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{For complete detaiis, refer to Operating Instructions for Type 1615-A.)

Type 1615-A CAPACITANCE BRIDGE

DECADE MULTIPLIER
FOR EXT STANDARDS

D/6 READOUT -

D/G RANGE -
SELECTOR

BALANCE CONTROLS s ereeree

PREFARATION FOR ULE

The Type 1615- A Capacitance Bridge requires an
external generator and detector. Connect the generator
(General Radio Type 1311-A Audic Oscillator or equiv-
alent} to the GENERATOR terminals; input to bridge
should not exceed 30 v /kc. Thus, at 60 cps, input should
not exceed 2 volts, in order to aveid waveform distor-
tion. Use a shielded patch cord, such as the General
Radio Type 274-NL. Remove the shorting link from the
lower OUTPUT binding post on the Type 1311- A before
attaching the patch cord.

Coennect a tuned detector (General Radio Type
1232~ A Tuned Amplifier and Null Detector or equivalent)
to the DETECTOR connector; a I~yuv or better sensitivy
ity is required for measurements in the 10~upf range,
Use a double-shielded coaxial patch cord, suchas General
Radio Type 874-R22A. If adetector other than the Type
1232-A is used, there is a full line of General Radio co-

axial adaptors available which will permit use of the Type

§74-R22A patch cord.

Make sure that all connections to generator, de-
tector, unknown capacitor, and any standarxd capacitors
involved, are solidly made, expecially with regard to
shielded leads. Observe that all lever-type controls on
the Type 1615-A are fully engaged in detent positions.

DIGITAL READOUT

Digital readouts appear in windows directly above
all balance controls, as do red decimal-pointindicators,
automatically positioned by range-switch settings.

Direct six-digit CAPACITANCE readouts in pico-
farads (with appropriate decimal point) are provided in
ranges determined by the position of the C MAX switch,

DISSIPATION FACTOR readouts of four digits in-

three ranges, dependent on D MAX switch settings, are
available with automatically positioned decimal. Read-
outs should be multiplied by frequency in kilocycles.

Direct four-digit readouts of CONDUCTANCE
measurements, in wmhos, are provided in four ranges
determined by setting of the G MAX switch, which
also places decimal point, However, in the three
highest capacitance ranges, this readout must be mul-
tiplied by the (red)M factor corresponding to the C MAX
setting,

All readouts offer 0 through 9 indications plus X,
which indicates 10. Thus, a reading of 348X12 is equiv~-
alent to 349012,

In addition, the CAPACITANCE readout has a -1
position, which indicates that the corresponding unit of
capacitance has been placed across the UNKNOWN arm
of the bridge and is to be subtracted from the bridge
reading. A readingof 348(-1)12is equivalent to 348012 —
000100 = 347912,

{ TERMINAL
.SELECTOR

- C READOUT

. € RANGE
~"SELECTOR

CONDUCTANCE values add less to the standard
side of the bridge in +0.} and +0.01 positions and to the
unknown side in ~0.1 and -0.01 positions. A negative G
means the conductance of the unknownis the conductance
of the internal and external standards minus the bridge

G reading,

Decimal readouts in the MULTIPLY BY window in~
dicate the 11 steps by which the capacitor connected to
the EXT STANDARD comnectors can be varied.

EQUIPKENT TURN.ON

The Type 1615-A Capacitance Bridge is a purely
passive instrument and has no primarypower oY tUrn-on
requirements. Apply power to the generator and detector
used, and allow for warm-up time, as required.

NOTE: Procedures which follow assume the use of the
Tvpe 1311-A as the generatorand the Type 1232-A asthe
detector at some frequency between 50 cps and 10 kc.
For operational details, refer to the operating instructions
for the respective instruments.,

GENERATOR. To adjust the Type 1311~ A;
» 2. Set FREQUENCY selector to desired frequency.
» b, Set MAXIMUM OUTPUT selector and OUTPUT
control for a voltage level not greater than 30 volts per
kilocycle,

DETECTOR. To adjust the Type 1232-A:
» a, Adjust FILTER FREQUENCY switch toapprox-
imate frequency of generator.
» b, Rotate FILTER TUNINGcontrol to peak meter.
» ¢, Set METER switch to LOG position.
# d. Adiust GAIN contxol for midscale indication.

EQUIFMENT SELF-CHECK

As a check of the proper operation of bridge, gen~-
erator, and detector, & bridge balance canbe made atany
time with no external capacitors connected. Proceed as
follows: :

» g, Set terminal switch ro CAL (all UNKNOWN L
connectors are thereby removed from the bridge circuit),

» b, Set MULTIPLY BY switch to (.

= ¢, Set C MAX to any position,

= d, Set D MAX switch to 0,01,

» e. Null should cccur with DISSIPATION FACTOR
bhalance controls at 0000 and CAPACITANCE balance con-
trols at 000000 (position of decimal point varies with C
MAX settings). Detector deflection should increase if
any CAPACITANCE control is moved fromthe 0 position.

BRIDGE BALANCE PROCEDURES

_ The following procedures apply for all modes of
operation. Procedures for terminal selection and attach~



ment of capacitor under test, which appear in subsequent
paragraphs, are here assumed to have been completed.

» a. Move C MAX lever to a setting slightly in ex-
cess of approximate value of capacitor being measured,
or to 1 pf, if value is not known.

= b, Set D MAX lever switch to (.01 and set all
DISSIPATION FACTOR levers to 0.

= ¢. Pogition left - most CAPACITANCE lever for
minimum deflection on detector meter.

» d. To refine balance, position remaining CAPAC-
ITANCE levers, beginning at left and proceeding to right,
until no further improvement occurs.

NOTE: To improve sharpness of balance indication, increase
GAIN on detector, but restrict meter to lower half of scale.

» ¢, Manipulate DISSIPATION FACTOR switches,
starting with right-most, to refine balance further.

#» f. Alternately manipulate first CAPACITANCE
and then DISSIPATION FACTOR levers until final mull
isaccomplished. An increase inD MAX maybe required.

NOTE: ¥ 2¢ null can be achieved in D MAX positions,

try G MAX settings (same lever switch).

= . Observedirect CAPACITANCE readout in pico-
farads in the six digital windows above lever switches,
noting placement of red decimal.

* h. Observe direct DISSIPATION FACTOR reading,
if appropriate, from digitalwindows above switches, not-
ing placement of decimal point. At 1 kc, dissipation fac-
toris asindicated; otherwise, multiply by frequency inke,

» i, If appropriate, observe CONDUCTANCE in
prbos, reading from digital windows above switches.
Multiply reading by M factor (red engraving on C MAX
dial) to calculare final value,

MRECT CAPACITANCE MEASUREMENT

Fordirect measurement, no connection to the EXT
STANDARD terminals is required; see below for use with
an external standard. Whenever the EXT STANDARD
terminals are not used:

» a. Install Type 874-WO coaxial terminationon EXT
STANDARD L connector 1o complete shielding.
* b, Set MULTIPLY BY switch to O,

THREE-TERMINAL SHIELQED COAXIAL CONNECTIONS

To meagure direct or three~terminal capacitance
of capacitors with coaxial terminals (GR Types 1403,
1422), or of capacitors at the end of cables where only
the direct capacitance between the H and L center con-
ductors of the terminals is measured, and all capacitance
from H and from 1, to outer conducter or GND is ex-
cludeds

* a. Set terminal switch to 3 TERM to connect
bridge to coaxial unknown terminals.

#= h, Connect capacitor under test to H and L coax-
ial terminals. The lead connected to the L terminal
{high-impedance gide of detector}mustalwaysbe shield-
ed. Use Type 874-R22A patch cordwithappropriate Type
874 coaxial adaptor, if required.

» ¢, Balance bridge as indicated previously.

THREE-TERMINAL UNSHIELDED BINDING.POST COMNECTIONS

To measure direct or three-terminal capacitance
of capacitors with unshielded plug or jack terminals (GR
Type 1409) or with leads, where ounly the direct capaci-
tance between the Hand Lterminals is measured,and all
capacitance from H and from Lto GND, case, or external
ground is excluded;

#» a, Setterminalswitch to 3 TERMINAL to connect
bridge to three binding-post UNKNOWN terminals.
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» b, Connect capacitor under test to the H and L
binding posts. Connect shields or case to GND post, If
leads are used, shield lead to the L terminal {high-im-
pedance side of detector). -

» ¢, Balance bridge as mdu:ated previously.

» d. To determine capacitance added by the capaci-
tor, remove capacitor from terminals or leads, measure
the capacitance of the open terminals {zbout 0.2 pf) or
open leads, and subtractfrom the total capacitance meas-
ured in step ¢,

NOTE: High capacitance or conductance from the H terminal

to GND loads the transformer and may produce smali capacis

tance error. High capacitance from the I terminal to GNID

shunts the detector and may reduce the sensitivity.

TWO-TERMINAL BINDING-POST CONNECTIONS

To measure the capacitance of capacitorswith un-~
shielded terminals (GR Types 1409, 1401} or leads with
one terminal grounded, where all the capacitance from
the H terminal to L and GND terminals, to bridge case,
and to external ground is measured;

= a. Sef terminal switch to 2 TERMINAL to connect
bridge to three binding-post UNKNOWN terminals, The
L terminal is connected to GND.

#» b, Connect the capacitor under test to the H and
1. {or GND) binding posts with the case, low, or G side
of the capacitor connected to the L (or GND) post.

» ¢, Connect a bridge GND terminal to an external
ground to eliminate changes in bridge balance produced
by motion of operator's hands near the balance controls
(not near the UNKNOWN terminals),

* d. Balance the bridge as indicated previously,

= g, To determine the capacitance added by the ca-
pacitor, remove the capaciter from terminals or leads,
measure the capacitance of the open terminals {about
1.4 pf)or open leads, and subtract from the totalcapaci-
tance measured in step d.

USE WITH EXTERNAL STAMDARDS

To extend the accuracy of the bridge by adding to
the internal capacitors anexternal standard capacitor of
higher accuracy, erto extend the range and resolution by
adding an external capacitor of larger or smaller capaci-
tance than the internal standards:

» 4. Set the terminal switch te 3 TERM. ({(For pro-
cedure when binding posts are used, see complete Oper-
ating Instructions.)

» b, Connect a three-terminal external standard
capacitor to the coaxial H and L EXT STANDARDterm-
inals. Shield at least the lead to the L terminal,

» ¢, Connect capacitor under test as in procedure
above for three-terminal shielded coaxial connections.

» d. Set MULTIPLY BY switch to appropriate posi-
tion from 1 to 0.1, or use this switch as a seventh ca-
pacitance control to balance the bridge.

#= e, Balance bridge with CAPACITANCE controls
and with CONDUCTANCE controls, DISSIPATION FAC-
TOR controls seldom have adequate rangewhen external
standard is used.

= f, Determine measuredvalue of capacitor on UN-
KNOWN terminals by adding to the six-figure bridge
CAPACITANCE readout the capacitance of the external
standard multiplied by the readout in the window of the
MULTIPLY EXT STANDARD BY switch and by the fac-
tor M engraved in red to the right of the C MAX control
kaob., Example: Ext standard C = 1000.0000 pf. C MAX
set at 100pf, Bridge reads 31.415%9pf, MULTIPLY EXT
STANDARD BY switch set at 0.5, Capacitance of un-
kanown is 1000.0000 x 0.5 x (M= l) 500.000 plus 31.4159%
equals 531.4159.
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SPECIFICATIONS

FOR 1620-A CAPACITANCE MEASURING ASSEMBLY

{see 1615 for performance specifications)
Frequency: 50, 60, 100, 120, 200, 400, 500, 1000, 2000, 5000,
and 10,000 Hz. For use below 100 Hz, 1620-AP (with preamplifier}
shoutd be used for reselution beyond 0.01% or 0.01 pF.
Generator: 1311-A Cscillator.
Detecter: 1232-A Tuned Oscillator and Null Detector.
Preamnplifier added in 1620-AP.
power Reguired: 105 to 125 or 210 fo 25C V, 50 to 400 Hz, 22 W
far oscitlator. Null detector and preamplifier operate from in-

1232-P2

Mounting: Assembled in cabinet.
Weight: Net, 59 |b (27 kg); shipping, 96 10 (44 kg).

Catalog .
Number Description
1620-9701 Capacitance-Measuring Assemily
t620-A
1620-9829 1620-AP, with 1232-P2 detector

ternal batiery.

FOR 1615-A CAPACITANCE BRIDGE

RANGES OF MEASUREMENT

preamplifier

ACCURACY

Capacitance, 10 aF to 1.11110 aF {1017 to 10-¢ farad) in 6 ranges,
direct-reading, 6-figure resofution; least count 1017 F {10 aF).
With Range-Extension Capacitor, upper Hmit is 11,1111G xF.

At 1 kHz, {0.01% 4 0.00003 pFl. At higher frequencies and with
high capacitance, additional error is

At lower frequencies and with low capacitance, accuracy may be
limited by bridge sensitivity,
Comparison, accuracy, unknown to externai standard, 1 ppm.

Dissipation Factor, D, At 1 kHz, 0.00000) to 1, 4-figure resoiution;
teast count, 0.000001; range varies directly with frequency.

210,1% of measured value + 1 x 105 (I 4 fine + 5 furr Cpr) ]

Conductance, G, 10—+ g5 to 100 uf, 2 ranges <, 2 ranges —, 4-figure
resolution, least couni 10—+ u8) independent of frequency; range
varies with C range.

FREQUENGY: Approx 50 Hz to 10 k¥z, Usefu! with reduced ac-
curacy to 100 kHz, Below 100 Hz, resclution beyond C.01% or
0.01 pF requires preamplifier or speciat detector.

GENERAL

Standards: 1000, 10C, 10, 1, 0.1, 0.01, 0.001, 0.0001 pF. Tempera-
ture coefficient of capacitance is less than 5 ppm/°C for the
1000-, 100-, and 10-pF standards, slightly greater for the smaller
units.

Generator: Type 1310-A or 1311-A osclilator recommended. Max
safe generator voltage 30 X fux voits, 300 V max. If generator and
detector cohnections are interchanged, 150 to 500 V can be ap-
ptied, depending on swiich setlings.

bDetector: Type 1232-A Tuned Amplifier and Nuil Detector recom-
mended. For increased sensitivity needed to measure low-loss
small capacitors {on lowest C and D ranges simuitaneously) at
frequencies below 1 kHz,use 1232-AP,

Accessories Supplied: 874-WO0O Open-Circuit Termination, 874-R22A
Ratch Cerd, 274-NL Patch Cord.

Actessories Available: Type 1615-P1 Range-Extension Capacitor

+[{1% of measured vaiue - 1 X 3105 ull + 6§ X 10~ fir Cur X
(1 4 fumz 4+ & firz Cus) 2831

1615.P2 Coaxial Adaptor converts 2-terminal binding-post connec.
tion on 1815 bridge to GR900 Precision Coaxial Connector for
highly repeatable connections; enables measurements with adap-
tor to be directreading by compensating for terminal capacitance.

Mounting: Rack-Bench Cabinet.

Dimensions {width x height x depih): Bench model, 19 x 1234 x
10Vz in, {485 x 325 x 270 mm); rack modef, 19 x 1214 x 82 n.
{485 X 315 x 220 mm); 1615-P1, 3-1/16 in. dia. x 478 in, {78 X
125 mmj.

Weight: Net, 382 Ib {17.5 kg); shipping, 58 1b {27 kg).
Catalog

Number Description
1615-A Capacitance Bridge
1515-9801 Bench Modet
16159811 Rack Model
1615-9601 1615-P1 Range-Extension Capacitor
1615-9602 1615-P2 Coaxial Adaptor, GRI0O to

binding posts

General Radio Experimenter references: Vol 36 Nos. 8 & 9 August-September 1962
Vol 37 No. 8 August 1963
Vol 38 No. 2 February 1964

U. §. Patent No. 2,548,457,



TYF’E 1615-A CAPACITANCE BRIDGE

TYPE 131i TYPE I232 TUNED AMPLIFIER
AUDIC OSCILLATOR AND NULL DETECTOR
/

TYPE 1615
CAPACITANCE §
BRIDGE

Figure 1.1, Type 1620-A Capacitance Measuring Assembly,



INTRODUCTION

SECTION !

INTRODUCTION

1.1 PURPOSE.

The Type 1620-A Capacitance-Measuring Assembly
(Figure 1-1) is designed for the precise measurement of
capacitors and capacitance standards. In the standards
laboratory, its high resolution for capacitance and dissi-
pation factor make it well-suited for capacitance stand-
ards measurements. lIts in-line readout system minimizes
reading errors and permits rapid operation.

It can measure both 3-terminal and 2-terminal ca-
pacitors. Because transformer ratio arms are used in the
bridge, 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 0.01% in the measurement of 1000-pf capaci-
tor. This feature makes the assembly very useful for in
sits measurements of circuit capacitaaces.

A wide range of capacitances can be measured, ex-
tending from a lower limit of 10 upf (1075 pf) to a maxi-
mus of 1 pf, with internal standards. With external stand-
ards, 100G if is the upper limit.

Since an important use of this bridge is the com-
parison of capacitance standards, an extra set of coaxial
terminals is provided on the bridge to which a reference
standard can be connected. The standard under test is
then connected to the UNKNOWN terminal, and the in-
ternal standards used to complete the balance. If the
difference between the unknown and reference standard
is small, the accuracy of the measurement is equal to the

accuracy of calibration of the reference standard. In this
measurement, the internal bridge standards can be com-
pared with equal ease to either the unknown or reference
standard; hence, both positive and negative differences
can be measured. '

1.2 DESCRIPTION.

1.2.1 GERERAL. The Type 1620-A Capacitance-Meas-
uring Assembly consists of the Type 1615-A Capacitance
Bridge with the Type 1311-A Audio Oscillator and the
Type 1232-A Tuned Amplifier and Null Detector, a com-
piete system for the precise measurement of capacitance.

Oscillator and detector are mounted side by side as

shown in Figure 1-1 atop the bridge, The end frames are
bolted together to make a rigid assembly obviating any
requirement for the use of a relayrack. Connecting cables
are supplied. An elementary system diagram is given in
Figure 1-2.
1.2.2 BRIDGE CIRCUIT. The ratio arms of the bridge
are transformer windings, tapped on the standard side in
decimal steps from 0.1 to 1, and on the unknown side in
decade steps from I to 0.001. Eight separate, fixed-ca-
pacitance standards are used, whose values range in dec-
ade steps from 0.0001 pf to 1000 pf. This combination
of internal standards and transformer ratios makes possi-
ble the wide measurement range of 107:1,



i TYPE 1615-A CAPACITANCE BRIDGE

The loss component is read as either dissipation
factor or conductance, the former being mandatory when
D is greater than about 0.01. G must be used when ex-
ternal standards are used or interpal standards are com-

pared.
8 STANDARDS
1000pf |,

2ET

COOGOOPOo™
ROl pinh @

TYPE
[H 'S

o Ot
¢ { UNKNOWN

Cx

Figure 1-2. Type 1620-A Capacitance
Medasuring Assembly,

1.2.3 STANDARDS. Capacitaace standards utilize plates
fabricated from Invar steel for high dimensional stability
and are hermetically sealed to eliminate changes in value
resalting from changes in atmospheric pressure and hu-
midity.

Provision is made for front panel adjustment of
the internal capacitance standards in terms of the ac-
cutate transformer ratio or of external standards.

1.2.4 GENERATOR. The Type 1311-A Audio Oscillator
is an ac powered, all-transistor instrument for use in
bridge-measurement work requiring a compact source of
distortion-free, audio-frequency, sine-wave signals, It

provides at least 1.0 watt output power into a wide range
of load impedances at eleven frequencies between 50 and
10,000 cps with an accuracy of +1%. Other features in-
clude the ability to drive any impedance without clipping.
For bridge measurements the shielded secondary winding
on the output transformer permits the oscillatorto be used
as a floating source, thus minimizing or eliminating cir-
culating ground currents.

1.2.5 NULL DETECTOR. The Type 1232-A Tuned Am-
plifier and Null Detector is a versatile instrument de-
signed primarily as a bridge detector. It consists of a
sensitive, low-noise preamplifier, a frequency-selective
stage (feedback amplifier and null network), an amplifier-
compressor stage, and a meter-rectifier circuit. The total
gain capability of the amplifier is about 120 db. Full-
scale meter semsitivity is 1 microvolt, or better, over
most of a frequency range which is continuously tunable
from 20 cps to 20 ke, with additional fixed-tuned frequen-
cies of 50 ke and 100 ke. This null detector permits bal-
ances to a resolution of 1 part in 108,

1.3 CONTROLS AND CONNECTORS.
1.3.1 BRIDGE CONTROLS (See Figure 1-3). Lever-type

switches are used for both capacitance and conductance~
dissipation-factor balances. In addition to the usual dee-
ades steps (0.1.....0.9, X), each capacitance switch has
a -1 position, which greatly facilitates the balancing pro-
cedure. The capacitance readout is in picofarads, with
the decimal point automatically indicated in red.

Table 1-1 lists and describes all front-panel con-
trols and indicators found on the Type 1615-A bridge.

Figare 13, Type 1615
Capacitance Bridge conirols and
indicators. (Refer to Tables 1-1 and 1-2.)



INTRODUCTION

CONTROLS AND INDICATORS - TYPE 1615

TABLE 111

NAME REF TYPE FUNCTION RELATED INDICATOR
B ——— ————— e 2 ——
Terminal 5113 4-position rotary | Used to place bridge in desired Fixzed simplified schematic engraved
Selector Fig. 1-3 | switch operating mode, i.e. calibration, on front panel plus variable back-of-
(Gray Pointer 1) J-terminal shielded, 3-terminal panel engraving.
Knob) unshielded and 2-terminal.
C Range
CMAX 8112 6-position lever- | a. Used to select range of ca- a, White vertical scale on front panel-
(Black Knob} Fig. 1-3 | switch pacitance to be measured and C MAX 10:pf theough 1 puf.
{2} automatically place decimal
point on readout.
M b. Determines M factor by which | b. Red vertical scale on front panel-
(Black Knob) CONDUCTANCE reading {if used)| M : 1 - 1000.
must be multiplied to compute
value in micromhos, and by which
EXT STANDARD must be multi-
plied, if used.
CAPACITANCE | SI06 12-position lever | Used to balance bridge and give Horizontal, digital, window-type read-
Set of 6 through | switches direct reading on associated out in PICOFARADS with automatically
{Gray Knobs) Si11 digital scale. adjustable decimal point: 0 through 1,
Fig. 1-3. plus X and -1.
(3
D MAX $101 3-position lever- | Used to select range of DISSI- Vertical scale (white): 1, 0.1 and 0,01,
(Black Knob) (Partial) | switch PATION FACTOR measurements
Fig. 1-3 and automatically place decimal
{4) point-on readout,
G MAX 5101 4-position lever- | Used to set range for CONDUCT- | Vertical scale (red): 0.1 ul}, +0.01 pU
{Black Xnob) (Partial) | switch ANCE measurements and auto- -0.01 pJ, -0.1 p0
Fig. 1-3 matically place decimal point on
(4) readout.
DISSIPATION 5102 11-position lever | Used to balance bridge and give Horizontal, digital, window-type read-
FACTOR- through | switches direct reading on associated out with automatic decimal-point. (Af-
CONDUCTANCE | 5105 digical scale. fected by M setting, $112)
Set of 4 Fig. 1.3
{Gray Knobs) (5)
MULTIPLY 8114 11-position rotary] Used to connect EXTERNAL Decimal window-type readout: { through
EXT Fig. 1-3 STANDARD connectors to ground | 1. (Affected by M setting, S112)
STANDARD (6) or to any of 10 taps on ratio-
BY M x.... wansformer of bridge.
AND ADD TO
DECADE
READING
(Gray Bar
Knob)




_ TYPE 1615-A CAPACITANCE BRIDGE

1.3.2 BRIDGE CONNECTORS. Table 1-2 lists and de-

scribes all front-panel connectors found on the Type

1615-A Bridge.

1.3.3 GENERATOR CONTROLS AND CONNECTORS.

Controls and counnectors listed and described in Table

cillator.

1.3.4 DETECTOR CONTROLS AND CONNECTORS.

Table 1-4 lists and describes controls and connectors on
the Type 1232-A Tuned Amplifier and Null Detector.

TABL.E 1.2

CONNECTORS - TYPE 1615

1-3 are on the front panel of the Type 1311-A Audio Os-

NAME REF TYPE FUNCTION
GND Jio: Binding Post, General | Case ground.
Fig. 1-3 Radio Type 938
(4)
GENERATOR J102/J7103 | Binding Post, General | Receives input from
Fig. 1-3 Radio Type 938, in- external generator.
(B) sulated
DETECTOR Jjio4 Coaxial, General Radio | Shielded connection
Fig. 1-3 Type 874 from bridge to ex-
< ternal null detector.
'EXT STANDARD#* | J105/]J106 | Coaxial, General Radio | Shielded connection
Ha&L Fig. 1-3 Type 874 for external 3-termi-
D) nal standards.
UNENOWN J107/1108 | Coaxial, General Radio | Shielded connection
H&xL Fig. 1-3 Type 874 for 3-terminal un-
(E) known capacitors.
UNKNOWN J110/J111 | Binding Posts, General | Unshielded connec-
H, L Fig. 1-3 Radio Type 938 tion for 3- or 2-ter-
(F) {insulated) minal unknown
capacitors.
GND J1oe Binding Post, General | Case ground.
Fig, 1-3 Radio Type 938
(&

*Type 874-WO coaxial termination must always be installed on L connector
unless capacitor is attached. Needed to shield sensitive DETECTOR input.
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Figure 1-4. Type 1311 Audio Oscillator (see Table 1-3).

General Radio Type 938

TABLE 1.3
REE CONTROLS AND COMNECTORS - TYPE 1311-A
FIG. 1-4 NAME TYPE FUNCTION

1 FREQUENCY 12-position rotary switch | Used to select output
frequency.

2 MAXIMUM OUTPUT | 5-position rotary switch | Used to select output
transformer tap.

3 OUTPUT Rotary Contsol Used for fine output
level variations,

7 AF Rotary Control Used to adjust output
frequency (£2% about
nominal)

9 POWER Toggle switch Power ON/OFF con-
trol.

4-6 OUTPUT Binding Posts (3) Output terminals and

ground.

Power plug, General
Radic Type 109-A

Power input terminal.

Phone jack
(on side panel)

 Accept synchronizing

signal from external
frequency standard,
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Figure 1.5, Type 1232-AP Tuned Amplifier and Null Detector (see Table 1-4).
Consists of a Type 1232-A Tuned Amplifier and a Type 1232.-P2 Preamplifier,

TABLE 14
CONTROLS AND CONNECTORS ~ TYPE 1232.A
REF
FIG. 1-5 NAME TYPE FUNCTION

1 FILTER TUNING | Continuous rotary Tunes filter within

control selecred tuning range.

4 FILTER FRE- 6-position rotary switch | Selects desired fre-

QUENCY quency: tuning-fre-
: quency range of 20-200
cps, 200 cps-2 ke, or
2-20 kc; flat, 50-kc o
100-kc response.

6 GAIN Rotary control Turns instrument on
or off and controls
gain.

5 METER Toggle switch Selects linear or log-
arithmic response,

7 INPUT Coaxial, General Input terminal.

Radic Type 874
3 OUTPUT Binding Posts, General Amplifier outpur
Radio Type 938 terminals (not used),
EXT FILTER Phone jack Connection for ex-
2 ternal filter.
8 HIGH Z - LOW 2 | Toggle switch Use HIGH Z position
(1232-AP only) only when measuring
small capacitances or
small disipation factors
below 1 kHz.
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SECTION 9

INSTALLATION

2.1 GENERAL.

The precision capacitance measuring system de-
scribed in this manual may be obtained in four forms.
Purchased as the Type 1620-A Capacitance Measuring
Assembly it is complete, assembled and ready for bench
use as shown in Figure 1-1. For those already in pos-
session of either (or both) Type 1232-A Tuned Amplifier
and Null Detector and Type 1311-A Audio Oscillator,
these instruments may be readily combined with the
Type 1615-A Capacitance Bridge to assemble a Type
1620-A.

An Adapter Set, Type 480-P316 and a pair of end
frames, ZFR1-308-2R, -2l., are available to join the
smaller instruments to one another and to the bridge and
the three components so combined constitute a complete
Type 1620-A Assembly. By use of the Type 1615-AM
bridge with the Type 480-P316 Set plus end frames, z
Type 1620-A suitable for bench use can be assembled.
By use of a Type 1615-AR with the Type 480-P316 Set,
a Type 1620-A suitable for rack mounting can be assem-
bled.

Those planning to use detectors and generatvors
other than General] Radio Types 1232-A and 1311-A with
either Type 1615 Capacitance Bridge may make similar
combinations to suit particular needs and conditions.

2.2 TYPE 1620-A INSTALLATION.

2.2.1 SITING. The Type 1620-A Capacitance Measuring
Assembly is a highly precise system for laboratory use.
Itis intended for bench mounting and is completely self-
contained, requiring no further enclosure, such as racks
or cabiners. Some open bench area around the assembly
should be provided to support capacitors under test, or
external standard capacitors, when used.

2.2.2 POWER INPUT. The Type CAP-22 Three-Wire
Power Cord supplied should be attached to PL50! on
the rear panel of the Type 1311-A Audio Oscillator and
plugged into a standard grounding-type receptacle sup-
plying ac power at 50 to 400 cps. The supply voltage,

105 to 125 or 210 to 250, should agree with thar indi-
cated on the engraving or nameplate near PL501. The
Type 1232-A is battery operated and is shipped com-
plete with batteries; the Type 1615-AM requires no power
connection.

NOTE

If the Assembly bas been stored for any prolong-
ed period prior to installation, the batteries of the Type
1232-A should be checked Refer to the operating in
structions supplied separdtely for that instrument for
the recommended procedures.

2.2.3 ENVIRONMENTAL CONSIDERATIONS. The Type
1620-A will operate within specifications under environ-
mental conditions normally encountered in standards
laboratories. While all internal capacitance standards
used are virtually immune to environmental variations,
it should be borne in mind that marked changes in tem-
perature or humidity can have a considerable effect on
the capacitors under test and thus degrade the precision
measurements possible with this instrument assembly.
Other special environmental considerations are as fol-
lows:

1. Type 1615-A «« high concentrations of dust
obscure the read-out and stiffen the balancing controls,

2. Type 1311-A --- ambient temperatures should
not exceed 50 °C.

3. Type 1232-A --- strong magnetic or electro-

static fields should not be maintained close to this in-
strument.
2.2.4 OPEN-CIRCUIT TERMINATION, The Type 874-
WO Open Circuit Termination is supplied as an accessory
to shield the EXT STANDARD L coaxial connector. It
may be stored on any unused coaxial connector on the
Type 1615-A bridge without affecting the electrical per-
formance of the circuit associated with the conaector.
Such a practice is recommended to prevent loss of the
termination.
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2.3 ASSEMBLY OF TYPE 1620.A.

2.3.1 GENERAL. The Type 1620-A consists of the
following instruments: Type 1232-A Tuned Amplifier and
Null Detecror, Type 1311-A Audic Oscillaror, Type 1615-A
Capacitance Bridge. The Type 1232-A and Type 1311-4
are available as the Type 1240-A Bridge Oscillator-
Detector Assembly.

2.3.2 STACKMOUNTING. If the instruments are pur-
chased separately, they can be combined to form the
Type 1620-A Capacitance Measuring Assembly as follows:

Additional accessories required:

Quantity Caralog Number Description

1 0480-9636  Type 480-P316 Relay Rack
Adaptor Set
1 0874-9682  Type 874-R22A Patch Cord
1 0274-9883 Type 274-NL Patch Cord
i 1620-7000 Nylon screw, 10-32
1 5810-3300 Naut, no. i0
*1 5310-3080 Right-hand end frame
#]1 5310-3081 Left-hand end frame
*4 7660-2015 Spacers, 15/32" high
#4 7080-2900 Screws, 10-32 x 7/87
*4 8040-2400 Lockwashers, no. 10
*4 S8106-3300 Nuts, ne. 10

* Not necessary if units are to be rackmounted.

Subassembly (see Figure 2-1):

a. Remove the rubber feet from the Type 1232-A
and 1311-A,

L. Remove the screws that secure the front panel
to the aluminum end frames and remove the spacers
between the front panel and the end frames.

¢. On one instrument, install the clips with the
front-panel screws removed above.

d. Secure the two instruments together with front-
panel screws through the remaining hole in each clip.
Remove the covers, insert a nylon screw through the end
panels, install a 10-32 nut, tighten, and replace the

covers.
Note that the instruments can be bench-mounted
in this manner: simply do not remove the feet from the

outside end frames.
e. Install two clips on each adaptor plate with the
wiring screws, lockwashers, and nuts supplied,

f. Install the adaptor plates to the instruments
with the front-panel serews removed earlier.

g. Install the 5310-3080 and 5310-3081 end frames
to the adaptor plates with the 10-32 screws and cup
washers supplied.

h. Place the subassembly atop the Type 1615-A.
Place two bushings between each end frame of the sub-
assembly and the Type 1615-A, insert 7/8-inch screws
through the end frames and bushings, install lockwashers
and nuts, and tighten.

Electrical connections (see Figure 3-1k:

i. Conpect the Type 874-R22A Patch Cord between
the DETECTOR terminal of the Type 1615-A and the
INPUT terminal of the Type 1232-A.

i. At the QOUTPUT terminals of the Type 1311-A,
slide the shorting link away from the lower right-hand
binding post.

k. Connect the Type 274-NL Patch Cord between
the GENERATOR terminal of the Type 1615-A and the
OUTPUT rterminal of the Type 1311-A. The polarity
indicarors (screw heads) at the plug-ends of the cable
must be at the left for the Type 1615-A connection and
at the borrom for the Type 1311-A connection.

2.3.2 RACK MOUNTING. Foliow paragraph 2.3.2 except
do not install the 5310-3080 and 5310-3081 end frames
and do not attach the osciilator-detector subassembly to
the Type 1615-A. Remove the end frames from the Type
1615-A and install all unitstothe rack with 10-32 screws,

2.4 EQUIPMENT SUBSTITUTIONS.

Assemblies using the Type 1615-AM/AR Capaci-
tance Bridge in combination with generators and detectors
other than the Types 1311-A and 1232-A can be utilized.
For instance, General Radio Type 1210-C Unit R-C
Oscillator or Type 1310-A Oscillator and Type 1212-A
Unit Null Detector, while not specifically designed for
use with the Type 1615, will give excellent service.

In general, laboratory-type instruments which meet
the following performance specifications should give
adequate service when used with the Type 1615 Capaci-
Bridge:

1. Generator — Stable sine-wave source with output
power adjustable to a level not greater than 30 v/kc.

2. Detector — Tunable with 1 uv sensitivity,
minimum.
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SI-ECTION 3
OPERATING

3.1 GENERAL

Complete operating instructions are given in
this section for the Type 1620-A Capacitance Meas-
uring Assembly or a closely equivalent system as-
sembled around a Type 1615-A Capacitance Bridge
It is recommended that Section 4, Theory of Operatidn,
be read and uaderstood when rthe equipment Iis
firsr received, before performing the detailed pro-
cedures appearing in this section. Subsequently,
for routine measurements, reference to the condensed
operating-instruction sheet supplied should suffice.
The sheet is laminated in clear plastic to permic fre-
quent handling without deterioration. It is punched al-
ong the margin to permit insertion in standard three-
ring binders. Alternatively, it is punched at the top so
that it may be hung on the wall near the equipment,
for maximum accessibility,

NOTE

Procedures which follow assume the use of the
Type 1311-A as the generator and the Type 1232-A
as the detector,both operating at 1 ke. For operation-
al details, refer to the respective operating instruc-
tions for those instruments.

3.2 PREPARATION FOR USE

Prior to energizing the equipment, check thar
the following cennections have been made (see Fig-
ure 3-1):

a. Type 1311-A OUTPUT to Type 1615-A GEN-
ERATOR (insulated) terminals via Type 274-NL Patch
Cord.

NOTE

Polarity indicators (screw heads) at plugs must
be at bottom for Type 1311-A connection and at left
for Type 1615-A cornection,

b. Type 1232-A INPUT to Type 1615-A DETEC-
TOR coaxial terminals via Type 874-R22A Patch Cord.

10
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c. Type 1311-A power cord to appropriate 3-wire
ac outlet. :

d. Type 874-WO Open Circuit Termination sup-
plied is installed on EXT STANDARD L coaxial con~
nector if no capacitor is to be connected there.

3.3 EQUIPMENT TURN-ON

3.3.1 BRIDGE. The Type 1615-A Capacitance Bridge is
a purely passive instrument and has no primary power
or turn-on requirements. Apply power to the generator
and detector, and allow for warm-up time, as required,

3.3.2 GENERATOR. To adjust the Type 1311-A:
a. Set FREQUENCY selector to desired frequency.
b. Set MAXIMUM OUTPUT selector and OQUTPUT
CONTROL for a voltage level not greater than 30 volts
per kilocycle (300V max):
1.8 Vmax at 60 Hz
3 Vmaxat 100 Hz
30V max at 1000 Hz
300 Vmaxat 10 kHz
300  V max ar 100 kHz

3.3.3DETECTOR, To adjust the Type 1232-A:
a. Adjust FILTER FREQUENCY switch to ap-

proximate frequency of generator,
b. Rotate FILTER TUNING control to peak meter.

c. Set METER to LOG position.
d. Adjust GAIN contro! for midscale indication.

3.4 EQUIPMENT SELF-CHECK

As a check of the proper operation of bridge,
generator, and detector, a bridge balance can be made
at any time with no external capacitors connected.
Proceed as follows:

a. Set terminal selector to CAL {all UNKNOWN
L connectors are thereby removed from the bridge cir-
cuit).
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GENERATOR

MULTIPLY EXT
STANDARD BY
SWITCH

D/G READOUT

0/G RANGE
SELECTOR

DETECTOR

TERMINAL
SELECTOR

¢ READCUT

BRIDGE BALANCE CONTROL

C RANGE
SELECTOR

Figure 3-1. Operator controls and indicators.

b. Set MULTIPLY EXTERNAL STANDARD BY
to 0.

c. Set C MAX to any position.

d. Set D MAX o 0.01.

e. Null should occur with DISSIPATION FAC-
TOR balance controls at 0000 and CAPACITANCE
balance controls at 000000 (position of decimal point
varies with C MAX settings). Detector deflectionshould
increase if any CAPACITANCE balance control is mov-
ed from the O position. If balance is not accomplished,
refer to Section 6. The foregoing is a qualitative,
" proof-of-function ”, check only.

3.5 DIGITAL READOUT ON TYPE 1615-A

Digital readouts appear in windows directly
above all balance controls, as do red decimal-point
indicators, automatically positioned by range settings,

Direct six-digit CAPACITANCE readouts in
picofarads (with appropriate decimal point) are pro-
vided in ranges determined by the position of the C
MAX switch.

DISSIPATION FACTOR readouts of four.digits
in three ranges, dependent on D MAX switch settings,

are available with automatically pesitioned decimal.
Readouts should be multiplied by frequency in kilo-
cycles.

Direct four-digit readouts of CONDUCTANCE
measurements, in pmhos, are provided in four ranges
determined by setting of the G MAX switch, which also
places the decimal point. However, in the three high-
est capacitance ranges, this readout must be multiplied
by the (red) M factor corresponding to the C MAX set-
ting.

All readouts offer 0 through 9 indications plus:
X, which indicates 10, Thus a reading of 348X12 is
equivalent to 349012,

In addition, the CAPACITANCE readout has a
«] position, which indicates that the corresponding
unit of internal standard capacitance has been placed
across the UNKNOWN arm of the bridge and.is to be
subtracted from the bridge reading. A reading of
348(-1)12 is equivalent to 348012 -000100=347912.

CONDUCTANCE values add loss to the stand-
ard side of the bridge in 40.1 and+0.01 positions and
to the unknown side in -0.1 and -0.01 positions.A neg-
ative G means the coanductance of the unknown is the
conductance of the internal and external standards
minus the bridge G reading.

11
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Decimal readouts inr the MULTIPLY EXT STAN-
DARD BY...window indicate the 11 steps by which
the capacitor (if any) connected to the EXT STAND-
ARD connectors can be varied.

3.6 BRIDGE BALANCE PROCEDURES

3.6.1 GENERAL. The following procedures apply for
all modes of operation. Procedures for terminal sel-
ection and attachment of capacitor under test, which
appear in paragraph 3.7, are here assumed to have
been completed.

a. Move C MAX control to a setting slightly in
excess of approximate value of capacitor being meas-
ured. '

b. Set ID MAX switch to 0.01 and set all DIS.
SIPATION FACTOR controls to 0.

¢, Position first (leftemost) CAPACITANCE
control for minimum deflection on detector meter.

d. To refine balance, position remaining CAP«
ACITANCE controls, beginning at left and proceeding
to right, until no further improvement occurs.

NOTE
To improve sharpness of balance indication, ine
crease GAIN on detector, but restrict meter to lower

half of scale.

e. Manipulate DISSIPATION FACTOR controls,
starting with right~ most, to refine balance further.

f. Alternately manipulate first CAPACITANCE
and then DISSIPATION FACTOR controls until final
null is accomplished. An increase in D" MAX may be
required.

NOTE.

If no null can be ackicved in D MAX posmons.
try G MAX settings (same lever switch ), :

8. Observe direct CAPACITANCE readout in

picofarads in the six digital windows above controls,
noting placement of red decimal point.

L. Observe direct DISSIPATION FACTOR read-
ing, if appropriate, from digital windows above con-
trols, noting placement of decimal point. At I ke, dis-
sipation factor is asindicated; otherwise, multiply by
frequency in kilocycles,

i. ¥ appropriate, observe CONDUCTANCE in
wmhos, reading from digital windows above controls.
Multipiy reading by M factor (red engraving on C MAX
dial) to calculate final value.

3.6.2 BALANCE PROCEDURE WHEN NOMINAL CAP-
ACITANCE IS NOTKNOWN. To cbtain a bridge bal-
ance when even an approximate magnitude of the un-
known capacitance cannot be estimated, or when dif
ficulty has been eacountered in obtaining balance:
a. Set terminal selector in CAL position.
b, Sert C MAX at 1 uf.
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c., Set CAPACITANCE decade controls at
001 GO0, pf.

d. Set G MAX to +0.1 pL

e, Set CONDUCTANCE decades to 0000 .,

f. Adiust detector GAIN conerol for about 1/3
fuli-scale deflection with meter set for LOG response.
g. Connect unknowntothe appropriate terminals
and switch terminal selector to corresponding position

NOTE

The voltage at the UNKNOWN ierminals is only
0.001 times the generator voltage applied fo the bridge,
so there is litile danger of damage to the bridge or
capacitor.

h. Set CAPACITANCE decades to 000 000, pf.

i. Observe deflection of detector meter:

(1) If deflection is mear the 1/3-full-scale
reading to which it was set in step f, the un-
kaown is a capacitance of the order of 1000 pf,
or a conductance of the orderof 5uU (a re-
sistance of 200 kilohms).

{2) If the deflection is much greater than
1/3 full scale, the unknown is acapacitancemuch
larger than 1000 pf, or a conductance much lar-
ger than 5ulJ (a resistance much smaller than
200 kilohms).

(3) I the deflection is much less than 1/3
full scale, the unknown is a capacitance much
less than 1000 pf or a cenductance much less
than 51U (a resistance much greater than 200
kilohms).

j. Adjust CAPACITANCE decades, appropriate
to the indicated magnitude, for minimum meter deflec-
tion by the usual bridge balance procedure (refer to
paragraph 3.6.1).

k. If CAPACITANCE decade controls produce
no indication of balance, adjust CONDUCTANCE dec-

.. ade controls.

1. When partial balance has been attained with
these~C MAX and G MAX settings, change to other C
MAX and G MAX (or D MAX) positions as required for
a balance to the desired precision.

3.7 CAPACITANCE BALANCE CONTROLS

The bridge has three principal modes of aper-
ation for capacitance measurement. They are determ-
ined by the setting of the terminal selector switch and
the choice of UNKNOWN terminals made. In turn, these
selections are determined by the nature of the unknown
capacitor. Specific criteria for the proper selection of
operating mode are supplied inthe following paragraphs:

: 1. Three-terminal coaxial (para. 3.7.3).

2. Three-terminal binding post (para. 3.7.4).

3. Two-terminal binding-post {para. 3.7.5).

Procedures concerning the fourth (CAL) posi-
tion of the terminal selector switch are covered in Sec-
tion 6.
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3.7.1 "C MAX" SWITCH.

1. When the nominal value of capacitance to be
measured is not known, set the C MAX switch co 1nf
and follow procedure of paragraph 3.6.2,

2. When the nominal value of capacitance is
known, set C MAX to a position which makes the first

significant figure of the bridge CAPACITANCE read-
out appear in the window of the first or second CAP-
ACITANCE decade for maximum accuracy and precision.

See Figure 3-2 for an illustration of the bridge
range of unknown capacitance vs the six positions of
the C MAX switch and the readouts from 1 to X of the
six CAPACITANCE decades. The “X" readout in-
dicates that the value is in terms of the upper bound
of the "unknown capacitance” range and the, "1" in-
dicates the lower bound. :

Use any of the possible C MAX switch positions
which has adequate resolution for direct-reading ac-
curacy of 0.01%, when the capacitance can be meas-
ured on more than one position.

For the measurement of very small capacitance
differences, use the C MAX position which gives the
maximum number of significant figures in the CAPAC-
ITANCE readout. For minimum error in difference mea-
surements, use the same internal standard capacitor
for the first significant figure in all bridge readings.
The internal capacitors used for each position of each
CAPACITANCE decade ate shown in the horizontal
bars in the readout symbols in Figure 3-Z.

For minimum error from external noise sources,
use the C MAX position of maximum resolution. This
gives maximum voltage at the UNKNOWN terminals

c max

| uf jioco

Ciuf [*®

QO af w0

1000pf |

100pf |

0pf |+

LY

isT | WD { ELE] 4R T 5T GTH
CAPACITANCE DECADES

RANGE .
SELECTOR

%] READDUT AT DECADE MAXIMUM
GO e INTERNAL STANDARS GAPACITOR ipth
14 READOUT AT FIRST SYEP OF DECADE

Figure 3-2. Selections of C MAX ranges for varying
accurdcy requirements in readout.

and maximum detector-deflection for a given percent
unbalance. The voltage between the UNKNOWN H and
GND terminals, Vy, o, for a voltage E; ¢ at the bridge

GENERATOR terminals is
Vye=Egen/M (-1

where M is the multiplier from 1 to 1000 engraved on
the C MAX switch and, shown at the far right in Fig-
ure 3-2. With C MAX at 1uf and M=1000, the voltage on
the capacitor is 0.01 times that applied when C MAX
is 0.01pf{M=10) and the voltage into the detector is
proportionally reduced, so errors are more likely to
appear on the 1uf C MAX position when noise sources
ate present,

Exzample (voltage across UNKNOWN terminais):
If the maximum voltage of 30 V at 1 kHz is ap-
plied to the bridge GENERATOR terminals, the
voltage across the unknown for the six C MAX

ranges are:
C MAX M | UNKNOWN volts for Eg gy = 30V
1 uF | 1000 0.03V
0.1 pF | 100 03 Vv
0.0l uF | 10 3. ¥
1000 pF 1 0. V
108 pF 1 30. V
10 pF 1 30, V

3.7.2 THREE-TERMINAL MEASUREMENTS. The two
three-terminal measurement procedures applicable to
this bridge are distinguished by the bridgeconnectors
used. Measurements using coaxial terminations are
covered in para. 3.7.3 and those using binding-post
terminations in para. 3.7.4. Some considerations com-
mon to both are:

1. The measured direct capacitance is not
changed in most three-terminal measurements when
the connections to the capacitor are reversed, i.e.,
bridge H to capacitor L instead of bridge H to cap-
acitor H.

2. The H terminal, at the high voltage but
low-impedance output of the transformer, is not sen-
sitive to pickup from external sources and seldom
needs to be shielded. There is voltage from the H
terminal to GND, High capacitance or conductance
connected from the H terminal to GND reduces the
transformer output voltage and introduces errors into
the measured direct capacitance and conductance,

3. The L terminzl, the low voltage but high-
impedance input to the detector, is very seasitive to
to noise and signal pickup from external sources and
must be completely shielded for low-capacitance mea-

13
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surements. There is no voltage from L to GND when
the bridge is balanced. High capacitance or conduc-
tance from the L terminal to GND shunts the detector
and reduces the seasitivity of the bridge,

3.7.3 THREE-TERMINAL COAXIAL CONNECTIONS
(see Figure 3-3),
Used to Measure:

1. Three-terminal capacitors with shielded, co-
" axial connectors, such as General Radio Types 1403,
1404, 1422, and 1423.

2. Direct capacitance at the end of long, shield-
ed cables, such as in a test chamber or in a remote
equipment.

Terminal Selector: Set to 3 TERM position.

Terminals: Connect capacitor to UNKNOWN H and L
coaxial terminals, Coaxial cable should always be
used to connect L. terminal (high-impedance side of
detector). Unshielded lead may be used to coanect
to H termina!l (Jlow-impedance output of transformer),
and, if coaxial connecticn is not used, the H binding

IOPTIONAL)

EXT STANDARD MR e e T S e i i e 1
i i =
H CE{———! ! 1 o i
EI PO+ L ) i ™ HH
ger + T YPE i ‘ & iy
1 e W ks il
i N ) L,!E;[ M v - I
i f f ! =
I i &
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i
iiiii | | [~
see=l=sgbses=cd i
1 /““'\ "
!‘ {pET) B
-
[ an
Iﬁif?;;Tﬂm } 3 ©wax
MULTIPLY EXT ,{ C*T 5 TERM
STANDARD BY.., ¥ . 3
[EAABANAN TERMINAL

CaL
- .
@ * 2
; TERMINAL

Figure 3-3, Type 1615-A bridge circuit for
3-terminal coaxial measurement,

post should be used. Use Type 874-R20A or -R22A Patch
Cord, with appropsiate Type 874 coaxial adaptor, i

required.

Capacitance Measured: Direct capacitance, Cy, between

H and L terminals.

Connect any three-terminal capacitor used as
an  external standard to EXT STANDARDH and L
coaxial terminals. Coaxial cable should always be
used to connect the L terminal (high-impedance side
of the detector). Type 1403 series of capacitors or
Type 1615-P1 Range-Extension Capacitor may be
plugged directly into the H and L terminals, but care
should be taken to align the connectors properly so
that the conductors are not bent.
Bridge Balancing Procedures: As in paragraph 3.6

3.7.4 THREE-TERMINAL BINDING-POST CONNEC-
TIONS  {see Figure 3-4).

Used to Measure 1
1. Three-terminal capacitors with uashielded,
banana-plug connectors, such as Type 1409 series
2. Capacitors with two terminals, when ground
or cable capacitance must be excluded from the meas
urements; for example, capacitors measured with the
Type 1650-P1 Test Jig.
Terminal Selector: Set to 3 TERMINAL position.

Terminals: Connect the capacitor to the UNKNOWN
H and L binding posts. Connéct the shields, ot case,
to the GND binding post. When long leads are used,
shield the lead to the L binding post (high-impedance
side of detector). For capacitors with two terminals
and with one terminal connected to the capacitor case
or shield (which can be insulated from external ground)
connect the case to the bridge H terminal {low-im-
pedance output of transformer).

Capacitance Measured: Direct capacitance between
the H and L binding posts, including about 0.2 pF
capacitance between the open posts, Cy, .
Capacitance Excluded:  All capacitances, Cg, to
ground from either H or L posts. Any GND terminal
on the bridge is a guard point. To determine the

capacitance added by the unknown capacitor:

UNKNOWN
ki UNKNOWN
J T

B-TERMINAL
Yo MAX UNKKOWN

MULTIRLY ax"r/

STANDARD BY..

Capacitance Excluded: All capacitances, CG, to ground,
including cable capacitances. Any GND or coaxial
outer-conductor terminal on the bridge is a guard point.
External Standard: Not required for most measurements.

3
CAL TERMINAL
@

o 2
TERMIKAL

May be used to extend range and resolution of bridge;
refer to Section 5. When EXT STANDARD terminals are
not used, ianstall Type 874-WO termination on EXT
STANDARD L coaxial terminal to complete shielding of
the detector, '

Figure 3-4, Type 1615-A bridge circuit for
3eterminal binding-post measurement.
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OPERATING PROCEDURES

a. Remove the capacitor from the bridge rter-
minals or leads.

b. Measure the capacitance of the open term-
inals (about 0.2 pf) or opent leads.

¢. Subtract this capacitance from the total cap-
acitance measured with the capacitor connected.
External Standard; Not required for most measure-
ments. May be used to extend range and resolution
of bridge; to use external standards, refer to Section
5. Connect any three-terminal capacitor used as an
external standard to the EXT STANDARD H coaxial
terminal and to the detector through a coaxial-Tee
connector (Type 874-T), at the bridge DETECTOR
terminal. Use coaxial cable for the connection to the
detector.

NOTE
The bridge L coaxial terminals cannot be used
because they are connectfed to ground instead of to
the detector when the terminal selector is in this pos-
ition.

When EXT STANDARD terminals are not used,
the Type 874-WO termination is not required on EXT
STANDARD or UNKNOWN L coaxial connectors; these
connectors are ingernally grounded.

Bridge Balancing Procedures: Refer to paragraph 3.6.

3.7.5 TWO-TERMINAL BINDING-POST CONNECTIONS
(see Figure 3-5).
Use té Measure: |

1. Two-terminal capacitors with bamana-plug
connectors, such as the Type 1401 and 1409 series.

2. Capacitors with capacitance greater than
1 uf, whose leads must be short to reduce loss, such
as the Type 1424-A.

3. Capacitors with ope lead permanently con-
nected to an external ground.

oPTeoNaL)
£XT STANDARD

ey —
GUARD
DET LI = —l—J POINT % b |
o \ LINKNGWH
- L__FE[ \
1% —
i(sﬁ?ﬁ-“ .W, >/< e \/z =
- ——~ma%--------wm e
| ; e Cm /"‘f-: cx
| = ;_“‘1 CEH
| ! VE L SET)
: 2—-TERM?NAL
UNKNOWN
|
{
[ MuLTipey Ex¥ 3 TERM
| sTaNDARD BY.. . 3
| cai TERMINAL
‘ B .
‘ 2
INNER  SHIELD
[INNER SHELD “reRMINAL

Figure 3-5. Type 1615-A bridge circuif for
2-terminal capacitance medsurement.

Terminal Selector: Set to 2 TERMINAL position,
Terminals; Connect capacitor to the UNKNOWN H and
L binding posts, with the case, low, or ground side of
the capacitor connected to the L post. The L post
is internally connected to the GND post.

Connect any bridge GND terminal to an extern-
al ground to eliminate changes in the bridge balance
whick may be produced by motion of the operator's
hands near the balance controls {not in the vicinity of
unshielded UNKNOWN terminals). Adequate grounding
is provided through the three-wite power connection
of the Type 1311-A oscillator. If the oscillator ground
is not otherwise connected to the bridge ground, doso
with a clip lead. The bridge GENERATOR gray bind-
ing post is internaily connected to GND,
Capacitance Measured: All capacitances from theH
post and leads to the L. and GND posts, to the bridge
case, aad to external grounds, including about 1,3 pf
capacitance between the open H posts and the

rounds around it
& ’ CHG’ CHL'

Capacitance Excluded: Only capacitances inside the
bridge to the shields, which are connected to the
transformer center tap and to the high side of the de-
tector. A guard poiat, comnected te the inner shields,
is accessible at the UNKNOWN H coaxial terminal
center conductor and at the DETECTOR coaxial ter~
minal center conductor. Since the guard point is also
the high side of the detector, any guard connections
used outside the bridge must usually be enclosed in
a grounded shield to prevent noise from entering the
detector.

To determine the capacitance added by the un-
known capacitor:

a. Remove the capacitor from the bridge term-
inals or leads.

b. Measure the capacitance of the open term-
inals (about 1.2 pf) or open leads.

¢. Subtract this capacitance from the total cap-
acitance measured with the capacitor connected.
Externa! Standard.Must be a 2-terminal capacitor. Not
required for most measurements. May be used to ex-
tend range and resolution of bridge; refer to Section 6.

When EXT STANDARD terminals are not used:

a, Set MULTIPLY EXT STANDARD BY...switch
to C.

b. Remove Type 874-WO termination from EXT
STANDARD or UNKNOWN L coaxial connectors;these
connectors are internaily grounded.

c. Install Type 874-WO on UNKNOWN H coaxial
connector {which is connected to high side of detector)
when complete shielding is required, as in the meas-
urement of very small capacitance differences.

When EXT STANDARD terminals are used:

a. Conpect any two-terminal capacitor used as
an external standard to the EXT STANDARD H co-
axialeterminal center conductor and to any ground
such as the outer conductor, or the L. terminal (inner

* or outer) or either GND post.
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b. Convert the coaxial H terminal to two bind-
ing=post H and L terminals for convenient connection
of two-terminal capacitors with Type 874-Q2 adaptor.

c. Convert the coaxial H terminal to a single
binding-post H terminal with Type 874-MB Coupling
Probe.

NOTE

When the MULTIPLY EXT STANDARD BY ...
switch is not set to 0, external capacitance is added

ta the bridge even though no external capacitor is cone

necied to the bridge. Capacitance to ground in the
EXT STANDARD H coaxial conmector and internal
bridge wiring, CITG‘ (about 6 pfl, acts as external stan-
dard capacitance, and any adaptors or wires connected
to the EXT STANDARD H terminal add to this.

3.8 LOSS BALANCE CONTROLS.

3.8.1 GENERAL.The loss balance in the bridge can
be made in terms of either the dissipation factor, D,
or the parallel conductance, G, of the unknown cap-
acitor (see Figure 3-6).

Cp

Re G ”’““‘i

D=wR_Cg

G=I/R,

SERIES
PARALLEL

Figure 3-6, Equivalent circuits of unknown capacitors.

On the D MAX ranges, the bridge measures
the equivalamt series capacitance, C,, and the dis-
sipation factor, D=wRgCg,

On the G MAX ranges, the bridge measures
the equivalent parallel capacitance, C_, and the para
llel conductance, G. Many measuremefits can be made
with either D or G and C; or C,,. Vhen only one can
be measured, the other can be calculated from the
relations:

D= R Cs=G/wCp=1/wRpCy (3-2)
Cs=Cp(1 +D?) (3-3)
G=1/R;=wCq D/(1 +D?) 20Cy D (3-4)
Ry =G/ [(«Cp)X1 + D] ~6/(wC, ) (3-5)

where C=capacitance in farads
G =conductance in mhos
R =resistance in ohms
w277
f=frequency in ¢ps
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NOTE.

Any error in generator frequency dffects the ac~
curacy of a conversion from G to D or from D to G,
Dial calibration of most oscillators is no better than
11%. For D or G calculation accuracy of 1% or bet
ter, medsare frequency to higher dccuracy or use
source of standard frequency.

Some of the differences which determine the
choice of D or G appear below.

3.8.2 DISSIPATION FACTOR, D. For many meas-
urements, the dissipation-factor or D MAYX ranges

provide the pgreater range, accuracy, and conven-
ieace in loss balance,

Range: At 1 ke, .000 001 to 1. Multiply by frequency
in kilocycles. Independent of capacitance. Four-
figure resolution. Smallest increment, 1 ppm at 1 ke.
Accuracy: Basic D accuracy is #(0.1% of measured
value +10 ppm) at 1 ke and over most of the range
from 30 cycles to 10 kc.

Principle Uses:

1. For general capacitance measurements in
which the primary interest is the capacitance value.

2. When the capacitor loss and D are relative-
ly high, e.g., D greater than 0.01,

3. For accurate measurement of capacitor loss.

4. When an external standard is used to meas-
ure large capacitance with high loss. Accurate C and
G can then be obtained from the bridge readings only
by computation. Refer to Section 4.

5. Vhen the loss in the unknown capacitor is
primarily equivalent series resistance, e.g., the lead
resistance of capacitors with low reactance. The
bridge reading of D is then related in 2 simple man-
ner to the resistance of the unknown as frequency
changes.

Corrections:

1. Multiply reading of bridge decades by fre«
quency in k¢ when operation frequency is aot 1 ke.

2. For maximum accuracy in the measurement
of small D or small differences, add 1 to reading of
fourth decade. Minimum resistance of decade switch~
es and wiring when the four decades are ser ar 0000
is about 0.1 chm, which is one step in fourth resis«
tance decade.

3.8.3 CONDUCTANCE, 6. Conductance ranges (G
MAX) are provided primarily to permit loss balances
if dissipation-factor measurements cannot be used.
The range and accuracy of G are generally lower than
those of D,

Range: .000 001 to 0.1 umho, multiplied by factor
M=1, 10, 100, or 1000, determined by C MAX range
selected, Two positive ranges add G to internal stan-
dards; two negative ranges add G to unknown. All
are independent of frequency.
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TABLE 3-1
D EQUIVALENTS FOR MAX ARD MIN G WHEN Cy EQUALSCy,
RANGE SETTING D AT 1KC FOR Cy =C,,,, WITH
Cyax M MAX G (0.1 x MuD |MIN G (000 001 x Myu
1 1000 016 .000 000 16
0.1 uf 100 016 ,000 000 16
0.01 puf 10 016 .000 000 16
1000 pf 1 016 .000 000 16
100 pf 1 16 .000 001 6
10 pf o1 1.6 .000 016

Notes:

1. For any other unknown capacitance or C MAX
range, multiply D values by CMAX/CX'

2. For any other frequency, f, multiply D values
by 1/f(ke).

Example: 100 pf measured at 100 cps with C
MAX ser at 1000 pf.

Max D=.016 x (1000/100) x {1/0.1)=1.6.

Min D=0.16 ppm x (1000/100) x (1/0.1)=16 ppm
=.000016.

Dissipation factor, D, corresponding to 2 given
G, depends upon frequency and capacitance; the re-
lation is:

=Gr { umhos) 1 1000 (3-6)

D==¢38 ks * TiphH

where G is the bridgereadout in pmhos multiplied
by M.

D values from this equation are given in Table
3-1 for the maxzimum and minimum G of the bridge at
1 ke and for six values of unknown capaeitance, C,

equal to the nominal minimum capacitance of the six
C MAX ranges.

Accuracy: Basic G accwacy is  £(1%+0.00 001
pmho). This is independent of frequency from 50
cycles to 10 kc.

Principal Uses:

I. When the loss of the unknown is less than
that of the internal and external standard capacitors.
This may occur in the measurement of reference stand-
ard capacitors, whose loss is extremely low, and in
measurements with an external standard capacitor con-
nected to the bridge. Balance the loss by using the
-0.1 or -0.01 pmho G MAX ranges to connect the bridge
conductance decades across the usknow. _

2. When the inrernal standard capacitors are
compared for a ratio check. The dissipation factor re-

sistance decades are connected in series with thecom-
mon side of all bridge capacitors and provide no ad-
justment of the loss of any one relative to another.

3. When the minimum D equivalent to the smal-
lest G step provides better resolution for precision
balance (see Table 3-1). For example, in the meas-
urement of 1000 pf at 1 ke, the smallest step of ad-
justment with the D MAX ranges is 1 ppm; with the
minimum G step of 1 x 10-6 umho, the resolution of
the equivalent D is 0.16 ppm.

4. When the loss of the unknown is primarily
equivalent parallel resistance, e.g., the leakage re-
sistance of insulators In air capacitors of high reac-
tance. The loss balance is then relatively independ-
ent of frequency.

Corrections:

1. Muleiply reading of bridge decades by factor
M, which is indicated on C MAX switch. Error in dec-
imal point often results from the omission of M for the
C MAX ranges above 1000 pf, where M is not 1.

2. For maximum accuracy io the measurement
of small G or small differences, add 1 to the reading
of the fourth decade. Minimum resistance of the dec-
ade switches and wiring, when the four decades are
set at 0000, is about 0.1 ohm, which is one step in
the fourth resistance decade.

17
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NOTE

As a result of this zero error, the bridge balance
will change when the decades are set at 0000 and the
G MAX is moved from +0.01 uUto -0.01 uU. When the
correction is applied, the two conductances are +.000
001 and -.000 001 pumbo, respectively, To obtain con-
ductance less than this minimum for some capdci-
tances and frequencies, use D MAX ranpes and cal-
culate equivalent G (see Table 3-1).

Example: For 10 pf at 1 ke, minimum G
of .000 001 umho corresponds to D of
16 ppm. On (.01 D MAX range, minimum
D is 1 ppm, and equivalent G is
.000 000 06 pmho.

3. For accuracy of #1% whean the first G decade
reading is 3 or more, apply the corrections indicated
in Figure 3-7. These corrections ate necessary he-
cause the relation of G to the resistance, RN, of the
decades is not linear, {Refer to Section 4.)

To use Figure 3-7.

a. Take the four-digit reading of G dials (for
example, 7413). Ignore the position of decimal point
and units of G.

b. Enter the vertical “G Decades Read” scale
at this value and, at the intersection with the curve,
find on the horizontal * Subtract from. Reading”™ scale,
the corresponding correction value {110).

’ TYPE 1615-A CAPACITANCE BRIDGE

¢. Subtract the correction from the reading to
obtain the corrected G, with an accuracy of +1%
{7413 - 110 =7303%),

d. The units of G and the position at the de-
cimal point are those indicated by the bridge readout.

For greater precision in the correction than
that obtainable from Figure 3-7, to be used, for
example, in measurements of G differences, cal-
culate the correction as follews:

a. Divide the four-digit G reading by 1000.
(7413/1000 = 7.413.)

b. Square this number (55.0 with slide-rule
accuracy).

c. Muleiply by 2 (110.0).

d. Subtract this from the reading to obtain the
corrected G (7412 — 110 = 7303).

3.9 ERRORS FROM TRANSFORMER
AND OTHER SOQURCES

3.9.1 INTRODUCTION. The transformers in the Type
1615-A Bridge are not quite the ideal transformers
shown, for example, in Figures 4-11 and 4-12. The re-

IMPEDANCES

sistance, leakage inductance, and capacitances of the
ratio-transformer windings, which are assumed to be
zero in the simplified bridge theory, have been kept suf-
ficiently small in the actual bridge components so thar
the errors from these residual impedances are usually
negligible {compared to, say, 100 ppm) for capacitances

XX00 //
X000
9000 7
8000 /_/ EXAMPLE:
I PR U Jmf?/\nacwzs READ 7413
7000 ‘ —
g / be| —— suBTRACT (1o
<
W 5000 P | CORRECTED 6: 7303% I%
0 a0
25000 77 %r// i
e ' i, |
o 4000 [
o /%
3000 2 ;
LESS 2 I
THAN
2000 g T % |
CORRECTION |
1000 Z ‘
A [
O 20 40 60 80 100 120 40 160 180 200 220 240

SUBTRACT FROM READING

Figure 3-7. Corrections for bigh G readings.
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up to 1 uF at frequencies up to 1000 cps. However, the
residual impedances make the voltages at the transform-
er terminals differ from the voltages induced in the wind-
ings and produce bridge errors that increase with fre-
quency and with the magnitude of the measured capaci-
The sources and magnitudes of such error for
frequencies from 1 kc to 100 k¢ and for capacitances
above 1 uF will be described in the following paragraphs.

tance.

{100 ut)

Figure 3-8. Bridge circuit with
residual transformer impedances.

3.9.2 RESIDUAL IMPEDANCES. The bridge schematic
diagram of Figure 3-8 is similar to that of Figure 4-11
but shows in the equivalent circuit of the twansformer
winding resistances (), leakage inductances ([}, and
winding capacitances {Cgq) in both the standard and
unknown ratio arms. The magnitudes of the residuals
vary on the standard side as the lever decade switches
are moved to change voltages and on the unknown side
as the C MAX lever is moved to change range. The re-
sistance r and inductance I are closely proportional to
turns ratio from 1 to 10, but the minimum vajues ser by
wiring and switches prevent a proportional decrease for
higher ratios. Typical values of r and [ are given in the
following table:

C MAX M Turns r I

10, 100, 1000 pF 1 100 0.338) 3.5 H
.01 uF 10 10 019 0.41
0.1 100 10 023 0.48
1 1000 i L0068 0.33

The winding capacitances (Cgp) are not simply propor-
tional to turns. An estimate of the order of magnitude
of capacitance across each 100-turn secondary winding
is 50C pF, but the capacitance across the first 10-turn
sectjon is about 0.01 uF instead of ten times the capa-
citance of the 100-turn winding.

These residual impedances(as shown in the circuit
of Figure 3-8) make the voltage, V, applied to the ca-
pacitors differ from the voltage, E, induced in the trans-
former winding.

The relation of V to E is:
;o 2 - 173
V/E =1 +w?Cyp - jwtCr )
where Cpo =Gy +Cp +Cy

This change in the voltage applied to the capacitor Cy,
for example, can be expressed for convenience as a
change in the effective capacitance, C 'N’ of Cy» when
the bridge is at balance, through the relation EC'N =
VCy.  The effects of the residual impedances on the
bridge readings can then be written:

a. The capacitance C 'y is greater than Cy:
C'y =Cy 1l +¥Cy)
The fractional increase is wleT.

This error is proportional to frequency squared.

b, The dissipation factor of C'N is greater than
that of CN (which is assumed to be zero in Figure 3-8.)

! -
D = twrCr
This error is proportional to frequency.

¢. The equivalent conductance (G = D«(C) is in-
creased,

! = 2
G N S @ rCTCN

This error is proportional to frequency squared,

3.9.3 MAGNITUDE OF ERRORS. Etrors from the trans-
former impedances are always present; they are not
always significant, To determine when the errors may
not be negligible, consider two typical, although over-
simplified, numerical examples.

An order of magnitude for the effects of the residuals
upon the standard capacitors in the bridge can be found,
first of all, from the numetical values given for compo-
nents on the upper or standard side of the bridge in
Figure 3-8. The largest internal capacitor, Cy, of 1000
pF is shown connected to the full 100-turn secondary
winding, withr =0.3 {1 / = 4 uH and C,.. =500 pF. With
the ground capacitance of the capacitor C; and the asso-
ciated wiring equal to 100 pF; the total load capacitance
connected to the transformer is Cp = 1600 pF. From the
error formulas above, the calculated possible errors at
frequencies of 1 ke and 100 kc are:

C error D error
Fregquency W 1Cy wrCp
1 ke 0.26 ppm 3,0 ppm
100 ke 2600 ppm or 0.26% 300 ppm or 0.03%
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These figures are intended only to indicate that these
errors can often be neglected at 1 ke but that, as the
frequency in iacreased toward 100 kc, the bridge errors
may exceed considerably the normal 0.01% limic.

As an example of the effects of residuals upon the
measurement of large capacitance, consider the numerical
values shown on the lower or unknown side of the bridge
in Figure 3-8. An unknown capacitor of 100 uF is shown
connected to the transformer tap for a ratioc M = 1000
{C MAX at 1 uF), where r = .008 ), I = 0.33, and the
winding capacitance is negligible compared to 10 uF,
(The bridge will not balance with only the 1000-pF stand-
ard capacitor shown in Figure 3-8; an external standard
of 0.1 uF must be used in the measurement of 100 uF,
but need not be considered in this example.) The cal-
culated errors for the 100-uF capacitor and also for a
1-uF unknown at a frequency of 1 kc are:

Capacitor C error D error
1 uF 13 ppm 50 ppm
100 ¥ 1300 ppm or 0.13% 5000 ppm or 0.5%

The figures indicate that these errors can often be
neglecred for the normal capacitance range up to 1 uF
at 1 ke. Wirth higher capacitance or with a higher fre-
quency, the errors may be appreciable.

Both examples above iliustrate only the order of
magnitude of possible errors. Since all error sources in
the circuit have not been included, the calculated errors
should not be taken as typical of a Type 1615-A Bridge.
A more detailed examination of actual bridge errors will
follow.

3.9.4 SMALL ERRORS FOR 1:1 RATIO. The errors in
the bridge readings can be determined by the measurement
of a calibratred capacitor, A convenient standard of
capacitance and loss is a threecterminal air capacitor,
such as rhe Type 1403, that can be connected directly to
the bridge terminals to add a minimum of series induct-
ance and resistance. For such a capacitor, it can be
assumed with good accuracy that the capacitance and
loss have negligible changes with frequency up to about
100 kc¢ and that any changes in bridge readings with
frequency indicate bridge errors. In the 1000-pF Type
1403, for example, the internal series inductance is about
0.05 pH, so the capacitance increase at 100 kc should
be only w?IC =20 ppm. Although the dissipation factor
is not generally a simple function of frequency, in a
clean air capacitor the magnitude should be sufficiently
fow, i.e., in the tens of ppm, thatit can also be neglected.

The following results were obtained when such a
1000-pF Type 1403-A Capacitor was measured on a Type
1615-A Bridge. The capacitor was slightly modified by
the addition of a series 16-ohm resistor to insure that
the bridge D reading remained positive.

20

C Change

Frequency D C from I ke
1 ke .00 0110 X00.747 pF G

i0 00 0107 (x10) 745 -2 ppm
30 .00 0107 (x50} 710 -37
100 .00 0168 {x100) 489 - 267

Note that the capacitance change at 100 ke is only
267 ppm, as compared to the estimated possible error of
2600 ppm above. The smaller error results from a partial
cancellation of transformer-impedance errors in the two
ratio arms of the bridge. When, as in this example, the
ratio is 1:1, the residual r and ! are equal on both the
standard and unknown sides of the transformer in Figure
3-8. If the total load, CT’ is the same on both sides, the
errors in V are equal and make VN/VX = EN/EX and at
balance Cy = Cy 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,
Cun and Cpy s are seldom equal since the bridge shields
and wiring make Cqy relatively high. The voltage on
the standard side is, therefore, usually higher, and the
bridge capacitance decade readings are low. For example,
an excess Cny of 100 pF makes the bridge reading low
by 160 ppm at 100 kc.

This error changes with any changes in the internal
ground capacitances, such as these produced by any
changes of decade switches to select alternarive internal
standards. In the following example, the same 1000-pF
capacitor is measured with two of the several possible
decade settings:

1 kc 100 ke
X00.747 X00.480
9X0.747 9XG,310

The 100-kc reading is lower for the decade setting of
9X0 than for X00 because the capacitance to ground has
changed. With the X00 serting, only the internal 1000-pF
standard and its ground and wiring capacitance load the
transformer; with the 9X0 setting, both the 1000-pF and
100-pF standards are connected and the ground capaci-
tance is increased about 100 pF.

The D readings in the example above seem art first
glance to change very little with frequency, When,
however, the bridge reading is multiplied by frequency
in ke, as indicated, the change at 100 k¢ is -200 ppm.
The uncertainty in this error is of the order of +100 ppm,
both because the bridge resolution is only 100 ppm and
because the loss in the standard may vary by a similar
amount, The bridge D error is probably less than the
200 ppm at 100 kc.
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Fora bridge ratic of 1:1, therefore, the bridge errors
in C and D are typically less thaa, say, 500 ppm at 100
ke. The C error is proportional to frequency squared and
the D error to frequency. 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 decade settings are
not easily determined.

3.95 LARGER ERRORS FOR 10:1 RATIO. Bridge
errors from teansformer residuals can, in theory, be re-
duced or eliminated by symmetry in the bridge circitit for
any transformer ratio, just as in the example of the 1:1
ratio. All that is required is that QJQIXCTX = wleCYN
or lX/lN =CTN/CTX to make Cy =Cy; hence, the resid-
uals should be proportional to the ratio.

In practice, there age several reasons why the
ersors, w?ICq. or @rCyp, cannot be kept the same on both
sides of the bridge as the ratio is increased. The residual
impedances r and {, tabulated above in paragraph 3.9.2,
differ slightly from proportionality te ratio up to a 10:1
ratio. For higher ratios, the r and [ on the unknown side
cannot decrease in proportion below the minimum values
set by the wiring, switch, and terminal impedances. Any
wires used to connect the:unknown to the bridge will
increase these residual impedances. The capacitance
residuals are also seldom proportional to ratio. Although
the bridge ratio is determined by the ratio of the unknown
and standard capacitances, CX/CN’ the error depends
upon total capacitance in €.8.,
Crn =Cy +Cqr * Cgns and neither the transformer-
winding capacitances, Cg o, nor the ground capacitances
of the capacitors, C(y, are proportional to ratio.

With a 10:1 ratio, the following bridge errors appear
when a 100-pF Type 1403-D Capacitor is measured, The
C MAX switch is set at 1000 pF so that the bridge bal-
ances with the decades set near 100,00, i.e., the external
100 pF is connected to the 100-turn arm and balanced by
the iaternal 1000-pF standard connected to 10 turns of
the other arm.

the bridge arm,

Frequency G D= G/wC < C Charge
ke 28] ppm rom from 1 ke
1 +.00 0010 16 100.011 0 ppm
10 +.00 0030 5 100.008 -30
50 - 0046 - 150 16(-1).956  -550
100 - .030 - 500 1(-1).843 - 1670

The error of pearly 0.2% at 100 ke is produced by the
relatively large winding capacitance of the 10-turn wind-
ing and ground capacitances on the standard side of the
bridge, which are not compensated by proportional capac-
itances of the 100-tusn winding and the 100-pF unknown.

For a ratio of 10:1, the bridge errors in C may be
as high as 0.2% at 100 kc. The errors are again deperd-
ent upon decade settings and stray capacitances in the
unknown, so thar corrections are not easily made.

3.9.6 ERRORS FOR RATIOS ABOVE 10, CAPACITANCE
ABOVE 0.01 uF. When the capacitance being measured
is of the order of 1000 pF or less, the bridge errors
depend more upon winding and stray capacitances than
upon the magnitude of the unknown, as shown above.
When the unknown is considerably greater than 1000 pF,
the bridge ratios of 100 or 1000 must be used for balance.
The transformer residuals on the unknown side of the
bridge then are much larger than 0.1 or 0.01 times those
on the standard side. At the same time, the winding and
stray capacitances become a small fraction of the total
Copy on the unknown side. As a result, the bridge errors
not orly increase with the larger Cy but become more
simply dependent upoa a)leCX and wi¢Cy.

As an illustracion, the following measurements
were made of a 0.1-uF Type 1409-T Capacitor on the
0.1-uF C MAX range, where M = 100,

Fregquency C C Change
kc D pF from 1 ke
1 .00 0060 999 74.1 0
10 .00 0016(x10) 999 93.7 0.02%
50 GO 0025(x50) X05 54.5 0.58%
100 .00 0037(x100)  X21 30.0 2.16%

When C MAX is at 0.1 uF, the transformer leakage in-
ductance Iy is, typically, abour 0.48 uH; so for 0.1 uF
at 100 ke, «w?IC =.019 and the bridge should read high
by 1.9%. The measured increase of 2.1% is larger be-
cause the Type 1409 Capacitor has an internal inductance
of about 055 uH, which causes a capacitance increase
of about 0.2% at 100 kc. In dissipation factor, the meas-
ured D change is .0037 at 100 kc; the calculated wrC for
r =.,023 ohms is .0014., Part of the difference is the in-
crease in D of the mica Type 1409 Capacitor at 100 ke,
perhaps as much as .001. Some error in D isalsocontrib-
uted by phase shifts that result when the main ratio
transformer is loaded by the second transformer con-
nected for ratios of 100 and 1000.

Corrections of the bridge readings of C and D can
be made for the major errors produced by the [ and r of the
rransformers on the upper two C MAX ranges. These
corrections are tabulated below for typical residual im-
pedances at the bridge terminals to an accuracy of +10%:

Subtract from Bridge
C Reading D Reading

(m2!Cx) (crC_}

! 7

C MAX uH obm

P
0.1 uF 0.48 .023 19f¢ kcc,ul? ppm 140 kaC’uF ppm
1 uwF 033 .008 I3 50
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When leads must be used to connect the capacitor to the
bridge terminals, these values of [ and r will be in-
creased by the inductance and resistance of the leads.
For example, when the leads used in the measurement of
a Type 1425-A Decade Capacitor are two copper strips,
approximately 7x0.75 x .016 inches, the total inductance
and resistance on the 1-y4F range are increased to [ =
0.48 uH and r =.009 {1

As an example of error correction, a 1-uF Type
1409-Y Capacitor is measured at 10 ke on the 1-uF C
MAX range of the bridge. The C reading is X01396 pF,
the D reading is .00 0088 (x10). The C correction is 13
x (10)% x (1.0) =1300 ppm or 1300 x 1076 x 1.0 uF =1300
pF; so the corrected capacitance is X0I396 - 1300 =
1.0003 # .0001 wF, if the accuracy of the correction is
+10%. The D correction is 30 = (10) x (1.0) = 500 ppm;
so the corrected D is 880 - 500 = 380 ppm = .00038. The
accuracy of the correction is +10% or 350 ppm, but the
specified accuracy of the bridge reading is only £0.00001
{1+ fkc) = +110 ppm even after this correction because
of the other errors from winding and stray capacitances.

3.9.7 ERRORS FOR CAPACITANCE LESS THAN 10 PF.
The residual impedances previously described are the
chief, but not the only, sources of error with increasing
frequency. Another source of error is the voltage induced
in the internal bridge wiring connected to the detector
cirenit by currents flowing in the bridge circuits con-
nected to the transformer.  The bridge does not have
the short, coaxial current paths required for high-frequency
accuracy, and mutual inductances of the order of 0.1 uH
between bridge arms may result. Since the curreats
drawn from the transformer by the bridge capacitors in-
crease with frequency{i = wCE} and the voltages induced
in the detector cxrcuxt are proportzonal to «Mi, these
error voltages, e = w?MCE, increase with the square of
frequency.
capacitors used and upon the transformer volitages applied
to them; hence they are a complicated function of the
settings of the bridge decades.
however, that these errors appear not as a percentage of

The errors depend also upon the internal

Experiments confirm,

the measured capacitance but as more-or-less constant
picofarad error.
0.003 pF or less.
This error can often be seen when the internal
capacitance standards are intercompared by use of the
10:1 ratio and the procedure described in paragraph6.2.5.
The measured results on one Type 1615 Bridge are:

b ke 100 ke
Capacitors C C G

The order of magnitude of the error is

1000 vs 100 pF  (-1)X0.000

{-1)X0.168 +.0317
100 vs 10 -1}X.0 000 (-1X.0 170 +.0031
10wvs 1 -1).X0 000 (-1).X0 430 +.,0007
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The 100-kc error of about 0.17% is that produced
by a ground-capacitance asymmetry on the 10:1 ratio.
The additional error of about .0026 pF in the measurement
of 10 vs 1 pF may be attributed to voltages induced in
the detector circuit.

3.9.8 ERRORS FROM COMMON IMPEDANCE TO
GROUND. Similar errors that are small fractions of a
picofarad or of a few picomhos are produced by common
ground impedances in the three-terminal bridge capaci-
tors and in similar external capacitors. The three-termi-
nal capacitor shown in Figure 3-9 has an impedance Z’G
between the ground point G of the bridge and the junction
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Figure 3-9. Negative G and C errors from common
ground impedance, Z ., in a three-terminal capacitor.

Sof the two capacitances, C ¢ and C; . This impedance
ZG represents, for example, the resistance r and induct-
ance [ of a wire used to connect the shield of a three-
terminal capacitor to the junction of the bridge ratio
arms, The effect of any such impedance common to both
CHS and CLS is to subtract from the direct capacitance

Cyp = capacuance equal to w CHSCLS and a conduct-
ance @ CH Cy gr. The error most commonly seen is that

of the negative loss, both because it is often larger of
the two components and because negative loss in a
capacitor is an obvious indication of the presence of
eror. As a simple example of orders of magnitude,
assume C = Cypg = 100 pF and let r = 0.01 ohms,
I =01 ,LLH then at 100 ke the capacitance change is AC

= .0004 pF and the negative conductance is £5G = 000 04
fmho. Such errors are usually small, unless the magni- -
tudes of Z, Cyg, and Cy ¢ are considerably increased, -
as for example, by the use of long cables between capac-
tor and bridge.
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3.9.9 BRIDGE ACCURACY.

The curves in Figures 3-10 and 3-11 indicate the
possible errors when no corrections are applied to rhe
bridge readings. Corrections can be used in the regions
to the right of the sloped lines on the right-hand end of
each curve to reduce the errors from transformer series
impedances to approximately the level of the horizontal
part of the curve,

The plotted dots show typical variations of error
with transformer ratio at 100 kc/s and indicate the re-
duction in error when the ratio is close to unity; i.e.,
when the unknown in nearly equal to the internal stand-
ard {see paragraph 3.9.4),

The low-frequency limits set by the bridge sensi-
tivity are typical of the Type 1620-A Assembly.
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SECTION 4

THEORY OF

NOTE

This section is limited to a discussion of the
Type 1615.A Capacitance Bridge, as the theories of
operation of Types 1311-A and 1232-A are covered in
their vespective manuals.

4.1 INTRODUCTION.
4.1.1 GENERAL. The Type 1615-A Capacitance Bridge

is a standards laboratory instrument designed for ac-
curate precision measurements of capacitance and di-
electric properties, and for the intercomparison of ca-
pacitance standards over a wide range of values.

4.2 PROPERTIES OF CAPACITORS.
4.2.1 GENERAL. Most physical capacitors can be

accurately represented by the three capacitances shown
in Figure 4-1: the direct capacitance, Ty , between
the terminals H and L (capacitance between the plates
of the capacitor), and the two terminal capacitances,
Cyg and G, capacitances from the corresponding
terminals and plates to the capacitor case, surrouading
obiects, and to ground (to which the case is connected
either conductively or by its relatively high capacitance
to ground).

4.2.2 TWO-TERMINAL AND THREE-TERMINAL CON-
NECTIONS. In the two-terminal connection, the capac-
itor has the L. and G terminals connected together, f.e.,

DIRECT
CAPACITANCE
H L
|4
¢ N
Figure 4-1, Schematic R
diggram of @ capacitor A
showing the direct ng% Che Cis $,{‘j/
capacitance and its ‘%,/4,21, @‘@?
associated terminal ca- )77/17( 43‘&
pacitances. & C}g
G

OPERATION

the L terminal is connected to the case. The terminal
capacitance, Cy ., is thus shorted, and the total capac-
itance is the sum of Cyy and Cygy. Since one compo-
ment of the terminal capacitance Cye is the capac-
itance between the terminal and surrounding objects,
the total capacitance can be changed by changes in the
environment of the capacitor and particularly by the
intreduction of the wires required to make connection
to the capacitor.

The uncertainties in the calibrated value of a two-
terminal capacitor can be of the order of renths of a
picofarad if the geometry, sot only of the capacitor
plates, but of the environment and of the connections is
not defined and specified with sufficient precision. For
capacitors of 100 pf and more, the capacitance is usu-
ally adequately defined for an accuracy of a few hun-
dredths per cent if the terminals and method of con-
nection used for calibration are specified. For smaller
capacitances or for higher accuracy, the two-terminal
capacitor is seldom practical and the three-terminal
arrangement is preferred.*

A three-terminal capacitor (Figure 4-2) has con-
nected to the G terminal a shield which completely sur-
rounds at least one of the terminals (H), its connecting
wires, and its plates except for the area that produces
the desired direct capacitance to the other terminal (L).
Changes in the environment and the connections can

SHIELD
Ho L
Figure 4-2. Diagram of
3-terminal capacitor. (L
G

*John F. Hersh, "A Close Look at Connection Errors
in Capacitance Measurements,” General Radio Exper-
imenter, 33, 7, July, 1959. '
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vary the terminal capacitances, Cye and C; o, but the
direct capacitance Cpy; = usually referred to simply
as the capacitance of the three-terminal capacitor —
is determined only by the internal geometry.

This direct capacitance can be calibrated by
three-terminal measurement methods, such -as guard
circuits or transformeg-ratio-atm bridges, which exclude
the terminal capacitances.

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 capacitance can also be made very
low because the dielectric losses in the insulating
materials can be made a part of the terminal impedances.
Whern: the three-terminal capacitor is connected as two-
terminal, the two-terminal capacitance will exceed the
calibrated three-terminal value (Cyy ) by at least the
terminal capacitance Cy .

4.2,3 FREQUENCY CHARACTERISTICS. Although the
characteristics of capacitors sometimes approach the
ideal, small deviations from ideal performance must
be examined and evaluated for the capacitors to be
known with high accuracy. The residual parameters
which cause such deviations are shown in the lumped-
constant, two-termina! equivalenr circuit of Figure
4-3. 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
piates; C, the capacitance of the supporting structure.
The 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.

O AP ARSI
1]

~
S TC

The effective terminal capacitance, Cg, of the

AAA

Figure 4-3, The equivalent
circuit of @ eapacitor.

AAA,

capacitor becomes greater than the electrostatic or zero-

frequency capacitance, C,, as the frequency increases
because of the inductance L. When the frequency, f,
is well below the rescnance frequency f, (defined by
wozLCG = 1), the fractional increase in capacitance
is approximately

Al 2

With this information, the increase in capacitance
at, for example, a frequency of 1 Mc can be computed
with high accuracy from the calibrated value at 1 kc.
For small increases, the accuracy may be greater than
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(4-1)

that of a measurement ar 1 Mc because of the difficul-
ties in determining the measurement errors produced by
residuals in the connecting leads outside the capacitor.

The three-terminal capacitor has a similar in-
crease in capacitance produced by inductance. The
lowest resonance is determined not solely by the cali-
brated direct capacitance but also by the terminal ca-
pacitances, which may be much larger than the direct
capacitances.

When the capacitor has a2 solid dielectric, such
as mica, there is another source of capacitance change
with frequency. The capacitance increases at low fre-
quencies as the result of dieleectric absorption caused
by interfacial polarization in the dielectric. The change
in capacitance with frequeancy of a 1000-pf capacitor
with mica dielectric is shown in Figure 4-4. The dotred

3¢]
—
z /
§ 1o
i
T
=
™ Ot
@io fr
3 — |/

[ ¢
Q0 il 1S
10cps 160 ke ¢ G iMc el
FREQUENCY

Figure 4-4. Variation of capacitance with frequency.

line slanting dowaward to the right represents the
change in the dielectric constant of mica resulting from
interfacial polarization; that slanting upward to the
right shows the change in effective capacitance re-
sulting from series inductance. The magnitude of the
change at low frequencies depends upon the dielectric
material and is, for example, much smaller for poly-
styrene than for mica.

4.2.4 DISSIPATION FACTOR AND STORAGE FAC-
TOR. An important characteristic of a capacitor is
the ratio of resistance to reactance or of conductance
to susceptance. This ratic is termed dissipation factor,
D, and its reciprocal is storage factor, Q.

D=cotf =i = -

- -é—= tan § (4-2)
Q“—’taﬂ@=-§ =~§-=%~= cot § (4-3)

This ratio is defined in Figure 4-3 in rerms of phase
angle & and loss angle 0. Dissipation factor is directly
proportional to the energy dissipated, and storage fac-
tor to the enerpy stored, per cycle. Power factor is de-
fined as

P.F. = cos# = sin 8 (4-4)
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and differs from dissipation factor by less than 1%
when their values are less than 0.1.

In Figure 4-3, R and X are the series resistance
and reactance, and G and B are the paralle! conduct-
ance and susceptance,

Figure 4-3. Vector
diagram showing the
relations between fdc-
tors D awnd O, and

angles & and 8.

The dissipation factor of a capacitor is deter-
mined by the losses represented in Figure 4-3 by R
and G. The resistance R is not usually significant
until the frequency is high enough for the skin effect
to be essentially complete. At such frequencies the
resistance varies as the square root of frequency and
may be expressed as RI\] £, where R,is the resist-
ance at one megacycle and f is the frequency in mega-
cycles. The total dissipation factor at high frequencies
is then

par—

p=S-+ R, JF wC (4-5)
@ C

At low fregquencies only the losses represented
by G are important. The leakage conductance component
is negligible at frequencies above a few cycles and is
important only when the capacitor is used ar dc for
charge storage. The dominant components at audio fre-
quencies are the dielectric losses in the insulating
structure and in the dielectric material between the
plates.

In the air capacitor the losses ia the air dielec-
tric and on the plate surfaces are negligible under con-
ditions of moderate humidity and temperature. The loss,
is, therefore, largely in the insulating supports. When
good-quality, low-loss materials, such as quartz, ce-
ramics, and polystyrene are used for insulation, the
conductance varies approximately linearly with fre-
quency. The total dissipation factor of an air capacitor,
whose equivalent circuit is that of Figure 4-3, may be
expressed at low frequencies as

- G
QJ(C + Ck)

(4-6)

When the capacitance C is variable, this D is
then inversely proportional to the total terminal capaci-
tance.

In a capacitor with a solid dielectric the domi-
nant component of the conductance G is the loss in the
dielectric, which varies with frequency. The resulting
variation of D with frequency, shown for a mica capaci-
tor in Figure 4-6, is the sum of three principal com-
ponents: a constant dissipation factor caused by re-
sidual poiarizations and shown by the horizontal dotted
line; a loss produced by interfacial polarizations,
which coatributes the D shown by the dotted line slant-
ing downward to the right; and an ohmic loss in the
leads and plates, which results in & D proportional to
the 3/2 power of frequency and is shown as the dotted
line slanting upward to the right. The total dissipation
factor has a minimum value at a frequency which varies
inversely with capacitance and which ranges from 1 ke
to 1 Mc for capacitance values from 1 uf to 100 pf.
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Figure 4-6. Variations of dissipation factor
with frequency.

4.2.5 SERIES VS PARALLEL CAPACITANCE. Every
capacitance can be expressed in terms of either series
The cheoice is a matter of
One cannot tell
from a single measurement whether 2 combination of a
resistive and a reactive element is actually parallel or
Regardless of the physical arrangement, the

or parallel components.
convenience for the problem at hand.

series.
resistive and reactive components can be measured. The
series notation is as shown in Figure 4-7a, where C_ is
the pure capacitive component and R_is the series re-
sistance or loss component. The vector diagram for the
series equivalent is given in Figure 4-7b, where £is the
phase angle and & is the dielectric-loss angle.

In the series equivalent case, the dissipation
factor, D, defined as the cotangent of the dieleceric
phase angle, is:

R

s
A
wCs

=wCgRs (4-7)

In parallel notation, the equivalent circuit is that
of Figure 4-7c, where the resistance, RP, represents
the loss component, G is the conductance, and the ca-
pacitance, C., is the pure capacitive component. The
vector diagram for the equivalenr parallel circuit may
be represented as in Figure 4-7d, where again ¢ is the
phase angle and O is the dielectric-loss angle,
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R, C
S 'S8
Figure 4+7. Series and paraliel
equivalent circuits of capacitors.
¢ !
Rp=—=
m.fmﬁ_‘}as
OI—el [ —)
elpece
e
Then, the dissipation factor, D, is:
= - U S
D=cotf=tan § = ac, GCR, (4-8)

The relation of series and parallel equivalent
values is:

CS CS N
c, = = = C,cos?b (4-9)
1 +D2 3 +tani
R_ {1 +D? 1 +D2
» = s ¢ - (4-10)
D2 Da;CS

Note that the C values are essentially equal
when D is small.

4.3 CAPACITANCE MEASUREMENTS.

4.3.1 GENERAL. Measurements of capacitance, par-
ticularly those of high accuracy, are made by a nuil
method which uses some form of the basic ratio bridge,
shown in Figure 4-8. The capacitance of the unknown,

CX’ is balanced by a calibrated, variable, standard

Figure 4-8.

Basic ratio bridge.
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capacitor, Cy, or by a fixed standard capacitor and a
vatiable ratic arm, such as R,. Such bridges with re-
sistive ratio arms and with caljbrated variable capaci-
tors ot resistors can be used over a wide range of both
capacitance and frequency and with a directreading
accuracy which seldom exceeds 0.1%.

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

4,3.2 TRANSFORMER RATIO ARMS. The advantages
of transformer tatio arms in a bridge are that accu-
racies 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 I, 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 impedances in a three-terminal measurement
without the use of guardcircuits and auxiliary balances.

Te illustrate these characteristics, a simple
capacitance bridge with rransformer ratio arms is shown
in Figure 4-9. On the toroidal core, a primary winding,
connected to the generator, serves only to excite the
core; the number of primary turns, Np, determines the
load on the generator but does not influence the bridge
network. If all the magnetic 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 second-
ary 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 dumber
of turas between taps is fixed, the voltage is highly
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invariant. Changes in the core permeability with time
and temperature have oanly very small effects on the
ratio, because they modify only the very small amount
of leakage flux that is not confined to the core in a
practical transformer. The ratio is, therefore, both
highly accurate and highly stable.

In Figure 4-9, the two transformer secondary wind-
ings ate used as the ratio arms of the capacitance
bridge with the standard capacitor, Cy, and the un-
known, Cy, as the ather two arms in a conventiona!l
four-arm bridge network. The condition for balance, or
zero detector current, is easily shown to be that

..(E}..=.Yﬁm=§§_ (4-11)
Cy Vx Ny

VyCy = %Cy or
This balance condition is not affected by the capaci-
tances shown from the H and L terminals of Cy and
Cx to the terminal G connected to the junction of the
ratic arms. The capacitances between L and G shunt
the detector, so that they affect only the bridge sensi-
tivity, The capacitances between H and G are across
the transformer windings. To the extent thar the trans-
former 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
Vy and Vy or the balance conditions, In practice, the
transformer resistances and leakage inductances can
be kept so small that quite low impedances or large
capacitances can be connected from H to G before thete
is appreciable error in the bridge.

Figure 4-9. A capacitance bridge with

trans former ratio drms.

The junction of the ratio arms, G, is therefore a
guard point, or guard potential, in the bridge. All ca-
pacitances to G from the H or L corners of the bridge
are excluded from the measurement. In the three-termi-
nal capacitors represented by the H, L, G terminals in
Figure 4-9, the bridge measures only the direct capac-
itance, Cy, of the unknown in terms of the direct ca-
pacitance, Cy, of a standard, without additional guard
cireuits or balances. .

One can take advantage of the accurate and
stable ratios of the transformer by the use in the bridge
of a standard arm which is fixed and a ratio which can
be varied to balance the bridge.

Figure 4-10 shows three of the possible ways of
balancing a simple transformer-ratio capacitance bridge.
For simplicity, the géneratorand 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 picofarads.

In Figure 4-10a, 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
capacitor. In Figure 4-10b, the standard capacitor is
fixed at 100 pf, and this is balanced against the 72-pf
unknown connected to the 100-volt end of the trans-
former by connection of the standard to 72 velts of the
opposite phase, obtained from suitable taps on the
transformer windings. The inductive divider shown has
a winding of 100 turns with raps every 10 turns and,
on the same core, another winding of 10 turns tapped
every turn. If, as shown, the second winding is con-
nected to the 70-volt tap on the first winding and the
capacitor to the 2-volt tap on the second winding, the
required 72-volts is applied to the capacitor. Six or
more decades for high precision can be obtained in a
similar fashion with more turns on one core and the
use of additional cores driven from the first. Such in-
ductive dividers have very accurate and stable ratios,
but the etrors increase with the number of decades be-
cause of loading effects.

Another method of balance by voltage variation
is shown in Figure 4-10c, where a single decade divider
is used in combination with multiple fixed capacitors.
The 100-turn secondary is tapped every 10 turas to
ptovide i0-volt increments. If, then, a 100-pf capacitor
is connected to the 70-volt tap and a 10-pf capacitor
to the 20-volt tap, the resulting detector current bal-
ances that of the 72-pf unknown connected to 100 volts,
This bridge can be given six-figure resolution, for ex-
ample, through the use of six fixed capacitors in dec-
ade 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 varied by use of taps on the unknown side of the
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transformer to vary the voltage applied to the unknown
capacitor. For example, if the unknown capacitor were
connected to a 10-turn or 10-volt tap on the upper half
of the transformer, then a capacitance of 720 pf instead
of 72 would be balanced by the standard capacitors
shown. The range of the bridge can thus be extended
to measure capacitors which are much larger than the
standards in the bridge.

0oy 100V 100
E TeA= E ?2% E T2 IR
T2 gr20v 101 1004
Fi c'| 2v | oo h e
L-_ . Ev Y]
- 100y . ~70
4 T b <

FIXED RATO
VARIABLE CAPACITORS

MULTIPLE DIVIDERS
SINGLE FIXED CAPACITOR

SINGLE  BIVIDER
MULTIPLE FIXED
CAPACITORS

Figure 4-10, Methods of balancing capacitance in a
transformer-rdtio bridge.

These advantages of transformer ratio arms and
dividers make possible a bridge of wide range and high

accuracy, since opot only are the ratios stable and:

accurate but, when only a few fixed capacitors are re-
quired as standards, the standards can be constructed
to have high stability and accuracy. This bridge can
also have a wide range of frequencies. At low frequen-
cies, a limit is imposed on sensitivity by the maximum
voltage obtainable from the transformer, since, for a
given core, the voltage at saturation is proportional to
frequency. At high frequencies there is a decrease in
accuracy resulting from the decrease in core perme-
ability with frequency, from the increased loading.of
the transformer by its self-capacitance as well as the
bridge capacitanceg and, of course, from the usual
residual capacitances and inductances in the bridge
wiring and components, '

4.4 THE TYPE 1615-A CAPACITANCE BRIDGE.
4.4.1 GENERAL. The Type 1615-A Capacitance Bridge

is a transformer-ratio bridge of the type that uses a
single decade of transformer voltage division and m‘iul-
tiple, fixed, standard capacitors to provide six decades
of resolution in capacitance.

4.4.2 CAPACITANCE MEASUREMENT. As shown m
in the elementary diagram of Figure 4-11, one side of
the secondary of the ratio transformer is tapped ar in-

tervals of one-tenth, and to these taps can be connected % .
% step of 0.00001 pf or 1071} uf. The capacitors and

“ratios used for each range are indicated in Figure 4-12,

six standard capacitors in any combination required
to balance the bridge. If, for example, the standards
conrected to the six decade switches are 1000, 100,
10, 1, 0.1, and Q.01 pf, the range of the unknown that
can be balanced is from 1000 pf to 0.001 pf when the
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pnknown is connected to the full voltage of the other
secondary of the transformer. This uaknown side of
the transformer has, however, a tap at one-tenth of the
full voltage, so that when the unknown is driven from
this lower voltage, the range is multiplied by ten, and
an unknown up to 10,000 pf, or 0.01 14, can be balanced
by the same internal standards. The range is extended
still further by further division of voltage on the un-
known side through a second transformer or inductive
divider drivenfrom the 0.1 tap on the ratio transformer.
This second divider provides additional ratios of 0.1
and 0.01, so that, with the voltage applied to the un-
known reduced to 0.01 and 0.00I, the bridge is given
two more ranges of O.}-uf and l-uf maximum capaci-
tance,

EXT
STANDARD
[ H [ G
[ ‘ A
o) & decodes 8 capacitors
-M’V

i L D 4 deccdes
T [
o —
@ o 0.0001 pf /5;1_\ )
0 0,001 3 2
TERMINAL B TERMINAL
-0.01 =
X

H UNKNOWN

) H% Cx %L
Figure 4-11. Ele;memary schematic diagram of the
Type 1615-A Capacitance Bridge.

To extend the range to smaller capacitances,
two additional standards are used, of 0.001 and 0.0001
pf. This yields two more ranges, 0.0001 pf to 100 pf
and 0.00001 pf ro 10 pf. There are, therefore, eight
standard capacirors, only six of which are used for
any one range. lhe necessary standard conpections
are made by the same range switch that selects the
transformer taps.

With this combination of eight internal-standard
capacitors and four voltage ratios to which the unknown
can be connected, the capacitance range of the bridge
extends from a maximum of 1.111,110 uf to a minimum

443 1.OSS MEASUREMENTS. To obtain a precision
of 'six figures in the capacitance balance, the loss
balance must be made equally precise. As shown in
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Figure 4+12. Capacitance balance control.

Figure 4-11, the loss balance in this bridge can be
made in terms of either the dissipation factor, D, or the
shunt conductance, G, of the unknown., For most pur-
poses, dissipation factor offers the greater range and
convenience. Conductance is useful in some measure-
ments of dielectric materials and is necessary when
external standards are added to the biidge and when
the loss in the bridge standards exceeds thar of the
capacitor being measured,

4.4.3.1 Dissipation Factor. {Figure 4.13). The balance

of loss In terms of dissipation factor is made by means
of four resistance decades connected in series with
the common side of all the internal capacitance stand-
ards, as shown in Figure 4-11. Since there is some
capacitance from the junction point of capacitors and
resistors to the bridge shields, the basic network which
provides the effective bridge-dissipation-factor adjust-
ment is the T-network shown in Figure 4-13b. The
effective direct impedance of this network between the
terminals a and b is

Z. = = (4-12)

g, [1*i@Ry Cx * Co)ls

which is equivalent to a capacitance Cy with a dissi-
pation factor

Dy = wRy{Cy + Cp). (4-13)

Although the effective capacitance, Cy, of the
bridge is varied by varying the veoltages applied to any
of the several bridge capacitors, the total capacitance,
Cy + Cp, which includes all the direct and stray ca-
pacitance connected to the junction of Cy and Ry,
remains constant. The resistance of the Ry decades
can, therefore, be calibrated to read D directly at a
particular frequency, in this bridge at 1000 cps. With
four decades of 100, 10, 1, and 0.1 ohms per step and
with the total capacitance adjusted to 0.001592 uf,
the range of D at 1000 cps is from 0 to 0.0] in 1 ppm
steps. The capacitance value of 0.001592 if is se-
lected to make 27fC = 1077, so that Ry can be convert-
ed to Dy by a simple shift of decimal point in the read-

out,
At other frequencies, the indicated D must be

maitiplied by the frequency in kiloeycles. To extend
the range to higher D, additional capacitors are added
by a range switch to make Cp = 0.061592 uf foramaxi-
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Figure 4-13. Dissipation-facior balance controls.

murs D of 0.1 and to make Cp = 0.1592 uf for a maxi-
mum D of 1.

The effective direct capacitance Cx Is not
changed when capacitance is added to Cp to increase
the total, Cy + Cp, since Cp appears only in the D
term in Equation 4-12. Note that the series connec-
tion of bridge standard capacitors and resistors means
that the capacitance (Cg) and loss (Dp) readings of
the bridge on the D ranges measure equivalent series

components of the unknown,

“xs = Cp (4-14)
and

Dy
Rys= wC, (4-15)

4.4.3.2 Fxternal Stondards. When an external stand-
ard 1s added to the bridge, a connection of its capaci-
tance parallel to Cy and in series with Ry would
change . the calibrated total capacitance. The bridge
as shown in Figure 4-13, has, therefore, the EXT
STANDARD H terminal connected through a decade
switch to the transformer taps, the L terminal to the
detector. The ten steps of voltage which can be ap-
pited to the H termiral divide the external capacitance
Cg by the decade steps indicated in the window of the
MULTIPLY EXT STANDARD switch, but they do not
change the Dy of the external standard. The. bridge D
decades vary orly the dissipation factor of the effect-
ive bridge capacitance, indicated by the Cy decades,
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and this capacitance with variable loss is in parallel
with any external standard used.

The D of the unknown can be determined when
an external standard is used on the bridge by calcula-
ting the total D of the bridge and extemal capacitors
in parallel; as in the circuit shown in Figure 4-14a. The
known components of the impedances are the bridge
readings of the intemal effective series capacitance
Cp and dissipation factor Dp and the series capaci-
tance Cyg and dissipation factor Dg of the external
capacitor. The total D of this circuit is

CgDp(l + D + C.D (1 + D2)
_C8Ds ) * CpDg(1 + Dy (416)

T
Cp(l +DE)+ Cyl + DR

and any D is defined as D = wRC for series equivalents.
The total series capacitance of the circuit is

CegCp(Dp - D,E)2

Crs=Cg +Cp -
F Cy(l +D2) + Cu(1 +D2)

(4-17)

The equations can be simplified for small D, where
D?can be neglected and 1 + D2=1. Then

b D Cg 4-18
D xm + o -
T CB + CE CB + CB DE ( )
and
Crs=Cp + C; (4-19)
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From these equations it is easier to see why a very
lazge bridge Dy may be required to balance a small
unknown Dy (#Dy) when an external standard [s used
and why balance with Dy may not be possible on the
bridge. As one extreme example, if the extemal Cg
equals the unknown Cx(=Cr), then Cp=0and Dy can
have no effect on Dy. The loss is balanced only if the
external standard Dy happens to equal Dy, or adjust-
ment of Dg is provided outside the bridge. If the ex-
ternal standard is only slightly smaller than the un-
known, say, Cp = 0.99 Cy, then Cp balances the dif-
ference capacitance and Cg = 0.061 Cy. In this case,
_Sn
Cy v Cg
be neglected, the bridge Dy must be 100 times the Dy
of the unknown.

= 0,01, and, if the external standard Dy can
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Figure 4-14. Equivalent circuit with
external standard for D.

In general, when the bridge capacitance is a
smail fraction of the total capacitance of bridge and
external standard, the bridge DD may have to be very
large, perhaps beyond the bridge D range. Furthermore,
if the external standard Dy exceeds the Dy of the ua-
known, but the capacitance Cg is smaller than the un-
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CONDUCTANCE

known, the bridge cannet add less to the unknown to
reach balance. Because the balance and calculation of
D are not simple ic many cases when external stand-
ards are used, loss balance with conductance G is rec-
ommended.

4.4,3.3 Conductance: G. (Figure 4.15). It is simple,
however, to use the low-resistance decades in the
basic T-network for G, shown in Figure 4-15b, to obtain
a variable conductance. The relation between the
decade resistance Ry and the direct conductance Ggy
between the terminals a and b is

Ry Ry x 10719
G,y = - - ——, (420)
AB +RyA +RyB  1+2x 107 R

when 100-kilohm fixed resistors are used as the series
arms A and B, The four decades of resistance, Ry,
then provide a range of G from 0.1 timho to 10 pmho.
The conductarice is reduced by a factor of ten when
the network is switched to the 0.1 tap on the trans-
former {Figure 4-15a) instead of to the full winding,
and the range is then from 0.01 to 0.00000% umbo.
When the loss in the standard capacitors, external or
internal, exceeds that of the unknown, the bridge must
be able to add loss to the unknown. With the conduct-
ance balance of loss, the T-network can be readily
switched to the taps at full or tenth voltage on the
unknown side of the bridge to provide the same two
ranges of conductance across the unknown ~G as there

G, = R I07MI=2 Rx0™Y 1 U
b, BASIC T NETWORK FOR §

NOWN
T

= % Gxp

BRIDGE MEASURES
PARALLEL EQUIVALENT

HO——temed _
! M
Cup
Gyp
i Figure 4-15. Conductance balance controls.
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are for conductance across the internal and external
standards +G.

The conductance range is also changed when the
transformer ratios on the unknown side of the bridge are
changed by the C MAX range lever. The reading of
the G dials must then be multiplied by the factor M
(1, 10, 100, or 1000) engraved on the C MAX scale ad-
jacent to the lever. Since the conductance relations do
not invelve freguency, no frequency multiplier is re-
quired.

Note that the conductance tetwork is connected
in parallel with the bridge capacitance standards,
(Cy). The capacitance {Cp) and loss (Gg) readings of
the bridge on the G ranges therefore measure equivalent
parallel components of the unknown, CXP‘W

Gyp= Gg- )

The bridge will measure not only capacitors with
small, or no, conductance but also resistors with small,
or no, capacitance. Since the bridge conductances are
relatively small, the resistors which can be measured
are relatvely large. Table 4-1 shows maximum and
minimum resistances which can be measured at the un-
krown rerminals.

4.4.3.4 Correction of G Dial Readinigs. Since the re-
lation between G and Ry in Equation 4-20 is not linear,
the G reading of the bridge, which is proportional to

Ry, requires some correction when Ry is near maxi-
mum. The error is more evident when Equation 4-20 1=
written in the form

G Ry x 10°19(1 - 2 x 10-3 Ry + higher order terms).

{4-21)

The conductance is, therefore, lower than indicated by
the bridge reading of the Ry decades by an amount
whick is 2 x 10-3 Ry percent or 2 x 10-15 RN2 mhos.
For a conductance accuracy of 1%, the error is sig-
nificant only when the first G decade is set above 3,
i.e,, when Ry is greater than 300 ohms, For example,
wheo the first decade is set at its maximum indication
of X, Ry = 1 K{} and 2 x IO'SRN = 2%; the effective
conductance is 2% less than the bridge reading. Since
the error varies with the square of Ry, the corrections
are negligible for most G readings, as shown in Fig-
ure 3-7.

4.4.3.5 External Standard, The EXT. STANDARD H

terminal, connected to the transformer taps through a
decade switch, and L terminal, connected to the de-
tector, permit the coanection of extemal capacitance
and conductance in parallel with the bridge C and G
internal standards, as shown in Figure 4-15a. With the
parallel connection of equivalent parallel compenents,
shown in Figure 4:16, the total capacitance and con-
ductance can be found by simple addition of bridge and
external C and G. The known components are the bridge
readings of effective parallel capacitance Cp and con-
ductance Gp and the parallel capacitance C; and con-
ductance Gy of the external capacitor, The total con-
ductance is

Gr = Gp * G (4-22)
and the total capacitance is

Cr = Cg + Gy (4-23)

TABLE 4.1
RESISTANCE RANGE OF TYPE 1615-A

G Dials ulf C MAX M Ry
T e
0.0X 000 10 10 MQ
100 pf 1

000 0G1 1000 106 MO
0.0% 000 1 MO

- 0.01 wuf 10

000 001 M 105 M0
0.0X 000 0.1 ut 100 KO
000 001 H 100 104 MQ)
0.0X 000 10 KO
000 001 1 uf 1000 103M0
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with external standard for G.

Since the bridge has negative ranges of G and -1 posi-
tions on the ( levers, the bridge can be balanced with
external standards either larger or smaller in C and G
than the unknown. The G balance does not depend upon
either the sign or relative magnitude of the bridge and
external capacitances.

4.5 TYPE 1615-A ACCURACY.

4.5.1 GENERAL. The accuracy of the bridge is detet-
mined primarily by the accuracy of the transformer
tatios and by the accuracy of the internal standard ca-
pacitors. The accuracy of the ratios depends upon the
magnitude of the ratio, upon frequency, and upoa the
load connected to the transformer. The accuracy of the
capaciters, which depends Initially vpon the accuracy
of the reference standard with which they are calibrated,
is usually limited subsequently by the changes pro-
duced by aging and by fluctuations in temperature,
pressure, and humidity. To achieve an accuracy of
0.01% in the bridge reading over a wide range of fre-
quency and capacitance and without frequent recalibra-
tion, particular care has been taken in the construction
of the transformers and capacitors.

4,5.2 RATIO TRANSFORMERS. Relatively low num-
bers of turns are used in the transformers to keep the
leakage inductance, stray capacitance, and resistances
of the windings so small that the ratio accuracy re-
mains high, even with loads greater than 1 uf and fre-
quencies above 16 kc. These small residual impedances
make it possible, for example, when 2 1000-pf capaci-
tor is being measured at 1000 cps with unity ratio, to
load the transformer with as much as I if of ground or
cable capacitance before the error in the measured
direct capacitance exceeds 0.01%. The small bridge
inductances are not insignificant, howeve:, when high
capacitance is measured at high frequeacy, and the
bridge error is then of the order of +0.002%C  f '1—0%(-)~) ?
if no correction for the inductance is used.

The accuracy of the ratios when the transformer
is lightly loaded is better than 0.1 part per million for
the unity ratio and is better than 2 ppm for the 0.1 ratio
at 1000 cps or lower frequencies. The winding seif-
capacitances act as a load as frequency increases, so
that the error in the 0.1 ratico increases to abour 20 ppm

at 10 ke and to 0.2% at 100 kc. When the auxiliary
transformer is connected for ratios. of 0.01 and 0.001,
the ratio errors are increased by the loading effects of
the input impedance of the auxiliary transformer. These
errors are eliminated by compensating resistors, R247
and R248, and the 0.01 and 0.001 ratios in the bridge
are adjusted to within +20 ppm in the frequency range
below 10 kc. The phase errors are, in general, some-
what larger than the magnitude emrors of the ratios. At
1000 c¢ps, the phase etror is probably within 10
iradians, but the error increases In approximate pro-
portion to ratio and to the square of frequency.

4.5.3 CAPACITANCE STANDARDS. The bridge can
be calibrated quickly and accurately by the measure-
ment of a single calibrated external standard capacitor
of almost any size within the range of the bridge. Since
the six-figure resolution of the bridge permits com-
parison with a precision better than 0.01% down o 1
pf, the accuracy of calibration is usually determined by
the accuracy of the standard. Only one external stand-
ard, most conveniently a three-terminal 1000-pf stand-
ard such as the General Radio Type 1404-4, [s required
because the accurate, internal 0.1 transformer ratio can
be used to insure an accurate ratio of the ianternal ca-
pacitance standards. A ~1 position on each capacitance
balance switch connects the corresponding internal
capacitor to the 0.1 rap on the unknown side of the
transformer. This capacitor can be compared with the
next lower decade capacitor, which is connected to the
maximum voltage on the standard side when the ad-
jacent lever is set on the X position, and any adjust-
meats required can be made with trimmers accessible
beneath a sliding cover on the bridge front panel.

Such checks or recalibrarions of the bridge need
not be made often. The capacitors are constructed to
have such small changes with time, temperature, and
environment that the initial calibration te £0.01% may
be expected to change less than 0.01% per vear in
normal use. The temperature coefficients of the 1000,
100-, and 10-pf units, which are multiple-plate capaci-
tors, are less than 5 ppm/°C; the coefficients of the
Zichner-type 1-, 0.1, and 0.01-pf units and of the cyl-
indrical 0.00i- and 0.0001-pf units are less than 20
ppm/° C.

For almost zero changes of capacitance with
atmospheric pressure and humidity, all but the two
smallest capacitors are hermetically sealed in an at-
mosphere of dry nitrogen. This sealing is necessary
where stability of better than 0.01% is expected, be-
cause in at unsealed capacitor the capacitance changes
about 2 ppm for each 1% change in relative humidity;
hence a 50% change in humidity produces a 0.01%
change in capacitance. And the pressure change, for
example, resulting from moving the capacitor from the
near-sea-level altitude of Washington, D.C. to the more
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than 5000-ft altitude of Boulder, Colorado, produces a
capacitance decrease of about 0.01%.

To minimize long-term drift, the capacitor plates

are constructed of a single metzl (Invar) to avoid dif-
ferential stresses, and they are annealed and tempera-
ture-cycled to relieve strains and to accelerate the
initial aging.
4.5.4 RESISTANCE DECADES. Although the accuracy
of the measurement of loss is not important in the meas-
urement of many capacitors, the Type 1615-A Capaci-
tance Bridge makes possible measurements of dissipa-
tion factor to an accuracy of £(0.1% + 10 ppm} of the
measured value. This accuracy is applicable over the
D range from 1 to 0.000001 and over almost the whole
capacitance range from 1 uf to I pf and the frequency
tange from 50 cycles to 10 kc. At low frequencies and
small capacitance the accuracy will be limited by the
reduced sensitivity of the bridge. At high frequencies
and at ratios other than unity, the phase errors of the
transformers will reduce the accuracy. Within these
extremes, the accuracy of the D reading is determined
by the resistance decades, which are adjusted within
£0.05%, and by the total capacitance connected to the
decades, which is wimmed to adjust the D reading to
within £0.1% when a standard of known D is measured,

The loss measurement in terms of shunr con-
ductance G, is limited ro an accuracy of £{1% + 0.00001
Mmho) by the accuracy of the 100-kilohm resistors used
in the T-network. Higher accuracy is seldom needed.
It would not only add to the cost but would also require
corrections to the bridge G reading. These corrections,
amounting to a maximum of 2%, are due te the nen-
linear relation between the decade resistance and the
equivalent conductance of the network.

The loss measured by the bridge as either D or
G is the loss of the unknown capacitor relative to the
loss of the internal standards. Since the bridge capac-
itors ate carefully cleaned and sealed in dry nitrogen,
it is estimated that their dissipation facter does not
exceed a few parts per million. The accuracy of abso-
lute loss measured by the bridge is, therefore, the same
as that of the loss relative to the bridge capacitors.

The four resistance decades {R201-R240) used
in conductance and dissipation-factor measurements
are wire-wound resistance elements designed to minj-
mize inductance in low-resistance values and to mini-
mize capacitance for high values of resistance, All
units up through 100 ohms utilize a so-called Ayr-
ton-Perry winding, in which each resistor consists
of two parallel windings of opposed direction, so that
the current flow in the two windings is in opposite
directions. The external magnetic field, as a result,
is effectively canceled so that, typically, the residual
inductance of such a winding is of the order of 1% of
the inductance of a corresponding single winding.
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Elements having 200 ohms resistance or higher
ate unifilar-wound on their flat rectangular “cards.”
The inherent phase angle of these resistors is sub-
stantially lower than that obtained with so-calied “non-
inductive” spool-wound resistors.

4.6 CONTROLS AND INDICATORS. {Refer to Table 1.1).

The moderate size and weight of Type 1615-A
Capacitance Bridge permit it to be moved about the
laboratory with ease, and the bridge is sufficiently
rugged to be transported into the field should its accu-
racy be required there. It is easy to balance, easy to
read, and the reading is accurate without corrections.

A feature which contributes much to the ease of
balance and of reading is the use of lever, or linear,
rather than rotary controls on the switches for the
decades. The small panel space occupied by these
controls makes it possible to position the six decades
and range switch for capacitance and the four decades
and range switch for loss within the span of the oper-
ator’s right and left hands, respectively, The throw of
the switches is about three inches, so the 12-position
range of any decade can be covered with only a slight
motion of hand ot finger.

The position of each decade is indicated by a
number appearing in the window above each balance
control. The bridge capacitance readout thus appears
in the form of six closely-spaced digits in a hotizontal
line and the D or G readout as a similar line of four
digits. As S112 is moved to change capacitance range,
the decimal point is automatically positioned in the
six-figure readout to indicate without multipliers the
capacitance in picofarads from a maximum of 1, 11I,
110 pf to a minimum of 0.00001 pf. S101 similarly
moves the decimal point when the D range is changed
to indicate directly the dissipaticn factor. The decimal
point is also positioned automatically to read conduct-
ance in micromhos, but since G must be multiplied by
the factor M, this factor is indicated in red engraving
adjacent to each position of the C MAX range switch
lever. This multiplier is required only for G and for
external standards, and the color is used on the panel
to indicate 2]l quantities to which M must be applied.

When even the approximate magnitude of a capaci-
tor is not konown, the Initial balance can be found
quickly on this bridge by the use of the maximum ca-
pacitance range, so that the six decades cover the
range from 1 pf to 1 pf and the six controls can be
tried in quick succession to determine the balance
point without a change in range. The -1 position on
each of the capacitance decades, which was mentioned

 above as useful in the self-calibration of the bridge,

also facilitates balance in the region near any zero
by permitting a trial reduction of bridge capacitance
by one step in adecade without the necessity of moving
the adjacent lever.
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4.7 CONNECTION OF URKHOWN,

4.7.1 GENERAL. Two types of connector for the un-
known capacitors are provided at the upper right corner
of the bridge panel: a pair of Type 874 Coaxial Con-
nectors and a set of three Type 938 Binding Posts with
standard ¥-inch spacing. For three-terminal measure-
ments with complete shielding, as is required par-
ticularly for very small capacitance, three-terminal
capacitors, such as the Type 1403 and 1404-A Standard
Air Capacitors and Type 1422-CD Precision Capacitor,
can be connected with coaxial cables to the coaxial
bridge terminals. Capacitors having other common
types of coaxial connectors cam also be connected to
the bridge terminals by the use of the appropriate Type
874-Q Adaptor. Capacitors, such as the Type 1401
and Type 1409 Standard Capacitors, which have Type
274 Plugs as rerminals, can be plugged into the jack-
top binding posts. The binding posts can also be used
for the connection of patch cords and leads of many

types.
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The appropriate set of unknown terminals is con-

nected to the bridge {and the unused terminals discon-
nected) by means of a four-position terminal selector
switch (S113) located next to these terminals, As this
switch is moved to change terminals, it also shows the
corresponding changes of connections and grounds in
the simple equivalent circuit which is engraved on the
panel. The resulting circuit diagrams are shown in
Figure 4-17.
4.7.2 CALIBRATION. When the terminal switch is set
in the position marked CAL, the L sides of all the
terminals are disconnected. This permirs a self-check
or -calibration of the bridge capacitors at any time
without the need for disconnecting any urknown.

4.7.3 THREE-TERMINAL MEASUREMENT. In the next
position, marked 3 TERM, the coaxial Type 874 UN-
KNOWN terminals are connected to the bridge, with the
L terminal connected to the detector and the H terminal
to the transformer. The shields of the connectors and
all ground points on the bridge are connected to the
guard point, so that all capacitances to the shields or
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Figure 4-17. Terminal selections of Type 1615-A.
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to ground are excluded from the direct capacitance
between H and L measured by the bridge.

The third position of the switch, marked 3 TER-
MINAL, connects to the bridge the H, L, and GND
binding posts instead of the coaxial terminals. The
H post is connected to the transformer, the L post to
the detector, and the GND post to the transformer mid-
point and bridge ground. As in the coaxial three-termi-
nal measurement, the bridge measures only the direct
capacitance between the H and L posts and excludes
capacitances from H or L to any GND or guard point.
The open binding posts have = direct capacitance of
about 0.2 pf, which must usuvally be measured and sub-
tracted from the value measured when a capacitor is
connected. The bridge can, of course, measure this
small terminal capacitance, as well as that of any
leads connected berween rerminals and capacitor.

4.7.4 TWO-TERMINAL MEASUREMENT. The fourth
position of the switch, marked 2 TERMINAL, deserves
special attention because of the important changes it
makes in bridge connections and bridge measurements.
The bridge is again connected to the binding-post ter-
minals with the H post connected to the transformer,
but the L and GND posts are now connected together
and to the bridge case and panel and to any external
ground used. The bridge now measures zll capaci-
tances between the H terminal and L or GND, including
stray capacitances from posts and leads to the panel
and other environment.

In principle, this change of the inherently three-
terminal transformer bridge to two-terminal operation
is made as shown in Figure 4-11; the ground peint is
simply switched from the center of the transformer arms
to the junction of the standard and unknown capacitors,
thereby grounding one side of the unknown. In practice,
this change Is complicated by the fact that the center
of the transformer, which is the guard peint to which
the bridge shields are connected, is then coanected to
the high-impedance side of the detector instead of to
ground, To prevent error voltages from entering the
detector, all the wires and bridge shields coanected
to the high side of the detector must be enclosed by a
grounded shield. To provide this extra shielding for
two terminal measurements, the bridge components are
enciosed in an inner shield box which is enclosed by,
but insulated from, the outer box and panel, and the
primary of the main ratio transformer is also enclosed
in two separate shields.

4.8 EXTERMNAL STAMDARDS.
4.8.7 RANGE EXTENSION. The usefulness of the

bridge is further increased by the provision on the
bridge panel of a pair of terminals to permit the con-
nection of an external standard capacitor, or resistor,
to supplement ot replace the standards in the bridge.
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This pair of coaxial Type 874 Connectors, located to
the left of the coaxial pair for the unknown, has the L
terminal connected to the L terminal of the unknown
and the H terminal connected to the standard side of
the transformer through a rotary switch, S114, by means
of which any of the tens steps of voltage from the
transformer can be applied to the external standard.
This rotary switch, with its digital readout through a
window, provides a seventhk decade of capacitance, or
a fifth of conductance, whose magnitude is determined
by the external standard chosen. For example, the ca-
pacitance range can be extended to 11 uf by the cen-
nection of an external standard of 0.01 pf (Type 1615-
P1). With the C MAX range switch (S112) set at the
1 pf maximum, the rotary decade then provides a bal-
ance control of 1 uf per step and the balance controls
extend the range six more decades from 0.1 nf through
1 pf per step.

4.8.2 ACCURACY EXTENSION. Since both the un-
known and external standard capacitors can be con-
nected to a wide range of accurate transformer ratios,
a comparison of external capacitors can be made with
an accuracy even higher than that of the direct bridge
reading; and the ratios can be chosen so that the mag-
nitudes of the external capacitors do not have to be
decade multiples. For example, the Type 1404-A stand-
ard capacitor (1000 pf) has a calibration accuracy high-
er than 0,01% which can be transferred to a capacitor
of, say, 5000 pf by connecting that capacitor to the
appropriate unknown terminals and the Type 1404-A to
the external standard terminals. When the rotary decade
switch for the external standard is set to 0.5 and the
C MAX lever to the 0.01-uf position (where M = 10),
the external standard is effectively multiplied by 5 to
balance the unknown. Small differences between the
external capacitors can, of course, be balanced with
the internal standard capacitance and conductance dec-
ades, and any small errors in the bridge reading of the
difference ase insignificant in the comparison meas-
urement as long as the difference is a small percentage
of the total capacitance,

4.8.3 RESOLUTION EXTENSION. The resoclution, as
well as the accuracy, of the bridge can be extended by
the useof an external standard capacitor. It has already
been noted above that the external standard and its
decade switch S114 add a seventh decade, which can
have increments either larger or smaller than those of
the six balance control decades, Even higher resolution
is possible when, for example, two 1000-pf external
capacitors are compared, because the bridge decades
can beused to measure a difference as small as 0.00001
pf or 1 part in 108 in this example. Usable resolution
of 0.1 ppm is not hard to obtain with the recommended
Type 1232-A Null Detector, but higher resolution usu-
ally requires special detectors.
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SECTION B

SPECIAL MEASUREMENTS

5.1 GENERAL.

The Type 1615-A Capacitance Bridge is a pre-
cision instrument of considerable versatility. The con-
tents of this section describe measurement procedures
that are less usual and routine than those givea in
Section 3. Five applications of external standards to
increase the range, resclution, accuracy, and flexibility
of operation of the bridge are given. In addition, cover-
age 1s supplied on methods of extending three-terminal
measurement advantages to two-terminal capacitors.

5.2 USE WITH EXTERNAL STANDARDS.

5.2.1 GENERAL. External standards of capacitance
or conductance can be connected in parallel with the
internal bridge standards at the EXT STANDARD co-
axial H and L terminals. The H terminal is connected
to the standardrside of the ratio transformer through a
rotary switch, by means of which any of the ten steps
of voltage from the transformer can be applied to the
external standard. This switch, MULTIPLY EXT
STANDARD BY. .., with its digital readout through
a window, provides a seventh decade of capacitance
or a fifth of conductance, whose magnitude is deter-
mined by the external standard chosen.

Operating procedures are given below for these
principal uses of external standards:

1. Range extension to 11 uf.

2. Range extension above 11 pf.

3, Resolution extension to a seventh decade of
capacitance or a fifth decade of conductance.

4. Comparison of extemal capacitors.

5. Balance of terminal and lead capacitances.

5.2.2 RANGE EXTENSION TO 11 wpF. The Type
1615-P1 Range-Extension Capacitor is available as a
convenlent accessory to extend the range of the instru-
ment to 11 uF. Procedures for using it appear in the
Appendix. Other 0.G1-uF capacitors, such as the Type
1409-L, may be also applied by use of the Type 1613-P1
procedures.

5.2.3 RANGE EXTENSION ABOVE 11 uf. External
capacitance decades of 0,001, 0.01, and 0.1 uE per
step, when mulitiplied by the 1000:1-transformer ratic of
the bridge, can serve as bridge decades of 1, 10, and
100 uf per step to extend the capacitance range up to
1000 wf. The following General Radio capacitors are
recommended {appendix contains complete specifications):
Type 1423-A Precision Decade Capacitor for
+0.05% decade accuracy.
Type 1419-K Decade Capacitor for £0.3% decade
accuracy.

Type 1419-A Decade Capacitor for +1% decade
accuracy,

The accuracy of measurement of large capaci~
tance is usually limited by the bridge and lead induc-
tance i series with the capacitance. The bridge read-
ing of capacitance is greater than the unknown capaci-
tance C by a capacitance error AC = w2C2f, The bridge
inductance of about 0.3 uh, in series with the UN-
KNOWN terminals, results in a minimum etfror of the
order of +0.002% C;; (fi. )% Hence, at 1000 cps and
106G wf, the bridge reading is high by about 0.2%.

Additional loss range can be provided by using
external resistance decades in parallel with the ex-
ternal capacitance decades, Maximum bridge decade
conductance is 0.1 pmho, which is equivalent to an
external standard resistance of 10 megohms., For con-
tinucus loss balance above the range of bridge decades,
use external decades starting at 1 megohm per step and
continuing as required to lower resistance (higher con-
ductance).

5.2.3.1 Boalance Procedures, The procedures are as
follows:
a. Connect the two-terminal external decade

capacitor and resistor H termipal to the bridge coaxial
EXT STANDARD H terminal and L (and G) terminals
to the bridge L (or GND) terminal. {(Use Type 874-Q2
Adaptor to convert the coaxial bridge EXT STANDARD
terminal to binding posts, or use Type 874-Q9 Adapror
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to convert the capacitor binding posts to a coaxial
terminal.)

b. Set terminal selector to 2 TERMINAL.

¢. Connect unknown {refer to para. 3.7.5).

d. Sert MULTIPLY EXT STANDARD BY. . .to 1.

e. Set CMAX to 1 puf.

f. Balance capacitance with extemal decades
and bridge CAPACITANCE decades.

g« Balance loss with external R decades, bridge
CONDUCTANCE decades, and appropriate G MAX setting.

h. Calculate external standard conductance in
pmhos.

Example: Ggyr (umhos) = 106/REXT(ohms)

i. Multiply Gpyr by reading of MULTIPLY EXT
STANDARD BY. . . switch,

j. Add preduct to reading of bridge CONDUCT-
ANCE decades in umhos, with indicated decimal peint.

k. Multiply the sum by M (1000 with C MAX set
ar 1 uf).

5.2.3.2 Refinement of Capocitance Reading. To deter-
mine capacitance of the unknown in pf:

a. Determine total external standard capacitance
of decades plus terminals, adaptors, -and connecting
cables (zefer—?c-)—ﬁa:a 5.2,.3.3),

b, Multiply total external capacitance in pf by
reading of MULTIPLY EXT STANDARD BY. .. switch
{set at 1) and by M (1000 with C MAX at 1 uf),

¢. Add reading of bridge CAPACITANCE dec-
ades in pf, with indicated decimal point.

d. Divide by 105 to obtain unknown capacitance
in pf.

e. To read bridge directly in uf, decimal point is
placed before first figure of bridge CAPACITANCE
readout and:

External decade of 0.1 uf per step reads 100 uf

per step

External decade of 0.01 uf per step reads 10 uf
per step

External decade of 0.001 uf per step reads 1 uf
per step

First bridge decade reads 0.1 uf per step
Second bridge decade reads 0.01 uf per step

NOTE
The corrections for lead and terminal capaci-
tance in the external decades may be equivalent to one
or more steps in the first bridge decade, i.e., to tenths
pf in the unknown,

5.2.3.3 Measurement of Terminal and Coble Capeci-
tance. To measure capacitance of terminals, adaptors,
and cables;

a. Remove unknown from bridge terminals.

b, Set rerminal selector to 2 TERMINAL.

c. Set MULTIPLY EXT STANDARD BY. . . to 0,
d. Set C MAX switch to 1 .
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e. Balance bridge; CAPACITANCE decades
should read 000 001. This can usually be assumed
within a few pf without measurement.

f. Set external decades to 0 or to minimum ca-
pacitance,

g. Switch MULTIPLY EXT STANDARD BY. ..
to 0.1,

h. Sert first CAPACITANCE decade to -1,

i. Balance bridge with other CAPACTTANCE dec-
ades and with CONDUCTANCE decades.

j. Calculate external capacitance from

Cgxr x 0.1 x (M=1000) + Cp = Cy

Example: Type 1419-B decade attached to EXT
STANDARD terminals (with Type 874-Q9 Adaptor
and Type 874-R22A Patch Cord). With open UN-
KNOWN terminals and EXT STANDARD terminzls
disconnected {internally), bridge reads 000 001.
pf. With Type 1419-B decades set at 0 and con-
nected to bridge, bridge reads (-1)85 144. pf.

Ceywr x 0.1 ¢ 1000 = 000 001 - (~100 000 + 085 144)
=014 857

Cpyr~148.57 pf

k. Add this lead and terminal capacitance to any
reading of the external decades to obtain the total
external standard capacitance,

5.2.4 RESOLUTION EXTENSION., When higher bridge
resolution of capacitance or loss is required for meas-
urement of very small changes, an external standard can
be added to the bridge to provide a seventh decade of
capacitance or a fifth decade of conductance.

5.2.4.1 Copacitance. The value of capacitance to be
connected to the bridge as an external standard to pro-
vide a seventh decade above or below the six bridge
decades is shown in Table 5-1. The decade adjustment
is provided by the MULTIPLY EXT STANDARD BY. . .
switch, which has a digital readout of 0, 0.1, . . ., 0.9,
1. When these steps of the added decade are read as
0, 1, .+ 2, 10, the corresponding picofarads-per-
decade steps are those shown in the two EXT columns
to the left and right of the six bridge decades, with the
appropriate decimal point shown,

Example: With C MAX at 1000 pf and a 0.001-pf
capacitor connected as at external standard, the
MULTIPLY EXT STANDARD BY. .. switch pro-
vides a seventh decade below the sixth lever
and extends the bridge resolution to 0.0001 pf per
step for capacitance as high as 1000 pf.
Use a three-terminal capacitor for the external standard.
When the external capacitor provides the first figure in
a balance to seven-figure resolution, it must have cor-
respondingly high stability. For such stability, use
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TABLE 5-1
CAPACITANCE RESOLUTION EXTENSION

EXT STANDARD CAPACITANCE READING in EXT STANDARD
¢ CAPACITANCE pf with all decades set at 1*% CAPACITANCE
sghi‘i'\r};}(; for 7th Pecade f‘: 6 Bridge Decades )E( for 7th Decade
L above Bridge T T - below Bridge
1 uf 10,000 pf 11 1 1 1 1 1.1 .001 pf
0.1 uf | 10,000 pf 111 1 1 1 1,1 |1 .001 pf
0.01 puf 10,000 pf 111 1 1 141 111 .001 pf
1000 pf 10,000 pf 1 |1 1 1,1 1 1|1 001 pf
100 pf 1,000 pf 1 {1 1et1 1 1 1|1 000 1 pf
10 pf 100 pf 1 11 1 1 1 1|1 .000 01 pf

* Reading of 0.1 in window of MULTIPLY EXT STANDBY BY . .. switch.

*% Each individvally can be any aumber from 0-9.

a sealed capacitor with a low temperature coefficient,
preferably equivalent to the bridge standards. When the
external capacitor provides the seventh figure, the
capacitance is very small. High stability and accuracy
are not required in the capacitor of this last decade.

Capacitors recommended as external standards

are:
10,000 pf - Type 1615-P1 Range-Extension Ca-
pacitor
1,000 pf - Type 1404-A Reference Standard
Capacitor
100 pf - Type 1404-B Reference Standard
Capacitor

0.001 pf - Type 1403-V Standard Air Capacitor

The procedures are as follows:
a. Select capacitor on the basis of the above.

b. Measure capacitance of external standard by
procedure described in para. 3.7.2. '

¢. Move the external standard capacitor to the
bridge H and L coaxial EXT STANDARD terminals.

d. Connect unknown and balance bridge.

5.2.4.2 Conductance. The value of conductance to be
connected to the bridge as an external standard to pto-
vide a fifth decade above ot below the four bridge dec-
ades is shown in Table 5-2. The decade adjustment
is provided by the MULTIPLY EXT STANDARD BY. . .

switch, which has a digiral readout of 0, 0.1, ... .,
0.9, 1. When these steps of the added decade are read
as 0, 1, . ..., 9, 10, the corresponding micromhos per

step are shown in the EXT columns to the left and
right of the four bridge decades, with the appropriate
decimal point shown in the line of digits.

TABLE 5.2
CONDUCTANCE RESOLUTION EXTENSICN
EXT STANDARD CONggffﬁigfaiEsAflfi @40 1 EXT STANDARD
for 5th Decade " a2 for 5th Decade
G MAX above bridge i ;‘3{* below bridge

SETTING G ] T 4 Bridgf Decades T G Roe
+0.1 0 1140 IMO 0. |1 1 1 1 1 1wpl] 100
+0.01 Ul ot 0 { 20MO ] 0] 1 1 1 1 111 10| 18

*Reading of 0.1 in window of MULTIPLY EXT STANDARD BY. .. switch.

**See Figure 5. 1for use of Ry in T network.
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Example: With G MAX at +0.1 U and a resistor

of 1 megohm {equivalent to a conductance of 1

©3) connected as an external standard, the MUL-

TIPLY EXT STANDARD BY. . . switch provides

a fifth decade above the first bridge decade with

a conductance of 0.1 uU per step. The maximum

unknown conductance which can be balanced is

then 1 U multiplied by the factor M correspond-
ing to the C MAX position used.

For 2 standard of 1 or 0.1 20U, use a deposited-
carbon or metal-film resistor of 1 or 10 megohms with
an accuracy of +1%. Mount the resistor in a shield to
reduce the capacitance across it and the noise pickup.
The Type 874-X Insertion Unit is a convenlent shielded
housing for the resister and has coaxial terminals for
connection to the bridge directly, and/or through Type
874 patch cords.

For standards of very small conductance, a T—
network of resistors, as shown in Figure 5-1, must be
used. The direct conductance G between the H and L
terminals is

G =Ry/(AB + RrA + RpB)

I MO __.sr”I—Mfﬂ_-jl__._
H O—wn —— —Q L
A LB

Ry
GND

Figure 5.1, T=network for conductance standard,

When A = B = 1 megohm, the value of the resistance,
Ry, and the corresponding conductance, G, is given in
the right-hand columns of Table 5-2. Mount at least the
resistor B, connected to the L. or detector bridge ter-
minal, in a shield to reduce capacitance and noise pick-
up. The Type 874-X Insertion Unit can be used to mount
this resistor. Note that the error of the T-nretwork con-
ductance may be the sum of any errors in the resist-
ances of R+, A, and B.

a. Select conductance standard on the basis of
the above.

b, Measure the resistance of all resistors used
as the external conductance standard {with an ac or dc
resistance bridge} and compute the conductance,

¢. When the conductance is within the conduct-
ance range of the bridge, connecr the conductance
standard to the bridge UNKNOWN teminals and meas-
ure both conductance and capacitance, Follow proced-
ures of para. 3.7.2. Refer to Table 4-1 for resistance
and coenductance ranges of bridge.
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5.2.4.3 Negative External Conductance. When negative
G MAX positions must be used to balance loss on the
standard side of the bridge in excess of that on the un-
krown side, and the bridge conductance range or reso-
lution is not adeguate, add the external conductance
standard in parallel with the unknown:

a. Connect external standard H terminal to UN-
KNOWN coaxial H temminal, or to H biading post, and
connect the L terminal to bridge EXT STANDARD co-
axial L terminal {same as coanection to UNKNOWN co-
axial L terminal).

b. Adjust external conductance for bridge bal-
ance by the use of a decade resister as the external
standard or by the use of a decade resistor as Ry in a
T-network.

NOTE
The MULTIPLY EXT STANDARD BY . . ..
switch cannot be used for decade adjustment of neg.
ative conduciance.

5.2.5 COMPARISON OF EXTERNAL STANDARDS. The
accurate calibration of one capacitor can be transferred
to another with very small loss in accuracy by using the
bridge to measure the capacitance difference between
the two capacitors. This difference can be determined
by measuring first the capacitance of one capacitor and
then that of the other and subtracting, i.e., by a direct
substitution of the uncalibrated capacitor for the cali-
brated one at the bridge UNKNOWN terminals. The
difference can also be measured by connecting the cali-
brated capacitor to the bridge transformer as an ex-
ternal standard, and the uncalibrated as an unknown,
and using the bridge decades tobalance the capacitance
difference, i.e., by a comparison using the transformer
ratio amms. These methods can be used to increase
calibration accuracy when the accuracy of the calibrated
standard exceeds the 0.01% direct-reading accuracy
of the bridge.

The possible error in the measurement of the un-
known by the comparison technique is the sum of:

I. The error in the calibrated value of the ex-
ternal standard capacitor.

2. The error, +x(0.01% + 0.00001 pf), in the read-
ing of the bridge decades multiplied by the ratic of the
decade reading to the unknown capacitance,

3. The error in the bridge transformer ratios,
which is typically within 1 ppm for a ratio of 1, =10
ppm for ratios 2 through 10, +20 ppm for the ratios be-
tween 10 and 1000,

5.2.5.1 Direct or Equal Substitution. To calibrate a
capacitor, A, by comparison with a similar calibrated
capacitor, B, of nearly equal magnitude:
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z., Coanect capacitor A to the appropriate UN-
KNOWN terminals and measure its capacitance by the
applicable procedure in para. 3.7.

b. Connect capacitor B to the same terminals and
measure its capacitance. Do not change the setting
used in step a for the first two or three bridge decades,
if the balance can be made by the use of the (-1) or
(X) positions of lower capacitance decades. Any errors
in the bridge capacitors will cancel in the difference
if the same decade hasbeen usedin both measurements.

Example: If the measurement of capacitor A was

¥00.003 pf and that of capacitor B was X00.6-1)85,

the 1000-pf internal capacitor is used for the
first decade but the 100-pf and 10-pf are not in
use. The same balance could have beer made
with the bridge reading 999.985, and with all
three internal capacitors a part of the balance.

Since the measurement of capacitor A was made

with the 1000-pf capacitor, any errors in this ca-

pacitor will cancel in the difference between A

and B. When the 100- and 10-pf bridge capacitors

are used for B, but not for A, their errors appear

in the difference,

¢. To obtain the capacitance of A, subtract the
measured capacitance of B from that of A and add the
difference to the calibrated value of B.

Example: The calibrated value of B is 1000.003

pf, the difference of the measurements above is

X00,003 - X00.(-1)85 = .018 pi. The capacitance

of A is 1000.023 pf.

NGTE

The capacitance of the bridge terminals does
not bave to be subtracted from the two readings of the
bridge. When the same bridge terminals are used for
both measurements, any terminal capacitance cancels
in the difference. However, the calibrated value trans-
ferred from B to A is the capacitance added to the
particular terminals used when the original calibra-
tion of B was made.

5.2.5.2 Comparison Using Transformer Ratio Arms. To
calibrate” a capacitor, A, by comparison with a cali-
brated capacitor, B, when the ratio of A/B is close to
any integer from 1 to 10, multiplied by I, 10, or 100:

a. Connect the capacitor, A, to the appropriate
UNKNOWN terminals.

b. Connect capacitor, B, to the EXT STANDARD
terminals. If B is much larger than A, comnect B to
the UNENOWN terminals and A to the EXT STANDARD
terminals.

¢. Set C MAX and MULTIPLY EXT STANDARD
BY. .. to the positions which make the product of M
and the reading in the window as close as possible to
the ratio A/B.

Example: The nominal capacitances are A = 5000

pf and B = 1000 pf, and A/B = 5. Set C MAX to

0.01 uf, where M = 10, and set MULTIPLY EXT

STANDARD BY. .. to read 0.5,

d. Balance the bridge with the CAPACITANCE
and CONDUCTANCE controls,

e, Observe the capacitance of the unknown, A,
It should equal the calibrated value of the standard, B,
multiplied by M and the reading of the MULTIPLY EXT
STANDARD BY... switch plus the reading of the
bridge CAPACITANCE decades.

Example: Calibrated value of B iz 1000.005 pf.

C MAX set at 0.0 pf (M = 10). MULTIPLY EXT

STANDARD BY. .. reads 0.5. Bridge decades

read 0003.14 pf. Capacitance of A is 1000.005 x

0.5 x 10 + 0003.14 = 5003.16 pf.

5.2.6 BALANCE OF TERMINAL AND LEAD CAPACI-
TANCE. The bridge can be made to read directly the
capacitance added to terminals, or leads, by the use of
external standard capaciters added to the bridge to bal-
ance the capacitance of the terminals and leads. This
eliminates the need to subtract from the bridge reading
the terminal, or lead, capacitance to obtain the added
capacitance.

5.2.6.1 General Procedure,

&. Leave bridge terminals open; or with lead
wires or cables connected to bridge terminals leave
lead or jig terminals open; or with variable capacitor
connected to bridge terminals set capacitor to chosen
initial or zero point; or with decade capacitor connected
to bridge terminals set capacitor to chesen initial or

zero point. .
. Setall bridge CAPACITANCE decades to zero,

c. Balance bridge for capacitance with external
variable capacitance connected to bridge EXT STAND-
ARD terminals, Use MULTIPLY EXT STANDARD BY. .
switch to obtain multiplying ratios from 0.1 to 1, when
needed,

d. Balance loss with external! conductance of
with bridge CONDUCTANCE decades.

e, Connect capacitor to be measured to terminals
or leads, or change setting of variable capacitor to be
measured.

f. Balance bridge with bridge CAPACITANCE
and CONDUCTANCE controls. Do not change capaci-
tance connected to EXT STANDARD terminals.

g. Read directly the capacitance added to termi-
nals or leads from bridge CAPACITANCE indications,

5.2.6.2 External Standdrd Capacitors. Refer to para.
3.7 for connection procedures cotresponding to the
three measurement positions of the terminal selector.
Use any combination of fixed and variable capacitors
that will balance the bridge. Capacitots do not need to
be calibrated. The external standard capacitance can
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be larger than the capacitance it balances on the un-
known side, because it can be multiplied in steps from
0.1 to 1 by the MULTIPLY EXT STANDARD BY. ..
switch.

1. Three-terminal measurements,

(Terminal selector set to 3 TERM or 3 TERMI-

NAL)

Convenient capacitors are the calibrated, vari-
able, three-terminal Type 1422 precision capacitors,

Capacitence in pf

Type Max Min
1422.CR 1100 50
1422-CC 110 5

11 0.5
1422-Cp { 1.1 0.05

To use two-terminal external capacitors, such as Type
1422-D, for a three-terminal measurement:

a. Connect bridge EXT STANDARD L terminal
with shielded cable to capacitor H or insujated termi-
.nal. (Type 8749 Adaptor with Type 874-R20A Patch
Cord is convenient.)

NOTE
Do not conneci cable or adapior shield (which

is comnected to the bridge ground) to either capacitor
terminal.

b, Connect bridge EXT STANDARD H terminal
to capacitor ground terminal (or case). Insulate case
from bridge and other grounds, since bridge trans-
former voltage is connected to capacitor case.

c. Use MULTIPLY EXT STANDARD BY...
switch, when required, to reduce the effective external
capacitance to as little as one tenth that of the capaci-
tor. Cable capacitance is excluded from the external
standard capacitance.

2. Two-terminal measurements.

(Terminal selector set to 2 TERMINAL)

Convenient capacitors are tnhe calibrated, vari-
able, two-terminal Type 1422 Precision Capacitors:

Capacitance in pf

Type Max Min
1150 100
1422-D { 115 35

Cable or lead capacitance adds to the total ex-
ternal standard capacitance. Typical capacitance of
Type 874 Patch Cords is 90 to 100 pf. Use similar
cables to the unknown and to the external standard to
balance most cable capacitances.

Avoid the use of flexible cable and unshielded
leads when capacitance changes of less than 1 pf are
important; the capacitance of cable and leads may
change with positon. Use rigid connections or three-
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terminal measurements for accuracy in small capaci-
tance,
To balance terminal capacitance less than 10 pf:
a. Use for partial balance the terminal and wir-
ing capacitance of the bridge EXT STANDARD termi-
nal (about 6 pf), multiplied by the ratios of the MULTI-
PLY EXT STANDARD BY. . . switch,

Example: The terminal capacitance at the open-
binding-post UNKNOWN terminals of the bridge
(about 1.3 pf) can be partially balanced by the
6-pf EXT STANDARD terminal capacitance mul-
tiplied by the 0.2 position of the switch,

b. Add capacitance to the terminals, or leads,
on the unknown side of the bridge, when the minimum
of external-standard capacitance cannot be reduced
encugh for balance. To add bridge standard capaci-
tance to the unknown side, set first CAPACITANCE
decade to (~1) position and other decades to 0, Bal-
ance augmented lead capacitance with external stand-
ard capacitors. Then, with first decade left in (-1)
position, balance with remaining five CAPACITANCE
decades the capacitance added to the leads.

NOTE
Do not ase low-capdacitance, ibree-terminal capa-
citors, such as Types 1422-CC or -CD, as two-terminal
external standards. The two-terminal capacitance is
the calibrated, small, direct capacitance plus the capa-
citance from the bigh terminal to case, which is much
larger and bas less range of variation.

5.3 CALIBRATION OF TWO-TERMINAL CAPACITORS.
AT ENDS OF CABLES.

5.3.1 TWO-TERMINAL-BRIDGE METHOD. To measure
two-terminal capacitors, such as the Type 1419 Decade
Capacitors and the Type 1422 Precision Capacitors,
which cannot be plugged directly into the bridge termi-
nals:

a. Set the bridge terminal selector to 2 TERMI-

NAL.

b. Connect the bridge binding posts to the capac-
itor posts with appropriate coaxial pateh cords and
adaptors. (Use Type 874-Q9 Adaptor to connect to Type
1422 Capacitors.)

¢. Measure the total capacitance of capacitor
plus cables and adaptors,

d. Remove the capacitor from the connector at
the end of the cable.

e. Measure the capacitance of the cable and
adaptors with the cable terminals open,

f. Subtract this cable or lead capacitance from
the total to obtain the capacitance added by the capaci-

- tor,
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g. Alternatively, balance the capacitance of the
cable with an external-standard capacitor to make the
bridge read zero when the cable terminals are open.
The bridge then reads ditectly the capacitance added
by any capacitor conaected to the cable terminals.
Refer to para. 5.2.6 for use of external standards to
balance lead capacitance.

NOTE

Cable or lead capacitance must not change be-
tween or during measurements, for 4ccurdie medsure-
ment of added capacitance. The capacitance of typical
coaxial cable may vary by the order of 0.01 to G1 pf
when the cable is moved. When capacitance errors of
this order are importani, as in the calibration of Type
1422 Precision Capacitors, use rigid cosnections, or
use the three-terminal-bridge method described below.

5.3.2 THREE-TERMINAL-BRIDGE METHOD. To meas-
ure two-terminal capacitors, such as Types 1419 and
1422, at the end of cables (with the cable capacitance
and its variations excluded by a three-terminal con-
nection):

a. Set the bridge terminal selector to 3 TERM.

b. Conrect to the capacitor terminals the con-
nector normally used, or specified, for two-terminal
calibration (such as the Type 874-Q9 Adaptor for the
Type 1422 Precision Capacitors). Connect the ground
(or shield) terminal of the adaptor to the ground (or low
terminal, or case) of the capacitor, and the insulated
terminal of the adaptor to the insulated {or high) ter-
minal of the capacitor.

I-TERMINAL
BRIDGE

! / IN SHIELDS

~___ TYPE B74~MB
COUPLING PRCBE

1 J

¢. Connect a copaxial cable to the bridge coaxial
L UNKNOWN terminal in the usual manner, with cable
shield connected to the outer conductor of the bridge
conmector.

d. Connect only the inner lead of this coaxial
cable to the center {insulated) terminal of the adaptor
which has been attached to the capacitor,

e. Leave a small, insulated gap between the
shield of the coaxial cable and the connector shield.
The gap should be made small (1/16-inch or less) to
avoid a leak in the shielding around the inner conductor,
The insulation resistance across the gap need be only
high enough to avoid loading the bridge transformer (1
megohm or more). The shields and center conductor in
the vicinity of the gap must be fixed in position so that
the internal capacitances remain constant,

NOTE

To make tbig connection with an insulated gap
in the shie ld, the components shown in Figure 5-2 can
be used. Plug the binding post of a Type 874-MB Coup-
ling Probe into the banana plug of a Type 874-09
Adaptor. Unscrew the bead of the binding post to adjust
its length until probe and adapior fit tightly together
with a gap of about 1/16-inch between their shields.
For additional mechanical rigidity, wrap the gap with
electrical tape. Connect one end of this assembly to
the other Type 874-09 Adaptor, which is connected to
the capacitor, and the other end to the coaxial cable,

f. Connect the bridge UNKNOWN H coaxial ter-
minal or UNKNOWN H binding post to the shield of the

EX{LUDE
CAPACITANCE COF CABLE
ANG  ADAPTOR

TYPE 874-09
ADAPTOR

INSULATED GAP

TYPE 874-G9
TADAPTOR
MEASURE
CAPACITANCE OF ADAPTORS
AND CAPACITOR

2 TERMINAL
CAPACITOR

Figure 5-2, Connection for 3-terminal measurements on 2-ferminal capacitors.
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connector (Type 874-Q9) that is attached to the ca-
pacitor ground terminal. Insulate the capacitor case
from any connection to the bridge ground or external
grounds.

NOTE

The capacitances measured by the bridge are
then, the capaciiance within the capaciior from the bigh
terminal o case and the capacitance within the con-
nector from the center conductors to the outer shields
as far up as the gap. The capacitances excluded are
those from the cable center conductor to shields on
the bridge side of the gap.

g. Measure the total capacitance of the capacitor
plus the connectors,

h. Remove the capacitor from the connector and,
with the lead from the H terminal of the bridge still
connected to the connector shield, measure the capaci-
tance of the open conmector,

I. Subtract this connector capacitance from the

total capacitance to obtain the capacitance added by
the capacitor.

j. Altemnatively, balance the connector capaci-
tance with a three-terminal extemal-standard capacitor
to make the bridge read zero when the connector is
open, The bridge then reads directly any capacitance
added to the connector, Refer to para. 5.2.6 for use of
external standards in this application.

k. Use this three-terminal connection to exclude
cable capacitance, and capacitance changes from any
other measurement of two-terminal capacitance, where
bridge ground can be isclated from capacitor ground.

5.4 APPLICATION OF DC BIAS TO UNKNOWN,

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

CAUTION
Do not apply voltage at the bridge DETECTOR termin-
als in excess of the voltage, Epyay: i Table 5-3.

5.4.1 NORMAL OPERATION. To apply bias in parallel
with the detector, use the following procedures:

a. Connect the bridge for normal operation, but
add the dc bias supply in parallel with the detector, as
shown in the circuit of Figure 3-3.
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S

BLOCKING CAPACITOR
TYP‘-’ gr4-T fm -

DETECTOR

TYPf ar4-%
{NSERTION UNIT

[T T T

TYPE 874-Q2

I ADAPTCR

-dea

BIAS SUPPLY

Figure 5-3. Circutt for applying bias to an unknown.

b. Shield all leads connected to the high side of
the detector. Use a Type 874-T Tee connector for con~
venient parallel connection of bias.

c. Connect a series capacitor between detector in-
put and bias supply to block bias voltage from the input
stage. (This capacitor is usually built into the detector
input stage.)

d. Connect a series resistor, Ry, between the high
detector lead and the bias supply to prevent the low im-
pedance of the bias supply from shorting the detector
input. A resistance of about 100 kilohms will usually
suffice, Lower resistance reduces the detector sensi-
tivity; higher resistance reduces the dc voltage across
the unknown since

_EpRpp

E,s2 29
X
RE} *Rap

Refer to Table 5-3 for the bridge resistance, Ry, at
the DETECTOR terminals.

e. Install a shield such as a Type 874-X Inser-
tion Unit around the resistor.

NOTE
Use a choke in place of Ry for high impedance,
when low dc voltage drop is needed but shield the
choke from both magnetic and electrostatic pickup.

f. Connect the bias power supply, or battery, be-
tween Ry and the outer conductor of the DETECTOR
terminal of the bridge, which is also connected to the
bridge case and ground. Either polarity of dc bias can
be applied to the bridge. Connect the supply to apply
the polarity required by the capacitor being tested.
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TABLE 5.3
MAXIMUM YOLTAGE AT BRIDGE DETECTOR TERMINALS
TERMINAL SELECTOR G MAX-D MAX CONTROL Rao E yax”
POSITION SETTING OHMS VOLTS
CAL, 3 TERM, 3 TERMINAL D =10 M 500
G 100 k 150
2 TERMINAL D 1 M 500
G 9 k 150

* Dc or rms ac,

5.4.2 REVERSE OPERATION. To apply bias in series
with the generator, use the following procedure:

a. Connect the bridge for operation with reversed
generator and detector, Refer to para. 5.5.

b. Connect the dc bias supply, or battery, in se-
ries with the ae generator. Use, for example, the Type
1265-A Adjustable DC Power Supply, which is de-
signed for series connection to the Type 1265-A Ad-
justable AC Power Source, or to the Type 1308-A Audio
Oscillator and Power Amplifier.

l DC BIAS SUPPLY
E

{OPTIONAL}

GENERATOR .—1

l

DETECTOR

-
£ PF
c‘l

4

Figure 5-4. Bridge circuit with generator and detector
reversed.

5.4.3 DIRECT CURRENT IN TRANSFORMER.

When the capacitor (Cy, that is measured with
bias by either of the preceding methods) has leakage
resistance, a direct current will flow through one of the
bridge ratio transformers. This current will magnetize
the core and affect the accuracy of the ratios, and such
use generally is not recommended. It is, however, pos-
sible to operate the bridge with some dc in the trans-
formers, if the total current {dc plus peak ac) is kept
below the values shown in Table 5-4 to avoid satura-
tion of the cores. Operation within these limits will
not damage the bridge, but the transformers should be
demagnetized after such use to insure accuracy in nor-
mal operation.

To demagnetize, setr the generator (1311) to 100
Hz and connect it to the bridge UNKNOWN H and L
(or G) binding posts. Set the bridge terminal selector
to the CAL position. To demagnetize T101, set C
MAX to 1000 pF, increase the generator output from 0
to about 10 V, and then slowly decrease back to 0. To
demagnetize T102, set C MAX to 0.1 uF and repeat the
procedure.

TABLE 5.4
CURRENT LIMITS FOR
TRANSFORMER-CORE SATURATION

C MAX Ipax | TRANSFORMER
1 uF 08 A T102
0.1 uF 0.08 A T102
0.01 uF 0.08 A T101
1000, 100, 10 pF| 0.008 A T101

5.5 GENERATOR AND DETECTOR REVERSED.

5.5.1 GENERAL. The bridge may be operated with the
generator connected to the bridge DETECTOR terminals
and the detector connected to the bridge GENERATOR
terminals (see Figure 3-4). Use reversed connection
when higher-voltage operation is required and when
lower sensitivity can be tolerated.

To apply higher voltage to the unknown capacitor
than that permitted by the normal generator connection
reverse operation must be used. In normal operation,
the maximum voltage across the unknown capacitor is
limited by transformer-core saturation and by transformer
ratio o

30 x {freq in ke)
MAX ~ M

E

The factor M has the values of 1G, 100, or 1060
as the C MAX control is changed from 1000 pf ro 1 uf.

In reversed operation, the maximum voltage is
limited by power dissipation in bridge resistors, or by
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insulation breakdown, and depends upon the positions
to which the terminal selector and D MAX-G MAX con-
trol are set. The maximum voltage, Ejqax that can be
applied to the DETECTOR terminals and to the unknown
capacitors is given in Table 5-3,

With reversed operation the sensitivity of the
bridge balance is usually lower than that obtained with
normal operation, but normal resolution may be retained
as a result of the higher generator voltage that can be
applied. When the detector is connected to the bridpe
GENERATOR terminals (hence, to the bridge erans-
formers) the balance sensitivity is generally reduced by
the mismatch between the low transformer reactance
and the much higher capacitor reactance, particularly
for frequencies below 1 ke and for capacitances below
1000 pf. For example, the capacitance unbalance that
can be easily seen on the 1232-A Null Detector is of
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the order of £0.01 pF when the bridge is driven with
100 V at 50 Hz and 20.0001 pF for 100 V ar 1000 Hz.

5.5.2 REVERSE OPERATION. To operate the bridge
with reversed generator and detecror:

a. Connect the generator to the bridge DETEC-
TOR coaxial terminal. Use Type 874-Q2, or Type
874-Q9 Adaptors, or Type 874-R34 Patch Cord, for easy
confiection of coaxial terminal to biading posts.

b. Connect detector to bridge GENERATOR
binding posts; shielding must be complete. Use Type
874-Q9 Adaptor to connect coaxial lead to binding
posts. Type 874-R34 Patch Cord may be used, but the
cable should be checked for leaks through the single-
braid shield of this coaxial cable. Refer to para. 6.7.3.

c. Use normal procedures in Section 3 for bridge
operation.
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secrion 6

CALIBRATION AND  ADJUSTMENT

6.1 GENERAL.

Procedures in this section provide rapid means
of test for normal performance of bridge components
(and of generator and detector) without the use of
special test equipment. These self-check procedures
include the test and adjustment of the ratio of the in-
ternal decade standard capacitors for consistent bridge
readings of capacitance on all decades and ranges,
Procedures are given for testing bridge accuracy with
respect to external standards of capacitance, dissipa-
tion factor, and conductance and for the adjustment of
the bridge capacitance calibration.

NOTE
All tests and adfusiments described in this sec-
tion can be made without disassemhly of the bridge.
Tests, adjustments, and repairs which require the re«
moval of bridge case and shields are described in Sec-
tion 7, Service and Maintenance,

6.2 SELF-CHECK PROCEDURES.

6.2.1 GENERAL. The following procedures utilize a
built-in calibration mode of eperation {see Figure 6-1),
and in no way alter the specified accuracy of the in-
strument. They may be performed at any time and ir a
selective fashion, dependiag upon whether a routine
procf-of-performance is required or whether fine cali-
bration is needed. If any of the procedures fail to give
the indicated result, refer to Section?7, Service and
Maintenance.
Used to Measure:

1. Zero error of bridge.

2. Sensitivity and operating condition of bridge,

generator, and detector.

3, Performance of decade switches, transformer,

and resistors.
4. Ratio of bridge standard capacitors,

Terminals: The terminals for unknown and external

standards are not used. The UNKNOWN H and L and

EXT STANDARD L coaxial terminals are internally

connected to ground. The transformer voltages remain
connected to the H binding post through the € MAX
switch and to the EXT STANDARD H coaxial rerminal
through the MULTIPLY EXT STANDARD BY. ..

For rough checks of operation, capacitors can be
left connected to UNKNOWN or EXT STANDARD termi-
nals without major effect.

For accurate calibrations, remove any capacitor
connection to EXT STANDARD H binding post and set
MULTIPLY EXT STANDARD BY... switch to zero
to prevent Joading of transformer by external capacitors,

6.2.2 ZERO CHECK. Procedures are as follows:

a. Set generator and detector for l-kc operation.

b. Adjust generator output for approximately 30
volts into bridge. Bridge voltage can be measured con-
veniently between UNKNOWN H and L (or GND) bind-
ing posts,

¢. Set terminal selector to CAL.

d. Sert CMAX to 10 pf.

e. Set D MAX to 0.01, and DISSIPATION FAC-
TOR controls to 0000,

switch,

NOTE
To incredase sensitivity for better resolution of
last C decade, increase generator frequency to 5 kc
and output to 100 volts,

C MAax
MULTIPLY EXT
STANDARD BY. .,

3
TERMINAL

o e 2
- TERMINAE,

Figure 6-1. Type 1615-A bridge circuit
for calibration setting,
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f. Balance bridge with CAPACITANCE controls,
Null should occur with CAPACITANCE controls set at
0.00 000 + 0.00 093. Change of DISSIPATION FACTOR
contrels will not affect balance, but capacitance bal-
ance is more sensitive when D is used instead of G. If
loss balance is required, change fromD MAX to a G
MAX position and balance with CONDUCTANCE dec-
ades.

g. Correct any bridge reading, when zero error is
present (i.e., not 0.00 000), by subtracting from that
reading of capacitance, the reading of the bridge for the
zero check multiplied by the factor M corresponding to
the C MAX range used for the reading being correcred?

Example: Zero reading is 0.00 0(-1)7 or -0.00

003 pf. If bridge reads 9.75 314 with C MAX at

10 pf (M = 1), the correct unknown capacitaace

is 9.75 314 ~{(~0.00 003) = 9.75 317 pf.

6.2.3 SENSITIVITY CHECK. Procedures are as fol-
lows:

a. Set bridge as above for zero check with input
of 30 volts ar 1 kc.

b. Balance bridge as for zero check. Results
shouid be very close to zero on D and C dials.

¢, Move any CAPACITANCE control from the 0
position. Detector deflection should increase in pro-
portion to the change in the capacitance reading of the
bridge.

4. Judge detector sensitivity by the deflection
shown when a given change is made in the setting of
the CAPACITANCE controls,

Exampie: When the fourth lever is moved from

zero to 1, so that the dials read 0.00 100, the re-

sulting detector deflection is approximately that
for any unbalance of 0.001 pf on this range.

The magpnitude of the voltage inte a detector with

input impedance of 30 kilohms or greater, such as the
Type 1232-A, is (with 30 volts into the bridge) approxi-
mately 1 mv for a capacitance unbalance of 0,07 pi,
and 1 v for an unbalance of .00 007 pf. Sensitivity of
the Type 1232-A should provide easily visible deflec-
tion for a capacitance change as small as 0.00 003 pf
with 30-volr input at 1 kc.
6.2.4 SWITCH, TRANSFORMER, AND DECADEL RE-
SISTOR CHECKS. The relation between bridge unbal-
ance and detector deflection ¢an be used as a rough
check for proper operation of the CAPACITANCE con-
trels, which connect to the transformer taps, and of
the DISSIPATION FACTOR-CONDUCTANCE controis,
which connect decade resistors.

6.2.4.1 Capacitance Controi Check. Check CAPACI-
TANCE controls as follows:

a. Set one lever to Y positien; set the other five
to O.

b. Set detector for LINEAR meter indication.

¥ Refer to para. 6.7 for elimination of souree of etror in bridge zero.
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c. Set detector GAIN for full-scale defiection
(100 on Type 1232-A scale).

d. Move lever from X through O step-by-step.
Meter deflection should decrease by G.1 full-scale for
each lever step, with an accuracy limited by the line-
arity of the meter movement; e.g., when lever is at 5,
meter should read half scale, or 50,

e. Check that deflection produced by X position
of any lever is the same as that produced by the 1 posi-
tian of the next lever to the left.

f. Check that the deflection produced by the
change from 0 to the -1 position is the same as that of
the change from 0 to the +1 position on any switch.

NOTE
Correction must be made for any small error in
the zero reading when deflection checks are made with
the levers of the two smallest capacitances.

6.2.4.2 Loss Control Check, Check CONDUCTANCE
controls as follows:

a. Set all CAPACITANCE controls to zero.

b, Set G MAX o +0.01 n1J,

c. Set one CONDUCTANCE lever te X position;
set the other three to 0.

d. Check deflection changes for each step of
lever by same method as in step d of para. 6.2.4.1.

6.2.5 CAPACITOR RATIO CHECK. The ten-to-one
ratio of the eight standard capacitors in the bridge can
be checked quickly against the stable and accurate
ratio of the bridge transformer by the following method:

a. Set D MAX to 0.0l and terminal selector to
CAL.

b, Set four DISSIPATION FACTOR controls to 0.

c. Ser C MAX to 1000 pf.

d. Setleft-most CAPACITANCE lever to -1, This
connects the 1000-pf internal capacitor to the 0.1 tap on
the unknown side of the transformer, (see Fig, 6-1),

e. Set the second CAPACITANCE lever to X,
This connects the 100-pf internal capacitor to the full
transformer voltage on the standard side,

f. Balance the bridge with the remaining four
levers, If the capacitors have an exact 10:1 ratio, these
levers should indicate balance at (-1} X0.000 pf. Any
error in the ratio can be read to 0.GCL pf or 10 ppm, and
detector meter deflection can be interpolated to 1 ppm.

When the ratio errors exceed the tolerance re-
quired, say (30 ppm + 0.00 003 pf), the ratio can be re-
adjusted with the trimmers on the standard capacitors,
which are accessible beneath the sliding cover on the
bridge panel. Follow the calibration-adjustmeant pro-
cedures in para, 6.3.

Compare the other six pairs of capacitors in sim-
ilar fashion, using the appropriate € MAX and lever
positiens indicated in Table 6-1. Balance of loss should
not be required in comparing these low-loss standards.
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TABLE 6.1
SETTINGS FOR INTERNAL-STANDARD
CAPACITOR RATIO CHECKS

TO CONNECT AS Set C MAX CAPACITANCE
UNKNOWN | STANDARD o should read

1000 pf 100 pf |, ,Oi‘f"gﬁf; s | o x| o) oo

100 pt 10 pf 100 pf Dl x. 0] 0} ofo

10 pf 1 pf 10% pf (-, X 10 G{ 00

1 pf 0.1 pf 10% pf 0. |-1|x | o] ofo

0.1 pf 0.01 pf 10* pt 0. | of-1]x| oo

0.01 pf 0.001 pf 10% pf 0. | 0j0 |-1] x|o

0.001 pf | 0.0001 pf 10% pf 0. | ofo | of-1]x

*Refer ro paragraph 6.2.6.

If a small amount of loss difference prevents adequate
precision of the capacitance balance, use the +0.01
U positions of the G MAX lever. The D MAX posi-
tions will have no effect on the relative loss of inter-
nal capacitors,

NOTE
To incredse precision (when comparison of capac-
itors below 1 pf is made), set the frequency to 5 kc
and the input volilage to 100 volis.

6.2.6 USE OF COMPARISON TABLE (Refer to Table
6-1). When the bridge shows an error of 0.00 001 pf or
more in the zero check above, change the comparison
procedure as follows:

a. Set the last two CAPACITANCE controls to
the reading they have when the bridge is balanced for
the zero check.

Example: Zero check reads 0.00 0(-1)7 pf. To

compate the 10- and 1-pf capacitors; set the CA-

PACITANCE controls to (~13.X0 0(-1)7 pf.

b. When Table 6-1 calls for an X position of a
decade where the corresponding zero-check reading is
(~1), set thar decade control to 9.

Example: Table calls for 0.00(~1)X0; zero read-

ing is 0.00 0(~1)7. Set decades to 0.00{~1)97.

c. When the table calls for an X in a decade
where the zero reading is neither 0 nor (~l), use the
detector meter deflection for comparison as follows:

{1} Set the detector for LINEAR meter de-
flection.

{2) Set the CAPACITANCE decades te 0.00
010 pf.

{3) Adjust detector gain for neatly full-scale
deflection and observe meter reading.

(4) Set the CAPACITANCE decades to (.00
00X.
{5) Meter deflection should be the same as in
item 3 above.
Estimate amount of any error by comparing with change
in deflection when last decade is moved one step from
Xto 9

When the erroris greater than1(0.01% +0.00003 pf)
or than the required accuracy (if higher) refer to para.

6.3,

6.3 CAPACITOR CALIBRATION-ADJUSTMENT.

Procedures which follow urilize external stand-
ards and entail possible minor adjustments in internal
capacitance standards. They should not be undertaken
unless the recommended standards are available and a
need for adjustment has been established as a result
of the self-check procedures {refer to para. 6.2). If indi-
cated balance resuits cannot be accomplished by use
of these procedures, refer to Section 7, Service and
Maintenance,

The recommended capacitor for bridge calibration
to +0.01% or better is a 1000-pf Type 1404-A or & 100-pf
Type 1404-B Reference Standard Capacitor that has
been calibrated by the National Bureau of Standards
or other standards laberatory to an accuracy of 30
ppm or better,

The reference capacitor should have a stable
mechanical structure to prevent changes with time and
motion, should be hermetically sealed to prevent changes
with atmospheric pressure and humidity, should have
three-terminal connections to reduce connection errors,
and should have a temperature coefficient below 10
ppm/°C to avoid unusual temperature-control require-
ments,
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High-quality mica capacitors, such as the Type
1409 series, are not recommended for this bridge cali-
bration because their remperature coefficient of abour
+35 ppm/ °C makes necessary a careful control of tem-
perature. The usual unshielded-plug connectors, even
with three-terminal measurement techniques, can also
introduce significant uncertainties in the measurement
of a 1000-pf, or smaller, capacitor. When such mica ca-
pacitors must be used, the capacitance should be 0.01
or 0.1 juf.

6.3.1 BRIDGE STANDARD VS REFERENCE STAND-
ARD. The bridge standard capacitors are provided
with adjustable trimmers which can be used to set the
bridge capacitance to precise agreement with a calis
brated reference capacitor. The general procedure is to
adjust one bridge capacitor, uvsually the 1000-pf or
100-pf, to agree with the nearly equal reference capaci-
tor. The other bridge capacitors are then adjusted, in
decade steps with reference to this capacitor, by use of
the accurate 10:1 transformer ratio in the bridge,

To adjust the 10G0-pf bridge capacitor to agree
with a 1000-pf reference capacitor (Type 1404-A), pro-
ceed as folows:

a. Set terminal selector to 3 TERM,

0. Cennect reference standard to UNKNOWN co-
axial terminals, Hto H and L to L.

c. Set C MAX vo 1000 pf,

4. Set CAPACITANCE contrels to the calibrated
value of the reference capacitor.

e. Use X on the first CAPACITANCE dial to
connect the entire internal 1000-pf capacitor to the
standard side of the bridge.

f. Use as many zeros as possible on the next
dials to remove effects of any errors in the calibration
of the bridge capacitors of 100 pf, 10 pf, etc. Use {~-1)
on dials when reference capacitance is less than 1000
pf.

R244

c204 ~

Clo4-
CrHit
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Example: Calibrated value of Type 1404-A is
999,983 pf. Set CAPACITANCE controls to X00.
(=1)83 pf.

6.3.2 ADJUSTMENT OF INTERNAL STANDARD. (See
Figure 6-2.) .

a. Loosen the two screws holding the small
panel above the DISSIPATION FACTOR dials and
slide panel up to uncover holes containing adjusting
screws of trimmers.

NOTE
Use a screwdriver that bas an insulated shaft
to prevent nofse pickup in the detector, which is con-
nected to the trimmer screws.

b. Adjust trimmer of 1000-pf capacitor (through
hole marked 1000), for capacitance balance, if required.
Do not change setting of CAPACITANCE controls (para.
6.3.1).

¢. Use CONDUCTANCE controls and appropriate
+ or -G MAX switch position for loss balance, if re-
quired. When loss of internal capacitors is greater than
that of reference standard, negative G MAX will be
needed and balance could not be obtained on any D
MAX position,

d. Remove reference standard capacitor connec-
tion from bridge when balance has been obtained.

6.3.3 OTHER INTERNAL STANDARDS. To adjust the
100-pf bridge capacitor to a 100-pf reference capacitor
(Fype 1404-B), follow the same procedure as above,
except set C MAX lever to 100 pf and adjust trimmer
of 100-pf capacitor through hole marked 100 (see Fig-
ure 6-2).

€.3.4 ADJUSTMENT OF OTHER BRIDGE CAPACI-
TORS. The remaining seven bridge capacitors may now
be adjusted to the calibtated bridge capacitor, and to a

Figure 6:2, Trimmer controls for
calibration adjustment of Type 1615-A
{shown with access panel removed).
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precise 10:1, ratio by connecting them in pairs to the
0.1 tap on the unknown side of the transformer and to
the full voltage on the standard side. Balance should
be made to a precision of at least one step in the 0.001
pf lever, i.e., to 10 ppm in 100 pf. Precision to 1 ppm
can be obtained by balancing to obtain equal detector
deflections when the 0,001-pf lever is moved one step
above and below its initial setting. The procedure is
as follows:

Set terminal selector to CAL.

a.
b, Set D MAX to 0.01.
c. Set four DISSIPATION FACTOR controls to 0.
d. Set C MAX to 1000 pf.
e. Set six CAPACITANCE controls to read (=1}
X0.000. This connects internal 1000 pf to 0.1 tap on

unknown side and 100G pf to full voltage on standard
side. o

f. Adjust trimmer of 100-pf capacitor through
hole marked 1008 (see Figure 6-2).

NOTE
Loss adjusiment is seldom required. When needed
to obtain precise C balance, move to a G MAX position
and balance with CONDUCTANCE controls. Return to
previons D MAX position,

6.3.5 ADJUSTMENT OF SMALLER BRIDGE CAPACI-
TORS. Repeat. comparison and adjustment procedure
(para. 6.3.4) for the 100-pf and 10-pf capacitor pair and
for the other pairs with the bridge settings given in
Table 6-2.
CAUTION

Before comparing the 10-pf and I1-pf capacitors or the
smaller pairs where C MAX is set to 10 pf, check the
bridge zero ' by procedure described in para. 6.2.2.

6.3.6 ALTERNATE PROCEDURES. When the zero bal-
ance differs from 0.00 000 pf by 1 or more in the last
figure, change the comparison procedure as follows:

a. Set the last two CAPACITANCE decades to
the readings they have when the bridge is balanced for
the zero check (para. 6.2.2).

Example: When the bridge is checked for zero

capacitance, the balance occurs for a reading of

0.000(-1)7 pf.

To compare the 10-pf and 1-pf capacitors, set the
CAPACITANCE levers to {~]1}.X0 0(~1)7 pf.

b. When Table 6-2 calls for an X to be set in a
decade where the corresponding zero-check reading is
(~1), set that decade to 9.

Example: Table 6-2 calls for 0.00 (~1)X0; zero
reading is 0.00 0(-1)7. Set levers to 0.00 (~1}97.

6.3.7 ADJUSTMENTS USING DETECTOR-METER DE-
FLECTION. When Table 6-2 calls for an X in a decade
where the zero-reading is peither G nor (~1), use de-
tector meter deflection for adjustment as follows:

a. Set detector for LINEAR meter deflection.

b, Set CAPACITANCE levers to 0.00 010 pf.

¢, Adjust detector gain for nearly full-scale de-
flection. Observe meter reading.

NOTE
If increased detector sensitivity and balance pre-
cision is needed, set the generdior and detector to 5 ke
and the input voltage to 100 volts.

d. Set the CAPACITANCE levers to 0.00 00X.

e. Adjust the trimmer marker 0.0001 to obtain the
same meter deflection obtained in step ¢ above.

This calibration method, when bridge zero error
is present, makes any bridge reading correct when the
zero error in pf, multiplied by the factor M correspond-

TABLE 6-2
BRIDGE SETTINGS TO COMPARE INTERNAL STANDARDS
(SEE FIGURE 6-2)

TO COMPARE ADJUST
Set C MAX Set CAPACITANCE
UNKNOWN | STANDARD TRIMMER
SIDE SIDE to controls to
pf pf MARKED
1000 100 1000 pf -l {X 10,10 J0 10 100
100 10 100 -1 1 ¥a]0 O 10 | O 10
10 1 10 -] X]10 [0 {10 |0 1
1 0.1 10 O ~11{X |0 {0 }O Gul
0.1 0.01 10 0. ]0 ~11X 10 Q0 0,01
0.01 0,001 10 G0 |0 |-11X }O 0,001
0.001 0.0001 10 010 {10 JO | -11X 1 0.000]
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ing to the C MAX setting, is subtracted from the bridge
reading of capacitance.
Example: The zero reading is 0.00 0(-1)7 pL
The zero error is ~0.00 003 pf. When the bridge
reads 9.75 314 with C MAX ac 10 pf and M = 1,
the correct capacitance is 9.75314 - (-0.60 003)
= Q.75 317 pf.

6.3.8 POST-ADJUSTMENT CHECKS. Remeasure the
reference capacitor by the procedures of para. 56.3.1,
after all bridge-capacitor adjustments have been com-
pleted. If the bridge does not balance with a reading
equal to the calibrared value of the reference capacitor
within the desired bridge accuracy (say, 30 ppm}, the
adjustments of para, 6.3.2 and 6.3.4 must be repeated.
Such readjustment will be required oanly if very large
errors were present in the smaller capacitors used when
the bridge 1000-pf capacitor was first adjusted to the
reference standard.

6.3.9 BRIDGE CAPACITOR ADJUSTMENT WITHOUT
REFERENCE STANDARD. The comparison and adjust-
ment of the bridge capacitors in para. 6.3.4 can be made
at any time, if a reference standard is not available for
the bridge capacitor calibration of para. 6.3.1. In such
adjustment, one of the bridge capacitors, say the 1000-
pf, is assumed to be the best available standard. This
capacitor is not adjusted, but the other bridge capaci-
tors afe trimmed to agree with the chosen standard so
thar there are no intemal inconsistencies in bridge
readings from range to range and from decade to decade,
The percent error in the absclute capacitance of the
bridge capacitor chosen as reference is, therefore, the
percent error of any bridge reading. This error can be
determined by a subsequent measurement of a calibrated
reference-standard capacitor, and the appropriate cor-
rection applied to measurements made with the bridge.

6.4 CONDUCTANCE CALIBRATION.
6.4.1 CONDUCTANCE STANDARDS. A standard of

conductance of | micromho or more is usually a cali-
brated resistor. For conductance much smaller than a
micromhe, a T-network of three calibrated resistors is
used as a standard to keep the resistance magnitudes
within the range of readily available accurate resistors.
The equivalent circuits of both forms of standard are
shown in Figure 6-3. The relation of G to R, for the
circuit in Figure 6-3 (a}, when ceonductances G are in
mhos and resistances R are in ohms is

1
GHL ﬁ’ﬁ— (6'-1)
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A l-megohm resistor, therefore, has a conductance of 1
wmho. For small conductances, the circuit is as shown
in Figure 6-3(b) and the relation is

G - Re ) GaGr ¢
HL* R R, R, R fR R, Gyt GptGe (O

SHIELD
R Ra e

6ND

qa. b,

Figure 6-3. Equivalent circuits for
conductance standards.

To check the 1% conductance accuracy of the
bridge, use a standard conductance with a calibrated or
measured accuracy of 0.25% or better.

For conductance of 1, 10, or 100 micromhos, use,
for example, a Type 1432 Decade Resistor (:0.05%) set
at I megohm, 100 kilohms, or 10 kilohms, or a Type 500
Resistor of appropriate value,

For a smaller conductance, such as 0.01 micro-
mho, construct the T-network of Figure 6-3(b) as fol-
lows:

a. Use for resistor B a fixed, precisicon resistor
mounted in a shielding enclosure, such as the Type
874-X Insertion Unit, The shielding is requited to pre-
vent noise pickup at the terminal L, which is connected
to the detector and has the high impedance {te ground)
of resistor B.

b. Use for resistors A and C fixed, precision re-
sistors or decade boxes. Shielding is not essential be-
cause terminal H is connected to the low-impedance
transformer output of the bridge and the impedance of
resistance C can be made 1000 ohms or less.

¢. Measure the resistance of all resistors that do
not have accurate calibration. Use an accurate bridge,
such as the 0.1% Type 1608-A Impedance Bridge.

d. Calculate the conductance, Gy, from Equa-
tions 6-1 and 6-2.

Example: For a conductance of 0.01 umho, the
nominal values of A, B, and C in a T-network
are 100 kilohms, 100 kilohms, and 100 ohms.
The values measured on a Type 1608-A Imped-
ance Bridge are G, = 10.020 umbo, Gg = 10.061
imho, and Re = 99.52 ohms. The calculated con-
ductance is Gy = 0.01001 umho. If the accuracy
of each of the three measured values is =0.1%,
thére is a possible error of 0.3% in the calcu-
tated Gy .
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6.4.2 CONDUCTANCE CALIBRATION PROCEDURES.

6.4.2.1 General. The accuracy of the bridge reading
of conductance depends upon the accuracy of the in-
ternal 100-kilohm resistors, A and B, and the decades,
Ry, used in the bridge conductance T-petwork (see
Figure 4-15). In the factory calibration, the bridge con-
ductance accuracy is limited to +1% chiefly by the
+0.5% accuracy of the two 100-kilohm resistors. The
adjustment accuracies of the resistors, Ry, used for
both coaductance and dissipation facror are +0.05,
+0.05, +0.15, and :0.5% for the decade steps of 100,
10, 1, and 0.1 obms, respectively.

The following calibration procedures measure
the cambined errors from all resistors. To separate
errots in Ry from these in the resistors Aot B, ot in
the transformer ratic taps, watch for these distinguish-
ing characteristics:

1. Am error in a tresistor in the Ry decades will
appear in the same decade switch on all G MAX ranges
and on all D MAX ranges. Refer to para, 6.5 for dissi-
pation-factor calibration; for calibration of Ry decades
alone, refer to para. 6.6,

2. An error in the A or B resistors will produce
the same percent error on all G MAX ranges and all
readings on a particular range.

3, An error in one of the four transformer ratios,
to which the Te-network is switched to change the G
MAX range, will affect only the corresponding G MAX
range.

NOTE
Make the corrections of conductance readings for
the error produced by the nonlinear relation between G
and Ry before the determination of errors from other
sources, Refer to parg. 3.8.3.

6.4.2.2 Large Conductances. To check the accuracy
of, primarily, the two 100-kilohm bridge resistors on
one or both of the +G MAX ranges with a calibrated
fixed or decade resistor of 10, 100, or 1000 kilohms,
use the following procedure:

a. Set the bridge for a three-terminal measure-
ment at 1 ke with binding-post connections. Refer to
para. 3.7.4 for 3 TERMINAL. operation.

b, Connect the calibrated resistor to the H and
L. UNKNOWN binding posts. Shields around the resistor
are not usually required but may be used to reduce
noise pickup; connect shields or resistor cases to the
bridge GND post.

c. Set the bridge C MAX and G MAX range con-
trols to the positions indicated in Table 6-3 appropriate
to the resistor used.

TABLE 6.3

CONDUCTANCE STANDARDS
FOR RANGE CALIBRATIONS

RESISTCR C MAX G MAX
1 MO 0.1 pf | +0.1 or +0.01 pU
100 k{J 1 pf +0.1 or +0.01 pU
10 k) 1opf +0.1 p0

d. Balance the bridge with the conductance and
capacitance decades and record the bridge readings at
balance.

Example: Calibrated resistor is a Type 1432-P.

Decade Resistor set at 100 kilohms (accuracy

+0.05%); C MAY set at 1 uf and G MAX at 0.01

umho. At balance, bridge G decades read

.00 X165 and C decades read 000 023, pf .

e. Apply to conductance decade reading the

multiplier M and the corrections of para, 3.8.3
Example: For C MAX at 1 uf, M = 1000, to cor-
rect for decade zero resistance add 1 to reading
of fourth decade and obtain corrected reading
Y166, To correct for nonlinea: relation of G to
Ry, subtract from decade reading 2(10.166}2 and
obtain corrected decade reading (10166-207) =
9959, Corrected conductance is, then, .00 9959
x{M = 1000} = 9.959 umho.

f. Compare the corrected bridge reading to the
calibrated conductance, which can be calculated from
the calibrated value of the resistor (refer to Equation
6-1). Accuracy of the correcred bridge reading should
be within +{1% of measured value +0.00001 pemhoe).

Example: The conductance of the 10G-kilohm

calibrated decade box is 10.000 umho +0.03%.

The bridge reading of 9.959 is low by 0.040 umhe

or by 0.4%, The product of the 100-kilohm resist-

ances in the bridge is, therefore, nearly 0.4% low.

g. Repeat the measurement of the same or an-
other resistor on the other +G MAX range; refer to Table
6-3 when required to check another transformer tap and
different Ry decade resistors. Bridge error should
remain the same within 30.1% when the error source
is the 100-kilohm resistors.

6.4.2.3 Small Conductances. To check the accuracy
of, primarily, the two 100-kilohm bridge resistors on
all four G MAX ranges with a calibrated small conduct-
ance, such as 0.0l umho, use the following procedure:

a. Set the bridge for a measurement at 1 kc and
for a three-terminal measurement with coaxial connec-
tions. (Refer to para. 3.7.3 for 3 TERM operation.}

b. Connect a calibrated 0.01 pmho conductance
standard (such as the T-network described in para.6.4.1.
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above); to the bridge coaxial H and 1. UNKNOWN termi-
nals. All high impedances in the standard should be
shielded and connected with coaxial cable 1o the bridge
L terminal. Connect shields to the bridge GND terminal
or coaxial terminal cuter conductors.,

¢. Set the bridge C MAX control to the 1000-pf
positian or to the 100- or 10-pf positions as required
for adequate precision in the capacitance balance.

d. Set the bridge G MAX control to the +0.01
umho position.

e. Balance the bridge with the conductance and
capacitance decades and record the bridge readings at
balance,

Example: Calibrated conductance is the T-net-

work of the example in para. 6.4.1 with a con-

ductance of 0.01001 wmho and an accuracy of
about £0.1%. Ar balance G decades read .00¥X184

and C decades read 00.0010,

f. Apply to the conductance decade reading the
muitiplier M and the corrections of para. 3.8.3.
Example: For C MAX at 1000, 100, or 10 pf, M =
1. To correct for decade zero resistance, add 1 to
reading of the fourth decade and obtain a cor-
rected reading X185. To correct for nonlinear
relation of G to Ry, subtract from decade reading

2(10.185)2 and obtain corrected reading (10185-
207) = 9978. Corrected conductance is, then,
.009978 x (M=1) = .009978 pmho.

g. Compare corrected bridge reading to the calj-
brated value of the stapdard. Accuracy of the bridge
reading should be within (1% of measured value +
0.00001 pumho), :

Example: Conductance of the T-network, calcu-

lated from measured resistance values is 0.01001

$0.1%. The bridge reading of .009978 is low by

0.60003 pumho or by 0.3%.

h., Repeat measurement of standard with G MAYX
set at +0.1 to check different transformer tap and Ry
decade resistors,

Example: For same standard of previous ex-

ample, bridge G decades read 0.00999. Corrected

conductance reading is 0.00998. Bridge reading

is low by 0.3%,

i. To check the -0.01 and -0.1 .U G MAX ranges,
connect the conductance to the bridge EXT STANDARD
coaxial H and L terminals instead of to the UNKNOWN
terminals. Set the MULTIPLY EXT STANDARD BY. ..
switch to 1. ‘

j. Repeat steps a through h above with G MAX
set at ~(,01 and at -0.1 ull. The bridge etror should
remain constant within 0.1%.

6.4.3 CONDUCTANCE CORRECTION. Since the bridge
conductance error caused by inaccuracies in the two
100-kilohm resistors is a constant percent error for all
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readings on all ranges, the bridge readings can be
easily corrected when accuracy greater than $1% is re-
quired. Determine the percent error by the calibration
procedures above and apply the correction to all read-
ings. The accuracy of the corrected readings can be
increased in this way to about 20.1%.

6.5 DISSIPATION-FACTOR CALIBRATION.
6.5.1 DISSIPATION-FACTOR STANDARDS. A stand-

ard of dissipation factor is a calibrated capacitor of
keown and, preferably, very small loss. Loss is added,
in the form of a calibrated resistor in series or in par-
allel with the capacitor, to obtain the desired calibrated
value of dissipation factor, D = wRC + Dy. The dissi-
pation factor, Dy, of the capacitor, is generally lower
in a three-terminal than in a two-terminal capacitor
because the loss in the supporting insulators appears
only in the capacitances to ground and not in the direct
capacitance of a three-terminal capacitor.

The circuir of a three-terminal capacitor with
added series resistance, R, is shown in Figure 6-4.
The direct capacitance between capacitor terminals H
and L is Cy, and any loss in this capacitance is repre-
sented by the dissipation facter, Dy .

R H L
’ Laca U b -
€ Ic“r"

Cr 8 |
0, i
|
o s b o
G

Figure 6-4. Equivalent circuit of
dissipation - factor standard.

The stray capacitance from the junction, H, of
R and C4 to ground or shields, G, is represented by
Cg and any loss by D,. The stray capacitance across
R is represented by Cp. When the residuals Cg, D,
and Dy can be neglected, the effective direct capaci-
tance and dissipation factor between the terminals B
and L are;

Ch1rCy (6-3)

D'gy = wR(Cy + Cp) (6-4)

The errors produced by the residuals, Cp, D,, and Dy

may be determined from the more exact relations:
2 2,242

Cppr = Cl + D)1+ @ R°CR) x (6-5)

Cy C
=Dyl  D'D, - D,) e 4.
Blcytc, $TE g
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D =(D"+DYH {1 D} 7 e 4
BL ~ d BL c8+cg
' il 5-6
D({)d_Dg).__;_;m_;.;.-_- (6-6)

Appreciable error may result from the second-order
term in D'py produced in both equations by Cg, i.e.,

: Cr

D' ¥ e = w?RICR (C .
N oeTen W R4Cg (Cy + Cp) (6-7)

This error is proportional to the stray capacitance, Cp,
to the square of added resistance, R, and to the square
of frequency. Since the same error appears in both Cqy
and Dy, a convenient measure of this error in Dy, is
the percent decrease in the measured Cpp as R 1s in-
creased from zero.

6.5.2 TYPE 1404-A AS D STANDARD. The recom-
mended capacitor for use as a standard of dissipation
factor is the Type 1404-A Reference Standard Capacitor.
This capacitor has low loss, so that the dissipation
factor, Dy, is less than 10 ppm at 1 ke and can usually
be neglected. The coaxial H terminal of the capacitor
is insulated frem the case to facilitate accurate meas-
urements of {(C,; + Cg) when an external resistor is
added. '

To calibrate and use the dissipation factor stand-
ard, proceed as follows:

a. Cennect the H binding-post terminal of a Type
1615-A bridge to both the center and outer conductors
of the coaxial L. terminal of the capacitor with clip
leads, or with the aid of a Type 874-Q2 Adaptor (Fig-
ure 8-5). Since this connects the bridge transformer
voltage to the case of the capacitor, insulate the case
from all grounds or other connections.

b. Connrect the bridge coaxial L. UNKNOWN ter-
minal to the capacitor coaxial H terminal with a coaxial
patch cord (Type 874-R224). Since the outer conductor
of this H terminal is insulated fromthe case, the normal
coanection of bridge ground for 3-terminal measurement
is made to the cable shield but not to the capaciter
case,

c. Measure, with the bridge set for 3 TERM,
{para, 3.7.3), the capacitance (Cgq + Cg). The three-
terminal measurement with this connection inciudes
not oaly the usual direct capacitance, Cg, but also
all internal stray capacitance, Cg, from the H-terminal
center conducter and wiring to the case. All capaci-
tance from the H-terminal center conductor to the ter-
minal outer conductor and cable shield is excluded.
Disconnect capacitor from bridge after measurement.
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d. Connect the bridge coaxial L terminal to the
capacitor L terminal with the coaxial patch cord (refer
to Figure 6-0).

e. Calculate the resistance, R, which produces
the desired dissipation factor, D = wR(Cy + Cp).

£, Use for this resistance a Type 1432 Decade
Resistor or a fixed resistor in a shielding case, such
as the Type 874-X Insertion Unit. If the resistor cali-
bration is not known, measure the resistance to an
aceuracy better than that required of D.

g. Connect the bridge binding-post H terminal to
the resistor ground terminal, which 1s connected to the
shield or case, with a clip lead.

h. Connect the resistor low terminal to the ground
terminal with shorting link or clip lead, when separate
iow and ground terminals are provided.

i. Connect the capacitor H terminal to the resis-
tor high terminal with a coaxial patch cord so that the
high-impedance junction of resistor and capacitor is
shielded from noise sources, Use Type 874-Q9 Adaptor
to connect the center conductor of the patch cord to
the high (red) binding post of decade resistors and the
shield to the low (gray) post.

NOTE

All capacitance from the capacitor H-terminal
center conductor to cable and resistor shields is ca-
pacitance, Cy, @cross the resistor. It does not con-
fribute fo Cg, but does add second-vrder error to D
(refer to F quation 6-6}, To keep the error small, keep the
length of coaxial cable between resistor and capacitor
as small as possible.
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1. From the measured or calibrated values of
(Cq+C ¢), R, and frequency, calculate D"wR(Cd—FC ).
The accuracy of D' depends upon the accuracy of the
(Cq + C,) measurement {+(.01% with the Type 1615-A
Bridge), upon the accaracy of the R calibration, and
upon the accuracy of the generator frequency. Since
the frequency accuracy of mest osciilator dial calibra-
tions is no better than 1%, use a standard-frequency
source or an accurate measurement of frequency when
high D accuracy is required.

k. To measure the error produced by the stray
capacitance, Cy, across the resistor, measure with the
bridge the effective capacitance Cp; when the resistor
ig connected as shown in Figure 6-6.

1N
| | | TYPE I&I5—A
| ((bET)]  BRIDGE
L
N ) [
A
TYPE 1432 ; |
DECADE RESISTOR 1
i
af
LUk
1
It
b Hi
TYPE 874-Q9 i m
ADAPTOR i 1t
| T
X,
TYPE 1404-A
—— CAPACITOR
Cq

Figure 6-6, Capacitor connection for measurement of
standard with capacitance C; and dissipation fac-
tor D=aR (C +cg).

i. Measure also the capacitance when the series
resistance is zero, i.e,, when the decade resistor is
set at zero or the fixedresistor is removed and replaced
by a direct connection from bridge H terminal to capaci-
tor H terminal. This capacitance is the usual, cali-
brated direct capacitance, C4, of the Type 1404-A ca-
pacitor.

m. Calculate the error term in Equation 6-6 from
the measured value of CBL and Cd and the relation:

CBL)
Error = BL (Cd " C

n. When the error cannot be neglected, calcu-
late the correct dissipation factor from the value D'

(6-8)
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calculated in step j and the relation (from Equation

G-6):
{Cq - Cy)
DBL - pli- d BL
Cq

The correct Dy is lower than the value D' calcula-
ted from Equation 6-4 by the same percentage thar the
corresponding capacitance Cgy is lower than the ca-
pacirance Cj.

(6-9)

o. To keep the error small enough to be negli-
gible, keep Cgy small by the use of a minimum amount
of cabie between resistor and capacitor. Use also as
low frequency as possible, since the error increases
as the square of frequency.

Example: A Type 1404-A capacitor {calibrated

Cyq = 1000.003 pf) is connected in the circuit of

Figure 6-G, with a series Type 1432-L Decade

Resistor connected to the capacitor H teminal

with a 3-foot Type B874-R22A Patch Cord. The

decade is set to 20.00 kilohms (resistance accu-

racy *0.05%). The measured capacitances at a

frequency of 1000.0 cps are: in step ¢, Cy4 + Cp=

1030.478 pf; in step k, Cgp = 998.105 pf; in step

I, Cgq = 10006.006. The calculated dissipation

factor, for negligible Cy error, is D' = 0.12950.

The erzor from Cg is(Cyy ~Cy) C,;=0.0019, The

corrected dissipation factor is Dpy = 0.12950 -

0.00025 = 0.12925 with an accuracy of about

+0.05%. This error of about 0.2% is produced by

a capacitance Cg of about 117 pf across the

20-kilohm resistor. Since the capacitance of the

3-foot cable is 94 pf, the error could be kept be-
low 0.1% by the use of a shorter cable. At the
lower frequency of 400 cps, even with the high

Cg in this example, the etror would drop to 0.03%.

6.5.3 MODIFICATION OF TYPE 1404-A. Calculation
of dissipation factor from D = «{Cy + Cg) R can be
simplified considerably if the coastant of propertion-
ality, «{Cy4 + C;) can be made a power of ten. The
resistance, R, can then be converred to D by a change
of decimal point. This can often be accomplished by the
addition of trimmer capacitots from H terminal to ground

to increase C, until (Cy + C, )mli_’_ at the frequency of
2mf
operation, f.

Example: Ar 1000 c¢ps and with the direct ca-
pacitance, Cd = 1000 pf, if the ground capaci-
tance, Cg, is adjusted to 592 pf, then «(Cy + C,)
= 1075 and D = R x 105 x {f /1000).

To modify the Type 1404-A capacitor for more con-
venient use as a D standard:
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a. Connect the capacitor to a bridge for meas-
urement of (Cy + Cg) by the procedure of para. 6.5.2.
a,b, c,and Figare 6-5,

b. Connect high-quality mica or air capacitors
between the center conductor of the coaxial H terminal
and the case of the Type 1404-A capacitor., These may
be mounted under the panel of the capacitor.

c. Adjust the added capacitance to make the
X
measured (Cy + C,) as close as desired to %%f‘

For example, add approximately 560 pf of capacitance
to the 30-pf C, of the Type 1404-A. For D accuracy of
+0.1% at 1000 cps, adjust to make (Cy + C,) = 1591.5
within a few tenths pf.

d. Use this modification to simplify D calcula-
tions whenever a large number and range of D calibra-
tions must be made. The modification does not change
the direct capacitance, €4, so that the use of the Type
1404-A Capacitor as a capacitance standard Is not
impaired thereby.

6.5.4 DISSIPATION-FACTOR CALIBRATION PRO-
CEDURES. The accuracy of the bridge reading of dis-
sipation factor depends primarily upon the accuracy of
the decade resistors, Ry, and of the total capacitance
{(Cy + Cp) in the bridge (refer to Figure 4-13). The
following calibration procedures measure the combined
errors from all bridge components. To separate errors
in Ry from those in Cp or Cy, watch for these dis-
tinguishing characteristics:

1. An error in any resistor in the Ry decades
will appear in the same decade switch on all T MAX
ranges and also on all G MAX ranges. Refer to para.
6.4 for conductance-calibration procedures. For a cali-
bration of Ry decades alone, refer to para. 6.6.

2, An error in any one of the three different range
capacitances {Cy + Cp) will affect primarily the cor-
responding D MAX range and will produce the same per-
cent error in any reading on that range.

3. An error in the total capacirance of the bridge
standards, Cy, will affect primarily the 0,01 D MAX
range and will also produce an etror in the bridge read-
ing of capacitance,

To check the accuracy of the bridge readings of
dissipation factor, measure a capacitor of known dissi-
pation by the following procedure:

a. Set the bridge for three-terminal measurements
at 1 kc with coaxial connections. Refer to para. 3.7.3
and Figure 3-3.

b. Connect a three-terminal capacitor with a
calibrated dissipation factor, such as the Type 1404-4
capaciter described in para. 6.5.2 and shown in Figure
G-6,

c. Measure the standard whose magnitude is ap-
proximately the maximum value that can be measured on
each of the three D MAX ranges, i.e., with the first dec-

ade set at 9 or X, so that the resolution of the decades
exceeds 0.1%, Values for the standards are listed in -
Table 6-4 together with the series resistance required
at 1000 cps when (Cy + €} = 1591.5 pf.

d. Add 1 to the reading of the fourth decade to
correct for the minimum resistance of the decade. This
correction is required for 0.1% accuracy, particularly
when the reading of the first decade is not above 5.

e. Use a frequency of 1000 cps that is, in gen-
eral, accurate to better than 0.1%. When the external
D standard has an equivalent circuit of the same form
as that used in the bridge, i.e., the circuir of Figure
6-4 or Figure 4-13, the reading of the bridge D decades
(not muitiplied by frequency in kc) is relatively inde-
pendent of frequency. When the Type 1404-A capacitor
with series resistor is used as a standard of D, there-
fore, the 1% frequency accuracy of a Type 1311-A Oscil~
lator is usually adequate.

f. Use a frequency lower than 1000 cps, e.g., 400
cps, when the shunt capacitance Cp across the series
resistor causes an error in the D of the standard, which
exceeds 1% at 1000 cps. Use a lower frequency, when,
for example, a series resistor of 100 kilohms is re-
quired for a D npear 1 and the shunt capacitance pro-
duces an error that is very much larger than the desired
accuracy of 0.1%. The accuracy of the correcrion and
of the otherwise negligible higher-order terms becomes
important when the error is large,

g. Compare the bridge reading of D with the
calibrated value of the standard. The bridge error
should be no greater than £(0.1% of the measured value
+0.00001) at 1000 cps.

NOTE

When a calibrated D of about 0.001 is measured
with D MAX at 0.01, the bridge reading will be slightly
different if the balance is made with the four decades
set near OX00 instead of 1000, The change from the
first to the second resistance decade changes the stray
capacitance added by the resistors to C,. These chang-
es should be no greater than 100 0010 n D reading.

TABLE 6-4
STANDARDS FOR CALIBRATION OF D MAX RANGES
D MAX External Series R
Setting | D Standard | for {Cy + C,p) = 1591.5 pf
1 1 100 k00 +0.05%
0,1 0.1 10 k{) £0.05%
0.01 0.01 1 k0 +0.05%
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6.5.5 ADJUSTMENT OF BRIDGE DISSIPATION FAC-
TOR. The bridge reading of dissipation factor can be
adjusted to agree with calibrated external standards by
a change in the trimming capacitors (C205-C207) for the
three [ ranges. These capacitors are not accessible
from the bridge panel. Do not attempt an adjusumeng of
these trimmers unless accurate standards of capaci-
tance, resistance, and dissipation factor are available
for complete bridge recalibration. Refer to para. 7.10
for adjustment procedure.

6.6 DECADE RESISTOR CALIBRATION.

6.6.1 GENERAL. In the four Ry decades of resistors
in the bridge, each resistor is initially adjusted at the
factory to the specified values at its terminals, so that
the calibration is of resistance increments rather than
of total resistance in the decades. The adjustment
accuracy at dc is £0.05% for the 100- and 10-ohm re-
sistors, £0.15% for the l-ohm resistors, and +1% for
the 0.i-ohm resistors.

To repeat the factory calibration, the bridge
shields must be removed so that a dc bridge of ade-
quate accuracy can be connected directly to the ter-
minals of each resistor in the decades (refer to para.
7.6 for disassembly procedures).

Calibrations of somewhat lower, but usually ade-
quate, accuracy can be made with connections at the
bridge panei. These measurements include contact
resistances of the lever switches, which may vary as
much as £0.003 ohm. The errors in the resistance steps
of 0.1 ohm may, therefore, be 3%, and in the l-ohm
steps #0.3%. These errors are not significant in the
specified accuracies of the bridge conductance and
dissipation factor. These calibrations can be made by
any of the following methods:

i. By measurements with an accurate dc resist-
ance bridge,

2. By ac measurements made with the Type
1615-A bridge and a calibrated decade resistance box.

3. By ac measurements made with the dissipa-
tion-factor calibration capacitor and resistors.

6.6.2 WITH DC BRIDGE. To calibrate the bridge dec-
ades with.a dc resistance bridge:

a. Disconnect generator and detector from Type
1615-A bridge.

b. Connect one terminal of the resistance bridge
to the center conductor of the coaxial DETECTOR
terminal on the Type 1615-A bridge.

c. Connect the other resistance bridge terminal
to the capacitance adjustment screw (accessible through
hole under the panel above the DISSIPATION FACTOR
controls) of the Type 1615-A (see Figure 6-2). Use the
screw of the trimmer marked 0.G001 to avoid any large
error from accidental misadjustment of the trimmer ca-
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pacitance. All timmer screws are conpected to the
junction of the Ry decades and the common side of
the Cy capacitors (refer to Figure 4-13).

d. Measure each increment of resisrance in the
four decades, by the use of the DD balance controls. The
accuracy of the increments should be that of the re-
sistors in the decade $0.003 ohm. The resistance with
all decades set on zero will be abour 0.1 ohm.

6.6.3 WITH DECADE RESISTOR. To calibrate the
bridge decades with a calibrated decade resistor and
an ac balance of the Type 1615-A:

a. Connect bridge, generator, and detector for a
40U-cps measurement with connection to the three-ter-
minal coaxial terminals (refer to para. 3.7.3),

b. Connect a calibrated decade resistor, such as
the Type 1432.T, with decade steps from 100 ohms to
0.01 ohm, to the UNKNOWN coaxial H and 1. terminals,

c. Comnect the EXT STANDARD H terminal ro
one of the capacitance trimmer screws. Refer to stepc
in the procedure in para, 6.6.2,

d. Ser the MULTIPLY EXT STANDARD BY...
switch to 1.

e. Set C MAX control to 1000 pf and all CAPAC-
ITANCE decades to zero.

f. Set D MAX control to 0.01.

g. Set the four bridge DISSIPATION FACTOR
decades (Ry) to the setting to be calibrated, e.g.,
1000.

h. Balance the bridge with the external cali-
brated decade resistor,

i. Read the measured value on the external dec-
ade box,

j. Change the bridge decade setting by one step,
e.g., to 2000, and repeat balance,

k. Take the difference of the extemnal decade
readings to obtain the measured value of increment in
Ry. Measurement accuracy is that of the increments in
the external decade box,

I Repeat for each of the ten steps in each of the
four bridge decades. The accuracy of the increments
should be that of the resistors +0,003 ohm.

6.6.4 DURING D CALIBRATION. To calibrate the
bridge decades with the calibrated capacitor and decade
resistor used for dissipation-factor calibration:

a. Construct the modified Type 1404-A capacitor
described in para. 6.5.3. This has a capacitance,
{Cy + C,) = 1591.3, that is equal to (Cy + Cp)in the
bridge when I} MAX is set at (.01,

b. Connect the capacitor and calibrated decade
tesisror {such as Type 1432-T) to the bridge as des-
cribed in para. 6.5.4 and Figure 6-G for dissipation-
factor calibration,

¢. Set D MAX control to 0.01 and € MAX to
1000 pf.
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d. Set the four DISSIPATION FACTOR decades
to a value to be calibrated, e.g., to 1000.

e. Balance the bridge with the external decade
resistor, R, and with the bridge CAPACITANCE dec-
ades.

f. Read the measured resistance on the external
decade box. At balance wRp(Cy + Cp) = wR(Cy + Cp),
and, if (C; + Cg) has been made equal to {Cy + Cp),
then R=Ry.

g. Change the bridge decade setting by one step,
e.g., to 2000, and repeat balance.

h. Take the difference of the external decade
readings to obtain the value of the increment in Ry.
Measurement accuracy is determined by the accuracy
of the increments in the external decade and the ac-
curacy of the equality of (Cy + C,) and (Cy + Cp).

i. Repeat for each of the steps in the bridge
decades. The accuracy of the increments should be
that of the resistors, +0.003 ohm. A constant percent
error in all measurements may be the resalt of a dif-
ference between (Cy + C,p) and {Cy + Cp)

6.7 TEST AND ADJUSTMEKT OF BRIDGE ZERQ.

The bridge should balance when all decades are
set on zero and all external capacitances are discon-
nected {terminal selector set on CAL). Refer to zero-
check procedure in para. 6,2,2, When the decade read-
ings at balance are not zero, a vyoltage is being intro-
duced into the detector from some source other than
the bridge network. Sources of such error voltage and
procedures for the location and elimination of error
sources are described below.

6.7.1 GROUND L.OOPS. A common source of error in a
bridge is the voltage drop in the low {or ground) iead
between detector and bridge that results whenever cur-
rent from the oscillator can flow through this path. An
equivalent circuit of bridge, detector, and oscillator
connecticas is shown in Figure 6-7. The detector ter-
minals should be connected oaly to the cormers of the
bridge network (Bpg and Bpy), and there should be no
other connection such as that shown by the heavy
dashed line from Dg to Og, which represents a con-
nection between oscillator and detector cases and
ground terminals caused by mounting them on the same
rack or connecting them to a common ground,

With only the one ground coanection, Bpg to Dg,
from detector to bridge, there is no current i, and no
error voltage V., and the detector measures only the
unbalance veltage, Vg, of the bridge.

Whern the connection from Dy to O (shown as the
heavy dashed line) is made, a portion, i., of the cur-
rent from oscillator to bridge can return to the oscillator
ground terminal, Og, by the path By g-Bpg-Dg-0g and
produce the vdltage drop, V,, in the lead impedance,
Z. Detector deflection is then a measure of the vector

DETECTOR

OSCILLATOR
T

= BRIDGE
Figure 6-7. A basic ground loop.

sum of Vg and V., and a detector null indicates not
that Vy is zero and the bridge network is balanced,
but that Vg has been made equal in magnitude and
opposite in phase to V_ by appropriate unbalance in
capacitance and conductance in a bridge arm, All
bridge readings are, therefore, in error.

This error can be detected in the Type 1615-A
bridge as any change from zero of the decades when
the zero-check procedure is used.

6.7.1.1 Ground Loop Confirmation. To confirm that the
error comes from this source:

a. Use the zero-check procedure of para, 6,2.2.
Set all decades on zero. Observe the amount of detector
deflection above the noise level.

b. Reduce the oscillator outpur voltage with
oscillator QUTPUT level controls. Detector deflection
should decrease in proportion to oscillator outpur if
current i, comes from oscillator output. If the current
source is In the oscillator circuit ahead of the level
contrels, the defiection may not change.

e. Turn off oscillator power. Deflection should
drop to ncise level if ezror source is in the oscillator,
Error voltage may, however, enter detector by magnetic
coupling rather than by current in detector lead. See
further rests below.

6.7.1.2 Detector-lead Ground-L.oop Elimination. To re-
duce or eliminate error from current in the detector lead:

a. Connect the detector terminals to the bridge
only and, whenever possible, make no other connections
or grounds to the detector., The Type 1232-A battery-
operated detector is particularly weli-suited for isola-

tion from all connections other than those to the coaxial
INPUT terminal. Most sources of error voltage can be
removed by the proper connection aad location of this
detector.
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b. Isolate at least cne low-output or input-termi-
nal in the system from the case or ground (when the
whele detector cannot be isolated, e.g., when the oscil-
lator case is tied to the detector case, as in the Type
1620-A assembly).

In the circuit in Figure 6.8, the isolation can be
made at the low terminal of the Type 1311-A Audico
Oscillator OUTPUT. The output terminals are con-
nected to a transformer winding that is insulated from
the case. Do not connect in this assembly the low
terminal (gray insulator) to the adjacent ground termi-
nal with the attached link, When there is no low-imped-
ance connection between the oscillator I and G termi-
nals, the error current 1, is impeded by the high imped-
ance of the capacitance, Cq, (about 500 pf) from wind-
ing to case, and the error voltage in the detector lead
is reduced to negligible magnitude.

TYPE |232-A
DETECTOR

TYPE 13}i1-A
OSCILLATOR

TYPE I6815~A BRIDGE
Figure 6-8, Circuit of Type 1620-A Assembly.

The GENERATOR input terminals of the bridge
can be similarly isolated from bridge case when other
isclation is net possible or convenient. The primary
of the bridge transformer is normally connected to the
bridge case by a soldered wire under the panel between
the GENERATOR L terminal (gray insulator) and the
adjacent GND temiinal, as shown in Figure 6-8. Cut
or unsclder this link to add in series with the current
path of i, the capacitance Cp of about 100 pf. Refer
to Section 7 for disassembly procedures,

¢. Reduce the ground current in the detector lead
by the addition of a coaxial choke between detector and
bridge whenever other isolation is not possible or not
adequate. This choke, shown in Figure 6-9, consists
of a few tums of coaxial cable wrapped on a high-per-
meability core, so that the cable inner and outer con-
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DETECTOR

Figure 6-9.

a. Coaxial choke
in detector lead.

b, Coaxial choke: Coaxial cable woundon a
toroidal core of bigh permeability.

ductors form a bifilar winding and mainrain complete
shielding of the inner conductor. In the circuit of Fig-
ure 6-9(a}, the error current i, is reduced by the im-
pedance of the transformer winding; bur the voltage
drop, Vo, produced by that current in one winding is
balanced by the equal induced voltage in the other
winding, so that no detector deflection is produced by
V. When the current is sufficiently reduced to make
V. negligible, the detector deflection is produced only
by the bridge unbalance voltage, V. Eight turns of
coaxial patch cord (Type 874-R22A) wound, as in Fig-
ure 6-9(b), on a toroidal core of 2-mil Supermalloy tape,
with about 1 3/8-inch inner diameter and 1/2-inch-
square cross-section- produces an inductance of about
I mh and a ground-path impedance of about 6 ohms at
1 ke. '

Example: The following data were taken with the

zero-check procedure: (A)on a normal Type 1620-A
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assembly, (B) on an assembly with the ground
link on the Type 1311-A oscillator connected to
the low terminal to produce an error, and (C} with
the link still connected but with a coil of rurns
of coaxial cable on a toroidal core added to the
detector lead.

TABLE 6.5
TYPICAL ZERO CHECK READOUTS
o | o | e
A — pormal - .00 0000 L3 0.00 E‘)_(;)-pf
B ~with ground error | - .00 0013 uU | 0.0(-1) 850 pf
C = with choke - .00 0000 U | 0.00 000 pf -

6.7.2 MAGNETIC COUPLING. Error voltage in the de-
tector can also be produced by magnetic fields from the
oscillator, or other external sources, that induce voit-
age in the detector input circuit and leads. To detect
and eliminate magnetic coupling between detector and
external fields:

a. Discoanect detector INPUT connection from
the bridge and short-circuit the detector input terminals.

b, Change relative positions of detecter and
oscillator or other suspected sources of coupling. Ob-
serve changes in detector deflection. Position detector
for minimum deflection,

c. Use a loop of hook-up wire connected to the
detector INPUT as a probe for more exact location of
disturbing fields.

6.7.3 ELECTROSTATIC COUPLING. Capacitive coup-
ling of the detector to extemal voltage sources, when
the electrostatic shieiding of detector and leads is not
adequate, produces etror. To detect and eliminate leaks
in the shieldiag:

a. Use (as a probe for shield ieaks) an insulated
wire connected to the oscillator OUTPUT high terminal
or to the bridge binding-post H terminal. Observe de-
tector deflection as this wire is brought close to each
instrument case and shielded cable.

b. Check that cables are used for minimum leak~
age. Then tighten screws on instrument cases to enswre
their connection to ground. Check that shield cap,
Type 874-WO, is used on open bridge coaxial L termi-
nal.

6.7.4 INTERNAL SHIELD LEAKS (3 TERMINAL).
Inside the bridge, all wiring connecred to transformer
voltages is shielded from leaks to the detector by
shield enclosures and by coaxial cables run from en-
closure to enclosure. Leaks in this shielding shouid

produce in the bridge zero-check reading noerror greater
than £0.00003 pf.

If internal shields have been removed during
bridge repair, be sure that all shields are replaced and
securely connected.

6.7.5 INTERNAL LEAKS AND TRIMMER ADJUST-
MENT. The additional shielding required for two-
terminal measurements {see Figure 3-5) increases the
possibility of leaks. With the outer shield enclosure
and with the transformer-winding inner shield connected
to the high side of the detector, errors can result from
external voltage near the control slots in the panel
and from leakage through the transformer-winding outer
shield.

To compensate for residual leakage in the bridge
shielding, two trimmers are provided, which permit ad-
justment of the two-terminal zero of the bridge. These
trimmers are accessible from the front panel of the
bridge through two holes marked 2 TERM ZERO AD],
C and R, covered by the removable panel above the
DISSIPATION FACTOR controls (see Figure 6-2).

In two-terminal measurements, the capacitance
at the bridge terminals cannot conveniently be made
zeso by shielding, so that leakage cannotbe identified
by a simple zero check (as in the three-terminal meas-
urements). Leakage can be detected, however, by the
fact that any capacitance added by leakage remains
constant, while the bridge standard capacitance changes
as the transformer voltage on the unknown is varied by
the C MAX control. The result is that the measured
capacitance changes with a change in the C MAX set-
ting when leakage is present,

To reduce zero error in the bridge, use the fol-
lowing procedures:

a. Reduce the three-terminal zero etror to a
minimum by the procedures above {para. 6.7.1 et seq.).

b. Set the bridge for a two-temminal measure-
ment at 1 k¢ (terminal selector to 2 TERMINAL). Refer
to para. 3.7.5.

¢. Use as an unknown the capacitance of the
open binding posts of the bridge, about 1.3 pf. Shield
the H post with a shield (such as the Type 874-Q9
Adaptor) connected to GND to prevent noise pickup
by the open terminal. The magaitude of the terminal

capacitance is not impertant as long as it remains
constant during the measurements.

d. Connect the bridge GND post to an external
ground, so that no change in detector deflection results
from motion of the operator’s hand near the bridge
decades. A change may always be expected from any
motion near the unshielded H binding post.

e. Measure the capacitance and conductance at
the UNKNOWN terminals with the C MAX control at
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10 pf and then with C MAX ar 1 uf. The measured
capacitance should be independent of the C MAX set-
ting (for these and for other C MAX positions, also).
The measured conductance (decade reading muleiplied
by M) should also be constant and, in most cases,
close to zero,

f. Adjust the wimmers, if there is appreciable
difference in the readings with changes in C MAX. A
leakage capacitance of 0.001 pf appears as a change
of 000 00L. pf on the 1 uf C MAX range {where M =
1000},

Example: Measurements of the open binding

posts on a bridge with trimmers not comnected

gave the results of Table 6-6,

TABLE 6-6
TYPICAL READOUTS BEFORE
TRIMMER ADJUSTMENT

(For 2-Terminal Unknown Connectors Open)

C Decades

G Decades

.00 0105 (xM = 1) uU
~.00 0106 (=M = 1000) U

1.25 650 pf
0.00 0(-1)7 pf

1 uf

g. For access to trimming capacitance {C204)
and conductance (R244) controls, remove left screw
holding cover panel on bridge panel above DISSIPA-
TION FACTOR controls {see Figure 6-2). Pivot cover
on right screw to expose two holes matked C and R,

2 TERM ZERO AD], located above line of holes for
capacitance trimmers. For adjustment, rotate slotted
shafes through access holes with a screwdriver that
has an insulated shaft, The C shaft is grounded, but
the R shaft is connected to the high side of the de-
tector,

h. Set C MAX to 1 uf and adjust C and R to
make bridge readings of capacitance and conductance
equal to those measured with C MAX at 10 pf.
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is After adjustment, measure again with C MAX
at 10 pf. Repeat adjustments with C MAX at i pf, as
required, to make readings equal,

Example: With trimmers adjusted, the bridge of

the example above (step f) reads as shown in

Table 6-7.

NOTE
For most accurate ddjustment of conductance,
the correction of il should be added to the fourth de-
cade in the bridge reading, When this accuracy is re-
quired, the R irimmer should be set for equal detector
deflection when G MAX is changed from 10.01 to ~0.01
with the decades set at zero.

j. The factory adjustment is made with the
bridge transformer primary connected at one end to
bridge ground by the soldered jumper under the panel
between the GENERATOR low terminal {gray insulator)
and the adjacent GND terminal. If this ground is changed,
the polarity of the voltages from the trimmers may have
to be reversed. To reverse phase, change the WH-YE-
GN lead on the printed switch board of switch S106
from terminal 103 {marked 3) to terminal 101 {marked
1), or vice versa. Refer to Secticn 7 for procedure for
removing bridge case and shield.

TABLE 6.7
TYPICAL READOUTS AFTER
TRIMMER ADJUSTMENT

C MAX G Decades C Decades
10 pf ~.00 0000 (xM = 1) 1.25 930 pf
1 pef =00 0000 (xM = 1000) | 000 001, pf
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SECTION 7

SERVICE AND

7.1 WARRANTY.

We warrant that eachnew instrument manufactured
and seld by us is free from defects in material and
workmanship, aad that, properly used, it will perform in
full accordance with applicable specifications for a
petiod of two years after original shipment. Any instru-
ment or component that is found within the two-year
period not to meet these standards after examination by
our factory, Sales Engineering Office, or authorized
repair agency personnel, will be repaired, or, at our
option, replaced without charge, excepr for tubes or
batterjes that have given normal service.

7.2 SERVICE.

The two-year warranty stated above attests the
quality of materials and workmanship in our products.
When difficulties do occur, our setvice engineers will
assist in any way possible, If the difficulty canaot be
eliminated by use of the following service instructions,
please write or phone our Service Department (see rear
cover), giving full information of the trouble and of
steps taken to remedy it. Be sure to mention the serial
and type numbers of the instrument.

Before returning an instrument ot General Radio
for service, please write to our Service Department or
nearest Sales Engineering Office, requesting a Returned
Material Tag., Use of this tag will ensure proper hand-
ling and identification. For instruments not covered by
the warranty, a purchase order should be forwarded to
avoid unnecessary delay.

7.3 SERVICE INSTRUCTIONS.

Instructions in this section cover all necessary
routine trouble analysis, maintenance, and repair pro-
cedures.

MAINTENANCE

NOTE
Except for those instances in which use of the
entire Type 1620-A assembly is required, the detailed
procedures apply to the Type 1615-ACapaciiance Bridge
alone.

For use with these procedures, front-panel and
interior photographs, showing the location of secondary
contrels and replaceable detail parts, are given In
Figures 7-1 through 7-5. Figure 7-6 is a complete sche-
matic diagram. The parts list appearing in this section
describes all electrical parts,

For detailed service instructions for the Type
1311-A Audio Oscillator and the Type 1232-A Tuned
Amplifier and Null Detector, refer to the individual
instruction books for those instruments,

7.4 MINIMUM PERFORMANCE STANDARDS.

The calibration and adjustment instructions given
in Section 6 provide comprehensive checkout procedures
to determine that the equipment meets minimum per-
formance standards. They should be used to validate
satisfactory completion of procedures in this sectioa.

7.5 TROUBLE ANALYSIS. (See Figure 7-1).

Use the following procedures wo locate trouble
sources whenever a balance of the bridge cannot be
obtained in the use of the operating procedures of
Section 3 or the self-check procedures of Sectian 6.

Many of the analytic steps needed to find the
defective circuit or detail part can be performed from
front-panel terminals and will not require disassembly
of the instrument, When the trouble analysis requires
instrument disassembly, refer to para, 7.6 through 7.9,

65



TYPE 1615-A CAPACITANCE BRIDGE

JIO1 Joz  Jio3

Rz44
c204

G104

J105 JIog  JI0T JI0B

cio4-CHio

StQl-stiz

Figure 7-1. Front-panel confrols and connectors, Type 1615-A. (See also Figare 7-6.)

When the source of trouble has been located by
these procedures, consult our Service Department before
any major repair is attempted. The instrument should be
returned to the nearest General Radic Service Depart-
ment for most repairs. Only minor repairs, such as the
correction of obvious open or short circuits in wiring
or of misadjusted switches or indicators, should be
attempted unless adequate standards and trained pe:-
sonnel are available for complete bridge recalibration.

7.5.1 GENERATOR AND DETECTOR. When the bridge
fails to operate on any position of the bridge controls,
the failure may be in the bridge, the generator, or the
detector. The failure is probably not in the generator or
detector if the bridge can be balanced in some positions
of bridge decade, C MAX, I MAX, or terminal-selector
switches but not in other switch positions, To further
isolate the trouble test generator and detector:

a. Disconnect both generator and detector from
the bridge.

b, Test generator for output voltage.

c. Test detector for response to an input voltage,

Apparent failure may result also from mistakes in
operation. To avoid two common mistakes:

(1) Reduce detector GAIN so that meter deflec-
tion does not exceed half scale before balance
procedure is started. When detector input is over-
loaded by excessive signal from an unbalanced
bridge, the meter may show no response to bal-
ance controls.

(2} Be sure the detector is tuned to the frequency
of the generator.
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7.5.2 BRIDGE AND GENERATOR. Whea the bridge
fails to operate with a generator that has been tested,
test the bridge components and the wiring connected to
the geperator for open or short circuits.

7.5.2.1 Open-Circuit Checks. Check the bridge for
open circujts with the following procedures:

a. Connect the generator to the bridge GEN-
ERATOR terminals and set generator controls to apply
10 volts at I ke to the bridge,

b. Measure the voltage at the output terminals of
the generator or the GENERATOR terminals of the
bridge. A low-impedance ac voltmeter, such as a volt-
ohm-milliammeter, is adequate for these measurements,

c. Measure also the voltage at the bridge UN-
KNOWN H and GND binding posts. This voltage should
be equal to the input voltage of the bridge divided by
the factor M, which varies from 1 to 1000 with the
setting of the C MAX switch (8112),

d, When there is voltage at the GENERATOR
terminals but not at the UNKNOWN terminals, thete is
probably an open circuit in the transformer windings or
leads.

e, Trace circuits with an ohmmeter to find dis-
continuity. Resistances to GND of all wiring to trans-
formers should be less than 1 ohm. Refer to para. 7.6
to gain access to interior of instrument,

7.5.2.2 Short-Circuit Checks. If the generator output
voltage is considerably reduced whenever the generator
is connected to the bridge, there is probably a short
circuit in the bridge transformer windings, or associated
wiring and components. Because the resistances of
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transformer windings are less than 1 ohm, an ohmmeter
can seldom be used to locate short circuits, Use the
following tests to locate shorr circuits:

a. Set C MAX to 1000 pf and set all decades to 0.

b. Connect generator and voltmeter to bridge
GENERATOR terminals and apply 10 volts at 1 ke, If
the generator voltage drops when the bridge is con-
nected, the short is in the windings or leads to trans-
former T101, in the switch wiring of the decades S1(6-
S111, in switch 8114, in trimmer capacitor C204, or in
the bridge H terminals. Look for solder or wire strands
bridging adjacent switch terminals.

¢. Advance C MAX switch to 0.1 uf position.
If the input voltage was nommal I1n szep b bur now
drops, the short is in the windings or leads of trans-
former T102 or in switch S112.

d. Advance C MAX switch to 1 uf position. If
the input voltage dropped in steps b and ¢ bu now
shows much less drop, the short is in S112 or the H
terminals. If the voltage is normal, proceed to step e.

e. Set C MAX to 1000 pf. Move each CAPACH
TANCE decade switch (8106-8111) in turn from 0 to 1
and back to 0. Observe any change in input voltage.

f. Repeat precedures of step e. with C MAX set
to 100 pf and then to 10 pf.

(1) If input voltage drops when a particular

switch is moved off 0, the short is associatred

with that switch or with the capacitors connected
to 1t.

(2) If the veltage drop appears on the same dec-

ade switch for all three lower valued C MAX

positions, the short is in that decade switch.

(3) If the location of the decade switch that pro-

duces the drop moves to the left as C MAX is

changed from 1000 pf to 10 pf, the short is in the
capacitor or wiring connected to the decade
switch,

Example: The input veltage drops when the
fourth C-decade switch from the left (S109) is
moved off 0 with C MAX at 1000 pf. With C MAX
at 100 pf, the drop appears only when the third
decade (5108) is moved. The 1-pf capacitor
(C103A) and its trimmer (C107) are connected to
these switches, and one of the capacitors has a
short te grouad.

Refer to Figures 3-2 and 7-6 to identify the ca-
pacitor connected to each decade switch on the C MAX
positions.

7.5.3 BRIDGE AND DETECTOR. When the bridge fails
to operate with a detector that has been tested and with
all transformer voltages proven normal in the preceding
tests, test for open or short circuits in the bridge wir-
ing connected to the detector.

7.5.3.1 Three-Terminal Failure. When the bridge fails
to operate on all positions of the termminal-selector
switch, use the following procedures:

a. Set terminal selector to CAL.

b. Disconnect the detector and measure the re-
sistance from center to outer conductor of the bridge
DETECTOR terminal.

{1) On any of the D MAX positions of the D MAX-

G MAX switch (8161), the measured resistance

should be greater than 10 megohms. Much lower

resistance indicates shorts in the bridge wiring,
capacitors, resistance decades associated with
$102-51403, or switch S113.

(2) On any of the G MAX switch positions the

resistance should be 100 kilohms. Much higher

resistance indicates an open circuit in switch S113
or in the wiring between R246 and the DETECT-

OR terminal,

¢. When the resistance at the DETECTOR termi-
nal is low, measure this resisrance with D MAX at
0.01 and with the four D decades set first at 0000 and
then at X000.

(1) If the measured resistance remains low, the

short is between the resistors on decade switch

5102 and the terminal. Test decade resistors by

the procedures of para, 6.2.4.2 or 6,6.

(2) If the measured resistance increases by about

1000 ohms, the short is on the capacitor side of

the resistor Ry (see Figure 4-13) from the common

side of all capacitors and erimmers to ground.

d. Measure the resistance between ground and
any of the adjusting screws of the trimmer capacitors,
which can be reached through the holes under the slid-
ing panel (Figure 6-2).

: e. Set the D decades first ar 0000 and then at
X000, ¥ the resistance is low and increases, the
short is on the detecror side of resistor Ry; if the
resistance remains low, the short is on the capacitor
side.

7.5.3.2 Two-Terminal Failure. When the bridge fails
to operate with the terminal selector set at 2 TERMI-
NAL but operates normally in the CAL, 3 TERM and
3 TERMINAL positions, test for short circuits across
the DETECTOR terminal with the following procedure;

a, Measure the resistance from center to outer
conductor of the bridge DETECTOR terminal, with the
terminal selector set at 2 TERMINAL.

(1) On any of the D MAX positions of the D

MAX-G MAX switch, the resistance should be

1 megohm.

(2) On any of the G MAX positions, the resist-

ance should be 90 kilohms.

Much lower resistance indicates a short between

the two bridge shields that are separated only in

2 TERMINAL measurements (see Figure 3-5).
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b. Remove case from bridge (refer to para, 7.6.2),
and measure tesistance. If case removal eliminates the
the short, it is produced by contact between case or
panel and the inner shielding enclosure or subpanel,
For example, a screw that attaches an end frame to the
case may protrude far enough to contact the inner shield,
If the short remains when the case is removed, the
short may be between the two shields, around the
primary of T101, or in trimmer capacitor C204. Unsolder
appropriate leads to isolate these components and test
for shorts.

7.5.4 LEVER-SWITCH FAILURE. When a lever switch
does not operate properly in the tests of para. 6.2.4.1
and 6.2.4.2 but no short circuits are indicated by the
tests of para. 7.5.2.2, there is probably an open circuit
in the switch contacts or leads. Test the suspected
switch by the following procedures:

a. Remove bridge case (refer to para. 7.6.2)
inner shielding enclosure (para. 7.6.3), and D-G control
enclosure (7.6.4), for access to switch contacts and
leads.

b. Test with ohmmeter for any lack of contact
between printed rotor take-off strip (on side of printed
board matked 1615-0700) through the moving arms to
each fixed contact strip on the opposite side of the
board as the switch is rotated. Check alignment of
fixed and moving contacts (refer to para. 7.8.3).

¢. Test with ohmmeter for any lack of contact
between the printed rotor take-off strip and the terminal
of the corresponding trimmer capacitor (C104-C111) to
which it should be connected through 8112, (Refer to
circuit diagram of Figure 7-6.)

7.5.5 IMPEDANCES AT BRIDGE TERMINALS.

7.5.5.1 GENERATOR Terminals, To test transformer
T101 for defects, such as core damage, not revealed by
the dc tests, measure the ac impedance at the GEN-
ERATOR terminals by the following procedure:

a. Connect to the GENERATOR terminals of the

bridge anac impedance bridge, such as the Type 1650-A,

Impedance Bridge.

b. Measure at these terminals the inductance of
the transformer primary at 1 kc. The normal inductance
is of the order of 300-400 mh.and varies with the vol-
tage used in measurement. The Q is of the order of
2t 3,

An inductance much lower than normal can result
from a short across any section of the transformer wind-
ings or from magnetic saturation of the core by any
large direct current through the windings. To demag-
netize the core, apply to the primary winding a 1-kc
signal of about 20 volts and slowly reduce the applied
voltage to zero. '

7.5.5.2 DETECTOR Terminals. To test the total bridge

capacitarce connected across the detector for major
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defects, measure the ac impedance at the DETECTOR
terminals by the following procedures:

a. Connect ts the DETECTOR teminal of the
bridge an ac impedance bridge, such as the Type 1650-A
Impedance Bridge.

b. Measure at 1 kc the capacitance at this termi-
ral. Typical values for a normal Type 1615-A bridge for
the three D MAX switch positions are given in Table
71,

TABLE 7-1
TYPICAL READINGS AT DETECTOR TERMINALS
OF TYPE 1615-A

D MAX Setting Capacitance Dissipation Factor
0.01 1.76 o <0.001
0.1 16,1 nf <0.001
1 159 nf <0.001

Do not use these measured capacitances for an
accurate calibration of the capacitance (Cy + Cp) that
determines bridge dissipation factor (see Figure 4-13),
These terminal capacitances include wiring capacitance
of the order of 200 pf that is not a part of (Cyx + Cp

When capacitance can be measured, but the meas-
ured value differs greatly from the normal capacitance,
the trouble is probably an open circuit in one of the
larger standard capacitors (CI00-C102), in one of the
dissipation-factor capacitors (C201-C203), or in the
switch 8101,

7.6 DISASSEMBLY.
7.6.1 PART LOCATION. Replaceabie assemblies and

detail parts are identified by reference designator in
Figures 7-1 through 7-5. Descriptions of electrical parts
are given in reference-designator order in the parts list
in this section. Both the illustrations and the parts list
are referenced in the same manner to the complete cir-
cuit schematic, Figure 7-6,

7.6.2 CASE REMOVAL. To remove the case:

a. Remove two screws at top edge, two screws
at bottom edge, four screws at left edge, and four
screws at right edge of panel.

b. Place bridge panel gently on padded surface
and lift case with attached end frames upward and
away from the panel, to which all components remain
attached.

7.6.3 INNER SHIELD REMOVAL. To remove the bridge
inner shielding enclosure for access to most of the
wiring of the transformers, the capacitance decade
switches (S106-5111), the C MAX switch (S112), and
the MULTIPLY EXT STANDARD BY... switch (S114)
{see Figure 7-2):
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TIHO
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SWITCHES
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CONTACT STRIP

Figure 7+2. Interior (bottom, left view) of Type 1615-A with shields removed,

a. Remove case {para, 7.6,2).

b, Remove the ten screws along the enclosure
edges next to the bridge subpanel.

¢. Lift enclosure away from the subpanel.

7.6.4 D-G CONTROL SHIELD REMOVAL. To remove
the shielding enclosure of the D-G controls for access
to the decade switches {S102-S105) and the attached
decade resistors {(R201-R240), to D-G MAX switch S101,
to Derange capacitots (C201-C203 and C205-C207), G
resistors {R245-R246) (see Figure 7-3):

TiH TiC2

€205

suB
?ANEL\\

SWITCH
DETENT BALL

e
ROTOR TAKE -CFF

STRIP
SPRING TENSION
ADJUST
R20!-R240
DETENT POSITION © /
ADJUST 3105-8102

czoz  ca2ol

a. Remove case (para. 7.6.2) and inner shield
(para. 7.6.3).

b. Remove three screws along the enclosure
edges next to the subpanel and one screw on the en-
closure side opposite the bridge panel.

¢, Lift enclosure with care away from the sub-
panel, to which all components remain arrached,

7.6.5 TERMINAL SELECTOR SHIELD REMOVAL. To

remove the shielding enclosure of the terminal selector

C203

€207
{HIDDEN}

Figure 7-3. Interior (bottom, right view)} of Type 1615-A with shields removed.
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switch (8113) for access to the wiring of the first two
wafers (see Figure 7-4):

a. Remove case {(para. 7.6.2) and inner shield
(para. 7.6.3).

b, Unsolder the three wires attached to the ex-
posed wafer. Identify wires before removal, so that
they can be replaced on correct switch terminals,

¢. Remove the two screws from the enclosure
side facing this wafer.

d. Lift enclosure with care away from the sub-
panel and over the third wafer.

CAUTION
Do not attempt removeal or interior dccess fo the grey
can containing the capacitance standards (CI160-CI1063}.
This can is bermetically sealed. It must be returned
with the bridge to ibe factory for any repair required.

7.6,6 SHIELDS REQUIRED FOR TEST OPERATION.
During service and maintenance operations, it is often
necessary to use some of the test procedures of Section
6 after the bridge has been partly disassembled. The"
importance of the several shielding enclosures is de-
scribed in the following as a guide to the measurements
that can be performed with shields removed.

7.6.6.1 Bridge Case. For all measurements with the
terminal selector at 2 TERMINAL position, bridge must
be completely assembled in its case and all shields
installed. All 3-terminal measurements in the other
three positions of the terminal selector can be made
without error with the case removed,

CAPACITANCE
STANDARDS
ASSEMBLY

R243

R242

' /
JIOI JI0Z2 JI03 R244 JI04

SH4 SHE  TIO!

JIOS  JIo6

7.6.6.2 Inner Shielding Enclosure. Requirements are
the same as for the case.

7.6.6.3 All Other Control-Shielding Enclosures. The
enclosures are required for all accurate measurements,
Bridge can be balanced with enclosures removed, bat
the detector leads are exposed to bridge and external
voltage sources, and large errors may result,

7.7 CONTROL-INDICATOR ALIGHNMENT,

7.7.1 REMOVAL OF DRESS PANEL. The engraved
dress panel of the Type 1615-A must be removed to
permit access to the number and decimal-point wheels
and the other front-panel indicators, The procedure is
as follows:

a. Place the instrument with the end frames, or
back wall of the case, flat on the bench so that it is
self-supporting for service, with the front panel hori-
zontal and facing up.

b. Remove the four screws along each side of
the front panel.

¢. Remove the two Phillips-head screws and
flat washers on the top and bottom edges of the panel.

d. Loosen set screws of 8113 and S114 with
3/32-inch Allen wreach and remove knobs from shafts,

e. Remove the two black knobs from the range
switches (8101 and $112) and the 10 gray knobs from
the balance controls ($102-8111). The knobs are kept
in place by internal spring friction clips and may be
pulled straight off the lever bars.

Tio2

SHIELD
ENCLOSURE

JIO7  Jic8  JIH

Figure 7-4. Interior (top view} of Type 1615-A with inner and DG shields removed.
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f. Remove the trimmer access panei.
g. Lift the dress panel away from the instrument.

7.7.2 ALIGNMENT OF TERMINAL-SELECTOR INDI-
CATOR. If the indicator disk for the terminal-selector
switch (S113) becomes loose, the proper circuit symbols
can be aligned in the windows by the followiag pro-
cedures (see Figute 7-3):

a. Remove the instrument dress panel by pro-
cedures of para. 7.7. 1L

b. Remove the instrument from its case and set
it on the back panel of the inner shield enclosure.

¢. Loosen two set screws in hub of disk with
3/32-inch Allen wrench. One screw faces side of bridge
when shaft is set at maximum clockwise (2 TERMI-
NAL) position and the other when shaft is rotated 90°
counterclockwise to a position between 3 TERM and 3
TERMINAL detents.

d. Set shaft to maximum clockwise position.

e. Set disk so that circuit symbols appear as in
Figure 7-5.

f. Tighten set screws, replace dress panel and
check location of symbols in windows.

g. Fasten dress pagel in place. Remount case.

7.7.3 ALIGNMENT OF MULTIPLY EXT STANDARD
BY... SWITCH. If the indicator disk for S114 becomes
loose, the numbers can be aligned in the window by the
following procedures (see Figure 7-5):

a. Remove the instrument dress panel by pro-
cedures of para. 7.7.%L

Sii4
DiSK

DECIMAL
POINT
DRIVE

D MAX
(AT G.01) §

r—,

;
SETSCREW
ACCESS (TYPICAL)

SWITCH
DETENTS

L. Remove the instrument from its case and set
it on the back panel of the inner shield enclosure.

c. Loosen two set screws in the hub of the disk
with 3/32-inch Allen wrench., Setscrew faces the side
of the bridge when shaft is set at maximum clockwise
position (number 1 in window) and when shaft is ro-
tated 00°, or 3 detent steps counterclockwise {number
0.7 in window).

&. Set shaft to maximum clockwise position,

e. Set disk so that number 1 appears in panel
window,

f. Tighten one set screw, replace dress panel
temporarily, and check alignment of numbers on all
switch positions,

g. Tighten both set screws when alignment is
correct, and also check tightness of four set screws in
shaft coupler,

h. Replace dress panel. Remount panel.

7.7.4 DECADE NUMBER ALIGNMENT., Align the
numbers of each decade readout in the panel windows
by the following procedures (see Figure 7-3}:

a. Remove the dress panel by procedures of para.
7.7.1.

b. Set the lever of the decade switch at the
maximum position away from the operator. The number
X on the number wheel of that decade should appear in
the position directly above the shaft (and in the window
when dress panel is replaced), with a set-screw access
hole between X and -1.

S{13 DISK
(IN 2-TERMINAL POSITION}

NUMBER
WHEEL

DECIMAL
POINT WHEEL

Figure 7-5. Type 1615-A bridge front panel with dress panel removed.
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c. Loosen set screw with 5/64-inch Allen wrench
and adjust number wheel to proper position.

d. Tighten set screw, reposition dress panel tem-
poratily, and check alignment in the window of all
numbers on the wheel, Readjust, if necessary.

e. Replace dress panel when alignment is com-

pleted.

7.7.5 DECIMAL-POINT ALIGNMENT-—CAPACITANCE.
Align the six decimal points, positioned in the CAPACI-
TANCE readout by the C MAX control, by the following
procedure {see Figure 7-5):

a. Remove the dress panel by procedures of
para, 7.7.1. :

b. Set C MAX control to the maximum position
toward the operator (10 pF position), On the first deci-
mal-point wheel at the left, the red bar should be cen-
tered directly above the shaft (and in the window when
the dress panel is replaced), with a set-screw access
hole visible,

c. Loosen set screw with a 5/64-inch Allen
wrench to adjust the wheel to the proper position.

d. Tighten screw, reposition dress panel tem-
porarily, and check alignment of the red dot in the
window,

e. Move C MAX control in succession to the
other five positions and adjust the correspoading
wheels from left to right, so that the decimal point
progresses from left ro right and finally appears in the
window nearest the C MAX contro} when that switch is
in the maximum position away from the operator (I uF
position).

f. Replace the dress panel when alignment is
completed.

7.7.6 DECIMAL-POINT ALIGNMENT —D-G. Align the
three decimal points, positioned in the D-G readout by
the D MAX-G MAX control, by the following procedure
{see Figure 7-5):

a. Remove the dress panel (refer to para. 7.7.1)

b, Set the D MAX control to the maximum posi-
tion away from the operator {1 position}. On the right
wheel, (next to the first number wheel), the red bar
should be centered directly above the shaft (and in the
window when the dress panel is replaced), with a set
screw access hole next to the bar on the side toward
the operator,

c. Loosen the set screw with a 5/64-inch Allen
wrench to adjust the wheel to the proper position,

d. Tighten screw, reposition dress panel tem-
porarily, and check alignment of the red dot in the
window,

e. Move the D MAX control to the next (0.1} posi-
tion and adjust, in the same way, the wider center
wheel, so that the red bar with the set screw next to it
(on the side toward the operator) is centered directly
above the shaft.
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f. Move the D MAX control to the chird (0.01)
position and adjust, in the same way, the left wheel
so that the red bar with the set screw next to it (on the
side toward the operator) is centered directly above
the shafr,

g. Check, with the panel temporarily replaced,
that a red decimal point appears in the second, first,
first, and second windows for the four G MAX positions
of the control in this order: +0.1, +0.01, -0.01, -0.1 pU.

NOTE
" The adjustments made on the D MAX positions
also align correctly the G MAX decimal points.

h, Replace the dress panel when alignment is
correct,

7.7.7 C MAX AND D-G MAX CONTROL ALIGNMENT.
Align the indexing of the black knobs on the C MAX or
the D MAX-G MAX controls with the adjacent panel en-
graving by the following procedure (see Figure 7-5):

a. Remove the case (para. 7.6,2),

b. Remove the inner shieldiag enclosure {para.
7.6.3) for access to the gears thar connect the C MAX
lever to switch S112.

c. Remove also the D-G control enclosure (para.
7.6.4) for access to the gears that connect the D MAX-
G MAX lever to switch S101.

d. Set the shaft of rotary switches 8112 or S101
to maximum counterclockwise positien.

e. Loosen (with a 3/32-inch Allen wrench). the
two set screws in the hub of the brass gear on the
switch shaft,

f, Set the black knob on the C MAX lever in line
with the 10 pF engraving, or the D-G MAX lever in line
with the engraved 1 at the D MAX end, and tighten set
screws,

g. Move the knob to all other positions, check the
alignment and readjust for best alignment on all posi-
rions,

h, Replace shields and cabinet.

7.8 LEVER.SWITCH MAINTENANCE,
7.8.1 CONTACT NOISE. Noisy or erratic detector de-

flection in the operation of the bridge is usually the
result of corrosion or dirt accumulation on the contacts
of the decade switches (S102-5111). In normal use, the
contacts have a self-cleaning action, so deterioration
is most evident after the bridge has been idle for an
extended period. As a first remedy for noisy contacts,
move the switches back and forth several times over
their full range.

If the trouble persists, clean and lubricate the
contacts by the following procedure (see Figure 7-2):
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a. Remove bridge case (para. 7.6.2), inner shield
enclosure (para. 7.6.3), and D-G control enclosure
(para. 7.6.4) for access to switch contacts,

b. Remove dirt and old lubricant with a cloth or
pipe cleaner moistened with clean solvent, such as
alcohol, naphtha, tzichlorethylene.

c. Lubricate the contacts liberally with a nen-
corrosive lubricant, such as Lubrico H-101 {(Master
Lubricant Co., Philadelphia, Pa.}, or vaseline.

NOTE
A dark track left by the moving contacts on the
printed board is normal and is not an indication of ex-
cessive contdct wear,

7.8.2 LEVER-SWITCH DETENT ADJUSTMENT (refer
also to switch test procedure of para. 6.3.4). To test
and adiust torque of detents on the decade lever
switches (S102-S111), use the following procedures
(see Figure 7-3):

a. Remove bridge case for access to detent
mechanism (para. 7.6.2),

b. Remove inner shield enclosure for access to
contacts of the six CAPACITANCE decade switches
(para. 7.6.3).

¢c. Remove shielding enclosure of D-G controls
for access to contacts of the four D-G decade switches
(para. 7.6.4).

d. Loosen the two 1/4-inch hex-head screws on
the side of the switch brackets so that the mounting
block and attached spring and ball can be pivoted
around the screw nearer the subpanel with finger pres-
sute.

e. Adjust spring tension for desired detent feel
by in-or—out motion of mounting block, and retighten
both screws. Check contact alignment,

f. Check that the force is not eéxcessive at both
end positions (where readout is X or -1) of the CAPACI-
TANCE switches (§106-S8111), and at the maximum end
(where readout is ¥) of the -G switches (S102-8105).

NOTE
The detent bumps on the swiich disk on x and -1
provide increased detent force, so that these positions
can be identified by the feel of the detent action.

g. Lubricate detent ball with Lubrico H-101 or
equivalent.

7.8.3 LEVER-SWITCH CONTACT ALIGNMENT. Paired
rotor contacts are used on all lever switches so that
the switch circuit is never completely open. On the
CAPACITANCE decade switches (S106-S111) a shorter
contact arm is connected to a longer contact arm through
a resistor of 100 kilochms. As the rotor moves out of a
detent position, the shorter arm makes contact with a
fixed contact strip before the longer arm loses contact;
thus the transformer windings are never completely

shorted during switch operation. On the -G decade
switches (5102-8105) the two arms are directly con-
nected to provide a shorting switch, so that the circuit
of the resistance decades is never opened by switch
operation,

To adjust switch contacts so that moving contact
arm is aligned with a fixed contact strip when switch is
in a detented position {see Figure 7-3):

a. lLoosen the two Phillips-head screws that
clamp the spring to the mounting block, just enough so
that the spring can slide up and down behind the block.

b. Set the detent ball in one of the "valleys”
and move the position of the spring so that the contact
point of the longer of the two rotor atms is centered on
the corresponding fixed contact strip on the printed
board. The contact on the shorter arm should be centered
in the insulated gap between strips.

c. Tighten the screws,

d. Check the alignment on all fixed contact
strips and readjust as required,

NOTE
This adjustment of alignment should not alter the
detent spring force.

e. Reset the alignment of readout numbers in the
panel windows, if required, after switch-contact realign-
ment, by the procedures of para. 7.7.

7.9 DECADE-RESISTOR CALIBRATION.

NOTE
Refer first to para. 6.6 for procedures that do not
require bridge disassembly.

The accuracy of factory calibration of the four
Ry decades is +0.05% for the 100-ohm resistors (R201-
R210) and the 10-ohm resistors (R211-R220); 0.13% for
the l-ohm resistors (R221-R230); +0.5% for the 0.1-chm
resistors (R231-R240). To calibrate the resistors, use
the following procedures:

a. Remove the bridge case (para. 7.6.2), the inner
shielding enclosure (para. 7.6.3), and the D-G control
enclosure (para. 7.6.4) for access to the resistors.

b. Measure each resistor at its leads with a dc
bridge of sufficient accuracy (see Figure 7-3).

¢. Replace resistors that are out of calibration.

7.10 ADJUSTMENT OF D MAX RANGES.

Refer to para. 6.5 for dissipation-factor cali-
bration procedures aad to para. 6.6 for decade-resistor
calibration procedures. When the decade resistors are
accurate but the error of the D reading of the bridge, on
one or more of the positions of the D MAX control
{S101), exceeds the tolerable limit, adjust the bridge
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D control components to reduce the error by the follow-
ing procedures;

a. Remove the bridge case (para. 7.6.2), the
inner shielding enclosure {para. 7.6.3), and the D-G
control enclosure (para. 7.6.4) for access to the D-
range trimming capacitors, C205-C207. See Figure 7-3,

NOTE
The enclosure of the D-G conirols must be re-
moved for adjustment of irimmers but replaced during
all calibration measurements.

b. Use the calibration procedures of para. 6.5
to connect and measure the standard of dissipation
factor appropriate to the D MAX range that shows the
error.

c. Adjust trimmer capacitors to make error in
bridge reading no greater than +(0.1% of the measured
value + 0.000 01) at 1000 cps.

(1) For D MAX at 0.0l, adjust the variable ca-
pacitor C207, If the range is not adequate, replace
the mica capacitor C203 with one of smaller or
larger capacitance. Be sure the shielding en-
clesure is replaced before measurements are
made, so that the stray capacitances to shield
are included in this calibration. Some rtrial and
error will be required for accurate adjustment of
C207 unless a hole is cut in the enclosure to
permitadjustment while the enclosure is attached.
(2) For D MAX at 0.1, adjust the capacitance by
the connection, or removal, of small mica capaci-
tors (C206) in parallel with C201 (0.0143-uf).
Add a capacitor of about 16 pf to reduce the
bridge D reading by 0.1%.

(3) For D MAX at 1, adjust the capacitance by
the connection, or removal, of small mica capaci-
tors (C205) in parallel with €202 (0,158-uf). Add
a padding capacitor of about 160 pf to reduce the
bridge D reading by 01%.

d. Reassemble the bridge and recheck the cali-

bration.

7.11 KHOB REMOVAL.

If it should be necessary to remove the knob on a
front-panel control, either to replace one that has been
damaged or to replace the associated control, proceed
as follows:
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-a. Grasp the knob firmly with the fingers, close
into the panel (or the indicator dial, if applicable), and
pull the knob straight away from the panel.

CAUTION

Do not pull on the dial to remove a dial/knob assembly.
Always remove the knob first.

b. Observe the position of the setscrew in the
bushing, with respect te any panel markings {or at the
full cew position of a continuous control),

c. Release the setscrew and pull the bushing
off the shafr. Use a hex wrench.

d. Remove and retain the black nylon thrust
washer, behind the dial/knob assembly, as appropriate.

NOTE

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

KNOB INSTALLATION

To install a spap-on knob assembly on a control
shaft:

a. Place the black nylon thrust washer over the
control shaft, if appropriate,

b. Mount the bushing on the shaft, using a small
slotted piece of wrapping paper as a shim for adequate
panel clearance,

c. Orient the setscrew on the bushing with re-
spect to the panel-marking index and lock the setscrew
with & hex wrench.

NOTE

Make sure that the end of the shaft dves not pros
trude through the bushing or ithe knob won't seat

properly.

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

e. Push the knob in until it bottoms and pull it
slightly to check that the retention spring is seated in
the groove in the bushing,

NOTE

If the retention spring in the Enob comes loose,
reinstall it in the interior notch that bas the small slit
in the side wall.
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From Fadersl Sopply Code for Monufaetirers Cateioging Handbooks Hé-1

{Home to Code} and Hi2 (Code to Nama) a3 suppiemented through June, 1967.

Cade Manufocturers Nome and Address
06192 Jomes Mifg. Co., Chicage, Hlincis
00194  Walsce Electrenics Corp., Los Angeles, Calif,
00656  Aerovox Corp., New Bedford, Mass.
01009  Alden Products Co., Brockton, Mass,
01121 Allen~Bradley, Co., Milwankee, Wisc.
01295  Texas Instruments, Inc., Dallas, Texas
02114  Ferroxcube Corp. of America,
Saugerties, N, Y, 12477
02606  Fenwal lab, inc., Morton Grove, 11l
02660  Amphenol Electronjcs Corp., Broadview, Il
92768  Fastex Division of 11, Tool Works,
Des Plaines, ii. 60016
83508  G. E. Semiconductor Products Dept.,
Syracuse, N, ¥, 13201
03636  Orayburne, Yonkers, N. Y. 10701
03888  Pyrofilm Resistor Co., Cedar Knolis, N. |,
03913  Clalzex Corp., New York, N. Y, 10001
04009  Arrow, Hart and Hegeman Electric Ce.,
Hartford, Conn. 06106
04713 Motorola Semi-Conduct Product,
Phoenix, Ariz. 85008
08:70  Engineered Electronics Co., Ine.,
Santa Ana, Calif, 92702
05624  Barber-Colman Co., Rockford, Iil. 63101
05820  Wakefield Eng., Inc., Wakefield, Masg, 01880
07127  Eagle Signal Div. of E. W. Bliss Co.,
Barxaboo, Wisc,
07261 Avnet Corp., Culver City, Calif. 5023¢
07263  PFairchild Camerz and Instruiment Coxp.,
Mountain View, Calif.
07387  Bixtcher Corp., No. Los Angeles, Califl
07595  American Semiconducter Corp., Arlington
Hetghts, 1, 60004
07828  Bodine Corp., Bridgeport, Conn, 0660%
07829  Bodine Electric Co., Chicago, Il 60618
87910 Centinental Device Corp., Hawthorne, Calif.
$7983  State Labs Inc., N. Y., N. ¥, 16003
47999  Amphensl Corp., Borg Inst. Div,,
Delavan, Wisc. 53115
08750  Vemaline Prod. Co,, Franklin Lakes, N. |
09213  General Electric Semiconductor, Buffalo, N. Y.
{9823 Burgess Battery Co., Freeport, il
$49922  Burndy Corp., Norwalk, Conn. 06852
11599  Chandler Evaas Corp., W. Hartford, Conn.
12498  Teledyn Inc., Crystalonics Div.,
i Cambridge, Mass: U2140
} 12672  RCA Commercial Receiving Tube and Semir
conductor Div,, Woodridge, N.J.
12697  Clarostat Mfg. Co. Inc,, Dovex, N. H. 03820
12954  Dickson Electronics Corp., Scottsdale, Ariz,
13327  Sobirome Devices, Tappan, N. Y. 10983
14433  ITT Semiconductors, W. Palm Beach, Florida
14655  Cornell Dubilier Electric Co., Newark N. |,
14674  Corning Glass Works, Corning, N, Y.
14936  General Instrument Corp,, Bicksvilie, N. Y,
1%5238  ITT, Semiconductor Div, of int, T. and T,
Lawrence, Mass.
15605  Cutler-Hammer Inc,, Milwaukee, Wisc, 53233
16037  Spruce Pine Mica Co., Spruce Pine, N, C.
19701  Electra Mifg. Co., Independence, Kansas 67301
21335  Fafnir Bearing Co., New Briton, Cong.
24445 G, E. Schenectagy, N, Y. 12305
24454  G. E., Blectronic Comp., Syracuse, N. Y.
24455 G, E. (Lamp Div), Nela Park, Cleveland, Ohio
24655 General Radio Co., W. Concord, Mass 01781
26806  American Zestler Inc., Costa Mess, Calif,
28%2¢  Hayman Mig, Co., Kenilworth, N, J.
28959  Heffman Electronics Corp., E! Monte, Calif,
30874 Intermational Business Machines, Armonk, N.Y.
32001  Jensen Mfg. Ce,, Chicago, I, 60638
35929  Constanta Co. of Canada Limited,
Montreal 19, Guebec
37942  P. R. Mallory and Co. In¢., Indianapolis, Ind.
38443  Marlin-Rockwell Corp., Jamesgtown, N, Y.
40931  Honeywell Inc., Minneapolis, Minn. 55408
42190  Muter Co., Chicago, IH. 60638
42498 National Co. Inc., Melrose, Mags. 02176
43991 Norma-Hoffman Bearings Corp.,
Stanford, Conn. 06904
: 45671 RCA, New York, N. ¥,
49056  Raytheon Mfg. Co., Waltham, Mass. 02134
8/6%

Code

53021
54294
54715
56289
59738
59875
60399
61637
61864
63060

63743
65083
65092

70485

70563
70903
71126
71264
71400

71590
71666
1L
71744
71785

71823
72136
72259
72619
72699

T2765
72825
725962
72982
73445
73559
7369
73899
74193
74861
7497}
75042
75382
75608
75915
16005
16487
76545
76684
76854
77147
77166
77263
1733%
77542
77630

77638
78189

78277
78488
78553
79089

79728
79963
80030

80048
80131
80183
80211
80258
80294
80431

Mongfacturers Nome ond Address

Sangamo Electric Co., Springfield, L. 62705
Shallcross Mig, Co., Selma, N, C.
Shure Brothers, Inc., Evanston, Ii,
Sprague Electric Co., N. Adams, Mass,
‘Thomas and Betts Co., Elizabeth, N. J. 07207
TRW Inc, {Accessories Div), Cleveland, Ohio
Torrington Mig. Co., Torrington, Conn.
tnion Carbide Corp., New York, M. ¥. 10017
United-Carr Fastener Corp., Boston, Mass.
Victoreen Instrument Co., Inc.,
Cleveland, Ohio
Ward Leonard Electric Co., Mt Vernon, N, Y.
Westinghouse {(Lamp Div), Bloomfield, M. J.
Weston Instruments, Weston-Newark,
MNewark, N. |.
Atlantic~Indta Rubber Works, Inc.,
Chicago, 111, 60607
Amperite Co., Union City, N. J. G787
Belden Mifg. Co., Chicago, Iil. 60644
Bronson, Homer D., Co., Beacon Falls, Conn,
Canfield, H. 0. Co., Clifton Forge, Va. 24422
Bugsman Mig. Div. of McGraw Edison Co.,
St. Louis, Mo.
Centralab, le¢., Milwaukee, Wisc, 33212
Cantinental Carbon Co., In¢,, New York, N, Y.
Coto Coil Co. Inc., Providence, R, 1,
Chicago Miniature Lamp Works, Chicago, Il
Cinch Mfg, Co. and Howard B. Jones Div.,
Chicage, 1E. 60624
Daxrnell Corp., Ltd., Downey, Calif. 90241
Electro Motive Mfg. Co., Willmington, Conn,
Nytronics Inc., Berkeley Heights, N. J. 07922
Dizlight Co., Brooklyn, N. Y. 11237
General Instrument Corp,, Capacitor Div.,
Newark, N, 1. 67104
Drake Mg, Co., Chicago, 1. 60656
Hugh H. Eby, Inc., Philadeiphia, Penn, 19144
Elastic Szop Nut Corp., Union, N. ]. 07083
Erie Technological Products Inc., Erie, Penn,
Amperex. Electronics Co., Hicksville, N. Y.
Carling Electrie Co., W. Hartford, Conn.
Elco Resigtor Co., New York, N. Y.
J. F. D. Blectronics Corp., Brooklyn, N. Y.
Heinemann Electric Co., Trenton, N, 1.
Industrial Condenser Corp., Chicage, 1L
E. E. Johnson Co., Waseca, Mimn, 56093
IRC inc., Philadelphia, Penn. 19108
Xulka Electric Corp., Mt. Vernon, N. Y.
Linden and Co., Providence, R, L.
Littelfuse, Inc., Des Plaines, Il 60416
Lord Még. Co., Erie, Penn, 16512
James Millen Mfg. Co., Malden,Mass. 02148
Mueller Electric Co., Cleveland, Ohio 44114
Nationat Tube Co., Pittsburg, Penn.
Oak Mfg. Co,, Crystal Lake, 111
Patton MacGuyer Co., Providence, R, L.
Pass-Seymour, Syracuse, N. Y.
Pierce Roberts Rubber Co., Trenton, N. i
Posizive Lockwasher Co., Newark , N, .
Ray-0-Vac Co., Madison, Wisc.
TRW, Eiecrronic Comporent Div.,
Camden, N. J. 08103
Genera! Instruments Corp., Brooklyn, N. ¥,
Shakeproof Div. of 11, Toe! Warks,
Etgin, i#i. 60120
Sigma Instruments Inc., S, Braintree, Mass.
Stackpole Carbon Co,, St. Marys, Penn,
Tianerman Products, inc., Cleveland, Ohio
RCA, Commercial Recetving Tube and Semi-
condector Div., Harrison, N. J.
Wiremold Co., Hartford, Comm, 06110
Zierick Mig. Co., New Rochelle, N, Y.
Prestole Festener Div. Bishop and Babcock
Corp., Toledo, Ohio
Vickers Inc, Electric Prod. Div,, 51, Louis, Mo.
Electronic Industries Assoc,, Washingten, D.C.
Sprague Products Ce,, North Adams, Mass,
Motorola Inc., Franklin Park, Il 60131
Standard Qil Co., Lafeyette, Ind.
Bowmms Inc., Riverside, Calif. 92506
Air Filter Cozp,, Milwaukee, Wisc. 33218

Code

80582
80740
81073
813143
81349
81350
81781
81831
81860

82219

82273
82389
82647
82807
83058
83186

83361
83587
83740
84411
84835

84971
86577

86684

88140
88218
884319

88627
89482
89665
50281
95750
90952
91032
91146
91293
91598
91637
1662
9171%
91529
9251%

$2678
93332

93916
94144
94154
98076
95146
95238
95275
95354
95412
95794

96095
96214
96256

96341
96906
97966

98251
98821
99180
99378
99800

Manufacturers Nome and Address

Hammarlund Co, Inc., New York, N. Y.
Beckman Instruments, Inc,, Fullerton, Calif.
Grayhill Inc., LaGrange, 111, 60525
Isolantite Mig, Corp., Stirling, N, J. 07980
Military Specifications
Joint Army-Navy Specifications
Celumbus Electronics Corp., Yonkers, N, Y.
Filten Co., Flushing, L. L, N. ¥
Barry Controls Div. of Bargy Wright Corp.,
Watertown, Mass,
Sylvania Electric Products, Inc., (Electronic
Tube Div.), Emporium, Penn.
Indiana Pattern and Model Works, LaPart, Ind.
Switcherafy Inc., Chicage, 111 60630
Metals and Controls Inc., Atleboro, Mass.
Milwaukee Resistor Co., Milwaukee, Wisc.
Carr Fastenet Co., Cambridge, Mass,
Victory Engineering Corp (VECO),
Springfield, N. J. 07083
Bearing Specialty Co., San Francisco, Calif,
Solar Electric Corp., Warren, Penn,
Union Carbide Corp., New York, N. Y. 10G17
TRW Capaciter Div,, Ogallala, Nebr.
Lehigh Metal Products Corp.,
Cambridge, Mass, 02140
TA Mfg. Corp., Los Angeles, Calif,
Precision Metal Products of Malden Inc.,
Stoneham, Mass, 02188
RCA {Electrical Component and Devices}
Harrisen, N. J.
Cutler~Hammer Inc., Lincoln, il
Gould Nat. Batteries Inc., Trenton, N. |,
Cornell Dubilier Electric Corp.,
Fuquay-Varina, N. C,
X and G Mig, Co., New York, N. Y.
Holtzer Cabot Corp., Boston, Mass.
United Transformer Co., Chicago, Hl.
Mallory Capacitor Co., Indianapoiis, ind.
‘Westinghouse Electric Corp., Boston, Mass.
Hardware Products Co., Reading, Penn. 19602
Continental Wire Corp., York, Penn. 17405
ITT Cannon Blectric Inc,, Salem, Mass.
Joharson Mfg. Co., Boonron, M. J. 67005
Chandler Co., Wethersfield, Conn, 0610%
Dale Electronics Inc., Columbusg, Nebr,
Elco Cerp., Willow Grove, Penn.
General Instruments, Inc,, Dallas, Texas
Honeywell Inc., Freeport, Il
Electra lsulation Corp., Woodside,
Long Istand, N. Y.
Bdgerton, Germeshausen and Grier,
ton, Mass,
Sylvania Blectric Products, nc.,
Woburn, Mass.
Cramer Products Co., New York, N, Y. 10013
Raytheon Co. Components Div., Quincy, Mass.
Tung Sol Electric inc,, Newark, N.J.
Garde Mg, Co., Cumberland, R, L
Alco Electrenics Mfg. Co., Lawrence, Mass.
Continental Connector Corp., Woodside, N. Y.
Vitramon, Inc., Bridgeport, Conn.
Methode Mfg. Co., Chicage, Iil.
General Electric Co., Schenectady, N. Y.
Ansconda American Brass Co.,
Torrington, Cont,
Hi~Q Div. of Aerovox Corp., Orleas, N, Y.
Texas Instruments Inc., Dallas, Texas 75209
Thordaxson-Meissner Div. of McGuire,
Mz, Carmet, Hi.
Microwave Associates Inc,, Burlington, Mass.
Military Standards
CBS Electronics Div. of Columbis Broadcast-
ing Systems, Danvers, Mass,
Seslectro Corp., Mamaroneck, N. Y. 10544
North Hills Electrenics Inc,, Glen Cove, N. Y,
Transitvon Electronics Cozp., Melrose, Mass.
Atlee Corp., Winchester, Mass, 01890
Delevan Electronics Coxp,, B. Aurera, N, Y,

75
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PARTS LIST

Fed. Mfg, Wfg. Part Fed. Stock
Ref. No, Description Part No. Code Neo, Mo.
CAPACITORS
Ci00 Trimmer, 1000 pF 1615-2140 24635 1615-2140
€1o Trimmer, 100 pF FA15-2150 24655 1615-2150
Cl02 ‘Frimmer, 10 pF 1615-2160 24655 1615-2160
Cl03A  Trimmer, 1 pF
Cl03B  Trimmer, 0.1 pF 1615-2100 24685 1615-2100
Cl03C  Trimmer, 0,01 pF
C104 Trimmer, 0.005 - .5 pF 1615-2120 24635 1615-2120
C1065 Trimmer, 0.005 - 4.5 pF 1615-2120 24685 1615-2120
Cl1o6 Trimmer, 0.0005 - 0.05 pF 1615-2110 24655 1615-2110
c1e7 Trimmezr, 0.0005 - 0.05 pF 1615-2110 24655 1615-2110
C108 Trimmer, 0.0005 - 0.03 pF 1635-2110 24655 1615-2110
C109 Trignmer, 0,00005 - 0.005 pF 161L5-23180 24635 1615-2130
Ci10 Trimmer, 0.00005 - 0,005 pF 1615-2130 24655 1615-2130
Cill Trimmer, 0.00005 - 0.005 pF 1615-2130 24655 1615~2130
<201 Mica, 0.G1430 pF 0305-4023 24655 0505-4023
<202 Mica, 0.1574 pF 0505-4024 24655 0505-4024
203 Factory adjustment, 500 V
C204  Trimmer, 0,005 « 0,5 pF 1615-2120 24655 1615-2120
203 Factory adjustment, 500 V
C206 Factory adjustment, 500 V
C207  Trimmer, 8 - 30 pF 4910G-1170 72982 337-051, 8 to 50 pF
JACKS
i161 Binding Post, Metal top 0938-3000 24655 0938-3000
102 Binding Post, Insulated top 0938-3000 24655 0938-3000
1103 Binding Post, Insulated top 0938-3000 24655 0938-3000
1104
thrua Comector, Coaxial 0874-4170 24655 0874-4170
1108
Jj1a9 Binding Post, Metal top 4960-6700 24655 40560-0700
J110 Binding Post, Insulated top 4060-0700 24655 4060-0700
J1ix Binding Post, Insulated top 4060-2610 24655 4060-2610
RESISTORS
R201
thru Unit, {10) 100~ winding +0.G5% 1615-2290 24655 1615-2290
R210
R211
thry Unit, (10} 10-Q winding £0.05% 1615-2291 24635 1615-2291
R220
R221
thru Unit, (10) 1-£ winding *0.15% 1615-2292 24655 1615-2292
R23G
R231
thri Unit, (18} 0.1-2 winding *1% 16152293 24655 1615-2293
R240
R24: Composition, 100 k& #5% 1/4 W 60994105 75042 BTS, 100 k& 5%
R242 Composition, 3.3 MQ £3% 1/2 W 6100-5105 01121 RCZ0GF105] 3905-192-0390
Ra43 Composition, 100 k@ 5% 1/2 W 6100-4105 01121 RCZ0GF104] 5905-195-6761
R244 Potentiometer, Composition, 50 @ £10% 6000-0050 24655 s000-0050
R245 Film, 100 kG #0.5% 1/4 W 6351-3100 75042 CEB-TO, 100 kQ #0.5%
R246 Film, 100 k@ 20.5% 1/4 W 6351-310C 75042 CEB-TO, 100 kQ £0.5%
R247 Factory adjustment
SWITCHES
S101 Rotary 7890-2800 76854 217429-H3
5102
thru Rotaxy 1615~3040 24655 1615-3040
5105
5106
thra Rotary 1615-3030 24655 1615-3930
5111
S112 Rotary 7896-2810 76854 217430-DH5C
5113 Rotary 78G0-2820 76854 217428-H3C
S114 Rotary 7890-2830 76854 217429-H1C
TRANSFORMERS
T101 Toroid 1615-3100 24655 1615-3100
T102 Toroid £615-3090 24655 1615-3090



Type 1615-P1

RANGE-EXTENSION CAPACITOR

(Accessory for the Type 1615-A Capacitance Bridge)

1 DESCRIPTION

The Type 1615-P1 Range-Extension Capacitor
contains a2 hermetically-sealed, silvered-mica, 10,000-
pf capacitor, equivalent in quality to the 0.01-uf Type
1409-1. Standard Capacitor. Both capacitor terminals
are General Radio Type 874 coaxial connectors, insu-
lated from the case; they plug directly into the EXT
‘STANDARD terminals of the Type 1615-A Capacitance
Bridge. A variable trimmer capacitor of approximately
30 pf, connected in parallel with the mica capacitor,
can be adjusted with a screwdriver, through a hole in
the case, to set the capacitance to agree with the
bridge standards, for either two- or three-terminal use.

This capacitor exteads the range of the Type
1615-A Bridge upward to 11 wuf. The bridge, with its
largest standard of 1000 pf and largest transformer ratio
of 1000:1, can measure unknown capacitors up to
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Figure 1. Elementary schematic diagram of Type 1615-A
Capacitance Bridge with Type 1615-P1 Range-Extension
Capacitor installed for two-terminal measurements.

1.11110 uf. When the 10,000-pf Type 1615-P1 capaci-
tor is connected as an external standard, as shown in
Figure 1, the range of the bridge is extended con-
tinuously through another decade to 11.11110 uf.

When the capacitor is plugged into the bridge
EXT STANDARD terminals, the H terminal is con-
nected to the transformer taps through the rotary MUL-
TIPLY EXT STANDARD BY switch to provide a 1-uf-
per-step seventh decade of capacitance adjustment
above the six decades provided by the lever-switch
balance controls. The 1. terminal of the capacitor is
automatically grounded by the bridge to provide a two-~
terminal extetnal standard when the bridge terminal-
selector switch is ser to the 2 TERMINAL position.

The Type 1615-P1 capacitor is adjusted at the
factory to 10,000 pf 21 pf at 23 +1 C, when added to a
production Type 1615-A bridge as a two-terminal ex-
ternal standard. The capacitance will vary with tem-
perature, typically +35 10 ppm/°C. The two-terminal
capacitance may change as much as a few picofarad
when used on different Type 1615-A bridges because
of wvariations in bridge-terminal and -wiring capaci-
taaces, The capacitance can, however, be quickly cali-
brated or adjusted to high precision for a particular
bridge or for a particular temperature by the proce-
dures described below. The three-terminal capacitance
will be, typically, 9982 pf when the trimmer has been
adjusted for two-terminal use.

NOTE

Although the Type 1615-P1 is fitted with
the coaxial connectors usually associated
with three-terminal capacitors, it is nor-
mally used as a two-terminal capacitor
when connected to the Type 1615-A bridge
to extend the range to 10 uf,

2 OPERATING PROCEDURES

{Refer to Operating Instfuctions for Type 1615-A Ca-
pacitance Bridge.)
2.1 RANGE EXTENSION ON TYPE 1615-A,

a. Set the Type 1615-A bridge terminal-selector
switch to the 2 TERMINAL position.



b. Plug the Type 1615-P1 capacitor carefully into
the EXT STANDARD coaxial terminals of the bridge,
with the H and L terminals of the capacitor connected
to the H and L terminals of the bridge, respectively.

c. Connect the capacitor to be measured to the H
and L UNKNOWN binding posts. (The L post is con-
nected to the GND post.)

d. Balance the bridge.

1. For capacitance:
Set the C MAX control on the appropriate
range (usually 1 uf), Adjust the MULTIPLY
EXT STANDARD BY. . . switch for the first
decade of C balance and the six CAPACI-
- TANCE controls for the subsequent decades.
2. For loss:
Set the G MAX control on the appropriate
range, + or - Adjust the four CONDUCT-
ANCE controls for balance.

NOTE

The D MAX ranges may be used for balance
in special cases when the G MAX range is
not adequate. For computation of C and G
when D MAX controls are used, see Type
1615-A bridge operating instructions.

e. Record the bridge readings of C and G,
f. The capacitance and conductance of the unknown
are: :

1. Capacitance: The unknown capacitance in
picofarads is the capacitance of the Type
1615-P1 external standard (multiplied by the
reading of the MULTIPLY EXT STANDARD
BY. . . dial and by the factor M) plus the ca-
pacitance indicated by the six bridge CA-
PACITANCE readour dials, with decimal
point as indicated.

Example: C MAY set at 1 uf (M = 1000)
MULTIPLY EXT STANDARD BY ..
dial reads 0.3
CAPACITANCE dials read 002140. pf
Capacitance of Type 1615-P1I is
10,000.00 pf.

Cy =10 000.00 (0.3 x 1000) +002140. =
3 002 140 pf = 3.002 140 uf

NOTE

It is convenient and correct to read the fig-
ures (0.1, 0.2, etc) in the window of the
MULTIPLY EXT STANDARD BY. . . switch
as the first digit of 1, 2, ., ete, uf in the
capacitance readout, Care must be taken,
however, ro interpret the figure 1 in the
window as 10 or X in the readout, not as 1.

2. Conductance: The unknown conductance in
micromhos is the conductance of the Type

1615-P1 external standard (multiplied by the
reading of the MULTIPLY EXT STANDARD
BY. . . dial and by the factor M) plus the con-
ductance indicated by the four bridge CON-
DUCTANCE readout dials (multiplied by the
factor M).

Example: C MAX set at 1 uf (M = 1000)

MULTIPLY EXT STANDARD BY. ..

dial reads 0.3

CONDUCTANCE dials read .00420 p1}

Conductance of Type 1615-Pl is

00478 pU

Gy =.00478 (0.3 x 1000) +.00420 (1000)
=5.63 uU

3. Dissipation Factor: The dissipation factor can
be calculated from the measured C (in farads)
and G (in mhos) and the relation D =G/ C.

Example: For the 3 uf capacitor measured above

at 1000 cps
D = 5.63 x 1076
6.78 x 103 x 3.00 x 1076
_ 5.63 -3 o
By 10 000 300

3 CALIBRATION OF TYPE 1615-P1

3.1 PROCEDURES FOR MEASUREMENT OF CAPACI-
TANCE AND CONDUCTANCE.

a. Set the Type 1615-A terminal-selector switch
to the 2 TERMINAL position.

b, Set the MULTIPLY EXT STANDARD BY. ..
switch to 0.

c. Plug the Type 1615-P1 capacitor carefully into
the EXT STANDARD coaxial terminals of the bridge,
with the H and L termirals of the capacitor connected
to the H and L terminals of the bridge, respectively.

d. Connect to the H and L UNKNOWN binding posts
of the bridge any capaciror whose capacitance is close
enough to 1000 pf {or to 0.01, 0.1, 1.0 uf) to be bal-
anced with the first CAPACITANCE control (extreme
lefe) set in the X position and with the C MAX control
set at 1000 pf (or at the 0.0, 0.1, 1 uf position). The
Type 1469-F or Type 1401-D, 1000-pf standard capaci-
tors, are convenient to use, since they plug directly
into the binding-post UNKNOWN terminals of the bridge.

e. Balance the bridge with the CAPACITANCE and
CONDUCTANCE controls and with the appropriate G
MAX range. Do not use the D MAX ranges. Use the (-1}
position of CAPACITANCE controls when the capaci-
tance of the unknown is less than nomingl.

f. After balance has been reached, record the CA-
PACITANCE and CONDUCTANCE readings.



Example: With a Type 1409-F Capacitor as the
unknown,

C =X01.054 pf G =.000864 uU

s. Set the MULTIPLY EXT STANDARD BY.. .

switch at 0.1 instead of 0. Set the extreme left CA-
PACITANCE control at 0 instead of X. The bridge
should return to a partial balance, because the internal
1000-pt standard has been replaced by 0.1 times the
external 10,000-pf standard.

h. To compiete the balance:

1. Adjust the bridge CAPACITANCE contrals to
restore balance, Only the last two or three
should need to be moved. The first control
lever must be left at 0, _

2. Adjust loss with the bridge CONDUCTANCE
and G MAX controls,

i. Record the new readings of C and G,

Example: C =001.094 pf G =.000386 plUJ
j. The capacitance and conductance values of the

Type 1615-P1 are:

1. Capacitance: The capacitance, Cpyy, can
be calculated from the bridge readings of the
unknown capacitaace, Cy, (step f) and of
the difference, Cy, (step i} between the un-
known and the Type 1615-P1. The relation is:

Cpyr L01x (W] +Cp =Cy
where M can be 1, 10, 100 or 1000,

= (X01.054 - 001.094) /(0.1 x 1)
9 999.60 pf

foampfe: CEXT

i

NOTE

The external standard C must be multiplied
by the reading of the MULTIPLY EXT
STANDARD BY. .. dial and by the factor
M indicated next to the serting of the C
MAX conirol,

A guick calculation can be made from the usual
small changes in bridge readings in the following man-
ner:

When the bridge C reading in step i is not the
same as the reading of step { (except for the change
from X to 0 in the first figure), the percent change in
the bridge reading is the percent deviation of the Type
1615-P1 from exactly 10 times the internal 1000-pf
standard. If the reading is high,
the Type 1615-P1 is low.

Example; The bridge reads high by (001.094
- 001.054)/1000 = 40 ppm. The capacitance of the Type
1615-P1 is low by 40 ppm; hence

CEXT =g 999.6(} Pf.

2. Conductance: The conductance can be cal-
culated from the conductance readings ob-

the capacitance of

rained in step f for the unknown capacitor,
Gy, and in step i for the difference between
the unknown and the Type 1615-P1, Gg. The
relation is:

Gpyr [0.1x{M)] +Gp = Gy

Example: Gpyp =(.000864 —.000386)/(.1x 1)
= 0.004 78 U
NOTE

The external standard G must be multiplied
by the reading of the MULTIPLY EXT
STANDARD BY... dial and by the factor
M, indicated next to the setting of the C
MAX control. '

3, Dissipa:ion Factor: The dissipation factor
can, if needed, be calculated from the meas-
ured C and G using the relation D = G/wC,
FExample: With the C and G measured above

at 1000 cps

D = 0.000 076

3.2 CALIBRATION EVALUATION.

From the calibrated value of capacitance and its
difference from 10,000.00 pf, the value to be used for
the bridge external standard capacitance can be chosen
as follows:

a. If the error in the capacitance is small compared
with the desired accuracy of the bridge measurement
to be made with the Type 1615-Pl, use the nominal
capacitance of 10,000.00 pf in the calculation of un-
known capacitance. In the example in step | of para-
graph 3.1,.the error of 40 ppm can be neglected when
the measurement accuracy required is 0.1%, or even
0.01%. The dial of the MULTIPLY EXT STANDARD
BY. .. switch can then be read directly as the first
capacitance decade of 1 uf per step.

b. If the error is too large to neglect:

1. Use the measured value of the Type 1615-P1
capacitance in the calculation of the capaci-
tance of the unknowa. In the example above,
use 9 999.60. .

2. Adjust the tr1mmer of the Type 1615-P1 to
make the capacitance as close as desired to
10 000.00 pf and reduce the error to a negli-
gible value. See paragraph 3.3 for adjustment
procedure.

3.3 ADJUSTMENT OF TYPE 1615-F1.

a. Follow procedure of steps a through g of para-
graph 3.1.
b. To complete the balance:
1. Adjust the capacitance with the trimmer of
the Type 1615-P1 Capacitor. Remove the



C.

2.

snap-buttor: at the end of the can and rotate
with a screwdriver the exposed siotted shaft
of the trimmer capacitor. The screwdriver
does not kave to be insulated, since the shaft
is grounded. DO NOT change the setting of
the bridge CAPACITANCE controls.

Adjust the loss with the bridge CONDUCT-
ANCE and G MAX contrels,

Record the new teading of G; the C reading must
be the same, except for the change from X to 0 in the
first figure.

Example: C =001.054 pf

G =.000386 uU

Type 1615-P2

i1615-P2 Coaxial Adaptor converts 2-terminal bindingpost connec-
tion on 1615 bridge to GR20C Precision Coaxial! Connector for
highly repeatable connhections; enables measurements with adap-
tor to be direct-reading by compensating for terminal capacitance.

COAXIAL ADAPTOR, GR900O

Descripiion

Cataleg
Number

1615-9602 1615-P2 Coaxial Adaptor, GRS00 to

binding posts

d. The calibrated values of the Type 1615-P1 are:
1. Capacitance: The capacitance has been ad-

justed to 10 rimes the capacitance of the
1000-pf standard in the bridge and has the
same accuracy, nominally +0.01%, as that
standard; hence

Cgyr = 10 000 pf +0.01%

. Conductance: The conductance calculation

is the same as in step j(2) of paragraph 3.1.

. Dissipation Factor: The dissipation-factor

is the same as in step j (3) of paragraph 3.1.

TO BINDING POSTS

1515-P2



Type 1404

REFERENCE STANDARD
CAPACITOR

These capacitors have been designed as primary refer-
ence standards of capacitance with which working stand-
ards can be compated. The 1615-A Capacitance Bridge
is particularly weil suited for this purpose anrd can be
conveniently used to calibrate accurately a wide range of
working standards in terms of a 1404 Reference Standard
Capacitor. A single 1000- or 100-picefarad stendard is
also the only standard necessary to calibrate the bridge
itself.

Equivalent circuit showing
direct capacitance, Op, and
average values of residual
inductance, 1, and terminal
capacitances, Cn and C.
Co = 1000 of for 1404-A,
100 pF for 1404-B, and 10 pf
for 1404-C.

specifications

Calibration: A certificate of calibration is suppiied with each ca-
pacitor, giving the measured direct capacitance at 1 kHz and at
23° ==1°C. The measured value is oblained by a comparison
to 4 precision better than =1 ppm with working standards whose
absolute values are known o an accuracy of 220 ppm, deter-
mined and maintained in terms of reference standards pericd-
ically measured by the Nationat Bureau of Standards.

Adjustment Accuracy: The capacitance is adjusted before calibra-
tion with an accuracy of =5 ppm t¢ a capacitance about 5 ppm
above the nominal vatue relative to the capacitance unit main-
tained by the General Radio reference standards.

Stability: Long-term drift is less than 20 parts per miliion per
year. Maximum change with crientation is 10 ppm and is com-
pietely reversible,

Temperature Coefficient of Capacitance: 2 2 ppmy/°C for 1404-A
and -B, 5 = 2 ppmy/°C for 1404.C, from —20°C to -+65°C. A
measured. value with an accuracy of =1 ppm/°C is given on
the ceriificate.

Temperature Cytling: For temperature cycling over range from

—20° G to +65°C, hysteresis {retraceable) is less than 20 ppm at
23°C.

in combination with an accurately known external re-
sistar, this capacitor becomes a standard of dissipation
factor.

Afl critical paris of the plate assembly are made of
invar for stabiiity and low temperature coefficient. After
heat cycling and adjustment, the assembly is mounted in
a heavy brass container, which, after evacuation, is filled
with dry nitrogen under pressure slightly above atmo-
spheric and sealed. The container is mounted on an alu-
minum panel and protected by an cuter aluminum case.
Each capacitor is subjected to & series ¢f temperature
cycles to determine hysteresis and temperature coeffi-
cients and to stabilize the capacitance.

Two locking GR874 Coaxial Connectors are used as
terminals. The outer shell of one is connected to the
case, but the outer shell of the other is left unconnected
to permit the capacitor to be used with an external re-
sistor as a dissipation-factor standard,

— See GR Experimenter for Aug 1963 and Aug 1966.

Dissipation Factor: Less than 10-5 at 1 kHz.

Residual Impedances: See equivalent circuit for typical values of
internal series inductances and terminal capacitances,

Max Voitage: 750 V.

Terminzis: Two locking GR874 coaxial connectors; easily con-
verlible to other types of gonnectors by attachment of locking
adaptors. Outer shell of cne connector is ungrounded to permit
capacitor to be used with external resistor as a dissipation-factor
standard.

Accessories Reguired: For connection to 1615.A Capacitance
Bridge, 2 Type 874-R20A or 874-R22LA Patch Cords.

Dimensions {width x height x depth): 6% x 65 x & in. {1758 % 170
x 205 mm). .

Weight: Net, 842 ib {3.9 kg); shipping, 14 1b (6.5 kg).
Catalog

Numbar Description
Reference Standard Capacitor
1404-9701 1404-A, 1000 pF
1404-8702 1404-8, 100 pF

1404-3703 1404-C, 10 pF





