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PREFACE

The Handbook of Electronics Formulas, Symbols and Defini-
tions has been compiled for engineers, technicians, armed
forces personnel, commercial operators, students, hobbyists,
and all others who have some knowledge of electronic terms,
symbols, and theory.

The author’s intention has been to provide:

A small, light reference book that may be easily carried in
an attaché case or kept in a desk drawer for easy access.

A source for the majority of all electronic formulas, sym-
bols, and definitions needed or desired for today’s passive
and active analog circuit technology.

A format in which a desired formula may be located almost
instantly without the use of an index, in the desired trans-
position, and in sufficiently parenthesized linear form for
direct use with any scientific calculator.

Sufficient information, alternate methods, approximations,
schematic diagrams, and/or footnotes in such a manner so
that technicians and hobbyists may understand and use the
majority of the formulas, and that is acceptable and equally
useful to engineers and others very knowledgeable in the
field.



INTRODUCTION

All formulas in this Handbook use only the basic units of all
terms. It is especially easy in this age of scientific calculators
to convert to and from basic units.

Formulas in all sections are listed alphabetically by symbol
with the exception of applicable passive circuit symbols,
where, for a given resultant, all series circuit formulas are listed
first, followed by parallel and complex circuit formulas.

If the symbol for an electronic term is unknown, a liberally
cross-referenced listing of electronic terms and their corre-
sponding symbols may be found in the appendix.

Symbols of all reactive magnitude terms in formulas have
been consistently given the signs conventionally associated
with them to maintain capacitive or inductive identity. In rec-
tangular quantities, this also allows identification of the com-
plex number as representing a series equivalent impedance/
voltage or a parallel equivalent admittance/current.

To prevent possible confusion, all symbols representing
vector quantities in polar or rectangular form have been
printed in boldface.

A number of formulas have the potential to develop a zero
divisor. Conventional mathematics prohibits a division by zero,
and calculators will overflow if this is attempted. However,
formulas noted @ allow the manual conversion of the recipro-
cal of zero to infinity and the reciprocal of infinity to zero.
Division by zero in formulas noted ® is prohibited.

Textbooks conventionally use italic (slanted) type for quan-
tity symbols and roman (upright) type for unit symbols. How-
ever, this Handbook follows the example of almost all technical
manuals, using roman type for both quantity and unit symbols.
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SECTION ONE
PASSIVE

CIRCUI

S

1.1 ENGLISH
LETTERS



Ampere,
A Amplification
etc.

A = Basic unit of electric current.

A = Symbol for ampere.

A = Coulombs per second.

A=624-10'® elementary charges per second (electrons or
holes).

A = Unit often used with multiplier prefixes.
pA =107'2 A, nA=107 A, uA=10"° A
mA=10"3 A, kA=10% A, etc.

A =Symbol for area. Area is measured in various unit such as
in?, ft?, cm?, m? etc.

Ah =Symbol for ampere-hours. One ampere-hour equals
3600 coulomb (C).

At or A =Symbol for ampere turn, the SI unit of magneto-
motive force.

A; = Symbol for current amplification.
See—Active Circuits

A, = Symbol for voltage amplification.
See—Active Circuits.

a = Symbol for atto. A multiplier prefix for 107!,

a = Substitute for greek letter alpha. (Not recommended)
See—a

a = Not recommended as a quantity symbol.




Susceptance
Definitions

B = Symbol for susceptance

B = The ease with which an alternating current of a given
frequency at a given potential flows in a circuit contain-
ing only pure capacitive and/or inductive elements. The
imaginary part of admittance. The reciprocal of reac-
tance in any purely reactive circuit. The reciprocal of a
pure reactance in parallel with other elements.

B = Magnitude of susceptance measured in mho (old) or
siemens (new). Siemens (S) and mho (27!) are equal.

B=|B|= Babsolute value = Bmagnitude
B = Complete description of susceptance
B=B/+90° =0%jB =0-(zB)j
B¢ = Capacitive susceptance
Bc=B/+90° =0+jB =0-(-B)j
By, = Inductive susceptance
BL=B/-90° =0-jB =0-(+B)j
B¢ = B magnitude identified as capacitive
By, = B magnitude identified as inductive
-B =B magnitude “given’” the sign usually associated with
capacitive quantities. -B = B¢
+B = B magnitude ‘“‘given” the sign usually associated with
inductive quantities. +B = B

+B = Identification of B as capacitive or inductive in many
formulas.

+B = Identification of B as capacitive or inductive in the
resultant of all formulas in this handbook.

4



2
Susceptance, g " -
Series Circuits B '& g E
<z it
B¢ =-Xc/(X% +R2) @ @0O|R, Xc
By = Xr /(X +R2) ®@0|R,, X;,
B = £X,/(X? + R}) ® @ @R, £X,
B¢ = -X¢/Z? Q@O |Xc, Z
By =X./Z? QO0O|XL,Z
+B = £X,/Z? DOO|tX,,Z
. 00 '
tB= —Y[;m(i-ey)] ®® Y, t0y
+B = [sin(+07)] /Z ®®©®@ Z,%0,

B Notes:

@® B IS INTRINSICALLY A PARALLEL CIRCUIT QUANTITY. B
DERIVED FROM A SERIES CIRCUIT IS THE EQUIVALENT
PARALLEL CIRCUIT REACTANCE IN RECIPROCAL FORM.

@ R = Series R, X = Series X.

® B and X are magnitudes, however both B and X have been “given”
the signs usually associated with capacitive and inductive quantities.
B therefore “‘equals” -B, By ‘“‘equals’ +B, X¢ “equals” ~-X and
X1, “equals” +X This allows direct identification of a reactive
quantity derived from any formula in this handbook.

@ The form (x6) is used as a reminder that the sign of the phase angle
determines the sign of B and therefore the identity of B as either
capacitive or inductive.




2
Susceptance, 'E, " >
Parallel Circuits - E
Q o )
g2 -
(Bc): = (-Bc)y + (-Bc)2 ===+ (-Bg)hy [©) Bc
-B;=(-By) +(-B;) -+ (-By) © | -8
(BL)=(BL); +(BL)2 ---+(BL)y o) B
+By = (+B;) + (+B;) --- + (+B,) ® | +B
(Be) =-w(C; +Cy---+Cy) @00 C
e — - - ®06
(BL)=w l(Lll+]-/2l '"+Lnl) ®® L
B =(— -1 +(- -1 __._ . -1
B~ (X (X! -+ (Xei' | | Xe
By =(-X) T+ (-X) -+ (X)) -X
= (+ X! +(#Xp )3t -+ (X! X
(B =(+XL); +(+XL); (+XL)a 0o X
+By = (X)) T+ (#Xp) 7 -+ (4X,) ! +X
|B| = The magnitude of the imaginary
part of YRECT ©] @ Y
+B = The imaginary part of Yggcr ®® | RECT
multiplied by -j.

B Notes:

® w = 2xf = angular velocity

©® x1=1/x

® Yrect=GtjlBl =G-jB) =G-(:B)j

|B| = magnitude of B without knowledge of vectorial direction. | B|
therefore cannot be identified as either capacitive or inductive.

O =+, (H-E+D=-1

@© (x)¢ = total x = equivalent x




=
Susceptance, 8. @
Parallel Circuits B 22| E
<z| ¥
i’.Bt = BL - BC (©) BC’ BL
+B, = (¢B,) + (¢B,) --- + (¢B,) ©® |-B,+B
B, = (wL)™ - (wC) @0
-1 -1 ® © CL
By = (wL;)™ - (wCy) +(wly) ™ - (wCy)--
IBl=vVYZ - G2 GY
B = -G [tan (26y)] ® @|G,0y
®
IB|=vZZ-R? .®® R, Z
+B = [tan(262)] /R ©®@ R,, 07
+B, = X{! - X ® © [Xc, X
By = (£X;) ! + (£Xp)1 -+ (£X,) ! O |.x+x
+B = -Y [sin(x0y)] @@@ Y, 0y
B = [sin(£07)] /Z @@© Z,07
B Notes:
® x2=1/x2

@ Ry, = parallel resistance

@ If the admittance (Y) or the impedance (Z) and the associated
phase angle (9y or 6z) are known, it is immaterial if the circuit
configuration (i.e., series or parallel) is unknown.




Magnetic Flux
B Density,
Bandwidth
B = Symbol for bel. (Rarely used)

B = Ten decibels (dB)
See—dB

B = Symbol for magnetic flux density.

B = The magnetic flux per unit area perpendicular to the direc-
tion of flux. (also known as magnetic induction)

B = Magnetic flux density measured in telsa (T), gauss (G),
maxwell (Mx) per square centimeter and lines of flux per
square inch.

telsa (T) = weber (Wb) per square meter
gauss (G) = 1074 telsa
maxwell (Mx) = lines of flux
weber (Wb) = 10® maxwell (Mx) = 102 lines of flux

B=¢/A where A = cross sectional area of magnetic path.
¢ = Total magnetic flux in weber, maxwell
or lines of flux.
B=pH where u = permeability
H = magnetic force

B = Symbol for bandwidth (not recommended)
B = Symbol for bandwidth (not recommended)
BW or BW is the preferred symbol for bandwidth.
See—BW
B, = Symbol for unity gain bandwidth. (BW(ay=1))
See—Active Circuits, Opamp




3 dB Down )
Bandwidth B W Bandwidth

BW = Symbol for bandwidth
Other symbols for or abbreviations of bandwidth include:
B,B, (f, - f,),BW.,BW,BW_3 45

BW = The difference between the two frequencies of a contin-
uous frequency band where the output has fallen to one
half power. (-3 dB is very close to one half power)

BW = Bandwidth expressed in hertz (Hz).

BW=(£; - f1)-34p [,
BW=£,/Q Ey 3R ["
BW = (fr R)/ XL(@ fr) -1

f, = (2nvIC
BW = R/(27L) (2rVIC)
BW=(f; - fi)_348 l E,
BW = £,/Q é's 3R T %L l_'
BW = (f; Xc@fr))/R »

f, = (2m/LC
BW = (27RC)! ( mVIC)

BW(av=1)—See—Active Circuits, Opamp

BW = Average bandwidth. Effective noise bandwidth.
See also—BW Active Circuits, Opamp

BW Notes:

See—Q for frequency to bandwidth ratio.
See—D for bandwidth to frequency ratio.
See also—d Active Circuits.




Capacitance etc.
Definitions

C = The symbol for capacitance.

C = 1. In a system of conductors and dielectric or in a capac-
itor, that property which permits the storage of electrical
energy.

2. The property which determines the quantity of elec-
tric charge at a given potential.

3. In a system of conductors (plates) and dielectric (insu-
lator) or in a capacitor, the ratio of the quantity of electric
charge to the potential developed.

C = Capacitance (also known as capacity) measured in farad
(F) units unless noted.

[This extremely large unit is very seldom used except
in formulas. The resultant of all capacitance formulas
should be converted to more practical units such as micro-
farads (uF) or picofarads (pF)]

C = 7 pF per sq in of parallel plates separated by é in of air.

C = The symbol for capacitor on part lists and schematics.

C = The symbol for coulomb (unit of quantity of charge)
(Seldom used in electronics)

¢ = Obsolete symbol for cycles per second. [Use hertz (Hz)]

¢ = The symbol for the velocity of light or electromagnetic
waves (physics). (Not recommended. Use v for velocity
in electronics)

10



Applicable

Capacitance, - @
Series Circuits ] E
=] o
2 -
C=(C!+C5' ---+ D! @ c
Ce=(Ci' -cH? @
C=w™ [(XC)I +(Xc)y -t (XC)n] - @ O Xc
C=-0 [[(X)+(X) -+ (X)) | @ |-X
_ Series reactive element
C=DIwR) 1 ust be capacitive ®@|D R
- _1 Series reactive element
C=(wRQ) must be capacitive. ©@lQ R
-r -1 0z must be
C= [-wRs(tan 6)] negative ® @|R, 0
07 must be
= : -1 z
C [ wZ(sin Gz)] negative QO|Z 64
Series to Parallel Conversion (ONe) C R,
Cp = [(w?R2C) + G;'] ® |

C Notes:

@ C = Capacitance, D = Dissipation Factor, Q = Quality Factor, R =
Resistance, X and -X = Capacitive Reactance, Z = Impedance, 6 =

Phase Angle, w = Angular Velocity

Subscripts: C = capacitive, n = any number, p = parallel, s = series,

t = total or equivalent, x = unknown
® x'=1/x, w=2af

® B and X are magnitudes, however both B and X are often ‘‘given”
the signs usually associated with capacitive and inductive quantities.
In all formulas in this handbook -B = B¢, -X =X, +B =B, and

+X = X,

@ Equivalent capacitance varies with frequency.

1



Applicable

Capacitance, “ -
Parallel Circuits 2 E
[~} D
2 -
Ce= [(Bc) + (Be), ===+ (Boda) /w ®® |B¢
Ce= [(-B)+(By---+(Ba)]/-w ©® |-B
Ci=C, +C,--+C, @ |cC
Ce= (X' +(Xe)' -+ KXeh']/w | @@ | Xc
Ce= [ XD +(CX) -+ (-X) ] /0| @ |-X
- -1 Parallel reactive element
Cp = (wR,pD) known to be capacitive ©® DR,
_ 0y must be
Cp = [G(tan 6y)] /e positive @@ 0|G, oy
_ Parallel reactive element
Cp = Q/(wRy) known to be capacitive ®® |QR,
_ _ 6, must be
Cp = (tan 87)/(-wRp) negative @@ |R,, 0,
C, = [YGin6y)] fo Oy mustbe ©@0|Y,8
P Y positive Y
o . 07 must be
Cp = (sin 0 2)/(-wZ) negative QO |Z6,
_ . 61 must be
Cp = [1¢Gsin 6y) /(wE)] positive @@O|EI 6
Parallel to Series Conversion
Cs = (W?C,RY)T +C, @@®|C, R,

C Notes: ® B = Susceptance, E = rms Voltage, G = Conductance, I =

rms Current, Y = Admittance

12



3
Capacitance 8., ]
Misc. Formulas 'g g E
<2| =
C =(o21)-! C required for resonance.
CRY Series or parallel circuits ®06|L
_ C required for a charge
C=QE of Q coulombs ® |EQ
W = work equiv. stored
C =Q?/(2w) energy in watt/sec ® |QWwW
Q = charge in coulombs
- C required for time con-
C=TR stant T and resistor R ©® |RT
C = (It)/E I = constant current ® |CEI

E = voltage change after time t

Capacitance of two parallel plates (conductors) separated

by an insulator (dielectric)
C = (Ak)/(4.454d) approx. pF

A = Useful area of each plate in square inches
d = Spacing or distance between plates in inches

k = Dielectric constant (Air = 1)

Capacitance of concentric cylinders (e.g., coaxial cable)

C=(7.354k)/ [log(D/d)] pF per foot length

D = inside diameter of outside cylinder (inches)
d = outside diameter of inside cylinder (inches)
k = dielectric constant of material between cylinders

(Air=1)

C Notes:

® C, = Resonant Capacitance, E = dc Voltage, 1=dc Current, L=
Inductance, Q =Charge in coulombs, t = Time in sec., T = Time

Constant, W = Work in joules

13



Dissipation Factor
Definitions

D = The symbol for dissipation factor

D = 1. The ratio of energy dissipated to the energy stored in
dielectric material, in certain electric elements, or in cer-
tain electric structures.

2. The inverse of the quality factor Q. (also known as the
storage or merit factor)

3. In certain electric elements or structures, the absolute
value of the cotangent of the phase angle of the alternat-
ing current with respect to the voltage, the voltage with
respect to the alterating current, the impedance, or the
admittance.

D = A factor which usually has a numerical value of from zero
to one and is expressed in either decimal or percentage
form.

D = A factor most commonly associated with capacitor speci-
fications or measurements, however may be used in all Q
factor applications.

D =Power factor when D < .1

D = A factor which is very useful for the calculation of equiva-
lent series resistance. (Rg = DX¢ = D/(wC) = DX, = DwL)

D Notes:

@® B = Susceptance, C = Capacitance, G = Conductance, L =Induc-
tance, Q =Storage Factor, Quality Factor or Merit Factor, R =
Resistance, X = Reactance, Y = Admittance, Z = Impedance, 6 =
Phase Angle, w = Angular Velocity
Subscripts: p = parallel, s = series

@ w=2xf, x!=1/x, x¥= 1Vx, x~2=1/x2

® Not valid for LC circuits.

14



Dissipation Factor, 3‘3 »
Series Circuits D E % g
g2 -

D=1/Q @ |Q
D=cotan § Exception @ OTOMN]

D = wC,R, @0 |C, R,

D =V(ZwC,)? - 1 Q@06|C Z

D = R /(wLy) @@ |L, R
D=y [Z/wLy)]? - 1 @06|L, Z

D =R,/X, ®@ |R X,
D= [(Z/R)?-1]"* Exceptin® |®@@®|R, Z
D=V(Z/X)* -1 QOB0|X; Z
D, = wCR; = Ry /(wLy) O@0|C L R
D, =Rs/Xc = Rs/Xp @@ Q| Xc XL Ry
D Notes:

@ X may be Xc or Xy but not (Xg, ~ Xp)

® B may be B¢ or By, but not (B, ~ B¢)
® cotan x = 1/(tan x)
@ D, = Dissipation Factor at Resonance,
Xc = Capacitive Reactance,
Xj, = Inductive Reactance

If the resultant under the radical sign is negative, a mistake has

occurred.

15



Applicable

Dissipation Factor, D " -
Parallel Circuits ] E
$|E
D=1/Q @ |Q
D=cotanf Exception @ Q6 |0
D=G/B ®® [B G
D=V(Y/B} - 1 O®®|B Y
D =(R,wC,)! @@ |C, R,
D=/ [Y(wCy)]? - 1 ©@06|C, Y
DovVZC) T T 00o|c, Z
D= [(Y/G)2 - 1] -¥  Exception ® ©OBIG Y
D =(wLy)/R, QO |L, R,
D=V(YwL,)* -1 ®@O|L, Y
D= /[(wL,)/z]? - 1 0OO6|L, Z
D=X,/R, 00 (R, X,
D= I:(R;,/Z)2 - 1] "+ Exception @ O@O®|R, Z
D=V(X,/Z)* - 1 QOB|X, Z

-]

16



Decibel
d B Definitions and
Formulas

dB = The symbol for decibel

dB = 1. The standard logarithmic unit for expressing power
gain or loss.
2. One tenth of a bel. (The basic bel unit is very seldom
used)
3. A power ratio only—according to the original defini-
tion and to a few purists.
4. A commonly used convenient unit for expressing volt-
age and current ratios. See—dB Note 2

Formulas for Definitions 1,2,& 3
dB =10 log (P,/P;)

dB =20 log (E,/E;) only when (Zo/6,) =(Z;/6;)
dB=201log (I,/I;) only when (Z, Zﬁ) =(Z; ﬁi_)
a8 = 20 log [(Eov/Zi c05 8;)/ (Eiv/Zo o3 0,)]

dB =20 log (1o v/Zs o8 0, )/ (/7 cos 7;)]

Formulas for Definition 4

dB = 10 log (P, /P;)
dB =20 log (E,/E;)
dB =20.1log (I,/1;)

dB Notes:

@ log = logarithm to the base 10, P = Power, E = rms Voltage, I = rms
Current, 6 = Phase Angle, Subscripts: i = Input, o = Output

@ When using definition 4, it should be stated as dB voltage or current
gain or loss, dB apparent power gain or loss, etc. ---, not as dB gain
or loss or as dB power gain or loss.

® See also—dBm notes, dB editorial—opamp

17



Power in dB
d B l I | Definitions and
Formulas

dBm = Symbol for decibels referenced to one milliwatt.

dBm = Power level expressed in decibels above or below one
milliwatt.

dBm = Lp (mW)

dBm = V.U. (volume units) (sinewave only)
dBm = 10(log P) + 30

dBm = 10[log(1000 P)]

dBm = 10 [log(E*/R)] + 30

dBm = 10 [log(12R)] + 30

dBm = 10 [log(EI cos 6)] +30

dBm = 10 [log(I*Z cos 6)] + 30

dBm = 10 (log [(E2 cos 0)/2]) + 30

dBm = 10 [log(E?Y cos 8)] + 30

dBm Notes:

@ P = Power, E = dc or rms Voltage, I = dc or rms Current, Y = Admit-
tance, Z =Impedance, ¢ = Phase Angle, cos = cosine, log = Loga-
rithm to the base 10.

® When using a calculator to obtain the log of a number smaller than
one, the value of both the characteristic and the mantissa are likely
to be different than the value obtained from log tables. The calcu-
lator value will have both a negative characteristic and a negative
mantissa. This is the correct value to use. (Log tables always have a
positive mantissa)

18



Voltage
Definitions

E = Symbol for electromotive force (emf)
(emf is more commonly called voltage or potential)

E = The electric force which causes current to flow through
a conductor.

E = Potential measured in volts (V)
E=E4. or |E,ms|
E = Complete description of voltage
E = EpoLAR = ERECTANGULAR
E=E/0g =Eg+(*Ex)j
Er =E/0° =Ex +0j
Ec =E/-90° =0+(-Ex)j =0-jEx
Ep =E/+90° =0+ (+Ex)j =0+jEx
ERr = Enagnitude identified as resistive or real
E¢ = Epagnitude identified as capacitive
Ep = Enagnitude identified as inductive
-Ex =Ec “given” the sign associated with capacitive
quantities.

+Ex =Ep “‘given” the sign associated with inductive
quantities.

*+Ex =Identification of Ex as capacitive or inductive in the
resultant of many formulas.

e = The instantaneous value of voltage

Note: The symbol V is also used for voltage and predominates in active
circuits. See—V, Active Circuits

19



2
Voltage, § ol @ |2
DC Circuits a8 E (38
QO & |2 >
€2 - |OF
E; = (2E)) + (£Ey) --- + (2Ey) @®O|E
E, =P,/I
¢ =P OO|IP| g
E;=(P, +P, ---+Py)/I 3
E;=1IR (%)
too ®o|I R| g
Et=I(Rl +R2"'+Rn) '5
A
Ee=vVhRe ®®|PR
B =V(P, +P;---+P;)(R, +R; ---+Ry)
E=11/Gl =It/Gt DO|GI -
E'_'\/Pl/Gl:\/Pt/Gt @@ GP .é
E=P,/I, =PI, oo@1p| S
E=IR, =R, |o@1 R| T
a
E =+/R,P; =/R{P, @ @|RP
See—R, complex circuits X
See—R, delta to Y conversion %_ z
See also—I and P if necessary EB
00

Simplify circuit and use above formulas

20



Transient Voltages,
Voltage Ratios

ek

t -
. _ (.-I\RC - . Capacitor
ec: E[l (™) ] (E Apphed'Voltage) Voltage During
ec=.6321 E when t=RC (1 time constant) Charge thru
ec = (It)/C (I = constant current) Resistor
T
= E/cRC = Initi Capacitor
ec =Efe (E = Initial Cap. Voltage) Voltage During
ec =.3679E when  t=RC (1 time constant) | Djscharge thru
ec=E- [(Ii)/C] (I = constant current) Resistor
BLI ) Inductor
e = Efe (E = Applied Voltage) Voltage During
e =.3679 E when t = L/R (I time constant)| Energization
thru Resistor
Inductor
Voltage

— T (di (di/dt) = rate of current change]
eL = ~L(di/dt) [in (ampere/seconds)

Developed By
Current Change

E=Q/C (Q = Charge in coulombs)

Voltage
Developed by
Electric Charge

Eay. = [(QV2)/7] Erms = .9003 Eqpyg

Eav = (2/7) Epeax = .6366 Epeax
Epeak = (V/2) Erms =1.414 Eppyq
Epp=(V2)Erms  =2.828Eqy
Ems = [1/(2V2)] Eay =1.111E,,
Erms = Eegr
Erms =(1/V/2) Epear = .7071 Epeqx

Erms = [1/2V2)] Epp= 3535 By,

Voltage Ratios

21



Notes E Notes
E Notes:

® General
B = Susceptance ®, C = Capacitance, e = Instantaneous Voltage,
E = Voltage Magnitude or DC Voltage ®, E = Magnitude and Phase
Angle of Voltage, f=Frequency, G =Conductance, I = Current,
j = Imaginary Number @, L = Inductance, P = Power, Q = Quantity
of Electrical Charge, R = Resistance, X = Reactance ®, Y = Admit-
tance, Z = Impedance, e = Base of Natural Logarithms ®, » = Ratio
of Circumference to diameter of a circle @, 6 = Phase Angle ®,
w = Angular Velocity @
@ Subscripts
C = capacitive, E = voltage, I = current, L = inductive, n = any num-
ber, o =output, p = parallel circuit, r = (of or at) resonance, s =
series circuit, t = total or equivalent, X = reactive, Y = admittance,
Z = impedance
® Constants
j=i j=+/~1 j=90° multiplier,e=2.718+ ¢ 1=.36788-,n=
3.1416~ 27 =6.2832-, w=2af w=6.2832f
@ Algebra
x1=1/x, x2=1/x2, Xt = X, xr= 1VX, X7 = 1Vx,
|x| = absolute value or magnitude of x
® Trigonometry
sin = sine, cos = cosine, tan = tangent, tan~! = arc tangent
® Reminders
+6 --- use the sign of the phase angle
+X --- -X identifies X as capacitive (X¢)
+X identifies X as inductive (X))
+B --- -B identifies B as capacitive (Bc)
+B identifies B as inductive (B} )
+Ex --- -Ex identifies Ex as capacitive (E¢)
+Eyx identifies Ex as inductive (Ey )
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Applicable

Voltage, E - -
Series Circuits £ £
2 -
(Ec): = (Ec)y + (Ec)z -~ + (Ec)n Ec
(EL)t =(EL)y +(EL)2 ~--+(EL)n @O | EL
(Er): = (Er)1 + (Er)2 -~ + (Er)n Er
(2Ex)t =(EL)1 - (Ec)1 +(EL)2 - (Ec)2| @@ |Ec Ep
(*Ex): = (XEy) + (E3) --- + (2Ey) ® |-Ex +Ex
E, =V1"3R! +EZ 00 Ec Egr
Eq =\/§§_+—E—f EL Eg
(Ec) =Iw™(Ci' +C31 ---+C71) gg IC
(EL) =1w(Ly + Ly - +Ly) o00|IL
(Er); =I(R; +R; ---+R,) 0o |IR

(Bc)e=1[Xch +(Xc) - +Xe)] | @@ |1 Xc
CEx)=I[(-X)+(X) -+ (-X»)] | ® |I-X
(EL) =1[(Xp); + (), -+ X | @@ |IX,
GEx) =I[(+#X) + (X)) -+ (#X,)] | © |1+4X
E=1Z @ 12

Additional E magnitude formulas are included in E formulas starting on
page 27.
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2
Voltage, E " »
Parallel Circuits E % E
g2 l-d-’
E=1/ [(BC)I +(Bc)y -t (BC)n] ® @I Bc
E=|I,/ [(-B,) + (-By) ---+(-B,)] | ® @[l -B
E=1,/ [(BL)I +(BL), -+ (BL)n] ® @)L B,
E=1./[(+B;) + (+B,) --- + (+B,)] ® |I, +B
©)
E= |1,/ [(4B,) + (+B;) -+ (+B,] | S olu 2B
®0
E=It/EJ)(Cl +C2 "'+Cn)] @ It Cp
E=1/(G, +G, ---+Gy,) OO G
) ) - ®0
E=lw [(Lp)l1 + (Lp)zl ---t (Lp)nl] ! o6 L Lp
E=I [(Rp)" + Rp) ---+ Rp):!] ™! ®@@ It R,
E=1,[(X0)i' + X' -+ Ke)i']™ o olL Xc
E = [L[(Xp)i" + (X3 -+ (X0 ] | @ @[ X,
E=1I; [(X0)7' + (XpL)7' -~ + (X)) ® O Xy
E=I [(+#Xp)1' + (X2 -+ X R | @ @1, +X,
B} ) - o)e)
E= |It I:(ixp)ll "'(txp)21 '"+(ixp)nl] 1! ® 6 I iXp
E=1/Y O (1Y
E=1Z O |1 Z
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Complex Voltages,
Series & Differential

E

fenuarlia Tg/tg ‘tg/'d
_”A_”s so0 4] - [1gs00 1) \ ([zo=yuss 2] - [(Pomyurs _m”_M_ Lum =g
z Qw«mﬂvﬁm ] - [(Fewuss _mu_v +2 A_”nm s00 2] - [gs0o _m”_v\ =g

Tg/vq ---Tg/%d  Tp/'d  JO wing SLIdG

(o ss %] -« Fosooa] [0 ')
A_wnmﬂv&m vg] +--- [(Cov)uss 2g] + [(TgF)us ﬁmu_v !

ande([(Pompus va] +--- [(Fgmyuss 2] + [(Tom)us 'a]) +
NAﬁE% SOJ :mu +--- ﬁﬂ% S0) Nmu + ﬁu% SOD —mwvv = um

_uey=1g
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Voltage & Phase
Important Notes

. It should be understood by the reader that the phase angle
of voltage and current is the same one and only phase angle
of a circuit or of a circuit element. The fact that current
leads the voltage while the voltage lags the current in an
inductive circuit means only that the signs of the voltage
and current phase angles are different.

. In a given circuit, the phase angle of voltage, current, im-
pedance and admittance is the same one and only phase
angle. The signs of the angle is the only difference. *0g =
-(#01) =67 =-(0y).

. The voltage phase angle uses the current phase angle as a
reference (0°) while the current phase angle uses the volt-
age phase angle as a reference (0°). Due to this fact, if the
voltage phase angle is expressed, the current phase angle
is 0° and if the current phase angle is expressed, the volt-
age phase angle is 0°. It should be obvious that the voltage
and current phase angles cannot be used at the same time.

. The same applies to rectangular form voltage and current.
Rectangular form current cannot have an imaginary (reac-
tive) component when the rectangular form voltage has an
imaginary (reactive) component. The reverse, obviously,
is also true.

. Due to this confusing situation and the high probability
of error, the author DOES NOT RECOMMEND THE USE
OF POLAR OR RECTANGULAR FORM VOLTAGE OR
CURRENT WHERE EACH USES THE OTHER AS A
REFERENCE. THE USE OF THE GENERATOR AS THE
PHASE REFERENCE IS RECOMMENDED.

. The following polar and rectangular form voltage formulas
are listed for reference only. Proceed to the E, and vector
algebra E, formulas.
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Voltage & Phase, E Resistive & Reactive

Series Circuits Voltag.es
In Series

E = The magnitude and phase angle of the voltage de-
veloped by current through a series circuit. (9; =0°)
See also—0
EpoLar = E /0

Ergcr = 1. The 0° and #90° voltages which have a resul-
tant equal to EpopLAR-
2. The voltages developed by current through series
resistance and net reactance.

ERECT = ER + (iEx)j P
ERECT = (E Ccos GE) + [E sm(:tBE)] ]
<2|2
Erorar = VEE +EZ /tan™ (-Ec/Eg) ®0|S
Erect =Er - jEc ORI
EpoLar = VER + Ef /tan”'(E; /Eg) loXells)
Erect =Er tJEL Q0o|L
EpoLAR = VER: +Exc gtan'l(—Ex/ER) g g sz
Ergct =Er + (-Ex)j ® |
- o0o|x
EpoLar = VER + Exr, /tan” (+Ex/Eg) ®0 RS
Erect = Er + (+Ex)j ® | .#
)
EroLar = VER *(EL - Ec)/tan™ [(E - Ec)/Eg]| @ @ |
Ergct = Er +(EL - Ec)} ®0|SF
Erect = Er + (Ex)j ® (X
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Voltage and Phase,

Applicable

Series Circuits E % :E‘:
(]
2 |-
E=1VR? +(wC)? OO0| x
9k = tan"}(wCR)™! @06 |°
E=1VRZ +(wL)? OO |
0g =tan™! [(wL)/R] ®06 :]
E=P/(I cos03) (ONE) ®
Og =07 =-(x6y) 06~
E = (IR)/(cos 8) (ONONE
Og = %07 =-(*0y) ® 6 f
E = |(IX)/(sin )| 06| F
Op =07 =-(6)) oo |=
Btz 006| 7
0g =207 =-(20y) N
E=IVR*+ [(wL) - (wO)"]? (ONON I~
-
6g = tan™ ([(wL) - (wC)’l] /R) @06 o
E = IVRT T (%~ X0)? 2
) XL - Xc) ool >
fg = tan™" [(X - Xc)/R] <

See previous page for definitions, Epo AR and ERECT
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Voltage and Phase, Whom « pelel e
Parallel Circuits pa

is driven by a current source

E = The magnitude and phase angle of the voltage de-
veloped by the total current through a parallel cir-
cuit. (0 = 0°) See also—0

EprorLar =E /10g
Ergct = 1. The 0° and £90° voltages which have a resultant
equal to EPOLAR'
2. The series equivalent voltages of a parallel
circuit.
3. The voltages developed by current through the
series equivalent of a parallel circuit.

ERECT = (E Ccos GE) + [E sin(iOE)] _] @
Erect = (Er)s + [(£Ex)g] i 8 .
28| E
Q 0 [
<z |8
E=1,//GZ+ (B - Bo)? Yo ;
OE = tan_l [(BL - Bc)/G] ® @ —
E = | (1, sin 6)/(By, - Bc)| oYeYo! i
0 = -(26)) = -(x0y) ®0 | N
E=L,/VR7+ [(wD) T - (wC)]? JeJol i
g = tan™! (R [(wL)™ * (wC)]) @06 |
E = |(I, sin 6)/ [(wD)™ - (wC)]| o@0| ¥
0 =107 = -(20;) = -(x0y) ®6 | S
E = |(I; cos 6)/G| (OYONOT I
0 = -(267) = ~(:0y) = £6, 00 |
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2

Voltage and Phase,
Parallel Circuits E 28| E
With Current Source <28
N
E=ZVI} +(x, - Ix )’ QO |
0g =tan™ [(Ix, - Ix )/Ig] ®6 }
E=L, VR +(X{ - X&")? Q06| %
0k = tan”! [RXT! - X&) 00 | %
E=({;R)cos 6 0)e) 3
(-4
Op =0z =-(207) = -(¥0y) 06 | .
E = I, sin 6/(X{! - Xg! 00| %
I ¢ §in /(XL - Xg )l @06 3.<.
0p =10z =-(20p) = -(¥6y) o | .
E=L/Y oY) §
0g = -(x0y) ® >
E=1Z 00 | o
BE = i’az ® E
E =P/(I, cos 6) [ONON B
Og =-(£01) = +6, ©6 :
E =v/(PZ)/(cos 6) (OJO) *
O =10z =-(x0y) ®6 :

See previous page for definitions, Epop AR, 2and ERECT-
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Complex Voltages,
Series & Differential

Terms

E; =V(Er){ + (Ex)i
0, = tan™" [(£Ex)¢/(ERr )]
(Er)t=(E  cos6,) +(E; cos 0,) ---
+(E, cos 0,)
(*Ex); = [E, Sin(iol)] + [Ez Sin(ioz)]
+ [Eq sin(26,,)]

E, /61
E»/02
En/0n

E;=V(Er)t *+ (Ex)t
6, = tan™" [(Ex)/(Er )]
(Er)t =(Eycos0y) - (E; cos 6,)

Ei/61
E, /02

‘ . Differential
(£Ex); = [E; sin(#6,)] - [B,sin(26,)]
(Erect)t = (ErecT)1 * (ErecT)2 -~ * (ERECT)n (ErREcTh
Erecr =Er #jEx =Eg + (*Ex)j (Erecy)2
(Erect): = [(ER)I +(ER)2 -~ +(ER)q] (ErecT)
+ [(4Ex)1 + (£Bx)z -+ (£Ex0)0] § i
(Erect): = (ErecT)1 - (ErECT)2 (ErEcT)
Erect =Er #jEx =Eg +(2Ex)] (ERECT):
(Erecr): = [Er)1 - (Er)3] Differential

+ [(iEx)l - (iEx)zjj

E Notes:

® E/o = EpoLAR

@ ER = Eo° =+E = “Real” numbers (—ER = E180°)
@E=[E|= Epolar magnitudes *EX = Es90°

@ +Ex =E49¢° =EL = E sin(+9)

® -Ex =E_g9¢° = Ec = Esin(-6)
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Output
O Voltage & Phase

Eo = Eg [(R2/Rl) + 1] - ‘;;.‘. E
1 | o
E, =(EgRy)/(R; +R)) C“:ng $R2 '_‘
Ogo =0gg = 0° '

-

E, = (E,R)/VR® + X%

E, =Eg(cos 67)

mm
A —t
v;:v

g0 = -(-0z;) = tan™! (X¢/R) (E, Leads Ey)
E, = (E;R)NVRZ+ X ! ] £
E, = E,(cos 07) : ‘ r
0o = -(+0z;) =tan™' - (X./R) (E, Lags Ey)
E, = (B;Xc)/VR® + X2 ® [

E,

4 c ’
E, = [Eg(sin 0;)| 1 r
OEo = -(-0z;) - 90° = [ta“_l(xclR)] ~90°  (E, Lags)

E, Notes:

(0] Eg = Generator voltage, Z; = Input impedance, 6 g, = Phase angle of
output voltage

@ Xp=wL,Xc= (wC)‘l,lw =2nf

@ x=1/x,x2=1/x2,x7=/x,x 7= 1/\/x

® tan! = arc tangent, sin = sine, cos = cosine

fo
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Output
I Voltage & Phase
(0)

B, = (EgXL)/VR? + X} éEg ® %L r
E, = |Eg(sin 02;)|
Bgo = ~(+07) +90° =90° - [tan™ (X, /R)]
0g, Leads 0,
E, = (BgR)/VRZ + (XL - Xc)? 1

L C 3 ()
E, SR r
Eo = Eg(COS QZi)

0o = -(x02;) =tan”" [(Xc - XL)/R] =0° @f;
05, =0° @ f,, near +90° @ vIf, near -90° @ vhf

E, = (EgXc)/VR? + (X, - X¢)?
B0 =~ (207;) - 90° = (tan™ [(X - XL)/K]) - 90°
0g, = -90° @ f,, near 0° @ vif, near -180° @ vhf

(\:D R‘ {C= % |—>E°
Eg L
Eo = (EgXL)/V R* + (XL - XC)2

Ox0 =+90° - (£02)) =90° - (tan” X, - Xc)/])
0g, =+90° @ f,, near 0° @ vhf, near 180° @ vif
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LCR Filter Output
Networks 0 Voltage & Phase

_|C|__

E, = (E;R)/Z;
E, =Eg(cos 8z;) (%Eg - $r I—‘E°
Ogo =-(£0z;)
where  Z;=VR*+X{ -XH)? @
8z =tan™! [RXT - Xi) ' @
0go = 0° @f,, Lags 6, below f,, Leads O, above f,
Eo = (BgXc) [R? +(Xps-Xo)?]™F —w

Opo =0xc - 0zi L E,
B0 = (-90°) - (£07)) éPE‘ T
00 = (-90°) - (tan™! [(XLs - XC)/R,])
where R = [(R/Xi) +R1]"!
Xps = [(XL/R?) +X'] ™!
E, = (BgXy) [R? + Xy - Xco)?] 72

Ogo =0x, ~ 0z; c Eo
(-} Eg L

an =490 - (iBZi) % r

050 =+90° - (tan™! (X - Xca)/Ry])

where R, = [(R/X%)+R™"]
Xcs = [(Xc/R?)+ X1
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LCR Filter E Output
Networks O Voltage & Phase
E, =E [z’ - X&) @
E°=|Eg(sin/lZi)-l| @ éeg . ‘Lc %L rEo
g = £90° - (£03;) 1
where Z;=VR*’+X{!-XH? @
8zi=tan! RX{' - X! @
g, = 0° @ f,, Leads 0, below f,, Lags g, above f,

E,
E, =(EgZ,)/Z; E, - ‘Lc 3R °
2 C”E T [

0o =0z2 -~ 0z;
Z; =[R2+ Xy - Xco)?]*, 0zi=tan™ [(XL - Xco)/R]
Zy =R +XF)75,07; = tan™ R/Xc)
where R, = [(R/X})+R™1]™
Xcs =[(Xc/R?) +XJ]

Eo =(EgZ2)/Z; (#;Es c %R SL l_J%

Ogo =022 - 0z;
Z; = [R} + (Xus - Xc)*]%, 02 = tan™ [(Xs- XC)/R,]
Z, =R +X{?) 7,075 = tan” (R/X,)
where R, = [(R/X})+R™]™
Xe = [(X0/R?) + X{']!
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LCR Filter Output
Networks O Voltage & Phase

E, = [B,(XL - X)) /Z; R ‘%L
Eq = |Eq (sin 02)| O
0go = 190° - (6%
where Z; =\/_li7—+_(XL——XC)2
0zi = tan™" [(Xy - Xc)/R]
0go = 0° @f,, Lags O, below f,, Leads 6 g, above f,

E, =(EzZ,)/Z;
0o =03z2 - 0z;
0go = (-022) - (¥02z3)
where  Z;=vR?Z + (XL - X¢)?
8zi=tan™! [(Xy. - Xc)/R]
Z, =VRZ + X%, 04, =tan"! (-Xc/R)

11
17

Eq = (B, Z)/Z;
Opo =022 - 0zi
0go = (+0z2) - (26z3)
where  Z; =VR? + (X - X¢)*
82i = tan™ [(X¢ - Xc)/R]
Z,=VRZ+XZ, 05, = tan (XL/R)
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E Output
Voltage & Phase
(o)

E, =(EgZ,)/Z;
Ogo =072 - 0z;
0go =(-022) - (-0z)
where Z; =\/(RITZ)2+_X2C_
8zi =tan™" [-X¢/(R; +Ry)]
Z,=VR3 +X¢, 0z, =tan!(-X¢/Ry)

E, = (ByZ,)/Z; R

("') E,

0o =072 - 0z;
Oro = (+0z22) - (+02;)
where  Z;=V(R; + Ry)? + X}
8zi=tan™! [XL/(R, +R;)]
Z, =VRE+ X}, 0z, = tan” (X, /R;)

N
Eo = (B, Z,)/Z; GG Lo I—E"
Ogo =03z, - 03z; T
E, = [EgR*+ X 7]/ [(Ry + Ry 2+ (X + Xho) 2] 2
60 = [tan”'(Ry/-Xc2)] - (tan™ [(R, + Rog)/-(XTh + Xchs])
where Ry = [(Ry/X%2) + R3']™
Xcas = [(Xc2/R3) + Xh] ™
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Networks
Driven By E Output
Current Source (o) Voltage & Phase
E, =L,R I
(o] 4 —l |_ Eo
0E0 = ° @ 1 g SR l—»

E, =L Xc¢ £,
0go = —900(0];;0 Lags olg)

E, =X,
0o = +90° (0g, Leads olg)

E,=LZ
E, = Ig\/R2 + Xic
0go = (-82) =tan™'(-X¢/R)
0o Lags 01,
E,=1,Z
E, =L VRT+X}
0go = (+02) = tan"'(XL/R)

Ogo Leads 0,

Note: —GD— = Infinite impedance alternating current source
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' E Output
Driven By
Voltage & Ph
Current Source (0] & Phase

E,=1Z
EO
E, = IZ(R-z + lez)_% Ig ‘L c 3R
Ogo = +(-02) = tan™' (R/-X¢)
0o Lags olg
E,=1;Z E,

1 1 L 3R l
EO = Ig(R‘z + X£2 -3 g

Ogo = +(+07) = tan™  (R/Xy )
05, Leads 0y,

EO
Eo=IgZ élg _LC %L i:k r
05, = +(207) 1
Eo =l [R2 + (X' - X5 =R @f,
050 = tan™! [R(X{" - X))

E,=1,Z
0o =+(x02)

E, =I;VRZ + (XL - X¢)?
fo = tan™ [(X,. - Xc)/R]




Networks Output
Driven By E
Current Source (o) Voltage & Phase

o=,z
O0po =10,
E, =g [R72 +(Xy - Xc)_z]_%
0k, = tan™! [R/(X, - Xc)]
Eo=1,Z
0go =07 = +90°

E,= |Ig [xéll +(Xg - Xcz)_l]_ll
@

E,=1,Z
GEO = ioZ = i'90o

E, = |Ig[X{} + (Xpz - Xo) ]|
@

LILN
Eo = (I,ZiXc2)/(Xy, - Xc2) R e
0o = (203z;) +(-90°) - (90°)
E, = L/[X&) +X&, - Xu/Xc1Xc2)]

See also—Z complex circuits, Y complex circuits

Note @
If the reciprocal of zero is presented, E, = .
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Voltage
Vector Algebra

Vector Algebra AC Ohms Law
Eg=Eg /0% orlg=1, /0°
E=1,2=1,Z/0° +6, =+0,
1=Ey/Z=E,/Z/0° - 67 =-(287)
Z=E,1=E,/1/0° - ;=-(26))

Z=E/l,=E/l; /05 - 0° = 0§

Addition and Subtraction of Rect. Quantities

E, +E; =E;(recT) t E2(RECT.)
= [ER + (iEx)j]l + [ER +(1Ex)j]2
= [(Br ) +(ER)2] + [(iEx)l +(£Ex)y] j
E,-E= [(ER)I - (Er)y) + [(iEx)l - (iEx)z] i
|+Ex|=EL |-Ex| =Ec
I +1; = irecr) T h2RECT.)
= [Ir - @il + [k - GIx) j)2
= [Ar)1 + (R)] - [(21x), +(tlx)s] j
I -1y = [(IR); - (r):] - 1), - (tIx),]i
|+Ix| =1, |-Ix| =1c

Note: The rectangular current of a series circuit represents current
through an equivalent parallel circuit.

Note: See ZpgcT for addition and subtraction of impedance
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Output Voltage
O Vector Algebra

2, = [2i' +2;'] cramp
Yo=Y 1Y,
E, =(Egzl)/zi

o8 b

Ig —I 0° E;=1:2;
2;= [z3' +(Z, +2)) "]
z, = [z + (2, + 23)] !
Yo=Y +(v3! +Y3!)!
E, =1,2, [1 - (2:/25)]
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E Output Voltage
Vector Algebra
(o)

=E, /0° 1,=E.[Z;
2;=2,+ [23' + (2, +2)7]
z,= (21 + [2, + @3t + 22y T)
Yo=Y, + [Y31 + (Y3 +Yy) ]!
Eo =g [1 - (24/2)])/[(Z2/2:1)+ 1]

é#ﬁa#r

I ‘I 0° Eg

Z;= [z (z4+[z +(Z,+2)T )’]‘
Z, = [zl (z2 +[2z3'+(2,+ 2 )“]") ]
Yo=Yy + (¥z! + [¥a+(vs! + vy ] )

Eo = [15(Zi - 24)]/ [(Z2/20) + 1]




Output Source
Voltage O Conversions

Current Source to Voltage Source Conversion

0] 03
e = (Vg
E,=LZ,
Opg =01, =0°

Z,=2, atall frequencies

E,2 =E,; atall frequencies

Voltage Source to Current Source Conversion

EO]

Z, =2, atall frequencies

E,; = Ey, atall frequencies

Note: E, may be loaded in any manner and the two outputs aithough
changed will remain equal to each other.




ey Ey Vo

en(n) = Thermal noise (white noise) voltage of resistance.
(Other symbols of thermal noise voltage include Ey,
E'ﬂ; ) EN(TH): €n> eN(I'H)s ENW~) eN(\/iz)’ VN ) VN(TH)
etc

Note: Thermal noise voltage is always rms voltage regard-
less of symbol used.

enqn) = V4kTxRBW
k = Boltzmann constant (1.38 - 10723 J/°K)

Tk = Temperature in Kelvin.
(°C +273.15)

BW = Noise bandwidth in hertz.
(Noise measured with infinite attenuation of
frequencies outside of bandwidth)

en/i = Thermal noise per hertz. (per root hertz)
enim = 1.283 - 1071%/R @ 25°C and 1 Hz bandwidth

En@x) = The noise (1/f noise) voltage (rms) of a resistor in
excess of thermal noise.

En(ex) = Resistor excess noise voltage (rms) in microvolts
per volt of dc voltage drop per decade of frequency.

Enex) = 107° Eq [log ™ (NI/20)]
NI = Noise Index in dB (a specification)
NI=+10to-20dB (carbon composition)
NI=-10to-25dB (carbon film)
NI=-15t0-40dB (metal film or wirewound)

En Note: log™! = antilog; ¢




Femto,
Frequency

f = Symbol for femto.
f = A multiplier prefix meaning 1075 unit.

f = Symbol for frequency.

f= The number of complete cycles per second of alternating
current, sound, electromagnetic radiation, vibrations or
certain other periodic events.

f = Frequency measured in hertz (Hz). (old cps)
f. = Crossover or cutoff frequency. (3 dB down)
f, = Oscillation, output or reference frequency.
f, = Frequency of resonance.

f=1/t (t=time of one cycle)
f=v/A

Sound in Air
f~1136/A (\in feet, @25°C)
f~346.3/\ (A in meters, @25°C)

Electromagnetic waves including radio frequency and
light in air or vacuum.

f~(9.83 - 108)/A (\in feet)
f~(3 - 10%)/\ (A in meters)
f=1/2nX:C)

f=X./(2nL)

Notes: X =reactance, v = velocity, A = wavelength, C = Capacitance,
L = Inductance
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Crossover

fooom
_lC

f, = (2nCR)™! CE f f
R E, R Eps LY $R Ep

fc oot ]
!

T 2aL

Xy =Xc =R when f=f

Z=R, (Ef+En)=E; when f=0toee
L=R/(2nf,), C=(nf.R)!

Ec(max) = EL (max) = Eg

IL (max) = Ic(max) = (E¢/R)

f, =(24/27CR)™! |- 1
C
f, = R/( \/2—171,) ¢Eg %L R Epf
'LC EER Ey
X, =Xc=vZR when f=f, Lh | |

Z= R, (Elf + Ehf) = Eg when f=0too

L=R/@2nf./2), C=(2nf.R\/2)!
EC(max) = EL(max) =1.272 Eg

IL(max) = IC(max) =1.029 (Eg/ R)

fc Notes:

@ C = Capacitance, E = rms Voltage Magnitude, E = Polar or Rectan-
gular form of Voltage, I = rms Current Magnitude, L = Inductance,
R = Resistance, X = Reactance, Z = Polar or Rectangular form of
Impedance
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Crossover
C Frequency

f,= (/2nCR)™
R

f,=——=
¢ 2aLV2

Xy =Xc=R/v/2 when f=f,

Z=R, (Eist+Ep)=E; when f=0tooe
L=R/(2rf.vZ), C=(v2n,R)™
E¢(max) = EL (max) = 1.029 E,

IL(max) = IC(max) =1.272 (Eg/R)

3 dB Down f Cutoff
Frequency C Frequency

-1 |_ R
f, = (2nCR) N T
f, = R/(2nL) 65\%‘ i é N % L

f. Notes:

® Ec = Capacitor voltage, Eg = Generator voltage, Er = Inductor volt-
age, Ep¢ = High freq. voltage, Ejs = Low freq. voltage, I¢ = Capaci-
tor current, Iy = Inductor current

® x1=1/x

@ 7=3.1416,/2 = 1.414, 27 =6.2832,\/2 7 = 4.443
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Exponential / Flare Cutoff
Horn Formulas FC Frequency

frc = Symbol for flare cutoff frequency.

frc = In an exponential horn of infinite length, the frequency
below which no energy is coupled through the horn.

frc = .5 to .8 of the lowest frequency of interest in the usual
exponential horn.

fre =v/(18.13 2,4)
frc = v/ (18.13v/%54)
fre = v/ (18.13v/%;;)
frc = (mv)/(4m)

frc Notes:

294, 224> 23; = Length between points on the horn center line of dou-
ble cross sectional area, double diameter, and double radius respectively.
m = Flare constant = .6931/254 = .6931//2,4

v = Velocity of sound =~ 13,630 in./sec, 1136 ft/sec, 346.3 meters/sec,
34,630 cm/sec at 25°C

f' = The lowest frequency of “satisfactory’” horn loading due
to area of horn mouth.

f' = Frequency at which:

. Mouth diameter equals 1 wavelength

. Mouth circumference equals one wavelength

. Mouth diameter equals § wavelength

. Mouth diameter equals 3 wavelength

. Mouth diameter equals 2 wavelength

Low frequency homs are almost always compromised to
use criteria 1, 2 or 3. Wavelength—See A

N b WN =
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Frequency of
f Oscillation

or Output

f, ~(2nv/LC)™  (LC Oscillator)

f, ~(2nRCy/6)! (Phase Shift Oscillator with three equal
RC stages. May be phase lead or phase
lag type)

f, ~(271R,;C;)!  (Wein Bridge Oscillator)

(When Rl Cl = R2C2)
See—Active Circuits

Output frequency of a electromechanical generator
fo =Npp(eps) (Number of pairs of poles times rev./sec)

Resonant Frequency
r Definitions

f, = Symbol for frequency of resonance.

f. = 1. The frequency at which the circuit acts as a pure resis-
tance. In a series circuit, the frequency at which the
impedance is lowest. In a parallel circuit, the frequency
at which the impedance is highest.

2. The frequency at which the inductive reactance equals
the capacitive reactance.
Note: Definition 2 is commonly used due to simpler mathematics, but
in many low Q circuits, it is a poor approximation.
When Q is high, the difference between the definitions is negligible.




Series Resonant

Resonant Frequency,
r Series Resonance

Frequency
f, = 2nyIC)! Def.1&2 )
L
@ fr Z = 0 o_l }‘—‘\m.r—o
ldeal C& L
X, =Xc, Q=c°
f,=(2nV/IC)™? Def.1&2
@f, Z=R ¢ L R
02=0°, Xp=Xc, Q=X_./R
f, = [(LC) - (L/R)?] ¥/(2m) Def. 1
(LC>L?*R? o ”__ 999 —4——0
f, ~ (21rx/]f)" ¢ L
@f, Def.1 @f, .
z=[R/X})+R1]?  Z=X}R
oz = Oo

Xc= [XL/RH+X{] ! X=X
Q=Xc[R/X?)+RT]  Q~R/X,

f; Notes:

@ C = Capacitance, L = Inductance, Q = *‘Q” Factor, R = Resistance,
Rc = Resistance in capacitive circuit, Ry = Resistance in inductive
circuit, X¢ = Capacitive reactance, Xy = Inductive reactance, Z =
Impedance, 8 7 = Phase angle of impedance
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Series Resonant Resonant Frequency,
Frequency r Series Resonance

£, =V(LO)T - (CR) 2/(2m) Def. 1

exception = \/-x
f ~ (211\/_ )'l o__chP_dfb_o
@f, Definition 1 R
z=[(R/xz)+R™']?  Z~XER
67=0°

= [Xe/RH+XS] ! X ~Xc
Q=X [(R/X3)+R"] Q=R/Xc

= /[R2O™ - L]/ [LURE)- (] /(2m) Det. 1

exception = \/-x

o—— | NTIY o
f, = (2’rr\/f(_3)"l cl L
@f, (Definition 1) R¢ RL

Z= [(Re/X®)+ RG] + [Re/xD) +RE']
67 =0°

[(XL/RY) + Xi"] = [(Xc/RE) + X&' ]

Q~ [XL(R{ +RcH] ™
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Parallel Resonant f Resonant Frequency,
r

Frequency Parallel Resonance
f,= (2nvIC)™! Def 1&2
@f,,Z=o, 07=0° %c %L
Xc =X, Q=
= @nvIC)! Def.1&2 s
@f,,Z=R, 6;=0° R =c
Xc =X, Q=R/X o
. = V(LO)™ - (R/L)?/(2m) Def. 1
exception = /—x
f,~ (21r\/L—C)'1
@f, 0;=0°
Z=(X}/R)+R Z~X?/R

Xc = (R¥XL) + XL Xc =Xy
Q= [(x}/R)+R]/Xc Q~Xu/R

f; Notes:

x1=1/x, xF =X, x7 = VX, x"2 = 1/x?
@ x1=y
1= efinition 1 (max ormin Z plus 6z =
® Def. 1 = f; Definition 1 ( in Z pl 0°)
@ w; = Resonant angular velocity = 2nf,
® Lp, Reps Rp = Parallel equivalent quantities of series quantities

See also—Q, Z, Y
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Parallel Resonant Resonant Frequency,
Frequency r Parallel Resonance

f, = [(LO) - (CR*]F/(2m) Def.1 (-x)"* exception

f, ~ (Zﬂ\/E)'l c
L
@f, Definition 1 R
oz = Oo
Z=(X¢/R)+R Z~XE/R

Xy =(R*/Xc) + Xc XL ~ Xc
Q= [X¢/R)+R]/XL Q~Xc/R

i = e - ®RIL]/L- RECY/(2m) Def. 1

exception = \/—x
f,~ (2nvLC)™
C L
@f, Definition 1 Rc 3R
0 z= 00

z= ([(K/Rc)+ RG] ™ + [(X/Ry) +Ry] )
[(RE/Xc) + Xc] = [(RE/XL) +XL] X=Xy
Q~ [wLy(Rih +Rch)] ™

Q~ YL/[cR. +Rc)?]/(2m)

Q=~Xc/(Ry +R¢)




Frequency of f Pipes %
Acoustical and 5 :."3
Resonance r Tubes 2- 2
f, =v/(22 + 1.6d) @
2= (v/2f,) - (d/1.25)
d = (v/1.6f,) - (1.25%) @ é
f,=v/(2+1.8vA) ® 55*
2=(v/2f,) - (VA/1.11)
A=+/(v/1.8F) - (1.117) ®
f, =v/(42 + 1.6d) @
2= (v/4f;) - (d/2.5) ]
d=(v/1.6,) - (2.59) ® 28
fo=v/(@2+1.8vA) ® g%
2= (v/af,) - (VA/2.22) 58
d =+/(v/1.8F,) - (2.229) ®
Pipe Notes:

@ A = Cross sectional inside area of pipe
d = Inside diameter of pipe
2 = Length of pipe
v = Velocity of sound in air
® v=13 630 inches per second @ 25°C
v 221136 feet per second @ 25°C
v = 346.3 meters per second @ 25°C
@ Also has secondary resonances @ 2f,, 3f;, 4f;, 5f;, etc.
@ Also has secondary resonances @ 3f;, 5f;, 7f;, etc.
® A, d, 2 and v must all use the same unit of linear measure
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2
Frequency of '§
Acoustical f 38
Resonance r <3
f. = 2070[A/V?] ¥ 3
K]
f. = 1948.7/d/V g g 52
c T~
V= d[1948.7/f,]2 ® g;gg
[ 3]
d = V[f,/1948.7] 2 TEZE
f, ~ 1424+/d/V (Assuming speaker .
V ~ d[1424/1,]2 resonance is much ©) 3. 22
f lower than box OlK: g ég
d= VI[f,/1424]? resonance)
f, ~2070[(.285A, + Ap)/V?]+ ® H
~ 2 2 R 5
V ~ [2070%\/.285A, + A, | /1; g 33 E;
A, ~ [V2(£;/2070)*] - .285A, 2388
£, ~1713/)/(.85d, +9) [(V1/d}) - (.2510)] | @ Etgg
[ -]
2~ [(1913d,)%/(£2V,)] - .85d, ® 3848

Cabinet Notes:

@ A = Area of opening (port), d = Diameter of opening (port), V =
Internal volume of sphere.

@ d = Diameter of speaker opening, V = Internal volume of cabinet
(neglect speaker volume)

® A, = Area of speaker opening, Ay = Area of port, V = Internal vol-
ume of cabinet (neglect speaker volume)

@ d, = Diameter of speaker opening and duct opening, V; = Internal
volume of cabinet including duct volume. V, = Internal cabinet
volume excluding duct, 2 = Duct length.

® x¥ =v/J/x, x*= (x2)?

® A, d,2and V must all use the same unit of linear measure.
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Farad,
Force etc
F = Symbol for farad.

F = Basic unit of capacitance.

F = Capacitance required to store one coulomb of charge at
one volt potential.

F = Extremely large unit. Seldom used without a prefix
symbol.

F=uF - 10% (Typewriter—use uF)

F=nF - 10° (just coming into usage in USA)

F=pF + 10'® (uuF is not recommended)

Note: The prefix symbol m (milli) should not be used
with F due to long time previous use of m with F
to indicate microfarads.

F = Symbol for magnetic, electrostatic and mechanical force.

F = Magnetomotive force when units are in gilberts or ampere
turns [gilbert = 1.257 ampere turns (At)]

F=¢& where ¢ = total flux and & = reluctance

Repulsive Electrostatic Force
F=9 - 10°[Q,Q,/d?] dynes
Qy, Q, = charge in coulombs on two bodies
d = distance in cm separating two bodies

°F = Symbol for degrees Fahrenheit.
°F = Unit of temperature. (USA)

F, F,,—See—NF (Noise Figure)
Fp—See—pf (Power Factor)
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Conductance

Definitions and
g DC Formulas,

Mutual Conductance

G = Symbol for conductance.

G = The ease with which direct current flows in a cir-
cuit at a given potential. The ease with which alter-
nating current at a given potential flows in a purely
resistive circuit. The reciprocal of resistance in any
purely resistive circuit. The reciprocal of a pure
resistance in parallel with other elements. The real | =
part of admittance. The reciprocal of the equiva- |.2
lent parallel circuit resistance in a series circuit. ;_

G = Conductance in units of siemens (S). a
[old unit mho (27! or ) is still common usage in
USA]

G = A parallel circuit quantity which may be used as
easily in parallel circuits as resistance is used in
series circuits.

G =Rp' /0° in terms of polar impedance.

G=1/R

G=1I/E 3

G =P/E? Z

G=1*/p S

G{=(R,; +Ry ---+R,)™ Series Circuits Q
Gi=G; +Gy---+ G, Parallel Circuits
G¢=Ri' +R;' ---+R;!  Parallel Circuits

gm = Symbol for mutual conductance or transconductance.
See—Active Circuits

gm = Al,/AE; (Vacuum Tubes)
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3
Conductance, 8 . -
Series Circuits G —g.. .g E

<2 [
G=(R; +Ry ---+Ry)™! Qe
G=R/[R? +(wC)?] Q@0|C
G=(wCZ)™ ©@@6|C Z

OJ©)
G = wC(sin t9)2 @0 C ¢
G= I/ER @ @ ER I
G =P/E} @0 |Ex P
G=1%/P @ (1 P
G=R/[R? + (wL)?] @@ |L R
G = (wL)/Z? 06 |L Z
G = (sin 6)/(wL) o0 1L
G Notes:

@® G IS INTRINSICALLY A PARALLEL CIRCUIT QUANTITY.
G DERIVED FROM A SERIES CIRCUIT IS THE EQUIVALENT
PARALLEL CIRCUIT RESISTANCE IN RECIPROCAL FORM.

@ x1=1/x,x"2=1/x2

® w = 2af = 6.283f = angular velocity

@ sin, cos, tan= abbr. for sine, cosine and tangent

® ERg = Voltage developed by a resistance

® |x| = Absolute value of x = Magnitude of x

@ 6 may be 0, 61, 8y or 67, B may be B¢ or By, X may be X¢ or Xy,
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Applicable

Conductance, " -
Series Circuits g g
2 -
-1
G=R/[R? + X%] ® | v
N
G=Xc/Z? @ 9
G = (sin 82)*/Xc 00 :g)
G=R/[R? + X2] 0) :_,
G = X, /22 o) :_1
G = (sin 8)*/X, 00| =
_ o~
G=R/(R2+ [(wL)-(wC) 1]2) 006 3
- e @0 | N
G= I [(wL) (w0) 1:|/22| ®® 3
e . Q00| =
G = |(sin 6)*/ [(wL) - (wC) il @l o
G=R/[R? +(Xy - Xc)?] @ §m
G=|(Xy - Xc)/Z?| (0J0) §N
-
G = [(sin )21, - Xo)| 00 | &




Conductance,

Applicable

Parallel Circuits G g g
G=G; +Gy---+G, ® |c

G=Ry' +R3" -+ Ry @® (R

G=VY?-B* ® [BY
G=vz27?-B? @O B Z
G = |B/(tan 6)| @OOA|B 9
G =vY? - (wC)? @0 |cY
G=vVZ? - (wC)? @00|c z
G = |(wC)/(tan 6)| gg Cco
G =P/E? E P
G=VY? - (wD)? @00|LY
G=vZ7?-(wl)? @00|L

G = | [(wL) (tan 6)] | gg L6
G=VY?-X7? @00|XY
G=vZ7?-X7? @00|Xz
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Conductance, G % . o
Parallel Circuits g § §

G = | [X(tan 6)] 7| @®0|X 0

G = Y(cos 6) @0 Y 0

G =(cos 0)/Z @0 |z 0
G=vY?-(BL - Bc)? ® |[BcBLY
G=vZ7?- (B - Bc)? @® |B: B Z
G = |(By, - Bc)/(tan 6)| @©@®@|Bc B0
G= /Y - [(wD)* - (wO)]? @00|C L Y
G=yz7% - [(wD) - (wC)]? @e0|c L 2z
G = |[(wD)™ - (wC)] /(tan 6)] ®©@@@ C LGS
G=VY? - (X{ - X¢")? @0 |Xc XL Y
G=vVZ?- (X! - Xgh)? @0 [Xc X2
G= |(Xc! - X)/(an 0)| oo | XXy 0
G Notes:

In a purely parallel circuit, the values of parallel reactances are not
relevant to the value of G.
® A negative resultant under the radical sign indicates an error.




Henry Unit,
H Magnetic Field
Strength

H = Basic unit of inductance.

H = The inductance which develops one volt from current
changing at the rate of one ampere per second.

H=mH - 103
H=uH - 10°

H = Symbol for henry.

H = Symbol for magnetic field strength.

H = Magnetomotive force per unit length.
Magnetizing force.
Magnetic intensity.
H = Gilberts per centimeter (CGS Oersteds).
H = Ampere turns per meter (SI A/m).

H=F2 where F = magnetomotive force
£ = length of magnetic path
H=B/u where B = magnetic flux density
1 = permeability
H = B when magnetic path is air
H =B when permeability (u) =1

Ampere turns per inch = .495 Oersteds
Oersteds = 2.02 Ampere turns per inch




Hybrid Parameter,
h Height,

Hour

h = Symbol for hybrid parameter.
See—Active Circuits

h = Symbol for height.
h = Symbol for hour.
h = Symbol for planck’s constant.

H Z Hertz
Hz = Symbol for hertz.

Hz = The basic unit of frequency equal to one cycle per second.

Hz = Unit often used with multiplier prefixes.
kHz = 103 Hertz (kilohertz)
MHz = 108 Hertz (megahertz)
GHz = 10° Hertz (gigahertz)

Hz = cps = ¢/s

Hz = 360° per second

Hz = 27 radians per second

Hz = Vectorial revolutions per second.




Current
Definitions

I = Symbol for electric current.
I=1. The movement of electrons through a conductor.
2. The rate of flow of electric charge.

I = Current in amperes (A). (Coulombs per sec.)
I'=21I4. or Iac(effective)

Leer = Irms

Lic= 'II = Iybsolute value = Imagnitude

01 = Phase angle of alternating current.
I = Complete description of alternating current.
I =1lpoLar Of IRecTaNGULAR(lPOLAR = IRECT)
lpoLAR = /0_1= Vectorial current

Igrecr = (IR tIx j) = Complex number current
where *Ig =Current through a real or an equiv.
parallel circuit resistance and
where *Iy = Current through a real or an equiva-
lent parallel circuit reactance.

Irgct = Complex number form of current which expresses
the 0° or 180° and the +90° or -90° vectors which
have a resultant vector equal to lpoLAR-

Igect =Ir - (#Ix)j in this handbook (one exception)
whereby +Ix identifies Iy as inductive and -Ix
identifies Ik as capacitive.

Iggct = Mathematical equivalent of resistive and reactive
currents in parallel regardless of actual circuit
configuration.

i = Instantaneous value of current.
(exception: iy = rms noise current)




Direct Current
Formulas

1=EG

1=P/E s
I=E/R §
1=vPR

1=P,/E, =P,/E; =Py/E, "
I=E;/R; =E;/R; =E,/R, §
1= (B +E; -+ B)/(Ry + Ry ---+ Ry) 5
1=VE/R, = VR, = VPR, 5
I=v(P; +P, ---+P,)/(R, +R; ---+R,)

=L+ -+,

I =EG,=E(G, + G, ---+G,) £
I;=P/E=(P;, +P, ---+P,)/E ":—1
IL,=ER7;' +R3! ---+R}}) ;:
I =vP;G, E
L, =VP, R +R;! ---+ R

I Notes:

@ General

B = Susceptance, C = Capacitance, e = Instantaneous Voltage, E =
Voltage (dc or rms), f = Frequency, G = Conductance, i = Instanta-
neous Current, I = Current (dc or rms), L = Inductance, P = Power,
Q = Quantity of Electric Charge, Q = Quality or Q Factor, R =
Resistance, t = Time, T = Time Constant, X =
mittance, Z = Impedance, € = Base of Natural Logarithms, 6 = Phase

Angle,—Continued on page 67

Reactance, Y = Ad-
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. Transient Currents,
I Current Ratios

I=Q/t (I produced by charge Q for t sec.)

=t =
i=(E/R) (eR®) (E = Applied voltage) pol 3
i=.36788 (E/R) @t = RC (one time constant) 2 g
-]
I1=(ecOt (constant current) oo

-t
i=(E/R) (eRC) (E = Initial voltage)
i=.36788 (E/R) @t = RC (one time constant)
I=(E-ec)(C/t) (constant current)

Capacitor
Discharge

Rt §
i=(E/R)(1-€L ) (E = Applied Voltage) | o -§
i=.6321 (E/R)@t=L/R (one time constant) g
-]
25
Lp=QV2)Lms  =2.828Ipn
Ipeak = (\/E) Il-ms =1.414 Irms

L= [(2 V2)/ 7’] Itms = 9003 Iy

8
Ly =(2/m) Ipeak =.6366 I ;s g
Itms = [7’/(2 \/2_)] L, =1.1111,, §
I ms = effective current = dc equiv. current g
Iems = (1/V/2) Ipeak = .707 Ipeax ©
Lms = [1/2V2)] Ip.p = .3535 1.,
I Notes:
@ Continued

n = Circumference to Diameter Ratio, w = Angular Velocity or
Angular Frequency.
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®
Series Circuit g - -
Current ;%g §
I=Eq wC @@0| EcC
1=E,/(wL) @@0| E L
1=Eg/R ®@® | Ex R
I=Ec/Xc @@ | Ec Xc
1=E; /Xy ®® | E X
I=EY @ EY
I1=E/Z @ E Z
I=v/P/R ® |PR
I1=P/(E cos 0) OB® | EPSO
I=(E cos 0)/R O® | ERS
I=E/ YR+ [(wD)- @O ™]? | ®® | ECLR
I1=E/VRZ+ (XL - X¢)° @0 | E XcXL R
1=/P/(Z cos 8) @O®|PZ6
I Notes:
® Subscripts

C = capacitive, E = voltage, g = generator, I = current, L = inductive,
n=any number, o = output, p = parallel, R = resistive, s = series,
t = total or equivalent, X = reactive, Y = admittance, Z = impedance
® Constants
j = «/<I, = 90° multiplier, = mathematical i, ¢ = 2.718, ¢! =
.36788, 7 =3.1416, 2= 6.2832, w = 2af
@ Algebra .
x1=1/x, x2=1/x2 x?=x, x7=1/x, x(YD=1x0/2),
Ix| = absolute value or magnitude of x




2
Current, g o 2
Parallel Circuits <& é E
I; = E(Bcy + Bcy -~ + Bey) ®0O | EB
I;=E(Bp; +Bp, ---+Br,) ®0@ | EB,
I, =Ew(C, +C, ---+C,) @@O®| EC
I;=E(G,; +G, ---+G,) O©O@® | EG
I = [BEQ{' +L3" -+ L] fw gg EL
L=ER{!+R;'---+R}Y) @@®®| ER
L =EXd +X& -+ X3, @@®| E Xc
L =EX{] + X5 ---+X1h) O®@®| E X
I=EY ® |EY
I1=E/Z ® |EzZ
I=E(Bg - Bo) ® @ | E B; B,
I=EX{! - Xd) O®®| E Xc XL
1=EVG?+(BL - Bo)? ®® | EB: B, G
I=EVR7? + (X - X&)? @®@®| E Xc XL R

I Notes:

® Trigonometry
sin = sine, cos = cosine, tan = tangent, tan~! = arc tangent
® Reminders
+0 --- use the sign of the phase angle
tX, +B, zIx ---identifies X, B and Ix as capacitive or inductive
-X, -B, -Ix are capacitive
+X, +B, +Ix are inductive
® Division by zero is prohibited




Current & Phase
Important Notes

W N

. It should be understood that the phase angle of voltage, cur-

rent, impedance and admittance is the same, one and only,
phase angle in a given circuit. The fact that the sign of the
voltage or impedance phase angle differs from the sign of the
current or admittance phase angle means only that if the cur-
rent leads the voltage, the voltage must lag the current by
the same angle.

. 01 =-(*0g)=-(x07) =10y
. When using the phase angle of impedance (or admittance),

a phase angle always exists when the circuit is reactive. The
phase angle of voltage and current however can only exist
for one of the two at the same time. When the voltage phase
angle exists, the current phase angle must be 0° and when
the current phase angle exists, the voltage phase angle must
be 0°. This is explained by the fact the voltage uses the cur-
rent as a reference and the current uses the voltage as a
reference.

. The same situation exists with voltage and current in rec-

tangular form. When “imaginary”’ current exists, the voltage
must be E/0° or E+j0 and when “imaginary” voltage
exists, the current must be 1/0° or I +j0.

. For practical problems, the best method of minimizing con-

fusion and errors is to use the phase angle of the generator
as the 0° reference. If the generator is a current source, the
phase angle of the total current is always 0° and if the gen-
erator is a voltage source, the phase angle of the total voltage
is always 0°.

Note: The rectangular current of a series circuit driven by a voltage
source represents the currents through an equivalent parallel circuit.
The rectangular voltage of a parallel circuit driven by a current

source represents the voltages across elements of the equivalent
series circuit.
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IrecT Series Circuit Current & Phase,
Definitions & Formulas Series Circuits

1 = The magnitude and phase angle of the current de-
veloped by a voltage applied to a circuit. (6 Eg = 0%)
See also—6
lpoLar = 1/£01 = 1/-(62)

Iggct = 1. The 0° and +90° currents which produce a re-
sultant equal to IpoLAR-
2. The current through resistance and net reactance
in parallel.
3. The current through the parallel equivalent re-
sistance and net reactance of a series circuit.
(Note: Only one current is possible in a series circuit.)

Irgct =Ir - (Ix)j
IRECT = [I cos 01] - [‘I sin(iOI)] ]

|RECT = [I Ccos 02] - [I sin(iﬂz)] ]
Note: The above rectangular form is strongly recommended
for most uses. The negative sign will always identify the
complex quantity as current or admittance and as a parallel
equivalent quantity. The use of 67 eliminates the double
change of signs often needed and maintains the identity of
the reactive quantity at all times.

Note: The rectangular form of current has been used by
some as a substitute for rectangular admittance (YRECT)
for solving series circuits in parallel. It should be noted that
if the assumed voltage is one, IRgcT and YRgCT are iden-
tical in meaning and method except for the names of the
quantities. When E =1/0°, IpoLAR = YPOLAR 'RECT =
YRECT: IR =G, Ic =B, I =B, -Ix = -B, +Ix = +B and
t lx =+B.

Note: Use formulas on following page to obtain Ipop AR
then convert to IRgcT using above formulas.
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lpoLar and Iggct
Series Circuits

Current & Phase,

Series Circuits

All Series Circuit | Formulas

lpoLar =1/£01
lpoLar =1/-(20z)
IRgeT = [I cos Oz] - [I sin(iez)] j
Ir =Icosfyz
Ic = [Isin(-62)| (Ic =-Ix)

Parallel Equivalent Current

or Equiv. parallel circuit current

I =Isin(+0z) (I = +x) 3

iIx =Isin(i02) %ﬁ E

Qo
Irect = Ir - (2Ix)j <2 e
N
I=P/(E cos 8;) O006| o
<3}
N
I=(E cos 67)/R Q00| =
N
1=E/Z @ N
[£3]
1=E/R+[wD)- @OT]” |00 «
+0;=tan” [(wL) - (WO)']/R |@®O®| =
1=ENVRZ+ (Xg - Xo)? oXe) :,
167 = tan”! (X, - Xc)/R] ®06 f
. oYeXo) :.}
I=|(E smez)/(XL "Xc)l @ ® é)
[£3]
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Current & Phase,
Parallel Circuits

Resistive & Reactive
Currents
In Parallel

I = The magnitude and phase angle of the current de-
veloped by the application of voltage to a parallel

circuit. (0 = 0°)

lpoLar =1/81=1/8y =1/-(202)

Irgct = 1. The 0° and +90° currents which have a resultant

equal to IPOLAR'

2. The resistive current and the reactive current in

parallel.

Irect =Ir - (2Ix)j= [Icos 7] - [ISin(’—*oz)] i

lRECT = [I Cos 01] + [Isin(iﬂl)] j

IRECT = [I Ccos 0{] + [I sin(iey)] ] %
8 "
a8 E
(- -] (]
g2 =
I=(EG)/(COS oy) OJON©) EGGY
1=P/(E cos 07) ©®06|EPO,
I=E/(R cos67) O@G| ERY,
I=EY ® |EY#y
I=E/Z ) EZO,
IrIcl
101 = tan'l [‘(IL - IC)/IR] ® 6
I=+/P/(Z cos87) O@OG|PZo,
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Current & Phase,
Parallel Circuits

Applicable
Notes

I=EVG +(BL - Bc)
tﬂl = tan'l [_(BL - Bc)/G]

®@ @
® ©

I=|[E(By - B¢)] /Gsin y))|

'_':01 = ioY

@0
®@®

I=E)/R7+ [(wL)" - (wC)] 2
+0; =tan™! (—R [(wL) - (wC)])

ECLR EBCBLBY EBcBLG Terms

®@e06
®@ee

1= (Bwl)™ - («C)]) /Gsin62)
0 =-(26z)

@ee
CRCK®)

I=EVR?+(X{! - Xd)?
0y =tan! [[RX{! - X&)

®0e
©e

1= [EXi' - X&") /[sin 07]
01 =-(x0z)

@006

Q60
EXc X, 0z|EXc X, R|E CL 6,

74



Currents,

I Parallel Complex
Procedure Method

Terms — I, /+0,, 1,/%05,---1, /6,

Procedure for those who are uncomfortable when working
with rectangular form currents. Maintains positive identity of
reactive currents.

Procedure:

1. Convert each I/£01 to its equivalent parallel resistive cur-
rent from:

IRp =1 cos 6;

2. (g, =g )1+ (g )2 -+ (R )n

3. Convert each I/t6; with a negative angle to its equivalent
parallel inductive current from:

I, =Isin [-6]

4. (g = Qy,)y +(z )z =+ (L, o

5. Convert each I/+6; with a positive angle to its equivalent
parallel capacitive current from:

Icp =] sin(+01)
6. (Ic,)x =(Uc h +(c,)2 -+ (c da

7. Convert totals back to a single polar form current from:
= l/(IR ¥+ [, - (e )t]2
+6y = tan l( [(IL k- (¢ )t]/[IR ])
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Complex Currents,
Sum & Differential

T9/%1 pue Tg/ '] jo [enuaropiq
[(®gs00 2p) - (19 500 __M_\ A_wgﬁvc_m 7] - [(Yg7)us _mv [-UBl = .;m

NA_wS@Em Y] - [(Yg9)us _mv + ¢ [(Fgs00 2) - (T 500 :m\ -y

Formula

Method

Ug/"1 pue ---%9/% “Tg/'1 jo wing
Hosoo 1]/} [(om) s 1] ,_wer = Tg
th w«A_w:@HvEm *1) +--- [(Coums U] + [(FgF)uss :”_v +
u_w..m 509 ¥) +---(%g 509 ?]) + (g 500 :M_* =
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Vector Algebra

Current and and/

Phase, Complex or g
Circuits Rectangular s
Form Method L

IroLaR = (EroLaRr)/(ZroLAR) © x

< <

1/61= (B/0x)(Z/92) 55

-9

I=E,/Z, 6;=0°-0, wnN

IpoLar = (EpoLar) * (YpoLAR) v

< <

1/61=(E/8E) - (Y/6y) 33

- -

w' >

I=EY, 6;=0"+06y

(Irect = (lRECT1 * (IRECT)2
(IRecT) = [IR + (i19o°)j] 1t [IR +(* I9o°)j]2
(lRecT)t = (IR1 + Ir2) + [(Iog°); +(tlgo°) )i

(IrRecTh
(IrecT)2

(‘RECTX = [('POLAR)I] recT t [('POLAR)z] RECT
(rect): = [11/01 Jrecr + [12/02 Jrect
(lrecTh = [(11 cos6,) + (I, cos 92)]
+ [y sin £6,) + (1, sin £6,)] j
(rec)t = QR)e * [(£Io0°)] i
I = VR + Eloge)}
(20y); =tan™! [(ﬂ9o°)t/(IR )]

(IpoLar)
(lpoLAR)2
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5

Output
Current & Phase

L =L/[(R:/R)) +1]
010 =02 =0°

L =1,/ [RVRZ+XZ ]
010 = 0Z = tan'l(R/-Xc)

L =1,/ [RVRZ+X{%]
0y, =0z =tan'(R/+XL)

I, =1/ [Xc VRZ+XZ]
010 = az + 90°
8y, = [tan'(R/-X)] +90°

I=L/[X.VRZT+ X2 ]
010 =0z - 900
61, = [tan™'(R/+X.)] - 90°

Note: —aD— = Infinite impedance current source
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Output
O Current & Phase

I, = (I;Z)/R
01, =0z *
I, =L,/ [RVRZ +(X{ - X&) ]
6;, =tan”! [R(Xz" - XH)]

I, = (I, Z)/X
° ) Co o Ig REE L C—LPO
0; =67 - (-90°) =67 +90

I =Ig/[Xc VRZ+ (X7 - X&) ]
01, =90° + tan™ [R(X{" - X&)]

I, = (1, Z)/X
o Lo o Iy RS c‘L L2t
010=OZ-(+90) =6z -90 ) T

I, =1/ (XL VRZ + (X1 - X2 ]
61, =-90° + tan”! [R(X{ - X))

L, =(,Z)/R
01, =0z Iy
L =L/[RVRZ+ X - Xc) 7]
81, =tan™! [R/(Xy, - X))
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Output
O Current & Phase

| L
e T

Io = (IgZ)/(XL - XC)
61, =0z - (£90°)

=1/ [(X - Xc) VRZ + (X, - X¢) 2 ]
0 = (tan'l [RiX, - XcJ]) - (290%)

I, =Eg/R Eg(i; CI L% RE}1o
010=0° T

Io =Eg/XC Eg RS: L C—L‘lo
81, =-(-90°) = +90° Lj_]
Io = Eg/Xy, EQR:: c"L L%‘l
o o & T °
6y, =-(+90°)=-90 T
I, = E4/Z i
Eg RE} 1o
01, =-(x02)
I, =B /VR? + Xy - X()? I
_ E, Iy
o, =tan - - X)E] | T4
R
Eg ¢ L ‘lo
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CURRENT
Vector Algebra

Vector Algebra AC Ohms Law
Eg = Eg/0° or I;=1;/0°
1 =Eg/Z=E,/Z/0° - 07 =-(267)
E=1,Z=1,Z/0°+6; =10,
Z=E,/1=E,/1/0° - 6; = -(x6))

Z=E/l;=E[l /65 - 0° =6y

Addition and Subtraction of Rect. Quantities
(See also — ZggcT, Addition and Subtraction)

I, +12 =ly(rECT) T l2(RECT)

= [Ir - @x)i]i + [Ir - Glx)i]2

= [(r): + UR)2] - [EIx): + *1x),] i
I - 1= [(R): - (R)2) - [ - GIx)2]

|+IX|=IL |_IX|=IC

E, + E; =EyrecT) t E2RECT)
= [Er + ¢Ex)j], + [Er + Ex)i],
= [(Br): + (Er)o] + [(Ex); + (2Ex),] j
E; - E2 = [(Br)1 - (Br)y] + [(2Ex)1 - (REx)s] j
|+Ex| =EL I—Exl =Ec
Note: The rectangular current of a series circuit represents current
through an equivalent parallel circuit. The rectangular voltage of a

parallel circuit represents voltage across elements of an equivalent
series circuit.
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-
Output Current 8.
Vector Algebra 25
(@) <2
Eg = Eg/0° tva
g~ Eg/0 Notes
Z2,=2 )
®
o =E,/Z ®
lg=1/0° KA Iva
= [zl -11-1 Not
Z;=[27 +237] s b o@es
Eg =1g2; ®
o= [152;1/2, ®
[O
%D * ' Iva
Notes
E,=E/0° g
Z;=2;+[z;' +27'] )
8 Eg/zi
o=/ (@:[21/22)+ 1))
Iya Notes:

@ Eg =Generator voltage  Eg = Output voltage
Iz = Generator current I, = Output current

Z; = Input impedance Z, = Output impedance
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5
Output Current 8 .
Vector Algebra O _& ;3
g2
bo Iva
Notes
©)
o _ ©)
g = Ig 0 Eg = IgZi e

z,= (Zzl +[2s+ (2t + ZII)—I]—-I)—I
o =1g[1-(2i/24)) /[21/22) + 1]

Zs
‘ Iy Iva
Notes
o

E; = zL = Eg/Z; @
2,224+ (z4 +[25+ @ + 7))
o=1e(1- [(Zi- 25024 / [(2a12)+ 1]

Iya Notes:

®Z, 2,2, L3, Zy and Z5 may represent resistances, capacitances,
inductances, series circuits, parallel circuits, unknown circuits or any
combination.

® All mathematical operations involving addition or subtraction must
be performed in rectangular form. It is recommended that all math-
ematical operations involving multiplication or division be per-
formed in polar form.

See also — Z, Vector Algebra See — Z to Z~! Conversion
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I N (th ) Current

iNGn) = Symbol for thermal noise current. (other sym-
bols for thermal noise current are Iy, Iy,
IN(TH)’ iN 5 ith etc)

ingny = Thermal noise (white noise) current of resistance.
(thermal noise current is always rms current re-
gardless of symbol)

ingn) = V (4kTgBW)/R
k = Boltzmann constant (1.38 - 10723 J/°K)
Tk = Temperature in Kelvin  (°C + 273.15)
R = Resistance generating thermal noise.
BW = Noise bandwidth in hertz. (Bandwidth
with zero noise contribution from fre-
quencies outside of bandwidth. See—
Active Circuits, Opamp, BWyoisg for

correction factors for noise measurement
with standard filters.)

ing/iiz) = Symbol for noise current per root hertz. [for-
merly called root cycle (\/~)]

iney/im = 1.287 - 1071° {/T/R @ room temperature
(BWnorse = 1 Hz)

Note: Above formulas do not include the excess noise current of re-
sistors (that noise developed by dc voltage applied to resistors). Excess
noise is 1/f noise and may be of significance at frequencies below
1 KHz.
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. Imaginary Number,
J Joules
j = Symbol for /-1

j = The imaginary unit of electrical complex numbers. The
basic imaginary component of electrical rectangular form
quantities. A unit identical to the mathematical imagi-
nary unit i. A 90° indicator. A 90° multiplier. A mathe-
matical quantity which rotates a number from the x
axis (real numbers) to the y axis (imaginary numbers).

j = The imaginary unit used in all electronic calculations
(instead of the mathematical unit i) to avoid confusion
with the symbol for electrical current I or i.

i=v-1 =1/490°
-j=-v~1=1/-90°

P?=- =1/+180° or 1 /+180°
_j2 =41 =ILQ(:
P#=- =1/-90° or 1/+270°

i*=+ =1/0° or 1/+360°

J = Symbol for joules

J = A unit of work or work equivalent energy.

J = A unit of work equivalent to 1 watt - second.
J = A unit of work equal to .7376 foot * pounds.

J=A unit of work equal to .102 kg * meters or 107 ergs
(dyne - centimeters).

J = A unit of work equivalent to 9.478 + 10™* Btu.




k Coupling Coefficient

k = Symbol for coupling coefficient
(Capital K is sometimes used)

k = The ratio of mutual inductance to the square root of the
product of the primary and the secondary inductances.
The equivalent coupling coefficient provided by a discrete
coupling element between two otherwise independent
circuits.

,z

k=M/VL|L, °C_I_ T °©
k= WMVEG; ol %%T
k= Ly [(Ly + L) (Ly + Lp)] 7 l

k= 2LuvGiG T
k~Ly/VvLL, " °

k=- ((C Cy/ [(CM +C)(Cy + Cz)])

= - [XeiXah) + 1) w:'e:c, ‘[ ]‘
kz-VC1C2/CM 31‘2
k=-[(Cy/Cu)+ 1] T % T vl %
k =-Cy/V(Cy +C)(Cy + Cy) °

Note: Circuits exhibit double peaks above critical coupling.




Kilo,

Dielectric
Constant,

Kelvin

k = Symbol for kilo
(capital K is also used as a symbol for kilo)

k = A prefix symbol meaning 1000. A multiplier prefix used
to indicate 10 units. Typical electronic uses include kilo-
volt (kV), kilowatt (kW), kilohertz (kHz) and kilohm (k£2).
The symbol for kilohms (k£2) is often further abbreviated
to k. In this form, it is most often capitalized. (K)

k = Symbol for dielectric constant (also K)

k = The capacitance multiplying effect of a specific material
used as insulation between capacitor “plates’ as compared
to air. The ratio of capacitance of a given capacitor using a
specific dielectric, to the capacitance of the capacitor
using air as the dielectric.

k # A true constant since k varies somewhat with frequency,
temperature, etc.

Typical dielectric constants

Air=1 Mica=2.5-9.3
Paper=2 - 3.5 PVC=2.9
Ceramics =10 - 10 k+ Polystyrene = 2.6

Fiber=5.0 Waxes =2.3 - 3.7

k = Boltzmann constant = 1.3805 - 10723 J/K°
(capital K is also used as a symbol for this constant)

K = Symbol for Kelvin (Kelvin temperature scale)
K = °C above absolute zero
K =°C+273.15
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Inductance
Definitions

L = Symbol for inductance. (self inductance)

L =In an inductor, in a coil, in a transformer, in a conductor
or in any circuit where a varying electric current is flow-
ing; that property which induces voltage in the same cir-
cuit from the varying magnetic field at a polarity which
opposes the change of electric current.

Note that RC circuits and active circuit “inductances”
which produce a lagging current do not meet the above
definition and therefore cannot always perform in the
same manner.

L = Inductance in henry (H) units.
Note that the basic unit is of convenient size for
audio frequencies, but that millihenries (mH) and micro-
henries (uH) are more convenient at higher frequencies.

L = The symbol for an inductor on parts lists and schematics.
L = The symbol for inductive when used as a subscript.

L =One henry when a current change of one ampere per
second develops one volt.

Ly = Mutual Inductance
(The symbol for mutual inductance is also M)

L, = Series Circuit Inductance
L, = Parallel Circuit Inductance
¢ = Symbol for length
If = Abbreviation for low frequency
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e}
Inductance, 8 . -
Series Circuits R §
< 2 [ d
Li=L, +L,---+
=L +1, Ly ® |L
L=L-L;
L= [(Xp) + (Xp)y -+ (Xp)n] /@ o XL
Le= [(#X) + (#Xp) - + (+%,)] /w0 +X
_ Series reactive element
L =R/(wD) must be inductive ® DR
_ Series reactive element
L=(QR)/w must be inductive ® QR
_ 07 must be a
L =(R tan 67)/ positive angle ® R
_ . 0z must be a
L =(Zsin 07)/w positive angle @ |Z 04
Series to Parallel Conversion
L,= [Rg/(“-’z Ls)] +(Rg/w) @ |LgR;
- -1 .. -1 (0 z must be
L, = [w(Z7 sin 62)] positive) @ |z 6,

L Notes:

® B = Inductive susceptance, +B = Inductive susceptance, C = Capac-
itance, D = Dissipation Factor, E = ms Voltage, e = Instantaneous
voltage, I = Current, Ly = Mutual inductance, Lp = Parallel circuit
inductance, Lg = Series circuit inductance, 2 = Length, M = Mutual
Inductance, N = Number of turns, n (subscript) = Any number,
Q = Quality, Merit or Storage Factor, R = Resistance, r = Radius,
T = Time constant, W = Work, X = Inductive reactance, +X = In-
ductive reactance, Y = Admittance, Z = Impedance, 6 = Phase angle,
w = Angular velocity = 2xf, di/dt = Current rate of change.

® x~1 = 1/x, |x| = Absolute value or magnitude of x
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Inductance, L § - @
Parallel Circuits g % g
< 2 -
L= [w(BL; + By ---+By,)] ™ @ (B,
Lo =™ [(+B) + (+B;) --- + (+B,)] ! @ |(+B
L= L + L3t -+ 1] ®@|L
L= [(XP)e+ XD -+ Xi] | @ (X
L=t [0X)+ XD -+ 0] | @ |4X
_ Parallel reactive element
L = (DR)/w must be inductive D Ry
L= | [wG(tan 6y)] 1| Y mustbea ®®|G s
Y negative angle Y
_ Parallel reactive element
L =R/(«Q) must be inductive @ QR
_ 6z must be a
L =R/(c tan 67) positive angle O |R Oz
= . -1 oy must be a
L= [wYsin |0y]] negative angle @ OY by
- . 07 must be a
L =Zf(w sin 6) positive angle ® |26z
_ . 0; must be a
L = E/(wI sin |6y) negative angle ®@@|EI 4
Parallel to Series Conversion
L= [(@’L,/R}) + ;'] ® |L, Ry
L, =(Zsin 07)/w (07 must be positive) @ |(Z 6,




3 o
Inductance, L 8 . E
Misc. Formulas g g e
<2
L = 1/(wB;) @ [By
L, = 1/(w?C) C
L required for resonance @
L = Xc/w Xc
L= XL / w ® XL
- 2 (W = Work equivalent
L=@wn stored energy) 1w
L=R/T (T = time constant) ® |RT
= -¢/(di/dt) e = instantaneous voltage di
di/dt = rate of change in @ |e it
ampere/seconds
- 2 when magnetic
L~(N)*/(9r + 10%) path is air
r = radius to center of winding @ [N
N = number of turns
€ = length of winding
Coupled Series Inductances
Li=L; +L, +2M (fields aiding) ® [L,L,M
L;=L; +L, ~-2M (fields opposing)
Coupled Parallel Inductances
Le = [(L - W)™ + (L, - M) LM
(fields opposing)
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Mega,
Mutual Inductance

M = Symbol for mega (also meg).

M = A prefix meaning one million. A multiplier prefix used to
indicate 10° units.
Typical uses in electronics include megahertz (MHz),
megawatt (MW), megavolt (MV) and megohm (MS2).

Note: Megohm is often contracted to Meg and MQ is often con-
tracted to M.

M = Symbol for mutual inductance
(The symbol Ly is also used)

M = The equivalent inductance common to both the primary
and secondary windings of a transformer. In a circuit with
two discrete inductors coupled by magnetic field inter-
action, the equivalent inductance common to both

inductors.
M=kVE L
M = kN, N
M= (L, - Leo)/4
M Notes:

k = Coefficient of coupling.
Lp = Primary inductance.
Lg = Secondary inductance.
L;, = Total inductance with primary and secondary windings connected
series aiding.
Lo = Total inductance with primary and secondary windings connected
series opposing.
Np = Number of primary turns.
Ns = Number of secondary turns.
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m Flare Constant,
Exponential Horns

m = Symbol for flare constant (flaring constant)

m = In acoustical horns, a constant used in formulas to deter-
mine the area, diameter or radius at any distance from the
throat, e.g., A= A,e™* or S=S,e™*. In an exponential
horn of infinite length, a constant used in formulas to
determine the frequency (flare cutoff frequency fgc)
below which no energy is coupled through the horn.

m = Flare constant expressed in units of inverse inches, inverse
feet, inverse meters, etc.

m=.6931/24 "§f 8 g
m=.6931/v/q 88~
m = /48048 R
m =+/-4804]%,, 928§
m = (2.3025/0y ) [log(Am/Ao)] <zfs
m = (4.605/27_m) [log(dm /d,)] <<SE 3
m = (4m)/ Apc Fdo 5
m = (4nfrc)y <855
m Notes:

254, 294, 29, = Length between centerline points of double area, diam-
eter and radius respectively. 21_p\ = Throat to mouth length. A, Ay,
Ao, Ay = Area, Area of mouth, throat and at distance x from throat
respectively. d,, and dy = Throat and mouth diameter. fgc and Apc =
Flare cutoff frequency and wavelength. e = Base of natural logarithms =
2.718. v =Velocity of sound ~ 13630 in/sec, 1136 ft/sec or 346.3
meters/sec @ 25°C
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Newton, Neper

n = Symbol for nano

n = Prefix symbol meaning 10™° unit. One thousandth of a
millionth unit.
Typical usage includes nanoamp (nA), nanovolt (nV),
nanowatt (nW) and nanosecond (ns).

n = Symbol for an indefinite number
N = Symbol for number, number of turns, etc.

N=A pure number. Symbol for seldom used quantities
where the natural symbol is in recognized use for
another quantity. N, = Number of turns of primary
winding of a transformer. Ng = Number of turns of sec-
ondary winding of a transformer. N, = Number of
pairs of poles in a motor or generator.

Np=(EpN)/E, Ny =(EN,)E,
N, = (I,N)/1p N; = (IpN,)/Ig
Np: =NpvL /L (Tapped inductor turns)
N, =N;VZ,/Z, N, =Np,VZ/Z,
Nz; =NzvVZ/Z;  (Tapped secondary turns)
Npp = f/RPS  (Pairs of poles in a generator or sync. motor)

N = Symbol for newton (SI unit of force)

N, = Symbol for neper  (logarithmic ratio unit)

N, =In+/P,/P, =8.686 dB
N, =In(E;/E;) =In(I,/I;) when impedances are equal




NF NJ| oo

NF = Symbol for noise figure.
(noise figure is also known as noise factor)

NF = The ratio in decibels of device output noise to ideal
device output noise with all conditions of operation
specified.

See—Active Circuits

NI = Symbol for noise index.

NI = The ratio, in decibels, of rms microvolts of excess noise
in a decade of frequency, to the dc voltage applied to a
resistor.

NI = Noise index expressed in decibels (dB).
NI =20 (1og [(106EN(EX))/(Vdc)])

excess noise in microvolts rms)
NI=20{1
( og[( (applied dc voltage) ])

NI=-20to +10dB carbon composition
NI=-25t0-10dB carbon film
NI=-40to-15dB metal film
NI=-40to-15dB wire wound

Notes:

@ Excess noise is noise in excess of thermal noise.
@ Excess noise is 1/f noise while thermal noise has equal output at all
frequencies. (white noise)

® (ENn)Ex = V(EN)? - (EN)3, (all voltages rms)
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Subscript Only
O O Zero and
Letter O

0, o = Subscript symbol for output, open circuit, zero time,
zero current, characteristic, etc.

o =Output in E;, I, Py, hop, hee, hoe

o = Output in Cyp, 8Bos> Pobs Poes> Yocs Yos

0 = Output in Cgpe and Coe, (first 0)

o = Open circuit in Cgp, and C,,, (last 0)

o = Open circuit in Cjpe, Cieo

O = Open circuit in BVcpo, BVgpo, LVcEo

O = Open circuit in Icg, Icgos Icro» IEBO

O = Open circuit in Vego, Veeo, VEBO

O = Characteristic (impedance) in Zg

O = Oscillation (frequency) in fo

o = Resonant (frequency) in f, (f; is preferred)
o = Center (frequency of passband) in f, and w,
o = Initial (at zero time) in E,, etc.

O = Letter O in most printed material
0 = Zero in most printed material

@ = The character used for many years to distinguish be-
tween zero and the letter O. Unfortunately, it has been
used for both zero and the letter O. It also has been
mistaken for the greek letter ¢. The use of this charac-
ter in formulas is not recommended.
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Definitions P Definitions

P = Symbol for power

P = The rate at which energy is utilized to produce
work. The rate at which work is done. The rate at
which electrical energy is transformed to another
form of energy such as heat, light, radiation, sound,
mechanical work, potential energy in any form or
any combination of any of the forms of energy.

P = Electrical power expressed or measured in watts

W)
Power is also expressed in dBm, microwatts (uW),
milliwatts (mW), kilowatts (kW), megawatts (MW),
etc.
Ppeax = Instantaneous peak power
P = Effective or average power
P=E4 *lyc =Eims * Lms (pure resistances only)

P+ Eaverage * Iaverage
Pginewave = Power produced by sinewave voltage and current,
not the waveshape of the power. (Power wave-
shapes are rarely used except for rectangular waves
where the waveshapes of power, voltage and cur-
rent are identical.)

P,c = Py in heating effect and all other transformations
of electrical energy

P = Zero in all purely reactive circuits

P = Zero when the phase angle of the current with
respect to the voltage equals +90°
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Power,
DC Circuits

Power,
DC Circuits

Pt=Pl +P2 "'+Pn

P=E%G

P=EI E:
P=ER $
P=1%/G

P=I°R

P, =P, +P, ---+P,

Py = [(Er); * (Er); ---+ (ERDq) I g
Py = [(B); + (Er)s -~ + (Er)a] */(RY) S
P, =E%/(R, +R, --- +Ry) §
P, =I>(R; +R, ---+R,)

P,=P, +P,---+P,

P, =E%(G, +G, ---+ G,) 2
P, =E(, +1,---+1,) g
P, =E2(R{! +R;! --- +R;1) 3
P, =} /(G +G; ---+Gy) c%

P =/(R{' +R3' -+ Ry

Note: G =1/R in all dc circuits




Power Ratios, Power Ratios,
Misc. Formulas Misc. Formulas

P peak = (ER)peak ¢ (Ipeak)
Ppeak = (ER)Zeax/R

Ppeak = (Ipeak)?R  (all series circuits)

Ppeak = 2 Payerage  (sinewave)

Ppeak = Paverage (squarewave)
Pquare = 2 Pgine (with same Epeqx OT Ipeak)
P=(CE?)/(2t) Power from a capacitor charge for
time t)
P=W/t (W =Work equivalent energy in joules

or watt-seconds)

P=(LI1%/(2t) (Power for time t from energy stored in
the field of an inductance)

Py = Thermal noise power (any value resistance)
Py =KgTgBW  (Available Pty =Py /4)
Kp = Boltzmans constant = 1.38 + 10723 J/°K
Tk = Kelvin temperature, BW = Bandwidth

PWL = Power level in (acoustic) watts.

PWL=SPL + [20(logr)] +.5dB=dB above 107'? watt
(Freefield conditions) SPL = Sound pressure level
in dB above 20 uN/m?, r = distance in feet




Power from @
P £

Dissipation or P =

Q Factor L

P=ElI cos(tan™! D) EID

P=El cos(tan™! Q) EIQ|

P = [E? cos(tan™! D™)] /Z EZD §

P= [E? cos(tan™ Q)] /Z EzQ| 8

P=12Z cos(tan™! D) izp| <

P=12Z cos(tan™ Q) 1ZQ

1 192 ~

P= [E cos(tan™ D™)]*/[D(w0)™] ECD >

P = Q(wL)™ [E cos(tan™ Q)]2 ELDQ % s

P=ID(wO)™ 1CD|e 3
= .=

P=(2wl)/Q 1LQ|*°

P=E2DuC ECD|_
5 2>

P =E?/(QwL) ELQ|ES

P= [I cos(tan™? D‘l)] 2/((,.,;CD) ICD ; g
3 o=

P=wLQ[Icos(tan‘l Q)]2 ILQ|®°

100



2

Q
Power, 8 " -
Series Circuits 328 E

Q o o

g2 =
Pt=Pl+P2'"+Pn @@ P
Py =I[(Er); + (Er)z -~ + (ER)y] ® @|Eg I

2

Py = [(ER); + (ER)2 --~+ (ER)a] /Ry ® @|Eg R
P =I*(R; +R, ---+Ry) @ ®|IR
P = El pf @ |EIpf
P =EI cos 6; ® @|EI6
P = (E pf)*/R ® |ERpf
P = (E cos 67)*/R ® @|ER6;
P = (E? pf)/Z ® |EZpf
P =(E? cos 67)/Z ® @|EZ6y,
P Notes:

® B = Capacitive susceptance, By, =Inductive susceptance, C=
Capacitance, D = Dissipation Factor, E = rms or dc Voltage, Epeak =
Instantaneous peak voltage, G =Conductance, I =rms or direct
current, Ipeax = Instantaneous peak current, L = Inductance, pf =
Power Factor, Q = Quality, Merit or Storage Factor, R = Resistance,
t=Time, W =Work, X = Reactance, Y = Admittance, Z = Imped-
ance, 6 =Phase angle, w = Angular velocity = 2«f, tan = tangent,
sin = sine, cos = cosine
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Applicable

Power, @
Series Circuits 8 E
5
P=1*Z pf o|&
P=12Z cos 0, (OJ€) :5
P=(EZ™)? / 22 - [(wL)- (wC)"]z [0J©) S
=
P= (2 PVZT - (K- Ko AR
P= |(E pf)? [tan(cos™ pf)] [(wL)- (wC)‘l] _ll gg g -
P= [(E cos 0z)? (tan 02)] /[(wL) - (wC)"l] gg g &
0| .
P= |(E pf)? [’tan(cos'l pf)] Xy - XC)'ll 0o|X5
® S0
P= [(E cos 62)? (tan 82)] /(Xy. - Xc) ®®@ f ;’:
P=1 /2 - [(wD)- (w0)™]? 00| 2
P=12VZZ - (X, - Xo)? Yelf g
P=|[P(Xy - Xc)] /(tan 62)| AEN
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-}
Power, 8 . “
Parallel Circuits I g E

<z2| P
P,=P, +P,---+P, (ONON 4
P=E?(G, +G, ---+G,) ® @|EG

@
P=E?(R{' +R;! ---+R;D @@ ER
P=(g)?/(G; +G, ---+Gy) @ @lIlgG

- ~ 1ae (ONO)

P=(Ir)? (R{' +R;!' ---+ R ® Ir R
P = EI, cos 6; ® @|EI 6
P = E2Y pf @ |EYpf
P=E?Y cos Oy @ @|EY by
P=(E? pf)/Z © [Ezpf
P =(E? cos 62)/Z ® @|EZo,
P Notes:

@ Subscripts C = capacitive, E = voltage, G = conductance, I = current,
L = inductive, n = any number, R = resistive, t = total or equivalent,

X = reactive, Y = admittance, Z = impedance

® x71=1/x,x"2 = 1/x2, |x| = Absolute value or magnitude of x

@ tan™! = arc tangent
cos™! = arc cosine
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F-}
Power, 8.
Parallel Circuits P s g E
<z|
P= (12 pf)/Y @ (I, Ypf
P=(1? cos 0y)/Y DO|L YOy
P=12Z pf @ Q|I, Z pf
P=1?Z cos b, @O|L, Z o,
=EYZ - (B, - By E Bc
P=E*VY* - (BL - Bc) ®®BLY
P=E? /2-2 - [(wD™ - (wC))? @0 ESL
B2 /77 T w2 @ @|E X¢
P=E*ZZ- (X! - Xg) ® |X z
0O EB
= 2 -1
P= | [E2(By, - Bc)]/ [tan(cos™ pf)] | @®© B, gf
- a2 _ ® @|E B¢
P=|[E*®. - Be) /(tan o) ® ®|By by
(OXO)
P= 'E2 [(wD)™! - (wC)] [tan(cos™ pf)] _ll oe|ECL
® | Pf
- - ®®|ECL
P=|E? [(wL)™ - (wC)] [tan 6,] "
|E* [(wL)™ - (wC)] [ian07] 7| Q)| o,

P Notes: @ Division by zero, tangent of +90° and purely reactive cir-
cuits are prohibited.
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Power, g - *
Parallel Circuits 3 g g
< 2 -
®0
E
P= I[EZ(XL’ - Xc"]/ [tan(cos™ pf)] | ©®@ XLng
® @|E
P = [E*(X{* - X&) (tan 07" oo|x 5
®O|1B
P=(I,Y"YVY? - (B, - Bc)® ® BLCY
P=(2)* /2% - [(wD)™ - (w0)]? O Lz
P=UOVZT - (XD - XD xS
|y
— 2 -1 -
P= ' [(I pf)* tan(cos pf)]/(BL Bc)l @®@ B, pf
® (1B
P= | [(1 cos 6y)? tan 6y] /(By. - BC)I °® BLCOY
P= | [(@ pf)? tan(cos™ pf)] /[(wL)™* - (wC)]‘ 8g ICL pf
P= | [(I cos 62) tan 67] / [(wL)™ - (wC}] | g g ICL o,
0|
P= |[(1 pf)? tan(cos ™ pf)] /(Xi! - xal)l @®© X, of
B} @01
P = |[(Tcos 62)? tan 6] /(X" - xh| ® Xf%z
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o PF pf P Factor

p = Symbol for pico (pronounced peeko).

p = Prefix symbol meaning 107'? unit. Replaces old uu
prefix.

Typical usage includes picofarad (pF), picosecond (ps),
picoampere (pA), and picowatt (pW).

PF = Symbol for power factor.

pf = Symbol for power factor. (other symbols for power fac-
tor include: F, cos 6, PF, P.F. and p.f.)

pf = The ratio of actual power of an alternating current to
apparent power. The ratio of power in watts to volt-
amperes. The cosine of the phase angle of alternating
current with respect to the voltage.

pf = Power factor expressed as a decimal or as a percentage.
pf =~ The inverse of Q factor when Q > 7
pf = A measurement more often than a calculation.

pf = The cosine of the phase angle when the angle is positive
or negative, when the phase angle is current with respect
to voltage or voltage with respect to current and when
the angle represents the phase of impedance or
admittance.

pf = A decimal number between zero and one, or a percentage
between 0 and 100.

pf = One in purely resistive circuits and zero in purely reactive
circuits

pf = The ratio of resistance to impedance
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Power Factor, f g - "
Series Circuits p 3 e E

Q o 3

g 2 [
pf=cos8 (0=0g,06; or 8z) @ |0
pf=R/Z ® |[Rz
pf= (R? [(wD) - (wO)™]* + 1)';_ ® ®|CLR
pf= /1 - ([(wL) - (wC)™] /z)2 | ®O@|CLZ
pf = P/(EI) @® |EIP
pf = (RI)/E ® |EIR
pf = (PZ)/E? ® |EPZ
pf =P/(12Z) ® |IPZ
pf= ([(Xc - X)) +1) @ ®|RXc Xy
pf= /1~ [(X, - Xo)/Z)? @ XX Z
pf Notes:

® B = Capacitive Susceptance, B, = Inductive Susceptance, C=
Capacitance, E =rms Voltage, G = Conductance, I =rms Current,
L = Inductance, P = Power, R = Resistance, Rp = Parallel Resistance,
Xc = Capacitive Reactance, Xy = Inductive Reactance, Y = Admit-
tance, Z =Impedance, 6 =Phase Angle, w = Angular Velocity,
w =2nf
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Power Factor, pf ‘5 " @
Parallel Circuits 7 E
2| &
pf=cos8 (6 =0, 0,0y or 67) @ |6
pf=GJY @ |6y
pf=Z/R, ® |RpyZ
2 -4
pf= ([(BL - Bo)/G]* + 1) ® @ |Bc B, G
pf=y/1- [(B - Bo)Y]? ® |BcBLY
pf = (EG)/I ® (EIG
pf = P/(EI) @ |EIP
pf = E/(IR,) ® |EIR,
pf = (PZ)/E? @ |EPZ
pf = ([R,,(x];l -X]2+1) @ @|R, Xc X;
pf= y/1- [20x - X&) @ [XcXLZ

pf Notes:

@ x1=1/x,x72 = 1/x2, x"T = 1/J/, cos = cosine
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Q Factor,
Quality Factor

Q = Symbol for Q Factor, Merit Factor, Storage Factor, En-
ergy Factor, Magnification Factor and Quality Factor.
(All names refer to the same factor. “Q”” Factor is preferred)

Q=1. The ratio of energy stored to the energy dissipated in
inductors, coils, tuned circuits, and transformers. (Dissipa-
tion Factor which is the inverse of Q is commonly used
for capacitors and dielectrics).

2. The tangent of the phase angle of alternating current
with respect to the voltage in inductors.
3. In inductors at a given frequency, the ratio of react-
ance to the equivalent series resistance.

Q = A number from zero to infinity. (usually between 10 and
100)

Q= A factor used to calculate equivalent series or parallel re-
sistance and a factor used to predict the voltage or current
magnification of LC resonant circuits.

Real or Equivalent Real or Equivalent
Resistance in Series Resistance in Parallel £
with Reactance with Reactance ’g’
Q= (wLy)/R, Q=R,/(wL,) 2
Q=(XL)s/R; Q= Rp/O(L)p
Q=1/D, Q=1/D, g
Q=1/(wC.Ry) Q=wC,R, g
Q= (XC)s/Rs Q= Rp/(XC)p ©
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Inductors or
Capacitors in Q Factor

Series or Parallel

T S T

L L_——__
Q) = wly/rg Q; = wlyfrg
Q: =(L; +L,)/[(L1/Q)) + (12/Q;)]
r*——_j F_——:T
ot i o
L1 L
Dy = rgwCy Dy = rgwCy
Q: =(C; +C,)/[(C1D,) + (C,Dy)]
r ~~~~~ e | r _____ -/
o—t ;f t L |
: ‘pif Lli ! : 3 Lﬁ :
T N SR J
Q; = rplwly Q= rplwly

r———- b | r— -
o—— —t |

| s 1 I 1

| g C | s C |

! N [
o— H—

—— e —— — 4 - = ]

D, = ((;.)Cprp)_l Dy = (merp) !

Q; = (C, +C,)/[(C, D))+ (C,D,)]

Note: For series circuits C, D, L & Q must be Cg, Dg, Ly & Qg. For
parallel circuits C, D, L & Q must be Cp, Dp, Lp & Qp. See Q Notes
P0&®
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Series Resonant

Resonant Circuit

Q

Circuits Q Factor
C 1
Q=0 o— b ——o0
Z=0, BW=0 —w
o) T
fr= (271 I.(J)
Ideal C &L

Q=(Q' +Dy)! T N B
Q=1/(f; - f1)-3aB L ___ 51
fl. - (2"\/-L—C-)—-l Qg = welyfrg Dy = rgwC
Q=L/(RVIC) T W
Q = (2nf,L)R ° 1t
Q= f;/(fz = f1)-3aB . R \Q{L c
f,= LnyIC)"! oW =
Q =vLC [(RC)™ +(R/L)] ° N
Q~+/LC/(CR) e
Q= (f)per./(f2 - f1)-3a8 o — -
C

(fpera = [(LC) - WRY] */(2m)

Q Notes: @ BW = Bandwidth

, C = Capacitance, D = Dissipation Fac-

tor, fp =Frequency of Resonance, L =Inductance, R =Resistance,

X = Reactance

11



Series Resonant Resonant Circuit
Circuits Q Factor

Q = [(RO)+ (L/R)] /VLC

Q~L/(RVLIC) c

Q= (f)per./(f2 - f1)-3a8 — |

(fpera = [(LO)™ - (CRYZ] */(2m)

Q= [ot +D,+ (RVLC/L)] ™ -
Q= L/[V LsCs(R+rLs+rCs)] L

Q=wrlsfiis R

Q=1/(f, - f1)-34B P
fo= (2nvLC, )™ Lo

Dg = reswrC

L = (w0, Ly)/Q;, 1c = Dy/w,C Note ®

Q= [oo,Ls/(RLs + RCS)] Note

Q~ [2nf,LR* +RF)]™

Q= (f)per.1/(f2 - f1)-348 ﬂ
(Epees =)/ [(REO)™ - L]/ [(L/RY) - €] /(2n)

Q Notes:

@ Cont. n=3.1416, w=Angular Velocity (2nf) w, = Resonant
Angular Velocity (2nf;)

® x1=1/x,x7=x,x 3 = INX

® D, Q, L and C do not have exactly the same value when capacitors
and inductors are measured in the parallel mode. L,Cg, DgQ, = Series
mode.
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Parallel Resonant Circuit
Resonant Circuits Q Factor
Q=w
Z=o, BW=0 ¢ L
fr= (21r\/ LC)—1 Ideal C& L
® r— _; r— "'i
Note o— —1
|t L1 | s g |
Q=(Q;! +D,)™ Note ® 1] o[!1] o :
o—t t
1 L_—__J

Q=1£/(f; - f1)-3qB
f,= (2nvL,C,) "

Dy = (reprCp) ™ Qp = rpplwrly

Note ®

Q= RVIC)/L
Q=R/(2nfL)

Q=f/(f; - f)_348 = f;/BW

£, = (2nvIC)*

Q=+/(L/CRZ)- 1 exception = V=X
Q= fr/(f2 - fl)—3dB = fr/Bw
(foper.s =VIC) T - R/D2m)

exception = V—x

Q Notes:

@ D, Q, L and C do not have exactly the same value when measured in
the series mode. D, Qp, Ly, and Cp, = parallel mode.
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Parallel Resonant Circuit
Resonant Circuits Q Factor

Q=V(L/CRY)-1
Q = (f;)pEF.1/(f2 - f1)-34B c
(f)pera = [(LO) - CR)2] /(2m) R
exception = x~2
Q= [€p/CpQp) + Dy + (Ly/RVILG )] Note ® Note ®
Q = f/(f, - f1)-3ap N S

f,= @rvL,C,)™"

<
<
<

R
o—

Q= [wLyRi +RE) ™ Note ®
Q~ VL/ [C(RL + Rc)z]

Epera = V[C - ®RE/L]/[L- REC)] f2m)

exception = \/—x

Q Notes:

® Cp, Dp, Ly & Qp = Parallel or equivalent parallel values. Cs, D, Lg
& Qg = Series or equivalent series values.

® 1, = Equivalent series resistance derived from Qs or Dg. 1 = Equiv-
alent parallel resistance derived from Qp or Dp,.

@ Def. 1=Resonant frequency definition 1. — See f;. (fy —f;)_3qp=
3 dB down bandwidth (half power)

® Lg = Equivalent series inductance, R; ; = Equivalent series resistance
of inductor resistor. Rog = Equivalent series resistance of capacitor
resistor.

® Lp, Rep & Ry p = Parallel equivalent of series quantities.
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Electric
q Charge

Q = Symbol for quantity of electric charge

Q = Quantity of electric charge. The amount of excess electrons
or the amount of holes (deficiency of electrons).

Q = Electric charge expressed in coulomb (C) units. (Many in
electronics feel uncomfortable in using the symbol C for
coulombs since the unit symbol C (coulombs) is seldom
used and the capacitance symbol (C) is often used)

Q = Electric charge in units equal to 6.242 - 10'8 electrons

Q = The product of current and time in ampere * seconds
Q=CE

Q=1It

Q=(2W)/E (W = work equivalent energy in joules or watt-
Q=+2CW seconds)

Charge of capacitor C, t seconds after application of volt-
age E to series RC circuit.

—t
Q= EC[I - eRC] (e = In base = 2.71828)

Q = Schematic Symbol for transistor. See — Active circuits

q=The electric charge of one electron or 1.6 + 107!° cou-
lombs. (symbol e is also used for q)

Notes:

xCV/2) = (x 1)(/2) = gy
(your scientific calculator will perform correctly with a negative
exponent)
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Definitions Definitions
and Notes and Notes

R = Symbol for resistance

R = That property which opposes the flow of electric current
by the transformation of electrical energy into heat or
other forms of energy. The total opposition to the flow
of direct current at a given voltage. The non-reactive part
of the total opposition to alternating current of a given
voltage. The real part of impedance. The reciprocal of
conductance in purely resistive or in dc circuits.

R = Resistance in units of ohms (£2). (2 = Greek letter capital
omega) kS = 1000 ohms, MQ = 1,000,000 ohms. k2 is
often contracted to K and M£Q is often contracted to M.

R = Parts list symbol for resistor.
R=R /0_° in terms of polar impedance
R =R +j0 in terms of rectangular impedance

R Notes:

@ B = Susceptance, C = Capacitance, D = Dissipation Factor, E = dc or
rms voltage, f = Frequency, G = Conductance, I = rms or direct cur-
rent, L=Inductance, P=Power, Q=Quality Factor, X =Reactance,
Y = Admittance, Z = Impedance, A = Delta, 6 = Phase Angle, n =
Pi, w = Angular Velocity, 2 = Ohm

® Subscripts:

C = capacitive, E = voltage, I = current, L = inductive, n = any num-
ber, p = parallel circuit, r = resonant, R = resistive, s = series cir-
cuit, t=total or equivalent, x = unknown, Y =admittance, Z =
impedance 1, 2, 3 = first, second, third, A, B, C = first, second,
third counterparts
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Resistance, -
DC Circuits g
[t
Rt=Rl+R2'"+Rn R
Rx = Rt - R1 2
R = [(Er)1 + (Br)2 - + (Er)n]/1 E1 |8
o
R =(ER)}/(P, +P, ---+P,) E P 3
2 -
Ry = [(Er)y + (Er)2 ="+ (Br)n] /Pt a
R, =P, +P, ---+Py)/I? IP
R(=(G, +G, ---+G,)™! G
R =(R;Ry)/(R; +R;)
R =(R;' +R;' ---+R;H! R 'g
Ry =(R;RY)/(R; - Ry) g
Ry = (R;l - RII)_I ;0'
©
Ry =E/[(Ir)1 + (Ir): -*~+ (Ir)n) EI | s
R, =E?/(P, +P, ---+Pp) EP
3
R =P,/ [(IR)I +(g)y -~ + (IR)n] IP

R Notes:

@ sin = sine, cos = cosine, tan = tangent
@ x1=1/x,x2=1/x2,x77 = 1\/x
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Equivalent

Resistance R Equivalent
from D and Q EQ U IV Resistance
R; = Equiv. Series Ry, = Equiv. Parallel :E_'

Resistance Resistance 2
R, = D/(wC) R, = (wCD)™! DC
R = wLD Rp, = (wL)/D DL
R, =XcD R, =X¢/D D Xc¢
R;=X; D R, =X /D D X;
R =(wCQ)™ R, =wCQ QcC
R;=(wL)/Q Rp = Q/(wL) QL
R, =Xc/Q R, =Q/X¢ Q Xc
R, = X /Q R, = Q/Xy Q X
Series Resonant Circuits |Parallel Resonant Circuits
R,= [Dc/(2nfC)]  |Rp=([2nf,cDc] D Q
+ [2rt.L)/Qr) + [ntLye])” L
R, = [DcXceer,)] R, = ([D/Xceer,)) D Q
+ [(Xeer,)/Qu] + [(XL(@f,))/QL])-l Xe X,

Special Note: f; = (2a+/LC)}
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Resistance,

Applicable

Series AC R 8 £
Circuits 3 S
SR R
R=VZ?- (w0)2 OO0 | Cz
R = |[tan 62(wC)] | g g g C 6,
R=Eg/I ®@® | Ex I
R=E3/P ®@® | Ex P
R=P/I? ©] IP
R=vZ? - (wL)? ®® | LzZ
R = (wL)/(tan 07) OOOO®| L 6,
R=VZ?T-X% Q0 | Xc Z
R=|Xc/(tan 67)| OOO0B| Xc 6,
R=vVZ?-X} OO | X, Z
R =X /(tan 67) OO0 | X 6,
R=Zcosl, ONORON VAV
R Notes:

® |x| = absolute value or magnitude of x
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Applicable

Resistance,
Series AC R 8 £
Circuits 3 E
R=)/72 - [(wL) - (wC)']? ©®®|CLZ
- (OJOROXO)
R=|[(wL)— (@C)"] /(tan 62))| ©0® |CL 02
R=(ECOS 01)/1 ONONON | 0[
R = (E; cos 8;)*/P ®®O® |E, P 6
R=VZ?- (X, - Xc)? OO |Xc Xy Z
ONEON©)
R=|(Xy - Xc)/(tan 62)| ® 6@ |Xc XL 0z
Series to Parallel Conversion
R, =Z/(cos 07) ®O |Z 64
Rp = [(XL - XC)s2/Rs] + Rs ©) Xc XL R

R Notes:

® Phase angle may be 67 or 9y also 8 — 6 or 61 - 6

@ Division by zero at resonance prohibited (tan 0° = 0)

@ w=2xf
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Applicable

Resistance,

Parallel R § E

AC Circuits 2 E
R=1/G o

R;=(G, +G, ---G,)™! ® G

Ry = (G - Gl)-l ®

R =(R;R,)/(R; +R;)

R, = (Ri' +R;1)™!

Re=(R{'+Ry' ---+R;H™ R

Ry = (R1Ry)/(R; - Ry)

R, =R} -R{H™
R=[Y2-B2]* ®® [BY
R = |(tan 6)/B| ©®O® 0O |BY
R=[Y? - (wC)?] " OO0 |CY
R=[27- (wC)?] ©®0 |cz
R = |(tan 6)/(wC)| OOOA|C o
R= E/IR @ @ E IR
R=E?/P 0] EP
R=P/I% O® |(Ix P
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Resistance, R % i
Parallel Lz 2
AC Circuits 223 2
R=[Y?- (wD)?] " @0 |LY
R=[Z?- (wL)?]* 000 |Lz

R = |wL(tan 6)| @(D@@@ Lo
R=[22-X72]"3 ©O® |Xz

R =|X(tan 0)| oJoJoJol b &

R = [Y cos 6y] ™! ©PO6|Y oy

R = Z/(cos 67) P0O®|Z 0,
R=[Y?- (B, - Bc)?] ™ ®®@® |B: B, Y
R = |(tan 0)/(B, - Bc)| O s> | B BL 6
R= (Y2 - [(wL)™ - (0] 2)'% CLY
R= (22 - [(wL)™ - @C]] 2)"; CLZ

R = |(tan 8)/ [(wL)™ - (wC)] | g g g CLS
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pplicable

Resistance,
Parallel R S £
AC Circuits -] 2
R=Elt(cos 0) @@@@ E It 0
R = P/[I,(cos 0)] ©O@O®®| L, Po
R=[z2- X! - XH?]* P0G | Xc X Z
- - OCJOXO)
R = |(tan 0)/(X{" - XJ)| 56 | Xc XL
2
Series Equivalent Resistance of a | 2
Parallel Circuit. [Parallel to Series -% 8 £
Conversion (Transformation)] 23 2
Rs = (COS oy)/Y ONCNONER ¢ ay
Ry=Zcos Oy, (ONCNON VAP
R,=G/[G? + B - B¢)?] ®® | Bc B, G
R,= R(Xi' - X&) +R;!]” | @@ @ | Xc X, R
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AY,n,T Complex Network
Network Resistance Resistance

Series Circuits in Parallel
Re=[(Ry+ Ry~ +Ro)i" + Ry +Ry ==+ Ry )3 -
+(Ry +Ry -+ Rn)r_nl]_l

Parallel Circuits in Series
Ry = Ri'+R3 -+ R+ Ry + Rg' - + R -
+(R1+RS -+ R

Delta to Wye (A to Y) Transformation
Rp
R, R,

Ry R to
c R,

7 section to T section Transformation

O VWA~ -0 O— WW——WN—0
s B Rp L Ry
b3 Ra ; R¢ to :: R3

O O o— O

R, =(RaARg)/(Rp +Rg + Rc) Notes Applicable to this
OJOXO)

R; = (RgRc)/(Ra +Rg +Rg) P2¥°

R3 =(RAR()/(Ra +Rg +R¢)

Ra = [(R;Ry) + (RyR3) + (R;R3)] /R, YtoA
Rp = [(R1R;) + (RoR3) + (R, R3] /Ry Tron
Rc = [(R;R;) + (R;R3) + (R,R3)] /R, | Transformation
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Second S S Siemen

s = Symbol for second

s = Basic unit of time. 9 192 631 770 transitions between the
two hyperfine levels of the ground state of the cesium-133
atom.

s =102 ps, 10° ns, 10° us and 10> ms

s = 1/3600 of an angular degree (decimals preferred)

s = Symbol for spacing

S = Symbol for siemens

S = Basic SI unit of conductance (G), susceptance (B) and ad-
mittance (Y) [The mho (27! or U¥) predominates for this
unit in the USA]

S = The reciprocal of resistance
S=1/Q=mho
S = Abbreviation of signal (Sig is preferred).

S = Symbol for standing wave ratio.
(not recommended—use SWR or VSWR)

S = Symbol for cross-sectional area.
(the preferred symbol is A)

s = Subscript symbol for series and secondary

s = Subscript symbol for source and short-circuited
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Time Definitions
and Formulas

t = Symbol for time.

t = The duration of an event.

t = Time measured in seconds. (s or sec.) [time is expressed in
picoseconds (ps), nanoseconds (ns), microseconds (us),
milliseconds (ms), seconds (s), minutes (min.), hours (hr)
etc]

Duration of one complete cycle of a periodic wave

t=1/f or of a periodic event.

- Time required to charge capacitance C to voltage
t=(CEN E with current I.
t=Q/I Time required to accumulate charge Q in a capac-

itance with current I.

Time required to charge capacitance C to voltage e through
resistance R from source voltage E.

=-RC(in[1 - (/E)])

Time required to discharge capacitance C through resistance
R from voltage E to voltage e.

t = RC[In(E/e)]

Time after application of voltage E to series inductance L
and resistance R for current to rise from zero to current i.

=-LR" (In[1 - GRE™)])

t Notes:
x71=1/x, In(x) = log(x)
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Temperature,
Telsa, Tera

t = Symbol for “‘customary” temperature (int’l).

T = Symbol for Kelvin temperature (int’l).

T = Symbol for temperature (USA common usage).
Tc = Symbol for temperature in degrees Celsius (°C).
Tg = Symbol for temperature in degrees Fahrenheit (°F).
Tk = Symbol for temperature in Kelvin (K).

Te = (Tg - 32)/1.8
T = Tg - 273.15

Tp = 1.8T¢ + 32

Ty = 1.8Tg - 459.67

Ty = Te +273.15

Tk = °C above absolute zero

Temperature determination of copper wire and copper

wire windings by resistance measurement.
T, = [(Ro/Ry)(T; +234.5)] - 234.5
R, = Resistance at known temperature T,

R, = Resistance at unknown temperature T,

T,, T, = Temperature in °C

T =Symbol for telsa [SI unit of magnetic flux density

(magnetic induction)]

T = Symbol for tera (unit prefix meaning 10'? units)
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Time Constant,
I l ‘ : Temperature
Coefficient

T = Symbol for time constant. [other symbols include: tc,
Tc, TC, RC, script greek letter tau (1) etc.]

T=1. The time required for a capacitance to discharge
through a resistance to 36.8% of the initial voltage or for
the current to fall to 36.8% of the initial current.

2. The time required for a capacitance to charge through
a resistance to 63.2% of the final voltage or for the cur-
rent to fall to 36.8% of the initial current.

3. The time required for the voltage developed by cutoff
of current through an inductor to fall to 36.8% of the
maximum value.

4. The time required after application. of voltage for the
current through a series connected inductance and resis-
tance to rise to 63.29 of the final value. [ The exact values
of 36.8% and 63.2%, are 100! and 100(1 — €™ ')]

T=RC also M) - (uF)
T=L/R

TC = Symbol for temperature coefficient (other symbols in-
clude a)

TC = In circuit elements or materials, a factor used to deter-
mine the changes in characteristics with changes in its
temperature.

TC = A factor in decimal, percentage or parts per million form
per degree temperature change. (temperature coefficient
is almost always in °C)

Notes:
€ = Base of natural logarithms (2.71828 ---), ¢! = 1/e. One part per
million = .0001%.
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U Mu Substitute,
Unit

u = Typewritten substitute for greek letter mu ()
See—u

u, U = Abbreviation of unit, ultra, etc.

V Velocity

v = Symbol for velocity

v = Rate of motion in a given direction. A vector quantity
having both magnitude (speed) and direction with respect
to a reference.

v = Velocity measured in various linear units per second.

v =fX (f=frequency, A = wavelength)

Velocity of sound in air
v~ (1051 + 1.1Tp) ft/sec. (1136 @ 77°F)
v==(331.4 + .6T¢) meters/sec. (346.3 @25°C)

Velocity of sound in fresh water
v =1557- [.245(74 - TC)] meters/sec.

Velocity of electromagnetic waves in vacuum. (including
light)
v=12.997925+10% m/s (use symbol c for light)
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Volt, Voltage,
Volume

V = Symbol for volt (unit of electromotive force)

V = Symbol for electromotive force
(See—E for passive circuits. See also—V in active circuit
sections)

V = The basic unit of electromotive force, potential or voltage.
The electric force required to develop a current of one
ampere in a circuit with an impedance of one ohm.

V = Unit often used with multiplier prefixes
puv=10°V  mv=103V
kV=10°V MV =10%V

V =1V 0o Vine(magnitude) (€Xceptions noted)

VBE’ Vcc, VCE’ etc.—See Active Circuits

V = Symbol for volume (cubic content)
V = The amount of space in three dimensions.

V =Volume measured in various units such as cubic inches
(in®), cubic feet (ft3), cubic centimeters (cm3), cubic
meters (m>), etc.

Volume required for Helmholtz resonator. (ported hollow
sphere or box)

V=d[1948.7/f,]> (din x units, V in x> units)
d = diameter of port.
f, = frequency of resonance in hertz
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Watt,
W Work’

Energy

W = Symbol for watt.

W = Basic unit of electric power. A unit of power equal to a
current of one ampere through a resistance of one ohm.
(P=I°R)

W = Unit often used with multiplier prefixes
UW = 107° Watts mW = 103 Watts
kW = 10> Watts MW = 105 Watts

W = Symbol for work.

W =Symbol for energy. (Energy is potential work.) (The
energy symbol E is rarely used in electronics thus avoiding
confusion with emf symbol E.)

W = The product of power and time.

W = Work or energy in joule (J) units in electronics. (joules =
watts + seconds) Other units include kilowatt hour (kWh),
foot-pound (ft - 1bf), erg (erg) etc.

Energy stored in a capacitor charge

W = .5CE?
W =Q?/(2C)
W=.5QE

W =.5LI> Energy stored in the field of an inductance.
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X Definitions

X = Symbol for reactance

X =That property of inductances and capacitances which
opposes the flow of alternating current by storage of
electrical energy. The imaginary part of impedance.
The reciprocal of susceptance in purely parallel circuits.
The non-resistive part of the total opposition to the
flow of alternating current.

X = Reactance expressed in ohm (£2) units.
X = Xmagnitude
Xc = Magnitude of capacitive reactance
X1, = Magnitude of inductive reactance
-X = Reactance identified as capacitive, not a real negative
quantity.
+X =Reactance identified as inductive, not a real positive
quantity.
X || = Xe
+X = [+X]| =X,
X = Complete description of reactance
Xc = Xc/-90° in terms of polar impedance
Xy, = Xp/+90° in terms of polar impedance
Xc=0-jXc=0+(-Xc)j (rectangular impedance)
XL =0+jX, =0+ (+X.)j (rectangular impedance)
Note that in (-Xc)j and (+Xp)j, Xc and X; have

become real negative and positive quantities with the
same signs that are assigned to the magnitude quantities.
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Reactance,
General and Misc.

Applicable
Notes

Xc = (wC)™! = 1/(27fC)

XL = wL=27fL
X =R,/D
R,/ o .
X =RyQ ® | 3
X=Z whenR;=0 @ |35
© | 8
XL - Xe = +X :},;
|+Xl = XL
| = X
XL - Xc = 0 @ resonance
Xc =B¢g! =1/Bc
X, =B{'=1/By
Xc = (wC)™! = 1/(2nfC)
X; = wL =2afL @ g
- ® 2
X= RpD ® 9-
X=Q/R, o |2
Xil _ X(_:l - iX;l =+B @ :‘?

[+X5'| = X' =By
[-Xg'| =X =Bc

[X{! - Xg'] ™! = 0 @ resonance
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Reactance, g -
Series Circuits X E g g
<2 -

(Xc)e = w™(CT! + G5 -+ G ofe)
X, = w(Ci! +C3! -+ CF1) 0o |°

XL =w(Lly +L; ---+1Ly) o)e) L
+X;=w(l, +L,---+L,) ®o06

(Xc)e = Xch +(Xc)z ==~ + (Xcha Q0O |Xc
“Xe = (X +(-Xz) .-+ (-Xq) ®06 |-X

(Xp)e = (Xp)y + (XL)2 ===+ (XL)n 0o (X,
+X¢ = (Xp) + (#X3) --- + (+X,) @06 [+X
+X = (wL) - (wC)™! @@06|CcL
|X| =vZ?-R* @O (RZ
tX =R [tan(26;)] g g R0
X=X - Xc @@ 0| Xc X,
X = Z[sin(tﬂz)] g g Z6,
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Applicable

Reactance, - »
Series Circuits &g g
2 -
X = V(E/T)? - (P/1%)? @O |EIP
[X|=V/(E/T)? - R? ®® [EIR
+X = (E/I) [-sin(+8p)] g g El6;
+X =P7!(E cos 6)*[ tan(267)] g g g EP6,
IX| =VZ? - (P/1%)? ®0O |IPZ
X = (P/I%) [-tan(26;)] g g IP§
Series to Parallel Conversion
+Xp, = Z[sin(£02)] ! @©@@@ 26,
£X, = £X;1(#X2 + R?) O Ry X,
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Reactance, %:
Parallel X % P 2
Reactive Elements 2_ 2 E
(Xc)e = [(Bo) +(Be); -+ B)a] ™ @ @| B¢
(Xc)e = [(-B) + (-By)---+ (-By)]™ o |5
ER S YT A== RN T )
(Xu) = [(+B1) + (#B) --- + (+B,)] ® |+B
Xk = [w(Cl +Cy--- 4 cn)]‘l ' @@@ c
X = [0 @t + L3 -+ LH] ™ ®@® L
Xok = [(XT + (X -+ (Xei'] ™ |00 Xc
K =[EX)T+ (XY -+ (X)) | @ |-X
X = [0 + Xt -+ '] |00 Xy
Ko = [GX) T +EX) T -+ (#%) 1] T | @ | #X
(OJ©)
*X= [By - Bc]™ ®®|Bc By
@
1 (OJ¢)
X = [(wL)™ - (w0)] ®o6lcL
@
oYe)
+X = [X{ - X! 00| x. X,
@
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o

-]
Reactance, _g " "
Parallel Circuits X Tg__ g g

< 2 [t
X|=[Y2- G4+ ®©0 |GY
£X = [-G tan(z6y)] ggg G by
X|=[z2-Rr?]" 00 |rRZ
+X = R[tan(£62)] ™" ggg RO,
+X = [—Y Sil’l(t@y)]—l ggg YOY
X = [27 sin(0,)] g g g z 6,
1X| = [(1/E)* - G2]';‘ ®0® |EIG
+X = E[IL - IC]—I @@@@@ E Ic IL
x| =[a/E)? - R2]* @0 |EIR
+X = -E[Isin(+6p)] ®©@@@ El6;
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2
Reactance, 3. "
Parallel Circuits X R E
<2 =
X|=[2°2 - @/E»?2]* ®@® |EPZ
X = (E/P) [tan(26,)] ggg EPo,
Parallel to Series Conversion
+X, = Z[sin(£682)] @@0|Z4,
£X, = [(EX,/R2) + (£Xp) ] @O | R, X,

X Notes:

® General: B = Susceptance, C = Capacitance, D = Dissipation factor,
E = Voltage, f=Frequency, G =Conductance, I=Current, L=
Inductance, P = Power, Q = Q factor, R = Resistance, X = Reactance,
Y = Admittance, Z =Impedance, 6 =Phase angle, w = Angular
velocity, w = 2af, w =6.283 ---f

@ Subscripts:
¢ = Capacitive, E = Voltage, I=Current, L =Inductive, n= Any
number, p = Parallel circuit, R = Resistive, s = Series circuit, t=
Total or equiv., X = Reactive, Y = Admittance, Z = Impedance

® Mathematics:
x1=1/x, x2=1/x2, xF =ﬁ, x"i_ = llﬁ, |x| = Magnitude of x,
e = Infinite

@ tan = tangent, sin = sine, cos = cosine, tan™! = arc tangent, sin”l =
arc sine

® Reminders:
+B, +X, +6—use the sign of the quantity.
+B| =B, |-Bi = B¢, WXl =X, |-X| = Xc.
+0 7 = Inductive circuit, ~0 7 = Capacitive circuit.

@ The reciprocal of zero may be manually converted to infinity.
o + X = oo when X # 0, /X = o when X # o
The reciprocal of infinity may be manually converted to zero.
0-x=0whenx #9,0/x=0whenx#0

@ Division by zero is prohibited.
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Admittance
Definitions

Y = Symbol for admittance

Y = The total ease of alternating current flow at a given
frequency and voltage. The reciprocal of imped-
dance. A quantity which in rectangular form is as
useful for parallel circuits as impedance is for series
circuits. The resultant of conductance and suscep-
tance in parallel. The resultant of reciprocal resis-
tance and reciprocal reactance in parallel.

Y = Admittance expressed in siemens (S) or mho (27!)
units.

Y= IYI = YMAGNITUDE
0y = Phase angle of admittance

YroLar = Y/$0y =Z71 /-(£02)
Yrect = G- (#B)j=R;' - (X7
Ygrect = 1. The rectangular form of admittance
2. The complex number form of admittance
3. The mathematical equivalent of conductance
(G) and susceptance (B) in parallel
4. The mathematical equivalent of reciprocal resis-
tance (R™!) and reciprocal reactance (X™1) in
parallel.

YrecT = An easy method of transforming a series circuit
to a parallel equivalent circuit.

Ygrect = Complex quantity used to solve problems involving
complex parallel circuits.

YrecT = A quantity that is identical to rectangular assumed
current when the assumed voltage is one.
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Notes Y Notes

Y Notes:
@® General:
B = Susceptance  C = Capacitance D = Dissipation factor
E = rms Voltage f = Frequency G = Conductance
I = rms Current j = Imaginary number L = Inductance
P = Power Q = Q factor R = Resistance
X = Reactance Y = Admittance Z = Impedance

€ = Base of natural logarithms = = Circum. to diam. ratio
6 = Phase angle w = Angular Velocity
@ Subscripts:

C = capacitive E = voltage I = current
L = inductive n = any number p = parallel circuit
R = resistive s = series circuit t = total or equiv.
X = reactive Y = admittance Z = impedance
® Constants:
j=+/~1 = mathematicali = 90° multiplier
€e=2.718 --- e1=.36788---
n=13.1416 27 =6.283 ---
w =2af w=6.283---f
@ Algebra:
x"ll =1/x x2=q/x2 xF=x
X7 =1/\/x [x| = absolute value or magnitude of x
® Trigonometry:
sin = sine cos = cosine tan = tangent
sin! = arc sine cos™! = arc cosine tan~1 = arc tangent
® Reminders:

+0 --- Use the sign of the angle
tX, tIx, tEx, B --- + identifies the quantity as inductive
- identifies the quantity as capacitive
(As terms in formulas, these quantities must be used as real positive
or negative quantities)
@ Cosine 9:
The cosine of either a positive or a negative angle is positive, there-
fore, cos 8z = cos @y = cos O = cos 6
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Applicable

Admittance, " "
Series Circuits g g
2 -

Y=2"=1/z 0@ |z
Y= (R? + [(wL) - o) ']*)” ®@®|CL R

. - [0JOJO)]
Y = |(sin 6)/[(wL) - (w€) ]| ©oe| L
Y=I/E @ EI
Y=[R?+ (X, - X0)?] @@ ®@| R XcXL
Y = (cos 6)/R Q®O|R 9

: @
Y = [Gsin 6)/(Xy, - Xc)| @@®@ XcX, 0
Y = P/(E? cos 6) QOD|EPS
Y = (I cos 6)/P ®@OO|1P6

Y Notes:

@ The reciprocal of zero may be manually converted to infinity.

o + X = oo when X # 0, o/X = o when X # o

The reciprocal of infinity may be manually converted to zero.

0 - x=0when x # o, 0/x =0 when x # 0

® Division by zero is prohibited. A zero divisor will occur at resonance

and/or in purely reactive circuits.
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®

Admittance, Y g . .

Parallel Circuits _S; g §
<2 [

Y=21=1/Z 0O |z

Y =vGZ + (B, - Bo)? @®®@ |BcBy G

Y = |(By, - Bc)/(sin 6y)| Q@@®® BcBy fy

Y=/ R?+[(wD) - (@O)]? ®®®|CL R

¥ =|[wD)* - (@) /tsin 65)| o olcLes

Y =I/E ® |EI

Y = |G/(cos 6y)| O@@®|G oy

Y =VvRZ+(X{! - X)? DO ®| R XX,

Y = [R cos 67] 7} gg R 6,

Y = P/(E? cos 67) O@O|PE4,

Y = (1 cos 67)/P @@B|L P 6,
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Admittance
Y and Phase,

Series Circuits

Series Circuit Polar Admittance Formulas

YpoLar = Y/t0y =Z7' /-(20;)

Polar Impedance is Preferred

Series Circuit Rectangular Admittance Formulas

Special Note: Rectangular admittance is intrinsically a parallel
circuit quantity. The rectangular admittance of a series circuit
is the mathematical equivalent of reciprocal resistance and
reciprocal reactance in parallel.

Yrect =G - (#B)j where |+B|=B, |-B|=B¢
Yrecr = Rp! - (2X71)j where [+X|=Xp, [-X|=Xc
Yrecr = [Y cos 0y] - (Y sin [—(i()y)]) i
Yrect = [Z27 cos 07] - [ 27! sin(£67)] j
G=Rp' =Ycosby =Z7' cosbz , . @
+B=B - Bc =X, - Xc}
B =Ysin[-(£0y)] = 27! sin(+6;)

Note: Rectangular admittance is identical to rectangular current pro-
duced by a voltage of one except for the names of quantities. When
E=1, IpoLAR = YPOLAR: IRECT = YRECT: IR =G, Ix, =BL, Ix =
Bc, tIx = +B.

Note: The use of Ypop AR is not recommended unless used as a means
of identification of a parallel quantity. Convert directly from Zpop AR
to YRECT

See also—Z,6, G and B
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Admittance
and Phase, Y

Series Circuits

Applicable
Notes

Terms

Y= (R? + [(wD) - (wC)-l]’)"”
/%0y =tan! (— [(wD) - («wC)™] /R)
Yrect =G - (¢B)]j
G=[@X}/Ry)+R,]™
B = [(R2/£X) + (X))
£X, = (wLg) - (wC;)™!

(NN CRCYORORC)

CLR

Y=[R? +(X - Xe)?]
Eo_y =tan’! [—(XL - XC)/R]
Yrecr =Rp' - (3Xp1)
Rp' =Ry/[R] +(+X)7]
X! = X,/ [(£X,)? + RZ]
X, =Xp - Xc

Xc X R

Y=2", [t6y=-(262)
YrecT =G - (2B)j
G=Z"1cos b,
+B =277 sin (x8)

PUPEER 6PV OO
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Admittance Y =Y/+0
and Phase, Y FOLAR Y

Parallel Circuits Yrect =G - (3B)j

Note: G=R;', +B=(X );' - (Xc)! @ |2
Y =+/G7+ (B, - Bo)? 28| g
0y =tan™" [-(By, - Bc)/G] O
. Qe| ,
Yrect =G - (BL - Be)j o6 X
I~
= ain-l >
0y =sin”' [-(By, - Bc)/Y] 0|
Yreer =VY? - (BL - Be)? - (BL - Be) j ©® 2)
Y = |(BL - Bc)/(sin 6y)| >
oo
YRECT = (‘(BL - Bo)/ [tan(iey)]) ®6| -
- (B, - Bo)j ® | &
Y= /R?2+ [(wL o (ooC)___]2
O x
+0y = tan™! (R[(wL)™ - (w0)]) @@|
66| ©
Yrecr =R™ - [(wD)™ - (wC)] j
Y=2"1
+0y =sin”! (-2 /(wL) " - (wC))) g g >
Yreer = Y 272 - (@)™ - O] e
- [y - (@O)] j
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Admittance -
Y =Y/+0
and Phase, Y POLAR Y

Parallel Circuits Yrect =G - (3B)j

Note: G=R;', B=(Xp);'-(Xc)y! @ |2
g .| »
-1 - g 8| E
Y= l[(wL) - (w0)]/ Gin oY)' 23 8
Vaaer = ([0 - @O fanceoy]) (9
5=
-[(wD)™ - (WO o0 2

®

Y = G/(cos 8y) ool -
)
Yrecr =G - [-G tan(26y)] j ®e
Y=VRZ+(X{" - X) Q0| %
+0y =tan” [-ROXL' - X ®0| 9
Yrecr =R7 - (X{' - XcDj ® | x
Y=[Rcosz]™ £y =-(£0z) Q|
5=
Yrecr =R - [R™ tan(202)] j @©© o
y=z" ool N
+0y =sin”'[-Z(x{' - X] ®0| 2
Yreer =VZT (T XY - O - x| | F
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Admittance YpoLar = Y/%0y
and Phase,

Parallel Circuits Yrecr =G - (¢B)j

Note: G=Rp', #B=(Xp);' - (Xc);! @ |2
8 "
= § E
Y= |(XE' - X&)(sin 02)) gl B
YRECT = ([Xﬂl - X(;l]/[tan(toz)]) 00| <
- (4 - X&) ool #
<
(ONC) >
Yreer = [Y cos 6y] - [-Y sin(£6y)] j <
RECT [ Ccos Y] [ sin( Y)] ] 16X0) N
Y=2Z1, t6y=-(6) 8 g S
Yrecr = [Z7 cos 62) - [Z7! sin(262)] j ® N
Y=1L/E, 0y =-(£67) 00| =
Yrecr = [(/E) cos 0] - [(/E) sin(262)] j | @ @]
Y = P/(E? cos 07), *fy =~(*07) oo =
ay
Yrect = (P/E?) - [(P/E?) tan(+67)] j ©© m
Y =(If cos 2)/P, +6y =-(67) oo =
Ay
YRECT = [(It cos 02)2/P] - [Y sin(iBZ)]j ON0 -
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Complex Networks Parallel Complex
In Parallel Network Admittance

Note: Yrger = G- (i'B)]
The sign of (£B) j is real.

Terms

(Yrectt = (Yrect)1 + (YrECT)2 =~ + (YRECT)n

G,=G,+G,---+G, (YrecTh
(YreCT)2

+B, =B, +B, ---+B
t 1= " (YRECT)n

(Yrect): =Gt - (2By)

Yrect Procedure applies to any circuit in parallel with
others.

1. Convert each series and each parallel circuit to
polar impedance using applicable formulas.

2. Convert each polar impedance to rectangular
admittance from:
YRECT & [COS ez/Z] - [Sin(i'OZ)/Z]j

3. The quantities inside the brackets represent G
and +B. Maintain the sign of B inside brackets.
Do not simplify to +jB.

4. Algebraically sum all +B quantities. Sum all G
quantities.

5. Convert to total polar impedance if desired from:
z. =[G} + B
(202); = tan”! [(£B,)/Gy]
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Conversions To
Rectangular

Admittance Y RECT

Zporar To Yrgecr
ZpoLAR =Z/%6z, Yrect =G- (#B)j
Yrecr = [27! cos 07] - [27 sin(£07)] j

Zrect To YrecT
Zgecr =R+ (2X4)j, Yrecr =G - (#B)j
Yreer = [Re/(zXE +RY)] - [+X,/(+X? + R?)] j

Series R and X To Ygrgct
R = Series Ry, *X, = Series (X, - X¢),;
Yrecr = [Ry/(#X3 +RY)] - [X,/(£X3 + RD)] j

Parallel R and X To Yggcr
R, =Parallel R;, *X, = Parallel (X! - Xc');!
Yrecr = (Rp)t! - (EXp)it Note @

YroLar TO YrecT
YpoLar = Y/20y, Yrect =G - (¢¥B)j
Yrecr = [Y cos by] - [-Y sin(6y)] j
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Conversions
From

Rectangular Y RECT

Admittance

Yrect T0 ZpoLaR
Yrect =G - (3B)j, ZpoLar =Z/%0y

ZpoLar = [G? + (+B)] ¥ /tan”! [+B/G]

Yrect TO Zggct
Yrect =G - (2B)j, Zrgct =R +(¢X{)j
Zggcr = [G/(2B? + GY)] + [+B/(+B? + GY)]

Yrect To YpoLAR
Yrect =G - (#B)j, YporLar =Y/0y

Yrorar =VG? +(¢B)® /tan”! [-(: B/G)]

YgrecT To Equiv. Series R and X
Yrect =G - (B)j
R, =G/(¢B? +G?), tX=1B/(+B?+G?)
|-Xs| = Xc [+Xs| = X0

Ygrect To Equiv. Parallel R and X
Ygrect =G - (¢B)j
R,=G™, £X,=#B"!
|-Xp|=Xc,  [+Xp|=Xc Note @
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Y ADMITTANCE

Vector Algebra
Vector Algebra AC Ohms Law

E;=E;/0° or 1, =1,/0° (1=1/0°)

E=1,/Y=1,/Y/0° - Oy = -(26y)

1=E,Y =E,Y/0° + 0y = +0y

Y=1/Z =1/2/0° - 6, = -(26;)

Y =1/E; =1/E, /6, - 0° = 26,

Y = 1,/E =1,/E/0° - 0 = -(+05)

Z=1/Y=1/Y/0° - 0y = -(26y)

Addition and Subtraction of Rectangular Admittance

Y1 +Y2 =Y recT) t Y2(RECT)
=[6-@B)j], + [6- =B)i],
= [G1 +Gy] - [(#B) +(+B))] j
Y - Y= [Gl - Gz] - [(iBl)‘ (iBz)] i
Gy = (R;;l)t
B, = (X",
|-B| =B¢ |+B| =B,
Bc=(Xc)p!  BL=(Xp);! Mot ®

See also—Z, Vector Algebra
See also—B, G, 6
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3

-]
ADMITTANCE § -
Vector Algebra "& ;3

<2

| Y

-®
Ye= [YD 4+ Y5l -+ vl

Yva

- o |-0
-@

¥, = [v¢ - vil)

O
YVA
Y=Y, +Y, Y, -®
-@

O

Yva
Y2 = Yt - Yl _®

-@
YVA Notes:

® Admittance is a complex quantity requiring the mathematical
operations of addition and subtraction to be performed in rectangu-
lar form. Rectangular form quantities may be multiplied like other
binomials except that j2 = -1. Reciprocals or other division by
rectangular form quantities requires the divisor to be rationalized
by multiplication of both the divisor and the dividend by the con-
jugate of the divisor. (The conjugate of G - Bj is G + Bj). When
using a calculator, it is easier to convert rectangular quantities to
polar form for multiplication and division then reconverting to
rectangular form for addition and subtraction.
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ADMITTANCE
Vector Algebra

Applicable
Notes

Yva
-@

Y=Y+ (v + v
Yo=Yy +(¥zl +Y3h)™
o= |g [1 - (Y3/Yi)] /Yl

P ar |,

-0

Y=Yl + [Yy+ (Y5 +vD)]”
Yo=Y+ [Y3l (Y3 + Y]
Eo = Eg [1- (Yi/Y9)]/(Y1/¥y) + 1]

Yva Notes:

® B¢ or -B = Capacitive Susceptance, By, or +B = Inductive Suscep-
tance, Ey = Generator Voltage *, E, = Output Voltage x, G = Con-
ductance (Parallel Circuit Reciprocal Resistance), I, = Generator
Current *, I, = Output Current *, R]’,1 = Parallel Circuit Reciprocal
Resistance (Conductance), tXl',l = Parallel Circuit Reciprocal Re-
actance (Susceptance), Y; = Input Admittance *, Y, = Output Ad-
mittance *, Z;=Input Impedance *, Z, = Output Impedance =,
* = Vector (Phasor) characteristic.
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Impedance
Definitions

Z = Symbol for impedance
Z = The total opposition to the flow of alternating
current of a given frequency. A complex quan-
tity having components of resistance and reac-
tance. The ratio of applied alternating voltage
to the alternating current flow through a circuit.
Z = Impedance expressed in ohm (£2) units.
Z=Zyacnitupk = |Z|
07 = Phase angle of impedance
Z =Complete description of impedance which in-
cludes both magnitude and phase angle infor-
mation.
Zpopar = Polar form of impedance = z@_e_;
ZpoLar = The vectorial resultant of resistance (0°) and
reactance (£90°).

Zrect = Rectangular form of impedance or the complex
number form of impedance.

Zrgct = The 0° (resistance) and +90° (reactance) vectors
in complex number form which have a resultant
equal to polar impedance.

Zrect = The mathematical equivalent of resistance and
reactance in series. (The series equivalent of a
parallel circuit)

Zrecr =R #jX=R+(xX)j=R+ (X - X¢)j
where [+X| =X and |-X|=Xc

(Zrecr) ™! = YrecT =G - (#B)j =R;! - (¢X;1)j
(Zrect)™! = A parallel equivalent circuit. See—Y ggct
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o
Impedance, Z -’é - °
Series Circuits R £

g2 =
Z=)R*+ [(wL) - (wC)]? ®®O@|CLR
2= |[@L) - @O sine)| | SO cL o,
Z=EfI ® |EI
Z=VR?* + (X - Xc)? @0 |R XcXL
Z=R/(cos 6z7) @@ (R4,
Z=|(Xy - Xc)/(sin 62)| O@OR®| XcX. 02
Z=VE% +(EL - Ec)* /1 ®® |Eg EcEL I
Z = (E? cos 0g)/P ®®@®0O|EP g
Z=P/(1? cos 6;) (ONCNONE @ N

Z Notes:

@ B = Susceptance, C = Capacitance, E = rms Voltage, G = Conduc-
tance, I =rms Current, L = Inductance, P = Power, R = Resistance,
X = Reactance, Y = Admittance, Z = Impedance, 9 = Phase angle,

w = Angular velocity

155



5
Impedance, 8 . «
Parallel Circuits R g
2 -
Z=Y'=1/Y O® |Y
z=[G*+ @B - Bo)?] " ®®® | BB, G
Z = |(sin 6y)/(By, - B¢)| @@ O®®|B:B. Oy
z=(R?+[@D)"-@O)*) " |@@ @ |cLR
Z=|(sin 8 wL)™! - (wC ®e0
[in 02y [yt - @O | | 88 ¢,
Z=E[I @ EI
Z =(cos 0y)/G O@®0O |G oy
Z=[R2+(x{' - X&)t ®O®® |R XX
Z=Rcos by O®®@0O |R b,
Z = |(sin 62)/(X;" - X&) O g |Xcxu 02
Z Notes:
@ cos = cosine, sin = sine, tan = tangent, cos™! = arc cosine, sin~! =

arc sine, tan! = arc tangent
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Applicable

Impedance and
Phase, Single 2 8 g
Elements 3 2
ZpoLar =B /-90°=|-B'|/-90° | ©® @ @
-1y - @ @ BC or _B
Zrect =0+ (-B7)j
ZpoLar =B{'/+90°=[+B'|/+90° | 0 @ @ B B
or +
Zrpcr =0+ (+B)j ®0 t
b4 =(wC)™*/-90°
poLAR = (wC) - @0 |c
Zrpct =0+ (-wC) 7 j
ZpoLar =G /0° ® o
G
Zgpcr =G +0j ®0
ZPOLAR = (wL) !+90° @ L
Zreer =0+ (Fwl)j @
Zporar =R /0° ® R
Zrect =R+ 0j @
z =Xc/-90° = |-X| /-90°
poLAR = Xc/. : |-X|/ ©®0® |Xcor-X
Zrect =0+ (-X)j
z =X /+90° = |+X| /+90°
FOLAR = 7L [+X] ®O D X, or+X

Zrect =0+ (+X)]j

Z Notes:

@ Subscripts ¢ = capacitive, E = voltage, I = current, L =inductive,
n = any number, p = parallel circuit, s = series circuit, t = total or
equivalent, Y = admittance, Z = impedance
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2/8, 2
Impedance, Z g . g
Seri a g S
Cireuits POLAR| 32 | &
2=/ R+ [D)- @0 | oo
o 4 @0 TR
0, = tan ([(wL) - (w0C) ]/R)
+0, =sin™ ([(wL) - @0)™]/z) g g CL Z
2= |[(wb)- @0 fGin62)| | &9 |cL o,
2= VR 0 Ko oo
R
65 = tan™ [(X,, - Xc)/R] XX
62| = tan! [VZ% - R?/R] ®@O®O®|R Z

Z Notes:

@ x1=1/x, x* =Jx, x 2= 1/x2, x7% = 1/J/X, Ix| = x magnitude or

the absolute value of x

® Series resistance must equal zero.
® Series reactance must equal zero.

@ w=2xf~6.28f (f=frequency), j=+/~1=mathematical i=90°
multiplier = imaginary quantity =y axis quantity = reactive quantity

® Reminders: +0—Use the sign of the phase angle +X, tB—treat the
signs as real in all calculations except when converting to Xy , Xc,

BL or BC.

The signs of +X and +B identify these reactive quantities as in-

ductive or capacitive.
[+X|=Xp, |-XI=Xc, [+BI=Bp,

[-Bl=B¢

XL, Xc, BL and B¢ are magnitudes, while +X and +B as used in

formulas are “real” quantities.
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2/02 2

Impedance, Z g " 2

Series a2 £

Circuits POLAR ‘% 3 -
Z=R/(cos02) ®®0|R ez

.- (ONE)

07 =sin™! [(X,, - X¢)/Z] ® XcXy Z
Z= IO(L - XC)/(SIH 02)' oJoJelvd XCXL 02
Z=E/l OXE)

102 =10E @ Bl oE
Z=VE} +(EL - Ec)/1 o0 |- o Eo

ckL Er

i()z = tan'l [(EL - EC)/ER] 06
Z=(E? cos 9g)/P OO0

EP 6

6, = £60g ® E

Z Notes:

® The phase angle of Z, Y, I and E (87, 6y, 81 and 6E) in a given cir-
cuit represent the same one and only one phase angle. 67 = +0f =
-(26y) = —(261). The author does not recommend this use of 6
and 61 where each uses the other as the reference phase. The author
uses the generator Eg or I; as the reference. See also—6
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2002 :
Impedance, Z 8. o
Parallel 3 8 g
Circiuts PO LAR <°. 5 -
Z=[G*+(BL - Bo)?]? ®0e0 BB G
102 = tan_l [(BL - Bc)/G] @ oL
z=y" ®00
BeB; Y
+0, =sin™ [(By - Bc)/Y] ® ot
Z=|(sin 0y)/(By, - Bc)| OO0 BB, 0
0, = ~(£6y) ®@@®® |tV
Z= (R‘2 + [(wD)™ - (wO)] 2>_3 ©00
CL R
+0, = tan™! (R[((oL)’l - (wC)]) ®0o
X, = (WD - O] |oeoe oLz
0z =sin"! [Z/£X,] ONC
. _ (ONONE)
Z= I(sm 62)/ [(wL)™ - (wC)]] @ g ® |CL 0z
Z = (cos 0v)/G @0
® G Oy

107 =-(x0y)
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Z/62 2
Impedance, 8 -
Parallel 2 3 8 E
Circuits PO LAR 2 ‘Zn -
Z=Rcosfy OO0 |R O,
. - - (ONO)
Z= I(Sln 02)/(XL1 - Xcl)l @ @ ® XCXL 02
Z=Y! @06 .
Y
0z =-(x0y) ®
Z=ENTE + (I - I¢)? oNe) —
ioz =tan_1 [(IL - IC)/IR] ® o RocL
Z=E/l @0
EI®@
0z = -(x6y) © !
Z Notes:

@ Mathematics and calculators do not allow a division by zero or in-
finity. In formulas noted @ however, the reciprocal of zero may be
manually converted to infinity and the reciprocal of infinity may be
manually converted to zero. The following additional manual op-
erations may also be performed as required:

X + o =oc whenXx # 0, X/ =0 whenx # =
X+ 0=0whenx # «, x/0=cwhenx+#0
0X=0whenx #0, owX=cwwhenx+0

Calculators require the substitution of a very small number such as
10739 for zero and of a very large number such as 1039 for infinity
to perform these operations. All very small resultants must then be
accepted as zero and all very large resultants must be accepted as in-
finity. Extreme care must be exercised to avoid accidental violation
of the listed exceptions whenever more than one zero and/or in-
finity appear in the same formula. The arc tangent of infinity may
be obtained from a calculator by also substituting a very large num-
ber for infinity.

@ Division by zero is prohibited. At circuit resonance, a zero divisor
and a zero dividend will be presented. The division of zero by zero
is always prohibited.
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Series Polar

Impedances,
Formula
Method

Z

[((easor 7] - [(2e)s00 12]) / (['Zowrus '2] - [(Zoyus '2))] o1 = 2o

([(onyus 7] - Ponyms'z])+ (['Ea)sod '] - [¥(Zg)sod YA ="z
souepadui] $e119§ UMOUNUN)
(Coss 7]+ [Com 7] [Cgunrz) ]

((zomyus ¥z] +--- [*(Zgnus 2] + ['(Zg=)us 'z])
A, ((P@onyus °2] 4. [*Zgwyus 2z] + [{(Zom)us 7)) +
(#0500 2] 4--- [#29)305 7] + [1(Za)s00 12] )} =z

sa110g U] seouepadw] Iejog
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Paraliel Polar

Impedances,
Formula
Method

Z

[([zas0,12] - [*za)son 22]) /(269w 2] - ['Romyus 2] ) | ver = *Zo3
. ._HNA?NEEw 7] - [(ZeDms z]) + NQ_AN%S 11z] - [((Zg)so0 nNS =*z
~ souepadw] Ie[o ] [o[[eIed UMOUNUN)

([*20)500,27] +--- [*(26)s00,77] + [(2g)s00 ,'2] )
([omyus 22] +--- [(Zomus 2] + [(Zomyus 17]) |
[ ((“omrus 2] +--- [(2o5)us 2] + [(0%)us ,12]) +

«A_”.Anevmg ﬁ_._N“_ +..._”AN°V80 ﬁmNu + _HANSmoo hNuvu =z

[9[[eleq ur saouepadw] Iejog

uey = *Zg3

z
T-
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Parallel Circuits
2 In Series,
Procedure Method

Procedure:

1.

Convert each parallel circuit to polar form impedances us-
ing Zpoy AR, Parallel circuit formulas.

. Convert each polar impedance to equivalent series resistance

and reactance from:
Ry=Zcosfz X =Zsin(£0y)

[If your calculator has the polar to rectangular conversion
feature (P-R), enter Zpop or as the polar coordinates. The
calculator x axis output is R and the calculator y axis out-
putis +X,]

. Sum all Ry quantities and algebraically sum all +X;

quantities.

[If your calculator has multiple memories, sum all Ry
quantities into one memory and all +X quantities into a
second memory.]

. Convert the total equivalent series resistance and the total

equivalent series reactance to total polar impedance from:
Zi=V(R)F + X
(267); = tan™! [(ixs)t/(Rs)t]

[If your calculator has the rectangular to polar conversion
feature (R-P), enter (R;); as the x coordinate and (+X,),
as the y coordinate. Calculator output will be polar im-
pedance coordinates]
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Series Circuits
In Parallel,
Procedure Method

Procedure:

1.

2.

Convert each series circuit to polar form impedance using
ZpoL AR, Series circuit formulas.

Convert each polar impedance to equivalent parallel recipro-
cal resistance and equivalent parallel reciprocal reactance.
[Note: parallel reciprocal resistance is also known as con-
ductance (G) and parallel reciprocal reactance is also
known as susceptance (B)]

R;l =G=Z"1cosby,

+X,! =+B=Z"sin(267)

[If your calculator has the polar to rectangular conversion
feature, enter Z™! and +6; as the polar coordinates. The

calculator x coordinate output is Rp or G and the calcu-
lator y coordinate output is +Xp ortB.]

. Sum all R;'(G) quantities and algebraically sum all X'

(zB) quantmes

[If your calculator has multiple memories, sum all R"l
(G) quantities into one memory and sum all +X' (+B)
quantities into a second memory.]

. Convert the total equivalent parallel reciprocal resistance

Ry 1), or G,] and the total equivalent parallel reciprocal

reactance [(+X, 1), or +B,] to total polar impedance from:
= l/\/G? +(B,)?

(ioz)t = tan~! [£B,/G,]

[If your calculator has the rectangular to polar conversion

feature (R-P), enter G; as the x coordinate and +B; as the y

coordinate. Calculator output will be Z 1(+8;). Convert
the magnitude to Z with the 1/x key]

See also — Note @
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Polar Impedance
Definitions and

Vector Algebra Z POLAR

ZPOLAR =7 ! +0 Z
Z =Magnitude of impedance

07 = “Phase” angle of impedance

+07 =The vectorial resultant angle when the magnitude
of series resistance is placed at 0°, the magnitude of
inductive reactance is placed at +90° and the mag-
nitude of capacitive reactance is placed at - 90°.

+0, =That angle which has a tangent equal to the series
reactance divided by the series resistance; the reac-
tance having a positive sign if inductive and a nega-
tive sign if capacitive.
ZporLar =Impedance in a form where multiplication and
division operations may be performed almost as
easily as with ordinary numbers. (vector algebra)

(ZroLar)1 * (ZroLaR)z = Z1Z2/(202)1 + (£02),

(ZpoLar)1/(ZroLaR)2 =Z1/Z, [(£02), - (202),

EpoLar =I(ZproLar) =1Z/0° +(207)

lpoLar = B/(ZroLar) = E/Z/0° - (202)

Yporar = 1/(Zrorar) = 1/Z/0° - (£62)

iOZ = iBE = '('.*‘.01) = —(iOY)

ZpoLar = The form used most often as the final resultant
when simplifying complex circuits. It is equally
“correct” however for the final resultant to be
ZrEcT., YPoLAR O YrecT.- Both forms of Z are

series equivalent while both forms of Y are parallel
equivalent.

Zporar = Zrect = [YrorLar] ! = [YrecT] ™!
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Rectangular iImpedance
Definitions, Sum

and Difference Z RECT

Zrecr =Rs+ (2Xy)
R = Actual or equivalent total series resis-

tance
+X, = Actual or equivalent net series reac-
tance where:
[+Xs| =Xy and |-X|=Xc
X=X - Xc

Zrect = R + (£X,) j regardless of actual circuit con-
figuration. The rectangular impedance of a
parallel circuit represents the equivalent
series circuit. (Note: Equivalent circuit values
will vary with frequency.)

Zrect = Impedance in a form where multiple im-
pedances in series may be summed as easily
as multiple resistances and multiple reac-
tances in series. The series connected im-
pedances may be any combination of indi-
vidual series, parallel and unknown circuits.

[ZrecT]lTOTAL = The sum of the resistive quantities and the
algebraic sum of the reactive quantities.

Zrgect = The form necessary to perform any mathe-
matical operation involving the addition or
subtraction of impedances.

Zrect = The form used by some for all mathematical
operations and for the final resultant. (Not
recommended. Use Zpgp ar for all multipli-
cation and division and for the final resultant)

Zpgct may be converted (transformed)at any time to ZpopAr
or [Zrgcr]™! using the appropriate formula.
([ZrecT]™ = YRECT)
Zrect = ZpoLar = [YroLarl™ = [Yrecrl™
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Rectangular
Impedance

Z RECT  notes

. This handbook contains no circuit elements to Zg g direct
formulas. It is intended that all simple circuits should be
converted to polar impedance and then converted as neces-
sary to and from Zggct and [Zrgcer] ™t

. The author apologizes to readers with good working knowl-
edge of Yggcr for the use of [Zggct]™, however Yrgcr
is a necessary part of this section, [Zggcr] ™! fits the format
better and many engineers as well as most technicians are
very uncomfortable with Yggcr-

. The use of [ZpoLar]™* or YpoLar is not recommended.
Do not confuse yourself or others by continually changing
the signs of the angles. Convert directly from Zpo; ar to
YRECT-

. Use the rectangular forms Ry + (X;)j and G - (xB)j as
shown and do not simplify. The plus sign will identify the
complex quantity as impedance or voltage and as a series
equivalent quantity while the minus sign identifies the com-
plex quantity as reciprocal impedance, admittance or cur-
rent and also as a parallel equivalent quantity. Note also that
in this form the sign of the reactive quantity within the
parentheses is real and does not change during inversions.
This maintains identification of the reactive quantity as in-
ductive (+) or as capacitive () at all times.

. If any reader is uncomfortable with all rectangular quan-
tities, direct conversion of series resistive and series reactive
quantities to equivalent parallel reciprocal resistive and re-
ciprocal reactive quantities is recommended. This conversion
and its reverse allows the simplification of any series, parallel
or series-parallel combination of impedances to a single
impedance. This method is as fast as any other and there is
less chance of error.
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Impedanee Defntoms, [ y4 RE CT]_1

Sum and Difference

[Zrectl™ = [Re+ (£X0) ] = Ry - (#X;1)

The reciprocal of Zgpger. (intrinsically a
series or series equivalent quantity) is in-
trinsically a parallel or parallel equivalent
quantity.

[ZrecT]™ = YrEcT = Rectangular admittance

YRECT =G- (iB)j See also—YRECT
G =Total parallel conductance or the
equivalent parallel conductance
+B = Total parallel susceptance or the
equivalent parallel susceptance where:
|+B|=B., |-B|=B¢
iB = BL - BC

[Zrect] ™ =R;' - (:X;1)j regardless of actual circuit
configuration. The rectangular admittance
of a series circuit represents the equivalent
parallel circuit with the resistance and reac-
tance in reciprocal form. (Note: Equiv. cir-
cuit values vary with freq.)

[ZrecT]™! = Reciprocal impedance in a form where com-
plex quantities in parallel may be simplified
as easily as multiple resistances and multiple
reactances in series. The complex quantities
in parallel may represent any combination of
individual series, parallel or unknown circuit
configurations.

[ZrecT] ToTaL = The sum of the reciprocal resistances and the
algebraic sum of the reciprocal reactances.

[Zrect]™ may be inverted back to rectangular or polar im-

pedance at any time using the appropriate formula.

[Zrect]™ = [ZpoLar]™ = YrecT = YrOLAR

See also — Note @
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Rectangular
Impedances

Z RECT  inseries

[ZrecTlTOTAL = [ZRECTh * [ZRECT]2 -~ * [ZRECTIN
Note: Rectangular impedance represents equivalent series
resistance and reactance, however the actual circuit con-
figuration may be series, parallel or unknown.

The first number in the rectangular impedance quantity is
equivalent series resistance, the real part of impedance,
the 0° component of impedance or the x axis coordinate
of impedance.

The second number in the rectangular impedance quantity
represents equivalent series reactance, the imaginary part
of impedance, the +90° component of impedance or the
y axis coordinate of impedance.

When summing rectangular impedances, all resistive (R;)
components and all reactive (+X) components must be
summed separately. The reactive components (+X,)
must also be summed algebraically. (Use the rectangular
form Rg + (X ) jnot Ry +jX.)

[ZrecT]: = Ry + (X5 i
[ZrecTl2 = (Rs), +(Xs), j
[Zrectln = Ro)n + (X i
[ZrectlroTAL = Ri)roTaL + (BXs)roTaL i

Note: Zporar = VRI? + GX,) /tan™! [(£X,)e/(R,):]
ZRECT = [Z cos BZ] + [Z sin(i()z)] j
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Reciprocal

VAN

In Parallel

[Zrectl ! = [Zrect]? * [ZrECTIZ' -~ + [ZRECT]R
[Zrect]™ = YRECT
[Yrect]t= [YrEcT)1 + [YRECT]2 -+ [YRECTIN
[Zrect] '=Rp - XN
Yrect =G - (¢B)j
G=R;', #B=zX;!

[ZrecT]?' =R - X j
[ZrecT)?' =R, - (Xp)2 i
[Zrect)n' = Ry - (#Xa i

[ZrecT]TdTAL = (R D1oTAL - (X5 )r0TAL

[Yrecth =Gy - (+B,) i
[YrecTl2 =G, - (¢By) i
[YreCTln = Gn - (¢By) i
[YrectltotaL= Grotar  ~ ((BhroraL

Note:  Zporar = [G} + (l“Bt)z]_l’[“m_l [£B¢/G¢]
[Zrgcr] ' = (27! cos 62] - [27 sin(262)] ]

See also — Note @
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Conversions From

Polar Impedance Z POLAR

Zporar To Zrgct
ZRECT = [Z Ccos 02] + [Z sin(iOZ)] ]

Conversions

Zporar To Yrger o [Zrecr] ™
Yrect =G - (#B)j=R;! - (ix;l)j
Yreer = (270 cos87) - (27! sin(267)] j

[ZrecT]™ = YrECT

ZpoLar TO YpoLAR
YpoLar =Z7' /-(202)
ZpopLar To Series R and X
Ry=Zcos by X, =Zsin(x0z)
[+ =Xo |-X| = Xc

ZPOLAR To Parallel R and X
R, =Z/(cos07) *X,=Z/[sin(x62)]
[+Xp| =X, |-Xp| = Xc

See also — Note @
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Conversion To

Polar Impedance Z POLAR

Equiv. Series R and X To Zpop AR
Z=vR§ + (¥Xy)

10, = tan™! [+X,/Rs]

Conversions

Equiv. Parallel R and X To Zpgp AR
Z=[R;? +(:X,)2]*
+07 = tan™! [Rp/2X,]

Zrect TO ZpoLar
ZRECT = Rs + (ixs)]
Z=VRZ+(X,)?

iOz = tan_l [i'xs/Rs]

[Zrecr]™ or Yrecr To ZpoLar
[Zrect]™ = YrECT =G - (¢B)j
=Rp! - @X;1j
z=[G*+ @By
+0; = tan"! [+B/G]
See also — Note @
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Conversions From
Rectangular

Impedance Z R ECT Conversions

Zrect To Zporar
Zrect = R + (2X,)j

Zporar = VRZ + (X,)? ftan”! [£X/R,]

Zrect To YpoLar
Zrect = Rg+ (2X()j
YPOLAR = [Rz + (ixs)z]_? /tan“l [_(ixs/Rs)]

Zrgcr To Ygrecr of [Zrect]™
Zrgcr = Rs + (2X)
Yrect = G- (¢B)j = [Zrper] ™ =Rp! - (X1 ]
Yreer = [Ro/(EX3 +RD)] - [£X/(xX3 + RD)] j

Zrect To Equiv. Parallel R and X
Zrect =R+ (2X)
R, = (zX2? + RZ)/R,
£X, = (X2 + RD/X,
[+ Xp|=XL |-Xp|=Xc

See also — Note @
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Conversions To
Rectangular

Impedance Z R ECT

Conversions

ZpoLar T0 ZrecT

ZpoLar =Z [0z
ZRECT = [Z cos 02] + [Z Sin(iOZ)] j

YporLar T0 ZrgcT

YroLar =Y /20y
Zgper = [Y7 cosby) + [-Y 7 sin(20y)] j

Yrecr of [Zrect]™ To Zrger
Yrect = G- (¥B)j
Zpger = [G/(2B? + G?)] + [tB/(zB? + G?)] j

Series R and X To Zggcr
Zrpcr = R+ (X4 j
Parallel R and X To ZggcT
Zrger = [(Rp/EX2) + Rp!] ™ + [EX,/R2) + XH) 7

G and B to ZRECT
Zpeer = [G/(¢B? +G?)] +[+B/(*B% +G?)] j

See also — Note @
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Conversion From

e [Zreet]”

[ZrecT]™ of Yrecr TO Zporar

[Zrect]™ = YrecT =G - (3B)

ZpoLar = [G* + (iB)z]_% /tan”! [+B/G]

(Zrectl™ or Yrger To Zrger
[Zrect]™ = YrECT =G - (+B)j
Zgger = [G/(+B? + G+ [+B/(xB? + G?]j

[Zrect] ™ or Yrecr To YpoLar
[Zrect] ™ = YrecT =G - (+B)j
YroLAR =VG? + (£B)? /tan‘1 [-B/G))

[Zrect]™ or YRger To Equiv. Series R and X
[ZrecT]™ = YRECT = G - (£B)j
R, =G/(xB* + G?) X, =*B/(xB? + G?)

[Zrect]™ or Yrger To Equiv. Parallel R and X
[Zrect] ™ = YRECT =G - (¢B) ]
R,=G™ +£X,=+B™

See also — Note @
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Conversions To

e | LrecT]”

Impedance

ZpoLar To Ygecr of [Zrect]™
ZpoLar = Z/%07
[ZrecT]™ = YrECT =G - (¢B)j
[Zrect]™ = [27 cos 02] - [27" sin(267)] i

Zgecr To Yrecr o [Zrect]™
Zrecr = Ro + (£X,) ]
[Zrect]™ = YrecT =G - (¢B) ]
[Zrect]™ = [Ry/(2X3 +RY)] - [#X/(X3 + RY)] |

Series R and X To YRECT or [ZRECT]—I
[ZrecT]™ = YRECT =G - (2B)j
[Zrecr] ™ = [Ry/EX2 +R2)] - [#X,/(xX3 + RD)] j

Parallel R and X To Yggct of [ZrecT] ™

[Zrecr] ™ = R;! - X1

Yeorar To Yrecr of [Zrect]™
[ZRECT]_I = [Y Ccos ey] - [‘Y Sin(ioy)] _]

See also — Note @
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Impedance,
z Vector Algebra
Rules
Rules of Vector Algebra
2, -2,=2,Z, [(202), +(£02),
2,/2,=2,/Z, [(202), - (£82),
(+1) - Z=Z /0° +(x0;) = 0,
(+1)/2=1/Z /0° - (*87) = -(£87)

2, +2, = [Zggct)1 * [ZrECT]2

2, +2, = [Ry + (#X,)i ] + [Re + (¢ X0)i )2

2, +2;, = [(R) +(Ry),] + [(EXs + EX(),)i
2,-2,= [R)1 - Rya] + [EX - EX),]j
Z+(+1)=[Rg + 1] + [£X,]]j

Z-(+1)=[R, - 1] + [¥X,]]

Z' + 23" = [Zrger] 7! + [Zrect]2!

Zi' +2Z3' = [Yreerlt + [Yrect]2

zi' +2;' = [G- (#B)j], + [G - #B)j],
;' +2;' = [G; +G,] - [(#B); + (B),]
zi' - 2;' =[G, - G3] - [(B), - (¢B),] ]
Z'+(+1)= [G+1] - [*B]j

27l -(+1)=[G- 1] - [¢B]j

See—2Z Conversion Formulas
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Applicable
Notes

IMPEDANCE
Vector Algebra
VA-1

oz A% | va2
VA3
Zt=Zl+Zz---+Zn VA'S

VA-1

VA-2

zZ o
[ 2] VA3
22 = Zt - Zl VA'S

VA-1

Z, = [z + 23 -+ 21! VA2
Yt=Yl+Y2"'+Yn VA4
O—

VA-5

VA-1
VA-2
VA3
VA4
VA-5

z,=1z' - 7;'1™!
Yz =Yt- Yl

Z Notes:

VA-1 Impedance is a complex quantity requiring the mathematical
operation of addition and subtraction to be performed in rec-
tangular form while multiplication and division operations are
usually performed in polar form by treating the phase angle as an
exponent. Impedances in rectangular form may be multiplied
like other binomials, division however requires the divisor to be
rationalized by multiplying the divisor and the dividend by the
conjugate of the divisor (the conjugate of Rg + Xgj =Rg - Xsi).
To eliminate this lengthy calculation, it is recommended that all
multiplication and division be performed in polar form.
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Input 3
IMPEDANCE '§ w
Vector i e C . _& .3
Algebra g2
E = E, /0° VA-1
Z,=2 E I, VA-2
' D5 ol vas
lo =Eg /1Z VA-5
- o
lg= Ig & VA-1
2,=[z7'+ 231! VA-2
_ VA-3
Ee=lei VA4
I, = (Ig Z)/Z, VA-5
VA-1
VA-2
o VA-3
E,=E /0
=B/0° VA4
=23+ [ + 7' VA-S
I =E, 1Z;
1o = B /(z:[(21/2,) +1])
Z Notes:
VA-2 Eg = Generator voltage Eg, = Output voltage
I; = Generator current I, = Output current
Y, = Output admittance Y; = Total admittance
Z; = Input impedance Z, = Output impedance

Z; = Total or Equivalent impedance
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Input %
IMPEDANCE S .
Vector i e C . 2 g
Algebra <z
Zy Zy
-
VA-1
VA-2
lg =1, /0° VA3
~ o gq-1)\-1 VA-4
z=(z3' + [23+ @' + 7)) ) VA5
Eg=1,2;

lo=1g [1- mﬂd/ﬁ/hﬁﬂ

FTEE

VA-2
E - EL VA-3
V- VA-4
Z,=2; +(z:,l +[z3+(Z3' + 23] ') ' VA-S
Eg/zi
o=t (1- [@- 29)/23]) /[@1/22) + 1]
Z Notes:

VA-3 Impedances Z, Z;, Z,, Z3, Z4 and Z5 may represent any resis-
tance, reactance, series circuit, parallel circuit, unknown circuit
or any circuit regardless of complexity or configuration.

VA4 27 =1/z=Y, Y 1=1/Y=2

VA-S 2,24, 25, Y, Yo, I, and E,, all will vary with frequency except
purely resistive circuits.
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w2 Z, etc.

Applicable
Notes

I, =1 /0°
g i g L_ N VAL
Zi=2 A VA2
N,
zZ,=2 VA3
VA-S
E, =1,2
E; =E, ﬁ
VA-1
Z=2,+2, VA2
z,=[z;' +Z3')! VA-3
VA-4
Y,=Y, +Y, VAS
E, = (EgZ,)/Z;
lg=1g @
- - -1
Zi=[z3' +(2, +2,)"] VA-1
z,=[2;' +(2, + 25)7Y] -1 :,/A-Z
A-3
Yo=Yy +(Y3 +Y3h)! VA-4
VA-5

E, = 1,2,
Eo =152, [1-(2i/23)) % * *r
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= Z Z, etc.

Applicable
Notes

. VA-1
Eg =E; /0° VA2
Zi=Z4 +[Z§l +(z2 +Zl)_l]-l VA3
e Ly VA-4
z, _(z1 +[2, +(z3! +23")7] ) VA-5
Yo=Yy + Y3 + (Y5 +Y,) 1]
I = Eg/2Z;
Eo = Eg [1 - (Z4/2)]/[(22/21) + 1]
VA-1
. VA-2
lg=1 /0° Eg =12 VA-3
_ ~ 11 -1\-1771 -
L O 2 I I M

e[ ey T
Yoy + (Y3 + [3+ (vt + v5)] )
Eo = (152 - 22)] /[(22/21) + 1]
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IMPEDANCE
A to Y Conversion

Delta (A) to Wye (Y) or Reverse Conversion
Pi (m) section to Tee (T) section or reverse

Transformation

A or 7 section Y or T section

Z, =(ZaZp)/[Za + Zp + Zc]
Z, =(ZpZc)/1Za +Zp + Zc]
Z3=(252¢)/ 124 +Zp + Zc]
Z, = [(2,2,)+(2,23) + (2, 23)] /2,
Zg = [(21 2,) +(2,23) +(2,25)] /25
20 =[(2,2,) +(2,23) + (2, z3))/z,

Page Notes:

1. Technically, delta and wye diagrams should be drawn with only
three terminals.

2. Convert all impedances and intermediate solutions to both polar and
rectangular form. Perform all addition in rectangular form. Perform
all multiplication and division in polar form.
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SECTION 1.2
GREEK
LETTERS



Greek
(6 20 O I () Qo
Spelling and Small Large Spelling and Small Large

Pronunciation | (Script) | (Capital) | Pronunciation | (Script) | (Capital)
alpha o A |nu v N
(al'fa) (nt)
beta B B |xi £ =
(ba'ta) (z1)
gamma 0% r omicron o 0]
(gam'a) (om'i kron'

0'mi kron')
delta ) A |pi ™ I
(del'ta) (p1)
epsilon € E |rho p P
(ep'salon’) (r0)
zeta ¢ Z |sigma 0s z
(za'ta) (sig'ma)
eta n H tau T T
(a'ta) (tou or taw)

(ou asinout)
theta 0 ®  |upsilon v T
(tha'ta) (up’sa lon’)
iota L I phi ¢ P
(io' ta) (f1iorfe)
kappa K K |chi X X
(kap'a) (k1)
lambda A A |psi ] v
(lam'da) (s1)
mu o M  |omega w Q
(mu) (o meg'a

0 me'ga)

Note: For obvious reasons, capital Greek letters ABEZHIK M N
OP T X are not used as electronic symbols.
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Greek

o to N

a = Symbol for many different passive circuit quantities but
no standardization has been achieved. See also—Active
Circuits

B = Symbol for many different passive circuit quantities but
no standardization has been achieved. See also—Active
Circuits

v = Symbol seldom used in electronics. Used for conductivity
(G) in other fields.

6 = Symbol for loss angle.
6 = Ninety degrees minus the absolute value of the phase

angle.
8§=90°- |6|
8 =tan"'D

Note: The dissipation factor (D) of capacitors is specified by most
USA manufacturers but the loss angle (8) or the tangent of the loss
angle (tan 8) is specified by most foreign manufacturers.

A= Symbol for increment or decrement. (Still used for vac-
uum tubes, but small signal parameters such as hg, are
used for semiconductors.)

€ = Symbol for the base of natural logarithms.
€=2.718281828--- ¢! =.3678794412 ---

§ = Seldom used and no standardization of meaning.
n = Efficiency. See also—Active Circuits
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Phase Angle
Definitions

6 = Symbol for phase angle.

Note: Phi (¢) and other greek letters are also used as symbols for

phase angle.

6 = 1. The angular difference in phase between a quantity and
a reference.

2. The phase angle of voltage, current, impedance or ad-
mittance with respect to a reference.

3. The phase angle of voltage, current, impedance or ad-
mittance with respect to the phase angle of current,
voltage, resistance or conductance.

4. The phase angle of voltage or impedance with respect
to the phase angle of total current or with respect to 0°,

5. The phase angle of current or admittance with respect
to the phase angle of total voltage or with respect to 0°.

0 = Phase angle measured and expressed in:
1. Decimal degrees
360° = one cycle or one revolution
2. Degrees, minutes, seconds
1° = 60’ (minutes)
1' = 60" (seconds)
3. Radians
2w radians = one cycle or one revolution
4. Grads
400 grads = one cycle or one revolution

6 = 0° when voltage and current are in phase. 0° when circuit
is or acts as a pure resistance or conductance.

6 = +90° when circuit is or acts as a pure reactance or suscep-
tance.

6 = +90° to -90° for all two terminal networks when 8 is angle
of total voltage, total current, total impedance or total
admittance.
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Phase Angle
Definitions

+0 = Leading phase angle. Counterclockwise rotation of a
vector. Earlier in time than 0°.

-0 = Lagging phase angle. Clockwise rotation of a vector.
Later in time than 0°.

0g = 1. The difference in phase between the total voltage
and the total current when the phase angle of the
total current is placed at 0°.
2. The angular difference in phase between the total
voltage and the current source. (lg =1, Z(_)°_=+Ig
unless noted)

0, = Output voltage phase with respect to the phase of the
voltage or current input. (Voltage or current generator
EgorI; =0°%)

0;=1. The angular difference in phase between the total
current and the total voltage when the phase angle of
the total voltage is placed at 0°.
2. The angular difference in phase between the total
current and the voltage source. (Eg = E, /0° = +E,
unless noted)

01 = Output current phase with respect to the phase of the
voltage or current input. (Input phase = 0° unless noted)

Page Note: The phase angles of E and | may be confusing. To prevent
confusion, always calculate polar impedance first and then assign zero
degrees to the signal source. If the signal source is a voltage generator,
01 =-07 and if the signal source is a current generator, 6 = 6. Use
vector algebra to determine the phase angles of circuit voltages and/or
currents. e.g., when a voltage source is connected to a series circuit,
61=-02,6E, =01, 6E, =01+ 90°,0EC=91 -90°, 6 =0°.
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Phase Angle
Definitions

0y = 1. The angular difference betweemn the admittance and
the conductance of a circuit. (The angle of conduc-

tance G =0°)
2. The same angle as impedance except with opposite
sign.

3. The same angle as the phase angle of the total cur-
rent when the phase angle of total voltage is placed
at 0°,

0z = 1. The angular difference between the impedance and
the reosistance of a circuit. (The angle of resistance
R=0")

2. The same angle as the admittance except with oppo-
site sign.

3. The same angle as the phase angle of the total volt-
age when the phase angle of total current is placed
at 0°.

+0g =-(20;) but both may not coexist.
+0; =-(20g) but both may not coexist.

0y =-(20z) [Y/£0y=Z""/-(267)]
e =-e00) [2[20 =¥ 0]

10 =-(20;)) =-(20y) =207 in all two terminal networks
where the phase angle of either the total voltage or the
total current is placed at 0°. (It should be understood
that reactance, a component of impedance, is the cause
of the difference in phase between the voltage and the
current, that 8g, 05, 8y and 07 are the same one and
only phase angle from different reference points, that
only one may be used at any one time and that if Z or
Y appears as a term in a formula the other term must
be E/0° or 1/0°.)
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Phase Angle
Definitions

+0g = Inductive circuit phase angle of voltage

-0 = Capacitive circuit phase angle of voltage
+0 = Capacitive circuit phase angle of current
-0 = Inductive circuit phase angle of current
+60y = Capacitive circuit phase angle of admittance
-6y = Inductive circuit phase angle of admittance
+6 ; = Inductive circuit phase angle of impedance
-8, = Capacitive circuit phase angle of impedance

oBC = +90° OBL = _900

= -90° = o =0n°
85 =-90 6, =+90 g, =0
0G=0°
fy.=+90° Oy, =-90° 01, =0°
0R= °

0xc =-90° 0XL =+90°

1/0° =+1  =1+0;

1/490° =41 =0+

1/-90° =-4/~1=0- 1;

1/£180°=-1 =-1+0;
+270° =-90°, -270°=+90°, +360° =0°
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Phase Angle, »
Series Circuits E
g
|0 | =161| =|0v| =0z = tan™![D] D,
|0| = 61| =[0v|=]0z] = tan™" Q Q
t0p =107 =tan™! [+Ex/ER] Er zEx
+0g =40, =tan™! [+X/R] R X
|0g|=101] =|0v| =|02| = cos™! [R/Z] R Z
+0g = 07 =sin”! [£X/Z] tX Z
+0g =+0; =tan™' [(Ey - Ec)/Eg] Er EcEp
+0p = 0 = tan™! [(Xy - Xc)/R] R Xc Xp,
+0g = 0 =sin™! [(Xy, - Xc)/Z] XcXyL Z
(£02) = tan™ [(£X)e/(Re)]
X0, = [Z sin (£0.Y] + [Zo sin (+ Z,/%,
(FXsh —[ psin (£ 1)] [Zz sm(_02)] z, tiaz
(Ry)t =(Zy cos 0;) +(Z, cos 6,)
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Phase Angle, -
Parallel Circuits E
&
[oc] = [01] =|ov| =]02] = tan™ (D7) D,
6| =161] =|6v| = 62| = tan™" Q Q
20y =01 = tan! [-(+B)/G] +B G
+0y =0y =sin"! [-(¢B)/Y] tBY
tBI = tGY = tan'l [‘(i‘Ix)/IR] i’Ix IR
|0&| =61 =10y | =0z = cos™ [G/Y] GY
+0, =0 = tan™! [R,/£Xp] R X
05| =101] =|0v|=102] = cos™ [Z/R;] R Z
+0, =0 =sin~" [Z/xXp] tX Z

Page Notes: |+B|=By = (X]__,1 )p
|-B|=B¢c=(Xg)p

— _n-1

|+Xp| = (XL)p = B{'_'l

|_xp| = (XC)p = BC
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Phase

. 0 tok | ¢
Circuits -
+0y =tan™ [-(By, - Bc)/G] BcBL G
+0y =sin™! [-(BL - Be)/Y] BcBL Y
6y =tan™' [-(Ip - Ic)/IR] Ic Iy I
67 =tan™! [R(XL! - X)) R Xc X
6, =sin™! [Z(X{! - XY)] Xe Xy Z
(#67); = tan™! [+B,/G,]
Z,/6
+B, = (27" sin (+6))] + (23" sin (26,)] Zj ﬂ;

Gy =(Z7! cos 6;) + (Z5" cos 6,)

= Seldom as a symbol due to similarity to english letter i.

k = Seldom as a symbol due to similarity to english letter k.
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Wavelength
A Definitions &
Formulas

A\ = Symbol for wavelength.

A = 1. In a periodic wave, the distance between points of cor-
responding phase of two consecutive cycles.
2. The length of one complete cycle of a periodic wave.

A\ = Wavelength measured and expressed in various units of
distance such as inches, feet, centimeters or meters.

A =v/f where v is the velocity of the wave in the medium
through which it is traveling. f = frequency of wave.

Note: In physics, the symbol c is used for the velocity of
light.

Wavelength of Sound in Air
A~ 1136/f feet @25°C
A~ 346.3/f meters@25° C
A=(1051+ 1.1 Tp)/f feet @std pressure
A=(331.3+.6 Tc)/f meters@std pressure

Wavelength of Electromagnetic Waves
A~ (9.8 - 108)/f feet
A= (3-10%)/f  meters
A =(299793 - 10®)/f meters (in vacuum)
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Micro,

N Mu Factor,
Permeability

u# = Symbol for micro.

u = Prefix meaning 1/1,000,000. 1079 multiplier prefix for
most basic units. uV =10"% Volts, uA = 1076 Amperes,
uF = 107 Farads, uH = 107 Henries.

u = Symbol for mu factor.
&= Amplification factor (voltage) in vacuum tubes.
u=AE,/AE; (with I, constant)
M=gmr, Eg=grid voltage, E, = plate voltage
gm = mutual conductance (transconductance)
rp = dynamic plate resistance.

u = Term not used with semiconductors.

See—Active Circuits A,

u = Symbol for magnetic permeability.

1 = The magnetic equivalent of electrical conductivity. The
magnetic conductivity of a material compared to air or
vacuum,

u=B/H
B = Flux density in gauss
H = Magnetizing force in oersteds
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Total

Magnetic Flux,
Complementary

Angles

¢ = Symbol for total magnetic flux.

¢ = The total measure of the magnetized condition of a mag-
netic circuit when acted upon by a magnetomotive force.

¢ = The total number of lines of magnetic flux.
¢ = Maxwells or lines of flux units (CGS).
¢ = Weber units (SI).

1 maxwell (Mx) = 1 line of flux
1 maxwell (Mx) = 10~ Weber (Wb)

¢=F/® where F = magnetomotive force
¢=F9 R = reluctance
% = permeance
¢=BA where B = flux density in gauss
A = cross sectional area of magnetic path
in cm?.
¢=BA  where B = flux density in lines per in?
A = cross sectional area of magnetic path in
.2
in

¢ = Alternate symbol for phase angle.
¢ = Symbol for complementary angle.
¢ = Complement of phase angle §.
$=190° -0 (p+0 =190
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Angular

w Velocity
Definitions &

Formulas

w = Symbol for angular velocity or angular frequency.

w = The rate at which an angle changes in radians per second.
The angular change in a uniformly rotating system mea-
sured in radians per second. (27 radians = 360°, 27 ra-

dians per second = rps = r/s = Hz) Terms
w=2nf=6.2831853 ---f f
w=B¢/C Bc C
w=B.L)™" BL L
w=Xc0)! C Xc
w=X/L L Xy

Resonant Angular Velocity

=4/ -1
Wy (LC) N ) OT—C R:I%
ol ]

f; Definition 1
w = [(LC) - (L/RY)] *

o—| I——:
(—x)';' exception Cr$ L
o——4¢

w~ V(LC)™!

AN
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Resonant

w r Angular

Velocity

w; = V(LC)™1 - (CR)2  /xexception o
L

f, definition 1 . Rg ¢
= 0—\.wJ—L—_]
wr =~ V(LC)™!
B A T e
c
Re Ry

oo = Y[R L] /[MRD - C] V5 excepton
f, definition 1

w, =~ V(LO)!
w; = V(LC)™1 - (R/L)?2  \/-x exception

f; definition 1

w; ~ V(O™

i .
Wr = [(LC) - (CR)Z] % (-x)77 exception

c
f; definition 1 L
R
w,~ V(LO)™!
w =)/ [c?- ®}/L)/[L- RE(] 1
f, definition 1 </-x exception
Re2 R

wy = V(LC)!
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Ohm
Definitions

£ = Symbol for ohm.

€ =1. The basic unit of resistance, reactance and impedance.

2. That resistance which will develop a current of one
ampere from an applied potential of one volt.

3. That reactance or impedance which will develop a
steady state rms current of one ampere from an ap-
plied sinewave potential of one volt rms.

4. The resistance of a uniform column of mercury 106.3
cm long weighing 14.4521 g at a temperature of 0°C.

€ = Unit often used with multiplier prefixes.

uS2 =107 ohms
m$ = 1073 ohms
k2 =103 ohms
M = 10® ohms
G = 10° ohms
TQ = 102 ohms

Note: kS is frequently contracted to K
MQ is frequently contracted to M
Megohm is frequently contracted to Meg

€ = A real (positive or 0°) quantity when a unit of resistance.

€2 = A magnitude or a complex quantity when a unit of reac-
tance or impedance.
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SECTION TWO
TRANSISTORS

2.1 STATIC (DC)
CONDITIONS



A t O E ls);:m1l')r:'nsistor

Definitions

a — See—hppg or @
A; = Static current amplification (seldom used)

Ay = Static voltage amplification (seldom used)

BVcpo —See—V@r)co

BVcgo — See—VcEo sus)
BVcEr — See—VCER (sus)
BV(gs — See—VcEgs(sus)
BVcgv —See—VcEv sus)
BVcex — See—Vcex sus)

BVEBO — See—V(BR)EBO

E — See—V for dc transistor voltages
See also—V, Opamp
See also—E, Passive Circuits

E = The original symbol for the electric force originally
known as electromotive force. This force is now known
as voltage, potential or potential difference. The volt-
age symbol E has been superseded by V for dc tran-
sistor voltages and for all operational amplifier voltages.

Egp — (second breakdown energy) See—Igp,

Note: The term second breakdown energy (Es/b) has never been ap-
propriate for static transistor conditions since continuous power at any
level converts to infinite energy.
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Static (DC)
h Hybrid

Parameters

hpp = Seldom used common-base static forward-current trans-

fer ratio.
hFB =DC a.lpha (&)
hpg = Ic/Ig

hppg = hgg/(hpg + 1)

hgg = Common-emitter static forward-current transfer ratio at
a specified collector current, collector voltage and junc-
tion temperature.

hFE =DC beta (B)

hgg =I¢c/Ip
hpg = (Ig/Ip) - 1
hgg = [(g/Ic) - 1] -

hpg anv) = Seldom used hgg when collector and emitter leads
are interchanged.

h;jg = Seldom used common-emitter static input resistance.

h Notes:
The DC counterparts of hge, hip, hop, hoes hoes hrbs hre, and hee are
very seldom used.

hgg usually has a different value than hg, measured under the same
conditions.

hjg and hjg will have a much higher value than their small signal
counterparts measured under the same conditions.
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DC Transistor
Current
Definitions

Iz = DC base current.
I = DC collector current. See—I Note @
Ig = DC emitter current.

Igp = Base supply current.

Icc = Collector supply current.

ICO — See—ICBo
Igg = Emitter supply current.

IEO —See —IEBO
Icgo = DC collector to base leakage current at a specified volt-
age and temperature with emitter open. @ ®

Icgo = DC collector to emitter leakage current at a specified
voltage and temperature with base open. @ ®

Icgr =DC collector to emitter leakage current at a specified
voltage and temperature with a specified base to emit-
ter resistance. See—I Notes @ @

Icgs = DC collector to emitter leakage current at a specified
voltage and temperature with the base and emitter
shorted. See—I Notes @ @

Icgv =DC collector to emitter leakage current at a specified
voltage and temperature with a specified base to emit-
ter reverse bias voltage. See—I Notes @ @

Icex =DC collector to emitter leakage current at a specified
voltage and temperature with a specified base to emit-
ter circuit. See—I Notes @ @

Iggo = DC base to emitter reverse bias leakage current at a
specified voltage and temperature with open collector.
See—I Notes @ @
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DC Transistor
Currents,

I I S / b Second Breakdown

Current

Ir = Forward bias dc current.

In = Noise current. See—Iy, Passive Circuits
See also—NF

Io = DC output current. See also—Passive Circuits
Ig — See—I, Passive Circuits

Igpp = Symbol for second breakdown current.

Isp, = The collector current at which second breakdown occurs
at a specified collector voltage, case or junction temper-
ature and pulse duration.

Second breakdown occurs when the combination of
voltage, current, temperature, time and a current con-
striction within the transistor produces spot heating suf-
ficient to thermally maintain or increase the collector
current regardless of base bias. In the usual transistor
circuit, if second breakdown has been allowed to occur,
transistor failure will also occur due to excessive spot
junction temperature.

Second breakdown is not the same as thermal failure
where failure may be predicted from low voltage ther-
mal resistance calculations. Second breakdown may
occur at positive, zero, or negative base bias.

Circuit design should be such that the manufacturers
second breakdown specifications are not exceeded
under worst case conditions. Alternately, the second
breakdown characteristics of transistors may be mea-
sured with special non-destructive procedures.
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Static_ (DC) | I | ?; )
Curroats. B IC IE 53
Ig = Ic/hpg @
Ig = Ig/(hpg + 1) ®
Ip = Vpe/hig ®
Ig ~ [log™" (Vge/.06)] /(10"*hgg) @
Ic = hpglg ®
Ic=Ig-1Ig ®
Ic = (hpeVee)/hie ®
Ic ~ [log™ (Vp&/.06)] (5 + 107'*hgg) ®
Ic ~ 107" [log™ (Vgg/.06)]

Ig =Ic+1g ®
Ig = (hpg + Dlg ®
Ig = [Vee(hre + D] /g ®
Ig ~ (5 107'%) (hpg + 1) [log™ (Vgg/.06)] @

I Notes:

@ The subscript of I is a capital letter for DC. It is often difficult to
distinguish between a capital and a lower case C subscript. I, (lower
case) is rms collector current and i (upper case) is instantaneous
total collector current.
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-]
Static (DC) 5
Transistor I I I % §
Currents B C E <3
@
Ic ~ 10713 [log™ (Vgp/.06)] ®
®
I = Ic/hpg @
IE = IC + IB @
®
Ic = [hpe(Vas - Vae)] /R, @
Vgg ~ .06 [log (101 1)) Ry g
+
VBE ~ .6 R, C Vee @
+ 1®
Ig = Ic/hpg Vgs B E ®
IE = IC +IB - @
Ic = [hpe(Vee - Vae)] /Ro g
ViE ~ .06 [log (103 1)) ®
VBE ~ .6 @
®
Ip = Ic/hpg ®
IE - IC + IB @
I Notes:

@ The standard specified temperature is 25°C

® Transistor leakage currents have a temperature dependent com-
ponent and a voltage dependent component.

@ hgpg, Vg and hyp are temperature, current and voltage dependent.

® logx =log;g X, log™! x = antilog x = 10¥
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Static (DC)
Transistor

Currents IB |C |E

Applicable
Notes

Iz = (Vec - Vee)/ (Ri + [Ra/(hgg + 1)])
Ve ~ .06 [log (1010)] ~ .6

Ig =Ig/(hpg +1)

Ic=Ig-1Ip

Iec=1Ig

CRCRCRCRCEOKC)

Ig = (Vec - VBE)/(R1 +Rs + [Rs/(hgg + 1)])
Vag =~ .06 [log (10P1)] ~ .6
I = Ig/(hgg +1)

IC=IE_IB

Iec =1

QPOOOEOO

Ic = [Vec - (VeeRx))] / (R1 +[®, +R3)/hFE])
Ve ~ .06 [log (10°%1c)} ~ .6
Rx = [(R; +R3)/Rq] +1
Ig =Ic/hpg ¢
Ig=Ic+lg s Vee

Icc =Ig + (Vge/R4)

CACRCRCRCRCONS)
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Static (DC)
Transistor

== gl le

Applicable
Notes

Ic =hpg ([(Vcc - Vge)/R,] - [VBE/R4]) @

Vg ~ .06 [log (10"1¢)] g

VB = .6 ®

_ o+ | ®

Ip =Ic/hpg Vgc_ ®

IE = IC + IB @

Ic = [hre(Ves - Vae)] /(Rz + [Rs(hrg + 1)]) ®

Vae ~ .06 [log (10%1¢)] g

VBE ~ .6 @

®

Ig =Ic/hpg ®

IE = IC + IB @
Ic = [hre(Vx - Vig))] /(Rx + [Rs(heg + 1)])

Vi ~ .06 [log (10°%1¢)] )

®

Vgg ~ .6 )

Vx = Vee/[(R2/R4) + 1] i, 1®

Rx = (R;' +R31)™? Vfrc— g

Ig =Ic/hrg @

I[g=Ic +lg
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Static (DC)
Transistor

me g e g

Applicable
Notes

[Vee = (VeeRx)]

Ic=
(Rl +Re+ [(R; +R3 + Rs)/hFE]) ©
Vg =~ .06 [log (10PI¢)] ~ .6 g
Rx = [(R; +R3+ Rg)/Rs] +1 ®
Ip =Ic/hpg g
Ig=Ic+Ig @
Icc =Ig + (Vge/Ra)
Ic = [Vee - (VeeRxa )]/ [Rxz + Rxs/hgg))
Vge ~ .06 [log (102%1c)] ~ .6 o
Rx; = [(Rl +R3)/ R4] +1 @
Rxz = Ry +Rs + [(R;Rs + R3R5)/Ry] g
Rx3 =Rx; +R3 ®
Ip =Ic/hpg g
I[g=Ic+lp

Icc =Ig + [(IgRs + Vpg)/Ry)

I Notes:

© “Exact formulas™ apply to silicon, germanium, npn, pnp, small
signal and power transistors. (Exact formulas are not really exact
since hpg will vary somewhat with collector current, collector volt-

age and temperature.)

@ The VgE of silicon transistors varies with temperature at the rate of

approximately -2.2 mV per °C.
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Static (DC)
Transistor

e g o e

Ic = [Voc - (VeeRx1)]/[Rxz + (Rx3/hgg)]
Vi ~ .06 [log (10°%1c)] ~ .6
Rx1 = (RGa) + (R3G4) +1
Rx2 = (R{R5Gy) + (R3R5G4) + Ry +Rs

Rxs =Rx; +R3
R;=Rja tRyp
Ga = 1/R,
Ip =Ic/hrE
Ig=Ic +1g

Icc =Ig + [(IgRs + Vpg)/R4]
Ve =Vee - (ecRia) - UcRyy)

Page Notes:
1. Rya, RyB, G4, R and/or Ry may equal zero.

2. R4 must be manually converted to G4 since conventional
mathematics and calculators will not allow division by zero
or infinity.

3. R4 may equal infinity. When R4 = «, G4 = 0.

4. Reverse power supply polarity and emitter arrow for pnp
transistors.

5. The effect of varying collector voltage upon collector current
has been assumed to be negligible.

UNIVERSAL TRANSISTOR DC CURRENT FORMULA
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-t r Static (DC)
O Definitions

LVceo — See~Veeo sus)

LVcEr — See—VCER sus)
LVcgs — See—VcEs(sus)
LVcev — See—Vcgy (sus)
LVcEx — See—VcEx sus)
n = Region of transistor where electrons are the majority
carriers.
npn = Transistor type having two n regions and one p region.
(positive polarity V¢ and Vgg)
p = Region of transistor where holes are the majority
carriers.

pnp = Transistor type having two p regions and one n region.
(negative polarity V¢ and Vgg)

P = Collector power dissipation

Pc =Vcele

Pp = Device power dissipation. See—Pt

Pt = Total power dissipation of transistor.

Py =(Vcelc) + (Veelg)

rg = T equivalent static internal series base resistance.

rc = T equivalent static internal series collector resistance.

rg = T equivalent static internal series emitter resistance.

rce(saT) = Collector to emitter saturation resistance.
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Thermal
0 Resistance

R = Symbol for thermal resistance.
(old symbol was )

Ry = 1. The opposition to the transfer of thermal energy
which develops an increase in temperature at the
thermal energy source.

2. The ratio of temperature rise in degrees Celsius to
the power dissipated in watts.

Rgca = Case to ambient (usually air) thermal resistance.
(formerly 8- or8cp)’

Rgcs = Case to (heat) sink thermal resistance.
(formerly 6¢ _g or 6cs)

Rgja = Junction to ambient (usually air) thermal resistance.
(formerly 85 _5 or 0;5,)

Rgjc = Junction to case thermal resistance.
(formerly 0y _c or 05¢)

Ry = Junction to tab thermal resistance.
(formerly 6y _t or 0y7)

Rgsa = (Heat)sink to ambient (usually air) thermal resistance.
(formerly 65_5 orfg,)

Rg1s = Tab to (heat) sink thermal resistance.
(formerly 01 _g or Org)

Rg = Thermal resistance expressed in °C per watt.

Roxy = (Ty - TP T = Temperature in °C
P = Power in watts

Rgsa = (Ty - Ta)/(Vcelc)
Rosa = (Ty - To)/[(Veelc) + (Vaels))

Rgja =Rgyc + Rocs + Rgsa
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RtoT &

Definitions

= External series base resistance.

= External series collector resistance.
= External series emitter resistance.

= Load resistance.

= Source resistance.

— See—Rcp

= External base to emitter resistance.
= External collector to base resistance.
= External collector to emitter resistance.
— See—Rpgg

— See—Rcg

= Ambient temperature.

= Case temperature. (T¢ meaning “temperature in °c”
is not used for semiconductors since temperature is
given in °C unless noted.)

= Junction temperature.

=Ta + (PtRgja)

= Ta + [P:(Rosa + Rocs * Roic)]
= Lead temperature.

= (Heat) sink temperature.

= Tab temperature.
= Storage temperature.
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DC Transistor
V Voltage Symbol

Definitions

Vg = Base voltage.
Vgp = Base supply voltage.
Vpc — See—Vcp
Vpg = Base to emitter forward bias voltage

VeE(ON) = Base to emitter forward bias voltage with normal
collector to base reverse bias voltage.

Vazom ~ (106 [log 10210)]) - [.0022(T; - 27)]

VBe(sat) = Base to emitter forward bias voltage with collec-
tor in saturation. (typically, saturation occurs
when the collector to base junction becomes for-
ward biased)

V@r)cBo = Collector to base breakdown voltage with emitter
open-circuited.

Vr)ceo — See—Vceosus)

VBR)CER — See—V(Er(sus)

V@eRr)ces — See—Vcesisus)

V@Rr)cEV — See—VcEv(sus)

V@Rr)cEx — See—VcEx(sus)

Vr)EBo = Emitter to base breakdown voltage with collector
open-circuited.

V¢ = Collector voltage.
Vcg = Collector to base voltage.
Vceo = See—V(gRr)cBo
Ve = Collector supply voltage.
Vce = Collector to emitter voltage.
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DC Transistor
V Voltage Symbol

Definitions

Vceo — See—Vcgo(sus)
Vceous) = Collector to emitter sustaining voltage with base
open.

Vcer — See—VcEr(sus)
Vcer(sus) = Collector to emitter sustaining voltage with
specified base to emitter resistance.

Vces — See—VcEs(sus)
Vcessus) = Collector to emitter sustaining voltage with base
to emitter short-circuit.

Vcev — See—Vcgv(sus)
Vcev(sus) = Collector to emitter sustaining voltage with
specified base to emitter voltage.

Vcex — See—Vcex(sus)
Vcexus)y = Collector to emitter sustaining voltage with
specified base to emitter circuit.

Vg = Emitter voltage.
Vep = Emitter to base reverse bias voltage.
VEBo — See—V(gRr)EBO
Ve = Emitter supply voltage.
Vet = Reach through voltage (certain old transistors
only).

Note:

Collector to emitter breakdown voltage of almost all present produc-
tion transistors is measured at a current above the negative resistance
region where the voltage is sustained over a wide range of current and
is therefore called sustaining voltage.
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Applicable

DC Transistor V V V -
[}]
Voltages B C E g
I-®

I-
Vg =0 Ig
VB = VBE ~ .6 V2C+ I-®
Vg ~ .06 [log (10°1¢)] :'g
Ve = Vee - [hre(Vee - Vae) (Ry /R, ) I-®

VE =0
Vg = Vge ~ .6

Vpe = .06 [log (10"1¢)]
Ve = Vec / ([hFE(Rl R3)] + 1)

Ve = [(Vee - Vie)/ ([(hee + D Ry R} +1)] + Vi | 10
Ve = [Vce - Vel / [(Rz/ [Rs(hpg + 1)]) + 1]

Ve = Vee - Ribgg ([Vcc - Vge]/[Rz + Rs(hpg + 1)]) ig

VB = VE +VBE ] i:g

Vag ~ .06 [log (101, )] ' vee | 1-®

Vgg ~ .6 7 |L-e

BE . 1-®

Ve = Ve - ([RIVCC]/ [Rs + (RlthE)])
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s\ Vo Ve

Applicable
Notes

Ve =Vee - ([thFE(VX - Vgg)]/ [Rx + Rs(hpg + 1)])

Ve = [Vx - Vel / (Rx/ [Rs(hpg + 1)]) ig
I®
Vg = Vg + Vgg ~ Vg +.6 ‘ {g
Vg ~ .06[log (10°°Ic)] ~ .6 | Voo |1®
Vx = Vee/[(R2/Rq) + 1] (e
Ry = [Ri' +R3']™ K
Ve = Vee - (IecR1)
Ve =IgRs
Vg = Vg + Vg = Vg +.6
Vg ~ .06 [log (10°1)] ~ .6 ::g
Ig = Ic/hrg i:g
Ig = [lc(he + D) /hee = Ic 1®
Icc =Ig + [(IERS + VBE)/R4] :g

Ic = [Vee - (VBeRx1))/[Rxz + (Rxs/hgg))
Ry = [(Rl + Rs)/R4] +1
Rx; =Ry +Rs+ [(R;Rs + R3R5)/R4)

Rx3=Rx; +Rj3
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Static (DC)

o tO 0 Definitions &

Formulas

a = Greek script letter alpha.

@ = Static (DC) alpha.
Note: Although “DC alpha” is still verbalized, the equivalent hy-
brid parameter symbol hpp has almost completely superceeded a
as the accepted written symbol. See—hpg

&=hFB

o = Common base static forward current transfer ratio. See—

hF B
Note: & and hppg are seldom used with modern transistors since
specifications are in the common emitter form hgg.

a=Ic/Ig = hgg/(hpg + 1)

a= (hgglp)/Ig = Ic/[In(heg + 1)]
B = Greek script letter beta.
B

= Static (DC) beta.

Note: DC beta is often verbalized, but the equivalent hybrid
parameter symbol hpg is used on all specifications and most other
written or printed usage. See—hgg

]

= Common emitter static forward current transfer ratio at
specified I, Vo and Tj. See—hgg

B=Ic/lg=(g/lp)- 1= [(g/lc)- 1]
B=[a?-1]" = [hzh - 1]

0 = Greek letter theta = Obsolete symbol for thermal resistance.
See—Ry
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TRANSISTORS

SECTION 2.2
Small Signal

Conditions



a 1o C e

Definitions

a = Substitute symbol for a (not recommended)

A; = Small-signal current amplification.
(small-signal current gain)

A; = The ratio of output current to input current

A;=a=hg, when circuit is common base with output ac
shorted.

A; =B =hge when circuit is common emitter with output ac
shorted.

A, = Small-signal voltage amplification.
(small-signal voltage gain)
A, = The ratio of output voltage to input voltage

C. = Collector to case capacitance.

Cy'c = Collector to base feedback capacitance.

Ccp = Collector to base feedback capacitance.

Cob — See—Copo

Coe — See—Coeo

Cibo = Common base open-circuit input capacitance.
Cieo = Common emitter open-circuit input capacitance.
Cobo = Common base open-circuit output capacitance.
Coeo = Common emitter open-circuit output capacitance.

223



Small-Signal Current
Low-Frequency A . Amplification
Common Base | P

Applicable
Notes

A; = lo/ig E c

A; = icfig e e
A; = a (alpha) b b bo
A; = hgp

A; = hee/(hge +1)

A =1

PPeO®O

Ai = iolig — EQ —
A; =icfie bie B b Ry S
Aj=1
A= [bid(hoeRy + D +1]7
(accuracy typically > 4 digits)

—
5

@Pe®O6

A; = o lig
A; = iclie
A~1

A=~ [l (hoeRy + 1)+ 1] 7

A Notes:

® —ap— is the graphic symbol for an alternating current generator
(infinite impedance) or any very high impedance signal source.

POOO®O
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2
Small-Signal A Current §
Low Frequency ] — 58
Common Collector | Amplification § zo
Ai = io/ig = ie/ib g
A; = hge @
Aj=hg t1 g
) @
A= lo/lg ie/ip (©)
A; ~ hye ®
®
A; = [hge + 1] / [(hoeRp) + 1] ®
@
A; = ioig = lefip ®
C)
A; ~ hg ®
A; =hee [hoo(Ry + Re) + 1] ®
Av = ([bre - (oeR0]/[roe(Re # R +1]) +1

A Notes:

@ —O— is the graphic symbol for an ac voltage generator (zero imped-
ance) or any very low impedance signal source.

® Formulas apply to silicon, germanium, npn and pnp bipolar transis-
tors. Emitter arrows and the power supply polarity (if shown) must
be reversed for pnp transistors.

@ Small-signal parameters will vary with temperature as well as with
dc bias currents and voltages.

(® Small-signal parameters if specified by the manufacturer seldom have
maximum or minimum limits and may vary widely. The relationships
of parameters, however, will hold very closely to the formulas.
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2
Small-Signal Current §
Low Frequency . Amolificati = §
Common Emitter | mplification <=
Ai = io/is = ic/ib g
A; = B (beta) ®
A; = hye g
A; = lofig = icliy | g
A; ~ hee ®
A; = hee/[hoeRy + 1] g
A; = ioli = icip g
Ai ~ hfe C)]
A =hee/ [hoo(Ry + Rg) + 1] -
A; = [hge - hoeRe]/[hoe(Ry + Rp) + 1]
- —
o C lc @

A =1i./i

' IO/Ig E Ry EE f lo @
A =icfiy ?1 e ‘ @
A~ [(RL/RF)+ hfe - ‘ ) g

A =hee [RL(RF hee + RF + o) +1] 7
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Small-Signal A Votage 3; )
(L;:x,::,?;:::y ; Amplification ;& ;3
A, =eoleg =ec/e.
A, ~37IcRy ®
A, ~ (heeRp)/hye g
A, = [hiehid (R + o) - hre] ™ ®
_ [hiehidhoe - hee +1] ®
" [hichd (! + hoe) - he ]
A, = e/,
Ay = ecle. ®
A, ~ (hge Ry )/(hje + Rp) g
Ay = [} (bie + Rp) (RE' + hoe) - hee] ™ 4
- [(hie + Rp) hedhoe - hye + 1] ®
N [h#d (hie + Rp) (R +hge) - hee )
@
A, =eofeq g
A, ~ Ry /[Rg + hl (b + Rp)] (@9

- - -1
A, = [hi}(he + Rp + heRg) (RD! + hoe) - hee ]

227



D
-Si -
il:;llFsr;gqr:l‘:ncy A Voltage 8 .
ificati a3
Common Collector V Amplification g- S
@
Av = eo/eg ®
Ay = ecfey g
A, ~1 ®
- -1 -1 -1
Av - [hie(hoe + RL )(hfe + 1) - hre + 1]
Ay = eoleg
A, ~1 g
A, ~1 ®
when R, << (hfeRy) ®
and Ry >> (he/hy,) ®
-1
Ay = ([(hie + Rg)(hoe + R (e + 1)) - e +1)
Ay = eole, ®
A, ~1 (©)
A, = (Common emitter A,) g
‘Rp(hgd + DR} ®
See—Common emitter formulas

A Notes:

® Most small-signal parameters are drastically different from the dc
parameters due to the nonlinear nature of transistors. A diode or
transistor junction which develops .6 volts from 1 mA forward
current has a dc resistance of 600 ohms according to ohms law,
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(-]
Small-Signal 5
Low Frequency A \Aloltaf: . %_ 8
Common Emitter V mplification 2‘ 3
A, =eofeg ®
Av ~ 37IcRy, g
v = (hee Ry )/hye ®
= [hichfd (R{! +hoe) - By ] ™! ®
Av = eo/eg 0]
A,,zRL[.ozn + Rghi!] ™ g
v = (hge Ry )/(hie + Rg) ®
A, = [0 (Rg + hie) (Ri! +hoe) - he] ™ ®
A, =e,/eg
A, ~Ry/Rg @
A, = (heeRp)/ [hie + (heeRp)] g
A, = [hilhe(R{! +he) ®
+ RERLl(hfe +1) +hlh), ®
e = (RE + h«;e)_l

A Notes:

® Cont. but if a small ac signal is superimposed upon the dc and mea-
sured, the ac resistance will be found to be about 26 ohms. This
small-signal resistance (r) is often verbally expressed as impedance
(z), but admittance (y) is used at frequencies where internal capaci-
tances are significant.
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Small-Signal A Voltage % «
:.:::‘ ::‘q::iczer y  Amelification ;& §
A, =eofeq
A, ~ Ry [Re®Rghid + )]
A, =hgoRy [hy + Ry + heeRg] ™ 7 g
A, = (hf—el Rpx(RL! +hge) ®
+hi! Rex [Ri' (hee + 1) + h?»e]) B g
Rpx =Ry + [hie - heh3l (he + 1))
Rex = Rg + hehg)
he = (h5} + Rg)™
A, =e,/eg g
A, ~ 38Ic(R{! + R§)™! @
A, ~h [he R + R ™) g
Av = (1ehid [RL + RF +hoe] - )™
A, = eoleg
A, ~Rp/Ry g
A = A ([RgRi! (Avy + 1)] + 1) B ®
Ayx = 38Ic(R{! + R§)™? 8

-1
A = (bichi? [R' + RF' +hoy] - hie)
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Small-Signal Voltage
Low Frequency A 9

Com Y Amplification

Applicable
Notes

Ay =eo/eq
A, = ([RBth-el (R{' + Gex)] +
+ Rexhid [Gex + Ri (g, + 1)]) B
Te = heehol
I = hgl(hee + 1)
fo = hie - [heehgg (hge + 1)]
Rex =Rg + [(Rerp)(Rp + 1y + 1))
[(ro + 1 )(RE +15 + 1))
(hee +1)
Rex = (Rero)(Ry + 1 + 1))
Gex = ([RCX(hfe +D7] + REX) )

REx=RE+1'e"'

@0eee
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e Small-Signal
Voltage Definitions

¢ = Symbol for emitter. (small signal subscript)
e = Small-signal voltage. (rms or instantaneous)
ey, = Small-signal base voltage.
e. = Small-signal collector voltage.
e. = Small-signal emitter voltage.
eg = Generator voltage.
e; = Input voltage.
en = Noise voltage (rms).
en = Thermal noise voltage or equivalent input total
transistor noise voltage.

en(/m) = Noise voltage per root hertz.
(BW =1 Hz or en/+/BW for white noise)

en(s) = Transistor shot noise (white noise) voltage.

eN(th) = Thermal noise voltage. (white noise voltage of an
ideal resistance at a specified temperature)

en(TR) = Transistor noise voltage.

en(1/f) = 1/f noise voltage of a transistor. (Resistor 1/f noise
is known as excess or current noise)

e, = Output voltage.

ep = Peak voltage.

es — See—en g)-

e; = Total or equivalent voltage.

€1/t — See——eN(I/f).
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2
Small- 2
e e, |
Voltages 2.- S
@
€p = ighie g
e. = ®
®

ep ~ighje when A, <50 @
€p = igZi ‘ See——Zi g
€c = _hfe lgRL @
ec = -AyigZ; See—A,,Z; ®
ey = € ()]
e. >=-37Ice;Ry g

when A, <50 ®
ec = ~€gA, See—A, ®
ep > eg/[(Rs/hie) + 1)
ey = &g/ [(Rs/Z) + 1] g
€ = "(eghfeRL)/ (RS + hi—el @

when A, <50 16}
€ = _(egAiRL)/ (Rs + Zi-l) See—A;, Z;
e Notes:

@ —@— is the graphic symbol for an alternating current generator.
(an infinite impedance signal source)

@ Transistors must be biased into an active region.

® Approximations apply to high beta silicon small-signal transistors
while exact formulas apply to all bipolar transistors.
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2
T
€ €, €t s
B 3
b C e Voltages ft- 3
ep =¢
b g ®
¢c ~~(¢RL)/Rg ®
when Rg >>(37I¢)! @
ec = ~€gA, See—A, g
e ~e, when Rg>>(37Ic)7!
ep = eg/ [Rs(Rp! + hil)+1]
eb = e/ [Rs(Rg' +2{")+1] @
e. =-37Icep Ry ®
€. = -epA, See—A,, Z ®
e =0
e, = €
-1, p-13]1"1 CI'_ 1 @
€c z—(eghfe) [hie(RC + RL )] C o
- _1\1-1 €
ec = ~(egA)) [Z(RS' +RDY] 7' = | @
Vee ®
€e = € o-
‘ See—A;, Z; 1" 1 ®
e, =€
¢ Notes:

@ Formulas apply to pnp transistors as well as the npn transistors
shown. Reverse emitter arrow and power supply polarity for pnp
transistors.

® Transistor parameters will vary with collector voltage and tempera-
ture as well as collector current.

® The resistance of base bias resistors must be included in all calcu-
lations where the generator source resistance is of significance.
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N ool

en() = V4KpTk RsBW  Thermal noise voltage
(CN i) th =V4KgTxRg Thermal noise voltage per root hertz

eN(s) = IeV 2qIgBW  Transistor shot noise (white noise)

(eN(\/m)) s =TeV2dlp Transistor shot noise per root hertz

eNQ/f) = (en)Tr ~ (en); Both same bandwidth

(en)Tr =V(en)s +(en)iyr Both same bandwidth

Total Equivalent Input Noise Voltage
. 2 i
(en) = ([Rs(lN)TR] +(en)ir + (eN)fh)
(all same BW)

Wideband Total Noise Voltage Output

eN(oUT) = Av([Rs(iN)TR] 2t enlhr * (eN)%h);—
(all same BW)

Total Spot Noise Voltage Output

eN(OUT) = Av([RS(iN)TR]2 +(en)ir * 4KsTKRs)z_

all noise terms are for 1 Hz BW at same
frequency

temperature (CC + 273.15); q = Charge of electron (1.6 * 10

eN Notes: K =Boltzmann constant (1.38 * 10723 J/K); T'§= Kelvin

19);BW =
Bandwidth, See—Opamp, BWNQ]ISE; Te = Internal transistor dynamic
emitter resistance; re =~ .027/Ic; (iN)TR = Transistor noise current
equivalent input); Ay = stage voltage amplification; Ig, Ic = dc base and

collector currents.
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F t O g Small-Signal
Definitions
me
F — See—NF, See also—F, Passive Circuits
Fn — See—NF

f. = Symbol for cutoff frequency. (The half power or 3 dB
down frequency)

See—f, Opamps

fr = Gain-bandwidth product. The frequency at which the
common emitter small-signal forward current transfer
ratio falls to unity.
(dc biased for large signal)

fy = Same as f1 except biased for small-signal.
far — See—fpsp
foe — See—fy e
fpep = Common base small-signal forward current transfer
ratio cutoff frequency with output ac shorted.

fnfe = Common emitter small-signal forward current transfer
ratio cutoff frequency with output ac shorted.

Gpp = Common base small-signal average power gain.
Gpe = Common emitter small-signal average power gain.

G = Common emitter conversion gain.
pe (conv)

gme = Common emitter small-signal transconductance.
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Small-Signal

he he hy, 5

Ratios

h¢, = Common base small-signal forward current transfer ratio
with output ac shorted.

h¢p, = Small signal alpha (@)
hfb = ic/ e
hfb = hfe/(hfe + 1)

h¢e = Common collector (emitter follower) small-signal for-
ward current transfer ratio with output ac shorted.

hfc = ie/ib
hfc = hfe +1

h¢e = Common emitter small-signal forward current transfer
ratio with output ac shorted.

h¢e = Small-signal beta ().

hfe = ic/ib

hee =af(1 - o)

hge =hey, /(1 - hyy)
hge =hge - 1

hte = hgphge

h¢, = Common emitter current gain when output is ac shorted.
h¢e = (ichje)/epe When output is ac shorted.
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hib hic hi o o

Impedance

h;jp, = Common base small-signal input impedance with output
ac shorted.

hip = ee/ie

hjp = hie/(hge +1)

hip = 1o + [1p/(hee + 1)]
hy, ~ 1/(371¢)

hjc = Common collector (emitter follower) small-signal input
impedance with output ac shorted.

hjc = h;e (since emitter is ac shorted)

hje = Common emitter small-signal input impedance with
output ac shorted.

hie = ep/ip

hje = hy

hje = hijp(hge +1)

hje =1y + re(hge + 1)

hje ~ hee/(371¢)

hie = (26. The,)/(10001¢) 8

Approximations apply to small-signal silicon transistors.
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h h h Small-Signal
Output
ob oC oe Admittancs

hop, = Common base small-signal output admittance with
input ac open-circuited.

hop =ic/e. when emitter is ac open-circuited
(constant current emitter supply)

hopb = Voo  (Yob is generally used at high frequencies)

hob 2hoe/(hfe + 1)

hob =r. t+ Iy
- -1 -1 -t

hob - ([hoe (hfe + 1)] + [hie - hrehoe (hfe + 1)])

hy. = Common collector (emitter follower) small-signal out-
put admittance with input ac open-circuited.

hoe = hye (since input is open-circuited)

h,e = Common emitter small-signal output admittance with
input ac open-circuited.

hoe =ic/e, when base is ac open-circuited
(constant current base supply)

hoe = ¥oe  (Yoe is generally used at high frequencies)

hoe = hoe

hee = (hge + 1)/1c

hoe #20uS (S0kQ)™! whenlc~1mA,Veg>5V,
T~ 25°C
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Small-Signal
N N N i,

h;, = Common base small-signal reverse voltage transfer ratio
with input ac open-circuited.
hy = e./e. when emitter is ac open-circuited
(constant current emitter supply)
hrb = 1'b/(rb + l-c)
hrb = [hiehoe(hfe + 1)_1] - hre
hrb = [([hiehoe(hfe + l) l] - hre) + 1]
h,. = Common collector small-signal reverse voltage transfer
ratio with input ac open-circuited.
he =1-h
e = Common emitter small-signal reverse voltage transfer
ratio with input ac open-circuited.
h,. = ey/e. when base is ac open-circuited
(constant current base supply)
hre = rehoe
hg = [re(hfe + 1)] /rc
he~1.33-10%hg, whenlc~1mA and Veg>5V

Te

Note: hge is very VcEg sensitive at low voltage. hpe typically is
very nonlinear over large variations of I¢.
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. Small-Signal
I Current
Definitions

I — See—I, Static (DC) Symbols
See also—I, Passive Circuits

i = Small-signal current.
i, = Small-signal base current.
i, = Small-signal collector current.
ie = Small-signal emitter current.
ig = Small-signal generator (source) current.
ijn = Small-signal input current
in = Noise current.

in(rrRANSsISTOR) = That portion of the input equivalent inter-
nal transistor noise which is proportional
to the external resistance in shunt with the
input (source resistance)

iN Notes:

o iN(TRANSISTOR) does not include the thermal noise or the excess
noise currents of the effective external source resistance.

@ iN(TRANSISTOR) May be included in the eN(TRANSISTOR)
(TOTAL) if a source resistance (Rg) has been specified.

® Much of the confusion regarding noise voltages and noise currents
results from the difficulty in proper identification of the symbols
for the various noise voltages and noise currents.

@ See also—ep, NF; See also—Vy,, ip, Opamps; See also—EN, I, Nip»
NI, Passive Circuits

i, = Small-signal output current.
ip = Small-signal peak current.
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Q
. . . Small-Signal '§
' I Transistor 3 §
b 'c € Currents g3
L o
I = lg @
i = ighfe €]
.o ®
I = lg(hfe +1) 16)
ib = ig
.. ©)]
ic >ighge 10)
ic =igA; See—A; ©)]
.. @
g = lg(hfe +1) ®
ie = ig(Ai + 1) See——Ai
ip = eg/ h;e
ipb = eg/Z; See—Z;
. ®
Ip = (eghfe)/hie 16}
ic = (egAy)/Ry, See—A, ®
. ®
ie i ®
o = [eg(Ay + 1] /Ry
See—A,
i Notes:

@® —ap— is the graphic symbol for an infinite impedance alternating
current generator. (any very high impedance source)

® Transistors must be biased into an active region.

® Approximations apply to high beta small-signal silicon transistors.
Exact formulas apply to all bipolar transistors.
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. o . Small-
Signal

lb IC |e O Currents

ip = eg/[(heRE) + hye ]
ib = eg/Zi See—Zi

Applicable
Notes

ic ~ eg/RE
when Rg >>(371¢)™!

ic = (egAv)/ RL See_Av
ig i, when hg >100
ie = [eg(Av + l)] /RL See—A,

CRCRCNCRS)

ip = €g/(Rs + hie)

ip = ¢g/(Rs +Z;)

ic = (eghge)/(Rg + h;e)

ic = (egA)/(Rg +Z;) See—A;, Z;
ig i, when hg >100

©@eee

ic ~eg/Rg
when Rg>>(37I¢)!

io = (eg/REg) [(RL/RC) + 1] -
io = ic/ [(RL/RC) + 1]

iNotes:

@ All formulas apply to pnp transistors as well as the npn transistors
shown. Reverse emitter arrow and power supply polarity for pnp
transistors.

® Transistor parameters will vary with collector voltage and tempera-
ture as well as with collector current.

© The resistance of base bias resistors must be included properly in all
calculations where the signal source resistance is of significance.

CRCRCRCH®)
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NF e

NF = Symbol for noise figure (also known as noise factor)
(other symbols include F and Fy)

NF = 1. The ratio (usually in decibels) of the output signal-
to-noise power to the input signal-to-noise power.
2. The ratio in decibels of the total output noise to that
portion of the output noise generated thermally by the
input termination resistance.

NF = 20 log (eni/enr’)]
NF = 20 (log [eno/(enr'A)])
where eqr’ =enr/ [(Rs/ri) + 1]

and €nr = V4KB TK BW

See also—en (out) and BWnojsg, Opamp

NF Notes:

@ A, = Voltage amplification, BW = Average bandwidth (rms band-
width), e,; =Input equivalent total noise voltage, e, = Output
noise voltage, e,r = Thermal noise voltage of source resistance,
Kpg = Boltzmann constant (1.38 - 1072 J/ K), 1; = Transistor in-
put resistance , Rg = Source resistance (the total effective resis-
tance presented to the transistor input), T = Kelvin temperature
(°C +273.15), log = Base 10 logarithm.

@ The standard noise temperature (Ty) of the source resistance is
290 K (16.85°C) if unspecified.

See also — eN Notes
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V V Definitions

V = The unit symbol for volt.
See—V, Passive Circuits

V = The quantity symbol for voltage.
See—V, Static (dc) Parameters
See also—V, Opamp

Note: A definite trend exists towards the elimination of E and e
as symbols for voltage. At present, E and e predominate in
passive circuits, V and v predominate in operational ampli-
fiers, V has superseded E in dc transistor parameters and e
predominates for ac transistor parameters.

v = Symbol for small signal voltage.
See—e See also—V, Opamp

Vp — See—ey,
v, — See—e,
Ve — See—e,
vg — See—e,
V; — See—e;

vN — See—ey  (Vn—See—V, Opamp)
Vo — See—e,

vp — See—ep

Vs — See—en(s)

v; — See—e;

Vit — See—eN(lm
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Small Signal
Low Frequency
Common Base

Input
Impedance

Applicable
Notes

Z;~ 1/(371¢)

Z; = 1o + 1p(hge +1)7!
Z; = hyjp

Z; = he/(hge + 1)

(OJcoXcKC)

Z;~ 1/(371¢c)
(when A, <50)

Zi = hie/(hfe + 1)
(when A, > 50)

Z; = (hoeRy + 1)/(hooRy + 1 + hg,)

CAONCRCROX)

Small Signal
Low Frequency
Common Collector

Z

Input
Impedance

Applicable
Notes

Z; ~hee Ry
Z; ~h;e + Ry (hge + 1)

Ry

Z; = hj + [(hge + 1)/(hoe + RY)]

OPP®OO
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ZNOTES

Z Notes:

@® —ap— is the graphic symbol for an infinite impedance alternating
current generator. (an ac current source) In practice, any very high
impedance source of current may be substituted.

@ —O— is the graphic symbol for a zero impedance. signal generator.
(an ac voltage source) In practice, any very low impedance signal
source may be substituted.

@ Approximations apply to high beta, small signal, silicon transistors.
Exact formulas apply to all bipolar transistors.

@ Formulas apply to pnp as well as the npn transistors shown. Reverse
emitter arrow and power supply polarity for pnp transistors.

(® All internal dynamic resistances (1p, I, I¢) vary with operating con-
ditions. Primarily, 1, varies with emitter current while r. varies
primarily with temperature and collector voltage. Usually, ry, is
assumed to be a non-varying resistance.

® Al biasing resistors connected in shunt with an input are effectively
in parallel with the input impedance. The equivalent resistance of
all parallel quantities must be used in all calculations where the
source resistance becomes significant. Z; = Ziry * RI+R;DHE

@ x1=1/x

In the usual circuit where the collector is capacitor coupled to a
load, the series collector resistor and the load resistance are effec-
tively in parallel and the net parallel resistance should be used in all
ac calculations. Ry, = (RI1 + R;l)"1

@®@ Base biasing is not shown but transistors must be biased into an
active region.

Collector bias and base bias circuits are not shown, however the
transistors must be biased into an active region.
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Small-Signal
Low Frequency 2 .
I

Common Emitter

Input
Impedance

®

Z; ~ hee/(371¢) )

Z; = 1p +1(hge + 1) ®

®

Z; = hje )

®

Z; ~ he/(371c) @

(when A, <50) "l e

Z; =h veo ®

(when A, < 50) ]

Zi= by, + heheohgd [(Rohg! + 1) - 1] ®
Z; ~he [(371c)™" + Rg]

(when A, <50) g

Z; ~h;e + heeRg 1o

[(hee + D Re+1)] 2 [, g

4= -1 -1 -1 kS

([hfe (R +1)+1] 7 + 1) f o

I, = hje - hreh;é (hge +1)
I = h(;é (hfe + 1)

—_ -1
re = hehge
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Small-Signal
tput
Low Frequency z ?r::p::ance
Common Base O

Applicable
Notes

Z, = (hge + 1)/hge
Z, =141y
Z, = 1/hop
Zo = ([hah(hee + D] + [hic - heehhhee + 1))

PO0PO®O®O®O

Z, ~ 200k
(when Ic =~ 1mA)

Z, ’—"—h&le "'h(_)clz(SOIChiehtTe1 B 1)-1

GESECRONORCKS

Zo < RB + (hfe/hore)
-1 -1 -1
Z, = hge + heehoe ([(RB + rb)/(Rg + re)] + 1)
Te = hreht;tle
1y = hje - Te(hge + 1)

©ePOO®OE®
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Small-Signal
Low Frequency 2
0]

Common Collector

Output
Impedance

Applicable
Notes

Z, ~50kQ
(when IC ~ 1 mA, VCE > 5)

Z, = 1/hy
Z, = 1/hg

O

©PPO®OO

N
©

~ 1/(37I¢)
= ie/hfe
=1 +rp(hge + l)—l

= hie/(hfe + 1)

Nopop
| [

®ORPOO®O®O

~(37c) ™" + (Ry/hge)
= (Rq + hye)/hye

= 1o + [(Rg + 1p)/(hee + 1)]
= (hje + Rp)/(hge + 1)

NN N

N
)

PO




Small-Signal
Low Frequency
Common Emitter

Output
Impedance

Applicable
Notes

Z, ~ 50 kQ
(when Ic=~1mA

Z,~ l'c/(hfe +1)
Z, = re(hee + 1)—1 tre

Z, = 1/hge

SNCNCRCRCRCNC)

Z, ~ 200 kQ
(when Ic=~1mA)

Zo ’—"—h; + h:):(SOIChiehf_el - l)_l
Zo = h(_): ([(hiehoe/hfehre) - l] - + 1)

SESECRCNCRCR®)

Z, <Ry + (hge/hoe)

Z, = (o} + heehod)/ ([Rg + )/(Re + 1)) + 1)

Te = hreh;:s Iy = hje — re(hee + 1)

P0PO®OE®
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Small-Signal
a Current Ratios

a = Greek script letter alpha.

a = Symbol for small signal common base forward current
transfer ratio with output ac shorted.

Note: Although alpha predominates as the ‘‘oral symbol,” the
equivalent hybrid parameter hg, has almost completed superseded
a as the accepted written symbol. See—hgy,

a = hgy

@ =hgf(hge +1) or (hgl +1)7

a=i./i, when e,ande,=0

a=1

a <1 exception—very early point contact transistors

B = Greek script letter beta.
B = Symbol for small signal common emitter forward current
transfer ratio with output ac shorted.

Note: Although beta predominates as the ‘“‘oral symbol,” the
equivalent hybrid parameter hge has almost completely super-
seded g as the accepted written symbol. See—hge

B = hg,

B=ic/i, when ecande,=0

B = (ichjc)/e, when e.ande,=0
B =he/(hg, - 1) or (hg - 1)7!
B=Geliv)-1 = [Gefic)- 1]
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Opamp
A Symbol

Definitions

A —See—Ay
a —See—a (alpha)
AcL —See—AycL
ApiFF —See—Avp
A(fo) — See—Avo
A; = Large signal current amplification (gain). Also dc cur-
rent gain in direct coupled circuits.

A; = Small signal current amplification (gain).

Ajac = Alternating current amplification (gain).

Ajpc = Direct current amplification (gain).

A, = Gain margin. The reciprocal of the open-loop voltage
amplification at the lowest frequency at which the
open-loop phase shift is such that the output is in
phase with the inverting input. See also—0,,

A, —See—A,
AoL —See—AvyoL

Ay = Large signal voltage amplification (gain). Also dc volt-
age gain in direct coupled circuits.

A, = Small signal voltage amplification (gain).

Ay ac = AC voltage amplification (gain).

Ayp = Large signal differential voltage amplification (gain).

Avypc = DC voltage amplification (gain).

AvycyL = Large signal closeddoop voltage amplification. The
large signal voltage gain of an opamp stage with in-
verse feedback. Applies also to dc voltage gain in
direct coupled circuits. This symbol is used in place
of Ay only when the meaning would otherwise be
confusing. See also—Ay
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Opamp
A B Symbol
Definitions

A, = Small-signal closed-loop voltage amplification. The
small-signal voltage gain of an operational ampli-
fier stage with inverse feedback applied. See also—
Ay

Ayo=Midband voltage amplification. The voltage ampli-
fication at the midband or reference frequency
(f)

Ayp= Differential voltage amplification

Ay = Large-signal open-loop voltage amplification. The
large-signal voltage gain of an operational amplifier
before application of inverse feedback.

A,,; = Small-signal open-loop voltage amplification. The
small-signal voltage gain of an operational amplifier
(opamp) before application of inverse feedback.

B=See—BW, See also— B, Passive Circuits.
B;=See—BW,, -
Boy = Maximum output swing bandwidth.
BW= Bandwidth
BW,_ 3 4p,= Half power or 3 dB down bandwidth
BW,_3 48, =f,/Q (bandpass filters)

W4, - 1)= Unity gain bandwidth. The range of frequencies
within which the open-loop voltage amplification
is greater than unity. Unity gain bandwidth is also
known as gain-bandwidth product but, is only ap-
proximately equal to actual gain-bandwidth prod-
uct. (See—GBW, f;). The unity-gain bandwidth is
equal to the product of the small-signal closed-loop
voltage amplification (A,.) and the closed-loop
flat-response bandwidth only when the open-loop
voltage gain is inversely proportional to frequency
in the frequency range between the top bandpass
frequency and the unity-gain frequency.
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BW oisg s

BWyoise = Bandwidth used to compute noise output. (other
symbols include: B, B, BW, BW,))

BWyoisg = Noise bandwidth with zero noise contribution
from frequencies above or below bandwidth limits

BWyoise = Noise bandwidth measured with filters having
nearly rectangular response curves. (‘“cliff” or
“brick wall” filters)

Effective Noise Bandwidth from zero to the 3 dB
Down Frequency using Butterworth Filters

BWyoise = 1.57 BW_ 34 6 dB per octave filter

BWnoise =1.11 BW_34g 12 dB per octave filter
BWnoisg = 1.05 BW_345 18 dB per octave filter
BWnoise = 1.025 BW_345 24 dB per octave filter

BWnorse = BW_34p oo dB per octave filter

Notes:

6 dB per octave = 20 dB per decade
(first order filter)

12 dB per octave = 40 dB per decade
(second order filter)

dB per decade = 3.333 (dB per octave)
dB per octave = .3 (dB per decade)
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Opamp
BCD &=
Definitions

BW(AV =1)" [Avcl] /[chl]
BW,; = Small signal flat response bandwidth.
chl = [B\V(Av = 1)] /Avcl

BWnoisE — See preceding page
BW,, = Power bandwidth. See also—PBW
BW,, = SR/[7V,pp]

Cg = Bypass capacitor. Bootstrap capacitor.

C¢ = Coupling capacitor.

Ci, C;, Cin, Cin = Input capacitance.

CMRR = Common mode rejection ratio. The ratio of differen-
tial voltage gain to common mode voltage gain.

Co, Co;s Cour = Output capacitance.

C,, = Parallel capacitance.

Ct, C; = Total capacitance.

D —See—~THD

d = Damping factor. (other symbols include a and 8) The
reciprocal of the Q factor in most applications. A symbol
used in high and low pass filter formulas where the 3 dB
down definition of Q factor is not applicable. Note:
Nearly everyone understands the meaning of Q factor
regardless of the difficulty with an all encompassing
definition. See—Q

d=1/Q
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Opamp
DE &=
Definitions

dB = Decibel. A logarithmic ratio of power, voltage or
current. See—dB editorial on preceding page. See
also—dB, Passive Circuits

dB = 10log (P, /P;)]
dB = 20log (Vo/V3)]
dB = 20[log (o/Lin)]
dBf =Power in decibels referenced to one femtowatt.
W=10"15w)
dBm = Power in decibels referenced to one milliwatt.
dB,. —See—dBRrEF
dBgrgr = Reference level in decibels.
dBV = 1. Voltage in decibels referenced to 1 volt rms.
2. Voltage ratio in decibels. (not recommended)
E —See—V See also—E, Passive Circuits
e —See—V See also—e, Transistors and e, Passive Circuits

€g, €, €in —See—Vy, V;, Vg
En, Eq, en, e, €tc—See—V,

— See also—eyp, NF, Transistors

— See also—Ey, NI, Passive Circuits
Note:

The transition from E to V as the quantity symbol for voltage is com-
plete in this opamp section. The symbol E was used exclusively in the
passive circuit section while the transistor section used V for dc voltages
only. It is expected that eventually the symbol V will replace E for all
electronic usage.
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Opamp
FG =
Definitions

F =Noise factor. Noise factor is also known as noise
figure (NF). F may represent the average or the spot
noise factor. See—NF, Transistors

F = Average noise factor.
fl —See—Bl > BW(AV = 1)
F(f) = Spot noise factor.

f. = Cutoff frequency. The frequency at which the out-
put falls to one-half power or 3 dB down from
maximum.

fin, fin = Input frequency
f, = Reference, center, midband, resonant, oscillation or
output frequency.
f, = Frequency of pole. (poles and zeros)
f. = Resonant frequency.

fr, f; = Unity gain frequency. The frequency at which the
open-loop voltage gain falls to unity. Has exactly
the same meaning as BW(, - in all integrated
circuit opamps. See—BW(, = 1)
f, = Frequency of zero. (poles and zeros)

G =Conductance See—G, Passive Circuits

GBW = Gain-bandwidth product. The product of the small
signal voltage amplification (A,) and the bandwidth
(BW). See—BW(Av =1)
GBW =~or =BW(, =y or fr
Depending upon the exact definition.




Opamp
Definitions

G, = Large-signal forward transconductance.
gm = Small-signal forward transconductance.
Gp = Large-signal power gain.

Gy, = Small-signal power gain.

Gy = Voltage gain. See also Ay

H, = Passband gain.

I+ = Positive dc supply current
I- = Negative dc supply current
I, = Amplifier dc supply current
IoBc = Amplifier bias current.
Ig = Bias current
Icc = Positive dc supply current
Ip = Device dc supply current
Ip. = Device positive dc supply current
Ip- = Device negative dc supply current.
Ipg = Non-inverting input grounded current.
Ipo = Non-inverting input open current.
Igg = Device negative dc supply current.
I; = Small-signal generator (source) current.
I;g = Input bias current
Iin, Iin = Input signal current
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Symbol

l Opamp
Definitions

I;o = Input offset current. The difference between the bias
currents into the two input terminals of an opamp with
the output at zero volts.

|Ilol = The magnitude of input offset current. See also—Ijg

I,, = Device equivalent-input noise current. That component
of device total equivalent-input noise which varies
with the external source resistance and therefore is
properly represented by an infinite impedance current
source in parallel with the input terminals.

In =V I12|s + 1121f
ip — See—I,
I,¢ = Device equivalent-input 1/f noise current. That part of

I,, which has a spectral density which is inversely pro-
portional to frequency.

I,r = Thermal (white) noise current of resistance See—Iy,
Passive Circuits

I,s = Device equivalent-input shot (white) noise current.
Io = Large signal output current.
I, = Small signal output current.
Io. = Large signal positive swing output current.
Io - = Large signal negative swing output current.
Iopp = Peak to peak output current.

Ios = Short-circuit output current. The maximum output
current available from the device with the output
shorted to ground or either supply.
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Opamp
I \J K Symbo!
Definitions

Ip = Large signal peak current
Ip, Ipk, Ipeak = Small signal peak current
I; = 1. Source current. See—Ig, Ij,
2. Shot noise current. See—I¢
ISC — See Ios
It, I;, it = Total current
Ity = Threshold current.

J,j —See—1J, j, Passive Circuits

K = 1. Kelvin temperature. (°C + 273.15)
2. Voltage gain See—A,
3. Any constant.
k=1. Any constant
2. Boltzmann constant.
kp = Boltzmann constant. (1.38 - 10723 J/°K)
kcmr = Common mode rejection ratio. See—CMRR
ksvr = Supply voltage rejection ratio. The absolute
value of the ratio of change in supply voltage
to the change in input offset voltage. The re-
ciprocal of PSRR or PSS. See also—PSRR, PSS,
ksvs
ksvr = |AVcc/AVio|
ksys = Supply voltage sensitivity. The absolute value of
the ratio of change in input offset voltage to the
change in supply voltages producing it. The re-
ciprocal of kgyr. See Also—PSRR, PSS, kgyr
ksvs = |AVi0/AVc(|




LMN o=

Definitions

L =1. Inductance. See—L, Passive Circuits
2. Level. Signal level in decibels with respect to a
noted reference level.

mAdc = Direct current milliampere.
MAG = Maximum available (power) gain.
MUF = Maximum usable frequency.
mW/°C = Milliwatt per degree Celsius.
MQ, M = Megohm
N=1. Noise. See also—V, I,.

2. Noise power. See—Py, Passive Circuits
3. Number. A pure number or a ratio.

NF — See—F, See also—NF, Transistors
NI — See—NI, Enx), Passive Circuits.

Np — See—Py, Passive Circuits
N;n — See—Py, Passive Circuits, See also—V,r

nV/\/Hz, nV/(Hz)?, nVA/~=
Nanovolts per hertz or nanovolts per root hertz or
nanovolts per root cycle. The spot noise voltage in
nanovolts. The noise voltage in nanovolts for a band-
width of one hertz at a specified frequency.

nV/ \VHz = (Vn(nV))/ vVBW
only when the noise voltage has constant spectral
density. (only when the noise voltage is white noise)




Opamp
P Symbol

Definitions

os, OS = Overshoot

Pc = 1. (Device) power consumption.
2. Collector power dissipation. See—P¢,
Transistors

Pp = 1. Device power dissipation
2. Power dissipation.

PF, p.f. = Power factor. See—pf, Passive Circuits
pF =Picofarad. (1072 farad)
P;, Pin, Pin = Input power.
Py = Noise power. See—Py, Passive Circuits.
P, = Output power.

PSRR = Power supply rejection ratio. The absolute value
of the ratio of the change in input offset voltage
to the change in power supply voltage producing
it. This ratio is usually in uV/V or in dB. When
all are given in decibels and disregarding the sign
of the decibel ratio, Kgyr, Kgvs, PSS, PSRR,
VSRR, |AVcc/AVig| and |AVio/AVcc| are all
equal. It is hoped that the industry will soon
standardize on only one of these symbols.

Pgrr = See—PSRR
PSS = Power supply sensitivity. See—PSRR
PSS+ — See—PSS
PSS+ = Positive power supply sensitivity. See—PSRR
PSS- = Negative power supply sensitivity. See—PSRR
P, Py, Pyt = Total power.




Opamp
R Symbol
Definitions

Q = Q factor. In simple bandpass filters, the ratio of the reso-
nant frequency to the 3 dB down bandwidth. In highpass
or lowpass filters where the 3 dB down definition is not
applicable, the reciprocal of the damping factor (d). See
also—Q, Passive Circuits.

Note: The Q factor is also known as the merit, quality, storage,
magnification and energy factor. There is no known simple defini-
tion of Q which will encompass all of the applications. The gen-
eral meaning of the term appears to be understood but the exact
meaning, except in a few applications, is open to interpretation.

Q=1/d

Q=1,/BW(_348)

Q={;/BW(_34p)
Q. = Loaded Q factor.
Q,, = Q factor at center or reference frequency (f,,).
Q, = Unloaded Q factor.

R = Resistance See—R, Passive Circuits

r = Small signal (dynamic) resistance. Any resistance of a
semiconductor device which may be non-linear and there-
fore produce a different value between dc and small
signal measurements.

Rf = Feedback Resistor
R = Generator resistance. See—Rg
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Opamp
Symbol
Definitions

R; = 1. Input resistor. (Not recommended)
2. Large signal input resistance. (Not recom-
mended)

R; = Small signal input resistance. See also—Z;
r; = Device small signal input resistance.
r;q = Device differential input resistance.
Rjn = Large signal input resistance.
R;, —See—R;
Iin — See—r;
Ry = Load resistance.
Ro = Large signal output resistance.
R, = Small signal output resistance. See also—Z
1, = Device small signal output resistance.
Ropr = Optimum resistance. e.g. Ryopr) = Va/ln

Rout, Rout —See—Rg, Ry

Rp, R, = Parallel resistance.

rp = Dynamic plate resistance (vacuum tube) (anode
resistance (r,) is also used).

Rg = Source resistance.
R = Series resistance.
Ry, Ry = Total resistance.
Rin — See—Ry, Transistors
Ry —See—Ry, Transistors
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Opamp
S I Symbol
Definitions

S =1. Sensitivity.
2. Signal. See—sig
s = Laplace transform function.

S+ — See—PSS+

S- — See—PSS-

St —See—kgys, PSRR, PSS

sig = Signal. Any electrical, visual, audible or other
indication used to convey information.

S/N = Signal to noise ratio.

SR =Slew rate. The closed-loop average-time rate-of-
change of output voltage for a step-signal input. A
specification used to determine the maximum
combination of frequency and peak-to-peak out-
put signal without the distortion associated with
rise and fall time.

SR = n PBW Vopp

SR(a, = 1) = Slew rate when closed-loop voltage amplification
is unity.

T =1. Temperature. (°C unless noted)
2. Time constant. See—T, Passive Circuits
3. Time. See—t
4. Loop gain. (Ayor/Avce)
t=1. Time. Time or period in seconds
2. Temperature. See—T
T, = Ambient temperature. The average temperature
of the air in the immediate vicinity of the device.
TC = Temperature coefficient.
Tc = Case temperature.
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Opamp
I Symbol
Definitions

TC; 10 = Temperature coefficient of input offset current. The
ratio of the change in input offset voltage to the
change in free-air temperature when averaged over a
specified temperature range.

TCyio = l[(IIO)l - (i0)2]/ [(Ta)1 - (TA)2]|

TCy o = Temperature coefficient of input offset voltage. The
ratio of the change in input offset voltage to the
change in free-air temperature when averaged over a
specified temperature range.

TCyvio = I[(Vlo)n - (Vi0)2) /[T - (TA)2]|

tg = Fall time. The time required for the trailing edge of

an output pulse to fall from 90% to 10% of the final
voltage in response to a step function pulse at the
input.

THD = Total harmonic distortion.

THD =vVZ + V2 ---+ V2 /V, where V, is a sine-wave in-
put signal (fundamental) and V, through V,, are the
27 through n® harmonic respectively.

Thign = High temperature.
Tx = Kelvin temperature. (°C + 273.15)
Ty, = Lead temperature.
Tiow = Low temperature.
tos = Time of output short-circuit.
tp, tpg = Pulse duration
tpLy — See—t;




Opamp
I l | V Symbol
Definitions

t, = Rise time. The time required for an output voltage
step to rise from 10% to 90% of the final value.

tsetig = Settling time. See—t;q,

Tsig = Storage temperature.
tyaL — See—tg
tyot = Total response time. (Settling time) The time between
a step-function change of the input signal level and the

instant at which the magnitude of the output signal
reaches for the last time a specified level range.

U =Teletypewriter or computer printer substitute for Greek
letter mu (u).

u = Typewriter substitute for Greek letter mu ().

V = Symbol for the voltage quantity as well as for the volt
unit.

VA = DC or rms large signal voltage.
V, = Small signal rms signal voltage.
va = Instantaneous large signal voltage.
v, = Instantaneous small signal voltage.
+V = Any positive dc voltage.
-V = Any negative dc voltage.
V+ = Positive polarity power supply voltage.
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Opamp
V Symbol

Definition

V- = Negative polarity power supply voltage.
VAC —See—V,c (V AC or V ac = unit-symbol)
Vac = Alternating current voltage.
Vgg = Base power supply voltage or base bias voltage.

Vcc = Collector supply voltage. (positive polarity in all pres-
ent IC opamps)

+Vc = Positive polarity collector supply voltage.
Vem = Common mode voltage.

VDC — See—Vpc (V DC or V dc = unit symbol)
Vpc = Direct current voltage.

Vgg = Emitter supply voltage. (negative polarity in all pres-
ent IC opamps)

-Vgg = Negative polarity emitter supply voltage.
Vg = Generator (signal) rms voltage.
Vi = Input voltage range.
V; = Input (signal) rms voltage.
v; = Instantaneous input voltage.
Vic —See—Viem
Vicm = Common mode input voltage.
Vicr = Common mode input voltage range.
Vip = Differential input voltage.
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Opamp
Symbol

Definitions

Vipr = Differential input voltage range.
Vin = Large signal input voltage.
Vin = Small signal input voltage.
Vio = Input offset voltage. The dc voltage that must be ap-

plied between the input terminals to force the
quiescent dc output to zero.

|Vio| = The magnitude of Viq. See—Vio
Vior = Input offset voltage adjustment range.
Vir = Input voltage range. See also—V;
V, — See following page
Vo = Large signal output voltage.
V, = Small signal output voltage.
vo = Instantaneous large signal output voltage.
v, = Instantaneous small signal output voltage.
Vocm) = Common mode output voltage.
Vom = Maximum output voltage.
Vomt, Voms = Maximum positive output voltage.
VoM~ Vom- = Maximum negative output voltage.
Voo = Output offset voltage.
Voos —See—Voo
Vopp = Peak to peak output voltage.
Vor.p, Vo(p-p) — See—Vopp

272



Definitions

Opamp
V Symbol
n

Vo = 1. Any rms noise voltage
2. The equivalent-input rms noise voltage of that part
of the device total noise which is independent of
source resistance.

Notes:

1. The other parts of total equivalent-input noise voltage
(Vpy) are the voltages developed by device noise current
through the source resistance and that developed thermally
by the source resistance.

2. Noise voltages vary with bandwidth. Wide band noise
may be any bandwidth but is usually specified for a 10.7
kHz bandwidth. Narrow-band noise voltages are for a band-
width of 1 Hz and usually are specified innV. (nV/\/I-E)

E = The mean square noise voltage
Vot = 1/f rms noise voltage
Vpg = Generator (noise generator) rms noise voltage
Vi = The total equivalent input rms noise voltage
Vni = Vno/ Av
Vi =VBW(V2 + IR + 4Kz TcRs) See—BWyorsk
V1o = The total output rms noise voltage
Vno = AvVni
Vir = Source resistance (Rg) rms thermal noise voltage.

Vs = 1. Device rms shot noise voltage

2. See-—VnR

Vit = 1. Any rms thermal noise voltage
2. See—VnR

V.t = Device total equivalent-input rms noise voltage includ-
ing V,, and (I,Rg)

273



Opamp

Symbol

Definitions
Vor = Output voltage range.

VOUT - See—-V‘(’)
Vo, Vpks Vpeak = Peak voltage.

Vp-p = Peak to peak voltage.
Vps = Power supply voltage.
Vo = Quiescent voltage.

Vs = 1. Signal voltage
2. Source voltage
3. Supply voltage

+Vg, Vg+ = Positive polarity supply voltage.
-Vs, Vs- = Negative polarity supply voltage.

Z; = Small signal closed-loop input impedance.
z; = Device small signal open-loop input impedance.
Z;, = Small signal closed-loop non-inverting input impedance.
Zis = (iAvoD/Ava
Z;_ = Small signal closed-loop inverting input impedance.
Z;_ = Series input resistor R.
Zi- =R+ [Rg/(Ayor + 1))

zj. = Device common mode input impedance. The parallel
sum of the small signal open-loop impedance between
each input terminal and ground.
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ZtoQ o=

;4 = Device differential input impedance.

Z, = Small signal closed-loop output impedance.
Z, = 2/ [(Avor/Avc) +1]

z, = Device small signal output impedance.

2,4 = Differential output impedance. (opamps with differen-
tial output)

a — See—d etc.
a0 — See—TCno

ayjo — See—TCyio

Al /AT — See—TCyo

AVce/AVio — See—kgyg etc.

AV /AT — See—TCy o

AV /AVce — See—kgys etc.
& — See—d etc.

0, = Phase margin. The absolute value of the open-loop
phase shift between the output and the inverting input
at the frequency at which the modulus of the open-
loop amplification is unity.

¢m — See—0,

w, = Cutoff (-3dB) angular velocity (angular frequency).

w, = Reference angular velocity (angular frequency).

w, = Resonant angular velocity (angular frequency).
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AMPLIFIERS
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AND
CIRCUITS



AMPLIFIER

DC or Audio CURRENT Large or Small
Frequency INPUT Signal
Ai = io/iin
p—0
A, = —Rg/R, iin 1 -:'_ )
€ = —iixRp _ o
Ai = io/iin
Ai = R1/RL { ————o0
€, =1, R, in 1 R, R.E|i,
o
.. ‘i;;'
Ai = lo/lin EE Rg
A; = (R{/R)(Rg/Rg + 1) [ $—o0
iin $ 3li. e
€ = 1;,R{(Rg/Rg + 1) & FRi R l o
o

NEGATIVE RESISTANCE

CURRENT AMPLIFIER Ra Re

When R;Rg/ReR; — 1> 0: R,

A;=1+ (RRy/RcRp — )71 °

i, = I;, + Rg/RgR, iinét RLEH o %
A O

¢, = Ry(iin + Re/RsR,) hS
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Constant DC

Current %TJSEE:\ETR Precision HV
Variable R, OUTPUT Current Sources
and/or Voltage v
VCC RL
b=
> o
1/2 LM358 > Hs v,
+ -
Opamp V%‘_ L, ‘[
Q; = VN2410M for
Io = Vio/R, V2 <200V
, and up to
Poon =10V, — I5(RL + Ry) P, =.75W
RL(MIN) = Vz/Io - (PD(MAX)/I(Z)) —R, (PD < 12W
when

Vomax) = PD(MAX)/[IO + Io(R. + Ry ] Q, = VN2406D
with heatsink)

Example +‘i e
Opamp = 1/2 LM358 T }_KQl
Q, = MIE350 (Heatsink) +V ,ij .
Q, = VN2410L I_H;‘}_lt% 1
V, = 150 Ve Lo
I, = Vi,/R, [ -

Ppen =LV, — 3R, + R))
Riomy = Vo/Io — (PD(MAX)/I(Z)) - R,
Vamax) = Poaxy/[To + Io(Ry + Ry)]
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DC or Audio

Frequency AMPLIFIER .
) CURRENT Bilateral
arge or Small OUTPUT Current Source
Signal
i, = — 1 mA per volt

input with values shown

Oscillation may occur
when R, > 27K (worst
case 19/ tolerance
resistors)

Zo=Ro/(1 — [(Re/Ry + 1)/(Ry/R, + 1)])

(+Zy and —Z, are both valid when R, < —Z,)
When R; = Rg and R, = Ry:
i, = —€,Re/RoRy, Ay = —R, Rp/RoRy, Zo = o0

i, = —2 mA per volt
input with values shown

Oscillation may occur )

when R, > 139K (worst e [Toa v, e RUEHL
case 1% tolerance ? Rp3 200K g
resistors)

Zo = [Ro(R,/R; + DI/([(Ro + Ry)/R,] — Re/Ry)
(+Zy and —Z, are both valid when R; < —Z,)

When R, + Ry = R and R, = Ry;:

I, = =€, Rg/RoRp, Ay = =R Rg/RoRy, Zy = ©

Recommended opamp = 1/2 NE5532 for up to 25 mA
peak output current
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Low Frequency A“IA'E ;.IJ_:_ER

Input Impedance IMPEDANCE

Z;>=Rp

Rp b-
Vg ©

booou—0
Z;=Rp + [Rp/(AvoL + 1)]
Z;=Rg+ [RF / ([log'l (AvoLs)/20)]+ l)]
Rp R
Z;=[r;AvoL]/AvcL :
Vg Vo
_fiAvoL *1) °

Zis (R¢/Rg) +1

Z;= ri(1°g_l [(AvoLws) - Avcr@r))/20] + 1)

AvcL@s) = 20(103 [(Re/Rp) + 1])

See Also—Amplifier, Voltage, Negative Resistance
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AMPLIFIER

OUTPUT 2,
IMPEDANCE
e
Rg
-0 ¢
re]
Zo=(1oAvcL)/AvoL
Z,= o "
(AvoL/AvcL) +1 I RE
Zo=(1oRe)/(RpAvoL) T 1

z,= -
® [(RgAvoL)/Rg] +1
AvoL =log™ [Ayor)/20]

See Also—Amplifier, Current Output
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DC or Audio Av“gt#':gg Large or Small

Frequency DIFFERENTIAL Signal

BALANCED TO
UNBALANCED

Ay = —Rg/Rg
when R, = Rz and R, = Rg

BALANCED TO , *»
BALANCED

Ay = —2Rg/Ry
when R, = Ry,
R, =Rgand Ry, =R,

v
Avi = —Rg/Rg v, Re | o %
o s Rx

Avz =1+ [Re(Rg5" + R;Z‘)]C

) v, Vo

Vo =V,Ay; = ViAy, o o
when V, and V, are same freq. & phase

Vol = /(V1Ay)? + (V,Ay,)*  when V, and V, are
different frequencies and
Vo, Viand V, = V.

TWO-PHASE LEVEL CONTROL

’ | 10K 20K
l—»i:lok

2
SI0K

Ay = 0 at pot center
Ay = —1 at CW pot. N
Ay = +1 at CCW pot.

—o
VO
o
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DC or Audio Q/ngt'lf‘l:g: Large or Small

Frequency INVERTING Signal

Av = _vo/Vin
Ay = —Rp/Rz when Ayg. » Ay Vin

Ay = —([(Rg + Ry/Ayor)/Re] + Avd) !

where Ay = AyoL at Ay freq.

Ay = —V,/Vs Ry Ry
R
AV = ‘RF/(RS + RB) ° v
when Ayo > Ay Vs ?

Z,, =Rg when Ay » Ay

POSITIVE AND NEGATIVE FEEDBACK
(decreases input impedance)

AV = - vo/Vin

Ay=—[1+ (R/R)]/[(R,R5/ReR,) — 1]

when (R;Rg/RcR,) —1>0
and Ayo > Ay

R, (
3R; Et Ry
O
—_ \A vV
AV - _Vo/Vin " °
Oo— ~O

Ay=—[R, +R; + (R;R3/R,)]/R;  when AyoL » Ay
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Negative

Impedance AMPLIFIER Two-Way

. VOLTAGE W
Negative NEGATIVE RESISTANCE Amplifier
Immittance

AAA
\4

R
ERB ]:(>_‘

R,

AAA

&F 17
_

When [R,Rp(Rg! + R{Y)/Rg] — 1 >0
Ay =[1+RsR{' —Rg/RgR))] !
Z,,=Rs+ (R{' — Rg/RgR))7!
Z,=(R{'+Rg' —Rg/RgR))™!
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DC or Audio "{/ngt!".ﬂ;EER Large or Small

Frequency NON-INVERTING Slgnal

Zi, = Riy(1 + AyoL/Av) “
:ERB }

Z,=R,/(1 + AyoL/Av)

o__——n O
Vin Vo
[og —0

Ay =1+ Rg/Rg when Ay, > Ay

Ay=1+ ([(RB + Rp/AvoL)/Re] + A\?(;L)-l
(AyoL at Ay freq.)

INFINITE INPUT IMPEDANCE

Z,,~ o when R; « Ayo R,

Zi, = (AyoL + DR;,

Ay =1 whenf ,, « GBW o-
NEGATIVE INPUT IMPEDANCE
When (R|Rz/RgR,)—1>0

and AygL > Ay: O
Z,, = R, — (R,Ry/Ry) o "
Ay =1+ ([1 + R,/R)T/[(R,Ry/ReR,) — 1])

2 L L
3Ry SRy 3R,
o_____l:l>—* .
V,

— mn o

AV - Vo/Vin O o)

Ay =1+ [R, + Ry + (R,R3/R)]/R,
when Ayl > Ay
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AMPLIFIER
VOLTAGE ?rgelor Small
SUMMING 'gna

Av1 = —RF/RI
sz = “RF/RZ
AvN = “RF/RN

Vo = V(ViAv1)? + (V2Av2)* =+ (VnAvy)?
where V,, V,, V, and Vy =V,

Minimum required peak to peak capability = 4\/5 Vo rmsMax)

Input to input isolation = 20 log [(Avor/Av)Rinopamp] B
when inputs driven from current
source

Input to input isolation ~ oo dB when inputs driven from
opamp sources.

MIXER w
CIRCUIT !
Vi 0—-3:
R, |
v, O———L

AN AMA

Ry Rg
Vn . 1
- Ze—o

Vemn o - -0
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BANDWIDTH

GENERAL BW

BW = BW_;,; = Half-power or 3 dB down bandwidth
unless otherwise specified
(half power = —3.0103 dB).

AMPLIFIER BANDWIDTH
BW =~ (B,,/2)/(A,.)
BW ~ (R;B,./2)/R;

See Also—Opamp, Power bandwidth
BANDPASS FILTER BANDWIDTH
BW = f;_34p) — f1(~3am) fo = QBW, fy  f; + BW/2

BW ={,/Q, f, = —BW/2 + \/BW%/4 + {2 f, =f, + BW
f, ~f, — BW/2, f, ~ f, + BW/2

BANDPASS FILTER
BW = (nCR,)"!

fy = [2nC/R,R,] 7! R,

Avo = R2/2R1

Q= vV R2/4R1

See Also—Filter, Bandpass
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COMPARATOR
WITH AND WITHOUT HYSTERESIS

INVERTING NON-INVERTING
Vin Vre
Vees Vin
WITH HYSTERESIS WITH HYSTERESIS
ref - vo
rel'
m)th - ref/(Rl/RZ ref (Vm)th(Rl/RZ + 1)

Add diode in series with R, for unidirectional hysteresis

HIGHEST-INPUT-LEVEL ONE-OF-N CIRCUIT
(HIGHEST OF +.5 TO +10V,, INPUTS HAS
ONLY OUTPUT)

$ b

Opamps = 1/2 LM358 or 1/4 LM324
NPN transistors = 2N2222 etc, PNP transistors = 2N2907 etc
Hysterisis from 330K resistors minimizes hunting
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DETECTOR
PEAK

POSITIVE PEAK DETECTOR

»l
¥t

| L
1.0 3¢ Z2IM
in 3 \A

O -0

DOUBLE ENDED LIMIT OR FULL-WAVE
PEAK DETECTOR

o +12
Vee

-

Vv,

o

in =

Sensitivity may be decreased by decreasing R,

Max) When V.

> 1V,_, sinewave

See Also—Comparator and Rectifier
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INDUCTOR
ACTIVE

L= C1R1(R2 - R1)
Q =2nf,C,(R, —R))
Rs = RI’ RP = Rz

i B

L \V/
equivalent

When R = Rz and R = R;: R
L =R,RC 3R, I_ Vee

+
Q = o (Reduce the value of R, R | .C,J
slightly if necessary to prevent { [ !
oscillation) L 2Ry ’_:17

O

When C; = C, and R, = Rj;:
L = R,R,C = 1H with values shown

Q- ]

Due to component tolerances, +
oscillation may occur when K
connected to a high Q external
circuit.

001 732K

With only a high Q capacitor connected to the L input
and R; tweaked to the edge of oscillation, circuit Q is very
close to infinite.
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(PHASE SHIFTER)

FILTER
ALLPASS

Unity Gain
All Frequencies

b

V.

1

AV

R R
R
L—o
C Vo

f

(Oe)out + (ee)in =2 tan_l (27[fRC)_1, 'AVI =1

10K 10K 10K 10K 10K “
R, R, Ry }
C C C ©
Vin I ' I 2 _]: N V,
O ~O

(0)ou = 2[tan"' 2rfR,C,)" '] + 2[tan"' 22fR,C;) ']
-+ 2[tan"1(2nfRNCy) ']
BROADBAND, FOUR-PHASE-OUTPUT CIRCUIT

30K 30 K o,
215 K Lo S PHASE
f—m E ERROR
s
o e E%(O %-0'5 0 v, +1.5°
Vin 04 J_ % OVER
oo s | T >20 TO 1
[y 270 v, FREQ.
215K 11:‘>_‘ 15K 15K RANGE
o e o

Output phase is relative to other outputs; not to input
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FILTER

Simplified
Second order BABII\IoDUPAQgS Formulas

R, R
C R C R R

R, t—1H— q l

e(i: | [ ;ul
Avo = RZ/RI
f, = (2nRC)"!
Q= R,/R

leou/Cinlan = 20 log [R,/(R,\/1 + Q2[({/fo) — (fo/D]2)]
VARIABLE FREQUENCY,
CONSTANT BANDWIDTH
BIQUAD BANDPASS FILTER

l.:7nK 3 '
182K 10. 10K "]
1 gk 022
—m—og
9 ~{3G I}
Cin 1ok 10 + Cout
11 o
ot
Ayo=1 Opamp = 3/4 TL084 or equiv.
fo = 100 to 1000 Hz .022 pF caps are 5% low D
BW_,,, = 40 Hz such as polystyrene or NPO

Q = 25 at 1000 Hz 10K pot is 59 multiturn
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FILTER
Second Order BANDPASS Eenerz:l
MULTIPLE FEEDBACK ormulas

f, = [2nC./R,R, ]!

C R,
Avo = Ry/2R;, R,/R; = 2Ay, r'f&_Lf
Q =/Ry/4R,

R,/R, =4Q? o —o
leou/€inlan = 20 log [R,/(2R, /T + Q*[(t/fo) — (fo/D)1?)]

Without compensation, a Q of 10 is maximum for results
within 5% of formula. At a Q of 5, an f, of 5kHz is
maximum for the same accuracy. When typical Mylar
capacitors are used, a Q of 7.5 is maximum for 5%, accuracy.

LOWER GAIN HIGH GAIN,
VERSION HIGH Z,,

out

Avo = R,/2R g
fo = [2nC/R,/R7L + RgH]

Q = /R,(Rj{ + Rig)/4 Avo = (R2/2Ry) + 1
R, =2Q/(2£,C) Ayl = A = 1

Rip = Ry/2Ay, Q ~ /R,/4R,

Ria = R,/(4Q% — 2Av0) fo = [ZnC\/ﬁ]—l
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FILTER

Second Order BANDPASS pariable
MULTIPLE FEEDBACK requency
CONSTANT Q
1ok 10K
ey { Opamp = 1/2 LF353
E .00i Capacitors = 59, Mylar
100 .0022 :\
! "__‘ 10K 100K 5
€in T 2 €out
e, - ]— -0
Tuning Range ~ 100 to 1000 Hz
Q=74
Ayo =1

CONSTANT BANDWIDTH

Opamp = 1/2 LF353
Capacitors = 59, Mylar

825
e g Q

——0

€out

¢
s 0K 7
Tuning Range = >400 to <1000 Hz
BW_,45 = 150 Hz at 400 Hz (Q = 2.7)
BW_,45 = 150 Hz at 1000 Hz (Q = 6.7)
Ayo=1

See Also—Filter, Bandpass, High f,Q
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FILTER
Second BANDPASS General and

order  MULTIPLE FEEDBACK TYPE I HighfoQ

f, = [2nR/C,C,] " ) .
C, 2
Avo = C1/2(:2 = ZQZ ‘L_| .
Q=./C,/4C, €in Cou
o —0

leou/€imlan = 20 log [2Q%/ /1 + Q*[({/fy) — (fo/D)]?]

Type II MFB bandpass filters are capable of Qs of 50 or
greater without compensation. Opamp GBW however,
affects frequency. A GBW/f,Q of 30 develops ~ —5%;,
frequency error. Uncompensated filters require capacitors
with “Q”s of > 100 circuit Q.

HIGH AUDIO FREQUENCY HIGH Q
1715 TR 211(,0C2_I_ v
iy L
e Cg,u“.ozz _e(:.,. 6w CIAT Mlar | -_e:"
o ° { T e ]
Ay = Cin/2C, ~ 1 Avo = 107 (1.0)

fo = [27R{/Cy(Cia + Cip)] ™" f, = 3445
Q= /(Cis + Cip)/4C, Hz (3000 Hz)
= 10.8 (11) Q =50 (53.8)
Opamp = 1/2 LF353 and Opamp = 1/2 LF353
measured f, = 204 kHz = — 7%

Capacitors = Polystyrene and  Positive feedback not

NPO ceramic needed when .22 pF
capacitor is polystyrene
or polypropylene
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FILTER

Second Order BANDPASS '(:-ienerall
STATE VARIABLE ormuias
R,
%RS 3 Ij>—1 Ry |? R, C, l
$Ro
< R6
i LY Cou
f

Ayvo = Hopr = Ry/R3

fo = «/Re/(Rs4n*R,R,C,C,)

Q = [(1 + Re/R; + Ry/Ro)/(R{R(C,)/(R,R5Cy)]/

(1 + R¢/Ry)

[Cout/€inlan = 20 log [ Ra/(Ry/T+ Q7[(1/f) — (/DT?) ]
When R; = R,, C; =C, and R5 = Rg:
Ayo = Hogp = R, /R;, f, = 27R,C))" !, R, = 2xf,C,) !
Q = (1 + Ry/R; + Ry/R0)/2, Ro = R,/(2Q — Ry/R; — 1)

Example

Let Ayo = 1, f, = 1000 Hz and Q = 21

Let C, = C, = .01puF, R, =R, = 2rf,C)~! = 15915K
R, =R;,R; =Rg—LetR,R;, R;, R, Ryand Rg = 158 K
Ry, = R,/(2Q — R,/R3 — 1) = 395Q—Use 392 Q

Check using standard resistor values

Ayo=1 f,=1007Hz, Q=212
See Also—Filter, Bandpass, High f,Q
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FILTER

Second Order BANDPASS ::’a'iab'e
STATE VARIABLE requency
CONSTANT Q
24K P — -
islgA - S0
- 100K 6.04 K Tor 110K 604Kk ] o1
‘635 324K

Tuning Range = 200 to 2000 Hz minimum
Avo=1, Q=254, (eu)pp=(Vs— 2.5) maximum
Opamps = 3/4 TL084, .01 pF Caps = Polystyrene

SINGLE POT, MIN AQ, MAX (e,u)p-p

715K 0068 | 357K 0068

— —
4.42‘K

210K 5%
It 7% 7

Tuning Range = 1000 to 2000 Hz minimum

Q = 19.9 at 1000 Hz to 25.7 at 2000 Hz

Avo =1, (€udp-p = (Vs — 2.5) maximum
Opamps = 3/4 TL0O84, Capacitors = 5%, Polystyrene

See Also—Filter, Bandpass, High {,Q
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FILTER .
Second Order BANDPASS :;/anable
STATE VARIABLE requency
CONSTANT BANDWIDTH
0068 0068

£ 698 | 110K
e O A

Cin 110K

357K
35.7
K
110K

|- A A

! 110K 50K

o>

i

Cout

Tuning Range = 1000 to 2000 Hz minimum
BW = 80 at 1000 Hz (Q = 12.5),

Avo =1, (€pu)pp = (Vs — 2.5) maximum

Opamps = 3/4 TL0O84, Capacitors = 5% Polystyrene

= 80 at 2000 Hz (Q = 25)

Q INVERSELY PROPORTIONAL TO FREQUENCY

‘out

357 > 3ITK § 0088 0068
K A A it }
- 487K 25K ! 249K
3698 | 249K :{>_
)
Cin 249K €

Tuning Range = 1000 to 2000 Hz minimum

Q = 25 at 1000 Hz to 12.5 at 2000 Hz

Avo =1, (Eup)p-p = (Vs — 2.5) maximum

Opamps = 3/4 TL084, Capacitors = 5% Polystyrene

See Also—Filter, Bandpass, High f,Q
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FILTER
BANDPASS, STATE VARIABLE
HIGH f,Q COMPENSATION

State variable filter formulas accurately describe operation with ideal
components. When both the resonant frequency and the Q are low, the
error caused by ordinary components is negligible (exception: electrolytic
capacitors).

With ideal opamps, capacitors with a Q(D~1!) of 40 filter Q will cause
a 5% formula error. A filter with a Q of 50 would therefore require
capacitors with a Q of 2000 or greater (polystyrene or polypropylene)
unless compensated.

With ideal capacitors, opamps having a gain-bandwidth product (GBW)
or unity-gain bandwidth (B,) of 150 f,Q will also cause up to 5%, formula
error. A filter with an f, of 1000 Hz and a Q of 20 requires opamps with
a B, of 3 MHz or greater for 5% maximum error unless compensated.

The effect of low capacitor Q is to decrease filter Q and gain however
the effect of low opamp B, is to increase Q and gain, and to decrease f,.
The effect of low opamp B, almost always dominates and compensation
may be required.

Low opamp B, causes excess loop phase lag, therefore compensation
consists of adding phase-lead components to eliminate or reduce this
excess. The phase-lead required cannot be accurately obtained from opamp
data books since GBW or B, and phase shift are given as typical with no
minimum or maximum. High f,Q filters therefore may require “tweaking”
or adjustable compensation if very accurate results are required.

The most accurate method of compensation adjustment is to short-
circuit the Q determining resistor R, and adjust compensation to the edge
of oscillation. A less accurate but usually satisfactory method is adjustment
of compensation to obtain calculated gain.

Compensation methods include very small capacitors in parallel with
tuning resistors, very low value resistors in series with tuning capacitors
and near 90° RC “positive” feedback. This last method allows the use of
a wide range of RC values and provides the best overall accuracy.

Compensation need only be applied to one of the three state variable
opamp stages and the third stage is the best choice. Third-stage compensa-
tion only is shown on the following page.
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FILTER
BANDPASS, STATE VARIABLE
HIGH f,Q COMPENSATION

STATE VARIABLE BANDPASS FILTER

ER R C R C

7
] L G

out

To
o}
a
a
=
a
=
e}

-

f
Cc = 8/(B;R) R = (6f,R)/B,
c R c Variable Compensation
—A— —
R c
[ e I i
C T Cout
RcCc ~ .8/B, [ <

R¢ ~ .8/(B,Co) g
Cc = 8/(B;R¢)

\]
Short R, and tweak R or C¢ to the edge of oscillation for
best general formula accuracy. This also compensates for
capacitor Q.
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FILTER o
Second Order BANDPASS ?'mplltled
STATE VARIABLE TYPE I Formulas

R,
R, R, R

$ o—
¥
v—:bn
7
_]_

M

out

Avo = Hoge = QR,/R; = (Rs/Ry + 1)/QRy/R; + 1)
f, = 27RC)™!, R = (2af,0)"!
Q = (R4/R, + D/(Ry/R, +2),
Rs/R, = QR,/R; + 2)—1
Cout/Cinlas = 20 log [QR,/(R,/T+ Q?[({/f) — (/DT?)]

When R, = R,:
Avo = Q, Q = (Rs/R4 + 1)/3’ Rs/R4 = 3Q -1,
f, = (2nRC)™!

MW 10
100K 1
100K .01 0l iy

200K
I N 158K |, ' 158K || | 15
.OII e 4 14
€in

“ +10 [ ] ] e"?‘“

10.0 K ! 10K

f,=1007Hz, Q =201, Ayo=10

Opamps = 3/4 LF347, .01puF Caps = 59 Polystyrene
See Also—Filter, Bandpass, High {,Q
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Symmetrical B Ali\lllgl"’igss Fourth Order
Two Pole BPF

UNIVERSAL General Formulas

TYPE 1
O————— 2ND ORDER BPF 2ND ORDER BPF p—0
€in <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>