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ABSTRACT

Design techniques for intc.grated broadband lowprass amplificrs
arc presented in this report, Existing designs of discrete-component
arnplificrs arc used as vehicles to determine practical integrated reali- _
zations of broadband lowpass amplificrs, Different amplifiers arc cmn.-'
parcd on the basis of broadband cffectiveness and temperature scnsiti_vﬂy
using a new scalar measure.

This new scalar measure, a gain-frequency integral, is intro-
duced to facilitate the comparison of different amplifier configurations,
For the comparison of broadband cffcctiveness, the resulls using th‘is
new scalar measure agrees with the results obtained using cxisting
scalar measures, such as the gain-bandwidth product. This gain-
frequency integral is particularly useful as a measure of the tcmpcratﬁre.
sensitivity of an amplifier,

Feedback amplifier stages are shown to be useful as intcgrated
broadband lowpass amplifiers. The low-frequency éa.in of these ampli-
fiers can be temperature insensitive since the gain m‘ay. be designed to
be approximately the ratio of diffused resistors with identical tempera- -
ture coefficients, The sensitivity of the bandwidth was shown to be suf-
ficiently small such that the usefulness of the amplifier is not impaircd_"
for many applications, |

Temperature insensitive bias points of the transistors are. shdwn N

to be necessary to achieve a temperature insensitive response of



s

v
.‘a broadband lowpass amplificr, The choibe of local or overall fee&-,
back stages, which arce shown to have identical b‘ro'adbax.nd pcrforrhanéc:,
can be dictated by the requirements of invariant bias p‘oi;'nts.. Experi-
mental studics are rnade to verify these predictions,

This report also inycstigatcvs the use of composite-transistor
stages as integrated broadband lowpass amplificr stages,  These stagg:s,'
which arc particularly suitcd for intcgrated cir(:hils; arc‘shown to pro-
vide the attractive possibility of obta.iningv;a. wideband bl.(;lmpera.turew

insensitive response from relatively simple broadbanding techniques,
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1. BROADBAND LOWPASS INTEGRATED AMPLIFIERS

1,1 Introducﬁ on

Broadband, lowpass, discrete-cormponent amplifiers have been

2,3

'™ The results of these studies show

extensively studied in the past.
that fcedback is useful in obtaining a broadband, lowpass responsc., If
the critical feedback elements are precision components, the response

of tile amplifier can be desensitized with respect to environmental
conditions, aging and manufacturing tolerances.

At present, there is con.siderab“le interest in monolithic, integrated
realizations® of broadband, lowpass amplificrs. The design of the inte-
grated amplifiers can be done usivn“g';t‘h‘e’. ‘design procedures which were
developed for discrete-component’é.mpliﬁers. However, a one-to-onc.
.corresi)ondenc;e betwc.en the integi'atéd amplifier and its discrete-com-
ﬁohent counterpart doeis not adequately describe the behavior of the intef‘
grated amplifier. 4 The use of feedback does not necessarily ensure a
desensitized response since preéison feedback elements are not obtain-
able in a monollit‘hi.c integrafed circuit. > Ther.efore, an objective of this
report is to determine .the efféctiyeness of the existin‘g design procedures

~in achieving a broadband, lowpass, desensitized, integrated amplifiecr,

+A~-monolithi¢, integrated circuit is one in which all circuit components
are fabricated on or within a single semiconductor crystal. Silicon is
the semiconductor crystal typically used. ' ‘



ek

There are many inherent ‘advant‘agcs of rﬁonoliéﬁic integrated
circuits: the easc of fabricating additioﬁal. gctive 'devicc'gv' is compar‘%ﬂﬁle =
to the case of fabricating passive components; the activél devices have
closely matched electrical characteristics c;vcr a wide '-tc:h]pcratﬁfé? .
range; the gecometries of the active dcvi,é:cs can be chosen to Opti.mize
circuit performance; the components of the amplii’iér a‘rc'thermall‘y
coupled. 6 Thesc characteristics or properties can oftcn"bc considc#’éd
to be new degrees of freedom which p'jrovide the possibility of new dcsig‘n:;‘
procedures which are unique to ﬁdnolithic, integrated amplificrs, Con-v' .
sequently, the second objective"of t}ns report- is to determinc 'if.improved"
broadband performance can accrue from the unique propertics of o f

monolithic, integrated circuits,

1. 2 Monolithic integrated circuit components

The ‘components commonly used in the realization of xhonoﬁthic, |
ih’cegrat} d amplifiers are bipolar junction transistors, (BJT), + resistp'rs; "

acitors. . Typical cross-sectional views cf these components are . -

ig. 1.1(a), Fig. 1.2(a), and Fig. 1.3(a) respectively. Each

‘domponents is fabricated on n-type epitaxial silicon grown on a

... p-type sil{'igon substrate. Areas of n-type epitaxial silicon are ,ele'.ctrically.'-':
~ isolated by a'p-type diffusion through th.e‘epiAté.xial ‘laye_r.. Two additional .
+tField-effect transistors (FET) are not considered in this report, BJT's

‘have gain at higher frequencies than FET's; thus, wideband amplifiers
. are easily realized using BJT's. '




diffusions arc recquired to fabricate a npn transistor. Either of these

diffusions can be used to realize a resistor as shown in Fig. 1.2(a), = ™=
Capacitors can be realized cither as a metal-oxide-semiconductor (MOS)™
capacitor or as a junction capacitor as shown in the two views of Figi'

1. 3(a). 8

The electrical behavior of an intcgrated BJT differs slightly from :

its discrete-component counterpart. The collector contact is made on

the top of the transistor instead of the bottom as in discrete-transistors,

This top contact increases the collcctor saturation resistance of the

9

integrated'éJT. | An additional éapacitancc is introduced by the "isolatic:.y;‘
junction, If the substvrate is grounded, an integrated transistor can be
represcented by a discrete transistor and a capacitor‘Cs, rcprescnting
the capacitaﬁce of the isolation junction, as shown in Fig. 1. 1(b). The
capacitor Cs can limit the high-frequency response of the transistor. 1
The integrated relsistor's, shown in Fig, 1. 2(a), have circuit models:

as shown in Fig.' 1. 2(b) for a basc-diffused resistor and Fig. 1. 2(c) for
an emitter-diffused resistor. The capacitor C"s quels th’c‘capacitangé
of vthc isolation junction. An additional distributed‘ca-pacitance is includ
in the %nédels of Fig. 1. 2(b) and 1. 2(c). This dis'trib\.'ate.d capz-xc‘ita‘lr;cé 1s
.contributed by the hormally reversed biased j.upction which is formed by
thé r§sistor and the adjacent regibn, ,.The distributed capacitance and |

the isolation junction capacitance can cause the performance of the inte‘*-,f'

grated resistor to deviate markedly from the perform'ancc of a discre‘te‘ o




4
resistor. In addition, diffused resistors have a practical limit in value |

of 10 kQ and a large temperature cocfficient, 1

The circuit model of an :intcgratcd capacitor is shown in Fig. 1. 3(b). |
- This model is applicable for either the MOS or junction capaciﬁahce. The
rcsistor. Rsvrcprescnts the finite contact resistance, while the rcsistor

R.p represents the dielectric lcakage of the MOS capacitor Vor the ]‘c':akagc

current of a junction capacitor; The isolation junction is reprcscntAcd by

the capacitor Cs. The maximum practical value of capacitance is 400

or. 1

The limited values of integrated ré’sistors and capacitoi's introduce.'
difficulties in the design of the biésing and coupiing circuitry of inte-
grated amplifiers. Conventional methods of biasing and coupling discrete-
component amplifiers generally require the use of large values of capaci-
tancevto .rvedu‘c‘e the effect of the biasing and coupling circuitry for low
frgquehcies; for integfatéd circuits, the required values of these capaci-
tances are too large to be reliably lfabricated, As will be seen, additionavl
transistors, '.e‘a.sily obtained ;in an integrated circuit, can be used to‘ bias

and couple transistor amplifier stages. 4

1.3 The design of integrated amplifiers

In the design_ of broadband, lowpass, integrated amplifiefs,' the
relative pq;‘fg rmance of the various amplifier con.figurations' must be
' compared to determine the best amplifier for a particular application,

" Three measur'e's of the performance are used in this report: (1) the -




broadband effectiveness which measures the sucess tﬁzxt an arnl).lifi.‘cl'
achicves in producing a wideband response; (2) ,Lhc tcmpcréturc scnsi-
tivity which is the temperature variation of the response of the amplifier;
(3) the response shape. To facilitate the comparison of different ampli-A
fier cbnfigurationé, the design responsce shape is to be restricted so that
the magnitude of.thc responsc is a rnénotonically decrcaéing function of o ;
the frequency. In particular, the limiting éasc of such a response,
the maximally flat magnitude (MFM) response, 12 is specified as a
standard and reisonable design goal for the amplifiers considéred in
this report,

To evaluate the broadband effectiveness and temperature sensitivity,
is is convenient to usc a scélar measure. The gain-bandwidth (GBW)
product is typically used as a scalar measure of the broadband effective-
ness, 13 As will be seen, there is no equi_va.lent. scalar measure of the
temperature sensitivity. Chapter 2 develops a scalar measure suitable
for the evaluation of the temperature sensitivity. This same s‘c'alar'
measure.also will be shown to be useful in the evé.luation of the bro'adbaréé» |
éff e ctivene ss. |

To establish th’e' usefulness of the scalar measure of broadband pcr- B
‘forma'nce, which is developed in Chapter 2, singlertransisto-r amplifie;'.r"i
stages are é\;aluated for -their use as brdadbé.nd, ‘lowpass, integrated’
amplifiers in Chapter 3, TQO particular stages, the series—f.cedback

stage and the shunt-feedback stage are found to be p'articula'xf'l'y useful as

T
rvie



bro;dband 'arnplificr stages., Thesc stages arc compared in detail for -
both broadbana effectiveness and temperature sc"nsitivity. Expcrimental“i
studies of these stages are made and a monolithic, integrated réalization
of the series-fecedback stage is given,

The important class of two-transistor amplificr stages is studied
in Chapter 4. Two particular, common-emitter pairs, the shunt-scries
cascadc and the shﬁnt-scrics feedback pair are uscd to evaluate the
relative performance of local or overall feedhack stages. Monolithic,
integrated realizations confirm the results of the evaluation of tilcsc
stages. Other i:iair configurations, e.g., a cbmmoh-cmitter trans;i'stor' '
driving a common-base transistor, are compared to a single common-
emitter transistor to determine if any advantages in broadband pcrformaniée
accruec from the use of an additional tran'si.stor, which is easily obfaincd .
in integrated circﬁits.

The results of these studies of one and two-transistor stagGS‘ are

summarized in Chapter 5. Several examples of industrial intcgra;ted

amplifiers areipresénted to show the applicability of 1the design t‘ech'rniqt;_._e;
_' which result from t.he previéus studies., An additional design e’xamplg;'_f, B

indicates the method of applying these techni.qules.
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2. THE GAIN-SQUARED FREQUENCY INTEGRAL

2.1 Introduction

The gain-magnitude, frequency response of a typical lowpass, broa‘d- v
band amplifier is shown in Fig. 2.1. A general transfcr function of'i‘the
amplificr is to be denoted by T(jw). As mentioned préviously, the per-
formance of an amplifier may be evaluated by determining tim broadbémd _
effectiveness, the temperature sensit;wity and the response shape, If
additional gain—magnitude,frequcnéy curves wimich represcent the responsc
of the amplifier at different ambicnt temperaturées are given, plots, Vsuc}-x
as the one of Fig. 2. 1,. certainly conveythe necessary information to
evaluate the performance of a brbadband, lowpass amplifier, Howe'ver,
it is convenient to have a gross scalar measure of the broadband effective-
ness and temperature sensitivity since different amplifiers can then be

easily corhpa‘red. The response shape of the amplifier is not criti,Cg;}_ in .

the preliminary stages of the investigation, since shape may be ,a'cqu‘_é-.t‘ed o

by appropri;tely choosing the values of the passive componénts.v

Int‘égral measures have been used to give a s;:alar measure._s#‘itéitble:‘
for the evaluation of the broadband effectiveness c;f lowpass amplliﬁexfs. !
Integral measures provide an a;véraged assessment of the broa%lbé.n’d |
behé.yior. The gain frequencf integral is one such integral and is givgn |

by



Wo A - :
I = f | T (jw} | dw ' (2.1)
0 ,

The cornputation of Ithis integral is difficult év‘cn fr;r simple transfcr- A
functions; the gain fruqucn(._'y integral is typically a.’pproximﬁ&:d by‘ the
GBW product which is the product of the low-frequency gain T(0) and
the -3 dB bandedge wg. If the scalar mca‘sure (2.1) is to be used to
evaluate the temperature sensitivity, the altercd transfer function
TA(jw) can be used in (2. 1) and the resulting scalar measure can be
comparecd to the élfiginal value of (2.1). -

Another possible scalar measure, which is more mathernaticaliy

tractable, is given by the gain-squared frequency integral
g , ’
J = f | T (jeo) |~ dew (2. 2)..
: 0 : _ o

It is not difficult to see'the'changes‘ in the scalar measure due to the N

squaring of the integrand of (2.1). Egqn, (2. 2) can be also writfeh as

1 % 2. . '
r= 3 [ Cirwalfe @n

since the integrénd is an even function of the frequency w. As will be

seen, the infinite integral



12

(-]

J = 'lij I‘T(jw).lz do ' (2
- :
is easin evaluated by the Cauchy integral formulé;t. Both (2. 3) and (2. 4)
measurc the broadband effectivencss of the ampliﬁer. The computational:
ease of evaluating (2. 4) justifies its use as a scalar measure of the
broadhand effectiveness. |

As is to be bro'ughf out shortly, the change of the scalar measure J,
due to changes in the transfer function of the amplifier, is also casily
evaluated by the Cauchy integral formula, Hence, (2. 4) ?:an be uscd to
evaluate both the broadband performance and temperaturc scnbsitivity of

an amplifier.

2.2 The gain- squared frequency integralt

The linear, time invariant, two-port amplifier includiihg the source‘
and load resistances of Fig. 2.2 is characterized by the i’ational,‘ voltage-

- transfer function

. V(o) o
T(jw) = T 2.5)
| (jeo) V_Go) (2.5).

&vhére w is the frequency in rad/s. The 'fwo-'port network could as well

be characterized by a current transfer fqnctibn‘, a transadmitt,anée

+This' section deals only with the infinite integral. For an éyaluation of .
the finite integral, sce App. A. ‘ . Lo :



function, or a transirnpecdance function. The voltage-transfer functhn is
used in this section as a rcprcsentafivc transfer function, The gain- ) -
squarcd frequency integral J is given by (2. 4) as
[<-] ' ’ . ‘ . ‘ .:"'-';.'I‘
1 N . :
J = -—f_ IT ()| do | (2. 6)

2

-0

Upon normalization by the frequency indcpendcnt constant W, J
. . 1 ,

becomes the available power gain-bandwidth intégra]., which is of funda- - -

mental importance in many network applications, 14, For real nctWorl;s,
T (jw) = T(-jw) : (2.7)
Then, (2.5) may be rewritten as

<o

3=13 f T(-jo) T(jo) do - (2.8)

. & J e ‘ : : _

. For practical amplifiérs (and for the discrete-component prototypcsioi._....q:._-. '
'integrated, broadband, amplifiers in pérticular)l6

w—"m-

- Consequently (2. 8) is also giv.en by

J=2Lj95 Tep) T dp (1o



i
_ where the méromorphic function T(p) is the analﬁical continuation of the
transfer function T(jw) into the entire complex fr.cqucncy plane (p—plemc:)'j
and the contour of integration C (for inﬁnitc]y large R) is shown in F1g.
2. 3. In any practical application the network must be stable (b'm;'r;"r.‘.c.d.f
input, béundcd-output), thus nccessitating that the poles of the transfer
function T(p) all occur in the open left haif., complcxvfrcqucmcy planc.
Hence, (2.10) and thercfore (2. 6), canbe evaluated by mcans of the |

Cauchy integral formula, the result being

m ) '
g = -m ¥, T(p) Res [T(-ph P ] (2.11)
k=1

where Res [T(-p), pk] is the residuc of T(-p) at the kth pole Py of the m
poles of T(-p) which occur in the open right half complex frequency
p-plane.

In the present study,the gain-squared fr.equen'cy integral is not -

nearly so important as are changes in it which are brought about by s

changes in the network. In general, any change in the two-port .amp'].ifi'er_ o

of Fig. 2.2 yields a new two-port imbedding network which corres'}.)br'x'ds:_’.‘f R

to a new transfer function TA(jw); the change+ can be characterized by .

+Other definitions, such as the mean- squared change of T(jw) could be
used. This particular-definition, as will be seen, leads to an easily

evaluated J ..
valuate A
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The éorrcsponding change in the gain-squai’cd frequency integral is

3 o= 3

® 2 2 S
R 12 fm [T G| - T (jw) |71 dos : ‘(12'1.113,)

Under the assumption that both the original and the altered networks arc
real, this expression for the deviation in the gain—squarcd frequency

integral may be written as

<7 L [T(-jo) T () + T, (o) T, (-je)] do e

or, equivalently .

‘ JA ) % j‘ [T(-jo) TAV(j'w‘)ﬂ” + TA (-jw) TA(jw)] dw |  ,(2._1“5) 1

-

éince the transformation of w to -w of the variable of integrationﬁiﬁ"tﬁc“.f

second term does‘not alter the value of the integral. Finally, it is CO

venient to separate the first-order effects and the second-order effects
1 . o] : ‘.:"{:v " . 3 Lo
N ‘= 3 L EZT(E;m) T, (j,cl»)‘ T, () T ()] de o (2. ié)

, The result of éii'gmnents identical to those used for the 'c'omputation of
. (2. 6) is that the deviation in the gain-squafcd frequency integral may be . o

written more conveniently‘as the contour integral.

M
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_ L oy + T (-p) T 2.1 
1, = gSC [2T(-p) T, (B) * rA(r.»);’lA.(p)]dp (2. 17)

where the contour C is again that given in Fig. 2.4. Now (2.17), and there-

fore (2.13), can be calculated by the Cauchy integral formula; the result ‘

being

=]

Lt 1 .2
JA = 2w kgl TA (pk) Res [T(-p), pk] + —z-fm !’I‘A (.Jw)\ dw (2.18)

In a first-order theory the positive second term on the right hand side of

(2.18) may be neglected under the assumption that

T (jw) |
AL << (2.19)
T(jw) , o _

The first order term is then given by

m

Jg = -zn L T, (p) Res [T(-p), py] N 200"

k=1

An alternate expression which is valid for large deviations is

m ' ’ . : | ' : '
I = kZ_',I'I‘A(pk) Res [T(-p), p ] -m kgl Ty (%) Res [Tptay)s 9 )

; ‘.(2,.'21). ;

where the Qe k=1,2,..., n are the n poles of the altered trarisfer. o

function T , (-p). * Cnly the first term on the right hand side of (2.21) -~ which'®




: ivs‘ one-half of the first term on the right hand side of (2..18)--nced be . .
: retav'ined in a first-order theory when

T (o)

ECZE I

almost everywhere. This is frequently truein practical broadband
amplifiers, In what follows, (2.20) and (2. 21) are used to evaluate the
sensitivity of a broadband, lowpass, integrated circuit with regard to

various changes.

2.3 The use of the gain-squared frequency integral in the evaluation of

integrated circuits

The class of circuits which are suitable for integrated, broadband,
lowpass amplifiers is symbolically shown in F1g 2,4(a). (The sources
and the bias and coupling circuitry‘ are omitted for simplicity, ) 'I‘his : .

diagram rep're_sen‘t‘st‘an" amplifier consisting of m transistors imbedded

in a 3(m+1) terminal RC network which is connected between a spcc,if'i.ed-‘." L

. .source and load_ resistjanc'e; ‘The va;‘iation of the gain-squared freqﬁeﬁ;f .'_.
integral (2. 21) can be uéed tp evaluate thc; éffecfiyeneéé of a.“spegiﬁed.' ' -
‘RCi hgtwork m achiéving broa.dband Apér,f‘c;r;na‘.ncq In pafficular-, | diffe rent
RC imbédding‘i"i.'eiztworks .can be corr;pa;"éd to some -r'ef'e.‘renc_:e -amplifier, |
sueh as the very bvasic one of Fig. 2.4(b), or oné'which.'h'as b-een‘ chos;eﬁ ‘ “
by exéeriehcé or by intuiti-on. The. p'roééciqre 1s as ‘»fo_lvlé»\'rs:

1. A refe;‘ence amplifier, such as the ami)li'fier of Fig, 2.4(b),



is chosen. The transfer function of this 'a'mpllifinelf defines
the reference transfer function T(p).

2. The reference amplifier is imbedded in the desired RC
network to give the amplifier of Fig, 2, 4{b), The transfer
function of this amplifier'. defines the altered transv‘fer R

“function TA(p)' | .
3. Eqgn. (2.12) can now be used to calculate TA(p). -
4. Residue formula (2. 21) is then used to calculate the change

_of the gaiih-squa_red frequehcy integral J .

This procedure can be,}'epeatgd 'fo‘r différe.nt RC.iml')'ed.c.ling network's‘; ,
and in this manner, comparisons of the broadband capébilities of B
differenf imbedding netWorks-can be méde. |
The tempe‘ratui‘ev_sensiti\;ity'_of 'én'arhpliﬁer cé.n be canglated uéing‘; -
L ..Ai:he above':.Pfoée&ﬁré fér éfffecting a bréadban& .?:ap.a',h'vi‘lity cofnpé.xiiso‘h. g

For computing the temperature sensitivity, the.reférence’ a.:"ppi'iﬁéi is’

the aniplifief of Fig, 2.4!a) at the re_fellrence‘ temperature. ) T.he'-'alte!fr,é_:d‘? R

.. amplifier is then"theA amplifier of Fig. 2.4(a) at -éomé new tem'p_eré't_ur.e,.i'z

' . The deviation o,.f,th:e‘ gain.-squafed frequervlc'y.. i“r_'xte_g”ral can be canlculiatzédi'f.

E using -_reSid_ue formula (2. 20) since the exp}e-c‘vte.."d changes- a_zfé' usually v

~small,

2.4 Conclusions .

This chapter has developed a scalar measure, the ga‘in-squ‘a;re'd'



» v‘fffequency integral, which is potentially uscful in the evaluation of broad- .

.’.b'and, lowpass amplifiers, In the next chapter, the implcrncntation._o,f t}_fev_r

gain-squared frequency integral is demonstrated by evaluating the

‘performance of single-transistor amplifier stages.
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Figuré 2.1 The gain-rnagnitude, frequency response of a typical broadband,
" lowpass amplifier, ' S
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) AMPLIFIER

Figurc 2.2 The two-port network with resistive source and load defines
the transfer function T(jw). '

JR p-PLANE

Q Vv

Figure 2.3 The contour of integration used to calculate the gain-sqﬁarcd '
frequency integral and its variations.
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—— RC NETWORK [~

Rsg | % R

(a)

(b)

‘Figure 2.4 (a) Transistors imbeddcd in an arbitrary RC netv&ofk; (b) the
reference amplifier, Lo .
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3; SINGLE TRANSISTOR. AMPLIFIER STAGES:

3.1 Introduction

To il]ﬁstratc the usc of the gain-squarcd frequency integral, the
imbedding of a single common-crnitter trapsiétor between specified
source and load resistances is first examined. The common-cmitter
connection of a transistor is used since this connection of a transistor
is the only one capé.ble of both current and voltage gain. The evaluation
procedure of Sec. 2.3 is to be used; hence, according to Fig. 2,4(b), a
suitable reference amplifier would be a common-cmitter transistor con-
nected between a specified source and load resistance as shown in Fig.

3. 1(a). * It is desired to determine \;vhich transformerless RC networks

of Fig. 2.4(a) are capable of improving the broadband performance. To
specify a six-terminal RC network, ‘which is the required complexity

of the imbedding ngtwork of the single-transistor stage, is difficult, Tl@e :
~use of RC one-pért networks as the sole elem.ents of the imbedding
ﬁetwork, as éhowr} in Fig. 3.1(b), leads to an irﬁportant class of pravctica}l,
single-transiétor stages. As will be 'éeen,’ the resulting ampiifiers ;fg
easily désigned directly. by cut ahd try methods.

The b1as1ng and coupling circuitry are omitted in Fig. 3.1 for sumphcﬂ:y.
They are considered later in the evaluation of single- transnstor stages.
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Two single-transistor arnplificr stages, the serics-feedback stage
and the shunt-feedback stage, will be shown to be particularly Vusc[uv].. as
broadband, lowpass, amplifier stages. Specific design examples of these
stagcsvare compared for broadband cffectivencs; and temperaturce sensi-
tivity, Experimcntal realizations of the shunt-fecedback stage and serices-
fcedback stage arc presented.

First, this chapter investigates the practical aspects of biasing

and coupling monlithic, integrated,amplifier stages,

3.2 Biasing and coupling of transistor stages

The limited range of possible valucs of passive components avail-
able in monolithic integrated amplifier prevents the application of many
of the circuit techniques which are available for the biasing and coupling
of successive discrete-component amplifier stages. The limitation of
capacitance values to 1ess than 400 pF prohibits the use .of capacitors for
ac coupling of broadband, lowpass amplifiers if low-frequ‘cncy résponse o
is needed, Solutioné to the biasing and coupling of transistor stages need
-to utilize the unique properties of monplithic intcgratgd circuits: tl) ‘t}".;’e‘
close matching Qf active devices and passi\;e'comporllenf:s; (2) the ccoﬁpmié_al .
‘cost of active devices; (3) the freedom to design aclive devices for spcciﬁq
applications, 6 Examples of theée‘techniques are presented below.
A cascade of single-transistor stages can be biased by using volt;tge; '
reference diodes,‘ as shown in Fig, 3,2, The voltage-referchcé diode .

provides the necessary voltage drop between the collector of the transistor
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and the basc of thé succeeding transistor to ensure that each transistor '
will be biased in a lincar region of operation.

The voltage rcfc;'cncc diode, whose I, V characteristic is shown in
Fig. 3.3, provides an clectrical function similar to that of a battery, i. e,
a dc voltage source. The véltagc-rcfcrcncd diode provides a fixed voltzigc
drop and a small dynamic rcsistaﬁcc above some threshold value of voltage
VZ. These diodes can be easily fabricated in a monolithic integrated
circuit with reference voltages from approximately 6 V to 100 V, .The
noise associated with the voltage-reference diode is inversely proportional
to the dc¢ bias current and directly proportional to the reference voltage VZ.
Typically, the noise was experimentally found to have a rms valuc of less
than 5 mV for a refcrence voltage of 6-7 V and a bias current of 0.5 -1
mA, The base-emitter junction diode of a planar double-diffused bipolar
transistor has a breakdov{m or reference voltage typically in the range of
6V - 12 V; therefore, the base-emitter junction diode can be used as a
voltage-reference diode \.»vhich is easily fabricated i.n the ménolithic circuit.

The cascaded amplifier of series-feedback stages of Fig., 3.2 has

been extensively studied. 4,17

The voltagé-rcfcrcnce diode and the forwa;‘d
biased, base-emitter diode have approximately equal temperature coeffi-
cients of opposite sign; hence, the voltage at; the collector of each stage "
remains approximately: constant with temperature. If the positive tcfn-

perature coefficients of the resistors are also considere d,the bias point

can be shown to be invariant with temperature (see App. B) for some
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bias point, Expecrimental rcalizations of this stage arc discusscd in

Scc. 3.5.

Another technique which is especially useful for achieving an

6

invariant bias point of a singlc transistor stage is shown in Fig, 3.4.

This bias scheme depends on the close matching of active devices and

1

passive components, If R2 = —Z-Rl, the common-cmitter amplifier stage
T2 is biased at onc-half the supply voltage and the collector current,,

determined by Tl’ is V /Rl' The close matching of components

CC

ensures that the collector of T2 remains at onc-half the supply voltage

with changing terdperature.
The design of monolithic integrated circuits includes not only the
circuit considerations, but also the active device design., An interesting

example of device design to achieve suitable biasing of the active devices

is shown in Fig. 3. 5. 18 The transistor T1 is connected to the basc of

transistor T2 whose emitter is grounded; consecquently, the collector

emitter voltage VCE of T1 is a very small positive value. To provide

linear amplification at this low voltage, transistor T, has a larger

1
emitter area (approximately four times larger) than the other trénsis‘tors.
Thus, the gain of transistor T1 is linear at this lo'w value of VCE'-' A
common-collector output stage and overall shunt-shunt feedback IS used
in the integrated circuit to obtain an invariant dc bias point of the oﬁtput

transistor. An external capacitor CB is usually added, as shown in Fig,

3.5, to decouple the shunt-shunt feedback loop for ac signals. As will be
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scen in the course Qf this rcport, overall dc fced-back is often rcqufrcd for
bias point invariancec.

The procedures presented in this .section will be uscd in this report
for the biasing and coupling of integrated amplificr stages, No onc method
is suitable for all integrated stages, Rather, the biasing and coupling
circuitry of each integrated amplificr must be dcsigncd individually,

This section has given some basic proccdurcs which have .found wide use

in the design of integrated circuits,

3, 3 Single-transistor amplifier stages

As mentioned previously in Sec. 3.1, the use of RC one-port
networks as the sole elements of the imbedding network,as shown in Fig;.
3. 1(b), is an important class of practical, single-transistor stages, | This
section uses the evaluatiqn procedure of Sec., 2,3 to determine if a.nj co'lm-‘—
bination of one or more RC one-port nétworks can improve the'broadband '
performance of the common-emitter transistor stage, i, e, if the value of -
the change of the gain-squared frequen;y integral ;:ah bé mad‘e positive,
'Thg reference amplifier used in the evaluation is ‘chosen as the
common-emitter transistor connected between a specified source and
load re_sistaﬁce, as shown in Fig.. .3. l(a); This reference amplifier
spccifies the reference transfer funétipn.T(é). The al'te'x;ed‘transfer
function TA(i)) is calculated, usi;lg straight forward analysis tcc'h;lique's;,i
from the amplifier of Fig. 3.-1(b) with one or more RC one-port nctiwotks

as the elements of the imbedding network, The results of the analyses
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of all possible ampliﬁcrs show that the valuc of (.2. 21) for J’Ais aIwziys | l
negative which indicates that the area of the gain-squared m‘agnitude,
frequency curve ié always dirr'linishcd for any one-port RC irﬁbcddiﬁg
nctwork, No new amplifier corxfigura.tions emerge from the analysis;
howcever, the various amnplifier configurations arc uniformly compared
to the reference amplifier, |

Prévious studies”’ 19 have shown that the conﬁgtirations o Fig, 3.6
are useful in obtaining a wideband, lowpass amplifier stage. A further .
investigation of these stages shows no significant advantage in broadband
performance ;aﬁ accrue from the use of RC one-portsvwith complexity in
excess of a single time constant (see App. C).

The amplifiers of Fig, 3. 6(a) and 3, 6(b) are now quantifati\/:ely corl‘n'—‘
pared with respect to their broadband effectiveness and temperature scn’si—‘
tivity using the gain-squared frequency integral. The amplifier of Fig.’ 3.6
(c) can be considered to be the same configuration as the _ampliﬁer of Fig, '
3. 6(b) since the RC one-port ifl the emitter lead of Fig. 3. 6(c) can Be
incorporated in the transistbr cvircui.t‘ médel. 17 The anallysesl of the a,mpli-_,
fiers of Fig. 3.6(a) and 3, 6(b) are available in ‘f;he lit-eratu‘re.. 17, 19  |
Each of these amplifiers is’ide.signed as an,intérstage in a cascade of
identical stages to allow the ca>s¢ading ‘of severgl stages fo ac_hi‘.cv.eA the
~desired gain, 'I‘hev_source and load i-esistances of a stage are cdnsé’q’uentljr- :

speciﬁed} by the preceding and following stages respectiveiy. ‘The design
is done fo;' a MFM response, as mentioned previously,' to ensure a

reasonable comparison between the two amplifier stages,
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In this section, the transistor employed in the design has the folléw'-

. s - _ +

ing characteristics at IC 5 mA, VCE =8V
f = 65 Mc/s . r =800
t x B
{30=60 Cp=20pF‘

For the scriesfecdback amplifier stage of Fig. 3. 6(a), the RC one-port
uscd in the design is a simple parallel] RC network, For a cascade of
serics-fcédback stages, as shown in Fig. 3 2, the source and Joad resis-
tances are approximated by the low-frequeﬁc;y interstage impcdance, For
a typical design, the input and output impedances of the transistér with |
emitter feedback are much larger than the interstage rcsistance, which is
the pgrallel connection o’f RB and RC. Hence, the valucs of the ksource and
load resistances are approximately bgiven by the parallel combination of RB
and RC. From Fig. 3.7(a) ;‘.he voltage gain functio_n, Av(p) = VL/VS(p),

is given approximately by

o "B R pR C +1 o
AP = 7 b v (3.1)"
' rﬂ+Rs+rx+poRe‘ 'azp.+a1p+l" :
where p is the complex frequency variable and
» : R; + T ,
= R C + : ) .
22 ece(rﬂ ™. poRLCp. R +r +r_ B R (3. 2a) -
's x w' o e s

+The notation used for the transistor circuit model in this report is that
adopted by the Semiconductor Electronics Education Committee.

b
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R +r
= C +R R 8 X
ap = (L CARCAPRICINR v +r_+p R (3. 20)
s X ™ [ I ]

For a MFM response, the following cquality must hold:

RC = 2a_ - a? (3. 3)

To obtain the optimum design, since too many degrees of design freedom
are available, an iterative design technique is used to optimize the GBW
product. A value of low-frequency gain AV(O) and the resistor Re is
arbitrarily chosen, Then (3.1) and (3.3) uniquely specify RL and Cc'
The optimum gain-bandwidth product is found by varying the low-frequency
.gain and Re' 17 The bias point is chosen such that llgm<<Re° For the
transistor given above, the values of the components found for the series-
feedback amplifier are shown in Fig. 3. 7(a). The values of low-frequency
voltage gain and bandwidth for optimum GBW product are 4. 6 and 4,8 Mc/s
‘respectively.

For the shunt-—féedba.ck» amplifier, the 'imbedding. network is shown

in Fig. 3.8(a). The source and load resistance for a cascade of stages

is approximated by the low-frequency oﬁtput impedance of the precediﬁg
shunt-feedback stage and the input of the following shun%-fccdba.ck s.ta.,ge.

; _ R
Hence the source resistance is approximately Ra + TS-—I-{—‘, and the load
o

. . . . R 1 rx . The latter has a
load resistance is approximately '}“{— —_—t .

L grn po
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value of 800 for the design considercd below and is neglected in the
design, The source resistance has a value of 1 k(.. The current gain,

iL
' AI(p) e (p), is given by
. S :

5 R | pR C +1

f " a ¢ .
A(p) = *-“‘*‘"“"9;‘“;;;“—"““' e (3. 4)
(Rf + Ra) (1+ xR w) + poRa a,p ta;pt 1
p ,
where
R = RfRs
P .RB + Rf

Rf R

/lf,
1 Tl
a, = : [RC +R.C_ +-—— ﬁRC] “(3, 5a)
1 Rl(l +nga)+Rf a a 1w r 0O a M | .

R

R f ) . . ‘
22 "R (1+g R)+R (RCIRICH - 3.5h
1 m a f , ‘
‘ whére ‘
o r o (R_+7) S
Rl " T ¥R #r (3. 5¢)
™ 8 X :

For a MFM flespon'se, the coefficients of (3. 4) must satisfy the equality

[\
]
[\N]
—

R C '=  /5. faz | . . . (3.6)




gain AI(O) ‘and Ra can be chosen arbitrarily. Then, the lov/,—frcqﬁ(:r:cy
value of (3.4) and (3. 6) specify the values of Rf and Ca’ The optimum
gain-bandwidth product is achicved by varying the valups of Ra and

AI(O). 19 For the tx;ansistor used m this section, the oplimum valucs of
the imbedding network are éhowh in Fig. 3.8(z). The low-frequency gain
and bandwidth aré 11, 2 and 5 Mc/s.

With the above design information, the procedure given in Sec, 2.3
can also be used to evaluate the broadband.performance of the series-
feedback stage and the shunt-feedback stavge. - The reference amplifiers to
determine the reference transfer functions T(p) are shown in Fig. 3, 7(b)
and 3, 8(b) for the sericséfeedb.a,ck stage ‘a,n.d shunt—feedback stages,
respectively, For both stages, the transfer functions of the Arefe‘rence
amplifiers are. described by a single dqminqﬂt pole.v For (Fhe series-
feedback stage, the gain and bandwidth of the reference afriplifier are
25. 6 and 575 kc/s, while for the shunf-feedi:a.ck amplifier fhe gain and
bandwidth are 37.6 and 1,6 Mc/s.  ‘ |

The altered transfer functlons T (p) are determlned.from the
imbedded amplifiers of Fig. 3.7(a) and 3, 8(a). Thc change of the ga1n- "
squared frequency integral due to the add1t1on of the 1mbcdd1ng elements
has been calculated using (2. 21). The cox;nputatl'onal detalls of thc pro- '
cedures are given in App. D for the series-feedback stvage. .

Table 3.1 summarizes the result'.; of the broaldbanci veffect‘ivéncs;

evaluation. The conventional GBW product is also included for
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compérison. The change ;)f the gain-squarcd fregucncy intcgra] JA is
normalized with' respect to (2.; 11) whicl‘a'ivs computed for the reference
anﬁflific;'é. TheA ﬁormalization references are -350 Mc/s for. the scries- ..
feedback stzz.g(e and Z.v3 Ge/s for the shunt-feedback stage. The GBW

product is normalized with respect to gm/Z‘nCt, where -

= 1 4 S . A
Ct C“+Cp( -!ngL) | 4 (3 7).‘

The qué:ntity gm/Ct is a fundarrlenfal limiting parameter of the reference 4'
amplifier,

The large negative values of JIZ for both ampliﬁer stégcs in‘.dicate
that considerable area of. the gain—squa;‘ed, fféqucncy. curves of the
reference arhplifiersv is sacrificed to achieve the iarge bandwidths. The

smaller ne'ga‘ci\}e values of JN

A of the series-feedback stage indicates

that this stage is more effective in achieving broadband performance than
the shunt-feedback stage. The normalized GﬁW products also show that
. the series-feedbaék,stége has a .g.reater brc;a.'dba..nd‘ effectiveness tvl.'l‘an' the
shunt—feedbaclé s_tage. - Howgver, the smaller normalization values of the
series-feedback stage are reflected in the smaller low;frequency‘ gain,
The sp';acifiéd sburg:é and load'résistanges are c':riti:::al in de,t'c'rx"nin{ng'tﬁe
-ultimate"broadband performance of an ampl;if-ievr. As wiil be shown in
'Sec. 4.4, additional transistors can be introduced to improve thé

broadband performance,

The use of the gain-squared frequency integral as a scalar measure
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of broadband effcctiveness gives the samc gross results as the GBW
product, The GBW product is morc useful as a scalar mcasure since

the compromise between low-frequency gain and bandwidth is casily
determined,  The rmain advantage of the gain-squarcd frequency integral

as a scalar rncasure, as mentioned previously, is that the integral is
mathermatically tractable, The corrclation between the two scalar neasures
indicates that the gain-squarced frequency inti:gra] could be uscful as a

gross design tool especially for evaluating the broadband cffcctiveness

of amplifiers whose gain-magnitude is not a rmonotonically decreasing
function of frequency, i.e. for response shapes whose -3 dI3 bandcdge

and hence the GBW product are not meaningful,

3.4 The temperature scnsitivity of single-transistor amplifier stages

An evaluation of the tempverature sensitivity of the two stages
considered in Sec. 3.3 is next made using the change in the gain-
squared frequency integral, This evaluaéion is made in the Safnc rﬁanner'
as the evaluation of broadband capability, The referencec transfer |
function§ T(p), however, .a.re calﬁulated ior the éeries-fccdback and
shunt-feedback stages of Fig. 3.'7(3.) and 3, 8(a) o'perati:.ng at an ambient
tempcrature of 25° C. The altered trénsfcr functions TA(p) for thrc _‘ |
respecﬁve amplifiers aré calculated for thc same ;.rhplifiersoperétipg'ét
a different ambient téx;nperature. The scalar measure of (2, 20) does not
determine the nature of the response cha.ng'ezb the details of the chanée of

the amplifier characteristics must be determined by inspecting the
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altered transfer function 'l‘A(p).

The arnbient ternperature change'is chosen to be from 259 C to
1006 C. For the following analysis, all resistors are assumed to be
diffuscd resistors witﬁ the cxception of the source and load resistors
which arc assumed to be discrete components with negligible temperature
coefficients, The resistors of the shunt-feedback stage Ra and R are
fabricated from a base diffusion, The value of base resistors increases
12 percent as the temperature increcases {rom 25° C to 100° C. ! The
resistor Re of the series-feedback stage is fabricatcd from a low
resistivity emitter diffusion whosec résistivity has only a small tempera-’
ture dependence and its change is neglected,

The results of App. B indicate that the bias points of these stages

rernain constant with temperature. Hence, the parameters of the transis-

tor circuit model can be assumed to have the following variations with

temperature:

B (T,) = L6 B (T))

'Tl
8T = e, (T T .
2 B

o ‘ (3. 8)

B (T,) T, | |
r (T,) .Em—(T—z) = 1,6 —T_; rw(Tl)

g_(T.) T, g_(T,)

c = m 2 _c =__1 m' 1 _c
T w, 8 TZ w, N3
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where Tl = 3002 ¥ and '1'2-:r 3759 K. The capacitance CP' is approximaltcly
constant over this ternperature range as is the pararncter fL' 8,9

The variation of the gain-squarcd [requency integral with temperature
will be assumed srnall so that (2, 20) is applicable for the cornputation of
J;)' With this first-order assuwnption, the sensitivity to cach transistor
pararncler or passive component can be computed sceparately and the
results added algebraically to determine the net sensitivity of the ampli-
fier, The procedure identifics the most sensitive pararmcters and
indicates any possibility of achicving cancelling tenperature scensitivities,

The temperature sensitivitics, which have been calculated from
(2. 20), are shown in Fig., 3.9 for an ambient temperature chéngc from
25° C to 100° C, The results arc normalized with respect to the gain-
squared frequency integral of the stages operating at 25¢ C.  The tempera-
ture sensitivity of the series-feedback stage is much less than the shunt-
feedback stage. The lower sensitivity of the series-feedback stage is
attributed to the assumed zero temperature dependence of the 4c:m.itt_cr
resistor Re. |

The greater sensitivity of the shunt-f;:c'dback can bc'attrib'utéd 1:0
the sensitivity of J with res.pect to the resistors Ra and Rf, and {3,6; - The
resistors Ra and Rf of the shunt-fecdback stage have large valucs which.
necessitatés their fabrication from the highe;' rcsistivity, tcmpér#turc
dependent, base diffusion, The mid-frequency gain AI(O) is more

sensitive with respect to ﬁo than the series-fecdback stage., The sensi-

tivity of the low-frequency gain could be improved if the value of Rf were
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reduced such that the low-frequency gain(3.4) is given approximatcly by

' Rf ‘
AL0) = R (3.9)
ca

Since the resistors Ra and Rf ideally have the same tanperature depen-
dence the gain would be constant with temperature; however, the broad-
band effcctivenss would be reduced. 19
The details of the changes in amplifier performance can be deter-
mined by examining the altered transfcr functions which are given by
(3. 1) and (3. 4) with the values of the coefficients at 1002 C, The values’
of the 10§v—frequcncy gain incrcasc 4 percent or to 5.1 for the scries-
feedback stage and 10 percent orto 122 for the shunt-fecdback stage. The
. value of the bandwidth of the scrics—fécdbzick.decrcascs 6 pcrcent to 4.5
Mc/s while the value of the bandwidth of 1_;hc. shunt-fecedback stage
decreases 20 percent to 4 Mc/s.
For a cascbade of these stages, the source and load resistances of
a stage, i.e. the interstagc resistances, must also be assumed to be
diffused resistors. An inspcction of the tra#éfcr function of the shuht-g
feedback stage, given by (3; 4), indicétcs that a small change of the source
resistance of the shunt-feedback stage has a small effect ';)n the transfer
function. However, the transfer function of the ser’}es-féédback stage,
given by (3. 1), depends on the load resistance ﬁL;‘i. e. the low-frequchc*

gain is approximately
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RL

/\v(o) »s I{: ' . (3.10)

Hence, changes of the i()v/~frcq11f:ncy gain arc propdftiona] to changes of
RL. The values of the cocfficients (3. 2), ay and @y also depend on RL.
If the sensitivity of RL is included in the sensitivity analysis above, the
net sensitivity of the scries-feedback stage nearly doubles; however, the

sensitivity is still Jess than the shunt-fecedback stage.

3.5 Experimental realizations of single-transistor amplifier stage

Experimental studics of the s‘inglc-tfans’sistor amplificr stages
have also been malde. The slages arc; dcs;gncd.according to the procedurc
g'ivcri in Sce. 3.3, The biasing of the svta‘gcs is. done using voltage-
reference diodes as discussed in Scec, 3. 2,

The ser_i:es—feedba‘ck stage has been r.e'alize“d'as both a diséretc-
component amplifier4 and as a monolithic, i-ntegrated amplifier, A
photomicrégraph of the plan view of the integrated realization and its
discrete—componcp_t couﬁterpart are_sj:own ‘.in Fi_g. 3.10(a) and 3, 10(b)
respectively. The components of a single integratéd ampliﬁer stage are N
ghosen such thét several stages may be directly cascaded. The details
of the fabrication of the circuit aré discussed in Sec‘. 4, 3,

| The shunt-feedback stage has beeﬁ realized as a discrete-component
amplifier using diffused components which ar‘e nof elcctricélly isolated,

as shown in Fig. 3,11, Hence, thc parasitic capacitances of the isolation
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junctions arc absent from the diagram of Fig. 3.11. Also, the components
arc not thermally coupled since they arc on scparate substrates.

The de bias constancy of these experimental stages was studied to
confirm the predictions of App, B For an anitter current of 5 mA, the
monolithic, integrated, scries-fecdback stage was found to have less than
a 1 pereent variation of emitter current for a termnperature chinge {from
25° C to 100° C. The discrete-component, shunt-feedback stage had a
5 percent variation of emitter current for the same temperature variation
since the elements were not at a uniform temperature. The 1 percent to
5 percent variation of the bias points is guitc good with respect to the
variation of the transistor paramecters. The value of the basc-emitter

voltage, V

., decrcases 20 percent and B increases 60 percent over this
BE’ ‘ T o

temperature range, The agreement with the theorctical predictions of

App. B is quite good.

3.6 Conclusions

This chapter has investigated the use of the gain-squared frequency
integral for the evaluation of the pcr.formance‘of‘ singlc-transistor ampli- -
fier stages. For the evaluation of broadband cffcctiv¢ntﬁ's s, the g;ii‘k o
squared frcducncy integral was found to give a scalar mecasure which
agreed with the GBW produc-t; hchvcr, the simplicity of the pﬁysi(:al v
interpretation of the GBW product is more useful in the desigﬁ of lowpass
broadband amplifiers. The gain-squared frequency integral was

especially useful in the evaluation of the temperature sensitivity, The-
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| - results show that this scalar mcaéurg of 'scnsiti%/ity 7c0rrc:.1ated well'with
~ the tcmpcréture scnsifi'vity interpreted in terms of the variation of ‘

1ow—_fréquc'ncy gain and bandwidth,
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Shunt-fecdback 'Sc:rir:s--_Iccdb;.u:k
Stage . Stage

A (0) 11,1 4. 6
W 5 Mc/s 4, 8 Mc/s

N
J -0.75 -0.72

A .

N )

GBW Q 0. 89 0. 34

Table 3.1 The broadband effectiveness of the shunf-

feedback stage and the series-fecdback stage,
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Figure 3.1 (a) Reference amplifier for a single common-emitter
transistor; (b) an imbedding network consisting of all
possible RC onc-port networks,
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Figure 3.2 A cascade amplifier using voltage. reference diodes for ac
coupling of successive stages.

Figure 3.3 The dcl, V characteristic of a voltage reference diode.



Figure 3,5 A direct-coupled amplifier,
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Figure 3.6 Single transistor broadband amplifiers employing one-port RC
networks.
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t Oresonl Lopraooyr 7 10

(b)

Figure 3.7 (a) The shunt-feedback amplifier stage; (b) the reference
amplifier for the series-feedback amplifier stage.
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Rp= 3.4Kk0)
o Rq = 2002
M/
'\.‘1 C.= 347 pF ,
i%} S1KR : W
(a)

Figure 3.8 (a) The shunt-fecdback amplifier stage; (b) the refercnce
amplifier of the shunt-feedback amplifier stage.



0.05

0.03

0.0l

- =0.01

-0.03

VIS A

[]= SERIES STAGE
K = SHUNT STAGE

GBI II IS,

WAL,

Lo gmN R

Ra NET SENSITIVITY

B 7 SERIES STAGE VALUES NORMALIZED TO [00 Megvss

SHUNT STAGE VALUES NORMALIZED TO 660 Morss

Figure 3.9 The temperature sensitivities of the shunt-feedback stage and the

series-feedback stage,

8



RO
(a) -
+VCC
R R
O— - T, I 8
Goc= R % =i
8 L Re __::Ce

(b)

Figure 3.10 (a) Plan view of the integrated realization of the series-
feedback stage; (b) the discrete-component representation
of the integrated realization of the series-feedback stage,
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Figure 3.11 The discrete-component realization of the shunt.'-feedlia.ck -
B stage, o : . -
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4, TWO-TRANSISTOR AMPLIFIER STAGIS

4.1 Introduction

The study of single-transistor stages has developed an understand-
ing of the gain-squarcd frequency integral and demonstrated its usce to
cornparc different single-stage amplificrs, The use of & single transistor
for wideband arnplification does not provide enough gain for most applica-
tions. Consequently, scveral single-stage amplifiers are cascaded to

~achicve the necessary gain. The capacitive interaction between successive
stages is not accounted for in the designs previously considered. In this
chapter, the restricted, but importkant class of two-transistor arnplificr
stages are designed to include the effect of this interaction on the magnitude-
frequency response.

The problem of optimally imbedding a transistor pair in an RC
network as showﬁ in Fig. 2.4(a) is more difficult than the problem of
optimally imbedding a single transistor, Thcidiagrarﬁ of a two-transistor
péir is shown in Fig. 4.1, Each transistor can be any of three dc con-
nections, common-base, commmon-collector and common-ermitter; hence,
nine dc configurations for the two transistors; connccted between th;:: |
~source and load resistences, exist. Even if a particular dc conncct'ion

is chosen a-priori, any number of RC imbedding networks are possiblg,

The use of one-port' RC networks in all possible locations, let alonc a-



ninc-terrninal RC network, yiclds too raany imbedding nctworks. Lo analyze
c¢ach in dctail as was done for the single transistor stage. k}Cxpcrigncc
‘and iptuition are necessary to reducc the number of possible amplifier
configurations.

The de connection of Ltwo (:omnnon-(:mitt(.ir transistors is the mnost
uscful conncction for obtaining the maxiQO low-frequency gain for most
source and load specifications. Two common-crnitier pairs, one using
local feedback around cach transistor and the other using overall feed-
back around both transistors, are comparcd for broadband cffcctivencess
and temperaturc scnsitivity, These two pairs are similar in topology.

As will be seen, the results of this comparison give valuable information
for the design of broadband, lowpass, integrated amplificrs.

Pair configurations which use the other possible de¢ connections are

evaluated for their broadband effectiveness. Three of these composite-

stagcs are found particularly useful as monolithic integrated amplificrs,

4.2 Common-cmitter transistor pairs

The amplifier stages using common-crnitter trar.lsistor pairs(uscful
for obtaining large bandwidth and insensitivity ;’;rve shown i’nAFig_. 4, 2 and
4. 3. The bias and coupling circuitry are omitted in Fig. 4; 2 and 4 3;
the design of this circuitry is p:l"escnted lra.te,rA 111 tb.i}sv chapter. The amplifi_cv‘r‘
stages of'Fig. 4.'2(a) and 4. 3(a}, the shunt-series cascadc.and the series-
shunt cascade respectively, use ionly local feedback around eac.h transistor,

while the amplifier stages of Fig, 4. 2(b) and 4, 3(b), the shunt-series



feedback pair and scrics-shunt feedback pzn.'i.r, use overall feedback, As
will be scen in the course of this report, the choice of topology is often
dictated by the requircrments of biasing and coupling the transistors,
Thercfore, the objective of this scction is to determine the relative
advantiges in the broadband performance and ternperature sensilivity of
amplificrs which usc cither local or overall feedback.

The shunt-serics cascade and Lhé shunt-scrics feedback pair arc
used as the vehicles for the comparison. of local and overall feedback,
Both amplifiers have low-input impedances and, conscquéntly arc uscful
2s current amplifiers. Even though the amplifiers employ topologically
diffcrent feedback loops, the feedback current in?.o the basc of the input
stage is identical if the gain across the crnitter of the output transistor
of the shunt-series cascade approaches it tﬁcorctical limit of unity,
T'here fore, if the two amplifiers are designcd f01; the same value of gain
and source and load resistance, the low frequ.cncy current gain, as is

brought out shortly, is approximately given by

o)

AI(O) ~ R ‘ (4. 1) _
, e ‘
The broadband performance will also be identical The gain-squarcd {re-
quency integral is used to evaluate the deviation of these stages from this

ideal behavior to ascertain if any advantage is obtained from overall feed-

back for a monolithic integrated circuit, (App. E indicates that the
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" series-shunt cascade and the series-shunt feedback pair also have
identical broadband perforrmance. )

The shunt-scrics cascade, shown in Fig, 4. 2(a), is designed using
existing design procedures, If the ohmic basce resistance is srnall com-

sared with r
] LP)

anel [’;021’\0 of the serics-feedback stage, the capacitive
interazction between the two single-transistor stages can be modeled by

loading the shunt-feedback stage with a parallel RC network. 3 This

approxirnation leads to an easily designed comrnon-cmitter pair whosc

i :
current gain, Al(p) = -i—“(p), is given approximatcly by
5 .
(4. 2)
Alp) = — Re 1
' 7R +1 , ' }ﬁ P r
- R (C + : . A X2
c -g-I'nz [{f(Cf-i CL) " 4 Rfop 1 l] [w R + 1
t : t e E
~ m
2
under the assumptions that
> > . - . F |
Rf ra : . (4. 3a)
B+ BR)
° gmé o e , :
1 >>1 : (4. 3b)
R +B (— + 5 R) '
f ° 8 > o e
> > 3 ‘ ‘ - 4
rX2 r'n_2 + FoRe , (4. 3'0)

where
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1
o= . . 4, 4a
R C “t . (. 4a)
e ¢
and
L O + C (1+g R 4, 4]
¢ L CC I (J}-L ( ! L':m IJ) ( ))
. R4 L
The pole, w __C.___gm&, is usually non-dominant and the gain function
I’Xz : \
can be approximated by
R
f 1
Alp) = 1 2 (4. 5)
Rc -l-g—-— Rf(cf + C’L)w_‘ + RfC{p 11
m2 t

The design is for a MFM responsc; thus,

1"
RCy - VZRf(Cf te o

~ (4. 6)
t ) .

The design of the shunt-series feedback pair is also done using
‘e . N 22 .
existing design techniques. The current gain,

i
Alp) + 1—’; (p)

is given approximately by
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Reb R 1 4. 7)
A (p) = ¢ - T .
b Rc S pz -i‘[Rfo + ): (— + ")-)] p i
FoP1P2 ' Pobo P10 P2
where
R R R +R
Boro = Por B3 p+ Vo2 @ (1I~,R))'"OR >
°° I T S T R T A f
(4. 8a)
I;1— = T “n1 : (4. 8D)
R RI r (r+g _R )T C“.ZA“" ‘ ngRI )
P2 RI * w2 (14 ngRe) T mz e 14 ngRc * Cll-‘. s Trg——*}f
' m2 ¢
(4. 8¢)
R = o= (4. 84)
+
p. Rf Rs : . : :

The assumptions of (4. 3) are also used to obtain (4.7). To obtlain a MFM,

it is neéessary that

Py * pZ * pokoplszfcf - Vzpl pZ(l + P'o)"o) ‘(4"9)';
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In the design of cach stage, there arc five resistors Rs’ R] , RI,
R and Rf and two capacitors Cc and Cf, whosc values must be chosen,
¢ .

The source and lozd resistors Roand R

L, @re usually specificd, The
1) ]

resistor ],(] is usually fixed by the value of supply voltage VCC' and the

desired bies current of 'Jf]. The low-frequency gain AI(O); the MI'M con-

dition and (4. 43) constrain the rermnaining four components.  Yor the

design of the shunt-serics cascade and the shunt-scries fecdback pair, a

low-{rcquency current gain of 20 is desired. The resistor Rf is chosen
o . . .22 . .

to optimize the bandwidth for this gain, I’hen, Rc is speccificd by the

low-frequency gain; Cc is specificd by (4. 4a), and C_is specificd by the

f
MFM condition.

For the design of a monolithic integrated amplificr, an exacl one-
to-onec correspondence between the integrated amplificr and its discrete-
component countcrpart does not adequatcly predict the phasc and frequency
performance. The circuit models of the integrated resistors and tran-
sistors (sce Figs. 1.1 and l. 2) have a capacitance to ground associated
with the isolation junction. This parasitic vcépacitancc can be quite large.
For the integrated realization of Sec. 4. 3, the capacitance of the isolation
. C o . ' .2 8 . s
Junction is approximately 0. 25 pF/mil .~ The effect of this parasitic capa-

. : . e 10, .
citance is to decreasc the bandwidth of the amplifier. The expcrimental
results of Sec. 4.3 indicate that for the amplifiers considered, the para-

and the transistor T, are most

“sitic capacitances of the resistor R 1

I

important in determining the frequency behavior. Fig. 4.4, a discrete-
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component representation of the integrated rcealization, includes the

cifcct of the isolation junction as a discrete-component 100 pl™ capacitor

frorn thce collector of the first transistor to ground,

Figs., 4. 4(a) and 4, 4(b) indicate the valucs obtained for the reali-

zation of a typical rnonolithic integrated circuit, taken from Scc. 4. 3, for

the shunt-scrics cascade and shunt-scries feedback pair respectively.

The transistors have the following measurcd paramcters which approxi-

rnate the elements of a hybrid-pi circuit model:

pol = 10

C‘J.1 = 3 pF

ftl = 160 Mc/s
ICl = 7.7 mA
Veer = 8V

ﬁ02 = 50

CpZ = 3 pF
.ftZ = 160 Mc/s
ICZ = 7.5 mA
Vv = 9V

"CE2

The load and source resistance are extcrnal to the integrated circuit and

must be capacitively coupled to the input and outpul terminals of the

amplifier.

The shunt-scries cascade uses two voltage rcfercence diodes to

bias and couple the transistors as shown in Fig. 4.4(a). Ideally, thc

sum of the voltage reference diode and the base-emitter junction of cach

transistor arc identical, Conscquently, ‘the voltage across the emitter:

resistor RC controls the bias points of the transistor, The bias points are
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then
Ve -V -V,
IC] s, (1(./ }i‘-}—,]J [1 (4. ]()a)
. C
and
R Vv
{ BE
I e T T (4. 10L)
2
C Rc 'RBl

Fig. 4.7(b) shows the location of RC and RBI'

The same bias schere cannot be used for the shunt-serics feedback

- pair. If the resistor Rf is connected directly, the output stage saturatgs.
A capacitor in the feedbacl: path and a bias rcsistox; are added externally, as
shown in Fig. 4. 4(b), to bias this stage. A \}oltagc reference diode is
still used to couple the transistors. The bias and coupling circuitry used
here is necessary in order that the same integrated recalization can be
used to verify the results of the comparison experimentally, An interest-
ing usc of the shunt-series feedback pair is as a differential amplificr.
An additonal low-frequency, feedback loop is’ infroduccd to provide an
invariant bias Vpoint.

The broadband performance and temperature sensitivities of the
shunt-series cascade and shunt-series feedback pair are evaluated in

. a similar manner to the single-transistor stages using the gain-squared

frequency integral, The reference amplifier for the broadband performance
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comparison is shown in Fig. 4.5 The computational details of the chiange
in the gain-squarcd frequency integral are givr:_:'x in App. D for the shunt-
scrics cascade, The normalized change in the gain—sql.mrcd frequency
intcgral is -0, 980 for the shunt-scrics cascade and -0.981 for the shunt-
scriecs fecedback pair with respect to the gain-équurt;d frequency integral
of the reference amplificr of 2,9 x lO3 Geals.

Figurc 4. 5b shows the gain-magnitude, frequency curve (A) of
the shunt-scries cascade. Three additional curves arc also given in
Fig. 4.5b. Thesc curves can be used to interpret the difference in the
JAvalues which were calculated for the shunt-scrics cascade and shunt-
scries feedback pair. The difference b(:twccn'thc curves A and B or
C and D can be seen to be only slight., The difference in the correspon-
ding JAvalues of these curves is approximately 0.1 percent. However,
the curve C (or D) has a value of low-frequency gaih which is 5 dI} or
17 percent greater than curve VA (or B). This difference is rcfle;ctcd by
a difference of | percent in the corresponding J values. The difference

A

in the J values docs not reflect the improvement in broadband cffective-
ness as well as the GBW product. However, a difference of 0.1 percent
is seen not to represent a significant d‘iff‘er‘ence in the broadband cffective-
ness of the shunt-series cascade and shunt-serics fecdback pair.

The low-frequency current gain and ban’dw-idth of the ant-ser-ics
cascade, c.a.lculated from (4.2), are 28.2 arig:l 1.3 Mc/s. For the §h11nt.-
series feedback pair, the corresponding values, calculated from (4. 5), |

are 30,2 and 10.7 Mc/s. These values also give an identical gain-

bandwidth product of 330 Mc/s for both stages.
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The temperalure sensitivities of the shunt-series ascade and
the shunt-scries feedback pair, swmmarized in Fig, 4. 6, arc also
caloulated using the variation in the gain-squarcd frequency integraly

] : - .

For the temperature sensitivities the variation is expeéted to be srnall;
hence, (2.20) is applicable for the numerical calculations of the
ternperaturc sensitivities. The numerical calculations of Fig. 4. 6
take account of an increasc in the ambient termperature from

25°C to 100°C. At lOO?C the measured paramct‘cvrs from Scc. 4.3

of the transistors and passive components arc the following values:.
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pol = 1o Poz = 80
= ) =51 A
ICl 6 mA ICz 5 m
R. = 1.6 k() R = 510
£ e
‘RC = 2.5k RBl = 4,4 k0
RBZ = 2.2 k0

As mentioned previously, the variations of the capacitances and ft of the
transistors are negligible over this temperaturc range,.

The change of the gain-squared frequency integral with tempceraturc
i‘s shown in Fig. 4. 6. A typical calculation of the temperature sensitivity

is given in App. F. The parameter R_includes the changes of the

I

resistors RC’ RBl‘ahd RBZ' The changes of the transistor parameters are

the same as (3.7). The change of emitter current has the following effects

on the transistor parameters:

(T2 = 8T T )

rp (T = (T (4.11)

and

gm(Tl) IC (TZ)
C.(T,) o, I (T))

The difference in the nct sensitivity, as indicated in Fig. 4.6, is
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only slight. App. G indicates the method of interpreting the change of the
gain-squared frequency integral for the shunt-series cascade in terms of
low-frcquency gai.n and bandwidth of the arnplifier. The re¢sults arc sum-
marizced in Tab]é 4. 6. As shown in App. G, the poles of the transfer
function are on radials less than 459; hence the responsc is no longer a
MFM fesponsc. However, the rnagnitude is still a monitonically deereas-
ing function of frequency., The major differéncc between the amplificers
is that the change of low-frequency gain is of the opposite sign for the two
. amplifiers. The difference can be attributed to the dependence of the low -
frequency gain of the shunt-series cascade, Rf (Re + llgn,')),. on ?/gm
which increases approximately 80 percent. This increasc of ‘l/gm

causcs the low-frequency gain of the cascade to dccrca(sc. The gain of
‘the shunt-sc;ries feedback pair is approximatcly Rf/Re' Since Rf has a
‘greater tempergture variation than Re’ the low—frequeﬁcy gain of the

cascade increases,

4.3 Monolithic integrated realizations of two-transistor amplifier stages

‘To confirm the predicted behavior of the two-transistor amplifierg
-d‘iscuss,e.d in the previous section, an integrated circuit was fabricated.
The plan view of the integrated circuit is shown in Fig. 4.7(a) along with
a discr'ete? compqnent representation in Fig. 4.7(b). This section discusse$
the fabrication procedure, the range of values c;btainedkin the intcgratéd
circuit, and the temperature behavior of the amplifier.

Since the performance of the shunt-series cascade and the shunt-
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scries fecdback pair is sirnilar, the integrated realization is rlt‘zs';ign(:kd
to realize cither conﬁgurationi. The resistor Rf is conneccted to the
circuit externally to achieve either amplifier as shown in Fig. 4,4. Thc
voltage-reference d'iodcs‘ Z1 and ZZ provide the necessary de voltage
drops to allow the dircct coupling of the resistor Rf for the shunt-serics
causcade, The voltage reference diodes also provide nearly constant dc
operating pointsr as discusscd'prcviously. Scparate dec bias must '};c:
provided for the shunt-scries pair. A resistor and capacitor are added
externally to ensure the same dc operating points as the s'hum«sérics
cascade.

The circuits are fabricated on one ohm-cm, n.-typc, epitaxial
silicon with a thickness of 12 p on a five ohm-cm, p-typc substrate.
The fabrication procedure, summarized in Table 4. 2, consists of t,onk
p-type diffusions and one n-type diffusion. The first p-type diffus'ion
"is designed to diffuse through the eptaxial material and provide i'sqiated
n-type regions. The secopd p-type diffusion énd n-type diffusion are
used to make double-diffused bipolar tr:ansis;totrs, the vqlt;:t'gc }rcfcrcncé'-
diodes, and the resistors. All the'resiétors, except the cr.ni,tt.e‘r-v
resistor Re’ are fabricated from the p-type, base diffusion. Th{.
resistor‘Re is fabricated from the n-type, emvittef‘ diffp.‘sion“.k'“ 'I"he'vra;rri_ :
ations in the processing steps are also noted in Table 4 2.:‘

Table 4. 3 gives the values of the individual componen;t’s' for the |

circuit tested and the variations obtained during differcnt_fabAric‘:a'tioh'
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runs. The units for any singlc run were found to be quite close in 'Lh.eir
performance, A typicél variation of 10 percent in low-frequency gain
and bandwidth among different units on the same run was fomlﬁtl. » | 'lh(.
wide variation of the sheet resistance of the base diffusion caurscsva wide
variation of the lnw-frcr;uc':'m:y gain since the gain, (4. 2) or (4. .5’),. is
dircctly proportional to the value of the base diffuscd resistor Rf

The magnitude-frequency response curves for an cxi)erin.':cntal“
realization of the shunt-series cascade and shunt-scries fccd_back‘p;air
are shown in Fig. 4.8 and 4.9 respectively. The response of both
amplifiers has a-t peak in the magnitude-frequency curve as shown by
the dashed curves in Fig. 4.8 and Fig. 4.9, The peaked rcsponse is
attributed to a value of the capacitor Cf smaller than its design va}uc.

The pole locations of the shunt-series cascade, computed from (4. 2),

are given by

~ 1 % [ ‘\/ L e 1.
o tje = -2 —L— s Va2 1] (4.12)
a a 2 Cfch Cf R£Cf :

Normally the condition
(:f << CL . '... L (4.13)

is satisfied. Then, (4.12) is given a,ppfbximatély by




simplify (4. 15). If C_is smaller than its nominal value, i c. AC <0,

‘Table 4. 1.
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‘(4.14)

R
1
O
¥
| S
N
1
[}

—o’:!.-jw = -
o a

If a small variation of the capacitance is considered, the change of pole

location is given by

oy 8G |
0o E jhe = -5 —C"L (13 (4.15)

where the condition that o, T, for the nominal design has bcen used to

f f

then the changes of the real and irnaginary parts of the poles are

Aoa <0 (4. 16a)

(4. 16b)

The poles now lie on radials greater than 450 and a peaked'x.'e.'sp’oris'e

results., An external capacitance of 10 pF is added in parallel with Rf to

obtain the flat response as shown. The pcaked response of the shunt—,

series £eedback pair can be explained 51m11a1j1y. The galn and bandvndth |
are 26 and 11.5 Mc/s fpr the shunt-series cascade and-_29'a’n_d .10..5_Mc/$'
for the shunt-s'eries feedback pair, The pred__icted-valucs ar; llstedln ,
The experimcnﬁal values of the low-freqeunéy gia-i'n_:’arg;:"

slightly smaller because the ohmic base res.istancc ‘is ne.glec't;':d m thex
theoretical analysis, ‘

This resistance is large for these integrated

circuit transistors. If a base resistance of 150 ohms is inc.lludedr in



4'~~,66
the calculation of the gain, the calculated gain agrc.cs wit}; the -p':"(:’,_di’ cted
‘gain,
The response curves of the ampliﬁcnrs at 100° C, inclﬁdiné’ C arc

f’

also shown in Fig. 4.8 and 4.9, The gain of the shunt-scries cas'cja.dc.:
has a maxirnum variation of -0, 5 dB5 from 0° C to ]OOOVC from ]o\r;'
frccjucnéy to the -3 dB bandedge of the amplificr opcrating at 100° C, " _Th9
shunt-scries feedback pair h#d a maximum va‘riati(}n of -1 r.'lZB.~ ovvér. i:hc
-same temperature range from low frequency to the -3 dB banﬂcdge of thc -
amplifier operating at 100° C. The Qalucs of the gain‘ ;md. bandwidth at
100° C arc listed in Table 4. 4 along with the prediclcd'valiucs 'fr,or.n Sec,
4.2, The gaiﬁ variation of thc; expcrimental éhunt—scrics ca%cadc' is
greater than predicted. The ohmic base resistance again accéuﬁts for the

difference. The gain, including T, is app‘foximately

A(0) =
1 R + 1 + x

—— T @an
€ ngI !302 e

If the value of 150 ohms is used for T the p;'edicted,\}alué of gam at?.‘.'
100° C becomes 27 which agreesAwi'th 2 pefcent of the mcasured‘v\:}alu.c’z.&.f '
26, 4.

| The bandwidth variationv is 20 percent 'comp‘ared‘» with Aa_r p'-redict'jéa‘ .
variation of 2 percent. The external capicitor used was a ceirét_;'n‘ic fdis.l‘c
capacitor with a negative temperature coefficient. Eqgn. (4. 15) indiqatve.s»

that a decreasc of Cf reduces the real part of the poles of the amplifier
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and increascs the imaginary part, The positive temperature cocfficient

f’. l.‘;Si'nc.(j: -

of Rf compensates the increasc of the imaginary part duc to C
the response at 100° C is not pdakcd, the net effect is apparcntly a
decercase of the irnaginary part cqual Lo or greater than the decrease of
the real part. These effects account for the large bandwidth variation, -
The experimental behavior of the shunt-serices fccdbac‘k'lpai_rb‘is" |
opposite to the increase in gain predicted by the model, Expcrim'cnté.lly
the gain had a variation of -1-dB over the température range from 25° C R
to 100° C. The biasing scheme of Fig. 4. 3(b) was unable to maintain a
stable bias point for the output transistor. The d& collector current of
the output transistor decreases as the temperaturc incrcases., This
decrecase of dc collector current causes the 5}101't-circui£'currcnt gain to
B . 24 o -
be much less than that predicted., The dccreased collector current
.24 " S '
can also cause ft to decrease . which, along with the variation of Cf,
~ can account for the bandwidth variation, This stage can be ekpcétcd to |

perform as predicted if a suitable bias scheme is used.

4.4 Other two-transistor amplifier stages

Eight transformerless dc connections of t\'r;/.o transistd?‘é,,'_,QlA;hcAr';f;han‘."
the commoﬁ;emitter cascade, are pbséiblc. Two of thesc'connccv:tio?l‘s“, ,
é.re simply a qofnmon-base cascade and a éommoﬁ-collcétor éa;:éagle
which have only little use as broadband amplifiers. - The other six con- |
figurations are shown in Fig, 4,10. The input biasing C'ircu.itrf;is ﬁot '

shown in Fig. 4.10. The configurations arc to be denoted by E-C for a’



68
comrmon-cmitter transistor driving a common—c?]lc:(:tor transistor :;ts,in :
Fig, 4 10(a) and sirnilarly for the o‘thcr configurations, This sct;t‘iu'n
evaluates the usc of the configurations as composite Jowpass, broa(‘]band;
amplifier stages, These composite stages arc purticu]arly. suited fr)r
in;.cgratcd circuit applications because of the casc of obtaining additional '7
transistors in an integrated circuit, The intent of this scction’i‘s.tro.dcte.r-“
r;nine if the broadband pcrformance of any of the composite stéécs is
better than a single cominon-emitter stage, e

Broadband performance can be evaluated using either the chap'gc of
the gain-squared frequency integral or the conventional g'ain-bandwidth
product, The procedure for using the gain-squarecd fi‘cqucncy ivnt(:.grf‘a] '
is similar to the procedure described in Scc, 3. 3. Thc iml‘mddv'ilng net- '.
work of the reference amplifier, shown in Fig. 4.4(a) is gencralized to
include the use of additional transistors. The normalized change of
gain-squared frcéuency integral is given by (D. 3) of App. D. e.ls’

T,.(p.) - T(p.) ,
N _ "A%a a : ot
JA = ._T(pa) . - ‘(4.'18..) |

where T(p) is the transfer function of the refe rence amplificxf ‘'shown in
Fig. 3.1(a), TA(pa) is the traflsfer funétion éf one of thé _compbo'si-ivte“..ﬁ B
stages, and P, is the pole of‘T(-p‘); The évaluatiop proécclux;c,. ﬂqeln, is - }
simply to compute the transfer functions of the cpmpos.ite stages and to’

compute JIZ by (4.18). The GBW product can also be used to evaluate
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the broadhand performance of the composite étagc:s. The -3 dB bzmd(:dgc,
w is computed frorm the transfer function TA(p) and multiplicd by ']'A(O).
Gencrally, it will be convenient to normalize the GBW product of the
composite stage by the GBW prod‘uct of the reference common-emitter
stage.  Both of these measurces of broadbane performance arce used Lo
cvaluate the potential use of the compositc siag(:s; as broadband, lowpass
amplifiers,

The analyscs of these configurations are done using an intégratcd

circuit transistor with the following characteristics:

- ' = 107
ﬁo = 50 w, = 107 rad/scc

r. = 100 Q C = 3pF
x B

= .2
8 0. 2 mho

Each .of the amplifiers of Fig. 4.10(a), (b), (c), ar;ci (d) contain one
common-emitter transistpr. The transfer fuﬁction, i, e. the cgrr_c;nt"pr ,
voltage transfer function, is chosen as the one which preserves the low- B -
frequency current or'voltagev gain of the common—emittpr tranéisfof.,

For cxample, the common-collector transistor of the E-C stagc oi' F1g
4.10(a) is capable of current gain, but not voltage gain; there fore, the l
.low-frequcncy voltage gain of the E-C stage cannot be greater tha;p:the
voltage ggin of the common-kcmitter stage, but the current gaiﬁ ciaﬁ.bc '
éreater than the current gain of the colrﬁmon-emittef stage. Thus, the |

voltage-gain of the E-C stage is used. The choice of transfer function is
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rnade s-.'irni];»,rl'y for the C-E, E-B, and B-E stages., By prescrving the
low—frcqucm:.y gain of the rcf@r(zncc comm;m-(:n'nittr_zr stage, ‘th_(: change.
of the gain-squarced frequency integral and the normalized GBW product
reflccts entirely the change in the bemd.width of the cormnposite amplificr,
Thus, the broadband Vpcrformanvcc of these composite stages can be

casily evaluated. For the C-B and B-C stages of Fig. 4. lO((:)A:md (1),

the voltage transfer function is uscd to evaluate the broadband performance
of the C-B stagc .and currcnt transfer function is uscd' to ¢valuate the ]’:-CA
'stagc. This choice gives the maximun low frequency vollage gain of the
input transistor of the C-B stage and thc maximum low-frequency current
gain of the input transistor of the B-C stlage,

The low-frequency gain of the compositc stages is dcsigndd to be
equal to the low-frequency gain of the reference comrn,on-emittér stage -
wheﬁ possible., The resistor RI of the composite stagé is chosen to
satisfy the low-frequency gain requirement. The value of R_1is 350 Q fé;

I

the E-C stage, 50 for the C-E stage and 16 k Q for the B-E stage. The .~
resistor RI of the C-B stagé is chosen to be much larger than I/gm a,,nd_ié '

" neglected in the analysis., . For the B-C stage of Fig. 4. 10(f),.: RI

1s ‘chosen
as 2.9 k Q, which is the low-frequency input impedance of the output

common-collector stage. A large value of R would increasc the low-

I
frequency gain, but reduce the bandwidth because of the loading of the

common-collector stage. The choice made isarcasonable design choice. .

‘Th.c source and load rcsistozjs are arbitrarily choscn'as the typical -
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vahju‘cs" Ovas 101'0 and R.ng 50 (1 for the:culrrcnt ampliﬁ(:r;s and
Rs = 50 and l{‘L = 300 for the voltage _amp]ifici's} .Thc cm'r)putat'ionfpf:th(; B
transfcr functions can be handled by straight[brward analysis ‘tcc:h-ﬁi.éu'c.s.',zs

The results of the investigation are given in Table 4, 5, The GBW
products which are normalized with respect to the G.BW product of the
reference amplifi(.:r, show that the E-B stage, cornrnonly called the
cascode stage, the C-B stage, commonly called thc.paraphasc circuit
and the C-E stage are most cfficient of the .con;xpositc stages in acBicving
a better broadband performance than a comrﬁon-cmittér stage, Thc
chaﬁgc of the gain-squared £recjucncy'intcgral for the C-l'g stage is nega-
tive because the -B stage éannot achie\:/c".the same low-frcqucncy’ gain és
its refcrence common-emitter amplifier. ‘The integral J is a mcasure of
the area of the gainr-sqpared frc'quency curve and cmphasizes the change
of the gain of the stage. The baindWicith of the C—B stage is two times .
greater than Athe reference ampl’ifier. Thi‘.s stage would be parficu]arly
s’.ﬁitéd for a bro;dganél, intcgratea amplific;r étage wh1 gh’-d.c.)es not re‘qt_J._;ire‘v
the use of additional RC compé.n'ents‘to achieve ,V?Mcb’aﬁd pe rf_o,rman,écv; _
Of. the remaining comp051te stages (threc) Table 4.5 shows that

the E-C and B E stages have httle cffect on the broadband pcrfo rmancé
of the ;:ommon_—_emﬁtgr referer}ce sta_;ge. ‘As mchcated in Chaptcr 5, |
{:hé'sé stageé ,ai'e beét~u;é'd 1n achiev-iﬁg a'10,\;;/..out;vp\.1l'T lmpedance or low--v
._1nput 1mpcdancc for an amphflcr.

‘Ihc 1mprovcd broadband. pcr[ormancc of the E- B, C-B and C-~ F.
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stages can be usced to advantage in achicving broadband performance, RC
onc-port networks can be added as additional components of these com-

posite stages as previously done in Sce, 3.1, In'fact, the br(_mdha'nding'

techniques of Sec. 3.3 can be dircetly appliced to the C-E stage and the

E-B stagc.

As an cxample of the usc of composite stages, a rﬁ(:thqd*of improv-
ing the broadband effecti\}cncss of the émittcr-fecdback slage, investigated
in Sec. 3.3, is presented. If the time c:onstant,. Re'C'e, is éonstrained to
to equal to wi , the calculations are greatly simplificd, The voltage-

¢ :

transfer function26 of the emitter-feedback stage, shown in Fiig. 4,11(a)

is given by

B R

o "o L o 1 ,
T(p) = . : (4. 20)
. g ) 1 /
Rs * Tx * Tn +-P0Re (p/‘pa 1 »
Wh'ere o
c g R. ~ 'R..
-1 T . m L L. :
— = R —mmm—— +C (1+ - 4= ) (4,21)
P, WO 1+ nge 1) 1+ nge Riro L
énd
(R_+r)(r_+3 R) .
R - s x w o e (4.22)

To R +r +r +B R
s x T o e

The source and load resistors are again specified as 50 'Q‘an‘:d: 300j o

respectively., The transistor is specified by the parameters which were
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VgiV(:Tl carlier in this section. R is arbitrarily chosen as ] 5 Q. Thc

C

values of low-frequency gain and bandwidth, calculated from (4. 20}, are

: . ' .
13and 7.3 x 10 rad/scc. The broadband effecctiveness can be compared
to the cornmon-ernitter reference amplificr as previously; the results

arc

cBwY = 0.92

J = -0.42

N
A
Now, consider the E-C stage with scrics f.ccvdba‘;;k addcd as shown
in Fig. 4.11(b). The base lcad of the cornmon-base transistor should be
returned to the emitter of the common-emitier transistor if Fig, 4.11(a)
is to be a composite stage. However, since the current in this base lead

1 ' ‘ ‘
is only 7— of the load current and the current through the feedback net-.
le) ’ . .

- work, the grounding of the basc lcad of the common-base docs not effect

the performance. As will be seen in Sec. 5.4, the conncction of Fig.
4.11(b) leads to an easy bias scheme,

For the same valucs as above, the voltage transfer function is

B.R, (o/p, +1) o ‘(4'?.4»):"

where
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1 C'n 1 . - 1
L R —T— tcC (4 b ) (4. 25)
P, mo 1 FE’ch a 14 L’mR'c z’ml{ﬂo -

and R'n'o is given by (4. 22). The value of low-frequency gain and band-

. 8 .
width arc now 1% and 1,4 x 107 rad/scce. Comparcd Lo the comnrmon-
emitter reference stage, the scalar measures of the broadband cffcctive-

ness are
GBW = 1,8 (4, 26a)
7= -0.31 | (4. 26b)

The GBWN and JI:’ indicate that the use of the (:o‘rr':pos'ite E-B sgag(:
greatly improves the broadband performance of ‘l.hc- stage; The bapd-
width.of the composifc scries-feedback stage is two and lonc-hai.f times
the bandwidth o'f.th'e series-feedback stage. Physically; the common-
base transistor reduces the load of the common-cmittcer transistor fro'rﬁ

RL = 30.0 ohms to RL = 5 ohms. This decrease of load rcd'ucc;s the

: P ' emiL
"Miller effect capacitance," v—V———— C ,
1+ nge n

by a factor of 60 leading to -
a greater Bandwidth as seen from (4. 21) and (4. 25).
Sirhilarl'y, local shunt feedback applied to thé‘.commc»nqcrﬁi‘ttgr[ S

transistor of these composite stages could result in an ,‘imp-r,cv'er'nent' of

the broadband performance of the stages.



T = 25° C | T'=1000C..
Gain W ' Gain W o
' o . o .
Shunt-serics 28.3 11.3 Mc/s 28.0 | 10.8Mc/s -
~Cascadece _ ) SRR
Shunt-secries ' ' Cge 1 S
Pair 30,2 10.7 M¢/s - 31,6 - -]. 9. 3 Mc/s

Table 4.1 The variation with temperature of the low_;frcquc~ncy gain
' and bandwidth of the shunt-series cascade and shunt-series
- feedback pair. L
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Time and
Atmuaogspherc

Process Temperaturc
°c
1. Initial 1175
oxidation
2. Isolation - 985
predecposit
3. Isolation 1175
drive-in
4, Base 950
predeposit
5. Base 1150
drive-in
6. Emitter 950
predeposit
7. Emitter 1100
drive-in
8. Aluminum ' 525
sinter.

Shcet
Resistance

Junction
Depth

(ohmis/square) (Mic ron)

10 min wel 0,
5 min dry Ny

60 min dry N,
and PI,

17 hr. dry N

10 min wet Op
5 min dry N,

30 min dry N
and Blg

10 min wet OZ
110 min dry Nj

60 min dry N
and P3Ng

10 min wet0, .
10 min dry Ny .

30 min dry Ny

24-26

45-60
120-200
6-8

2.5-3.5

- 0.4
" (Oxide)

12

3.0-3,2

0 1.5-2.0

‘Table 4. 2 Summary of ’proces'sing steps,
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Value of

Paramecter %’;]if: Expceix::;;:tntal Range
Rf 1k 1,46 x .9 -1.5%Q
R, 50 480 45 - 550
R 1.5k 0 2.2k0 -
RBI 3k0 7k -
RBZ 1.5 k'Q 2kQ -
B, 1100 70 50 - 150
B> 100 50 50 - 150
f't 200 Mc/s 160 Mc/s -
v, 7V 7.2’V 6-8V .

"Table 4. 3 The values of the parameters of the integrated realizations. |




Predicled A -~ Measured
Gain w Gain e
. O ) (<3
Cascade | 28 10. 8 Mc/s 24, 6 9.3 Mc/s
Pair 30.8 9.3 Mc/s | 26. 7.5 Mc/s
Table 4.4 Measured and predicted characteristics of the amplficrs at ZVIOOO C.
?
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Gain GBW
N 8 10
a. = 4¢ 133 =z g . z: :
Reference a 18, 5 GDBW 8.45 % 10 ]N 1.1 x 10
cormnrnon-crmitter .
Stage a. = 37,5 G]’)WN =10, 2 x 108 Jo= 3,9 % 101O
A% N
E -C a. = 35.8 GhWw__= 0, 95 .]N" 0.07
- dv = 3D, > N = R 6 - .
C -E a., = 37 Gbhbw__=1,1 JN" 0.02
- -v - A > N - . 6 - . .
B -E = 46,5 GBW__= 0.97 : JN=~‘ 0.02
- aI = . N =0 5 .
E-B a_=47.5 GBW__=1.1 .JN'-' 0.06
I - . N . 6 * e
C-B a.. =20 GBW__= 1,06 JN" 0. 29
- B v N T ‘ 8 ‘
B-C a.=25 | GBW._ =o0.25 N2 o062
I "N )

Table 4.5 The broadband pe‘rformance of the composite ampli’ficr"stavg(.:s.
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Figure 4.2 (a) Shunt-series cascade; (b) shunt-series fc.cdback pair, ‘




Figure 4.3 (a) Series-shunt cascade; (b) series-shunt feecibéck -i)air.
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Figure 4,4 Discrete-component representations of (a) the shunt-serics
cascade and (b) the shunt-series fecdback pair.
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I
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Figure 4.5 The refercnce dmphflar for .the shunt-series cascadc and the
shunt series feedback pair,
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‘JG' | = SHUNT- SERIES FB PAIR

N\\J = SHUNT-SERIES CASCADE
0.15 } |
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N
\
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-0.05} Im N | \§ L §
- 0.10+ ~E \\
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ALL VALUES ARE NORMALIZED TO 9.2 Ge/s

3 ‘ ' iti v i ' 3 1 fecdback pair.
Figure 4.6 The temperature sensitivities of tne siiunt-series cascade and fecdback ¥
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Re ~ GROUND

Figure 4.7 (a) The plan view of the integrated realization of the ‘shunt-
series cascade and feedback pair; (b) a discrete-component
representation of the integrated realization.



86

"9DeIS®d $d113s-uUNYys 9Yj Jo ssuodsax Louonbasy-spnjuSew Tejuswrradxa oy, , g 'y 2anS1 g

,Am\oﬁv Gl Ol S . .,., | N

L . » . .
' ' . 1 i — —

00001 ® 942 = V
0,52(® 092 =V

. R _ - {J-0%
\
OOOO_ s Q \ \\hu\
Q3.1VSN3IdWOO = X . P,, s
'NOILVSN3dWOO ON= DO 'g-

IN_...

ap



-zted YOvqpPod] SITIdS-JuUNYS 3}

- 87

o ssuodsaz Aouwanbazy-opnjudew [rjusUIIadxe oYy 6 ‘p 210l g

(s/omy gl ol e v 2
1 : { 1 !

S 04001 (® 92 =V
/ 0,82 @ 62=V

9 (001
a31VSNIdWOD
NOILVSN3dWOO ON

woan o
Ox O

aP



+ : +
Vv R \ -
8 L L
> - I
= ' "-l-‘ '
(a) E-C | b)) T G-

. Figure 4,10 Two-transistor arnplifiers.
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(b)

Figure 4.11 (a) A series- feedback, common-emitter . ct::;.ge (b) an E C
composite stage with series feedback, - :
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5. MULTI-STAGE TRANSISTOR AMPLIFIER

5.1 Introduction

" The design of a'l.'nonoli't}:xic, i.ntegratcd broadband arnpllfl( r can
be considcred to consist of four steps: th(, design of the br oadbaud
lowpass amplificr stage; the design of any neccssary input or output
transistor stages; the design of the biasing and coupling (:i;'C\litry of
the amplifier; the design of the topology of the irltdgratcd circuit. The
- results of this report indicate that these four steps arc interrelated.
Two scalar measures, .the GBW product and the gain-sclﬁzxrc:d frequency
integral, }.1ave been used to study the relationship of thesc f0\..1r steps,

As a measﬁrc 6f broadband cffcc_tiQGncss of the bfoadband, low -
pass amplifier stage, boAth the GBW product and gain-squared frequency
integral were used. The evaluatio;ls, using the two single paramecter
measures, indicate that either is useful in detcrmin.i.ng‘vthe relative
broadband performance of different amplifier configurations. The GBW
product is usually preferred since the co'mpromise,béchen low-ffcquengy
| gain and bandwidth is‘more easily 'detér'mined.+ Thércsuité _fobtéxined._ o

from the two measures showed generally a good agree'rn,g::‘x"at.'

TThe gain-squared frequency integral, as its name 1mplles, 19 '
proportional to the square of the low- frequency gain.



The gain-squared frequency integral also provides a rnethod of 9‘1
obtaining a single-parameter mceasurc of the tcrr)pcrat'urc.scnsitivity

bf a broadband, lowpass, amplifier stage. No mathematically tractable
mecasurc of tcmpérature scnsitivity is obtaina’blc.; from the GBW procluct.
The experimental studies of the shunt-scries cascade ‘aﬂnd Shunt~scrics;
fg(:clt);tc}'. pair showed that the gain-squared frf:qnc'néy ih;.(;grixl could
successfully predict the behavior of these stages wi’th tempeoeraturc,

The results of the report indicate that fecedback is sufficient to
desensitize the low-frequency gain of rﬁonolithic, .intcgratcd amplificfs
to changeé of temperature, Thcn,‘ the value of the l'ow-fr(:'qucncy' gain
can be designed to be approximétely the ratio of diffuscd rcsis'tancc valucs,
As will be secn, the most insensitivity is obtaincd wheén the critical
resistors are fabricated from the same diffusion. »Cenefally, the
base diffusion is used instead 6f the emitter diffusion becausc of its
hiéher resistivity and lower parasitic capacitance. Then, the tempera-
ture variation of the low-frequency gain depénds upén the matching of
the temperature coefficients of the diffused resistors.

The variation of the bandwidth of the feedback émplifiers was
shown to'be prlmarlly dependent on the tempcrature cocff1c1ents of -
the dlffused resistors, Typtcally, thc bandwxdth was found to decrease
L0 percent over the temperature range 25 C to 100° C For many
applications, this variation of the bandwidth wxll nét mhlbxt the uscful—
ness of the amplifier. Procedures have been d'cveLOped which control
the sensitivity of the poles.27’ 28 The method intf'ddﬁécs additional’

degrees of freedom in the form of additional fecdback paths and
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forward transmissi;m paths, ']'h(:St:,rl(:gr(;(:s.of frecdom are A'uscd to
control ‘thc sensitivity of the poles to‘L.h(: variations of the active and
passive components. The rcsulling‘.arr:plificr is more’c:o’mplck in
topology than the ones considered and warrar;ts usc only 1f the in-
variance of the valuc of the bandwidth of the arnplificr is of primary
importance,

The gain-squared frequency integral is especially useful for
determining the effect on broadband pcxrformancc of adding additional
components, éuch as input and output stagéé, to a given 'ar'nplifi(:r
stage. The results of Sec. 4.4 can be used to predict Lhé»(:.fﬂfc-ct of
‘adding an output or input stage to the basic amplificr sia_ngc:. For
example, the E-C stage was scen to have little cffect on the broadband
performance of the common-emitter st}ige, i, e, the low—'fréquc ncy
gain and bandwidth of the E-C were nca.rvlvy idénticzal to t};u,- valucs of
the common-emitter std.gc. Hence, for the example of Scc. 4. 4, the
common—collector output. stagc. has no effcct on the reference amphhez
As will be demonstrated sxmllar results apply to more complex
amplifiers, | |

The choice of overall or local feedback 'can.bef-diét_ated by the
requirements of b1a51ng and couplmg the traﬁmstors, Ih. parti,cular,
the comparlsOn of the shunt-series cascade and the shunt series
feedback paxr has shown that the broadba.nd performancc a.nd tcmpera— A
ture sensitivity of these two stages is. not sxgmflcantly different. The
integrated s'hunt‘-slerles cascade, howaver is more easily b1ased than

the shunt-series feedback pair. Hence, the preferehce for local or
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overall feedback can be determined by the cc')nﬁgurra‘xtio'ﬁ which yields
thve'most satisfactory biasing of the tran.'sistm;s..

The bias points of the transistors must be temperature invariant
to ensurc a descnsitized response.  The temperaturc scnsffivity of the
r'espons(: was shown to depend on the temperature variation of the bhias
points of the transistors. Although the drift of the bias 1.)‘(‘)ints could
thcorctically be used to obtain a lower descnsitivity, in practice the
design for an invariant bias point is sufficiently difficult in itself,

‘A one-to-one correspondence between a rmonolithic, integrated,
broadband arhp_lifier and its discrecte-component countciji)ztrt docs not
describe the frequency behavior of the intcgrated a.mpli.ficr. The
difference was found to be the isolation junction capaciiancc which is
necessarily present in a monolithic, integrated amplificr. If this
capacitancce is modeled by one or moré capacitors.in the discrete-
component amplifier, the frequency performance would be accuratcly
described.

This chapter considers th'e application of the above design
techniques to the design of integrated, multi-stage amplificré. The
detailed evaluation of a multi-stage amplifier, as v'v‘a"s-donc for tlhc
simple amplif£e~r stage, is computationally difficulf; howc‘vcr,i this
evaluation neced not be done sinc;a the study of one and tw'o-i'ransistor
amplifier stages has given the necessary insight to 'mdkc“éﬁginecring'
decisions to ensure that the multi-stage amplifier has a Broadband,
lowpass, temperature-insensitive response.

First, two industrAiafl examples which were a‘cvclo';;e.d by Motorola

and RCA are used to illustrate the applicability of the design techniques
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of the previous chapters,  An additional design example is presented
which shows a design mcethod which is suitable for obtaining a broiu-

band, temmperature-insensitive rulti-stage transistor araplificr,

5.2 Intcgrated fecdback triples

Figure 5.1 shows two basic feedback triples whiéh’ arc uscful
for obtaining largc Bandwidth. Fceedback amphfn-rs wuh more Lhdn
three common- lett(,r transistors arc not conmdm ¢d since the high-
bfrequcncy phase shift of the transistors normally -prccludcs stablt.:,
| wide.bg nd operation, 7

The series-series fécdback tripl(: 61’. Fig, 5 1(b) 'is.bcltter suitted
for integrated realization than the shunt-shﬁnt fee:dlb:ack triple of
Fig. 5. 1(a). 18, 25 The effect of capacitance at the ivnput or output of
" the amplifier, always present in integrated circuits, is to increase
the high-frequency phase shift of the loop transmisSion fﬁnction of the
shunt-shunt triple; thus, the stability marz"gi'n of thé stage is decreasecd,
For the series-series feedback trlple Solomon dnd W1lson26 mdu.dtc
that since the output capacnance is not included in thc feedback loop,
it has no effect on the stablhty margln and the mput capamtdnce pro- )
duces a transmission zero of the loop transm1ssmn functlon which can
be used to merove the stablllty margm. Further thc;y lndlCd.t(,‘ that.the
series-series feedback Lr1p1e is more easily b1ascd as an mtcgratgd
amplifier than the shunt-shunt feedback trlplc. o

The cascade amphﬁer of F1g 5 2, a'series- shunt feedback palr '

in cascade with an emitter feedback stage, has similar characterlsncs '

to the series-series feedba.i:k-triple. The topological difference is the
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same as the .d‘i‘fft;‘r(:ncc between the shuiit‘v-scix;ics ,ca»séadc and the shunt-
serics fccdb‘a.ck' bgir dis.cusscd in' Scc. 4.2, For :thc latter, the change
" of the terminal of the feedback resistor from Uld v;;n'xi.tl’(:x" tvo' the basc of
the outpul transistor was shown to have a negligible effcet on the broad-
band performance and tempe rature sensitivity,  This :'(':'univv}Llcncc
allows the s,(-:ri(.:sA—Scrics triplc to be .clc».silgn'c‘d‘a's a two bst:ig,c arnplificr,
The output emitter-feedback stage loads the scrics-shunt feedback pair,
This load can be approximated by a parallel': RC nctwork if 4. 3(c) is
satisfied. Hence, the frequency behavior is det‘,ér‘in{ncd by the loaded
series—shunt feedback pair. ‘ |

The analysis of the temperature sensitivity vc_)7f~ such a multi-
transistor stage can be done using the gain—,squared"frcquency integral,
Such an analysis is computationally difficult and is practical only if
a computer is used to do the computations.  However, f.he»analysis of
the temperature sensit.ivities of Sé,c. 3.4 and 4.2 can be uscd to dctér—

‘mine the factors which are critical to the design of desensitized, broad-

baﬁd, integrated afnpliﬁers. Firéf, ‘the t_'grhperaturébsen'sitivities 8, 25
" of the series-series triple are givenA._j‘ -'
Thé low;f‘reéuency voltage gain of ..t.he sgric:is"}{scfarit‘::'.’s feedbaék
; tfiple is approximately given by - |
A0) = .;% ‘R%' o 5.

if R | and R_, are much smaller than’ Rf;, Thus, the ldw-frcqucncy
gain is given by the ratio of resistors. The integrated. realization

uses the base diffusion of the transistors to realize all of the resistors
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p Rf, RL.’ ,Rcl and ReZ' Idcally, tth(:sg: resistors whlch bayc bccQ

from - 55°C to 100°C.
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fabricated sirnultancously, have the same tcrnpcrqtuté dependence and
the low-frequency gain is constant with temperature change., The
tempcrature cocfficient of the diffused resistor is deterimined by the
shcet resistance, The reported gain variation for a low-frequency
gain of 40 dB is reported to be 0.6 percent for a termperature range

. The¢ data indicatces that the temperature

coefficients of the base-diffused resistors are. matchcd to better than

.i'l'pt: rcent, i, e,

T.C. e (5.2)

wherc T.C. is the temperature cocfficient of a diffused resistor,

5.3 A cascade of C-B cbmposite stages

An interesting example, which uses the unique - properties of
integrated circuits, is the cascade amplifier shown in Fig. 5. 3.
Fig. 5.3 is a discrete-component representation of an integrated,

monolithic, cascade of C-B composi'te'stagéé, which is-commercially -

available. A common-collector transistor is used between the suc-

cessive C-B stagesof the cascade. The fl'mcr,'tFiOn of the common-

collector transistor is to provide a high"impedanc',e for thc:_prc‘ccdiﬁg

..C-B stage and a low irhpe‘dance for the following C-B stage. - Thc_C-E '
"stage also provides a dc level shift, The expres‘szi'c.)nsfér ‘l.‘ow-ffequené.y'

. gain of a single C-B stage is

COBRL
Ay = T2 . : (5.3)
s T X'
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This cxl)rcssi011 shows that the low oulput impedance of the cornmoaon-
collector lransistox;,. i.c. the source rcsistancc'RS of the C-13 stage,
ensures that the low-frequency voltage gain of cach C-B stagce is high,
Thc high input impedance of the common-collector tfausistors ensures
that load resistance R L‘is approximately the collc:étbr bias resistor of
the cornfnm:—ba.sc: transistor of the C-B stage, 'J'hié load resistance
cannot be arbitrarily large since a large valuc of Ry will causc a small
value of the low-frequency gain and bandwidth of the (;(;rrlrrxorx—c:ollccitor
output transistor,

The low-frequency voltage gain and bandwidth of th( cascade of
C-B stages are specificd as 75 dB and 5 Mc/s. 31 The rc:pbrtcd vari-
‘ation of the gain of the cascade -7 percent from -25°C to 100°C. If
r_and R_are small compared with T, the low-frequency gain is

approximately

' ale oo
Ayl0) = g R; = = R, o o (5. 4)

" Eqn. 5.4 indicates the low-frequency. gain de’creas'e:s'as the temperature
increases if the bias points are constant with temperature. Hence, the’
variation of the gain is due primarily to the.ternperature dependence of

the transistors.

5.4 A design example

A typical design example is presented to illust,r'a'te' thc'possiblc
methods of using the techniques of the previous sections, " The design
‘specifications will be considered to be the following: (',l) -,the source

resistance is a terminated 50 O coaxial line; the value of the
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low-frequency voltage gain should be approximately 20; the value of
the -3 dB bandwidth should be greater than 30 Mo/ s; the oul"_put
resistance should he less than 50 (0,

The E-C composite stage was shown in Scc. 4, 4 to hnﬂ/'c}goorl
broadband cffectiveness when cornparcd to the common-crmnitler trangis -
tor stagce,” For this rcason, the possibility of using this composite
stage wil.‘l ‘bc cons.id;qr(:d. A simplce parallel RC network was intro-
duced in the emitter of the E-C stage in Sce. 4.4 and the low-frequency

voltage gain (4, 24) is

aop’oRL , ;
AV(O.) T R_+r_+r tTPER (5.5)
8 X T -0 ¢
If the condition
BoRe.>> Rs+rx+r“_7 o (5. 6)
is satisfied, the gain (5.5)is
R . .
- L _ : -
AV(O) = ao-I—{—; ‘ . B B ' (50 {)

Eqn. (5.7) indicates that the low-frequency gain can:fb.c dés’énsifizcd to
changes of the ambient tempf:raturc iR, and Re".;_rfé rcalized from
the same diffusion. The variation of ao. may usually -bc';"'heglbcctcd,

- Consider the transistor to have the following -charac‘tcr.isb't'icls:

B, = 50 4cp,

100 O o w
x : t

3 pF .
)

'fadISec

r

N

10
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If R is chosen.as 50 2 , (5.06) is satisficd., For a voltige gain of
c . N

20, RL is specified by (5.7) as 1 k). The bandvndth ig l.h( nogiven by
(4. 25)‘ and is a‘pproximatcly 50 Mc/s., This design Wl“ lh( n supply
the necessary gain and bandwidth; o

The low output resistance can be dchlevcd by usmg) a cormnmon-
collector output stage., For the values of lw;,. 5.4, the low -frequency
gain is approximatcly unity and the output-resistauce is:approximatcly
20 2, The one remaining problem is then the biasing b‘of the amplificr,
Fig. 5.4 shows the amplifier with the bias circuitry included.  The
bias point is controlled by using the circuit of Fig., 3.5, 6 The comnllon—
base transistor is biased by rcturning the basc lead to -t,hc:taplpcd re-
sistor as shown, As discussed in Sec. 4.4, the cur:‘re:nt‘in the base
lea.cj is not critical in determining the response of the'o"vera»lll amplifi,cr;

| The amplifier will devia(;e from the brcdictcd .perforbm;mc'e beccausc of

second order effects not included in the above analysis, The collector
depletion capacitence of the common base stage contribﬁte’s a polc of the
overall gain function approxirnateiy equal to '—I/Pl\LCp;f » The va.luc of
this poleAis approximately 50 Mc/s. Hence, there w1ll be bandwidth
shnnkage the value will be approximately 32 Mc/s which 'still sat.1sf1c:s
the design goal. |

This simple, C- B compoelte stage could be casca.ded with 51m11ar _
‘stages. Since the low- frequency gam and bandw1dth of’ e.:;ch C-B sta[,c
"’1s insensitive to temperature changes and the bias pomt of the 5tage is
temperature- 1nva1;1ant a simple dc voltage level shlft, such as a
volfage;reference ci‘iode would provide, would permit the '.c_:aseading‘

of these stages. Overall feedback would not be n'ecessafy to achieve
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an inscensitive, broadband amplificr since cach stage is tempcératurc

inscnsitive,

5.5 Conclusions

This report has been concerned with the design of integrated,
broadband, lowpass amplificrs. Scveral conclusions (;arnA be madce
from the results of the report which apply (:qually Lo any design
situation, .

The use of scalar measures to evaluate the ‘})réed}gan'd effective-
ness was shown tlo be a practical method of compariqg ’(A]iff(‘:rc'nt‘ ampli—‘
fier configura.tipns. Of the two scalar mecasurces which wc:c uscd in this
report, the GBW product and the gain-squéred frcquc-ncy intcgral the
GBW product is usually preferred smcc thc compromlsc bc-tween the
1ow -frequency gain thc bandw1dth of an amphflcr std.g,c is rcore caslly
determined; however, the two scalar measures showed a generally
‘good agreement The gain- squared frequcnc,y intcgral-was esp(_CIally
‘useful to determine the effect on broadband performance of addmg,
additional compOnents,b e.g., the 1nput and output stages

The gain-squared frequency 1ntegral prov1des a. mathemetlcally
tractable scalar measure which was of particular. use in evaluating
the tem'peratufe sensitivity of an amblifier stage, Th’e ‘resu.lté of
evaluatlng the temperature sens1t1v1ty of 1ntegrated amphhcr slages,

- showed that the use of ex15t1ng dlscretc componcnt fcedback amplifier
designs caﬁ provide a tempcrature mscnsxtwe, Llow - frequency gam

The variation of the bandwidth with temperature is dcpendent on the

temperatufe coefficient of the diffused resistors. For many applications,
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the variation, w}m h was Lypu‘tlly fe 58 t}mn 10 pe ﬂ.cnl docs not in-
hibit the u.«scfulncss of the :tmpliﬁ(:r stage, |

The bias points of the transistors must be Lcm,pcvi;at"u‘rc.- invariant
to insurc a temperature insensitive responsce, As was-it;fio&m, the
choice of overall or local feedback can be dictated by this Arcquir(:mcnt.
The difference in the broadband cffectiveness and tcmp( 1<¢tur(_ scnsi-
twnty l)ctwc,cn local and overall fecdback stages was shown Lo I
insignificant, I'Icnce, the design of a suitable bias and coupling circuit
for the integrated amplificr can often dictate the topology of the f(:(rdl)a'ck
loops,

The eascof dbtainingadditional transistors in an’_‘intcgr-at'cd circuit
make the ﬁse of the composite-transistor stages particﬁiafly .suitcd for
broadband, lO\IVpaSS, integrated.a.mplificr's. A slmplc dc-sng,n example
of a E-C composite stage, thc cascode sta{_,(. showcd that a broadband, -
lowpa.gs, insensitive, amplifier stage could be achiev_ed‘which gave
better broadband performance than a similaf singlé'—-‘_traps‘i‘sto:r stagé.
These compdéite stages provide the attractiveApossibility of obtaining
'wideband perfo.rmance from amplifier stagcé which use relatively
simple broadbanding techniques,

The deSLgn techniques, Whl(.h were prcsc.ntcd in thxs reporl were

shown to have practlcal 1mportanc<, in the design of mulu stag_,c transistor '

amplifiers. Three examples showcd that the results Wthh werc o'b—

tained from the study of simple amplifier stag(,s, could bc succcssfully

‘applied to the design of multi- stagc transistor amphﬁers to achlc-vc. a -

broadband, temp’erature-insensitive response,
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Figure 5.1 (a) Shunt-shunt feedback triple; (b) series-
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Figure 5.2 An cquivalent representation of the scrics-series tri

Figure 5.3 A cascade of composite C-B stages,
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Figure 5.4 A simple E-C composite broadband amplifier stage.
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APPENDIX A

THE FINII'E GAIN-SQUARED FREQUENCY INTEGRAIL

The gain-squared frequency interral can be rnodified to evaluatce

only a finite frequency interval by the usc of W(eighting functions W (jw)

32
as indicated in (A, 1),

1 (7 |
J = 3 f W(jw) T(jq) T(-jw) dw BRI (A1)

One appropriate weighting function is

wio) = \1-G9%-0. . (a2

W(jw) is a multi-valued function of w. F_of the integrand to be positive

.real

:1;&_'6)

(A. 3)

Hence, the quantity . 1- (%_’,—3) is an odd function for |w;|>w~o and an even

functidn for |w|<w,. The odd component of the integrand of (A. 1) must
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vanish, Then (A, 1) is simply

| vy I
J = ‘;: f I - (3:)2 T(jw) T(-jo) do - 770 (A 4)
-~Wg _ -

If the sarne contour of integration is used as in Chapter 2, (A, 4) can be

evaluated by the Cauchy intcgral formula. as

. pl( 2 Pk . - .
J=moy ‘\/1 tlgy) - o p T (py) Res [T(p), 1]
k=1 ) » L

| e (A. 5)
The terms of (A, 5) are defined as in Chapter 2, A si’rr'iila;f ‘procedure
“can be used to calculate the variation of the finite géin.—squarc“d frequency
integral. The finite gain-squarcd frequency integral can be uscd as a
scalar measure to evaluate the performahc::c»of'broadband,f"lq\.é\/.riass :

amplifiers (see Sec. 2.. 1).
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APPENDIX B

THE dc BIAS POINT CONSTANCY OF A CASCADED
. AMPLIFIER USING VOLTAGE-REFERENCE DIODES

The dc bias point constancy of an interstage of an infinite cascade of
identical stages can be computed by considering the cascaded amplificr

of Fig. B.1l. The equations describing the dc bias point are

Ve = Rl + (RC+RL) 1L1+ v, | o (B

. LL - 'BETEE - .. B2

-If the supply voltage is constant, the ‘var‘iationi of (B. 1) 'an‘d"..i(B.A 2) gives

RAAL+ (RC.~+[RL)_‘AIL tav, + A(IE + IL); + AR (B.3) -

L= 0
and

R:AIL,-!-I AR_ = AV. _ +R

L™ L BE

L Al + AR_I ,,‘,(B)

ETE E'E
The resistors RL and RC are fabricated from the same ‘ba's'e"vdi:flquion and

ideally have identical temperature coefficients.- Hence; EQns. (B. 2) .a_nd' ,

(B. 3) and (B. 4) can be combined using the fact that R

=.‘ tO'
. . . ~C‘ RL v

give
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e R 1 L R
Mg =R - [‘Wz FOVpR( R ] TR, [ARC tORg YR »)] (8. 5)
k o L k - AR -
where
ﬁ-Rt(‘H--I—{fiHR' * P
kT C R TTE I o (BL6)

To realize the small resistance value of RE

the emitter drii'f\isric;n is used
thus dictating that

1

== e By
RE RC S ' . o ,

~ Then, (B.5) can be written as

R _, I C '
Al = — [AV"+AV (1 +--——)] ~=— AR_ . . . (B.8)
E Rk ZA BE A RL’ , -Rk; LR T
The éhanges‘ with témperat‘ufe of AVZ ‘a'nd:zASV‘BE are’ c}ppoéite’, ir:i',siAgn.

| ~For ar iow \}o]..tag,e-.r.gf.e'rénce diode, the fe\nﬁpéreiﬁi;:e coeff1c1entofthe

base eﬁitter ju’nctiq'n ‘r'nakes thé..ﬁrst' téifm oft. (B8)posﬂ:1ve (the fél'fnpéfa‘— ;
ture cogffiéient. of a forward biésed diocie is'négaféi.v.e).f“:Thej:rsiecc?n:d term of
(B. 8) always ‘gi\’rvers g.zlle.ga‘tij.ve c'ont’zjlib‘ultion‘to the ghahgc 1nem1ttcr current
sin'c‘e the temperatu.r:é.coeffrici'ent of bas\e‘ cvl.iffusved'rres.isté:t"'é 19 Iv_)":rt')sviti‘ye..

" The second term is a linear ‘functiole"of IE; conSequ‘.en.t‘ly,; the net ‘chang‘é;'v
in emitter cur;‘ént can be made“zero by selecting the voﬁt.irfmm;bia‘s current

IE-
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For a [initc cascade of identical stages it is necessary to stz';b‘illizc:
the current of the first stage, Overall d(: feedback,such as shown in Fig,
3.5 for a three stage amplificr, could provide the neccsséry constant
bias point for the {first stagé.

The shunt-feedback stage can usc a similar bias and coupling scheme
as the series-feedback scheme., The coupling scheme usiné the voltage
reference diode in a cascade ofidentical stages is shown in Fig. 1. 2,

For all stages fabricated on the same wéfcr, the corresponding componcents
are identicai. Each collector is at the same dc voltage, :ﬁa.;mcly VZ +

VBE' Thus, no dc current flows through the resistor R_and (B, 1) -

f
(B. 8) ho'ld with RE = 0; the change in emitter current is then

R AR__.
-1 C E
_ AIE = RC‘ [(AVZ + AVBE (1 + )]- RE IE (B.9)

Eqgn. (B.9) is of the same form as (B, 8); consequently, the bias current

IE can again be constant with temperature.
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Figure B.1 A cascade of cmit_tcr-fecdback stages,
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Figure B, 2 A cascade of shunt-feedback stages.
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APPENDIX C

THE REQUIRED COMPLEXITY OF RC ONE-POR'T NETWORKS

The irnbedding of a single transistor in RC one-port networks of
grecater corr;plcxity than a singlc time constant results in no significant
advantage in the gain-squared frequency integral. This result is casily
verified by considering a simple example. If the amplificr of IMig. 3, 2(a)

is used, (2.16) gives

2.2
J = .p—oR.I‘.’___ w poza(wa) (C 1)
= - ' = .
A (R 4 r )2 a Z(RS + (So/Ja(wa)
s o
where
Z (p) = T o ~ (C. 2)
a k:l‘ 1+ kaCk

and R's = Ré + rx; w_ is the dominant pole of the reference transfcr

function T{). Egqn. (C.1) is obtained assuming

> >
By >

The change of the gain-squared frequency integral (C, 1) depends only
upon the value of Za(p) evaluated at p = w i consequenfly, any Za(wa) of

arbitrary complexity gives the same resulting change of the gain-squared
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: "‘:~frt;i:jli,x'u‘nc.y[ ir'utc g‘fa’,]:.' ’T?A‘rlai.t'i.bh;i‘]..' corrxlv])vi’ca%li"th';'éff;cc':,t s on]ythcl‘C 5P0n5 ¢ ‘.;sha'pc..ﬁ
g _'.The blmplc. st MFM ‘r(,sp'ons(, r(,qunc,s cm]y.a.‘mf,‘lo 1.11'7;(.'(3"0:;1.81,4.1‘11. Io: /,.1,4
..h,cncci, no ‘advantzigc a;.ccr.ucs. frc;rn grcater- compl(;xity 'in.th‘i_; casc i

, If the lntc;;,ral JA is comput(d f01 the othcr éonﬁgurataon of 1'15 3 2 '.
' 1.h<. v:t]u;: of JA‘dcpc.nds only on the va] uc,s of. thc 1mpc‘da’nc.:'cs'of thc unbc d-
Vdi,ng Jietwor:lﬁ;gy'zplué";tec.] 'at:wé.»-' :ansc:qgcnjl;liyv,_ 1nc.1c.ascdcomplcx1tyof ﬁ]g :
ii{npedahcévs' ";jqr:lt..x-i]‘}utes éﬁ]y to the’ s.hap,e’ of _'t'hic resp(ms‘_and docs not
affcd. Lhe broadba:nd effcc.twcness of thcampllflcr ‘ |

.
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APPENDIX D

THE USE OF THE GAIN-SQUARED FREQUENCY INTEGRAL
FOR THE EVALUATION OF BROADIAND PERIFORMANCE

This a.ppcndix‘ givc's an example ‘of the -pI‘OCCd‘L‘lvT(:, 0ut)1n(,d1n Scc.,”
2. 3, of evaluating the broadband p'crform;aﬁcc of an RC ih';bc(‘;lc‘liﬁg.nctwork.
The series-feedback ampiiﬁér of Fig. 3? 7(a.x)' is used to indicatc‘ tl;c cvalu-
ation procedure. The rcfer‘ence transfer fuﬁ(:tioh, calculated for the
values of the reference amplificr of Fig..w3. 7(b) is

) 25, 6
p/3.6.x10% + 1

T(p) = (D)

Since the transfer function of th(. reference amplifier is described by a
dominant pole, the pole of T(-p) is simply p_ = 3.6 x 106 fad/scc. The .

altered transfer function TA(p) is simply (3. 1).

p(2.5x 10°%) + 1

: =1 L - .
(1.1 x 10 ‘4)p2+ (1.8 x'10 6)p-l—'l

= . .' ) Ds
TA(p) 4,6 . (D.2)
The change in the‘fgain- squared.frequency intcgréll can be evaluated by using
(2,16). 1t is convenient to normalize (2, 21) by the gain—'sqv.i’a‘rc‘d frequency
integ'ral (2 11) of the reference amplifier, giving for this exarhi)'lc
N TA(pa)

JA:,—TI-'—(BD—'. | (D, 3)
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and 'J'A is found by subtracting (D. 1) from (D, 2).. The sccond term of
(2. 21) has been ignored since (2, 22) is sati‘s[_icd- for this casc, ‘Eqn,
(II).' 3) can tht:n be calceulated from the valuc:;s of (D.1) and (D, 2) {or
pv S O The normalized change in the gain-squarcd fl'(:;pu:m:y'int(:gra’]

is found to be

J = -0.72 : ’ _ (1, 4)

As a second cxémplc of the evaluation of the broadband performance,
the shunt-series cascade is used. The appropriate transfer functién,

calculated from the reference amplifier shown in Fig, 4, 5, is

2.68 x ‘103

T(p) = (p/.066 + 1) (p/0.94 + 1)

(D, 5)

where the frequency variable is normalized to 1,42 x 108. rad/scc, The

altered transfer function is given by (5. 1) and is

R 28.3 :
TA(p)v- = A(D. 6)

1+ 2,68p + 4.05p%

The integral (2. 21) is uscd to evaluate the broadband pcrfo‘rm':';ncc and is
normalized by the gain-squared frequency integral (2, 11) of the reference

amplifier

(D.7)
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where a is the low—frequénc:yAga.in énd_pl and p, arc the poles of T(-p).

Thus, if (2. 21) is normalizced by (D.'7), the result is’

N 2 144721, e g ‘
Tp * a2, P27 P [rf\: (P_l') i A'IA (Pz)] R (P9

If (D.8) is cvaluated the normalized change in the gain-squared frequency

integral is

J1;='—o.~98'” L o (D, 9)
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APPENDIX E

THE EQUIVALENCE OF TIIE SERIES-SHUNT CASCADE
| AND THE SERIES-SHHUNT FEEDBACK DPAIR

The scries-shunt cascade and the shunt-seri¢és cascade can Le
shown to have similar broadband performance. The low-frequency

voltage gain of the series-shunt cascade of Fig, 4. 3(a) can be shown to

be given by
v R
L (0) = 1 : 602 L -
Vs 1 T ! + R‘s RI er + r.n_2 R]
R + + (=% + 1) (=Tt 1) 4+ p
e g1 {301 Rf Rp : o2 Rf
SE. 1)
where
R (r _+r_.) - :
R = I x2 =2 - (E. 2)

+
P RytrotTo

The shunt-series feedback pair of Fig. 4. 3(b) has a low-frequncy voltage

gain given by

v (E. 3)

._I_". (0): pOZRL - —

vs ‘ R + 1 + rx1+ Rs ‘ I+ I.:»:2-'. w2 1 '~+' RL + i"oZRLRe
¢ Emi Po1 Ry R Re:+ Re Re 4 Re

For a typical design of these am.plifier stages, it is reasonable to assume

that



1156 .

1 r o + R .
R >> , Tt (E. 4a)
e gml (’02 . A
> > o
2 VT R, R : \ (E. 4b)
* p £ ' L
> > ' ' E, 4
B 1 . | , (E, 4¢)
Then, the low-frequency gain (E, 1) is given by
VL ©) = R 1 ' (E. 5)
v R (,,R) | .
s e 1+ R
L
and E. 3) is given by
V.L-(O) _ Rf + Re . 1 B N (E 0
v T R’ N R‘f,+'R. : T
s e (1% — €
1 ‘

The low'-freq‘uericy voltage gains are identical if Rf

> >:'Re' Even though.
-the equivallen'ce of the low-frequency gains of the sériés-éhﬁnt. cascade
and the series-shunt feedback pair are only a necessary condition for the

equivalence of the stages, the results of Sec. 4, 2 would indicé!:e tha.t the

frequency behavior of thesé stages is also ideally id’entical.','
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APPENDIX F

THE USE OF THE GAIN-SQUARED FREQUENCY INTEGRAL
: FOR THE COMPUTATION OF TEMPERATURE SENSITIVITY

The method of using the gain-squared frequency integral to calcu-
late the te}T)peratufc scnsitivity is demonstrated in this scction,

The shunt-serics cascade is used as an exarnple, The reference
transfer function is givenby (4. 1) with the components at 250 C.

‘ 28. 3
l+p+0. 5p2

T(p) (F. 1)
where the frequency variable is normalized to 6,7 x 10'7 rad/sec. The reference

transfer function has normalized complex poles, -pi and -51, and has a

reference gain-squared frequency infegral, calculated from (2. 11)

I:mT(pA) o
: 2 1
= e (F. 2)

where ImT(pl) is the imaginary part of T(jw) c'valﬁatcd at jw = P If

(2. 20) is used to calculate the change of gain-squared frécl.uén'éy-. intcgral,
‘the result is

ImT.

M alry)

= 2|l—A 1 S (F. 3)

® 2
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The altered transfer function is obtained by calculating the value of (4.2)
at 1000 C. For the change of the value of the resistor Ry, given in Sce.

4.2, the altered transfer function, calculated .frc‘)m'(4. 2) is

T, (p) = 31 — | (F. 4)

1 + 1. O‘)p + . 545})2

The result of substituting these values in (. '3) is
J'7 = 0,11 v , - (F.5) .

The procedure is repecated for the other sensitive parameters, and the

results added to obtain the net temperature sensitivity,
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APPENDIX G

AN INTERPRETATION OF THE CHANGLE IN |
GAIN-SQUARED FREQUENCY INTEGRAL

To interpret the normalized change of the gain-squarcd frequency

integral, (2.11) is calculated for a two-pole function

a
(o]

T(p) = 5 (G. 1)
1+a1rp+a2p R

giving

a2 22 (G. 2)

where the poles of T(p) are assumed at -0, + jwa. The altered trané_fer
function is given by

~n
a
o]

T, = (@3

A r 2
1+a2p+a2p

From (2, @) the normalized change in the gain—.squared frequcnéy 'i'ntcgralr ‘

can be expressed as

: A2 A2 N2
J a o +w o
JN__é 1 =-2 a a a. (6'4)
) J 2 2 2 '
a o + w (0] .
o a a a




) 119

For a two polc,maximajly flat magnitude functions = w_; hence (G.4) can
a a 4

be expressed as
J +1-= > [ ———— : . - (G, 5)
o

The -3 dP bandedge of a two-pole function is simply shown to be |

1/2

w = -(02 - wz) + 204 + 2w4 (G, 6)
a a'. a a _ :

The change in bandwidth can then be célculatcd using (G. 5) onc:é the
midband gain is determined for the perturbed amplifier.

The shunt-series cascade was found to.have a net gcnsitivity of
-0,06. An inspection of (4. 2) shows that the rcal part'éf the pole.is not

effected by temperature change. Hence (F. 5) can be written as

>

® ol
O N[O v

N —
E>

NQNIQ’ [aV]

N
+ 1.
Jé v

It

(1 + (G.7) .

Eqn. (4. 2) shows the low-frequency gain is 28." Then, (G. 7)'.Can_ be

calculated giving

€?>
[

= 0.86 | | (G

a
o N



Since w_<w_, the poles will lic on radials less than 45°C. Then, .(G. 6)
can be used to calculate the new bandwidth giving
w =132 o (0.9 . R (G
2 o : a : : . :
i But \/2 6, is the bandwidth of the amplifier at 250 C. Theréforc, |
A _ 0 : . . __‘ ,‘ ) . 1 ’
w, = 0.9 0w . o L (G.10) -
-
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