L
(1 — w?LC+RG)? + (WOL + wRC)?

C,=

_ G {1+ RG) + w?RC?
* (1- w?LC+RG)? + (wGL + wRC)?

G

There is a resonance between L and C at a freguency f,.
We are concerned only with the condition f < f, (and Cyis
positive).

At sufficiently low frequency (f << o), we observe that
w*LC << 1, but various losses may still make C, # C,
thus:

o R
c o~ C-G2L

S ot i
* (1+RG)? + (wGL + wRC)?

{1+ RG)2

G (1+RG) + w?RC? = B
* (1+RG)? + (wGL + wRC)> 1+RG

where the fractions at the right are valid at sufficiently low
values of R and L.

If, however, we relax the frequency restriction to f < fo
but consider the case of negligible series loss (wWRC << 1)
and reasonably small shunt loss (G < wC), then C, in-
creases with a term proportional to 2 as follows.

2
C, = C{1 +w2LCJ=C|:‘I+(fi>:l
o

With this information, the capacitance at, for example, a
frequency of 2 MHz can be com puted with high accuracy
from the calibrated value at 1 kHz. For f/fo up to 0.3 or so,
the accuracy may be greater than that of a measurement at
2 MHz because of the difficulties in determining the meas-
urement errors produced by residuals in the connecting
leads outside the capacitor (unless, of course, one uses a
bridge particularly designed for measurement at 2 MHz).
You may use a grid-dip meter for measuring fo, with the
capacitor terminals shorted.
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There are secondary effects on the apparent value of
capacitance in a 3-terminal measurement that will not be
described here except to say that they involve resonances
among L 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 part, a wire carrying current
not only to Cy but also to Cyg or part of it.) These
effects are generally negligible if the following approxi-
mation is valid within the desired measurement accuracy:

()]

where f'5 is the lowest resonant frequency of the network.
Estimate f'o as the free ringing frequency of the largest C
component, such as Cy g, (given some initial energy) with
the capacitor-lead and cable inductances; assume the bridge
HIGH terminal 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 equivalent circuit 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 equivalent

circuit:
Gy 2
CSE - CX 1 % [#%] Cx

Gx

~ 2 20 2
:>‘+(,‘,1C>t

Rg =

Loss Factors. An important 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 “‘factors” to express the same
characteristic.

1. Dissipation factor or loss tangent D is the ratio as
defined above:
D=cotf = —Ex— =+-Ei = RgwCqg = tan .
wcx IC)<

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

G (1+RG) + w?RC?
WC 1 —a?LC)—wGL

If frequency is well below resonance and if both series
and shunt losses are small, a good approximation is:

G
~—_t
D C RewC.

2. Storage factor or quality factor Q is the ratio of
energy stored to energy dissipated per cycle of ac:
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mCx ECS ‘| 1

G, ~Ems RswCse D

3. Power factor is the ratio of the real power (watts -

of dissipation) to the product of rms voltage and current
(voltamperes):

P.F =cosf=—=—=3iné.
IT T

Notice that several other convenient expressions can be
taken from Figure 4-4, such as Q or D in terms of current
components in diagrams ¢ and d or voltage components in
diagrams e and f. Other convenient expressions are given in
para. 3.6, for use of D or Q in converting data from
series-equivalent to nerallel-equivalent circuit forms and
vice versa.

NOTE
For low-loss capacitors, the difference between
D and P.F. is very small. For D = 107", 1072,
and 10%; (D — P.F.)/D is 0.5%, .005%, and
5X 1075%, respectively.

4.2.3 Frequency Characteristics.

The lumped-parameter equivalent circuit such as Figure
4-4, a, for a real, physical capacitor is most appropriate,
under the conditions in which the parameters (R, L, C, G)
are constants. In the following examples are some situations
in which they are, others in which we have to treat them as
quasi-constants, or develop special “constants’.

Capacitance. At high frequencies, the inductive effect
predominates (C, increases with f2). At low frequencies,
C, is essentially constant if Q is very high and the dielectric
is air. But if the capacitor has a solid dielectric, such as
mica, it is responsible for a slight capacitance change with
frequency; C,; is then a quasi-constant.
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Figure 4-5. Capacitance vs frequency characteristic of
a mica capacitor.

The change in capacitance C, with frequency, of a
1000-pF capacitor with mica dielectric, is shown in Figure
4-5. The dashed line slanting downward to the right repre-
sents the change in the dielectric constant of mica resulting
from interfacial polarization; that slanting upward to the_



right shows the change in effective capacitance C, resulting
from series inductance. Though the former phenomenon
~—.may be true at much higher frequency, it can be neglected
above 300 kHz in this example, because there the latter
effect is so predominant. The magnitude of the change at
low frequencies depends upon the dielectric material and is,
for example, much smaller for polystyrene than for mica.
Dissipation Factor. At high frequencies, “series”” loss
predominates because of skin effect in the leads and plates
(as explained below). At low frequencies, “shunt” loss
predominates, but G may be far from constant. |f good-
quality, low-loss, solid dielectrics are used, G is nearly
proportional to w; then it may be useful to treat G/wC as
the guasi-constant D,.

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

D=D;+R,Cw?"

The dissipation factor as a function of frequency for a
mica capacitor is shown in Figure 4-6. There D is the sum

r
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Figure 4-6. Dissipation factor vs frequency character-
istic of a mica capacitor.

of three principal components: a constant dissipation factor
caused by residual polarizations and shown by the horizon-
tal dashed line; a loss produced by interfacial polarizations,
which contributes the D shown by the dashed line slanting
downward to the right; and an ohmic loss with skin effect
in the leads and plates, which results in a D proportional to
the 3/2 power of frequency and is shown as the dashed line
slanting upward to the right. The total dissipation factor
has a minimum value at a frequency that depends on the
size of the capacitor; fy,ny varies inversely with capacitance
and ranges from 1 kHz to 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 negligible under conditions of mod-
erate humidity and temperature. The loss is, therefore,
largely in the insulating supports, and the above formula
applies. However, if the capacitor is variable, and the var-

~wing part is lossless, D; varies inversely with C. Then it is
sreferable to treat G/wC as Gyw/wC, where G, is the

effective conductance at w = 1. Thus, for the variable air
capacitor:

G, ,
D=E +HICC|J2 3

At very low frequencies, a “‘shunt” loss conveniently
represented by G may be significant. Leakage conductance
G is usually negligible at frequencies above a few Hz and is
important only when the capacitor is used at dc for charge
storage. The dominant components of D at audio 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 sorme form
of the basic ratio bridge, shown in Figure 4-7. The capaci-

en)

N

Figure 4-7. An elementary capacitance measuring bridge.

tance of the unknown, C,, s balanced by a calibrated,
variable, standard capacitor, Cs. or by a fixed standard
capacitor and a variable ratio arm, such as R 5. Such bridges
with resistive ratio arms and with calibrated variable capaci-
tors or resistors can be used over a wide range of both
capacitance and frequency and with a direct-reading accu-
racy which seldom exceeds 0.1%.

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

4.3.2 Transformer-Ratio Bridges.

The advantages of transformer ratio arms in a bridge are
that accuracies within a few parts per million are not
difficult to obtain over a wide range of integral values, even
for ratios as high as 1000 to 1, and that these ratios are
almost unaffected by age, temperature, or voltage. The low
impedance of the transformer ratio arm also makes it easy
to measure direct impedances and to exclude the ground

*Thomas, H. E., and Clarke, C. A., Mandbook of Electronic
Instruments and Measurement Techniques, Prentice-Hall, Englewood
Cliffs, N. J. (1967) p 36-57.
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impedances in a three-terminal measurement without the
use of guard circuits and auxiliary balances.

To illustrate these characteristics, a simple capacitance
bridge with transformer ratio arms is shown in Figure 4-8.
On the toroidal core, a primary winding, connected to the
generator, serves only to excite the core; the number of
primary turns, ND, determines the load on the generator
but does not influence the bridge network. If 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-permeability
core — the ratio of the open-circuit voltages induced in the
two secondary windings must be exactly equal to the ratio
of the number of turns. The ratio can be changed by the
use of taps along the two secondaries, but, when the ratio is
fixed, the voltage is highly invariant. Changes in the core
permeability with time and temperature have only very
small effects on the effective ratio. It depends not only on
the turns ratio (a perfect integer) but also on leakage flux,
which is not confined to the core in a practical transformer.
The ratio is, therefore, both highly accurate and highly
stable.

SUMMING POINT —7

Figure 4-8. An elementary capacitance 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, C,, as the other
two arms in a conventional four-arm bridge network. The
condition for balance, or zero detector current, is easily
shown to be that

o N
V.C, =V, C,, therefore: — = — = -

This balance condition is not affected by the capaci-
tances shown from the H and L terminals of C; and C, to
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the terminal G connected to the junction of the ratio arms.
The capacitances between L and G shunt the detector, so
that they affect only the bridge sensitivity. The capaci

tances between H and G are across the transformer wind-

ings. To the extent that the transformer can be assumed
ideal, i.e., with no resistance in the secondary windings and
with no flux that does not link equally both secondaries,
the current drawn by the H-G capacitances does not change
the voltages V, and V, or the balance conditions. In prac-
tice, the transformer resistances and leakage inductances
can be kept so small that guite low impedances or large
capacitances can be connected from H to G before there is
appreciable error in the bridge.

The junction of the ratio arms, G, is therefore a guard
point, or guard potential, in the bridge. All capacitances to
G from the H or L corners of the bridge are excluded 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 terms of the direct capacitance, C,. of a standard with-
out additional guard circuits or balances.

One can take advantage of the accurate and stable ratios
of the transformer by designing a bridge with an “‘un-
known'" arm that is fixed and a ratio that can be varied 10
balance the bridge. Far greater measurement accuracy is
feasible with such a design approach (making C; a fixed
capacitor rather than a variable one). For example, consider
the following alternatives.

Figure 4-9 shows three 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 each and
are excited so that there is 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 two ratio arms are equal and the
bridge is balanced in the conventional way with a variable
standard capacitor which is adjusted to 72 pF.

The detector current can equally well be adjusted by a
variation in the voltage applied to a fixed standard capaci-
tor. In Figure 4-9b, the standard capacitor is fixed at 100
pF. This is balanced against the 72-pF ""'unknown'’, connec-

ted to the 100-V end of the transformer, by connection of s



the standard to 72 V of the opposite phase, obtained from
suitable taps on the transformer windings. The inductive

. divider shown has a winding of 100 turns with taps every

10 turns and, on the same core, another winding of 10
turns tapped at every turn. If, 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 to 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 accurate and stable ratios, but the
errors increase with the number of decaces because of
loading effects.

Another method of balance by voltage variation is
shown in Figure 4-Oc, where a single decade divider is used
in combination with multiple fixed capacitors. The
100-turn secondary is tapped every 10 turns to provide
10-V increments. If, then, a 100-pF capacitor is connected
to the 70-V tap and a 10-pF capacitor to the 20-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 resolution, for example, through the use of 6 fixed
capacitors in decade steps from 100 pF to 0.001 pF, each
of which can be connected 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 circuits of Figure 4-9 if connected to
a 10-turn {10-V) tap on the upper winding. The range of
the bridge can thus be extended to measure capacitors
which are much larger than the standards in the bridge.

These advantages of transformer 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 to construct the relatively few,
fixed capacitance standards to have the necessary stability
and accuracy for such a bridge, one that will measure with
.01% accuracy over 6 decades of capacitance and 3 decades
of frequency. At low frequencies, a limit is imposed on
sensitivity by the maximum voltage obtainable from the
transformer, since, for a given core, the voltage at satura-
tion is proportional to frequency. At high frequencies there
is a decrease in accuracy resulting from the decrease in core
permeability with frequency, from the increased loading of
the transformer by its self-capacitance as well as the bridge
capacitances and, of course, from the usual residual capaci-
tances and inductances in the bridge wiring and compo-
nents.

4.4 CIRCUITRY OF THE 1616 BRIDGE. Figure 3-3.

In general, this capacitance bridge is based on the 3rd
nethod, Figure 4-9, c. Each of the 12 internal capacitance

standards is calibrated at a cardinal value and each is
switched to an appropriate tap on the ratio transformer as
you bring the bridge to balance. Conductance (or loss in the
capacitor being measured) is balanced by the same method.
Conductance standards of fixed, cardinal values are
switched to appropriate taps on the same ratio transformer.
The circuitry is described in more detail in the following
paragraphs.

4.4.1 Excitation.

The application of sufficient voltage (power is mostly
reactive) from the oscillator to the ratio transformer pro-
vides a test signal so the detector will respond to an un-
balance. The level of excitation is limited, always below the
saturation level of the transformer core. The primary
winding of 200 turns is driven directly by the oscillator
POWER OUTPUT port. Several design features eliminate
stray coupling to other parts of the bridge and particularly
10 the detector.

1. The GENERATOR INPUT port is connected to the

transformer by a shielded wire.

2. This shield is floating in the bridge (grounded only at

the oscillator).

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

rounded 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, to the ratio-transformer secondary {upper
half, in the simplified diagrams) and the summing point
(which drives the detector). Because the midpoint of the
ratio-transformer secondary winding is grounded, both
terminals of C, must be floating. However, the 3rd terminal
or shield of the capacitor under test is grounded at the
3-terminal port.

The facility for measuring capacitors larger than the
largest standard, as mentioned above, obtains when the
TERMINAL SELECTOR switch points to X10 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 is to the 200th
turn from ground. Then the voltage across the unknown
capacitor 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
2-terminal port is likewise grounded, and vice versa.

4.4.3 Capacitance Standards. Figure 3-3.

There are 12 capacitance standards, one for each multi-
ple of 10 from 100 nF down to an effective value of 1 aF.
The “high’’ side of each is connected to the front-panel-
selected tap on standards side of the transformer secondary
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(generally the lower half in the simplified diagram). The
“low'" side of each standard is permanently connected to
the same summing point, mentioned above, which drives
the detector. However, the 2 largest C standards can be
disconnected from the summing point by dropping the C
MAX lever switch. Thus, stray capacitance shunting the
detector can be reduced while you measure extremely small
values of increments of C,,

Each of the first 6 CAPACITANCE lever switches
indicates values in tenths of the value of its associated
standard. Thus, the lever witha —1,0,1,2,....9, X ¢F
readout actually switches the 10-pF standard capacitor.

The maximum current through each of these standard
capacitors (when the corresponding readout is X, i.e., ten)
obtains when its HIGH side is connected to the transformer
secondary at the 200th turn, 180° out of phase from the
unknown-capacitor-X1 connection. That is the bottom of
the transformer as. shown in simplified diagrams. The
intermediate taps are 20 turns apart. The zero position is a
ground connection. The — 1 position is a connection to a
20-turn tap on the “unknown’’ side of the transformer
secondary.

In order to provide greater stability in the set of capaci-
tance standards it is preferable to 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 the ratio transformer
at intervals of 2 turns (to a maximum of 20 turns). Each
capacitor that connects to this set of taps is 10 times as
large as it would have to be if it were connected to the
usual (20-turn-per-step) taps. The last 6 “C'" lever switches
span 2 turns per step. The 6 associated standard capacitors
are each 10 times as large as the effective values shown in
Figure 3-3.

Therefore, each of the last 6 CAPACITANCE lever
switches indicates values in Aundredths of the value of its
associated standard. Thus the lever with a — 1, 0, 1,
2,...9, X -aF readout actually switches the 100-aF
standard capacitor. For these, of course, the — 1 position is
a connection to a 2-turn tap on the ""unknown’ side of the
transformer.

Physically, the transformer is manufactured with a
separate winding of 22 turns, tapped every 2 turns for the
small C standards. A set of 20 windings of 20 turns each
serves the large C standards and the “unknown'’, by a series
combination that acts as a center-grounded 400-turn
secondary. Except for the primary (200 turns) all these
windings are very intimately coupled by multifilar con-
struction.

Each C standard is calibrated to the desired value by
means of a trimmer. All 12 are located behind the locked
door in the front panel (Figure 1-2), where they are labeled
with the effective values of the corresponding standards, as
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 standards and a multiplier
circuit for reducing their effective values in steps, so that

you have virtually 11 conductance standards, one for each y

multiple of 10 from 10 uS down to 1 fS.

Like the capacitance standards, the conductance stand-
ards connect as follows: high side, via lever switches, to taps
on the standards side of the transformer; low side, via
multiplier circuitry to the summing point that drives the
detector.

Because this bridge is designed for the greatest precision
in C rather than G measurements, it is preferable to have
the main (20-turn-per-tap) secondary winding carry only
C-standards currents. Therefore, the G standards are con-
nected to the other (2-turn-per-step) winding described
before. Consequently, each of the 5 conductance standards
is 10 times as large as the effective values shown in Figure
3-3.

It follows that each of the 5 CONDUCTANCE lever
switches indicates values in hundredths of the value of its
associated standard. Thus the lever with a — 1, 0, 1,
2,...9, X - uS readout actually switches a 100- uS stand-
ard of conductance, i.e., a precision 10-k£2 resistor.

When the G multiplier is set to X1, the connection from
the set of 5 conductance standards to the detector is direct.
When that setting is X 107, a resistor network passes only
10% of the conductance standards’ current to the detector
summing point. (The other 90% returns directly to ground).
Similarly, at X1072, 1% passes ta the summing point. The
“box"" (with these G standards and networks) also contains
pots for setting the multiplier ratios exactly to the
appropriate powers of 10: R18 for 107!, R19 for 1072 etc.
These pots are intended for calibration purposes as
described in section 5.

Ideally, the current through each conductance standard
should be perfectly in phase with the ratio-transformer
voltage. However, the resistor is bound to have some end-
to-end capacitance. For example, R1 has some stray C in
parallel. Without compensation, the current through this
stray C affects the bridge balance condition like increasing
the value of the C standard.

The compensation is represented schematically by C23,
connected between the midpoint of R1 and ground. Refer
to Figure 5-9. Physically, C23 is formed by a threaded,
spring-loaded sleeve surrounding the main part of R1 and
adjustable by turning with a special wrench. The current
component from the transformer through C23 leads by a
large angle (nearly 90°) causing the voltage at the midpoint
of R1 to lag slightly with respect to the ratio-transformer
voltage. |f the compensation is adjusted correctly, the
resulting lag in the current from the middle of BR1 to the
detector is just sufficient to cancel the leading current
through the stray C.

Not only is each of the 5 G standards compensated in
this way, but also 1 of the 4 series resistors in the G

S’
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multiplier network. Thus, R9 passes through a similar sleeve
with capacitance represented as C22. There is, of course,

. more stray capacitance to ground in the G-standard circuit

when the G multiplier is set to some multiple other than
X1. Conseguently, in some of the positions of that switch,
the necessary compensation to achieve zero phase shift is
the addition of capacitance shunting the series resistor. So,
for example, for the 107" multiplier, R6 has the adjustable
C18 in parallel.

The desired result is complete independence of C and G
balances, and hence measurements. A measure of the
quality of the compensation is Dg, the ratio of conductance
to 1-kHz parallel susceptance of C. of the G standard GS,
(We refer to the effective conductance, including the multi-
plier network if it is involved, and the effective susceptance,
including the compensation described above.) Refer to
para. 3.9.3.

G$
0 :..__..3_
2mo’ C,

Because of the compensation described above, Ce is very
small and can be negative. Thus, the factory adjustments
assure that the magnitude of Dg is very large for any
G-standard and G-multiplier combination you chose.

Because it is extremely difficult to obtain external stand-
ards of conductance with zero or known shunt capacitance,
we do not recommend any readjustment of the “C”
compensation in the G box, ie., do not turn any of the
sleeves; do not replace any resistor passing through a
spring-loaded threaded sleeve in the G box. C18 and
C20...C27 are “factory adjustments’”.

4.4.5 External Standards.

An external standard, or whatever you connect to that
port, is connected like a capacitance standard (a large one).
The LOW terminal is grounded, when EXT MULTIPLIER is
set to OFF; and otherwise connected to the detector sum-
ming point. The HIGH terminal also connects to ground in
the OFF position, as well as in the O position. HIGH
connects to the ratio-transformer in steps of 20 turns.
Unlike the CAPACITANCE lever switches, the EXT
MULTIPLIER indicates directly the fraction you select of

the external standard (in farads and Siemens). Thus. the
settings of — .1, 0, .1, .2, ... .9, 1.0 indicate (respectively)
that — 0.1, 0, 0.1, 0.2, ... 0.9, 1 times the external-

standard C and G are added 1o the CAPACITANCE and
CONDUCTANCE indicated by the lever switches.

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

This front panel adjustment is primarily intended to
compensate the bridge for a few pF of terminal capacitance
when you chose a Z-terminal position of the TERMINAL
SELECTOR switch. The adjustable component is the pot

R24, connected across 2 turns of the ratio transformer (on
the standards side), with its wiper arm capacitively coupled
through C17 to the detector surmnming point. Therefore, a
capacitive balance can be made without moving the C lever
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 is to
compensate the bridge for a few aF of variation in effective
zero offset among the CAL, 3 TERMINAL X1, and X10
positions of the TERMINAL SELECTOR switch. (In the
latter 2 positions, the 3-TERMINAL UNKNOWN LOW
connector must be shielded with a Type 874-WN Open-
Circuit Termination to remove the 125 aF or so of terminal
capacitance from the bridge.) The circuit from R24 through
C17, although it is now disconnected from the detector and
grounded by the TERMINAL SELECTOR switch, neverthe-
less couples enough signal to the summing point for the
purpose described before. (Notice that the range of adjust-
ment is now reduced by a factor of 10® or so.) A coarser
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 ZERQO ADJUST
control, somewhere in its range, reaches the desired zero
condition for each of the first 3 positions of TERMINAL
SELECTOR. {Each position will require a different ZERO
ADJUST setting.)

The obvious utility of this second function is to make -
the CAPACITANCE readout true, down to the 12th digit,
50 you need not add a “'zero correction’ to each measure-
ment. However, accuracy in that digit is insignificant for Cy
above about 100 fF (0.1 pF). Therefore, only if you must
measure such small capacitors will you need this function
regularly. It does have utility in recalibration of the bridge,
particularly in trimming the smallest internal C standards
with the larger ones as references.

4.5 C-STANDARDS ACCURACY.
4.5.1 Calibration.

The set of 12 internal capacitance standards can be
calibrated guickly and accurately by a series of comparison
balances starting with a single external standard capacitor
of almost any size within the range of the bridge. Since the
8-figure resolution of the bridge permits compariscn with a
precision of 1 ppm down to 0.1 pF, the accuracy of
calibration is usually determined by the accuracy of the
standard.

Only one external standard is reauired, most conven-
iently a 3-terminal 100-oF standard, such as the GR Type
1404-8. With a test frequency of 1 kHz, the
accurate, internal 0.1 transformer ratio can be used to
ensure accurate decade ratios of the internal capacitance
standards. The — 1 position of any capacitance balance
switch connects the corresponding internal capacitor to a
20-turn tap on the “unknown' side of the ratio trans-
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former. This capacitor can be compared with the next
lower decade capacitor, which is connected to the 200-turn
winding on the standard side when the corresponding lever
is set to the X position. Any adjustments required can then
be made with one of the trimmers accessible beneath a
hinged cover on the front panel. Refer to para. 5.4.

Such checks or recalibrations of the bridge need not be
made often. The capacitors are constructed to be so stable
that after calibration they may be expected to change less
than 10 ppm per year in normal use. The temperature
coefficients of the internal standards are stated in the
Specifications and the consequent effect of temperature on
accuracy is summarized in para. 3.9.

45,2 Sealing.

The “air-dielectric’’ standards, except the 4 smallest, are
filled with dry nitrogen and sealed. If they were open to the
atmosphere, their capacitance would change 20 ppm for
each 10% change in humidity and about as much again for
each 300 meters of elevation or 3% change in barometric
pressure because of the weather. Sealing practically elimi-
nates these influences.

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

4.5.3 Thermal Lag.

The 8 largest internal capacitance standards are housed
in a "'lag box,” a thermally insulated container that com-
prises most of the “'C box,” within the bridge. For the
purpose of estimating transient temperature effects on pre-
cision of measurements, we represent the thermal proper-
ties of the lag box simply as follows:

1. The mass M inside the box is all at temperature 8.
2. Heat is transferred through massless insulation of
thermal resistance R.

Then the lag box will respond to a step change Afg in
environmental temperature (from 8, to @) at time zero
with a simple, exponential change of internal temperature
8, as follows: (A cluse analogy exists to a series R-C circuit,
capacitance being analogous 1o M, applied vokage to €, and
the capacitor voltage to 6;. For the electrical circuit, the
time constant is RC, for this thermal model, RM.)

1

9,=0,+00,(1—€¢ FAM)

where €is 2,718 .. and tistime (in the same units as RM).
Consider rate of change of inside temperature at any
time 1.
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During any time interval At, that is very small compared to
the time constant, the internal temperature change is that
rate of change multiplied by At. The corresponding frac-
tional C change for a capacitor with a temnerature coeffi-
cient a is therefore:

AC N, - — At —
s = abtgy € AM = o g7 (08,) e RM
Example 1: what is the fractional change of the

3rd-decade internal capacitance standard during a 5-minute
measuring process, if the environmental temperature is
known to be maintained in the range 23° +1°C? The worst
possible case is 80 = 22°C and M, = 2°C. From the
specifications, a representative value for ais 3 ppm/°C; the
time constant for the lag box in the bridge is 360 minutes
(6 hours). So:

5 min
360 min

oL

—_— g 0 -
C 5C ) 127 C) €” = .083 ppm.

J o

Example 2: What is the effect of a change, 18 hours ago,
from 10° to 23°C?

R 5 [=] -3 2
C ) {566} (13°Cl € .027 ppm.

4.6 G-STANDARDS ACCURACY.

The basic conductance accuracy of 0.1% depends on
precision resistors and multiplier networks that can be
calibrated against external standards. The very high degree
of independence between G and C balances depends on
factory-set compensation in the G box, measured in terms
of Dg, and the minute losses in the C standards, which are
specified.

As indicated in the parts list, the greatest accuracy is
provided in the standards for the first 2 positions of the G
readout, R1 and R2 The next, R3, has a tolerance of
+0.1%; the following, R4 and R5, of £1%. Intercomparisons
can easily be made using the bridge ratios, in @ manner
similar to the calibration of C standards. You can measure
the error in RS, for example, (against R1 or R2) but no
calibrating adjustment is provided.

Adjustments for the multiplier network are described in
para. 5.4. Essentially, one makes the bridge balance with
the correct G readout while a standard external conduc-
tance (or network) is connected to the UNKNOWN port.

The factory adjustments make Do at least 10° for any G
readout. This means, for example, if the unknown capacitor



has a Q of 10*, the 1-kHz error in C measurement due to
stray capacitance in the G standards will not exceed 0.1

_ppm. However, if the unknown conductor has a D of 10? at

1 kHz, the error in C measurement may be as much as 10%.
Refer to para. 3.9 and 4.4. As a rule of thumb, at 1 kHz:

4.7 RATIO ACCURACY.

To measure accurately with this bridge, you must
properly balance a well defined unknown capacitor against
accurate standards via accurately known ratios. Section 3
deals with system operation; 4.2, definition of the device
being measured; and 4.5 accuracy of internal standards. The
following paragraph deals with the accuracy of significant
ratios in the bridge and their effect on your measurement.

The transformers in the Type 1616 Precision Capaci-
tance Bridge are not quite the ideal transformers shown, for
example, in Figures 1-1 and 3-3. The resistance, leakage
inductance, and capacitances of the ratio-transformer
windings, which are assumed to be zero in the simplified
bridge theory, have been kept sufficiently small in the
instrument so that errors from these residual impedances
are less than 10 ppm for capacitances up to 0.1 uF at a
frequency of 1 kHz. However, the residual impedances
make the voltages at the transformer terminals differ
slightly from the voltages induced in the windings and
produce bridge errors that increase with freguency and with
the magnitude of the measured capacitance.

The accuracy of the ratios when the transformer is
lightly loaded is better than 1 ppm for the unity ratio and
is better than 3 ppm for the 0.1 ratio at 1000 Hz or lower
frequencies. The winding self-capacitances act as a more
significant load as frequency increases, so that the error in a
0.1 ratio increases to about 30 ppm at 10 kHz and to 0.5%
at 100 kHz. The phase errors are, in general, somewhat
larger than the magnitude errors of the ratios. At 1000 Hz,
the phase error is probably within 10 u radians, but the
error increases in approximate proportion to ratio and to
the square of frequency,

4.7.1 Residual Impedances. Figure 4-10.

The simplified bridge diagram of Figure 4-10 is similar to
that of Figure 3-2 but shows, in the equivalent circuit of
the transformer, winding resistances (r}, leakage induc-
tances (£), and winding capacitances (Cgt!) in both the
standard and unknown ratio arms. The magnitudes of these
residuals vary on the standard side as the lever switches are
moved, and on the unknown side as the TERMINAL
SELECTOR is reset. The resistance r and inductance € are
approximately proportional to turns in the ratio trans-
former itself. However, because we include the series
impedances of intimately associated wiring and switches,

that approximation is invalid for small numbers of turns.
Cg represents stray ground capacitance that is not associ-
ated with the transformer, but appears in parallel with CGT
at any given setting of the switches. Typical parameters are
given in Table 4-1.

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

£ = 1+wCr —jorCr,

where Cy = C + Cgq + Cg, and we use additional sub-
scripts s or x to designate the standard or “unknown'’ arm
of the bridge. :

For convenience we postulate “‘effective’ values C' of
the main capacitor C in each arm (Figure 4-8). C'; 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'=C(1+ w?RCy},

and subscripts x or s can be used as before. Residuals on the
standard side make C’;, > C, and your readout rather low,
residuals on the “unknown’ side make C', > C, and your
readout tends to be high. There is likely to be some cancel-
lation of errors, particularly when the turns ratio is 1:1.
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Figure 4-10. Simplified bridge schematic diagram
showing residual impedances of the ratio transformer.

Table 4-1
APPROXIMATE MAGNITUDES OF RESIDUAL PARAMETERS
Transformer Standard
turns r L CaT capacitor CGS
2 06 Q2 3 uH 100 nF | 850 pF
6 .08 a 10 nF | 500
20 15 L] 1nF | 150
60 .35 7 10pF | 75
200 1.05 10 300 pF 100 fF | 100
Note: Cgx < 10 pF. 1fF 35
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The difficulty in determining the residual parameters for
the many switch combinations makes impractical the de-
tailed calculation of errors for correction of most measure-
ments. However, the uncertainty or worst-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 to residuals for any given measurement with a few
ancillary measurements and calculations. (Notice that the
error term is proportional to frequency squared.) More
convenient formulas are given below.

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

G'=G+w?rCyC

Subscripts x or s can be used, as before,

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

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

Cthx = Ci:;INxI r: C’52N52 ot C'ansn

An alalogous formula can be used for G.

However, if we assume for simplicity that only one G
standard is being used, we can express Gx and the G error,
(readout — Gx] in Siemens, thus:

G=Ns

% —l,\'!-— (GS + {.AJ?' rsCTSCS‘] = (,n.J2 erTxCx
X

N

S
AG = wzrchxCx - N werCTSCs
TR

Assuming, similarly, only one C standard is being used,

residual errors from both arms of the bridge. Assuming
small residuals:

. N €% NG
©ONL1+0?*0,Cr, ) N,
C’¢= C; 11 +w?(®Cr, —4,Cq,)

The fractional C error is [the increment by which Cg
differs from C"J/C",. for simplicity, we replace C"g with
C, in the denominator:

Cy— Gy
C Error= ———

= W’ {Qchx - QSCTS}
CS

Notice that the coefficient of w?® can be determined
experimentally, for any given C, and switch settings for
multipliers and most significant digits, by making 2 meas-
urements at different frequencies; assume C"_ constant.

The effects of residual impedances on accuracy are
summarized in 3 observations:

1. The effective value of the internal C standards is

multiplied by (1 + kf?) where k is constant as long as the

ratio-transformer switches are not changed.

2. In general, k has either sign, and its magnitude is

within the bounds indicated graphically in para. 3.9.

3. Because of the factor f2, the residuals cause the

predominant error at high freauency, above 10 kHz.

Other errors 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 convenient standard of
capacitance and loss is a three-terminal air capacitor that can be
connected directly to the bridge terminals to add a minimum of series
inductance and resistance. For such a capacitor it can be assumed
with good accuracy tnat the capacitance and loss have negligible
changes with frequency up to 100 Hz and that any changes in bridge
readings with frequency indicate bridge errors.  Although the
dissipation factor is not generally a simple function of frequency. in a
clean air capacitor the magnitude should be sufficiently low, i.e., inthe
tens of ppm, that it can also be neglected.

The tabulated results were obtained when such a 1000-pF
Capacitor was measured on a 1621 Capacitance
Measurement System; see Table 4-2,

Note that the apparent capacitance change at 100 kHz is

we write the following expression for C, and define a new

effective capacitance standard C'; which incorporates the only 200 ppm, as compared to the estimated standards-arm
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Table 4-2
ERROR EXAMPLE, RATIO 1:1
~. Frequency C readout Relative error G readout

10Hz | X00.500 pF +7 ppm 003555 X 105
100 X00.495 +2 0.136 1072
1kHz | X00.493 0 {--1).240 16°
10 X00.488 -5 {—1).884 162
50 X00.385 —108 (—1).608 167!

100 X00.164 ~329 (=11.7X0 1

error (w?2.Cr) of 5650 ppm. The smaller measured error
results from a partial cancellation of transformer-impedance
errors in the 2 ratio arms of the bridge. When, as in this
example, the ratio is 1:1, the residual r and £ are egual on
both the standard and unknown sides of the transformer in
Figure 4-10. If the total load, C+, is also the same on both
sides, the coefficient (¢,C+¢ — 2,Cy, ) iszeroand C, = C"_
= C, at any frequency.

In this example, and in general, the errors in the two
bridge arms do not quite cancel because the total Cr on
one side does not equal that on the other. The internal and
external stray capacitances to ground, Cgg and Cgy,, are
seldom equal, since the bridge shields and wiring make Cq,
relatively high. Therefore, commonly, C"( > C, and the
bridge readout is low. For example, other things being
equal, if Cg — Cg, = 100 pF, the bridge would read low
by 1600 ppm at 100 kHz.

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

1ke 100 kc
X00.498 pF X00.163 pF
9X0.498 998.686

At 1 kHz, a setting of 9X was equivalent to X0, as it
should be. At 100 kHz, not only was the measurement in
error because of residual impedances, but the change from
X0 to 9X resulted in a new balance requirement so the final
readout was 99. In fact the two 100-kHz measurements
differed from each other by considerably more than the
original error due to frequency. The reading was lower for
the second 100-kHz measurement than for the first, be-
cause the capacitance Cg¢ was larger. With the X00 setting,
the internal 1000-pF standard and its ground and wiring
capacitance loaded the transformer predominantly; with
the 998 setting, both the 100-pF and 10-pF standards were
also connected and the ground capacitance was thereby
increased about 170 pF. Also, several other capacitors were

~witched to higher taps in the final balance. This example is

:arly an extreme case.

For a bridge ratio of 1:1, therefore, the bridge errors in
C and G are typically less than, say, 1000 ppm at 100 Hz.
Both errors are proportional to frequency squared. It is not
usually practical to apply corrections for these errors to the
bridge readings, chiefly because the magnitudes of the stray
capacitances to ground and their variations with switch
settings are not easily determined.

4.7.3 The 10:1 Ratio.

Bridge errors from transformer residuals can, in theory,
be reduced or eliminated by symmetry in the bridge circuit
for any transformer ratio, just as in the example of the 1:1
ratio. All that is required is that £, C, = &Cyg or £, /¢, =
C14/Cyx 1o make C, = Cg; hence, the residuals should be
proportional to the ratio.

In practice, there are several reasons why the errors,
w?8Ct or w?rCyCy, cannot be kept the same on both sides
of the bridge as the ratio is increased. The residual impedan-
ces r and & (Table 4-1) differ slightly from proportionality
to ratio, even when that is small. For high ratios, the r and €
on the low side can never be less than the minimum values
set by the wiring, switch, and terminal impedances. Any
wires used to connect the unknown capacitor to the bridge
also increase these residual impedances. The capacitance
residuals also are seldom proportional to ratio. Although
the bridge ratio is determined essentially by the ratio of the
unknown and standard capacitances, C,/C,, the error
depends upon total capacitance in the bridge arm, e.g., Cr
= C + Cqt *+ Cg. Neither the transformer-winding capaci-
tances, Cg 1. nor the ground capacitances of the capacitors,
Cg. are proportional to ratio.

Generally, for a ratio of 10:1, the bridge errors in C may
be as high as 0.3% at 100 kHz. The errors are dependent
upon decade settings and stray capacitances in the bridge
and also outside, so that corrections are not easily made.

4.7.4 The 1:100 Ratio.

A typical situation in which you would use a 100:1 ratio
is measuring a capacitor larger than 1 uF. The large ratio
generally means a large bridge error resulting from the
residual impedances, but also simplicity in their effect and,
therefore, a chance to correct your measurement by calcu-
lation.

Capacitance to ground from the UNKNOWN HIGH
terminal, due to the capacitor attached there, can be
measured (with another bridge) or estimated. That and Cg
(Table 4-1) are usually negligible in determining the
dominant factor Ct, in the error,

CTx =Cx+CGTx+CzeC

X

Error = w?(f,Cy, - &Cy ) = w?Q,C,
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Notice that this error is positive (readout is too high), that
it is fractional (a dimensionless percentage, not a number of
picofarads), and that it is proportional to frequency
squared, the value of capacitor measured, and the total
series inductance (including transformer leakage and those
components of £ in cables outside the bridge). Whether £,
includes also the series inductance within the structure of
the unknown capacitor depends on definition. If not, then
C, is an effective ""terminal’ capacitance and is liable to be
frequency dependent. If yes, then C, is the series capaci-
tance within that structure, and may be essentially indepen-
dent of frequency.

The G error is more conveniently treated as an additive
term (mhos) rather than a fractional error. Because of the
sense of the large ratio and the limitations of resistance in
switches and connections, the term containing r, predomi-
nates, thus:

NS
AG = WP, CriCy — N w? rsCtsCs
X

e A 2
AG = w? erTxCx ~ wr,Cy

Again, this error is positive (readout is high). However, it is
a number of Siemens, not a ratio. It is proportional to fre-
guency squared, sz, and to the total series resistance
including those components of r, in cables outside the
bridge. Whether r, includes any lossy component inside the
capacitor under test depends on your definition. At any
one freguency, the conductance can be expressed as an
equivalent series component R, as shown in para. 3.6.
Usually that is not included in r,. However a known series
resistance (often called "ohmic'’ resistance or d-c series
resistance} may be treated as part of r, and thereby
excluded from your measurement,

As a rule of thumb, calculated corrections of the types
given above (for C and G, for 1:100 ratio) are accurate to 5
or 10%. Use themn to reduce the error of high-frequency
measurement an order of magnitude; but if frequency is 30
kHz (for example) do not expect corrected measurements
to be as accurate as 1-kHz measurements.

4.7.5 C Offset Due to Induction.

In addition to the residual impedances previously
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described, another source of error at high frequencies is the
voltage induced in the internal bridge wiring connected to
the detector circuit by currents flowing in the bridge
circuits connected to the transformer, The bridge does r
have the short, coaxial current paths required for radises®
frequency accuracy, and mutual inductances of the order of
0.1 uH between bridge arms may be expected. Since the
currents drawn from the transformer by the bridge capaci-
tors increase with frequency (i = wCE) and the voltages
induced in the detector circuit are proportional to wMi,
these error voltages, e = w*MCE, increase with the square
of frequency. The errors depend also, in a complicated way,
upon the internal capacitors used, the transformer voltages
applied to them, and therefore the front-panel switch set-
tings. Experiments confirm, however, that these errors
appear not as a percentage of the measured capacitance but
as a more-or-less constant picofarad error or C offset at any
one frequency. The order of magnitude of the error is 100
aF at 100 kHz.

4.7.6 Ground-Circuit Impedance.

Another source of error, which may be significant when
you measure a 3-terminal capacitor remotely at high
frequency, is the finite impedance of the path between the
shield of the capacitor and ground in the bridge. This path,
usually through one or both shields of the cables connec-
ting the capacitor to the 3-TERMINAL UNKNOWN port,
has series R and L components ng = Fisg + jwl_sg (Figure
3-1). Currents through ground capacitances C,; and C,
return through ng. The effects on the measurement artws
negative errors in both C and G; thus the correction is
additive: :

- 2
Cx = Creagout *w ChsCIsL-sg

& 2
Gy = G readout + @ ChsCisRsq

The error is most commonly noticed when Greadout 18
negative, both because it is often the larger of the two
components and because negative loss in a capacitor is an
obvious indication of the presence of error. An example is
given in para. 3.9.
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WARNING
Dangerous voltages may be present inside this case. These

instructions are intended for the use of qualified service
personnel 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.

Our warranty (at the front of this manual) attests the guality of
materials and workmanship in our products. When difficulties do
occur, our service engineers are available for technical
telephone assistance. If the difficulty canncot be eliminated by
use of the following service instructions, contact the GenRad
Service Department in Concord. MA. giving full information of
ne trouble and of steps taken to remedy it.  Describe the
nstrument by type serial, and ID numbers. (Refer 10 frent and
rear panels.)

Instrument Return.  \When returning an instrument to
GenRad for service, please identify the failure mode as
accurately as possible and include this information with the
instrument. For instruments not covered by the warranty, &
purchase order should be forwarded tc avoid unnecessary
delay.

For return shipment, please use packaging that is adequate
to protect the instrument from damage, i.e., equivalent to the
original packaging. Advice may be obtained from the GenRad
Service Department 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 1621 Precision Capacitance-Measurement
System are given below. Recalibration is described in para.
5.4. If performance is grossly inadequate, erratic, or cannot
be corrected by the adjustments, refer to trouble analysis,
para. 5.5.

"~ Equipment needed for the measurements and procedures
Jf this section is listed in Table 5-1. For all these proce-

dures, except as noted, set the front-panel controls initially
to the standard positions, as follows:
Oscilfator (1316).
POWER — on (after preliminaries, para. 3.1).
FREQUENCY — 1.01 kHz
OUTPUT VOLTAGE RANGE - 15V
OQUTPUT ADJUST — 10 on lower scale of meter
Detector (1238).
POWER — ON (after preliminaries, para. 3.1)
FREQUENCY — 1.01 kHz
TIME CONSTANT — 0.3
FINE ADJUST — each control at midrange
PHASE SHIFT — 180° (Large dial at 0°%)
SENSITIVITY — maximum (cw)
GAIN — 40 dB
COMPRESSION — disabled (button out)
LINE REJECTION — disabled (button out)
Bridge (1616).
C MAX — down (3 windows closed)
CAPACITANCE — zero
CONDUCTANCE — zero
Conductance Multiplier — X10™®
EXT MULTIPLIER — OFF
TERMINAL SELECTOR — CAL
ZeRO ADJUST — any position

5.2.2 Zero Setting, Offsets, and Sensitivity.

Verify that the capacitance offset Cq can be set to zero
and measure the conductance offset Go- as follows. Sensi-
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 shield (Table 5-1) on the
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Table 5-1
TEST EQUIPMENT

Item Requirements
Reference standard capacitor, Stability: 20 ppm/year; temperature coefficient:
(GR14044) 2 ppm/°C; terminals: 3; value: 100 pF £10 ppm.
Standard resistor, 100 k2 Accuracy, © +.01% at 23°C.
Precision metal-film resistors TN TSI ey o mom & & S 4 8 o0 0 & dan 4

1MQ £0.1% (drequired) . . . . ... .. ... . ...
10.2k220.71%. . . . . s e e e e e e

100 & £0.1%
DC Resistance bridge Basic accuracy: £0.01%. direct reading: range 1uS to
(GR16686) ' 1 TEL B-digit resolution.
Binding-post adaptor Fits 2-TERMINAL UNKNCWN port {GBOO connector],

o BANANA JACK 3/4" spacing

Patch cords Doubly shelded coaxial cable with locking G874
connectors: length: 3 ft. (2 reguired)

Open circuit Shielded mount for conductance network, G874
connectars; (2 requirec).

Mount Shielded mount for conductance network; G874
connectors; (2 required).

Table 5-2
CAPACITANCE RATIO CHECKS

TERMINAL Approx Trimmer

SELECTOR nF pF fF aF Tolerance GAIN Label
3-ter x1 bt X00 see 5.2.3¢c 000 see 5.2.3d 70db 1nf
CAL * NXO0 000 000.0 500aF 90 100pF
CAL Al *NX 000 000.0 50aF 110 10pF
CAL ek *ON X00 000.0 10aF 120 1pF
CAL kel *00 NX0 000.0 S5aF 130 100fF
CAL o] *00 ONX 000.0 5aF 130 10aF
CAL o *00 000 X00.0 50aF 130 1aF
CAL *a *00 000 NX0.0 5aF 130 100aF
CAL he *00 000 ONX.0 5aF 130 10aF
CAL A *00 000 00n.X 2aF 130 1aF
CAL *N X00 000 000.0 5fF 50 10nF
CAL NX 000 000 000.0 50fF 30 100nF
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3-TERMINAL LOW connector.
SELECTOR to 3-TERMINAL X 10.

c. Balance the bridge precisely, with increased GAIN and

" necessary) voltage, as described in para. 3.5, using the
.ver switches for G but only the ZERO ADJUST control
for C. Leave the C readout at zero, except for temporary
changes of a step or two in the last digit to test whether
you have sufficient sensitivity for 9-figure resolution.
Record the G readout as G, the conductance offset. It
should notexceed .02 X 107° uS in magnitude, and may be
either + or —

d. Sensitivity is normally sufficient so that an oscillator
voltage of 100 V, GAIN setting of 130 dB, and SENSI-
TIVITY set near midrange result in a deflection of 25 (5
divisions) for 5 steps of the last C lever switch, near balance.

e. Repeat step ¢ with the Terminal SELECTOR set to
each of its 6 positions, the final one being 3 TERMINAL
X1. The bridge is now set for Co = 0 *0.1 aF, on 3-
TERMINAL X1, and Gy = a known offset.

Note that the sensitivity of ZERO 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.

Set the TERMINAL

5.2.3 Capacitance Accuracy.
Verify that the absolute value of one of the prime

~“=ternal standard capacitors has been trimmed within speci-

.ation, as follows.

NOTE
If the required external standard is unavailable, it is still
possible to make a calibration wverification with high

confidence by making only the Capacitance Ration Checks of
paragraph 5.2.4. The internal standards are all of high
stability so that checking all their ratios will almost always
detect any excessive errors. The chance of all the standards
changing by the same amount {in %) is very small.

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 bridge has been
above 45° or below 0°C; refer to para. 4.6).

b. Remove any shields from the 3-TERMINAL UNKNOWN
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 to the use of a 1000pF standard but @ 10 or 100pF
standard may be wused if the «calibration principle s
understood.

NOTE
The accuracy of a suitable standard depends on
the certified accuracy when calibrated by NBS

i or a standards laboratory, its stability and the

time elapsed since calibration, it temperature
coefficient and the temperature, etc.

the ZERO ADJUST as set.

tolerance limits indicated.
covered by a mask as set with the C-MAX lever and N

c. Set the readout to the exact value of the 1000pF
standard. starting with an X. For example, if the value is
1000.016pF, set X00.016pF. |If the value is 999.989, set
X00.N89 where N is -1. Set first row of Table 5-2.

d. Verify that the final C readout is not more than 10
ppm different from the abso/ute 3-terminal value of the C
standard. If that is known to 12 ppm, for example, the
acceptable tolerance on this measurement is *22 ppm, if
13, then £13,

e. Remove the external standard.

5.2.4 Capacitance Ratios.

The following procedure checks each internal standard
against the next higher, or lower, standard starting with the
100pF standard being checked against the just-calibrated
1000pF standard as indicated in the 2nd row of Table 5-2,
This and the next eight checks work down to the lowest
standard. The last two checks work up from 1000pF to
JTuF. (If @ 100pF or a 10pF standard was used as the
external standard, then this ratio procedure would start further
down on this table and checks shouid be added that go up
from the value of the standard used to values skipped.) The
procedure 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 the lowest G multiplier (10-8). Ge1 negative G
values using a -1 setting of the smallest digit possible. Leave
You now have Co < 0.1aF for
bridge configuration set.

c. Set up each of the C-readout combinations starting
with the second row of Table 5-2. For each, balance the
bridge using the smaller C lever switches and the G controls
as required. Verify that each balance is achieved within the
Here * indicates a zero digit

indicates a setting of -1.

If the detector phase adjustments are made as suggested
by the Condensed Operating Instructions, the IN-PHASE
meter may be zeroed with the C levers and a precise G
balance is not necessary. This meter can also be used to
extrapolate between C lever steps to estimate the error. The
GAIN settings in the table are suggested as initial settings,
more gain may be required.

5.2.5 Conductance Accuracy.

The following procedure makes use of 2 external stand-
ards to check the 5 basic internal G standards. (An equally
valid check could be made by measuring each with a d-c
bridge, a procedure which would require some disassembly
and unplugging of connections to the "G box.")

A

CAUTION
Restrict the oscillator level to 20 V rms or less

when the TERMINAL SELECTOR is set to
2-TERMINAL X1; otherwise safety diodes will
distort the test signal and invalidate the balance

condition.
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At high settings of GAIN, movement of your hands or
other objects near the unshielded 2-TERMINAL UN-
KNOWN 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§2 standard resistor (Table 5-1) as
the first G standard.

b. Reset the frequency to 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
Balance Phase Shift/Reset.

NOTE
Reset the phase shift, as required, as you ap-
proach balance in any step of the procedure:
para. 5.2.5and 5.2.6.

The need to do so is recognizable when both phase-
sensitive meters respond to a change of either C or G lever
switches. (The inconvenience of having to reset PHASE
SHIFT is to be expected only for precise measurements of
very lossy capacitors, not for most measurements.)

¢. Set up, in turn, the combination of G standard,
TERMINAL SELECTOR setting, and G readout for each of
the first 5 rows in Table 5-3. Complete steps d through f for
each setup before proceding to the next.

d. Start with a convenient GAIN setting. Balance the
bridge using the C lever switches, increasing the GAIN to
the “dB” number tabulated. (Reset PHASE SHIFT as re-
quired.)

e. Adjust the SENSITIVITY so that a change of 5
divisions on the QUADRATURE meter corresponds to the
percentage change tabulated as “‘Tolerance”’. Notice that a

0.1% change is the step from X00 to XO1, or XO{-1).
Similarly, a 1-% change is from X0 to X1, or X(-1). A 10-%
change is from X to 9. Change the GAIN if necessary.

f. Verify that the internal G standard is within
specified accuracy. In other words, the QUADRAT U
meter should read between the points labeled 25 when the
readout is set as tabulated. (The pertinent standards are R1
through RB5, in that order.)

5.2.6 Conductance Multipliers.

A procedure very similar to the preceding one is used to
check the G multiplier ratios (steps of 107!). 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 to
meet the following specifications (para. 5.4).

a. The setup is much the same as before. Initially,
reinstall the 100-k 2 standard resistor at the 2-TERMINAL
port and connect network “A' (see below) to the
3-TERMINAL UNKNOWN port, using shielded patch
cords.

b. Networks "A" and "B are 3-terminal conductance standards
that you can assemble in a few minutes. Each is & tee of 3
resistors, Figure 5-1, enclosed in an electric shield. Use a G874-X
as an enclosure for each. Measure the resistance of each resistor,
after soldering, at room temperature, to an accuracy of £.03%.
Use a precision resistance bridge, such as the GR Type 1666. For
convenience in making 4-terminal “Kelvin™ connections to each
resistor at the test fixture of such a bridge, leave the resistor pigtai's
full length. (After the measurement they can coiled up for fut

use or clioped off.) -

c. Calculate the 3-terminal conductance of each network
you have made, thus:

Table 5-3
CONDUCTANCE ACCURACY AND MULTIPLIER CHECKS

External Terminal CONDUCTANCE Approx Trimmer
Standard Selector us ns Mul GAIN  Tolerance Resistor
100 k £) 2-TERM X1 X 000.0 1 50 dB +0.1% none
100 2-TERM X10 0 X00.0 1 70 0.1 none
100 2-TERM X100 0 0X0.0 1 90 0.1 none
iomMQ 2-TERM X10 0 00X.0 1 80 2 none
10 2-TERM X100 0 000.X 1 90 10 none
100k 2-TERM X10 X 000.0 10-1 60 dB +0.1% R18
100 2-TERM X100 X 000.0 10-2 70 R19
"A" 3-TERM X1 X CDE.F 10-3 80 R20
- 3-TERM X10 X CDE.F 10-4 90 R21
"B 3-TERM X1 X GHI.J 10-5 110 R22
"B" 3-TERM X10 X GHI.J 10-6 120 R23

The letters C thru J represent digits calculated as

described in paragraph 5.2.6¢.
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R

c

RaRb+Rch+Rb RC

Ga

=X .CDEF X 102 uS;
~ i

Fi‘f
F{t:i Re+Hd Rf+Re Rf

B =X.GHIJ X 10° uS.

Here, C, D ... J represent numerical digits, of which F and
J are insignificant. Notice that X (ten) is the preferred
most-significant digit in following procedure. For example,
if G, 159.9765n |, 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 setup, before proceding to the next.

e. Balance the bridge, as before.

f. Adjust the SENSITIVITY as before, for 0.1% change
equals 5 divisions.

g. Verify that the most-significant G standard multiplied
by the selected G multiplier is within £0.1% of its nominal
value. In other words, the QUADRATURE meter should
read between the points labeled 25 when the readout is set
as tabulated.

NETWORK "4"

NETWORK "B"

1806 36
Figure 5-1. Three-terminal conductance standards. R,
=Rp = Rg = Rg = 1 MQ2. R¢ = 10.2 k2. R¢ = 100 Q.

5.3 DISASSEMBLY.
5.3.1 Knobs.

VAN

CAUTION
Do not use a screwdriver or other instrument to
pry off the knob if it is tight.

To remove the knob from a front-panel control, either
to replace, one that has been damaged or to replace the
associated control, proceed as follows:

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.

. Release the setscrew with an Allen wrench; pull the
<ushing off the shaft.

NOTE
To separate the bushing from the knob, if for
any reason they should be combined off of the
shaft, drive a machine tap a turn or two into
the bushing to provide sufficient grip for easy
separation.

To replace a knob:

a. Slip bushing on shaft and rotate to correct position as
observed in disassembly of knob.

b. Keep bushing away from panel by at least the thick-
ness of a filing card. Pull it out farther if necessary to
prevent tip of shaft from protruding.

c. Tighten the setscrew in the bushing,

d. Place knob on bushing with retention spring opposite
setscrew.

e. Push knob on until it bottoms and pull it lightly, to
check that the retention spring is seated in groove in bush-

- AN
NOTE
Keep POWER OFF during disassembly or re-
assembly.

5.3.2 Cabinet Removal. Figure 2-3.

To remove the bench-model cabinet from the bridge,
first set the instrument in the horizontal position, free of
unnecessary cables, and proceed as follows:

a. Remove the 4 dress-panel screws (A)
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. Pull the cabinet up and off. Carefully return the
instrument to a horizontal position.

To remove each instrument from the 1621 system
cabinet or each rack-mounted instrument from its cabinet,
apply step a, above. Then withdraw the instrument forward
carefully as described in para. 2.4 and 2.5.

accessible

5.3.3 C-Box Removal. Figure 5-2.

The subassembly containing the capacitance standards
comprises a substantial part of the instruments’ weight and
volume. Although it is not to be repaired, it can be removed
as follows, either for replacement or for access to miscel-
laneous wiring.

a. With the bridge right-side-up, outside its cabinet, re-
move the upper 3 screws (of a total of 5) that are about %
in. from the rear edge of the right side panel.

b. Remove the corresponding 3 from the left. Also on
the left side, remove the 3 top screws, 3 more 6 in. below
those, and finally 2 more for a total of 11 that form a
rectangle.

c. Slide the C box back only % in., so it has support, and
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disconnect the 3 BNC connectors behind the EXTERNAL
STANDARD port.

d. Slide the box back about 3% in. and support it by
hand while disconnecting the edge connector from the
etched board and the 2 wires that are separately clipped
near the middle of the bottom edge of that board.

e. Lift the C box out toward the rear.

f. In reassembly, be sure to bring the C MAX gears into
mesh as nearly right as possible. That is, preset the gear on
the C box to the ccw position (of 4 detent stops) as seen
from the left; preset the C MAX lever down {all 3 windows
blanked).

g. Connect the white wire (left) and black (right) first;

then the etched-board connector; then the 3 BNC connec-
tors in this sequence: violet (bottom), gray (middle), red
(top).

h. Reposition the idler gear associated with C MAX
necessary, by loosening, moving, and retightening the small
recessed screw in the left side panel. Moving it toward the
rear decreases the backlash but may cause binding, toward
the front makes the action more free.

i. Slip the gear engagement (if the attempt in step f was
unsuccessful) as follows. Tip the instrument onto its right
side, remove the 11 screws from the left side, and tilt the C
box by hand enough to disengage the gears while you move
the C MAX lever slightly for better alignment.

C TRIMMER PANEL

P7,.-8,-S

RATIO
TRANSFORMER
T1

C301
ACCESS

Figure 5-2. Interior view, upper rear, with the C box removed and shown above.
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A3-BOX

GEAR FOR

G-MULT TRIMMERS: R23, R21, R20, R19, R18, R22

'VER

sS4

G BOX T2

S6

Figure 5-3. Interior bottom view. The G box cover is shown fastened temporarily in position for trimming the G-multiplier network.

—

9.3.4 The G Box. Figure 5-3.

This "box,"” containing the conductance standards, is the
most conspicuous subassembly in the bottom part of the
bridge behind the bank of lever switches. Although the G
box is not to be repaired, it can be uncovered for access to
the G-multiplier adjustments and it can be removed if
necessary. Use this procedure.

a. Place the bridge upside down.

b. For access to adjustments, remove the 4 cover screws.
Move the cover to the position shown and replace 2 of the
screws through the 2 spare holes (nearest the edge) of the
cover. Adjust only with the cover attached.

c. For removal of the box, make a note of the positions
of the 10 wires to be disconnected, something like this: left
end, front-to-rear: red tracer, green tracer, blue tracer,
brown tracer, black tracer; rear panel, left-to-right: red,
viclet, black, grey, brown.

d. Disconnect those 10 wires and the yellow-banded
BNC connector,

e. Remove 2 screws in the rear panel (near, but not
holding, the BCD CAPACITANCE OUTPUT connector)
and 4 screws in the right panel,{among,but not holding, the
slide blocks) while holding the G box so it does not fall,

Lift it free.
TN n reassembly, mesh gears properly by presetting the
wvitch on the G box ccw (as seen from the right) and the G

multiplier lever “‘down,” indicating 10°¢. If necessary, to
obtain proper mesh, try again.

g. Adjust the gears for a reasonable amount of backlash
by moving the G box slightly, while you have the 4 right-
side screws temporarily loose.

NOTE
Do not reposition or replace any parts or tum
any adjustments in the G box except as instruc-
ted in para. 5.4. Otherwise 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 absolute accuracy and exact decade ratios.
The G multipliers (but not the 5 standards) can be trimmed
also. Adjustments include C301 which affects the ZERO
ADJUST ranges and mechanical adjustments on the lever
switches.

The temperature of the bridge should be maintained well
within the allowable tolerance, just as the accuracy of each
adjustment should be greater than the acceptable accuracy
of the bridge. For example, in addition to the temperature
requirements described in para. 5.2, the bridge should be
held at 23° *0.5°C for 6 hours previous to and during
recalibration.
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For special uses, it is possible to recalibrate the bridge at
temperatures other than 23°C. The range of trimming pro-
vided for the internal C standards sets the upper and lower
limits at about 21° and 26°C, respectively. If you do
recalibrate at a nonstandard temperature, be sure to tag 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 paragraphs 5.2.3 and 5.2.4 but
make adjustments of the trimmers (listed in Table 5-2) to
minimize the errors. Additional procedure is as follows.

a. Unlock and open the panel that covers the trimmer
screws (para. 1.3),

b. Obtain a small, sturdy screwdriver with an insulated
handle and shank (or enclose the shank in a plastic sleeve).

WARNING
Full oscillator voltage appears on the trimmer

screws.

c. 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 C100 which adds 1000pF to the standard arm when
100pF per step lever is set to X To trim C100 against the
external 1000pF standard (para. 5.2.3) use 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
next 9 rows of Table 5-2) use the trimmer whose labeled
value is equal to the capacitance setting. See right-hand
column of Table 5-2.

e. To trim a larger standard against a smaller (as in the last
2 rows of Table 5-2). use the trimmer whose labeled value is
10 times the capacitance setting. See right-hand column of

Table 5-2., ) ) :
f. If you are interested in preserving the accuracy as long

as possible, guard your bridge against any violent motion.
Even the impact of a dangling patch cord swung against the
panel will cause measurable changes in calibration (but
insignificant compared to the specifications). Close the
access door over the C trimmers with care, otherwise it will
snap in closing.

5.4.2 Conductance Multipliers.

The G-multiplier calibration is similar to that above.
Proceed as in para. 5.2.6 and trim so as to minimize any
errors you find. The additional procedure is as foliows.
(Notice that any possible errors in the 5 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 to the set of 6 screwdriver adjustments on
the G box, as in para. 5.3.4.

b. In turn, make the connections and settings indicated in
the last 6 rows of Table 5-3, and as described in paragraph
5.2.6. but instead of determining the error, adjust the
trimming resistor listed in the last column for the best null
possible. Always adjust these trimmers in the order given
(R18 first) because the last three adjustments have some
interdependence.
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5.4.3 C301 / Setting Zero C.

The ZERO ADJUST control varies Cg, the capacitance
offset, in any position of the TERMINAL SELECTOR /
READQUT MULTIPLIER switch. So does the rear-pane
screwdriver adjustment C301 (Figure 5-2). Normally, C301
is set so that the 10-turn range of ZERO ADJUST spans
conveniently the 3 conditions referred to in para. 5.2.2,
which are conditions of C; = 0 on CAL and both 3
TERMINAL-UNKNOWN positions. (The 3-TERM LOW
connector must be shielded.] The adjustment should be
made at 1 kHz.

5.4.4 Lever-Switch Stiffness.

The front-panel lever switches that control C and G
digits, i.e., 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 reguired at the normal finger position to push each
switch from step to step (between 0 and @).

Other settihgs are possible, to satisfy 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 knob, but you need more skill to 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 b
an annoyance. Adjust the detent stiffness as follows.

a. Remove the bridge from its cabinet and position the
instrument upside down.

b. Determine which construction you have, by reference
to Figure 5-4. A" has 3 screws in arow along the bottom
under each detent wheel; the screw farthest from the panel
is an adjustment (not locked). "B’ has 2 such screws, both
locked.

c. If you have "A" construction, turn the adjustment
screw, cw to stiffen the detent action, ccw to loosen it.

d. If "B, loosen screws B and C just enough to allow
you to move the block that holds the spring. Tilt the block
as is reguired to obtain the desired detent action and
tighten the same screws,

5.4.5 Maintenance Note On Switches

Both rotary and lever switches may become noisy or
erratic from lack of lubrication. For rotary switches such as
the TERMINAL SELECTOR switch and MULTIPLIER switch,
use CRAMOLIN RS oil. For lever switches, such as C and G
decades, use LUBRIKO H101 grease. Clean contact area of
lever switches with solvent (i.e., FREON TF) before applying a
thin film of lubricant.

5.5 TROUBLE ANALYSIS.
If the bridge requires service beyond the realm of recali

bration and adjustment described above, or the categories«es

-



of repair described below, please return the instrument to
GenRad. Refer to para. 5.1.

/ﬂD.}USTHENT SCREW, &

FRONT PANEL ~—a

(A)

FRONT PANEL —u

T

(B)

Figure 5-4. Detent mechanism of a typical lever
switch, A and B constructions. The instrument is up-
side down (showing the bottom edge of the front
panel). The type of wrench shown in part (0.25 inch,
80" , open end) is recommended for instruments
having the B construction.

5.5.1 Mechanical Damage.

Parts, such as connectors at front or rear, that are
damaged or worn, can be replaced. A wire broken loose can
be resoldered or replaced. However, the replacement of any
lever switches is not recommended. Only the simplest re-
pairs to the mechanisms of the C-MAX or the G-multiplier
levers is recommended.

5.5.2 BCD circuits.

If the BCD code available at the rear panel does not indicate the
measurement as described in para. 2.8, trace the circuit with the
help of the schematic diagram. Figure 5-7. If the trouble is in the
wiring, repair it. If in the switching, return the instrument to

GenRad.
NOTE
The lever switches are not replaceable, except
by GR.

5.5.3 Non-Repairable Subassemblies.

The following components are not to be disassembled for
repair. the ratio transformer T1, the coaxial choke T2, the G box,
and the C box. In the unusual event that one of them apparently

needs repiacement, please consult with GenRad or retum the
instrument as described before,

5.5.4 Typical Parameters.

The following parameters are typical. They are listed for
reference in trouble shooting. Unless otherwise noted, set
the controls as follows:

TERMINAL SELECTOR — CAL

EXT MULTIPLIER =0

C and G readout — zeros

C MAX — shutters closed

G multiplier — 10°°

At the GENERATOR INPUT jack: 3.7 H at 100 Hz,
1 € dc, ungrounded. Demagnetize after dc measurement;
para. 3.14, Measured series inductance increases with test
voltage; may be5Hat 1 V.

At the EXTERNAL STANDARD port, with EXT MUL-
TIPLIER at 1.0, 3.7 H at 100 Hz, 1 £ dc, grounded.
Demagnetize as above.

From DETECTOR OUTPUT to EXTERNAL STAND-
ARD LOW, with the EXTERNAL MULTIPLIER setto 1.0,
14 mH (below 1-V test voltage) at 1 kHz; R < 1  dc.

5.6 PARTS LISTS AND DIAGRAMS.

The following pages contain mechanical and electrical
parts lists, schematic diagrams, and supplementary informa-
tion.
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MECHANICAL PARTS LIST

-

" .

Fig Fed
Qnt Ref Description GR Part No. Mfg Code Mfg Part No. Fed Stock No.
FRONT
1 1. Lock with 2 keys. 5605-0100 24655 5605-0100
2 2. Handle. 5360-2032 24655 5360-2032
1 3. Cabinet gasket. 5331-2220 24655 5331-2220
1 4, Bench cabinet assembly; 4172-4016 24655 4172-4016
detailed breakdown listed separately.*
2 5 Panel locking connector asm., 0874-4006 24655 0874-4006
J1,EXTERNAL STANDARD HIGH;
J4,3-TERMINAL UNKNOWN HIGH.
2 6.  Panel locking connector asm., 0874-4005 24655 0874-4005
J2, EXTERNAL STANDARD LOW,;
J3,3-TERMINAL UNKNOWN LOW.
1 7. Banana jack, J5, ground connection. 4150-0900 24655 4150-0900
1 8. Precision connector, J6, 22TERMINAL 0900-4410 24655 0900-4410
UNKNOWN.
1 9. Knob asm., ZERO ADJUST, including: 5520-5333 24655 5520-5333
retainer. 5220-5402 24655 5220-5402
2 10. Knob asm., TERMINAL SELECTOR; 5500-5321 24655 5500-5321
EXT MULTIPLIER, including:
retainer. 5220-5402 24655 5220-5402
19 11 Knob for CAPACITANCE or CONDUC- 5500-5120 24655 5500-5120
TANCE lever switch.
1 12. Door assembly. 1616-1041 24655 1616-1041
REAR
1 1 Multiple socket, J12, BCD CONDUC- 4230-4036 93916 57-40360
TANCE OUTPUT.
1 2. Multiple socket, J13, BCD CAPACI- 4230-4049 93916 57-40500 5935-062-177"
TANCE OUTPUT.
2 3 BNC connector, J11, GENERATOR 4230-1200 91836 KC-19-161
OUTPUT; J14, DETECTOR OUTPUT
2 4. Foot (resilient strip). 4171-7010 24655 4171-7010
NOTE

*Cabinet kits and hardward are listed on page 5-12.
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Electrical parts information in this section is presanted
in such s way that all the data for a part-numbered sub-
assambly are visible in 8 single opening of the manual.
Thus, the parts list appears on left-hand pages, while the
part-locstion disgram (on the spron) snd the schematic
disgram (tip out) are on right-hand pages.

REFERENCE DESIGNATOR ABBREVIATONS

B = Motor

BT = Battery

[ 4 = Capacitor
CR = Diode

DS = Lamp

F = Fuse

J = Jack

K = Relay

KL = Relay Coil
KS = Relay Switch
L = Inductor
M = Mater

MK = Microphone

Plug

Transistor
Resistor

Switch
Transformer
Integrated Circuit
Diode, Zenar
Socket for Plug-in
Crystal

Network

N< x4 20DpD ™

Raeferences
ASA Y32.16 and MIL-STD-16C



CONNECTIONS

* OUTPUT LEAVES SUBASSEMBL Y

= INPUT FAOM DIFFERENT SUBASSEMBLY
> DUTFUT AEMAINS DN SUBASSEMBLY

= INPUT FAOM SAME SUBASSEMALY

S4 SEQUENCE
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24, 105R | | . e *
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» WTS B
S2.
52 SEQUENCE Ay
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Figure 5-7. Wiring diagram of BCD output circuits.
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ELECTRICAL PARTS LIST

CHASSIS MCUNTED PARTS P/N 1616-3000
REFDES DESCRIPTION PART NO. FMC MFGR PART NUMBER
C 1 CAPACITOR .05993 UF u505-4029 24655 2505-4029
c 2 CAPACITOR 9990 PF 0505-4028 24655 0505-4028
Cc 3 FACTCRY SELECT FIEB-REES
Cc 4 CAPACITCOR AILR 3-32PF 4380-37125 74970 160-130
c 5 FACTCRY SELECT bbb b b 2
C 6 CAPACITCR AIR 1.7-B.7PF 438U-3600 B0O583 MAC-19
c 7 TRIMMER CAPACITOR ASM 1615-2120 24655 1615-2120
c 8 TRIMMER CAPACITOR ASM 16152120 24655 1615-2120
c 9 TRIMMER CAPACITOR ASM L615-2110 24655 1615-211¢
C 10 TRIMMER CAPACITOR ASM 1615-2110 24655 1615-2110
C 11 TRIMMER CAPACITOR ASM 1615-2110 24655 1615-2110
c 12 TRIMMER CAPACITOR ASM 1615-2110 24655 L615-2110
c 13 TRIMMER CAPACITOR ASM 1615-2110 24655 1615-2110
c 14 TRIMMER CAPACITOR ASM 1615-2130 24655 1615-2130
c 15 TRIMMER CAPACITOR ASM L615-213J0 24655 1615-2130
C 16 TRIMMER CAPACITOR ASM 16152180 24655 1615-2180
c 17 CAP PCLYPRCPYL 560PF 10PCT 200V 4863-1569 19396 PP481 560PF 10PCT
C 18 TRIMMER CAPACITOR ASM 1615-2200 24655 1615-2200
c 20 TRIMMER CAPACITOR ASM Ll615-2120 24655 1615-2120
c 21 TRIMMER CAPACITOR ASM 1615-2110 24655 1615-2110
C 22 TRIMMER L616-6600 24655 1616-6600
C 23 TRIMMER 1616-6600 24655 1616-6600
C 24 TRIMMER 1616-6600 24655 1616-6600
c 25 TRIMMER 1616-6600 24655 1616-66020
c 26 TRIMMER 1616-6600 24655 1616-6600
C 27 TRIMMER 1616-6600 24655 1616-6600 :
c 28 CAP MICA 62 PF SPCT 500V +700~-0364 Bl349 CMUSED620 JIN
C 100 CAPACITOR ASM 1616-4810 24655 1616-4810
C 101 CAPACITOR ASM L61l6~48l0 24655 1616-4810
C 102 CAPACITOR ASM 1616-4810 24655 1616-4810
C 103 CAPACITCR ASM 1616-4810 24655 1616-4810
C 300 FACTORY ADJUST =+
C 301 TRIMMER CAPACITOR ASM 16152130 24655 1615-2130
** J 1 PANEL CGNNECTOR 0874-4006 24655 0874-4006
*x ] 2 PANEL CCANECTOR 0874-4005 24655 08T74-4005
*x J 3 PANEL CCANECTOR J8T4-4005 24655 0874-4005
wx J 4 PANEL CONNECTOR V874-4006 24655 0874-4006
J 5 BUSHING ThHREADED BANANA TURRET 4150-0900 24655 4150-0900
** ) 6 PANEL CCANECTOR 0900-4410 24655 0900-4410
J 7 RECPT BNC 4230-2300 24655 4230-2300
J 8 RECPT BNC 4230-2300 24655 4230-2300
] 9 RECPT BNC 4230-2300 24655 4230-2300
J 10 CONNECTCR PC 15 POS SR .156 SP 4230-2715 26601 143-015-08
J 11 RECPT BNC BULKHEAD .206 CABLE 423u-12GJd 91836 KC~19-161
J 12 RECPT MICRO RIB 36 CONT 4230—-4036 02660 57-40360-9
J 13 RECPT MICRC RIB 50 CONT 4230-4049 02660 57-40500-4
J 14 RECPT BNC BULKHEAD .206 CABLE 4230-1200 91836 KC-19-161
J 15 RECPT BNC 4230-2300 24655 4230-2300
* R O RES CCMP 100 K S5PCT L/4W 6U99-4105 81349 RCRO7G104J
R - 1 RES FLM 10K S/LO0OPCTLISPPML/4W 6619-3450 24655 6619-3450
R 2 RES FLM 160K 5/100PCTL5PPM1/4W 6619-3455 24655 6619-3455
R 3 RES FLM 1M 1/10PCT L5PPM1/4W 66193460 24655 6619-3460
R 4 RES FLM 10 M 1PCT LDOPPM 1/4W 6188-5100 24655 6188-5100
*x* R 5 RES FLM 10G M 1PCT LOOPPM 1/4W 6188-6100 24655 6188-6100
R 6 RES FLM 80K L/10PCT 15PPM1/4W 6615-3465 24655 6619-3465
R T RES FLM 800K L/10PCT 15PPM1/4W 6619-3470 24655 6619-3470
R B8 RES FLM 8 M 1PCT L00PPM L/4W 6188-4B00 24655 6188-4800
R 9 RES FLM 80 M 1PCT 100PPM 1/4W 6188-5800 24655 6188-5800
R 24 POT wmWw KNCB 1K OHM 5 PCT 107 6060-0142 B0294 35405-1-102
S 1 SWITCH RCTARY ASM 7890-5338 24655 7890-5338
S 2 SWITCH RCTARY ASM 7890-5339 24655 7890-5339
S 3 SWITCH SHIELD 7890-8250 24655 7890-8250
5 4 SWITCH RCTARY ASM 7890-5337 24655 7890-5337
S 5 SWITCH ASM 1616-2500 24655 1616-2500
S 6 SWITCH ASM 1616-2500 24655 1616-2500
s 7 SWITCH ASM 16162500 24655 1616-2500
S 8 SWITCH ASM 1616-2500 24655 1616—-2500
S 9 SWITCH ASM 1616-2500 24655 1616-2500
S 10 SWITCH ASM 1616-2500 24655 1616-2500
S 11 SWITCH ASM 1616-2500 24655 1616-2500

* PART OF SWITCH ASM 1616-2500
% SUPPLY AS LOOSE PARTS
***  ORIENTATION OF PART IS CRITICAL
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ELECTRICAL PARTS LIST (cont)

CHASSIS MCUNTED PARTS

P/N 1616-30600

NUMBER

NUMBER

REFDES DESCRIPTION PART NO- FMC MFGR PART

S 12 SWITCH ASM 1616-2500 24655 1616-2500

S 13 SWITCH ASM 1616-2500 24655 1616-2500

S 14 SWITCH ASK L616-2500 24655 1616-2500

5 15 SWITCH ASM 1616-2500 24655 1616-2500

S 16 SWITCH ASM 1616-2500 24655 1616-2500

S 17 SWITCH ASM L616-2500 24655 1616-2500

S 18 SWITCH ASM 1616-2500 24655 1616-2500

S 19 SWITCH ASM 1616-2500 24655 1616-2500

S 20 SWITCH ASM L616-2500 24655 1616-2500

S 21 SWITCH ASH 1616-2500 24655 1616-2500

T 1 TOROIC TRANSFORMER ASM 1616-2310 24655 1616-2310

T 2 CHOKE ASM 1616—2450 24655 16 16-2450

VR 1 ZENER LMZ—-684A 68V SPCT l.5W 6083-1064 24444 LMZ-68A 1.5R68B

VR 2 IENER LMI-6BA 68V SPCT 1.5W 05083-1064 24444 LMI-68A 1.5R688
PC BOARD P/N 1616-4T720

REFDES CESCRIPTION PART NO. FMC MFGR PART

R 10 RES FLM 1.02K 1/10 PCT 50PPM1/2w 6193—-1000 81349 RN70C10218B

R 11 RES FLM 100 OHM1/1QPCT 50PPML1/8W 6619-1600 24655 6619-1600

R 12 RES FLM €45K 1 PCT 1/4n 6350-3649 81349 RN60D6493F

R 13 RES FLM €4.9K 1 PCT 1/4W 6350-2649 B1349 RN60D6492 F

R 14 RES FLM 64.9K 1 PCT 174w 6350-2649 81349 RN&60D6492F

R 15 RES FLM €4.9K 1 PCT 1/4Hw 6350-2649 81349 RN60D6492F

R 16 RES FLM &.04K 1 PCT 1/8wW 6250-1604 81349 RN55D6041 F

R 17 RE5 FLM 715 CHM 1 PCT 1/8W 6250-0715 81349 RN55D7150F

R 18 POT CERM TRM 200K OHM 10 PCT 15T 6049-0193 80294 3006P-1+204

R 19 POT CERM TRM 20K OHM 19 PCT 15T 60490190 B0294 3006P~1-203

R 20 PGT CERM TRM 20K OHM 10 PCT 15T 6u4S-0190 80294 3006P-1-203

R 21 POT CERM TRM 20K OHM 10 PCT 15T 6049-0190 80294 3006P-1-203

R 22 POT CERM TRM 2K OHM 10 PCT 15T 6049-0187 80254 3006P-1-202

Figure 5-8. Conductance-multiplier board assembly 1616-4720, showing etched circuit.
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MECHANICAL PARTS LIST

Qnt Description GR Part No.

RACK -MOUNTING CABINET KIT FOR

1616 BRIDGE 4174-3627
Cabinet, factory-assembled, of these.
parts:
2 Covers
2 Side pans
2 Eyelets, used as rivets
1 Set of 2 tracks, with rivets.
Kit also includes:
4 Dress -panel screws, 10-32, 9/16 in. A*
4 Thread-forming screws, 8-32, 1/4 in, B*
4 Nuts, 10-32, and washers.
BRACKET SET FOR 1616 BRIDGE 4174-2007
2 Rear-support brackets
8 Thread-cutting screws, 10-32, 1/2 in, c,
4 Thread-forming screws, 8-32, 3/16in, E*

BENCH CABINET KIT FOR 1616 BRIDGE

1 Bench-cabinet assembly
including: 1 Cabinet
1 Gasket
1 Base with hardware

Factory assembled with:
Tracks
Brackets for rear support;
and 8 screws, 8-32, 5/16.
Also supplied with:
4 Dress-panel screws, 10-32, 9/16 in, A*
4 Thread-forming screws, 8-32, 1/4 in. B*

b3 b2

BENCH CABINET KIT FOR 1621 SYSTEM

1 Bench Cabinet Assembly
including: 1 Cabinet
1 Gasket
2 Air filters
1 Base with hardware
1 Set: 2 handles
and hardware
Factory asscmbled with:
Dust shelves.,
Tracks (horizontal),
12 -in, rails (vertical, rear support).
6 3/4-in, rails (vertical, rear support).
3 1/4-in, rails (vertical, rear support).
Nameplate (on base).
(and thread-forming screws, 8-32, 5/16 in.)

= b B B Oh b2

SCREWS

Also required with 4177-2621 (not included)

3 Sets of screws, as below,
4 dress-panel screws, 10-32, 9/16 in, A*
4 thread-forming screws, 8-32, 1/4 in. B*

¥See Figures Z2-3, 2-4.



Manutacturer

McCov Elctrns..M1.Hallv Sosinas,Pa 17065
Jones Mfg. Chicago,IL 60181

Waisco Eletrns., Los Angeles,CA S0018
Welwyn Intntl., Westlake, OH 42145
Schweber Elctrns, Westburg, NY 11580
Aetovox, New Bediord MA 02745

AMP nc., Harrisburg PA 17105

Alden Products, Brockton MA 02413
Allen Brodiey. Milwaukes Wi 53204
Litton Inds. Bewerly Hills,CA 80213
TRW.,Lawndale,CA 90260

TI..Dallas, TX 75222

GE. . Waynesboro, VA 22380

Amerock. RockfordIL 61101

Charry Elctre, Waukegan, | L 60085
Spectrol Eletrns, City of |ngustry,CA 91745
Ferroxcube. Saugerties, NY 12477
Fenwall Lab, Merton Growe,| L 60053
GE. Schenectady NY 12307

Amphenol. Brosdveew, |L 50153

ACA, Somerville, NJ 0BBTE

Fastex., Desplaing, | L 60016

Carter Ink. Cambridge MA 02142

GE. Syrscusa,NY 13201

Vanguard Elctrns. Inglewood,CA 90302
Grayburne,, Yonkers, NY 10701
Transitron Elctrns, Wakefieid, MA 01880
KDl Pyrotilm, Whippany NJ 07981
Chairex. New York NY 10001

Arraw Hart. Hartlord CT 06106
Digitronecs. A lbertson MY 11507
Motarola, Phoenix, AZ B5008
Component Mg, W.Bridgewater MA 02379
Tansistor Elctrns. Benningon, VT 05201
Corcom.,Chicage,|L 60639

ITT Eictrns, Pomona,CA 91766

Cantrols Co.of Amer. Melrose Pi|L 60160
WViking Inds, Chatswarth,CA 91311
Barber Colman, Rockford,IL 61101
Barnes Mg, Mansfield OH 44801
Wakefield Eng,, Wakefield, MA 01880
Panduit, Tinley Px,|L 60477

Truelove & Maclean. Wateroury CT 06708
Precision Monolrth, Santa Clara,CA 95050
Clevite, ,Cleveland, OH 44110

WLE Stamp. Cleveland,OH 44104
Fischco Plste, Chicago, | L 60645
Telecyne Knics. Soland Beh, CA 92075
Alsddin Eletrns. Nashville, TN 37210
Aoss Milton. Southampton PA 18566
Digitran._ Pazadena,CA 91105

Engile Signai. Barsboo, W) 53913

Cinch Graphik.,City of Industry CA 91744
Avnet., Culver City CA 90230

Farchild, Mountain View,CA 84040
Birtcher.,N.Los Angeles,CA 90032
Amer. Semicond., Arlington Hr,|L 60004
Magnetic Core. Newburgh NY 12650
USM Fastener, Shelton CT 06484
Bodine. Bridgeport, CT 06605

Bodine Eletre. Chicago,| L 60618

Cont Device, Hawthorne, CA 80250
Stare Labs, New York NY 10003

Borg Inst., Delavan, Wi 53115

Deutsch Fastener.,Lor Angeles,CA 90045
Ball Elctre., Chicago,i L 60632

Vemaline Prod..Franklin Lakes NJ 07417
GE..Buftalo,NY 14220

CA&K Companents. Watertown, Ma 02172
Star-Tronics., Georgetown, Ma 01830
Burgess Battery, Freeport,IL 61032
Fenwal Elctrns., Framingham Ma 01701
Burndy. Norwalk, CT 06852

Glasseal Prod., Linden,NJ 07036

Chicago Switch., Chicago,| L 60647

CTS of Barne. Burne, IN 46711

Chandier Evans.,W.Hartford, CT 06101
Nortronics, Minneapoiis, MN 55427
National..Sants Clara,Ca 95051

Eictre Transistors,, Flushing NY 11354
Teledyne. Mountain View, CA 54043
Hamiin., Lake Miltis,W| 53551

RCA, Woodbridge, N.J 07095

Clarostat., Dover, NH 03820
Micromerals, City of Industry,CA 91744
Dickson Eictrns. Scottsdale AZ B5252
Unitrode., Watertown,MA 02172
Electrocrafr., Hopkins, MM 55343
Thermalioy.,Dalls, TX 75234

Vogue Inst, Richmond HillLNY 11418
ernitron,, Laconia, NH 03246

Solitron Devices,, Tappan,NY 10883
Fairchild..San Rafeel CA 34503

Burr Brown., Tucson AZ BST06

Ansdex Inst.,Van Nuys,CA 91405

Elctre Controls, Wilton,CT 06897
Amarican Labs. Fullerton,CA 92634
RAelton. Arcedia,CA 91006

ITT..W.Paim Beach FL 33402

Watking & Johmon., Palo Alto,CA 84304
Corbin,,Berlin,CT 06037

Carnell Dubilier., Newak, NJ 07101
Corning Glass, Corming, Ny 14830
Acopian. Exton,PA 18042
Electrocube. San Gabriel CA 91776

A&G Sioan, Sun Valley,CA 91352

Eletre Inst & Socity, Stoneham, MA 02180
General Inst., Hicksville NY 11802
ITT..Lawrence, MA 08142

Digital Equsp.. Maynard MA 01754

JANUARY 1978

49671

S0101
50507
50522
50721
51167
51553
51642
52648

52676
52763

53184
53421

54297
54715

FEDERAL SUPPLY CODE

FOR MANUFACTURERS
From Defense Logistics Agency Microfiche

H4-2 SB 708-42

Manutscturer

Cutler Hammer. Milwaukee Wi 53202
Houston Inst,Bellaire, TX 77401

Fenwal Elctrns. Framingham,Ma 01701
Sinclair & Aush. St Louis,MO 63111
Spruce Pine Mica. Spruce Pine,NC 28777
Intnt! Diode. Jersey City NJ 07304
Cmmi Spectra,, Farmingron, M1 48024
Astrofab., Linden, NJ 07036

Codi. Fairlawn,NJ 07410

Sterling Inst, New Hyde Park NY 11040
Indiana General. Ogiesty,IL 61348
Delco. Kokomo,IN 46501

Precision Dynamics.,Burbank,CA 91504
Amar Micro Devices, Summerville SC 20483
Elctre Molding. Woonsocket, A1 02895
Mohawk Spring. Schiller Park | L 50176
A Precsn, H MO 21740
Singer. Somervilie, NJ 0BB76

Zekex. Concord,CA 84520
Siliconix.,Santa Clara,CA 95054
Signetics. Sunnyvaie, CA 94086

New Prod Eng, Wabash,| N 46592
Scanbe.,El Monte,CA 91731

Computer Diode.,S, Fairlawn NJ 07936
Cyeon. Sunnyvale CA S4085

Durant, Watertown, Wi 53094
Zero. Monson, Ma, 01057
i ille,FL 32601

Eastron., Haverhill, Ma 01830
Paktron.,Vienna VA 22180
Cabtron.,Chicago,| L 60622

LRC Elctrns, Horseheads NY 14845
Electra, Independence, K5 67301

Etect Inds, Murray HillNJ 07974

KMC. Long Valley NJ 07853

Fatnir Bearing,, New Britian,CT 06050
Raytheon, Norwood MA 02062

Lenox Fugle., Watchung,N.J 07060

Berg Elctres. New Cumbertand PA 17070
Electro Space Fabretrs, Topton,PA 19562
UID Ebcrres, Hollywood, FL 33022
Wavetek,San Diego,CA 92112

Avnet Eletres, Franklin Park | L 60131
Pamotor. Bulingham,CA S4010

Indisna Gnri Elctre, Keasby NJ 0BB32
Analog Devices, Camoridge, MA 02142
General Semicond., Tempe, AZ 85281

GE. . Schenectady,NY 12305

GE. Syracuse,NY 13201

GE. Cleveland, OH 44112

EMC Technigy.,Cherry Hifl NJ 08034
Gen Fad.,Concord MA 01742

Lenox Fugie. 5 Plainfield, NJ 07080
Vactite. Berkeley, CA 94710

EGAG. Bedford MA 01730

Trr-County Tube. Nunda NY 14517
Omni Spectra., Waltham MA 02154
American Zettler. Costa Mess,Ca, 92626
Nationsi. Santa Clara,Ca 95081
Hartlord Universal Ball, Rocky Hill,CT DBO&T
HP..Palo Alto,CA 84304

Heyman Mfg,, Kenilworth NJ 07033

IMC Magnetics., Rochester NH 03887
Hottman Elctres. E| Monte,CA 81734
Solid State Devices., LaMirsds CA 90638
Beckman Inst, Cedar Grove,NJ 07009
1BM, Armanik, NY 10504

Permag Magnatics., Toledo, OH 43609
Solid State Scntfe, Momgomerville, P 18936
Standford Appld Engs. Costa Mesa CA 92626
Anaslogic. Wakefield M4 01880

Trirdge., Pittsburgh,Pa 15231

Jensen. Chicago,| L 60638

Spectrum Control.,Fairview PA 18415
GE.,Owensboro, K'Y 42301
Koshler, Marlboro,MA 01752
Sernicoa. Costa Mesa,CA 92626
Silicon Genrl. Westminster, CA 92683
A Micro Devices. CA S4086
Inrel. Santa Cara,CA 85051

Solitron Devices, Jupiter FL 33458
Conatanta. Montreal OUE.CAN

National Lto. Montreal QUE,CAN
Mallory.,Indianspolis,|N 46206

Marlin Rockwell, Jamestown,NY 14701
MeGill Mg, Valpariso,IN 46383
Honeywell, Minnespolis, MN 55408
Muter. Chicago,|L 60638

National. Melrose MA 02176

New Creparture-riyat, Sendusky, OH 44370
Norma Hotfman, Stanford CT DES04
RCA. New York,NY 10020

RAsytheon. Waltham, MA 02154

Mostek, Carroliton, TX 75006

GHZ Devices.,5.Chelmsford MA 01824
Micro Networks. Worcester, MA 01506
Monsante, Palo Alto,CA 84304

Datef Systems. Canton, MA 02021

Arves Elctres, Franchiown, N 08825
Diablo Systems. Hayward, CA 94545
Centre Eng, State College,PA 16801
Plessev. Santa Ana.CA 92705
SKF Inds. Philadeiphia PA 19132
Stettner Trush,, Carenowvia, NY 13035
Sangamo Eletrc. Springfinld, 1L 62705
Xeiton., Lathem.NY 12110

Tyton., Milwau kee Wi 53209

Snallcross, Selma NC 27576

Assoc Prec Prod., Huntsvilie AL 35805
Shure Bros, Evenston,| L 60202

GSA-FSS H4-2

Code

56289
57771
58553
59730
58875

B1007
61637
61864

63743

65002
70106
70109
0417
70485

70611
70892

%
7279
71794
71400
71450
71468
71482

Manutsctures

Sprague. North Adams Ma 01247
Stimpson., Bayport NY 11705
Superior Valve, Washington, PA 15301
Thomas & Betes. Elizabeth NJ 07207
TRW, Cleveland OH 44117

Torrington., Torrington,CT 06790
Townsend. Braintree, MAa 02184
Union Carbide. New York NY 10017
United Carr Fest,,Boston,MA
Victoreen,,Cleveland OH 44104

Ward Lecnard. .Mt Vernon NY 10550
Westinghouse. Bloomfisid NJ 07003
Weston,, Newark NJ 07114

Acushnet Cap., New Sediord MA 02742
Adams & Westlake.,Elkhart,IN 46514
Chrysler., Detrovt,MI 43231

Atlantic India Rubber. Chicago,| L 60607
Amperite. Union City, NJ OTOBT
Ark-Les Switch. Watertown, MA 02172
Bead Chain. Bridgeport,CT 06605
Belden. Chicago,| L 60644

Bronson, Beacen Falls,CT 06403
Cambeidge Thermionic, Cambridge, MA 02138
Cantietd, Clifton Forge, VA 24422
Bugsmann.. St Lowis, MO 63107

CTS. Elkhary,IN 48514

Cannan,,Los Angeles,CA 80031
Clare. Chicago.I L 60645
Centralab. Milwau kes Wi 53212
Continental Carbon. New York,NY
Coto Coil. Providence, Al 02005
Crescent Box. Philadelphia,Pa 19134
Chicage Min Lamp.,Chicago, L 60640
Cingh, Chicago,| L B0624

Darnell. Downey, CA 90241
Electromotive. Willimantic, CT 06226
Continentsl Screw. New Bedford, MA 02742
Nytronics. Berkeley Hus,NJ 07922
Dialight, Brooklyn NY 11237
General Inst., Newark NJ 07104
Drake..Chicago,IL 60631

Dzus Fastener. W.Islip NY 11795
Eby. Philagelphia.PA 19144

Elastic Stop Nut.Union,NJ 07083
Eria.,Erie PA 16512

Amperex Elctres, Hicksville NY 11801
Carling Elctre, Hartford,CT 06110
Efco Resistor. New York, NY

TL Attlebore,MA 02703

JFD Eletres. Brooklyn, NY 11219
Groov-Pin. Ridgefield NJ 07657
Heinemann., Trenton, N.J 08602

Quam Nichols. Chicage,| L 60637
Hoio-Krame. Harttord CT 06110
Hubbell, Stratford, CT 06497
Industrial Cndnss,, Chicago, | L 60818
Amphenol., Danbury, CT 06810
Johnson. Waseca MN 56083
IRCITRAW), Buriington,| A 52601
Kurz-Kasch.,Davton,OH 45401

Kuka. Mt Vernon NY 10551
Latayerte, Syosset,NY 11791
Linden.,Providence R I 02905
Littelfuse, Des Phains,| L 60016

Lord Mfg. Erie.PA 16512

Mallory Eletre. Detroit, M| 48204
Maurey,, Chicage,| L 60616

3 M Co, St.Paul MN 55101

Minor Rubber. Bloomfield, NJ 07003
Millen. Malden,Ma. 02148

Mueller Elctr, Cleveland, OH 44114
National Tube, Pitsburg,PA

Cak Inds. Crysta! Lake,|L 60014

Dot Fastenar. Waterbury CT 06720
Patton MacGuyer.,Providence, Ai 02905
Pass Seymour. Syrecuse NY 13209
Piarce Roberts Aubber., Trenton,NJ 08638
Platt Bros. Waterbury CT 06720
Positive Lockwashar. Newark, N
AMF. Princeton,IN 47570
Ray-o-Vac. Madison W1 53703

TRW., Camden NJ 08103

General Inst, Brooklyn, NY 11211
Shakeproof., Eigin,I L 60120

Sigma Inst. Braintree, MA 02184
Airco Speer.. 5t Marys, PA 15867
Stwckpole. 5t Marys,PA 15867
Tinnerman,, Cleveland, OH
Tekephonics. Huntington, NY 11743
RCA. Harrison,NJ 07029

Wialdes Kohinoor. New York NY 11101
Western Rubber. Goshen IN 46526
Wirermold. Hartford CT DE110
Continental Wirt, PhiladelphiaPa 19101
Mallory Controls.,Frankiort,|N 46041
Tierick. Mt Kisco,NY 10549
Tektranix. Beaverton, OR 97005
Prestole Fastener. Toledo,OH 43605
Vickers, St Louis, MO 63166
Lambds. Melville N 11746
Spraque. N Adams,MA 01247
Motorola., Franklin Pi,IL 60131
Formica., Cincinnati, OH 45232
Standard Oil.,Lafeystre,|N 47902
Bourns Labs,Aiverside,Ca 92506
Sylvanwa. MNew York, NY 10017

Ajr Filter. Milwaukee W 53218
Harnmariund. New York NY 10010
Beckman inst. Fullerton,CA 92634
TAW Ramsey. 51 Lours MO BI166

Ref FMC Column
in Parts Lists

Manufacturer

Pure Carbon..5t Marys PA 15857

Int’l Inse,, Orange CT 06477
Grayhill.,LaGrange,| L 60525

Isalantite, Stirlng,NJ 07980
Winchester. Oakville,CT 06779
Military Specifications

Joint Army-MNavy Specitications

Int'l Rectitier, El Segundo, CA 90245
Chicago Lock. Chicapo,IL BOG41
Filtron, Flushing NY 11354

Ledex. Dayron,OH 45402

Barry Wright. Watertown MA 02172
Sybvania, Emparium, Pa 15834
No.Amer Philips, Cheshire, CT 05410
IN Pattern & Model., LaPsrt,IN 46350
Switcheraft,, Chicago,| L 60630

Resves Hoffman. Carlisle, PA 17013
Merals & Controls. Attlenoro, MA 02703
Milwaukee Rasistor, Milwaukee Wi 53204
Rotron. Woodstock NY 12498

IN General Magnet., Valparaiso,|N 46383
Varo., Garland, TX 75040

Hartweil, Placentia, CA 92670
Meissner, Mt Carmel IL 52863

Carr Fastener., Cambricge MA 02142
Victory Eng.,Soringfietd N.J 07081
Parket Seal, Culver City CA 80231
H.H.Smith, Brooklyn,NY 11207
Bearing Speity, San Francisco,CA
Sodar Elcwre. Warren PA 16365
Burroughs. Plainfield NJ 07061

Urmwon Carbide. New York NY 10017
Mass Engrg., Quincy MA 02171
Nationai Elctres. Genevs, | L 60134
TRW.,Ogaltuls, N8 69153

Lehigh Metats, Cambrioge MA 02140
Sarkes Tarman, Bloomington,IN 47401
Ta Mig, Los Angeles,Ca 90035
Kepco., Flushing, NY 11352

Payson Casters. Gurnee, 1L 60031

Prec Metal Prod. Stoneham,MA 02180
RCA, Harrison,NJ 07028

REC..New Rochelle,NY 10801

Cont Elctres, Brooklyn,NY 11222
Cutier Hammer, Lincoln, | L 62656
GTE Syhania, |pswitch MA 01938
Gould Nat Battery. Trenton, NJ 08607
Cornell Dubilier, Fuquay Varina NC 27526
K&G Mfr, New York NY

Potter & Brumfieid, Princeton,IN 47671
Holtzer Cabot. Boston MA 02119
United Transformer. Chicago,|L
Berkshire Transtormer. Kent,CT 06757
Maliory Cap..Indisnapolis,|N 46206
Mallory Bat., Tarrytown, NY 10581
Guiton Inds. Metuchen,NJ 08840
Westinghouse, Boston MA 02118
Hardware Prod. Reading PA 19602
Continental Wire., York PA 17405
Cannon. Salem,MA 01970

Gerber. Mishawaka,|N 46544
Johanson, Boonton NJ 07005

Harris, Melbourne.FL 32901

Augat Bros., Attleboro,MA 02703
Chandler. Wethersiield CT DE109

Dode Eletres. Columbus NE 68601
Eico, Willow Grove,PA 19080

General Inst,, Doiles, TX 75220

Kings Elctres. Tuckahoe NY 11223
Mephisto Tool, Hudson NY 12534
Haneywell., Freeport, | L 51032

Electra Insul. Woodside NY 11377
Edgerton Germeshussen. Boston,MA 02115
IMC Magnetics. Westbury NY 11531
Amoex, Redwood City,CA 54063
Hudson Lamp,, Kearny MNJ 07032
Sylvania. Woburn MA 01801

Amer Elctrcs Labs, Lanscale PA 19445
R&C Mg, Ramsay, PA 16671

Cramer. New York,NY 10013
Raytheon., Quincy Ma 02169

Wagner Eletre.. Livingston,NJ 07039
Weston, Archibaig,Pa, 18403

Tel Labs, Manchester, NH 03102
Duckson, Chicage,| L 60619
Magnecratt, Chicago,| L 60630

Atlat Ind, Brookline, NH 03033

Garde, Cumbertand, Rl 028564

Cuality Comp. St Marys,PA 15857
Alco Elctres., Lawrence, Ma 01843
Continental Conn. Woodside, NY 11377
Witramon,, Bridgeport, CT 06601
Gorgos. Bloomfmld NJ 07003
Methode.,Rolling Mesdow, |L 60008
Amer Brass. Torringten,CT 06790
Weckesser., Chicago, | L 60646

Aerovox Hi O.,Olean,NY 14760
Micrawave Assoc. Burlington MA 01801
Military Standards

Linermaster Switch. Woodstock CT 06281
Sealectro, Mamaroneck NY 10544
Compar, Burlingame, CA 54010

North Hills. Glen Cove NY 11542
Protective Closures, Buftalo N 14207
Metavac, Fiushing NY 11358

Varwan. Falo Altw,CA 84303

Atlee, Winchester MA 01890
Delevan:E Aurora,NY 14052
Renbrangt, Boston, MA 02118
Centralab. Milwaukes WI 53201
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Appendix A

HIGH

3-TERMINAL
UNKNOWN
PORT

LOW |

GR 1616 BRIDGE

-

B74-TL

G900 CONNECTORS

SPECIAL CABLES
— J
TEST FIXTURE 1616-38

Figure A-1. Test setup for 2-terminal measurement, with fringing eliminated.

Appendix A

An Interpretation of Millea's Method*
to Eliminate Fringing from
Two-Terminal Measurement.

If a suitable 2-terminal standard is not available, and the
uncertainty of 008 pF in the fringing of the G900 .
connector is unacceptable for your measurements, this
method is recommended. (Refer to para. 3.9.)

Test Fixture. The assembly of adaptor, tee, cables, and
wires is shown in Figure |, The special cables (2 required)
are not commercially available, but may be constructed as
follows.

a. Remove the G874 connector from one end of a Type
874-R2ZLA Patch Cord.

b. Install a G900 cable connector instead, Type 900-
C58. but do not connect its outer conductor to the cable
shield. Leave a gap as shown. by cutting the shield braid
back as far as the cable jacket. Touch the cut ends of the
braid back under the jacket enough to assure insulation. The
wo should not be cut so short as to expose the inner
conductor to external fields, The rubber sleeve should provide
some strain relief and the cable retainer (by overlapping the
shielded portion of the cable) sufficient shielding. It is
imperative that the inner conductor of the connector be rigidly
supported so that CA and CEl are constants.

A-1

c. Provide a terminal for connecting a wire (274-LM) to
the outer cenductor or each G900 connector (points a, b).

Working Capacitor. Use a 2-terminal coaxial capacitor
with a G900 connector. This is CX: it may be your unknown
capacitor or one you wish to calibrate as & standard.

Procedure.

a. With the connections as shown, i.e., Cy connected to
Cp.atoh,and b tog, measure: C, =C, +Cy.

b. With the working capacitor transferred to the other
arm of the fixture, i.e., C, connected to C;, btoh,anda
tog, measure: C, = Cg + Cy.

c. With the fixture closed on itself, i.e., C, connected to
Cg.aorbtoh (neither to g), measure C; = C, + Cpg.

d. Calculate the capacitance without fringing: Cy =
{C; +C-C3) /2

*Millea, Aurel, ““Connector Pair Techniques for the Accurate Meas-
urement of Two-Terminal Low-Value Capacitances,’’ Journal of
Research, 3, of the National Bureau of Standards, Vol 74C, Nos 3 &
4, July-Dec., 1970.
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