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Section 5

ANALOG DESIGN PRACTICES

This section deals with the "how to" portion of analog design .

The objective here is to describe design tools and practices , not to
define all the different types of circuits that could be designed . Where neede d,
examples are used to show the design tool in application.

5 .1 ANALOG DESIGN PROCESS

The generic steps used in the design process as described in section
3 will be expanded upon here with regard to analog design. Section 3 should be
used as a companion to this subsection since this is not a rigorous description
of the design process but how analog design is applied in the design process.

The design task given to an analog circuit designer will usually be
described by a specification, detailed circuit description and a detailed block
diagram . The task then is to design and verify that the circuit will satisfy
these constraints. The first major task is to select the appropriate components
and design the circuit so that the design requirements are met . The search for
components will ordinarily be constrained by preferred components lists, etc . as
outlined in section 10 of this document. The process of choosing the right
component involves detailed investigation of all its characteristics . (Component
selections are not final until the circuit is built and shown to meet
specifications by test. Often several iterations of analyze, build and test are
required to reach this point.) The circuit design is analyzed using CAD
techniques and/or hand calculations and the exercise of good engineering
judgment . Preliminary choices usually follow a process that analyzes each stage
individually supplemented by analyses of the overall chain of stages involved in
each major function of the design. These analyses must consider the attributes
of the parts used .

5.2 ANALOG DESIGN TOOLS

The analog circuit designer should use every resource at his or her
disposal to get the job done. Circuit analysis and design resources at ITT-A/OD
include PSPICE, IGSPICE and smaller PC-based circuit simulator programs see Table
5.2 .1. Some types of circuit designs require using computers (VAX or PC) to
perform the analysis. Other types of design can be performed by hand . Whichever
approach is used, a check on your ana lys is and design should be performed .

Table 5 .2 .1. Analog Circuit Design Tools
(Computer Programs)

BOSS

ICSSM

IG-SPICE

- Block Oriented System Simulat ion .

- Interactive Communication System Simulation
Model Program .

- Interactive Graphics general purpose circuit
simulation program for nonlinear DC , nonlinear
transient, and linear AC analysis.
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MSIMON

MIDAS

SPICE

PSPICE

SCEPTRE

QUICKSIM

M-SPICE

SPP

PCPLOT

ACTFIL2*

LCFIL*

LOCIPRO*

XFER

TEKCALC*

MATRIX MAGIC*

TRANSFORMER
SPREADSHEET

Table 5 .2.1. Analog Circui t Design Tools
(Computer Programs) (Cont .)

- Subs e t of SPICE trans ient anal ys is of MOS d ig i­
tal c i r cuits.

- Modif ied Integrated Digital Analog Simulator.

- This program simulates analog components when
timing analysis of a portion of a c ircuit is
more critical .

- This program simulates analog components when
t iming analysis of a portion of a c ircu i t i s
more critical.

- Non-SPICE based circuit simulator program.

- Simulation and timing analysis program. Us ed
for best case and worse case analysis .

- This program simulates analog components when
t iming analysis of a port ion of a circuit is
more critical.

- Signal Processing Program which analyzes linear
and non-linear systems. Based on a 5/2 FFT .

- High resultion graphics program.

- Active filter synthesis program which can be
used for designing f ilters given the requ ired
characteristics.

- Passive f ilter synthes is program whi ch can be
used for design ing fil t er s given the r equ i r ed
characterist ics.

- Root Locus analysis program.

- Transfer function analysis program.

- Curve-f itting program .

- Matrix manipulation program.

- Transformer design program for single phase
multi-winding transformer s .

INDUCTOR SPREADSHEET

BUCK , T-BUCK ,
FLYBACK , and BOOST

- I nduc tor design program .

- Switch i ng r egul a t or ana lys is program.

*Not presently ava i lab le.
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3D GRAPHICS*

Table 5 .2.1. Analog Circuit Design Tools
(Computer Programs) (Cont .)

- 3 dimension plots for Lot us 1-2-3 .

HARVARD GRAPHICS

PLOT 10

MATHCAD

ORCAD

SCIDESIGN

SYSCAP*

ANALOG WORKBENCH

MICRO CAP II & III*

PRECISE*

BIFET

INCA

NETED/SYMED

STEP

BASIC

PASCAL

- General purpose software used to make presenta
tion material - - graphs, charts, viewgraphs ,
etc .

- Tektronic terminal graphical package .

- Plotting of mathematical computations.

- Schematic capture, partlist & netlist
generation, expandable for circuit simulation .

- Schematic Capture with back annotation,
partlist and netlist generation, expandable for
c ircuit simulation.

- Vax or external service based circuit simulator
program. Numerous analytical capabilities to
include nuclear effects analysis .

- PC or Work Statiion based circuit simulator
program . Many enhanced circuit analysis
functions with test equipment type output
displays.

- PC based analog circuit simulator program. Net
list extracted automatically from schematic.

- Enhanced SPICE based analog circuit simulator
program.

- Semiconductor model parameter generation
software . (SPICE)

- Interactive Control Analysis for system
analysis.

- Schematic capture , par t list & ne tlist
generation, for best case and worse case
simulation.

- This utility program converts t he simulation
results into a funct ional test pattern file for
use on the Sentry .

- Hi gher level language which actua lly cons ist s
of several vers ion.

Higher level language wi th severa l versions .

*Not presently available .
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FORTRAN

C

Table 5 .2.1. Analog Circuit Design Tools
(Computer Programs) (Cont . )

- Higher level language a Vax which ha s numerous
subd ut ies ava i lable to i t ( IMSL - STAT/L IBRARY,
SFUN/LIBRARY & MATH/LIBRARY)

- Highe r level language inc l udes Vax and PC
vers ions.

*Not presently available .

There ex ists numerous type of test equipment which can be used in
the test an d evaluation of analog circuit des igns . Table 5.2.2 contains a l ist
of some of the equipment that could be used by t he engineer . The normal types of
test equipment such as power supplies , osc illoscopes, digital voltmeters, etc .
are not i nc luded.

Tab le 5 . 2.2. Ana l og Des ign Tool s
(Test Equi pment)

Audio Spectrum Analyzer - Used to de termi ng fr equency r espon s e of the
circuit under t est .

Sound Analysis System Used to mea sur e acoustical ene r gy and provide
output i nfor mation .

Audio Analyzer Contains both a digitally control l ed s ignal source
and digital vol tmeter .

Digital Oscilloscope Can be used f or evaluat ing low frequency
charac t er istics.

Thermograph Used t o measure t emperatur e and output the r e sul ts
on a str ip chart an d d isplay.

Cur rent Probe Used to mea sur e current through a line i ndi r ect ly.

RF Spectrum Analyzer Us ed to determi ne f r equency response of a circu i t .

Network Analyzer Used i n the character izat ion of ci r cui t s and
component s.

Another impor t ant a s se t available to the circuit designer i s data
and r eference books . Data books a r e provided by vendors and can be acquired f rom
local vendor r epresent a t i ves . Re f er ence book s are ava ilab le i n the ISC in TAC
II , from other eng i nee r s in your area , or f r om your own co llection . I f you use
reference books or da t a boo ks to de s i gn c ircu i t s , a circuit ana l ysis should s t ill
be performed before you commit to t he des ign .

Finally , one of the most i mportant resources i s ot he r engineers .
Des i gn r ev i ews and co nve r sat ions wi th other eng i neer s wi ll provi de you with
valuable i nf or ma ti on regard ing you r circui t .
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5.3 DC ANALYSIS

This subsec tion describes spec ific ap plication , techniques. and
technologies i n analog des i gn relat ive to DC analysis .

5 .3 . 1 DC Offset and Bias Select ion

DC offset b ias selection is an i mpor t an t step in the design and
analys is of a c ircuit. Two examples will be used to show t he i mpor t ance of t hese
two items .

First , proper dc biasing of a trans istor stage helps prevent
i nstab i li t y and nonl inear response t o ac wavefor ms. Usual ly. the operating poi nt
can be selected from the "Vee/ I e" plot for t he trans istor; see Figur e 5 .3 .1-2 .
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The "load l ine" is es tabl ished as a line between the Vee voltage where the
trans istor i s "o f f " and the I e current where the transis tor is ful l "on." To
establish an operation point and t hu s dc bias for t he t r ans istor , an opera t i on
po int for t he c ircuit i n Figure 5. 3 .1- 1 i s selec t ed from Figure 5 .3 .1-2 as:

I b = 23 )J.a, (Eq . 5 .3 . 1- 1 )
Vee = 25 volts, (Eq . 5 .3. 1-2 )
I e = 5 ma (Eq . 5 .3.1-3 )

and
hFE = Ie/lb 217. (Eq . 5 .2 .1-4 )

(A dc current gain hFE of 217 is no t uncommon for a trans istor .) Next, it is
necessary to determine the emitter resistor , R4' value if the col lector resis tor ,
Rs, is selected to be equal to 1 Kohm. Thus,

or

or
25 .0 Vdc = -(5ma) (lKD) + 50 Vdc - (23ua + 5ma)R4

R4 0:: 4 . 0 KohmsO .

(Eq. 5.3.1-5 )

(Eq . 5 .3.1-6)

(Eq . 5 . 3 . 1-7 )

For a trans istor to operate in the ac tive reg ion, its
base-to-emi tter junction must be forward biased and its base- to-collector
junction must be reverse biased. The col lector vol t age, ve, i s equal to

or
50 vdc - (5ma) (l K) 45 Vdc.

(Eq . 5.3 . 1-8 )

(Eq . 5 .3 .1-9

The emitter vo ltage , v«. is equal to

Ve vee - Ve - (Ib + I e)R4
or

Ve (Ib + I e)R4
or

Ve (23ua + 5ma)4.0KO = 20 .0 Vdc

(Eq . 5 .3 .1 - 10 )

(Eq. 5. 3 . 1 -11 )

(Eq . 5.3.1-12)

and for a silicon transistor an additional 0 .7 volts will be added to forward
bias the base to emitter junct ion. Therefore , the base vol t age must be

Vb = Ve + 0.7 = 20.7 Vdc. (Eq . 5 .3 .1 - 13 )

The l oad l ine and equat ions 5 .3.1-1 and 5 .3 . 1-2 show that 23 uA of base curr ent
is r equ i r ed t o tur n on t he transis t or . As a rule of t humb, t he current through R1

should be 50 times t he requ i red l b . The value for R1 and R 2 can now be
de termi ne d :

and

(
50 V - 20. 7 V) = 25 .5 Kohm

50 (23uA)

(
20 .7 V ) = 18 . 4 Kohm

(50 - 1 ) (23uA)
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Nonetheless, numerous specifications could still be addressed such as: stability,
frequency response, linearity, dynamic range, etc. This analysis should be
considered a first order approximation to DC biasing only .

...-_VOUT

i 1 i z = 45 nA
i os 5 nA
eos = ± 2 mV

Figure 5 .3 .1-3. Inverting Op-Amp Stage

Another example to consider is the dc compensation technique for
inverting op-amp stages. The method is to add a resistance from the noninverted
input of the op-amp to ground which is equal to the Thevenin equivalent dc
resistance as seen from the inverting side of the op-amp . The purpose of the dc
compensation is actually due to the dc offset introduced by input bias currents ,
i 1 and i z. If Rn in Figure 5 .3 .1-3 is not included , the dc offset due to the
i nput bias currents and input offset voltage is

where

and

RZ

10Kil,
ixn ,
451]a

22 .45mv (Eq . 5 . 3 . 1. 16 )

(Eq . 5 .3 .1-17)
(Eq . 5 . 3 . 1- 18 )
(Eq. 5.3 .1 -19)

eos = 2mv. (Eq . 5 .3.1-20)

With Rn in the circuit the output voltage , Vo, due to the input bias current and
input offset voltage is
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Vo

where

Rl = 10m,
Rz = ixn ,
ios 5TJa

and

Rz
22.05mv (Eq . 5 . 3 . 1. 21 )

(Eq . 5 .3.1-22 )
(Eq . 5 . 3 . 1-23)
(Eq. 5 .3 . 1-24)

eos

This would require

2mv . (Eq . 5 .3.1- 25 )

Rn = Rl II Rz = 9.091KD . (Eq. 5.3.1-26 )

Further dc offset compensat ion could be performed by connecting Rn
to a var iable voltage which could be ad justed to cancel t he input of f s e t vo l t age .

5. 3 . 2 DC Gain

The dc gain of a circuit is de termined a t zero Hz . In trans i stors ,
this gai n may be the dc current gain "B" or "hFE. " This gai n should not be
confused with the "hre" or small signal current gain. At dc , capac itors are
treated like "opens " and i nductors are treated like "shorts ." Fr om a t ransfer
function s tandpoint , t he t r ans f er f unction can be r at i onal ized an d replaced by

Ht s ) -+ Rea l H(jw) ± j Imaginary H(j w)
and

Real H(j w) I= H(jw ) @ dc

w = 0

or in s impler terms

H ( s ) I= H ( s ) @ dc.

s = 0

DC gain should no t be confused with t he Final - Value theor em:

l im h(t ) = l im sHes )

whi ch deal s with the response of a c ircu i t or system .
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Figure 5 .3.2-1 . Example Circuit

As an example of calculating the dc gain of a circuit, the circuit
in Figure 5.3 .2-1 will be analyzed . The voltage at the non inverted input of the
op-amp, VI. is determined by using the voltage di vider rule between R3 and R4 or

(Eq .5.3.2-5 )

Next . using Kirchhoff 's Current Law, the current through RI is equal to the
current through Rz or

VI Vout - VI

Rl Rz

or
Vout Rz

1 + -
VI RI

Thus . the overall dc gain would be

(Eq. 5 .3 .2-6 )

(Eq. 5 . 3 . 2 - 7 )

Vout

Vin

(Eq. 5 . 3 . 2- 8 )
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5.3.3 DC Sensitivity Analysis

DC sensitivity analysis has gained in popularity because various
circuit simulator programs lack the ability to perform ac sensitivity analysis.
In the dc mode, the frequency-related terms are nulled (to correctly null
pole/zero cancellation must also result in gain modification) and the sensitivity
is determined. An example circuit is provided in Figure 5.3.3-1.

sL

1
sC

VOUT

Figure 5.3.3-1, DC Circuit Example

The transfer function for the example circuit is

Vout
(Eq. 5. 3 . 3-1 )

Next, the transfer function is rationalized into its real and imaginary parts and
coefficients are substituted for with constants or

voutl (A) ( (D-Bw2) - jwC) (Eq. 5.3.3-2)
Yin ( (D-Bw2) + jwC) ( (D-Bw2) jwC)

s -+ jw
or

Vout A(D - Bw2) jwAC
(Eq. 5 3.3-3)

Yin (D - Bw2) 2 + (j wC) 2 (D _ Bw2) 2 + (j we) 2

For a dc sensitivity analysis the frequency term w is equal to zero. Thus, the
transfer function becomes

5-10



vout I
Vin

W = 0

A

D

(Eq .5 .2.3-4 )

The dc sensitivity relative to R2 becomes

(Eq. 5.3.3-5)

and due to Rl

(Eq . 5.3.3-6)

If

then the corresponding dc sensitivities are

0 .25 (Eq. 5. 3 . 3 -7 )

and

-0.25. (Eq. 5 .3.3 -8)

A sensitivity which is less than ±1 implies that variations in either of the
resistors. Rl or R2' has little impact on the dc response.

5 .3 .4

function.
the gain.

Other DC Tools (Pole/Zero Cancellation)

Pole/zero cancellation can be used to simplify a high order transfer
Typically , poles and zeros can be cancelled with the modification of
For example, suppose the following transfer function is considered :

vout 10(s + 30)

Vin (s + 20)(s + 50)
(Eq , 5.3 .4 -9)

The highest frequency pole or zero is the pole at 50 rads/sec . It can be
cancelled by di viding the gain by the pole or

Vout (10/50)( s + 30 )

Vin ( s + 20)
(Eq . 5 .3 .4-2 )

Next , the zero at 30 rads/sec can be cance l l ed by multiplying the gain by 30 or

vout

Vin

(0 .2)(30)

(s + 20)

5-11
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The final pole can be cancel led to pr oduce t he dc gain of

vout 6

Yin 20
0 .3 . (Eq . 5.3.4- 4 )

The same 0.3 r e sult s would occur i f i n Equation 5 .3 .4 -1 t he "s" term was zer oed
i nit ially .

5 .4 AC ANALYS IS

This sect ion descr ibes spec ific applications , techn iques, and
technologies i n AC c ircui t des ign and analys is.

5 . 4 .1 AC Gain , Bandwidth and Bode Plots

The ac frequency response is an essential analytical t ool . The
co nventional Bode plot is used to show the relat ionsh ip be tween gain (mea sur ed in
decibels ) and phase (measur ed in degrees) . Ci rcuit stabil ity can be directly
determined based on the gain/phase r e l a t i onship. Usually , the "x" ax i s of t he
Bode plot i s a log scal e . Hence , 20 dB pe r decade or 6 dB pe r octave can be
r eadily de t ermined.

R

1
sC

Fi gure 5 . 4 . 1-1 . Low Pass Ci rcu it

5- 12
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As an example of ac frequency response , t he f o l lowing s i mple low
pass will be analyzed. Assume a s imple low pass circuit as s hown i n Figure
5 .4 .1-1. The transfer f unc tion for the c ircuit i s

Z ( s ) =

1/RC
(Eq. 5.4 . 1-1 )

s + l /RC

Several points of i nt e r e s t can be directly determined f r om the
transfer f unc tion . Firs t , there is a pole at l/RC wi t h no zer os present .
Second, t he dc ga i n woul d be

Vout

Yi n

s = 0

1 /RC

o + l /RC
1 o dB . (Eq . 5.4 .1 - 2 )

A Bode plot can be drawn from the rationalized transfer function .
A r a t i ona l i zed transfer f unc t i on separates t he real and imaginary portion of t he
transfer f unct ion by mul tip l ication of t he denominator 's complex conj uga te pair .
Thus, Equa t i on 5 .4 .1- 1 becomes

Vout

I
l /RC (l / RC - j ei )

Z(jw) =
Yin jw + l / RC ( l / RC - jw )

jw -+s

or

(1/RC) 2 w/RC
Z(jw) - j

w2 + (1/ RC)2 w2 + ( 1 /RC )2

where

(1 /RC)2
Re (jw )

w2 + (1/ RC)2

and

- w/ RC
Im(j or )

w2 + (1/ RC) 2

or

Mag(j w) {Re(j w)2 + I m(j w)2}1/2

and

<jl (jw) tan-1 (Im(jw ) /Re(jw » ,

(Eq . 5 .4 .1 - 2 )

(Eq . 5.4 . 1- 4 )

(Eq. 5 . 4 . 1-5)

(Eq. 5 . 4 . 1- 6 )

(Eq . 5 . 4 . 1 -7 )

(Eq . 5 .4 .1-8)
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Let

R rxn CEq. 5 .4 . 1-9)

and

C = luf . (Eq . 5 .4 .1-10 )

Next determine the gain phase plot using Equations 5 .4.1-7 and 5.4.1-8 and the
component values for "R" and "C" .

-22.5°

-67.5°

-90°
10k

PHASE
GAIN

0°

1k10 1001

-5

-15

-20

-10

dB 0

Frequency (Hz)
Figure 5 .4 .1 -2. Bode Plot

From the Bode plot , Fi gur e 5 . 4 . 1-2, t he l ow pass fi l t e r has a - 3 dB
po int a t 1K rads /sec and a phas e sh i f t of _45 ° . The dc or l ow frequency ga in i s
o dB with a -20 dB/decade rol l off a t 1Kr ad/sec . Si nce t he gain neve r get s above
o dB, it is an unconditional ly stabl e , and the phase sh i ft ne ver exc eeds - 90 ° .

5 . 4 . 2 Phase an d Frequency Compensat ion

Many times , it is necessary to add phase or frequency co mpensat ion
to 'a circuit to improve i t s stab ility or limit the excurs ions of i t s t r ansien t
response.
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Phase or gain compensation is usually added to improve the stability
of a circuit. Gain compensation is the easiest way to improve stability because
the phase is usually unaffected by gain shifts. The problem with this approach
is that low frequency gain is lost in this process. Another method of '
compensating a circuit is to add phase compensation in the form of lead/lag
compensation. This consists of adding a low frequency zero and high frequency
pole which straddle the crossover point.

As an example of both of these compensation approaches, a circuit
with the transfer function of

Vo(s)

Vin(s)

BOE3

s t s + 20) cs + 50)

BOE3

S3 + 70s 2 + 1000S
(Eq . 5. 4 . 2 -1 )

will be evaluated. First, the transfer function can be rationalized and becomes

VO(jw) BOE3

or

Vin(jw)
(Eq. 5.4.2-2)

-70w2 + j(lOOOw - w3 )

Vo(j ei) -5.6E6w2 BOE3(1000w-w3)

Vin(jw)
-j (Eq. 5.4.2-3)

4900w 4 + (1000W-W3)2 4900w 4 + (1000W-W3)2

The real portion of Equation 5 .3.2-3 is

BOE3
Re (jw)

4900w4 + (1000w - W3)2

and imaginary portion is

-BOE3(lOOOw-w3 )

1m (j ei)

4900w 4 + (lOOOw - w3)2

This can be expressed as magnitude , M(jw). and phase, ~(w) as

M(jw) = 20 log {Re(jw) 2 + rm (jw)2}l /2

and

(Eq . 5 . 4 . 2-4 )

(Eq . 5 .4 .2-5)

(Eq . 5.4 .2-6 )

~(jw) tan-1 (Im(jw)/Re(jw» .
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Tab le 5 . 4.2-1 . Frequency Response

Uncompensated Ga i n Phase
Compensated Compensa t ed

w M(jw ) <1l (j w) M(jw ) <1l ( i w) M(j w) <1l(iw )

1 38 dB _94 ° 36 dB _94 ° 38 dB - 92 °
2 32 dB _98 ° 30 dB _98° 32 dB _9 4 °
5 24 dB - 109 . 8 ° 22 dB - 10 9 . 8 ° 24 dB _99 . 9°

10 17 dB -127 . 9 ° 15 dB -127 . 9 ° 17 . 6 dB - 108 .9°
15 12 . 3 dB -143 . 6 ° 10 .3 dB - 143. 6 ° 13 .5 dB - 116 . 9 °
20 8 .4 dB - 156 . 8 ° 6 . 4 dB - 156 . 8 ° 10 . 5 dB -123 .9°
30 2 . 1 dB - 177 . 3 ° 0 . 1 dB - 177. 3° 5 .8 dB -135. 6 °
40 -3 .2 dB - 192 . 1 ° -5 .2 dB - 192 .1° 2 . 2 dB -145 . 4°
50 -7 .5 dB -203.2° - 9 .5 dB - 20 3 . 2 ° - 0 .8 dB -153 .8 °
60 - 11 .4 dB -211 .8° -13 . 4 dB -211 . 8° - 3 . 5 dB -161 .1 °
70 - 14. 8 dB - 21 8 . 5 ° -16 .8 dB -21 8 . 5 ° -5 .8 dB - 167 .5°
80 -17 . 8 dB - 224 ° -19 . 8 dB - 224 ° -8 .0 dB -17 3 .1 °
90 - 20 . 6 dB -2 28 .4° - 22. 6 dB - 228 . 4 ° - 9 . 9 dB - 178 .2 °

100 -22 .9 dB - 232 .1 ° - 24 . 9 dB -232 . 1° - 11 . 7 dB -182 . 7°

The uncompensa t ed frequency r e sponse is l i sted in Table 5 . 4. 2- 1.
Plo t t i ng the pha s e and gain of the unc ompe nsated response (Bode Plo t ) s hows t hat
the exist ing transfer func t i on would r e s ult in an unstab l e res ponse ; see Figure
5 . 4 .2- 1 . Either a ga i n or phas e compens a t i on i s r equired t o a ssur e s t ab il ity .
If the dc ga i n i s reduced by 2 dB, t he phase s h i ft a t crossover wi ll be l e s s than
1 80 ° . Thi s wou ld correspond to gain compensation . With ga i n compensa t ion , the
phase respons e doe s not change ; see Tab l e 5 .4 . 2- 1 and Figur e 5 . 4 .2 - 1 . The major
drawback to gain compensat i on i s t he l ow frequency gai n r educt ion and r educed
bandwidth. Another t ype of compe ns a t ion , pha s e compensat i on , a dds phase a t
c rossover withou t r educ i ng the l ow frequency zero and high frequenc y pole around
the crossover point . In this case , crossover is about 33 Hz . A l ead / l ag network
of

8 (s+25)
C(s)

s + 200
(Eq . 5 . 4 . 2 - 8 )

will be used t o c ompensate Equation 5 .3 .2-1 . Therefore , t he new t ransfer
f unct ion becomes

Vout (s )

Vines)

6 . 4E5 (s + 25 )

S4 + 270s 3 + 15E3s 2 + 2E5s
(Eq . 5 .4 .2-9)

Rat i ona l i zed and co nj ugated in t o i t s r ea l and i maginary part s Equat i on 5 .4 .2 -4
becomes

Re (j to )

6 . 4E5 (-245w4 + 21 .25E5( 2 )

(w 4 - 15E3(2 ) 2 + (2E5w - 27 0( 3 ) 2
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and

Im(jw)
6.4E5(w5 - 8.25E3w3 - 6.25E7w)

(w4 - 15E3w2)2 + (2E5w - 27Ow3)2
(Eq . 5. 4 . 2-11 )

AS can be seen from Table 5.4.2-1 and Figure 5.4.2-1, the phase at
crossover for the phase compensated circuit is less than 180°. Therefore, the
circuit is stabilized. Phase compensation in this approach would add components
and increase the crossover frequency from 34 to 46 rad/sec.
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Figure 5.4.2-1. Bode Plot

5.4.3 Oscillations, Resonant Peaks and Stability

The stability of a circuit can be determined by using several
techniques. The Roth-Hurwitz Stability Criterion, Nyquist plots, Bode plots or
evaluation of the pole location in the characteristic equation can all be used.
In simple terms, an oscillator is produced when there is more than 180° of phase
shift and more than 0 dB of gain in the open loop response, G(jw)H(jw).
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Your

--

--

Figure 5.4.3-1. Example Circuit

To illustrate how a circuit could be usable the Sallen-Key low pass active filter
is provided as an example circuit.

The dc gain of the example circuit is determined by the relationship between Rs
and R4 or

(Eq . 5.4.3-1)

and the overall transfer function for Vout/Vin becomes

(Eq . 5 0 4 . 3 - 2 )

If

(Eq. 5.4.3-3)

then the transfer function can be reduced to

Vout K

Vin S2 + (3 - K)s +1

5-18
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AS "K" i nc r eas e s i n value the co e f f ic i ent of "s" gets smal ler . When "K" i s equa l
t o t hree t he coeff i c ien t of "s" i s eq ual t o zero. The inverse Laplace t r ansform
of Equat i on 5.3 .3-4 i f "K" i s equa l to t hree i s

3Sin (t ) . (Eq . 5 .4.3-5 )

Equat ion 5 .4 .3-5 , shows that osc illations would occur if "K" is equa l to t hree.
Thus, the c ircuit i s unstable.

OPEN-LOOP
FREQUENCY RESPONSE
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80m
"0-z
«
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Z
~ 0
o
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r-,
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. ~
~

i\

100

100K

r----i +

-40
0. 1 1 10 100 1K 10K 100K 1M 10M

FREQUENCY (HZ)

Figure 5 . 4 . 3- 2 .
Open Loop Re sponse

Fi gure 5 .4 . 3-3 .
Exampl e Circu i t

The open loop freque ncy response of an op-amp defines the limi ts of
bo th t he dc ga in and cr os sover frequen cy fo r a circuit performance . Suppose t he
voltage ga i n of Figure 5 . 4 .3-3 i s .

Vou t l OOK

Yin 100
60 dB .
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This t r ans l a t e s into the open l oop frequency response shown in Figure 5 . 4 .3 -2 .
The l ow frequency pole t hat was at 1 Hz due to the op-amp moves to 1 kHz . In
add ition, i f reac ti ve co mponents result i n poles and zeros be yond the 1 kHz pol e .
t he additional po les or zeros will be restr icted to cause t he pe r f or mance of the
ci r cui t t o be bou nd by t he open loop response of t he op-amp .

I t should be noted be for e l eaving thi s sec t i on t ha t resonant peaks
cause t he i r own se t of problems . Many t i mes a r esonant peak can produce an
uns table condit ion if the input signa l strength i s strong enough to cause
saturat ion of ampl ifiers. In servo loops this is referred to as sa t ura t ion
oscil lat ion . I n add it ion, resonant peaks can and do distort aud io
char ac t er i s t i c s .

5 .4.4 AC Power Calculations

There are several ways t o look at ac power calculations relative to
complex impedances . Phasors could be used and graphically manipulated to
i l l ustrate ac power. However , another approach i s to dea l with the actual
indiv idual components impedances to de termine the ac power . First , i t is
necessary t o determine the complex i mpedance.

At------

BJ-----...J

Cl = 1. 3 uf
C2 = 0 .26 uf
L 0 . 44H
R = 200.0
F = 1 kHz
I r ms = 63 .4 mArms

Fi gur e 5 .4.4-1 . Complex Impeda nce
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For the e xample circuit i n Figure 5.4.4-1

and

(Eq . 5 .4.4-1 )

Ls + 1/SC2 + R

or

and the total ad mittance, YT, is

or

(Eq . 5. 4 . 4-2)

(Eq. 5 .4 . 4-3 )

(Eq , 5. 4 . 4 - 4 )

yT (Eq . 5 .4 . 4-5 )

or the total impedance is equal to

(Eq . 5.4 . 4-6 )

Next, it is necessary to evaluate ZT(S ) at a specif ic frequenc y , f . This wi ll
require the substitution j w into Equa t i on 5.4.4-4 for s . Thus, rewr it ing
Equation 5.4.4-4 to include the " jw " substitution produces

where

j2 -1

and

j3 = - j

(Eq . 5. 4 . 4 - 7 )

(Eq . 5 . 4 . 4 - 8 )

(Eq . 5 .4 .4 -9 )

If the va lues for w, Cl' C2 ' Rand L are subs ti tuted i nto Equati on 5 .4. 4 -6 , the
r esul t i ng equation i s
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-3.51633 + jO.32676
(Eq. 5.4.4-10)

-0.0026687 - jO.0270883
f = 1 kHz

or

or

129.75 L 270.3° (Eq. 5.4.4-11)

ZT(jW) = 0.719 - j129 .74. (Eq. 5.4.4-12)

If the current, Irms, supplied to the complex impedance has an rms magnitude of
63.4 mArms at 1 kHz, then the real portion of the complex power will be equal to

Pav = (Irms2) (Re(ZT(jw» = 2 .73 mWatts

and the reactive portion of the complex power will be equal to

Q = (Irms2) (Im(ZT(jw» = -0.5212 VARS.

Thus, the complex power expressed in VA (volt-amps) is

lsi = {Pav2 + Q2}1/2 = 0.5215 VA.

(Eq. 5.4.4-13

(Eq . 5. 4 . 4 -14 )

(Eq. 5.4.4-15)

5.4.5 Noise Evaluation

Noise in an electronic circuit is due to either external or internal
sources. Internal sources of noise are caused by the operation of the
electronics in different environments. For example, thermal noise or "Johnson"
noise is temperature-dependent and is equal to

Vt = {4KTBR}1/2 . (Eq. 5.4.5-1)

Where "K" is Bolltzmann's constant (1.38E-23 Joules/degree Kelvin), "T" is
temperature expressed in Kelvin, "B" is the noise bandwidth and R is resistance
in ohms. Thermal noise is Gaussian and has a mean value of zero volts.

Shot noise is basically caused by variations in current flow across
a potential barrier. This type of noise is defined by the equation

Ish = {2QIB}1/2 . (Eq. 5.4.5-2)

Where "Q" is the electron charge of 1.6e-19 coulombs , "I " is the average dc
current and "B" is again the noise bandwidth. Shot noise is also Gaussian.
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Contact or "flicker" noise is also an internal noise and is caused
by the imperfect junction between two materials. Contact noise is defined by the
equation

GI(B)1 /2
(Eq . 5.4.5-3 )

(f) 1/2

Where "I" is still the average dc current, "B" is still the noise bandwidth; "G"
is a constant that is based on the type and material of the contact, and "f" is
frequency. In addition, contact no ise is Gaussian.

Popcorn noise is typically caused by semiconductor defects. Its
magnitude can be between two to 100 times the thermal noise. Usually, this type
of noise can be minimized by selecting low noise parts.

The total noise voltage to uncorrelated internal noise sources is
expressed as

(Eq. 5 .4 .5-4)

As an example of how to calculate the total RMS noise value, suppose the
bandwidth of interest is from 0 .1 Hz (fl) to 100 Hz (fh) . There are in Figure
5 .4 .5-1 two thermal noise sources, RS1 and RS2.

--

1k

10k

9k

Vout

Figure 5 .4.5-1 . Example Circuit
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Thus , based on Equat ion 5 . 4. 5- 1 , the two t her ma l noi s e sour ces are equal to

or

and

or

Vtl = { (4) (1.38E-23) (300) (900) (100- 0 . 1)}l / 2

Vtl 0 .038uv

{ (4 ) (1. 38E-23) (300 ) (10E3 ) (100- 0 . 1) }l /2

Vt2 = 0 . 129uv .

(Eq . 5 .4 .5 -5 )

(Eq . 5 . 4 .5-6 )

Next , t he no ise due t o shot and contact ar e de termi ned based on a combina ti on of
Equations 5 .4 . 5- 2 and 5 .4 .5 -3 .

(Eq . 5. 4 . 5 -7 )
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where "fc1" is the corner frequency (100 Hz) shown in Figure 5.4.5-2 and "in " i s
the current at 1 kHz (a t least one decade above the corner ) .

Thus ,

in = 0.7p(Hz)1 /2

i s the current noise and would result in the current of

(Eq. 5.4 .5-8)

or
I 0.7p {(100 )ln (100/0.1 ) + (100 - 0.1)}1 /2 (Eq.5 .4 .5-9 )

I 19.68 pArms .

Therefore, the voltage noise would be

(19 . 68pArms) (900)
and

0.017uvrms (Eq. 5. 4 . 5-10 )

V2 (19 . 68pArms ) (10K) 0 . 197uvrms . (Eq . 5 . 4 . 5 -11)

Finally, the last noise voltage would be

(Eq . 5 .4 .5 -1 2)

where "fc e " is the corner frequenc y (8 Hz) shown in Figure 5.3 .5-3 and "en" i s
the noise voltage at 1 kHz (at leas t one decade above the corner ) . Thus,

en = 60nv/ (Hz)1 /2

is the noise voltage and would result in the voltage (Vs ) of

60 nv {(8)ln(100/0.1 ) + (100 - 0.1 )}1 /2

V3 0 .747uvrms .

Therefore, the total RMS noise vol t age becomes

or
VT 0 .784uvrms

which corresponds to

(Eq . 5 .4 .5 -13 )

(Eq . 5 .4.5-1 )

(Eq . 5 .4 .5 -15 )

VT(3 a) = 2.352 uvrms . (Eq , 5 . 4 . 5 -1 6 )

There f ore, the t o t al no i se referenced t o the input would be equal to the tota l
r ms no ise voltage t imes the closed l oop gain.

5 .4.6 AC Sens it i vity

AC sensitiv i ty analysis i s one of the l ea s t unde r stood de s ign tools
but one of t he most impor tant . Typically, sens it i vity does no t te ll you t he
percentage change in a parameter due to a component change , nor will it tell you
how tolerance or the correlation between component values affect a part icu l a r
parameter . Instead , sens itiv ity analys is te l l of t he re lati ve "goodn e s s" of the
circuit by descr ib ing how the var iations i n one co mponent affect a cer ta i n
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performance of other co mponent s . This sensi tivity analysis is someti mes r efer red
to as Bode sens i t i vity . As an example of a sens it iv ity analys is , the fo l l owi ng
example wil l be us ed . I t should be no ted t hat in ci r cuit s imul a t ion , ac
sens i t i vity i s usually perfor med a t a f r equency of i nt eres t . For exampl e , if a
c i r cuit has a resonant peak at 1 kHz, the ac sens i ti vi t y ana l ys is shoul d occur a t
1 kHz not at dc . AC sens it i vi t y usually impl ies that a c ircuit i s evaluated a t a
frequency .

A = 3 .50136
R1 Rz 1
C1 Cz = 0.47148
Wo 1

+
LM741--

Figure 5 .4 .6 .1 . Sa l len - Key Circuit

As an example, the ac sensit ivity (Q only ) of a Sallen Key filter
shown in Figure 5 .4 .6-1 will be determined . First , the transfer f unction is
derived as

(Eq . 5 . 4 .6-1 )

1S + _
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with

and

Wo

Q

1

{(A + 1)RIRZCICZ}1 /Z

{RICI + RzCZ + RICZ}l /Z

(Eq . 5 .4 .6-2 )

(Eq . 5.4.6-3)

Next, determine the sensitivity of "Q" with respect to the gain "A"
and component values. This is accomplished by taking the partial derivative of
equation 5 .4 .6-3 with respect to A , Rl, RZ' Cl and Cz indiv idually relative to
"Q". Thus, the sensitivit ies are

and

SQA
A

0.39,
2 (A + 1)

SQRl 1 RICI + RICZ
2 RICI + RzCz + RICZ

SQRl _1_ RzCz
2 RICI + RzCz + RICZ

SQCl 1 RICI
2 RICI + RzCz + RICz

-0 .167,

0.167,

0.167

(Eq .5.4.6-4)

(Eq. 5 . 4. 6- 5 )

(Eq . 5 .4.6-6)

(Eq . 5.4.6-7 )

1
2 -0 .167 . (Eq. 5.4 .6-8)

Another e xample with a simpler partial deri vati ve i s the Delyiannis - Friend
f ilter.

~---41~~Vout

Figure 5 .4 .6-2 . Delyiannis - Fr iend Circuit
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The transfer function of the Delyiannis-Friend filter shown in figure 5.4.6-2 is

(-1/R1Cl ) S

If Cl and Cz are equal, then the transfer function reduces to

(Eq. 5 4.6-9)

where

we

and

11C (R1RZ) l/Z

(Eq. 5.4.6-10)

(Eq. 5.4.6-11)

Q (Eq. 5.4.6-12)

The sensitivity of "Q" with respect to t he r esistors is determined by taking
the partial derivative at equation 5.4.6-12 with respects to "Q" to Rl and Rz.
Thus,

SQRl = -1/4 (Eq. 5.4 .6-13)

and

The sensitivity of We to the pass ive components is

-1,

and

-1/2

and

-1/2

(Eq. 5,4 .6-14)

(Eq. 504.6-15)

(Eq. 5 4,6-16)

(Eq . 5 < 4 . 6 -1 7 )

Once the sensitivit ies are determined, it will be possible to show how component
variations change sensitivities.

504.7 Other Analysis Tools (Transfer Function Derivation)

A unique method of deriving transfer functions is using Nathan's
method for admittance matrix reduction. Then use the conventional Cramer's rule
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for solving for the transfer function. For example , support it is desired t o
derive the transfer function for Figure 5.4 .7-1. Using conventional techniques ,
th is could be very tr icky but using Nathan 's method a solution can be deri ved as
follows. First, assign node number to every node except ground . Next, determine
the short circuit admittance matrix. It should be noted that all admittance off
of the major diagonal are expressed as negative admittances . Since V3 is
essential at zero volts everything that V3 multiplies in the admittance matri x is
equal to zero volts also . Therefore , column 3 in equation 5.4 .7-1 can be
eliminated . The current 14 is the only dependent current var iable and it is
dependent upon V3' Therefore , the 14 current can be eliminated .

@
VOUT

Figure 5 .4 .7-1. Example Circuit

Thus, the admittance matrix is reduced to

11 1 /R1
12 -1/R1

13

-+r 0

where

Y22 Ya 1/R1 + 1/R2 + 1 /R3 + sC

Y33 Yb 1 /R2 + sC2

0 V1

-1 /R3 v2 (Eq . 5 .4 .7-1 )

2 -'iT
Yc V4

(Eq . 5 .4.7-2 )

(Eq . 5.4 .7-3 )
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and

(Eq . 5 . 4 . 7- 4 )

Cramer 's r ul e s tates t hat des ired voltage i s sol ved by subs t itut ing
t he cur r ent vec t or i nto the admit tance matr ix column corresponding to the vol tage
of interes t . Then , the r e sul t s are div ided by the determinate of t he admit tance
matrix . When solving f or the transfer function, this i s not necessary . I ns t ead,
solve for Vont/Vin directly from the system matr ix.

Therefore, t he admit tance matr ix reduces to a ratio of two system matrixes for
their assoc iated admittance, y14 and y1l or

Y,' · [-l~R: :~
and

[1~:
l 7Rl oJy1l Ya - 1/R3

- 1/ R2 - SC2

(Eq . 5.4.7-5)

(Eq . 5 . 4 .7 - 6 )

t hus

Vout
-l/Rl Ya

Y1 4 0 -1 / R2 1/R1R2 (Eq . 5 .4 .7-7)
Yin yl l Ya - 1/ R3 YaSC2 - 1/R 2R3

- 1/ R2 SC2

or
(Eq. 5.4 .7-8)

Vout -R3/Rl
Yin S2 C1C2R1R2/R3 + S C2R2/ R3 (l /R l + 1/R2 + 1/R3 ) +1

becomes the transfer function for the example c i rcu it .

NOTE : The de terminant of a mat r i x of order greater t han t hree i s not t r iv i a l, so
if your c ircuit has too many nodes, think of ano t her appr oach for so l vi ng
the t r ansfer f unct ion .

5 .5 TRANSIENT ANALYSI S

5 .5 .1 Impul s e Response

The transfer f unction of a ci rcuit can be de t ermi ned by i nput t i ng an
impul se and measur ing the output voltage as a f unct i on of time . The t r ansfer
f unct i on , expressed in the frequency doma in , i s de ter mined by tak i ng the Laplac e
Tran s f or m of the output waveform.
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5 .5.2 Step Response

The step response of ~ circuit is a standard measure of the response
of a circuit or sys tem to a unit input step f unction . A step r esponse , a
func t ion of t ime , can tel l you whethe r your circu it i s overdamped , cr i tical l y
damped or unde r da mpe d . The charac ter ist ic equat ion fo r a t yp ical second order
circu it i s

(Eq. 5 . 5 . 2- 1)

Where "g" is the dampening ratio and "wn " i s the natural frequency. The "s" of a
circuit corresponds to the "Q" , qu a l i t y factor, in the relat i onsh ip

Q = 1/2 S. (Eq . 5 .5 .2-2 )
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Figure 5 .5 .2- 1. Step Response Fi gure 5 . 5 . 2-2 . Overshoot vs "s"
As "s" gets s ma l l er , "Q" ge t s l a rger and the amount o f overshoot

inc r e a s e s. I n addi tion , a s "s" gets s mal ler it t a ke s less time f or t he c ircu i t
t o i n t e r c ep t i t s fi nal value a s can be seen in Figure 5 . 4 . 2-1 . The final value
of a c i rcu i t can be determined by

l im h (t) = lim s H( s) (Eq. 5 .5 . 2-3 )

or the Fina l Value Theorem. The H( s) in Equa t ion 5 .5 .2 -3 is the t r ansfer
function of t he c ircuit time s t he La p l a c e transfor m of a un i t s tep i nput (l / s) .
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Thus, Equation 5.5.2-3 could be rewritten for a step response (lis) of a circuit
O(s) as

0(0)

(Eq.5.5.2-4)

where

H(S) (Eq. 5.5.2-5)

or the find value to a step response equals the transfer function evaluate at dc.

5.5.3 Initialization of a Circuit

It is occasionally necessary to determine the initial condition of a
circuit or how the circuit will be initialized. Usually this requirement will be
needed for a power-on reset which is used to reset digital logic. Sometimes the
initialization will be needed due to multiple supply voltage which will need to
be synchronized so as not to damage some components. Initialization of an analog
circuit can be needed because of turn-on stability problems such as those seen in
servo loops.

Other circuit requirements can include discharging energy storage
devices at power-down or power line transient performance requirements.

Regardless of the requirement, the designer should attempt to get
the broadest definition of what is required from this circuit.

5.5.4 Fourier Series

The Fourier series of a signal is a very important measurement that
can be determined on a signal. Signal analysis is important because it can point
to system or circuit performance issues . The Fourier series can be determined by
the equation

TI2

cn = f f(t) e- j W
n t dt.

-T12

(Eq. 5.5.4-1)

This, of course, requires f(t) to be a periodic waveform. A Fourier se r i es can
be constructed which can, based on the number of harmonies used, approximate the
waveform being analyzed The Fourier series may look something like

f(t) == Co + C1 cos (wot + $1) + ... + Cn co s rnwg t, + <Iln ) (Eq. 5 .5.4-2)

Where "CO" is the dc component of the waveform, "n" is the harmonic and "c n" and
"$n" are the amplitudes and phases associated with the series. Usually. it is a
good idea to use a computer program to get the Fourier Series. Once the series
has been determined, the harmonic content can be analyzed to determine how the
input waveform was distorted by the circuit. A measurement called total harmonic
distortion, THO, can be determined by the equation
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THD = ( :1 ~ c a ) X 100
n=2

and is expressed in percent .

Eq . 5 .5.4-3 )

5.5.5 State Space Models

State space modeling of a transfer function is a convenient method
of determining the transient or time dependent response of a circuit . As an
example of this method , the following circuit will be considered .

--

L

Figure 5 .5 .5 -1.
Example Circuit

R1

R2
R3
R4

C1

C2

V
out

L

108n
aisn
BOOn
aisn
0 .068 I-lf
0 .1 u.f
1. 1 mh

First, der ive the transfer function for the example c ircuit sh own in Figure
5.5 .5-1. This can be done i n two parts . The f irst part i s
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S2 (R1R2LC1) + s (R1L)

s2(R2LC1)+R1LC1) +S (R1R2Cl+L) + Rl + 1

R3

(Eq. 5.5.5-1)

or with variable subst itution

AS2 + Bs

CS2 + Ds + E + 1

R3

or

1(A/R3C)s2 + (B /R3C)S + 1

S2 + (D/C)s + (E/D)

or

(A/R3C + 1)s2 + (B/R3C + D)s + (E/C)

S2 + (D/C)s + (E/C)

Next, let

(Eq. 5.5.5-2)

(Eq . 5.5.5-3)

(Eq. 5 .5 .5-4)

(Eq. 5 .5 .5-5)

K2

E/C

(Eq. 5 .5 .5 -6)

(Eq . 5 . 5 . 5-7 )

and

D/C .

Thus , Equation 5.5.5-4 can be rewritten as

K1S2 + K2S + K3

S2 + K4s + K3

The second part of the transfer function becomes

(Eq. 5 . 5 . 5- 8 )

(Eq. 5 .5 .5-9)

1 (Eq . 5 . 5 . 5 - 1 0)

and l et
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Thus, Equation 5 .5 .5-10 becomes

(Eq. 5 .5.5- 12)

Next , multiply through both Equations 5.5 .5 -9 and 5.5.5 -12 by the
inverse of the highest order of s . This will result in

and

K] + KsS-I + KsS-2

1 + K4S-I + KSS- 2
(Eq. 5 . 5 . 5-13 )

(Eq . 5 . 5 . 5 -14 )

The state space model for VI/Vin will be developed first . Al l state space model
will use the summation output as the reference point for determining the state
space model. Thus, the output of the summation is equal t o

(Eq. 5 .5.5-16)

Next, it is necessary to determine what the output voltage , Vl, would be equal
to or

(Eq . 5 . 5 . 5- 17 )

where

(Eq. 5 .5 .5 -18 )

Combining Equations 5 .5 .5 -16 and 5.5 .5-17 into a figure produces Figure
5 .5.5-2.

Ne xt , the second part of the State Space Model i s determined .
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Figure 5 .5.5- 2 . State Space Mode l (Par t One )

The state s pac e model for Vout /V1 is developed based on t he int e rmed i ate
summa ti on po int output , e z(s). Thus, the outpu t of the summation is equ a l t o

or

e z (s ) = V1
1 + K4s-1 + K3 s-z

(Eq. 5 .5 .5-19 )

(Eq . 5 . 5 .5-20)

Next , it is nece s s a ry t o determi ne wha t the out put voltage . Vout . would be eq ua l
to a s

whe r e

Vout

Vout

(Eq.5 .5 . 5-21)

(Eq . 5 .5 . 5-22)

Combining Equations 5.5.5-20 and 5 . 5 .5 - 21 into a figur e produces Figu r e 5 . 5 .5 - 3 .
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K1

K2

e~++~e2 IN2

~ ~
02 IN3 03 K3 +- L- L } - - -~

-~-

K4

K3

VI Vout

Figure 5 .5.5-3 . State Space Model (Part Two)

A computer- program can now be d irectly wr itten f r om the t wo block d i agrams and
using numerical i n t egr a tion techn iques . Then the s tep response shown in Figur e
5 .5 .5-4 (or any other t r ansie nt r e s pons e) can be determined .

LIST

100C/HOME/PRO
10 1 CALL ATTACH (10 , "/HOME/DATA; " , 2 , 0, Il , )
110 REAL L,K1 ,K2,K3,K4 ,K5
112 REAL 01,02 ,03,IN1 , IN3
120 DATA R1,R2 ,R3,R4/108 .0,215.0 ,800 .0,215.0/
121C All i n t egr a t or ouputs zeroed
122 DATA 01 ,02,03 /0 .0 ,0 .0 ,0.0/
124 DATA VIN,DT ,T,H/1 .0 ,O .000001 ,O . O,O .0/
140 A=R1 *R2*L*C1
130 DATA C1 ,C2 , L/0 .068E-6 , O. lE-6 , l .lE-3 /
140C Def ine variab l e s
150 B=R1 *L
160 C=(R2*L*C1)+(R1*L*C1)
17 0 D=R1*R2*C1+L
180 E=R1
190 K1=(A/(C*R3»+1 . 0
200 K2=( B/( C*R3»+(D/ C)
210 K3=E/ C
220 K4=D/C
230 K5 =ljR4*C2
240 I F (T.LE .O .O ) GOTO 20
245 30 CONTINUE
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246C Describes block diagrams with respect to
247C input and important points
250 IN1=VIN-Ol*K5
260 IN2=01*K5-02*K4-03*K3
270 IN3=02
280 VOUT=03*K3+02*K2+IN2*Kl
285C Increment integration
290 Ol=Ol+DT*INl
300 02=02+DT*IN2
310 03=03+DT*IN3
315C Increment time
320 T=T+DT
345 20 CONTINUE
350 WRITE(10,60)T, VIN, VOUT
355C Loop until 2 miliseconds worth calculated
360 IF(T.LT.0.002) GOTO 30
390 60 FORMAT(lX,3(lX,lPE10.3»
400 STOP;END

*Use Euler;s numerical integration technique

5 .6

5.6.1

OTHER ANALYSIS

Worst Case and 3 Sigma

For a Normal (Gaussian) Distribution 30 is a good approximation of
the worst case performance A +/- 30 distribut ion will include 99.75 percent of
all possible samples. Based on the Central-Value theorem, the convo lution of
multiple non -Gaussian probability density functions will approach a net normal
probability density function regardless of the shape of the i ndi vi dual
probability density functions, In other words, a uniform density function of
resistor RI convolved with a Student-T distribution of resistor R2 convolved with
a F distribution of resistor R3 will produce a net normal or Gaussian
distribution for the resistors combined.
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Usually. worst case analysis assumes that the worst case performance
occurs at the minimal or maximum values of all components. This mayor may not
be the actual worst case because interactions between components i s usua lly
ignored in the worst case analysis. An example of this problem can be explai ned
by use of the fol low ing example circuit shown in Figure 5 .6.1-1.

Rl=R2=R3=1
C1=Cz=O. 41148
R4=3 .50136
A=3 .50136

V Vout
in

Figure 5.6.1-1. Sample Circuit

The transfer function for the circuit in Figure 5 .6.1-1 is

-[~)RlcJS
S2 + R,C, + RzCz + R,Cz

(A + 1 ) R1R2C1C2
s + 1

(Eq . 5.6 .1-1 )

If Rl. Rz. C1 and Cz have a ±10 percent tolerance each and "A" is
fixed, a computer simulation (see Tables 5 .6.1-1 and 5 .6 .1-2) shows that "worst
case" performance based on using maximum and minimum tolerance produces an ac
frequency response variat ion of

Vout = 0 .6404 volts ±19 percent .
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RPS

1 . 0 000 00
PI=- 6 .40390910-0 1

Magn i t ude
Actual

6 . 40390- 01

Ta ble 5.6 .1-1.

De cibe l
Ac t ua l

- 3 .8711

Ang l e
Actual

- 1 57 . 2 23 5

**************** ******** AFTER THE CALCULATIONS ******* * * * ****** * ****** *** ** *

COMPONENT OLD NEW

Rl 1 00000 00 9 .00000-01
R2 1.00000 00 1 . 10000 00
C1 4 .71480-01 4. 24 3 30 -01
C2 4 .71480-01 5.1 8630-01

RPS Magnitude Deci be l Angle
Ac t ua l Ac tual Ac t ua l

1 . 00 00 00 7 . 62370 - 01 -2 . 356 7 - 154 . 745 7

Ta ble 5 . 6 .1-2 .

RPS

1 . 0000 00
PI =- 6 . 403 90910 - 01

Magnitude
Actua l

6 . 40 390- 0 1

Dec ibel
Actual

-3 . 8711

Ang le
Ac t ua l

- 1 57 .2 2 35

************** ********** AFTER THE CALCULATIONS ****** ************ **********

COMPONENT OLD NEW

Rl 1 . 00000 00 1 . 10000 -01
R2 1. 00 000 0 0 9 .00000 0 1
Cl 4 . 71 4 80-01 5 . 1 8630-01
C2 4 . 71 4 80 - 0 1 4 . 24330-01

RPS Ma gnitude Dec ibe l Ang l e
Actua l Actual Actual

1 . 0000 00 5 . 25080-01 -5 .5954 - 158 .8628
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Table 5 .6.1-3

FOR NOMI NAL VALUES OF THE PARAMETERS

RPS
1.00000 00

OUTPUT
VOLTS

MAGNI TUDE
6.40390910-01

OB
-3 .8711

ANGLE
-157 .223 5

HISTOGRAM FOR OUTPUT VOLTS AT FREQUENCY 1 .00000000 00 RPS
MAGNITUDE MEAN 6.317350-01 STANDARD OEVIATION 6.223250-02

4.147040-01
2

4.353730-01
1

4.560420-01
4

4 .767110-01
6

4 .973800-01
21

5 .180490-01
26

5.387180-01
60

5.593870-01
82

5 .800560-01
103

6.007250-01
130

6.213940-01
141

6.420630-01
121

6 .627320-01
109

6.834010-01
76

7 .040700-01
42

7 .247390-01
37

7 .454080-01
23

7 .660770-01
8

7 .867460-01
5

8 .074150-01
3

8 .280840-01

I

I
I
I
I
I :
I
I :
I
I' . . . .

I
I ' . . . ..

I
I: : : : : : : : : : : : : : :
I
I : : : : : : : : : : : : : : : : : : : :
I

I : : : : : : : : : : : : : : : : : : : : : : : : : :
I
I: : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : :
I
I: : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : :
I
I: : : : : : : : : : : : : : : : : : : : : : : : : : : : : :
I
I: : : : : : : : : : : : : : : : : : : : : : : : : : :
I
I: : : : : : : : : : : : : : : : : : :
I
I: : : : : : : : : :
I
I · .. . . . . . . . .
I
I' . . . . .

I
I ' .

I

I :
I
I :
I
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However, if a Monte Carlo analysis (see Table 5.6 .1-3) were performed on the s ame
circuit . the 3a spread would be closer to ±30 percent using randomly selected
valued for Rl' Rz. Cl ' and Cz within the ±10 percent tolerance window .
Therefore. it can be concluded that wor s t case analysis in i mpl ementa t i on may not
g ive the worst ca s e pe r formance.

5.6 .2 Monte Carlo and His t ogr ams

Monte Carlo analysis i s a term used for calculat ing a series of
responses on a c ircu i t where before each response i s de t er mi n i ng a l l compon ents
which ha ve been so spec if i ed t o have a tolerance associated wi t h them are
randomly changed to be equal t o some value with in their respective tolerance
range.

As a result of mult iple runs. a histogram or graphical
representation of all of t he responses can be constructed and used to determine
the distr ibut ion of the output responses. As was shown i n paragraph 5.6 .1 , Monte
Carlo analysis would be preferred over worst case analys is if the worst case
analysis does no t consider the i n t er ac t i on between components .

5.6 .3 Temperature Coeffic ients

One of the typical var iables which affec ts the perfo r manc e of
virt ually every c ircuit i s temperature . In t he mil i tary elec t ron i cs arena, t he
mi l itary temperature range are the temper atures of concern. The mil itary
temperature range is - 55°C to +70 oC. From a co mponents standpo int, a lmost e very
component value will changes as temperature changes. The change could be ei ther
an i nc r ea se or decrease in value . Components which increase i n value with an
increase i n temperature are said to ha ve a pos i t i ve t empe r ature coeffi c i ent.
Components which decrease i n va l ue wi t h an incr ea s e in temperatur e are said to
hav e a nega t ive t empe r a tur e coe f fic ient. Usua lly, t he temper a t ure coef f i c i en t is
expressed in terms of ± x ppm (pa r t s per mi l l ion ) /oC or the t emper a t ur e
coeff icient may be expr e s sed as ±5 percent at - 50 °C an d ±10 percent at 70°C.
Temper ature coefficient i s a measure of the change due to temperature of a
component.

Semiconductor devices are also af f ec t ed by t empe r a t ur e . One e xample
of a part which can be selected relative to its low temperature coefficient i s a
zener diode. A 5 .0 volt zero diode will have a tempera ture coeff icient of from
o t o +2 mv/oC over the tempera ture range from - 55°C to +150 oC. From a 21°C
nomina l temperature at 5 .0 vol t , zener d iodes wou l d have a value of

vz I= 5 .26 Vdc

T 150°C
or

4 .84 Vdc

(Eq . 5.6 .3 - 1 )

(Eq . 5 . 6 . 3-2 )

thus T - 55°C

Vz = 5 :0 Vdc ±5 per cent

over temperature worst ca se .

5-42

(Eq.5 .6 . 3-3)



Temperature compensated diodes can do the same thing a zener diode
selected at 5.0 volts; however, the temperature compensated diodes will typically
require more current.

~
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Vz ZENER VOLTAGE (VOLTS)

10 11 12

Figure 5.6.3-1. Effects of Temperature

Semiconductor devices are affected by temperature in other ways too.
Thermal runaway is a condition where in a transistor lebo is temperature
dependent. Suppose the Ie of a transistor causes the junction temperature to
rise. As temperature rises, Iebo increases which increases Ie. With Ie
increasing, the junction temperature continues to rise which increases Iebo'
This process can continue until either the transistor burns out or is changed
from operation in its active region to operating in its saturation region.

5.6.4 Error Budget Analysis

Error analysis or error budget analysis is usually required to show
that a circuit or system meets the performance requirements. For example,
suppose the performance requirement for an output voltage is ±5 percent. The
circuit or system contains ten error sources of

e1=e2=e3=e4 = ± 1 percent (worst case),
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and

e5=e6=e7=e8 = ± 2 percent (worst case),

e9 = ± 5 percent (worst case)

e10 = ± 10 percent (worst case).

(Eq. 5.6.4-2)

(Eq.5.6.4-3 )

(Eq . 5. 6 . 4- 4 )

The worst case performance would be the sum of all the worst case errors or ±23%.
in this case. This is well outside the performance requirement . Suppose al l the
errors are converted to their ±la errors and a worst case error performance is
derived from the ±la errors or

± 0 .33 percent (la),

± 0.67 percent (la),

(Eq.5 .6.4-5)

(Eq. 5.6.4-6)

and

and

e9 = ± 1.67 percent (la)

± 3 .3 percent (la)

(Eq. 5.6.4-7)

(Eq . 5 .6 .4-8)

(Eq. 5 .6 .4-9)

The t ot a l errors can now be combined to show whether the circuit will meet the
per formance requirement. The error sources can be summed together t o g ive a ±la

'· wor s t case of ±8 .96% (±la) . However, this is not the suggested approach .
Instead, use the RSS of the ±la errors as the gauge to measure the performance
requirements or

(Eq. 5 .6 .4-10)

or

eT {4(0 .33)2 + 4(.067)2 + (1.67)2 + (3.33)2}1 /2(Eq . 5.6.4-11)

or

eT = ±4 % RSS (la). (Eq . 5.6 .4 -12)

Since the original performance requirement was not fully defined , the circuit
de s igner needs only to ad d the RSS ±la qual if ier onto the performance
r equi r ement s t o ensure t ha t the circui t wi ll pass. Otherwise , the t ol e r ance s
must be adjusted to meet the worst case or ±l a wor s t case performance
r equi r ement s .

5 .6 .5 Cos t Anal ys is

Cost analys is is an i mpor t an t de termination that the engineer mus t
make throughout the des ign process . Many t i me s i t i s t he cost of some t hing t hat
kills a design and no t i t s electrical performance . Therefore , the des igner
should spend some time becoming familiar with how a cost analysis on a de s ign can
be performed .
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Component cost on your circuit can vary dramat ically based on
whether you specify commercial , industrial, or military grade components .
Typically , commercial components are the cheapest but they are the least
reliable . Military grade components can be very expensi ve and very reliable .
Generally , the operating temperature range of the system will help you de f i ne
which type of part you can use. The military component temperature range i s
wider than the industrial or commercial.

Component selection may be further restricted based upon an approved
parts list. This list of approved parts consists of all parts which can be used
without the generation of a new source control drawing (SCD) for that part.
Component Engineering can provide a list of approved parts for your program .
However, it may be necessary to use a part which has no SCD yet. (IR&D or
experimental circuits can use non -standard parts .)

Once a design is conceived and a component list (PL) is generated,
the circuit designer can seek inputs from Reliability Engineering and Purchasing
regarding the component that he has selected . It is feasible to acquire
component cost from an outside distributer but official component cost must co me
from Purchasing. Reliability outputs directly affects the component cost because
MTBF (mean time between failures) reflects in your expected circuit performance .
If the MTBF is too low, higher reliability parts that cost more wi ll need to be
used.

An additional cost above and beyond the component cost is how much
it will cost to manufacture. This manufacturing cost includes assembly ,
inspection, and support costs and depends upon the number of parts used and
complexity of the design.

With the reliability, component cost and manufacturing cost
information compiled, the circuit designer needs to supply this information to
logistics along with any schematics, parts list, power requirements, etc ., that
are required . Logistics will then determine the total system's cost implication
relative to your design. Usually , this cost analysis will balance the expec ted
savings against the expected cost to determine whether the design should proceed.

5 .7

5 .7.1

DO I NEED

Heat Sink

The question asked sometimes in a circuit design which contains
large power dissipating dev ices is "Do I need a heat s ink?" To answer this
question, consider the following example . A five-volt regulator (LM309 type ) has
an input voltage of 9 volts dc and must source 0 .5 amps for a power dissipation,
P, of 2 watts . Is a heat sink required if the voltage regulator is required to
operate a 75°C ambient? What would be the junction temperature for the device?

From Figures 5.7 .1-1 to 5.7 .1-4 , it can be seen tha t only the LM109K
in a T03 case would be capable of operating without a heat sink. The LM109H i n a
T03 case would require a 10 oC/W heat sink. The LM309K in a T03 case would
require a 20°C/W heat sink. The LM309H in a T03 case would require an infin ite
heat sink . Based on the device and case type, the requirement for a heat sink
goes from no heat sink needed to an infinite heat sink required .
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Figure 5 .7 .1-3 . F i gu r e 5 .7. 1-4
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Figure 5.7.1-5. Figure 5.7 .1-6

For other types of circuits, the questions of heat sinks may be
partially answered by device (case) selection (see Figure 5.7.2-5) or the vendor
may express a specific way to heat sink the device based on power dissipation and
ambient temperature (see Figure 5.7.2-6). Based on the previous example, a
200CjW heat sink would be required for a LM309K to be used.

One very important device parameter to consider is the junction
temperature, TJ. Suppose that it is desired to keep the junction temperature
below 50°C above ambient, TA • Determine the required heat sink, Rsa.

For this example, it will be assumed that the junction to case thermal
resistance, Rjc, is equal to 50CjW and the case to heat sink, thermal resistance,
Res, is equal to O.5 0CjW. The resulting equation for heat flow which would be
analogous to Kirchoff's law would be

TJ - TA = PD (Rsa + Res + Rje) (Eq. 5.7 .1-1)
or

500C = 2 watts (Rsa + O. 50C/W + 5.0oC/W) (Eq. 5.7.1-2)
and

Rsa = 19 .50sa = 19.50CjW. (Eq. 5.7.1-3)

Thus, a 200CjW heat sink would be adequate to keep the junction temperature below
50°C above ambient.

5.7 .2 Power Supply Decoupling

Power supply decoupling is a necessary fact of life. Few systems
perform well without decoupling. Decoupling is needed because the power line is
a common path for both internal and external noise sources. Usually, op-amps,
voltage regulators, etc ., have a certain amount of power supply rejection ratio
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but this may not be enough isolation from noise. This is es peci a l ly t r ue a t high
frequencie s because t he power supp ly re ject ion rat io dec r ease s as a function of
frequency.

Typically, a l ow frequency capac i tor is placed a t t he inpu t of the
supply vo l tage to t he module . TEMPEST and EMI requ i r ements t ypi cally dr i ve t he
selec t i on of these capa c i tors (an d i nductions if r equ ired) . Usual ly , the low
fr equency capac i tor wi ll be a va l ue f rom 2 .2uf to 220uf ba s ed upon the
performance r equi r ement s.

In add ition to the low frequency capac itors, t he r e is a need f or
high frequency capacitors also. These capac i t or s are typically (almost a lways)
l oc ated directly across the IC's or transistor 's power and ground p i ns . EMI
performance requirement s can drive the select ion of t he h i gh fr eq uency
capacitors. Usually , the high f requency capac itor will be a value be t ween O. l uf
to O.OOluf .

Many times , I C vendors will suggest the values for t he decoup l ing
capac itor s . The des igner should under s t and that there are system l e vel
performance issues that should be addressed before the se lect ion is made . These
would include power supp l y capaciti ve l oading, switch noise (curren t surges ),
capac i tor char acteri stics bas ed on t ype (e .g. mylar, mi ca , po l ys t yr ene ," etc.) and
other pe rformanc e goals .

5 . 7 .3 Gr ound /Powe r plane (s )

Typica lly, a gr ound plane i s sugge s t ed fo r a pri nted c ircu i t board
f or ana l og de s igns . Low leve l c i r cui ts whi ch would be s ens i tive t o ground
currents should have a separa te pa ral le l ground co nne c t ion al t oge ther . Ground

[ pl anes provide a low i mpedance path t o the modul e ' s return . Power plan es shou l d
~ a l so be cons idered becaus e t hey provide a low i mpedan ce pa t h back t o t he module ' s

power i nput pin . In add ition, at h igh frequenc i es , t he powe r and ground plane s
act l i ke another decoupl ing capacitor an d balance the h igh f r equenc y noi se
between the two pl anes .

5 .8

5 .8 .1

THE PROBLEM WITH

The Problem With Large Resistors

Large value res i stors have t wo fundament al problems associated wi t h
them. First, t he l a r ger t he res is tor, the l arger the thermal noi se assoc i ated
with that res istor. A relative order of magn i t ude may expla in t hi s . The
relationship be tween thermal no ise vol t age , Vt , and r es i s tance, R, is

Vt = {4KTBR}l /2 (Eq . 5 . 8.1 -1 )

where 4KTB equa l s the produc t between the Bol tzmann 's constant (1 . 38E-2 3
J oule s /K ) , Absolute temperature (K) and noi se bandwidth (B hertz). If t he
absolute temperatur e was 290 K, the no i se bandwi dt h wa s 1 MHz an d t he res is tance
equal to 1 Kohms. Then the thermal no ise would be equal t o

or
{(4) ( 1. 38E- 23) (2900) (l E6) (l E3) }l/ 2

4 uvolts.

(Eq . 5 .8 .1-2 )

(Eq .5 .8 .1-3)

However , i f the resistance were i ncrea sed t o 1 Mohm then t he t herma l noi se
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voltage would be equal to

{(4) (1. 38E-23) (290°) (lE6) (lE6) }l /2
or

126.5 uvolts.

(Eq. 5.8 .1-4 )

(Eq . 5.8.1-5)

Thus, as the resistance goes up so does the thermal noise voltage .

Another important problem with large resistors is the shunt
capacitance effect . If a 0.28pf shunt capacitance is assumed for a 1 Mohm
resistor, then the real portion of the resistor's impedance at 500 kHz would be
equal to

or

Re(jw) I = R/« wRC2)2+1)
I

f=500 kHz

(Eq. 5.8.1-6 )

Re(jw) = 1E6/{[(2~*lE6*0.28E-12)2l+1} = 563 .7 Kohms. (Eq . 5.8.1-7)

Likewise, if a similar lower value resistor of 1 Kohm had the same 0.28 shunt
capacitance, then the real portion of the resistor's i mpedance at 500 kHz would
be equal to

Re(jw) = 1E3/{[(2~*lE3*0.28E-12)2l+1} = 999.9 ohms. (Eq , 5 .8.1-8)

Therefore, the larger the resistor, the larger the impact of the shunt
capacitance.

There are two other minor points relative to large value resistors .
. First, not all resistors are created equal . A wire wound resistor has the
smallest amount of generated noise voltage. Film type resistors have mor e noise
voltage due to contact noise. Composition resistors have the greatest amount of
noise because the material is nonhomogenous. Another factor to consider is that
resistor of larger power ratings will have lower noise voltages compared to
smaller power rated resistors of the same type .

Figure 5 .8 .1-1 . T-Network
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One additional point t o be made is equivalent resistance. A
T-network can be used to obta in a short-c ircuit transfer impedance which i s
l arger than any of the individual c omponents used. Usually, the T- ne t wor k wi ll
be used i n the feedback of an op-amp c ircuit but it is no t restr icted t o tha t
application. The short-circui t transfer funct i on for t he T-ne twork shown in
Figur e 5 .8 .1-1 i s

Zsc (Eq . 5 .8 .1-9)

If a Zsc 1 Mohm resistance is desired and

Rl = Rs = 10 Kohms (Eq. 5.8.1-10 )

then the value of Rz will be

(10E3)z
102.04 ohms . (Eq. 5 .8 .1-11 )

(lE6 - 20E3)

AS can be seen from t he example above, no resistance exceeded 10 Kohms but the
equivalent 1 Mohms impedance was achieved.

5.8.2 The Problem Wi th Small Capacitors

St r ay and paras itic capaci tances are two very real problems that
exist in every circui t . When a circui t i s phys i cal ly laid out and cons t r uc t ed,

; r e l a t i ve l y small reactances begin t o mod i f y the over all c i r cuit performance.

St ay capacitance can be associated with capacitive pick-up between
adjacent components or wires. It is pr imari ly a result of the phys ical layou t of
module. Usual ly , stray capacitor can int r oduce more noise voltage or degrade the
stabil ity of a circuit. In a gener al sense , the i mpac t of stray capacitance is
frequency dependent .

Paras itic inductance or capacitance is usually associated with the
components used. For small capacities, a parasitic inductance that is associated
with the lead length of the capacitors actual ly translate the capacitor into an
inductor at high frequencies beyond the self resonant of the part.

The primary concern for the circuit des igner is to be aware of the
unforeseen problems assoc iated with the stray and parasitic reactances when
designing a circuit . Compensation techniques can in some cases be used to l i mit
their impact .

5 .8 . 3 The Problem Wi th Wide Bandwid th Ampli f iers

Many t i mes , t he ci r cuit designer th i nks i n t er ms of ge t t i ng the bes t
per fo r mance he can f rom the c ircuit . Th i s i s a very good i dea but there are
t i me s when l es s is better. One of those times i s when using wide bandwidt h
amplifiers in audio appl icat ions . It i s not d i fficult t o understand t ha t i f your
amplif ier needs only to pass au dio , then you do not need to pa s s (ampl i fy ) hi gh
f r equency noise also . Therefore , a s imple way t o reduce noi s e i n a ci r cui t i s t o
limit the audio amplifier 's bandwidth by using a lower bandw idth par t .

5.8 .4 The Problem With High Gain Stages
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High gain amplifier stages have several problems associated with
them. First , internal and external noise begins to be a dominant factor . This
i s why noise filtering should occur prior to high ga in stages . Second , many
t imes the designer will not cons ider amplifier slew rate. Remember t hat slew
rate is a measured in Volts /usec and is l i mi t ed by the bandwidth of the
amplifier . Third, the higher the gain bandwidth product , the more likely you
will design and build an unstable stage. As the gain of an amplifier stage
increases, more phase/frequency compensation is needed to ensure that the stage
is stable.

5.9 DOCUMENTATION AND REVIEWS

There is a preferred avenue for retaining design notes, test
results, etc., relative to your work . An Engineering Notebook can provide a
consolidated record for future reference . It is important for you to retain
records on the things you have worked on. Telephone conversations with outside
vendors or agencies can be recorded on Form FW ITT g-15 . Regard less of how you
keep your notes, you should be able to produce reasonable documen tat ion on the
projects you have worked on. Reasonable documentat ion should include design
equations , assumptions , test results and plans , memos or reports you ha ve
written , schematics, and all notes which are original to you or ha ve been given
to you as originals . At present, the analog circuit des igner in the Analog
Design Section is required to submit a bi -weekly highlight to the project
engineer(s) and section head.

Circuit des ign does not preclude circuit analysis . Each circui t
that you include in a design should include a circuit origin. If a c ircuit i s
"cut and pasted" from an existing system, there should be more than an educated
guess as to how it works . If the circuit is from an app l ication note or text
book , that does not mean that all possible implementations of the circuit ha ve
been considered. The type and amount of circuit analysis should also be based on
meeting the desired performance requirements . Notes relative to the circuit
analysis should be maintained and well documented.

During the course of the design, there will be numerous formal and
informal design reviews in which the circuit designer will participate . Des ign
reviews should include adequate technical detail so that the majority of
technical issues can be answered at the review. Transfer functions, Bode plots,
worst case analysis , etc., should be presented if the electrical 'eng i nee r is
proving that the circuit works on paper, is looking for technical direction, or
wants to relax or change the performance requirements . Design review notes
should be available and distributed before the design rev iew .
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