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2%, abo\le 15 kHz, 3%. Slightly larger errors occur at high fre
Quencies for direct or delta measurements.

GENERAL

Accessories Supplied: 274-NP Patch Cord, 874-R34 Patch Cord.

Accessories Required: Generator and Detector. 124().A Bridge
Oscillator-Detector recommended.

Generator; 131l-A OscillatOr recommended or 12tD-C or 131().A.
Mal( safe \loUage on bridge is 130 V rms. giving <:32 V on un·
f<nown.

Detector: 1232·A recommended.
Mountinl: Lab-Bench Cabinet.

Dimensions (width I( height I( depth): 12'1.:1 I( 13112 )( 8'1.:1 In. (320
I( 345 I( 220 mm).
W.ilhh Net. 21112 Ib (10 kg). shipping. 311b (14.5 kl).

RANGES OF MEASUREMENT

Frequency: 20 Hz to 20 kHz.
Impedance and Admittance: - <>0 to + 00.

Unknown is measured as en Impedance if the resistance Is
less than 1000 0 and the reactance Is less than 1000 (t./f)O.

Unknown is measured as an admittt!lnce if the absolute con.
ductance is less than 1000 ILU and the absolute susceptance Is
less than 1000 (f/f.),dJ.

ACCURACY (with unknown .rounded)

R: =1% =. (2 0 on main dial or 0.2 0 on 6R dial) :::!:O.OOO2- flH.X.
G: .:!:l% ± (2 ~O on main G dial or 0.2 "'U on 6G dial)

:t:O.OOO2f.H,B.

X: =1% =. (2fo lt 0 on main X dial or 0.2,.,f 0 on 4X dial)
±O.OOO2f.H,R.

8: ±lo/.;:!: (2f/fo ~O on main B dial or 0.2f/'...0 on 68 dial)
=:0,0002f"",,G.

These expressions are \lalid for Rand G up to 20 kHz; fOr X
and B the 1% term is \lalid up to 7 f<Hz; abo\l. 7 kHz It becomes

Catalog
Number

1603-9701

Descrlptlon

16Q3-A Z-Y Bridlfl
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Pigure 1.1. Panel viell' of the Type 160J·A Z-Y Dridge.

(For legend. see page 2).
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INTRODUCTION

SECTION 1

INTRODUCTION

1.2.2 SYMBOLS AND ABBREVIATIONS. The following
symbols and abbreviations are used in this instructio~

hook:
ae - alternating-curren[

B - susceptance, imaginary part of an admittance

C - capacitance

cps - cycles per secoed

cps to 20 kc. A calibrated oscillator or suitable genera
tor (such as rhe Type 12lO-C Unit RC Oscillaror) is re
quired to drive the bridge and a null-balance detector
(such as the Type 1232-A Tuned Amplifier and Null De
tector) is required to indicate bridge balance. A Type
274-NP Patch Cord and a Type 874-RH Parch Cord are
supplied to connect the bridge to the generatoe and de

tector.

1.1 PURPOSE.

The Type 1603-A Z-Y Bridge (Figure 1-1) is an
audio-frequency bridge that can measure any impedance

connected to its terminals. From short circuit to open
circuit, real or imaginary, positive or negative. a bridge
balance can easily be obtained. Good accuracy is ob
tainable over a very wide range.

The Z·Y Bridge measures the Cartesian coordin·
arcs of complex impedance in ohms (series resistance
and reactance, each carrying the same current; see Fig
ure 1-2) or the Cartesian coordinates of complex admit
ranee in micromhos (parallel conductance and suscept
ance subjected to the full terminal voltage; see Figwe
1-3).

1.2 DESCRIPTION.

1.2.1 GENERAL. The Type 1603-A Z-Y Bridge uses a
conventional resisrancc+capacitance bridge circuit (scc
Figurc 1-4) and operatcs in thc frcqucncy rangc lrom 20

0- dissipation factor, 0

de - direct-current

cmf - electromotive force

I R G------Q X B

IMPEDANCE
R.

z.=:;:J

ADMITTANCE

Figu1'e 1·2.

Resistance Rx in se1'ies with
inductive (positive) 01'
capacitive (negative)

reactance Xx'

Z" (ohms) • R" • jX"

Figure 1·3.
Conductance Gx in parallel

with inductive (negative)

or capacitive (positive)
susceptance Bx'

Y" (/-,mhos) • G" • jB"

.. ~ -- .~ ..

~
""'.-.-

c.1..05(0'~ --!. ~T·:ci"sNCf
fOil Y.

Figure 1-4. Y,~
Elementary schematic diagram ~
o/tbe Type 160J·A Z-Y Bridge. l-_-'- --'

1
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f • frequency

G • conductance, G • ~ (only jf X ·0)

I .. current

j .. imaginary operator, i 2 :I: -1
K, k 1 k2 .. bridge constants
kc .. kilocycles per second

kfl - kilohms
L .. inductance

M .. correction factor

pf • pieofa,ad, 1 pf ' 1 •

PF ... power factor, PF
R2 + X2

1 X BQ .. storage factor, Q =_ c: - =_
D R G

R .. resistance, R = ~ (only if B II: 0)

r .. resistance

XoO reactance, imaginary part of an impedance
y .. admiuaoce, y II: G + jB
Z - impedance, Z • R + jX

S .. change in
l:::. - initial balance

e· phase angle
/-'f - mic,ofa,ad, 1 /-'f - 1 • 10 -6 f
J.lb • microheory, 1 J.lb ' 1 • 10 -6 h
/-,mho./-,U -micromho. I/-'U -1.1O-6 U
TT- 3.1416
fl - ohm
OJ .. angular frequency. UJ '" 2 71 f

1.2.3 CONTROLS AND CONNECTORS. The following
table lists the conuols and connectors on the Type

1603-A z·Y Bridge:

TABLE l. CONTROLS AND CONNECTORS

F is:- \.\ Name Tyre Function

Ref No.

t /0 3-posi'tion Changes the values of fixed bridge

rotary swj(ch components by factors of ten to

~rmit measurement at any audio

frequency.

2 ~leasurement 6-position Selects conditions for initial Z or

rotary switch Y measurement, final Z or Y meas-

urement, and normal or reversed

measurement.

3 INITIAL IJAL Continuous rotary For normal substitution measure-

6x OR 6,; cOf,trol with dial ments, Sets initial balance of X or

G component.

4 INITIAL IJAL Continuous rotary For normal substituti.on measure-

6/10R60 control with di.al ments, sets initial balance (or R

or B component., X OR G Continuous rotary For normal substitution measure-

control with dial ment, sets (inal balance (or X or

and vernier G component.

6 R 0/1 D Continuous rotary For normal substitution measure-

cOnlrol Vr..ith dial ment, sets (inal balance for R or

and vernier B component.

I
7 GENERA7"OR Pair o( binding Connection for external gener-

pOSts ator.

S PETECTOR Three binding Connection for external null

posts detector.

9 UNKNOWN Pair of binding Connection for component to

pOSts be me<lsured.

2



OPERATING PROCEDUR

SECTION 2

OPERATING

2.1 GENERATOR CONNECTION.

Use an ac generator of known operating frequency

between 20 cps and 20 kc. The General Radio Type

1210·C Unit RC Oscillator lS a recommended source. To

make the bridge direct reading, the generator frequency

must be 100 cps, 1 kc, or 10 kc, and the fo switch set to
the same value.

The maximum voltage that may be applied to the

bridge is 130 volts ems with the fo switch at 10 kc or

1.0 kc. With the /0 switch at 0.1 ke, tile maximum volt

age depends 01' the generator (reyuency. as shown in

Figure 2·1. Since this switch can be set to 10 kc or.
1.0 kc for the frequencies above 450 cps, 130 volts is

the usual maximum volc21ge. A 60·cycle power line may

be used for 60·cycle measwements, provided that a 1:1

isolation transformer is interposed between the line and

the bridge. The setting of the 1
0

switch is explained in

paragraph 2.5.

Connect the generator to the Gh-NF.UATOU termin~

als of the Type 1603-A, with the low side connected to

the terminaJ that is grounded to the bridge panel.

2.2 DETECTOR CONNECTION.

Connect the black insulated IJI:"TF:CTOR terminal

to the grounded terminal, using the connecting link, to

measure the unknown as a grounded impedance or admit

tance (the usual type of measurement; for measurement

of ungrounded components, refer to paragraph 5.5).

PROCEDURE

Connect a General Radio Type 1232-A Tuned Am

plifier and Null Detector, Type 1212-A Unit NulJ Detec

tor, or other suitable null~balance detector across the r1:-d
and black DETECTOR terminals, with the high input of
the detector connected to the red terminal. Unless the

detector is logarithmic in response, it should contain
some means for monitoring its sensitivity. In the meas

urement of nonlinear elements, such as iron-cored induc

tors, a tuned selective detector is preferable.

2.3 CONNECTION OF THE UNKNOWN.

Connect the unknown circuit element or network
to the IJNKNOWN terminals on the bridge panel. Connect

the end of the unknown that is grounded. or that has the
higher capacitance to ground, to the LOW unknown ter·

minat. Leave the unkno'Q,'n thus connected while the de~

sired measwemeots are m<\de.

2.4 DECIDING WHETHER TO MEASURE Z OR Y.

2.4.1 GENERAL. The unknown can sometimes be ~eas·

ured as either an impedance, Zx. or an admittance, Yx.

but in most instances, it can be measured only as one or

the other.

If the approxima[e value of the componenr to be

measured is known, use Figures 2-2 and 2-3 to determine
which type of measurement should be made. Figure 2-2

shows the limits of impedance measurement and Figure

lODe 200e

200

1

I

~ 150_. -----L---------.--+--l---- ----1----l

!f 100 "-
~ .....
5 .......
> 50f----+---r--t---T--I---'~i_.....;;;-;,;-:=4-.:;--"·-~:.-.;;--=-~

500e I.e

FREOUENCY

Figure 2.1. Maximum vollage Ihat may be applied 10 the z.y Bridge wilh the 10 switch set al 0.1 kc.
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Y PLANE
(MICROMHOSI

NOTE

2.4.3 CAN THE UNKNOWN BE MEASURED AS AN AD
MITTANCE? To find out, connect the generalOr, detec

tor and unknown to the bridge. set the 10 switch to the
nearest frequency below the generator frequency, set

the measurement switch to NORMAL )' INITIAL BAL.

and adjust boch 6 controls for balance. Then set the

the measurement switch to }' MEASI'UE and adjust the

main concrols for balance. If the final balance occurs
within the ranges of both main dials, the unknown can be

measured as an admittance. If the balance is offscale

on either main dial, the unknown must be measured as an

impedance.

2.4.4 MEASUREMENT AS EITHER IMPEDANCE OR AD·
MITTANCE. If, in the restS described in paragraphs

2.4.2and 2.4.3, the main dials are on scale in both cases,
rhe operator has a choice of measuringthe given unknown

as an impedance or as an admittance. See Figures 2-2

and 2-3.
,-------:-:-::-c=-=--------,

2.4.2 CAN THE UNKNOWN BE MEASURED AS AN IM

PEDANCE? To find OUt. connect the generator, detec
tor. and unknown to the bridge, set the 10 switch to the

nearest frequency above the generator frequency, se.t the
measuremem switch to NORMAL Z INITIAL BAL, and

adjust both 6 comrols for balance. Then set the meas·

ure~ot switch to Z fttFAJURF and adjust the main con

trols for balance. If balance occurs within the ranges of
both main dials, the unknown can be measured as an im

pedance. If the balance is offscale on either dial, the
unknown must be measured as an admittance.

Figure 2-2. Impedanceameasurement limits 01 the

Type 160J·A Z.}' 1Jridge.

Figure 2·3. Adm;lIance-measuremenl limits of the

'Iype J60J·/\ Z. Y /lridge.

2- 3 shows the limits of admittance measurements. Note

that the imaginary scale (or these plots is a function of

. h" "0eJt er~ or-,.-. The ran~e for the imaginary pan can

[herefore be extended by appropriate choice of fo (refer

ro paragraph 2.5).

If rhe approximate va lue of the component to be
measured is not known, make a trial balance as oudined

in paragraph 2.4.2, 2.4.3, or 2.4.4 to determine whether

the unknown should be measured as an impedance or an

admittance.

The components of Yx (in pmhos) can he computed
from the components of Zx (in ohms) and vice versa by

means of the construction described in Appendix I or

by the transfer equations in Appendix 2.

For any specific measurement. the .meas

urement switch must be used either ex

clusively in its three left-hand positions

(Zx measurement) or exclusively in its
three right-hand positions (Y x measure

ment). For example. never folJow an ini
tial Z balance with a final Y balance.

2.5 SETTING THE 10 SWITCH.

When the operatin~ frequency is laO cps, 1 kc. or

10 kc I set the 10 switch to the same frequency for direct

reading measurements. For other operating frequencies,

set the loswitch to the nearest frequency above the gen

erator frequency for impedance measurements and to the

nearest frequency below r:he generator frequency for ad-

mittance measurements. The ratio of!..o should be between,.
0.1 and 10.

4



Foe maximum precision, first make a trial balance
wirh the 10 swiech sec as specified in the p[ecedin~ para
graph. For an impedance measurement, jf the final Xx

balance is of£scale on either end, set the fo switch to

the next higher frequency; or if the final Xx balance is

onscale but less than 105 ohms, set the /0 switch to the
next lower value. For an admittance measwement, if
the final Bx balance is offscale on either end, set the /0
switch to the neX[ lower value; or if the final Bx balance

is onscale but Jess than 105 J..tmhos set the /0 switch to
the next higher value.

If the generator frequency is not the same as the

/0 switch setting, mulciply the Xx indication in imped-

ance measurements by...!2 t and mu1ciply the Bx indication
. d' f b (
In a mntance measurements YT'

o

2.6 NORMAL MEASUREMENT PROCEDURE.

. To measure an unknown under normal conditions,

proceed as foHows:

a. Connect the generator, detector, and unknown to

the appropriate terminals on the bridge.

b. Decide whether to measure impedance or ad
miuance (refer [0 paragraph 2.4).

c. Set the /0 switch to the measurement frequency
(refer to paragraph 2.5).

d. Set the measurement switch to NOUMAL 7 IN/.

TIA.L BAL for impedance measurement or to NORMAl... Y
INITIAL CAL for admiuance measurement.

e. With the 6 comrols, balance the bridge to ob

tain a null indication on the detector.

f. Set the measurement switch to Z /.'EASliRE for

impedance or to \' MEASURE for admittance.

g. Balance the bridge with the main comrols.

h. If the /0 switch setting is the same as the gen
erator frequency, the impedance or admittance value of

the unknown is the value indicated on the main dials.

If the generator frequency is not the same as the /0
switch setting, multiply the imaginary component (X or

B) byt for impedance orT-for admittance.
o

OPERATING PROCEDURE

For example, if:

generator frequency· 2 kc

/0 switch setting· 10 kc

measurement - Z
final balance readings. R ::0 400

X • -200

,hen Zx • 400 -j 1000 ohms.

2.7 REVERSED OPERATION.

2.7.1 PRINCIPLES OF REVERSED OPERATION. The

primary use of reversed operation is to take advantage

of the expanded scales on the /:} controls by using the

main controls for initial balance and the 6 comrols for
final balance. Actu311y, the four controls may be used in

any desired combination to produce a balance. Computing
the results would be quite cumbersome, however, if more

than one of the X 01( G controls, or more than one of the

U OR D controls were used for the final balance.

Reversed operation yields more precise data (han

does normal operation when:

(1) In normal impedance measurement with the /0
s\\'itch set to 0.1 kc, the X OR G dial reads less than

120.

(2) In normal admittance measurement with the /0
switch Set to 10 kc, the R OR IJ dial reads less than 140.

(3) In normal measurements, an initial balance

cannot be obtained with the 6 controls.

(4) Increased accuracy is desired for measure

ments between 10 and 20 kc.

(5) Measurements are desired between 20 and 30 kc.

2.7.2 REVERSED OPERATION PROCEDURE. Fo, 'e
versed operation, connect the generator, detector. and

unknown to the appropriate bridge terminals, decide

whether to measure impedance or admittance (refer to

paragraph 2.4), set the /0 switch (0 the measurement fre

quency (refer to p:ua,graph 2.5), and then measure the
unknown in accorJ3nce with Figure 2-4 and Table 2.

5
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TABLE 2. PROCEDURE FOR REVERSED OPERATION

Use for Prcbal:mce PreSet S<t Make inidal Record S<t Make final Rcsulu C··)

(Fi~. 2-4 Ref) and do nex measurement balance with(·) tnl:3SUrement balance .,ith

dis(wb swiech to s ... itch co

inductive Zx t1x OR liG Z (OR Y) X OK G and liX OR fiG Z (OR l") lix OR liG Difference: ~.

inductive: l'x and MF.ASUIlE R OR 0 and INITIAL and (""cen final and
80th cornponc:nu 6R DR 60 t>R OR 6D OAt 6R OR 60 initial 6x OR

small. ncoar cop RF.Vc;RsEn 6G and 6R OR

(I) scale: M readinJs.
...ith siloS

reversed.

car3cirivc: ZIC R OR n t>X OR liG Z INITIAL X OR G and t1x OR 6G Z MEASURE lix OR liG Difference: be:·
Hcxh components neat top OAt t>R OR liB and and tween final and
small. scale: REVERSF.r> 61l OR 6n 6R OR 6D initial OX DR

(2) 6c and 6R OR
6D.

capacitive: Yx X OR G liR OR lin Y INITIAL lix OR 6G liX OR 6G Y MF.ASl.'RF. 6x OR 6G Difference: be:-

.Doth cornponc:nu near tOP nAL andROKD and and tween final aad

small. scale REVERSEn /':::,R OR /':::,n t>R OR lin initial !iX oR

(J) 6G and /':::,R OR

liIl

Z:I( with small R X OR G Z (OR Y) liX 01< lic X DRG 7. (OR l') X OR G Difference be·

and I:u~e x. at center INITIAL and R OR lJ and MF..iSUUr: and tween final and

1':1( with sm."tli IJ scale HAL liR OU 6fJ 6R OR t>n initial X OR G

and larsC' G. (zero) nF.vr:lUEn and /':::,R OR /':::,0'

( 4)

7.:1( with small X U OU n Z (OR Y) X OR G t1x OR t>G z (Cm Y) 6-' OR fiG Difference be·

and lar~(' R. at center INITIAL aod and MF.ASURF. and R OR D tween final and

1':It with small G scale BAt (;R OR lin H. OR C initial lix OR

and large n. ( zero) RF.VERSED 6G and R OR

(5) n
-

High- .\" OR G Z (OR )") lix OR liG Z (OU }'J X OR G Final
frequ('ncy and R OR INITIAL and MF.ASIIRE and X OR G

measurements (J at center 1J.-iL 6R OR 6n R OR n and

(6) scale RF.vr:nSF.n R OR n

(zero)

(-) ~lake rhe initial balance primarily wirh the twO comrols listed in this column. The orher tWO controls may be adjusted for bal
ance unless otherwise noct'd by an enuy in column 2.

(--) Multiply the imaRinary component, X OR (J. bY~ fot impedance measurements, or by!..- (Ot admittance measwemenu.
1 10

6



OPERA TlNG PROCEDURE

+j 1050 f: .....- _

O,:!:!+1~2QO===
-120 1lJ-LU.l.U..lIi;;Q.W.llJJ.t~1llill.lna:Wll11lll

Z PLANE
(OHMS)

+/050
I I

-140tI40
o

- j 1050 fo, L- .=::::L ....J

f I
-/050

+120
0_

120

-j1050 :0

® ~ ®

~4E::::::

®
~

®

I I I I
-1050 -140 +140 -+105o

Y PLANE
(MICROMHOS)

o

Figure 2-4. Ranges lor reversed-operation measurement 0/ impedance (above)
and admittance (below). Measurement procedures are given in Table 2.
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SECTION 3

PRINCIPLES OF OPERATION

NOTE

. scale ranges of 120 and 140 units respectively and are
purposely made nonlinear. Each 6. dial is calibrated ~n

the same units, aod functions in tbe same rotatiooal

sense as its companion main dial.

F «?C any specific measurement, this switch
must be' used either exClusively in its
three left-hand positions (impedance

measurement) or exclusively in its three

right-hand positions (admittance meas

urement). For example, never follow an

initial impedance balance with a final
admittance balance.

T

_____ J

~
~.

GEN.

Figure 3·1. Basic circuit ollbe
Type 1603-A Z.Y Bridge.

A six-position switch in the upper right-hand part
of the panel disconnects the high unknown terminal foe
all initial balances and inserts the unknown into the A

or the P arm of the bridge for the final balance, depend·

ing 00 whetber impedance or adminance is to be meas

ured. The low terminal of the unknown r;,emains directly

connected at all times, either to the bridge vertex T for
the three admittance positions or to the vertex V for the

three impedance positions. For both admittance an!jm~
pedance measurements there are two alternative initial
balance positions (designated as NORMAL and REVERS.

EDj refer to paragraphs 2.6 and 2.7), and a single posi

tion (designated as MBASURE) foc the fioal balance.

The basic circuit of the Type 1603-A Z·Y Bridge

is shown io Figwe 3·1. The B afm is a fixed resistor

Rb and the N arm is a fhed capacitor Cn . As with any

impedance bridge. twO separate controls must be adjust

ed for a complete null balance. These are (1) a rheostat.

in parallel ~ith fixed capacitor Ca. that varies the con
ductance Ga of the A arm, and (2) a rheostat, in series

with fixed capacitor- Cpo that varies the resistance Rp
of the P arm.

An exteroal sinusoidal ae generator is connected

to tbe bridge across Q-S through an imeroal double

shidded isolation transformer having a 4-ro-l step-down

turns ratio. An external Dull-balance detector is con
nected co the bridge acres s T-V.

The Z-Y Bridge employs a substitution technique:

an initial balance, without the unknown element, is fol·

lowed by a final balance with the unknown in the cir·

cuit. The difference in the points of balance indicates

the complex components of the unknown. This procedure

avoids some of the residual-impedance errors ordinarily

encountered in bridge circuits as well as certain cal

ibration errors of the bridge components.

For impedance measurement, the unknown IS in

serted, by switching, in series into the P arm of the

bridge (~tween Rp and V). For admittance measure
ment, the unknown is connected in parallel across the A

arm (~tween Q and T).

On the left-hand side of the panel, the X OR G con

trol and the 6x OR fiG control are in parallel and vary
the conductance Ga of the A arm. On the right-hand
side of the panel, the R OR B control and the 6R OR

6n control are in series and vary the resistance Rp of
the P atm. The dials on these controls in DO way indi

cate the actual values of Ga and Rp , but indicate the

change in ~hos, 8Ga , and the change in ohms, SRp ,

between the initial and final balances.

The two main dials have identical zero-centered

and linear scales extending to 10~O units in each di·

rection. The fix OR fiG and fiR OR fiB dials have full-

3.1 GENERAL.

8



PRINCIPLES OF OPERATION

3.2 COMPONENTS MEASURED.

The customary types of impedance bridges (Max·

well, Hay, Schering. etc) usually have limited maximum
and minimum ranges and evaluate, morC' or less direedy,

the inductance or capacitance of the unknown circuit
element together whh its resistance, its Q. or its dissi

pation factor D. Determination of the reactance or sus·
ceprance values of the unknown requires computation in

terms of the aagular frequency cu.

F or many applications. the parameters of prime im

ponance are the Cartesian coordinates of the complex

impedance, series resistance and reactance, or the Car

tt~sian coordinates of the complex admittance, conduct
ance and susceptance. The Z·Y Bridge measures these

Cartesian coordinates over an extended audio·frequency

range, nominally from 20 cps to 20 kc. The unknown may

lie in any of. the four quadrants of the complex plane,

since this bridge can measure both positive and nega
tive values of Rx and Gx as well as Xx and Bx• which

individually can have any magnitude from zero to in

finity. In this sense, it is a truly universal bridge.

The basic equations for the resistance Rx and the

conductance Gx of the unknown are:

(3"')

(4"')

=(~) Xx

=(f) Dx

A posJtJve (capacitive) susceptance is indicated by a

clockwise rotation of the corresponding control for the

final balance (increase of Rp). A negative (inductive)

susceptance is indicated by a counterclockwise rotation

of the corresponding control for the final balance (de

crease of Rp>.

Equations 3 and 4 can ~ transposed to read:

271f2L I_ =-=.x. _
- 1

0
27Tloex

These equations show that when an inductive unknown
is measured as an impedance (equation 3A) or as aD ad

mittance (equation 4~), the value of cSG a or SRp (and

the corresponding final-balance scale reading) will be

directly or inversely proportional to f2. Accordingly,

with an inductive unknown. the generator frequency must

be known accurarely if correct values of Xx or Bx are to

be obtained.

Converse Iy, when a capacirive unknown is measur

ed, the value of Ga or Rp is independent of f, provided

that C x and C xp are independent of f, and we need no~

know the generator frequency exactly to obtain an ac

curate Xx or Bx measurement.

(I)

(2)

Rx (in ohms) = bR
p

(in ohms)

Gx (in !-,mhos) = oG a (in fLlTlhos)

These equations hold for any value of the operating fre·

quency f. Positive values of Rx and Gx are indicated

by a counterclockwise displacement of the corresponding

control dial for the final balance (decrease of Rp or Ga ).

Clockwise displacement indicates negative Rx or Gx .

When the unknown is measured as an impedance,
the basic equation for its reaCtance. in terms of the se·

lee ted /0 is:

A positive (inductive) reactance is indicated by a coun

terclockwise rotation of the corresponding control dial
for the final balance (decrease of G a). A negative (ca

pacitive) reactance is indicated by a clockwise rotation
of the corresponding control dial for the final balance

(increase of Ga ).
When the unknown is measured as an admittance,

the basic equation for its susceptance, in terms of the

selected 10, is:

Xx (in ohms) = (:0) oGa (in !-,mhos) 0)

Equations 3A and 4A can be used to obtain the

series parameters Lx and C x or the parallel parameters

L xp and C xp of the unknown.

3.3 BRIDGE CIRCUITS.

The bridge networks for normal operation are

shown in Figures 3-2, 3-3. and 3-4, in which the re~s

tive elements are designated by the symbols used in the

schematic diagram:

R1 is the f'jR OR f'jLJ control.

R2 is the U OU IJ control.

R4 is the 6x OR 6G control and is 10 series with

the fixed resistor R7.

RS is the X OR G control and is in series with the

fixed resistor RB.

The value of Rp (Fi~ure 3~1) is thus the sum of Rl and

either R2 or R3, while the value of G a is the over-all

conductance of the four-resistor network (R4. R6, R7,

R8) in ,he'" arm.

Dx (in !-,mhos) ORr (in ohms) (4)
For impedance measurements, the vertex V is

grounded, and for admittance measurements the venex

T is grounded.

9
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Normal operadon is the quickest and most fool
proof method of determining whether, at the given opera
ting frequency. the unknown is inductive or capacitive

and whether its Rx and GJ: are positive or negative.

This initial-balance shift. which has no appreciable
effect upon the final data, is caused by the actioo of
some frequency-sensitive residual impedance and by

the fact that the fixed bridge parameters cannot econo

mically be made to have their exact theoretical values.
A change made solely in the parameters of the UDknOwn

does not require a new initial balance.

Initial balance is made with the two.6 controls aod
final balance is made with the two main controls. Hence,

in accordance with the legend given on the main dials,

their scales read directly (without subtraction) the

values of SG a and SR
p

to be substituted into equations
(1) [h[ough (4).

For normal initial balance (Figure 3·2), the

measurement switch removes the two main·coDtrol rheo

stats (R2 aDd R5) from the bridge circuit and replaces

them with twO fixed .resistors (R3 and R6), which have

the center-scale resistance values of R2 and R5. respec·
tively. Hence. the main dials may remain in any arbi

trary position for the initial balance. This feature is a

decided convenience. especially when the unknown is

measured at different frequencies to determine its fre

quency characteristic.

Figures 3·3 and 3·4 are the circuits for the itll·
pedance and admittance final balances in normal opera
tion. All fOUI controls are now in circuit, but the final

balance is made solely with the two main conuols (R2
and R5).

Figure )·3. Normal
final balttnce lor Zx

measurement.

Cn

(---<D---=-~S

RS PiC"" }.2. NoNJUJI
ini,ial balance lor either

Zx or Yx meaSllf'ement.

Theoretically, the initial balance values of G a
and R

p
should be independent of the operating frequency

and the position of the /0 switch. Nevcnheless, the in·
idal balance will shih and a new setting is required

wheDever a change is made in any of the following:

(I) the operating frequency, f
(2) [h. position of [h. fo switch
(3) a shift from impedaoce to admittance measure·

menr, or vice versa

(4) a change from normal to reversed operation,

or vice versa.

Q~---<.I>---7'S

V
EN. Cp

Cn R,

R2
V

Figure )·4.

Normal final

balanc. for Y"
measurement.

3.4 REVERSED OPERATION.

The conditions under which reversed operation

will yield more reliable and precise data than normal

operation are:

(1) When the adjustment raDges of the i::J controls

wilI nor: permit an initial balance in normal operation.

(2) When Rx is less than 140 ohms or GJ: is less

than 120 /lmhos.
(3) When, in a normal impedance measurement

with the loswitch set to 0.1 kc, the X OR G dial reading
is less than 120 units.

(4) When, in a normal admittance measurement

wilh the /0 switch set to 10 kc, the R OR B dial reading
is less than 140 units.

(5) For measurements between 10 and 20 kc.

somewhat more accurate data can be obtained with re·

10
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3.5 BALANCE EQUATIONS.

Ftom equation (5) we obtain the tWO (scalar) initial

balance equations:

(7)

(8)

(~)

(6)

+ jwCa)

Rp1Cn = RbCa

Cn = RbCpGal

Note that both equations (6) and (7) are independent

of frequency and that the inirial balance will have no

sliding zero since neithet control parameter occms in

both equations.

let G a2 and Rp2 be the final-balance values of

these parameters. Then the complex equation lor final~

balance in impedance measurements is:

With relerence to Figure 3-1, this section devdops

the working equations (1) through (4) under the assump

tion that no residual impedances exist in the bridge

network.

Let Gal and Rpl be the inhial-balance values ol
these parameters. Then the complex equation lor the

initial balance is:

versed operation due to the action of cenain bridge re

siduals (refer to Section 4).

(6) Reversed operation permits this bridge to he

used, with decreasing accuracy, up to 30 kc. Use above

30 kc j s not recommended.

In the reversed initial balance for either jm~dance

or admiuance measurement, all four controls are in cir

cuit and may be used in any desired combination to pro
duce balance (see Fjgure 3-5).

In the reversed final balance for either impedance
or admittance measurement, all (our controls are still in

drcuit. Theoretically, any desired combination of these

controls might be used to establish final balance. Hence,

the values of G. and Rp (or equations (1) through (4)

might be computed from the combined displacements of

these dials between their initial and final setting. Such

a procedwe i.s cumbersome, however, and is not recom
mended.

The practical method is to use only one of the
X· OU G controls and only one of the R OR 0 controls

for the final balance. The 8G. and 8R p values are then

the differences between the initial and final scale

readings of these two dials. No cognizance is taken of

the scale reading of the two conceols which are not ma
nipulated in making the final balance.

Reversed final balance can be made with:

a. Both main controls.

b. One main concrol and the 6 control on the

opposite side of the bridge panel.
c. Both 6 controls.

Procedure (or reversed operation is outlined in para

graph 2.7. Refer to Section 4 for residual corrections to

8Ga• which may be significant in certain cases.

Equation (8) yields the two (scalar) impedance-measure
ment final-balance equations:

(~

(10)

which again show no sliding zero. Note, however, that

equation (10) is a function of (,;2 if XI( is inductive, but

is independent of u.: if Xx is capacitive (refer to para
graph 3.2).

Let Gal and Rpl be the fjnal-baJance values of

these parameters for ~dmiuance measurement. Then the
complex equatioD lor final balance is;

Figure )-5. Reversed initial balance for either

Zx or Yx mettsuremenl.

(11)

11
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Equation (11) yields the two (scalar) admittance

measurement fjnal-balance equations:
Note that B. will be negative (inductive) if Rp 1 exceeds

Rp }'

where the bridge constant, K, is the product of the
scalar impedance values of the B anJ N bridge arms:

which again show no sliding zero. Note, however, that

equation (12) is a function of w 2 if B x is inductive, but

is independent of c.; jf Bx is capacitive (refer to para

graph 3.2).

Since a substitution technique is employed with

the Type 1603-A Z-Y Bridge, we can combine equations

(6) and (9) to obtain our original equation (1) to de

termine the components of Z.:

Note that, in the tWo types ot measurement, the
functions of the two balance controls are transposed. In

the measurement of impedance, the change in Rp gives

directly the real component R x and the change in Ga

determines the ima~inary component Xx; while in the

measurement of admittance, the chan~e In R p determines

the imaginary componcnc Bx and the change in G. gives
directly the real compo'nenc G x •

3.6 CHOICE OF BRIDGE PARAMETERS.

A gi ven scale on the Rp control can be made

direct·reading in boch R x and B x by the proper choice of
R

the bridee constant, K (w~ ). Similarly. the Ga control
•

can be made direct-reading in both G x and X.' If these
common dial scales are to be calibrated in ohms and

micromhos, the required value of K is 106• If complete

coverage of all possible values of the unknown either

as an impedance or as an admittance is desired, tbe un

known resistance range must be the reciprocal of tbe

unknown conductance range. In the Type 1603·A Z·Y

'Bridge, when K equals 106, identical ranRes of 100~

obms and 1000 pmhos hnve been chosen for the complex

parameters of the unknown, with an overl:tp of 50 units

on each end. Initial b:.llance must then occur at midrange

of hotli m;tin-conrrol scales to permit mensurement of

positive and ne~ative values of R., Gil:' Xl(' and BI:'

(12)

( 13)

(14)

if Rp t exceeds Rp 2' Like
(7) and (10), "'e have:

BX)+w

yields a poSitIve R.
combininJt equations

which
wise,

(IS)

Note that Xx will be positive Onductive) it Ga 1 exceeds

Gal"

For linear main-dial scale in resistance and sus
ceptance, R p should be a linear rheostat. To obtain a,

linear main-dial scale in conductance and reactance,

the v:llue Ga is :lcrually the conductance of a fixed re·

sistor in series with :l rheostat (the G a control), whfl:h

is wound on an :lppropriately tapered form,

In a like manner, we can combine equations (7)

and (13) to obtain our original equation (2) to determine

the components ot y 11::

SGa

FrolT\ equation (IS) it is seen that the bridge
constant, K, is a function of frequency, The 1

0
switch

selects the fixed paC:lmeters of the bridge network to

keep each of the products RbC a and RbCp constant and,
simultaneously, [0 p;ive K a value of lOb for anyone of

three convenient reference frequencies: 10 c 100 cps,

1 kc, or 10 kc. When the bridge is operated at the se

lected reference frequenc y, we have:

in which G. ~;jlJ be positive if Gal exceeds G a3 . Com
bining equations (6) and (12) gives:

Xx (in ohms) 106 S Ga (in JLmhns) (17)

(6) (18)

12
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thus glVlOg direct-reading scales in Xli: anJ B~. When
the operatiog frequency. f. differs from the selected

refereace frequency I 10 , we can substitute the value:

1000 < .
1 .. Q 2 G. (In !"mhos) < 1000

•
(21)

(
K = 106 (0 (19)

into equations (14) and (16) and obtain the odginal
working equations:

(

X.(in ohms) = T- (SGa in !"mhos)

The larger the value of Q., the broader will be the range

of R. and GJ: values which satisfy equadons (20) and
(21). It should be understood chat, while equations (20)
and (21) must be satisfied to have a choice o( measure

ment, they do not, per se, s~ipulate that a choice is

possible.

or, \Vhar is the same thing, that G x lies within the limits:

3.7 CONDITIONS FOR BOTH Zx AND Yx MEASURE.
MENT.

The basic component values chosen for this bridge

are as foHows: Starting with en =: 0.1 JJl and choosing
the initial-balance values to be Rp == 1100 D and G a =
2200 "mhos ',hen R • 628 3! C • 0.1752 and C •

r-' b 'a'a 7 p
0.07239 0

. fo

For a specific operating frequency and 1
0

setting.

there is.3 choice between impedance and admittance

measurement only over a sm<ln r~n8e (see Figures 2-2

and 2·3). However, (or a specific operating fre

quency, f, it may be possible to h;t.ve Xx ((/(0) less than
1000. r-ermiuin~ a (Jnal balance with the X on G con·

trol, while for a dtffere;u /0 setting. it may also be

possible to h::we B x (fo/O less than 1000. permitting a
final bal",nce with tile R OR (J control. To have this

choice, however, R. must be less than 1000 ohms and

G. must be less !han 1000 pmhos. This condition de

mands that R. lies within the limits:

3.8 UNIVERSALITY OF THE BRIDGE.

[n terms of the working equations (1) through (4),

we can now demonstrate the universality of the Type
1603-A Z·Y Bridge, having scale ,ange of ±1000 ohms

or J.LtrIhos. (or any given ( and any chosen /0'
A final babnce of this bridge can be obtained in

terms of impedance if R. anti X. (fifo> are both below
1000 ohms. If either of these quantities exceeds 1000

ohms, an impedance balance is possible. However, if

the unknown is connected in parallel in the A arm, a

final admiuance balance can be obtained, as the fol·

lowing consideration will show. I( either component ot
the complex impedance, R x + jXx(f/fo)' exceeds 1000
ohms, the scalar value of this impedance must exceed

1000 ohms. This means that the scalar value of the cor

responding complex admiuance, as well as each o( its

components, must be less than 1000 pmhos.

Conversely. and by the same reasoning, if either

of the quadrature components G. or B.Uo/f) exceeds
1000 ,umhos an admiuance balance is impossible where

as an impedance balance can always be made.

Thus, either a final Z. or a (inal Y. balance~s

always possible, and we have a truly "universal" bridge

with an infinite range.

As shown in paragraph 2.5. it may be rossible to
enhance the precision o( an X. measurement by reducing

the original /0 value. or to enhance the precision of a

0. measuremenr by jncreasin~ tile original fo value.

(20)

= ;! (SR in ohms)
'0 p

B. (in !"mhos)

1000
1 .. Q

x
2 < R. (in ohms) < 1000

13
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SECTION 4

EFFECT OF RESIDUAL IMPEDANCES

•. 1 GENERAL.

In any impedance bridge, the basic balance equa
tions arc modified by the eXlsrence of various residual

impedances. The final effect of certain residuals that
exist unchanged in both initial and final balances, is
automadcally canceled in the substitution technique

used in this Z-Y Bridge. Other residuals may produce a
certain amount of sliding zero when unknowns with low-Q

values are measured. In general, the degree [0 which

bfidge residuals modify the basic equations increases

with the opetating frequency. The most important re

siduals in this bridge are discussed in the following
paragraphs.

•. 2 RESIDUAL CAPACITANCE AT BRIDGE VERTICES.

The residual capacitance to ground at each vertex

of the bridge network exists in all impedance bridges.

If one vertex of the Type 1603-A Z-Y Bridge, such as
vertex V, is actually grounded, the residual capacitance

of the opposite vertex, T, has no effect on the bridge

balance. The residual capacirance of vertex Q exists in

parallel with the large capacitor C n (0.1 !J.f) and has a

negligible effect. The ground capacitan ce of vertex Sis
thrown across the P arm of the bridge and may have an

appreciable effect at high frequencies. These conditions

exist, in both initial and final balances for impedance
measurements of grounded unknowns (Figure 5·10) or in

measuring a direct Yd value (Figure 5·11).

For admittance measuremencs of a grounded un

known (or in measUling a direct impedance value, Zd)

the vertex T is directly grounded. The ground capaci·

tance of vertex Q is now in parallel with C a (minimum

value 0.018 fLf) and is usually ne~ligible. The residual

capacitance of vertex S is now thrown across the B arm

of the bridge and wi II have an appreciable effecr at high

frequencies, especially when /0 is set to 10 kc giving

the maximum R b = 6.3 kD.

In substitution measurements. these vertex re

siduals exist in both initial and final balances so that,

to a first order, their effects cancel in an evaluation of

G a and R
p

. However, shifting the S-vertex residual from

14

the P arm to the B arm requires too large a displacement

of the 6. concrols between initial balances for impedance
and admittance measurements. Three steps are therefore

taken to minimize the effective residual capacitance Bt

the S vertex:

(I) C5. C6, and C7 are 8Jven a minimum capaci

tance to ground.
(2) The shielded transformer (Figure 3-1) is con·

neeted so that it concributes a minimum amount to this

residual.
(3) A small voltage, of appropriate phase and

magnitude, is introduced at S to cancel partially the

effect of this residual capacitance. For this purpose, a
~mall capacitor, C12, joins S and the ungrounded termi,

nal of the generator. This canceling action, being B

function of the frequency characteristic of the trans

former, cannot be perfect, so that a new initial balance
is required when shifting from impedance to admittance

measurements.

•. 3 RESIDUAL INDUCTANCE IN MAIN CONTROLS.

The second residual of importanc~ in this Z-Y

Bridge is the residual inductance of the winding of the

two main rheostat controls, R2 and R5, which are as

sumed to be pure resistances in the basic equatio~s.
The effect of this residual has been largely canceled at

midscale and at extremc·scale positions by the con
nection of an appropriate capacitor, CS, C9, CIO, and

CII, across each half of each of these rheostat windings.

When 10 is set to 10 kc, C9 is augmented by C13. A re
sidual inductance reaches a maximum at the 500-scale

points.

The fact that this center-point cancellation is Dot

perfect is the principle reason why some difference ex
ists between normal initial balances and reversed bal

ances for either impedance or admiuance measurements.

Due to this residual inductance, reversed opera·

tion using the twO main controls in both the initial Bnd

final balances (paragraph 2.7) should yield more accu·

rate data.
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M

f. When measuring a eapacidve impedance or any

admittance with a negative G, increase the obsened

absolute value of liG. by the correction term.

B. Use these corrected values of EG. in the basic

equations (2) and (3).

Residual inductance in the main R OR B control

causes excessive counterclockwise or deficient clock·
wise rotation of either the X OR G or lix OR liG cODu6l

for final balance. Two different k values result from the

five·percent tolerance in the compensatinB capacitors,

C8 and C9.

Parenthetically, it may be noted that the cor·

reetion to Xx in ohms is the product k IMf and is the

correspoodioB residual inductive reactance in ohms io
the main R OR B control and is thus proportional to f
and independent of fo' When f ·10 kc, the maximum cor

rectioD to Xx usually lies within the limits of 2 to 4
ohms. The curve in Figure 4·1 was drawn on the as·

sumption that a 5()(}~ohm carbon resistor showed a ficti ..

tious reactance of 0.2 ohm at 1.0 kc, so that, at the

±500-scale position, the main R OR B conuol had a

maximum noncompeosated inductance of 32 iJl1-

o

o

(22)

c. If the final-balance position of the main R OR

D control reads capacitive susceptance. the correction

term in J.UDhos is:

An appropriate capacitor, C16, is likewise con

nected across the 6 control, R 1.

To obtain the most accurate va lue of reactance or
conductance, it may be desirable. in cerrain cases, to

compute and apply a correcdon to the observed value of

SG a in order [0 compensate for the residual inductance
that remains in the main R OR D conuol rheostat. Con·

versely. it has been found that no correction is neces
sary in Rp due to residual inductance remaining in the
main X OR G control.

This .correction to SG. is practical only when re
versed operation is used. It is a function of the final

balance setting of the main R OR B conuol and is pro
portional to· the ratio {2/fo. so that it is most important

with higher operating frequencies and when fa is set to

0.1 kc~ The procedure is as follows:
a. Observe the scale reading of the main R OR B

control at final balance and from the curve in Figure 4-1,

determine the positive numerical value of M. This curve

was computed on the basis that f and fa are each 1 kc.

b. If the final-balance position of the main R OR
B control reads positive resistance (or inductive sus·

cepcance). the correction term in J.lmhos is:

4.4 CORRECTION FOR RESIDUAL INDUCTANCE IN
MAIN R OR B CONTROL.

Figure 4-1.
Correclion faclor At (for Equations 22 and 2)).

d. The individual values for the constants. k 1

and k 2' for this particular bridge are:

Type 1603-A Z-Y Bridge Serial No. _

k l = _ k 2 =---------
when (0 = 10 kc, k; • _

e. When measuring an inductive impedance or any

admittance with a positive G, decrease the observed

absolute value of liG. by the correction term.

4.5 RESIDUAL CORRECTIONS OF DIRECT ADMIT
TANCE MEASUREMENTS.

In the final balance for direct admiuance measure·
ments (refer to paragraph 5.5.2) the bridge capacitor eel
is augmented by the ground capacitanc~ of the unknown
terminal that is connected to rhe high bridge termjnal.

If the smaller Braund capacitaoce, e l2 , exceeds 1000
pf, a correctioD for this residual is desirable. Proceed

as follows:

a. With C l2 against the hiBh bridge terminal,
meaSWe the direct componenr:s of admittance:

lS
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(30)

(29)

These computed C
1

values are thea substituted

above to give the corrected components of the direct

admittance. In the (oregoing equations. capacitance

values are in microfarads and ""is in radians per second.

IE any final balance indicates an inductive susceptance,

the corresponding (SRrJ is negative.

d. Solution o(these simulraneous equations yields

the values of the two ground capacitances:

In the measurement of a three-terminal admittance

that is balanced to ground so that each ground capaci

tance is given directly by the ratio B./cu, the measure·

ment in step b is not necessary.
(28)

(24)

(2~)

(26)

unknown 50

and meaSure

b. Reverse the connections to the

that C. 1 is against the high bridge terminal
[he same di teet components:

Gd • (SGa)2 + 22.000Cg1

Bd • ~ [CSRp)2 + IOCg1 [nOD + CSRp)2]] (27)

c. Connect together the twO direct terminals of

the unknown to ShOft out the direct admittance and leave

ell aDd C s2 in parallel. Shift the detecror terminals and
measure the combined ground susceptance, B,I of the

.resulting grounded two-terminal unknown:

SECTION 5

APPLICATIONS

5.1 TYPICAL LABORATORY MEASUREMENTS.

The following random tests made with the Type
1603-A Z-Y Bridge demonstrate the universality of this

instrument.

1. The curve shown 10 Figure 5-1 is the input

impedance of an electronic network with feedback. The

Type 1603-A Z-Y Bridge was used to measure positive

and negative values of both real and imaginary com

ponents.

2. If the resonant frequency of an inductor is

below 20 kc, the susceptance can be determined as

shown in Figure 5-2. To locate the fundamental resonant

frequency. adjust the generator frequency until R p (ob

served on the f)R OR f)n dial with reversed operation)

vanishes. Alternatively, a few measurements of Hz can

be made in the vicinity of f l' aDd the ftequency for Hz •
ois then determined by graphical interpolation.

3. Figure 5-3 shows a typical Hblack..box"

problem, in which the frequency characteristics of im..
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500c 'Kt. 2Kc.
FREQUENCY

speaker without a transformcr, and shows acoustic res""

nance at 352 cps.

5. Figurc 5·5 shows how thc series capacitance
of an clcctrolytic capacitor measured ovcr the audio
rangc falls progressively with increasing frequency, and
bow the series resistance rises rapidly with decreasing
Ir~qu~Qcy b~low 400 cps.

6. Figurc 5-6 shows the impedance components
of a magnetic tape-rccorder head. Since the slopes of the
R aDd X curves remain positive, no unwanted resonance

occurs within the audio rangc.
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-200

Figur~ 5-J. Imp~dance components of "blac! box"
as a function olfret[u~ncy.

Figure 54. Reactance IJS resistance lor a
typical loudspeale.er.

7. The bridge is particularly useful in measure
ments of the ac conductivity of elecrrolytic solutions.
Irrespective of dielectric constant, the reactive com
ponent of the test-cell impedance can be balanced.
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Figure 5·1. Input impedance of a feedback circu;t

showing negtJlitie resistance chtJracleristic.

Figure '.2. Susceptance variation of a '.henry

inductor at frequencies where distributed capacitance
produces resonance effects.
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pedance componects are given for the illusuaced LCR
network, which was resonam JUSt below 1 kc.

4. The e1ecrroacoustic behavior of transducers is
shown by their circle diagrams. Figure 5-4 shows the
undamped circle for a small, two-ohm, two-inch loud-
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Figure ,·7 is data taken on tap water in 8 Balsbaugb
cell.

I

II

\
.. ••••....c.

1·11 - •

\

t-- -\C--_

\ v,
\ '\..,

.~ ~--~ -
"- -- - ---c-

t--- " -"
o
", 20<

J20
J
~

U

!lOc IOOe 200c !lOOc II« 21«

FREOUENCY

Figu,. '·7_
Impedance components of a Balsbaugh cell

(110 pf empty) filled with tap water. Since th.
electrodes 0/ this particular cell were not

designed lor use with water, the data are not
indicative of th~ ac/ual cons/ants of the waIn,

but are presented here only as an example 0/ this
type 0/ measurement.

To measure internal impedance of de active un:"

knowns:

a. Connect the LOW terminal of the unknown to
the bridge.

b. Make the desired initial balance.

c. Set the measurement switch to Z MEASURE

(Ot Y MEASURE).

d. Attach the high terminal of the unknown to the

bridge and make the final balance.
e. Disconnect the high side of the unknown be..

fore switching the measurement switch.
f. For impedance measurement, short-circuit the

unknown terminals to discharge the bridge capacitors

before switching the measurernem switch.
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impedance of de::: ae:::dve unknowns, such as baueries and

.dc power supplies. In order to preveD[ a momentary short~

circuiting of the unknown and detrimemal switch arcint\

as the measurement switch is operated, it is essential

that the voltage of the unknown be applied to the bridge

only with the measurement switch set at either Z
MEASURE Ot Y MEASURE. Therefore, this switch can
not be used for introducing the unknown for the final

balance, as is conveniently done for all passive un

knowns.
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Pigure ,.,. Impedance paramelf?rs 01 an

electrolytic capacitor.
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8. Some of the many other applications lor which
the Type 1603-A z·y Btidge is suited ate:

a. determination of leakage reactanCe of trans"

formers,
b. impedance measurements of open.. and c1osed

circuit uansmissioo lines at audio frequencies, aod

Figure 5~6. Impedance components o/tape recorder

bead as a function o/frequency.

c. measurements for circular arc plots of solids
with lossy polarizations in the audio-frequency range.

Such data have hitherto beeD difficult to procure in this
raoge.

5.2 MEASUREMENT OF DC ACTIVE UNKNOWNS.

Within certain voltage limitations, the Type

1603~A Z·Y Bridge can be used to measure the internal

If the dc emf does not exceed 15 volts, the active

unknown can be measured as either impedance or ad

mittance, depending upon its internal parameters. For

admittance measurements, the unknown will be subjected

18
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5.3 MEASUREMENT OF INCREMENTAL INDUCTANCE.

to approximately a 75-ohm resistive bridge load with fa
set to 0.1 kc; approximately 210 ohms with /0 S~t to
1.0 kc; and approximately 290 ohms with /0 set to 10 ke.

For impedance measurements, the load will be infinite.

(34)L

5." MEASUREMENT OF POLARIZED CAPAOTORS.

Finally, substitute equation (33) into equation (31) to

give the desired incremental inductance:

By an analogous procedure, elecuolytic capaci

tors carrying a de polarizing voltage up to 1:50 volts

~Bn be measured as impedances. A. suitable polarizing

emf wirh the correct polarity is applied through a re-,
sistot of value t across the test capacitor. The voltage

source should be on the low side to minimize the effecr:
of its ground capacitance so that the impedance of the

polarizing branch is essentially r + ;0. If there is any

appreciable dc leakage current io the capacitor, the

applied emf must be reduced by the Irdrop io r (measured

by ao ammeter in the polarizing path) to give the actual
potencial 00 the capacitor.

If C and R are the series parameters of the [est

capacitor, (scalar impedance • Z). the measured com
pooents of its parallel combinarion with rare:

in the presence of the biasing current. The incremental
storage factor of the test indicator will be approximately

X.fR•.
It is assumed above that the biasing branch has

an impedance, r +jO. Since a de active network is be:ing

measured, use the procedure oudined io paragraph 5.2.

The dc voltage drop across the test inductor must not

exceed 150 volts, and the measurement switch must be

resuicted to the three impedance positions.

(1)

(32)

wL

1 + 2E-
r

I + 2E-
r

2
R(l +~)

Rr

=

•

I + 2R
r

wL

2
R(l +~)

Rr

x •x

Although this bridge was not designed specifically
for the purpose, it is possible to measure the incfemen·

tal inductance of a rdatively low-impedance tcSt in·

ductor, provided that its resistance is less than 1000

ohms so that it can be measured as an impedance.

Connect a suitable dc biasing emf in series with
an ammeter and rheostat of value r across the inductor

as it is measured. If Land R are the series parameters
of such a test inductor (scalar impedance c Z).the

measured components of its parallel combination with r
are:

CAUTION

I( the de emf is between 15 and 150 voh:s,
the active unknown caD be measured

only as an impedance, which means that
its internal resistance must be less than

1050 ohms. In this case, do Dot set the

meaSurement switch to any of the three

admittance positions.

The third members of these equations are valid approxi
mations if r is kept large enough so that Z2 is negligible

compared with r 2. To evaluate the small correction term

in the denominator of equation (31), we will assume the

less extreme inequality that the square of Z is negligi

ble compared to the product Rr in equation (2) and
obtain:

Xx
-I -I {m

wC~ 2R z} ~ 2R)+-;-+-;2 wCI +7

R~ + ZZ) R0 + ;:)
Rx • Rr • (36)

I + 2R + Z2 + 2R
r -;2 r

R •
I _ 2Rx

r

(33)
The third members of these equations are valid appcoxi.

. mations if we make r large enough so that Z2 is negli.

gible compared with r 2. To evaluate the small correction

19
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term in the denominator of equation (35) we will assume
the less extreme inequality that the square of Z is negli

gible compared with the product Rr in equation (36) and
obtain equation (33) as in paragraph 5.3. Finally, sub
stitute equation (33) into equation (35) to give the polar

ized value of capacitance:

C (37)

LOW TERMINAL
IF Cgl> Cg2

Pigure '-8.
Della nelworJz 0/ nongrounded two-terminal e/e",~nl.

The dissipation facror of this polarized capacitor will
be approximately R,'/XZo

Since a de active network is being measured, usc

the procedure outlined in paragraph ~.2 acd use only the

three impedance positions of the measuremeot switch.

S.S MEASUREMENT OF UNGROUNDED UNKNOWNS.

5.5.1 GENERAL. II 'wo-te,minal impedanc. wi'h
neither terminal grounded constitutes a delta network

composed of the direct impedance Zd (or a direct ad

mittance, Yd) bet-ween its terminals plus the ground ca

pacitances C sl and C I2 between its terminals and
ground (see Figure 5-8). If these two ground capaci

tances are equal in value, this delta network is des

cribed as a balanced impedance or admittance. If C
II

is not equal to C s2' the network is unbalanced to a de
gree determined by the ratio of the twO ground capaci

tances and the terminal having the larger ground ca

pacitance is designated as the low terminal, while the

other terminal is the high terminal.

When one terminal of the impedance is directly

grounded (usually the low terminal), the delta network

no longer exists, since C
II

is shorc-eircuited, and we

have the direct Zd or Yd in parallel with the ground

capacitance, C s2 ' of the high terminal (see Figure 5-9).

The unknown can then be measured as a grounded ele
ment as outlined in Section 2.

By suitable arrangement of the C?ETF.CTOR ter

minals on the bridge panel, it is also possible to meas

ure the impedance or admittance of either the direct ele

ment with both ground capacitances effectively removed,
or the unknown as a delta network, balanced or unbal

anced, which consists of its direct value, Zd or Yd'
paralleled by the series combination of its two ground

capacitances (see Figure 5-8). This triple choice is a

valuable feature which is not available in many imped

ance bridges.

20

Figure 5-9. Grounded Iwo..urminal elemen/.

5.5.2 MEASUREMENT OF THE DIRECT VALUE OF
THE UNKNOWN. If C. l diff.cs appc.ciably I,om C. 2•

connect the low terminal of the unknown to the LOW

bridge terminal, and the ground terminal, if existent, to

the bridge chassis. Strap the red DETECTOR terminal

to the adjacent ground post (see Figure 5-10). Conne~t

the null detector to the two insulated terminals with its

high input to the black terminal. Neither terminal of the

unknown is now directly grounded, and:

a. The larger of the two ground capacitances,

C II' is now across the detector where it has no effect

upon tho balanc. 01 tho bridg•.
b. In an admittance measurement, the smaller c&:

pacitance, C12 , augments the fixed qridge capacitor

(C n ·0.1 p.f) by a small amount which, in most cases,
is quite negligible. (Refer to paragraph 4.5 for correc

tions, if necessary.)

c. In an impedance measurement, the smaller ca

pacitance, C s 2' constitutes an additional arm of the
bridge from the high side of the unknown to vertex T.

For small values of C g2 , the error introduced is usually
n.gligibI•.

Note that only the direct value, Zd
'

is in the P

arm of the bridge for impedance measurements and only

the direct value of Y d is in the A arm for admittance

measurements.

5.5.3 MEASUREMENT OF THE BALANCED OR UN.
BALANCED DELTA VALUE OF THE UNKNOWN. For
this measurement, neither of the insulated DETF.CTOR

terminals of the bridge is strapped ro the ground termi

nal; in fact, the entire bridge nerwork is floating above
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Figure 5-11. Measurement allhl! delta ua,ueS 0/

Zx and Yr btdanced or unbalanced.

ground (s~e Figure 5·1l). The detector must be con

nected to the bridge through an external shielded trans
tormer (General Radio Type 578 or equivalent) as shown

in Figure 5-12. The low side of the deteccor itself can
be grounded. Note that the complete delta network of
the unknown now exists in the P arm for im~daDce

measurcmems aDd in the A. arm for admiuance measure
ments.

Figure 5-12. Use 0/ double-shielded detector

transformer in meDsJn';ng delta rtdworlt. 0/

nongrovndeJ elemenl.
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SECTION 6

SERVICE AND MAINTENANCE

6.1 WARRANTY.

We warrant that each new instrument sold by us

is free from defects in material aod workmanship and

that properly used it will perform in full accordance with

applicable specifications for a period of two years after

original shipment. Any instrument or component that is

found within the two-year period not to meet these

standards after examination by our factory, district

office, or authorized repair agency personnel wjJJ be re
paired or, at our option, replaced without charge, except

for tubes or baueries that have given normal service.

6.2 SERVICE

The two-year warranty stated above attests the

quality of materials and workmanship in our products.

When difficulties do occur, our service engineers will
assist in any way possible. If the difficulty cannot 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 to General Radio
for service, please write to our Service Department or

nearest district office, requesting a Returned Material

Tag. Use of this tag will ensure proper handling and
identification. For instruments not covered by the

warranty, a purchase order should ~ forwarded to avoid
unnecessary delay.

6.3 CLEANINC OF CONTROL RHEOSTATS.

If the Type 1603-A Z-Y Bridge is idle for an ex
tended period, a small amount of sludge may fotm 00 the
COntact surface of the resistance windings of the four

comrol rheostats. This will produce an electrical noise

when the controls are manipulated, which is indicated

by a scratchy noise when an earphone detector is used,

or by erratic behavior of a visual null detector. This

condjtion makes precise balancing annoyingly difficult

22

although it usually does not invalidate dial readings

once balance is established.

To remedy this situation, rotate the controls back

and forth several times over their full ranges. Avoid

slamming dials against their mechanical stOps. If the

condition persists, remove the bridge {rom the cabinet

and clean the beari~g surfaces of the rheostat cards

with a clean lint-free cloth, preferably moistened with

alcohol or a half-alcohol. half-ether mixture. DO NOT

use water, gasoline, or saliva. DO NOT use any ab

rasive and DO NOT apply any lubricant.

The two main controls are readily accessible for

cleaning. When cleaning, use extreme care not to disturb

the tension of the rheostat arm or its setting on the

rheoscat shaft.

To clean either of the ~ controls, it is necessary

to disassemble the rheostat and to recalibrate a specific

reference point on the scale. Proceed as follows:

a. Notice the amount of clearance existing be

tween the front surface of the dial and the under surface

of the transparent indicator. It will not be necessary to

disturb the indicator to remove the dial. When reas·

sembling, make sure that the dial is rep!aced with the

same clearance.

b. Loosen the two setscrews thar fasten the dial

to the shaft. Do not disturb the collar on the rear ene!'o{

the shaft.
c. 1\ red flexible wire leads from the terminal on

the rear of the rheostat. Unsolder this wire at the end

away from the rheostat.
d. Remove the single screw opposite the can·

tact tetminal on the rear of the rheostat.

e. Withdraw the cap porrion of the rheostat and

remove the dial and friction washers from the shaft.

Clean the bearing surface of the winding as directed
above.

I. Rotate the shaft to align the contact brush on

the radius with the hole. Replace the rheostat cap and

simultaneously introduce the front end of the shaft into
the friction washers and dial bushing.

g. Rotate the cap so thar its rotary contact rermi-



nal bisects the small angle betUo.'C'cn tile (wo terminals

on the base of the rheostat. Replace and tighten the
single screw.

h. Connect one unknown terminal of a Wheatstone
Bridge to the red wire and the other unknown terminal

to the wire that runs directly to the base terminal of the

rheostat (nearer to the top of the bridge). Rotate the

shaft by means of the external rear collar. and, inde

pendently, rotate the dial on the shah until, with a dial

reading of 120, the measured resistance is:
for rhe 6x OR 6c conrrol: 18,400 ohms :120 ohms

(one wire turn)

for the 6R OR 60 conrrol: 23.0 ohms :!V.2 ohms
(one wire turn)

i. Tighten the two dial set screws to resrore the

clearance noted in step a between the dial and its in·

dicaror.
J. Recheck the resistance value for a scale

reading of 120. and, if satisfactory, resolder the red

Wire.

6.4 PRELIMINARY TROUBLE.SHOOTING

The apparent failute of the bridge to function

properly may be due to sources outside the bridge. If
initial balance cannot be obtained:

a. Check that the generator is actually applying

an ac voltage to the CENF.UATOIl. terminals.
b. Check that the null detector responds with

sufficient sensitivity and is not overloaded.
c. Determine whether the unknown is open - or

short-circuited, as follows:

(1) f..·feasure the unknown with reversed opera

tion using the 6 controls (refer to paragraph 2.7).

(2) If identical initial and final Zx balances
are obtained. the unknov,'O is essentially a short circuit,

and Z. ·0 • jO.

SERVICE AND MAINTENANCE

(3) If identical initial and final Y x balances

are obtained, the unknown is essentially an open circuit,

and Y•• 0 • jO.

6.5 ISOLATION OF DEFECTIVE COMPONENT

Suspicion of defective componems in the bridge
network or fa ulty switching can often be verified (rom
the following l~kc measurements with a vacuum-tube

voltmeter . Table 3 gives the ratio of the l-kc voltage
across each bridge arm to the voltage across the genec 4

ator diagonal QS when the controls are adjusted to give

either a normal or a reversed initial balance. The last

two columns indicate how these voltages vary as the

main control dials are given a right-hand rotation (re
versed initial balance). The last line gives the ratio of

the diagonal voltage QS to the generator voltage.

TABLE 3

Bridge Arms· 0.1 kc 1 kc 10 kc X 0/1 C /I Dr! II

ST/QS 0.54 0.63 0.94 Increase Decrease

SV/QS 0.54 0.63 0.94 Decrease Increase

QV/QS 0.75 0.40 0.068 Decrease Decrease

QT/QS 0.75 0.40 0.068 Decrease Decrease

QS/Egen 0.18 0.24 0.25 Decrease Decrease

·The four vertices of the brid#;e can be identified as

follows:

a. Vertex Q is the common connection of the four

capacitors CI, C2, C3, and C4.
b. Vertex T is the lead connect~ng the front

terminals of Ril and C2.

c. Vertex S is a common connection of the thre~

resistors R9. RiO, and Ril.

d. Vertex V is anchor terminal 6.
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PARTS LIST

DESCRIPTION PART NO. FMC MFG. PART NO. FSH

CAPACITORS

Cl Plastic. 0.100~F ±.25%. looy 4860-5200 24655 4860-5200
C2 Plastic. O.loo~F ±.25%. looy 0505-4760 24655 0505-4760
C3 Plastic. 0.1576~F ±1%. looy 4860-5300 24655 4860-5300
C4 Plastic. 1-733~F ±1%. 50Y 4860-4900 24655 4860-4900
C5 Plastic. 1-733~F ±I%. 50Y 0505-4780 24655 0505-4780
C6 Plastic, O.7090iJF ±l%, lDOV 4860-5000 24655 4860-5000
C7 Plastic. O.7090~F ±I%. 100Y 0505-4770 24655 0505-4770
C8 Mica. 200pF ±5% 4860-1900 81349 CM20D20lJ
C9 Mica. 240pF ±591 4860-2000 81349 CM20D241J 5910-101-4714
ClO Mica, 750pF ±5% 4680-2900 81349 CM20D751j
Cll Mica. 1300pF ±511' 4740-0100
C12 Mica, lSpF !10% 4660-0500 76433 CM20BlSOK 5910-227-0814
CI3 . Mica. 130pF ±5% 4680-1600 81349 CM20Dl31j
CI4 Trimmer.1.S-7pF 4910-0300 72982 TS2ANPO. 1.5pF 5910-950-1224
C15 Trimmer.7-45pF 4910-0100 72982 T52AN~00. 7-45pF 5910-799-9275
C16 Mica. 1000pF ±5% 4680-3200 81349 CM20D102j
Cl7 Mica, 240pF ±5% 4680-2000 81349 CM20D241j 5910-101-4714
CI8 Trimmer. S-20pF 4910-0400
CI9 Mica. 620pF '5% 4680-2700 81349 CM20D621J

RESISTORS

Rl Potentiometer, Ison 1-15% 0973-4020 24655 0973-4020
R2 Potentiometer, 2.11 co 2.14KO 04.13-4040 24655 0433-4040
R3 Resistance strip. l.055Kn to.l% 0510-3750 24655 0510-3750
R4 Potentiometer. 20Kn tS% 0973-4070 24655 0973-4070
R5 Potentiometer, 20KO ±5% 0433-4050 24655 0433-4050
R6 Pocentiometer, 160.10 ±O.O5% 1603-0260 24655 1603-0260
R7 Resistance strip. 6Kn ±O.l% 0510-3770 24655 0510-3770
R8 Resistance strip. 317.50 ±O.O5% 0510-3780 24655 0510-3780
R9 Resistance strip. 63.460 .to.I%- 0510-3790 24655 0510-3790
RIO Resistance strip, 698.10 to.l% 0510-3800 24655 0510-3800
RlI Resistance strip, 6.283Kn to.l% 0510-3810 24655 0510-3810

TRANSFORMERS

n 0578-9701 24655 0578-9701

SWITCHES

51 Rotary wafer 7890-0972 24655 7890-0972
52 Rotary wafer 7890-0960 24655 7890-0960
BINDING POSTS

J1 BNC Type 4060-0100 24655 4060-0100 5940-626-9922
J2 BNC Type 4060-0100 24655 4060-0100
J3 eNC Type 4060-0100 24655 4060-0100
J4 BNC Type 4060-1800 24655 4060-1800 5940-272-1464
j5 BNC Type 4060-0100 24655 4060-0100 5940-626-9922
J6 BNC Type 4060-0100 24655 4060-0100 5940-626-9922
J7 BNC Type 4060-1800 24655 4060-0100 5940-272-1464



PARTS LIST (cont)

DESCRIPTION PART NO. FMC MFC. PART NO. FSH

Patch Cord 0274-9880 24655 0274-9880
Patch Cord 0874-94

Patch Cord 0274-9880 24655 0274-9880

Patch Cord 0874-%92 24655 0874-9692

Foot 5250-0200 24655 5250-0200

Dial Asm. Inductive Reactance 1603-0340 24655 1603-0340
Knob - Inner control 5520-3500 24655 5520-3500
Knob - Outer comro) 5520-2100 24655 5520-2100 5355-954-7040

Dial Asm - Resistance 1603-0350 24655 1603~350

Knob - Inner control 5520-3500 24655 5520-3500
Knob - Outer control 5520-2100 24655 5520-2100 5355-954-7040

Dial + Knob Asm-Initial Balance 1603-0360 24655 1603-0360
~to6G

Dial + Knob Asm - Initial Balance 1603-0370 24655 1603-0370
.6.R to tJ3

Feet - Quantity of 8 5260-1100 24655 5260-1100

Handle 5360-0500 24655 5360~500

Indicators - 4 5470-0900 24655 5470-0900 6625-351-1405

Knob - Frequency for Direct Reading 5500-1100 24655 5500-1100 5355-912-0009

Knob - Initial Balance 5500-1100 24655 5500-1100 5355-912-0009
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Figurf! 6~3. Schematic diagram.

numoer re'.fS fO '''e section. I fl. section neorest
Ih. po"el i I 1, the "eXI section back Is 2, .tc. The
ne.' 'wo digits r.f.r 10 th. contact. Contact 01 is
the first position dockwise from Cl strut screw (usu.

ally, ,h. screw above the locg'i"9 key), c;md the 0'....'
contacts are numb.red sequentially (02, OJ, 04. elc),
proce.dlng clockwise around the seclion. A luffill F

or R Indicate. that the contoc' Is on the fron' or 'ear
of rhe 'ectlon, respectively.
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BRIDGE INPUT IMPEDANCE AT INITIAL BALANCE. The variarion or
the input impedance which exists at initial balance across the vertices 0
and S of the brid8e, as fo and f are varied, is shown in the following table.

ro r z S

O.loke 0.1 ke 417-j189
0.1 ke I ke 75 - j84
0.1 ke 10 ke 60- j8.7

I ke 0.1 ke 1080-j53
I ke I ke 820 - j330
I ke 10 ke 41O-j85

10 ke 0.1 ke 6730- jl94
10 ke I ke 6150 - j 1750
10 ke 10 ke 1410- j1590



APPENDIX 1

Construction

to

Method to

(or Zx to

Admittanc~ values can readily be converted to im

pe-dance values (and vice versa) by a simple construc

tion method,I. This procedure is especially helpful when

the final measurement resuhs are to be ploued rather
than tabularized.

To convert admittance to impedance:

I. Compute I06/G. and _106/B. (G. and B. in
Ii mhos), and mark ,hese points OD ,he Z plane (see
Figure A-I).

2. Draw the line between these two points.

3. With a square (or a cCJnstrucr:ion) find the ~r

pendicular from chis line through the ori8in.

4. The intersection of the perpendicular and the

line is Zll'

To convert Z. to Y II compute l06/R. and -106/X xt
plot these points on rbe Y plane, and proceed with the

construction described above.

IE. w. Boehne. "The: Graphical SolutioD of Lilliea!' Networks'·, AlEE

paper, General MeeliDI. Fall, 1962-

CONSTRUCTION TO GET Z.

FROM ~ AND- J.Q!.
611 8 11

10'-e;

Figure A-l.

Construction lor converting admittance components10
impedance components.
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APPENDIX 2

Transfer Equations

The following equations can be used to convert

impedance components to adminance components and
vice versa:

Z. (in ~hms) to Y. (in /lmhos)

(42)

106 R 106 R
Gx

x x

R 2 + X 2 Z 2
x x x

-106 X -10 6 X
Bx

x x

R 2 + X 2 Z 2
x x x

(38)

(39)

The dissipation factor. the cotangent of the same anglc,

can be computed by:

(43)

The power factor. the cosine of the same angle, can he

computed by:

Y. (in /lmhos) to Z. (in ohms) (44)

(40)
Y 2

x
The parallel resistance and reactance, RJ:p and XX!?'
can be computed by:

_\06 B= __---'x'-

Y 2
x

(41) Z 2

'it-x
(4~)

The storage factor, Q:II:' the tangent of the phase angle

ell by which the applied voltage leads the input current.
can be computed by:

30

Z 2
=_x_ =

Xx
X (I + D 2)x x (46)



APPENDIX 3

VOLlACES ACROSS THE UNKNOWN AT FINAL BALANCE.

(47)
E (Unknown) =

E (Generator)

An approximadon to [h~ voltag~s existing across the unknown after the

(inal balance has been made may be computed from the following equations.
in which E (generator) must be limited to a maximum value stipulated in para
graph 2.1.

a. When the unknown is measured as an impedance, Zx:

Zx

b. When the unknown is measured as an admittance. Yx:

E (Unknown) =
E (Generator)

(48)

In these equations w is in radians per second and the numerics C, m. Gb• and
Ca' in terms of the setting of the selector switch, have the following values:

cmc
Sectin n a

X 0.1 87.7 x 10-9 329 x 10-6 159.2 x 10-4 1741 x 10-9

x 1.0 41. 7 x 10-9 14.55 x 10-6 15.92 x 10-4 175.8 x 10-9

x 10 6.68 x 10-9 5.67 x 10-6 I. 592 x 10-4 18.18 x 10-9

Selecw[ Switch

These equations assume that the voltage across the bridge venices Q
and S is one fourth of the generator vohage. Actually. EQS may be somewhat

ECENless than ~ due to transformer losses. If the exan value of the voltage

on the unknown is re';;fuired, it shoulJ be measured with a high-impedance
electronic voltmeter.
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"'in'''' in USA

WEST CONCORD, MASSACHUSETTS,* Ot78t

G"neral Rodio Company IOverseas), Zurich, Switzerland
General Radio Company IU.KJ Limiled, Bourne End, Buckinghamshir", England

Representatives in Principal Overseas Countries

8t7 846-7400

OFFICES

COMPANY

MONTREAL BRANCH
Office 395, r255 Laird Boulevard
Town of Mount Royal, Quebec. Canada
Telephone 514 737-3673, -3674

LOS ANGELIES*
1000 North Seward Streel
Los Ange/"s, California, 90038
Telephone 213 469-6201

CHICAGO*
6605 West North Avenue
Oak Park, Illinois, 60302
Telephone 312 848-9400

DALLAS
2501 -A West Mockingbird Lone
Dallas, Texas, 75235
Telephone 214 Fleetwood 7-4031

TORONTO*
99 Floral Parkway
Toronlo 15, Onlario, Canada
Te/ephone416247-2171

SAN FRANCISCO
1186 Los Altos Avenue
Los Altos, California, 94022
T,,/ephone 415948-8233

CLEVELAND
5579 Peorl Road
Cleveland, Ohio, 44129
Telephane 216 886-0150

RADIO

ENGINEERINGSAL E S

8t7 389-4400

GENERAL

I 13 East Colonial Drive
Orlando, Florida, 32801
Telephone 305 425-4671

METROPOLITAN
NEW YORK*

Broad Avenue 01 Linden
Ridgefield, New Jersey, 07657
Telephone N.Y. 212964-2722

N.J. 201943-3140

PHILADELPHIA
1150 York Road
Abington, Pennsylvania, 19001
Telephone 215 887-8486

Phi/a., 215 424-7419

SYRACUSE

• Repair services are available ot these offices.

Pickard Building
Easl MDlloy Road
Syracuse, New York, 13211

Te/ephone315454-9323

ORLANDO

WASHINGTON*
and BALTIMORIE

Rockville Pike at Wall Lane
Rockville, Maryland 20852
Telephone 301 946-1600




