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- INTRODUCT ION

Of particular importance in the realization of selective
amplifiers is the sensitivity of the response to both active
and passive components where responsé invariance can be
characterized by constant center frequency and constant
bandwidth. Active RC selective amplifier designs are

commonly based on gyrator;l52 negative impedance conver’ce:c',‘.’f"5

positive ilmmittance inverter,6

or feedback amplifier reali-
zations. In previous work, Gaash developed three tempera-
turehinsensitive seledt#ve amplifier design procedures
based on first-order considerétions.7’8 In this report this
work 1s re-examined and extended for the single-loop con-
figuration. Emphasis 1is placed on designs compatible with
the limitations imposed by present levels of monolithic
diffused integrated circuit technology.

,M,“mﬂihe procedure and'typical realization proposed by

---—Gaash are studied with respect to a range of values bf
temperature coefficients of circuit and device parameters,
Effects of charge storage (excess phase) in active devices
and due to parasiticé are consldered. Losses brought in

-«.by-second-ordéfimode;smofaactive devices are examined.
Problems due_to tolerance effects and imperfect integrated
realization are considered. For this work, extensive com-
puter-aided analysis 1s used. This includes simulation

and temperature analysis with several standard circuit
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analysis programs, As the.design procédure proposed

by.Gaash was graphical in nature, root locus tecﬁniques"

are used éxtensively.'



I. FIRST-ORDER TEMPERATURE SENSITIVITY
IN MONOLITHIC SELECTIVE AMPLIFIERS

A. INTRODUCTION TO FEEDBACK IN ACTIVE RC SELECTIVE AMPLIFIERS

Feedback amplifiers provide a convenient way to realize
& dominant complex pair of natural frequencies necessary for
active RC éelective amplifiers, The seheral form of the

feedback equation is

a(s)
A(S) = (1)
. 1l - a(s)f(s)
) .
- __Efi____ . (2)
.1 + T(s)

where-

A(s) = closgd-loop transfer function

a(s) = forward transmission function

f(s) = feedback function
—- -T(s)~= 160p transmission function’ '
The natural frequencies of the amplifier which are the poles -
6f A(s) are given by the zeros of 1 + T(s), the return differ-
ence., To illustrate the dependence of natural frequencies on

—the- feedback function, consider the following example where

«

the forward transmission function is given by

. | - alo0) . 2(0)by,

, = = (3
a(s) (1 -~ s/pl)(l - s/pe)‘ 82 + bys + b, )

-3 -



and the feedback function is givén by

£(s) = £(0) | (4

"'\’

; and 1s assumed to be constant with respect to frequency.
The closed-loop transfer function can be expressed as
-a(o)bo

A = - :
(&) 82 4 bys + bo(l + To) : (5)

!

where TO is defined by
Ty = T(0) = "-a(0)£(0) (6)

As £(0) 1s varied from zero to infinity, the poles of A(s)
move away froﬁ p; and p2; the poles of a(s), as shown in
— Fig. 1. The locl of the poles A(s) can be constructed with
familiar root-locus techniques.12 '
By way of further 1llustration, consider the shunt-
series feedbaci_pair of Fig, 2. Resistor values shown were
_.chosen to_achieve_the appfoximéte bias currenté_indicated
while satisfying the.ébnstraints imposed by requirements on
Jo as will be pointed out shortly. ©; and C, are to be
chosen such that the closed-loop response.has a center fre-

~...gu..e.n.czx..ﬁao_;_lcé_.rad[:s.._epmandaa_.se_l.ectiv.ity.,...Qr.._r.a_tivof

o b

center frequency to bandwidth, Q = 10. For these values
& narrowband situation exists; the center frequency; bandwidth,
and selectivity can be exprecsed in terms of the dominant

palr of natural frequencies ql s = ai + Jodl.
L

-4 -
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R, = 908 R, = 270
Ie1= Ico=2mA )

Fig. 2. Shunt-series feedback pair.
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Wo = Wy Bl -207 Q= -@ /2 o7 (7)

A first-order, small-signal répresentation of the shunt-

series feedback pair is presented in Fig. 3. The feedback

loop hés been broken so as to be able to characterize the
forward transmission function and the feedback function in
terms of the circuilt elements and parameters., A discussion
of this method of obtaining the open-loop response and the
assumptidns upon which this method-is based 1s presented

in SEEC, Vol. V.13 Note that the low-frequency, first-order
approximation, as éhownxin Fig. 4(b), to the hybrid-pi tran-
slistor model of Fig. 4(a) has been ﬁsed in the representation
of Fig. 3(a).#

The forward current gain functioh is given by

31(0)
@ e/p)) (1 - s/py)

“ ‘.
Lt IS

.. ..where from Fig. 3(a)

~BoRp|[(Rg+Rg) BoR1

Rl Reerg) A RpeB g B Ry

a1 (0)

# ‘A more complete discussion of the hybrid-pi model of ,
Fig. 4(a) 1s presented in Section I.C when the sensitivity
of the elements and parameters with respect to temperature
1s considered. ‘
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- 3. (a) Forward transmission and. (b) feedback networks.
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Fig. 4, (a) Hybrid-pi transistor model with typical parame-
ter values. (b) First-order approximation to hybrid-pi model.
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Pp = MRS
and the equivalent resistances Ry and R, are given by

Ry

Rp|[(Rp+Re)| B/n

Ry

By [[[8o/ En* (3,41 R[]

The feedback function is given by

1
£ (8) = F
. r(®) II‘,./°<

vhich from Fig. 3(b) can be written

o BRg . -Rg
RF +.RE RF + RE

Iy
I(O) = 3

fI(S) =7 N

. L
where o<, the common-base, short-circuit current gain, is
assumed to be approximately one, The closed-loop current

gain can be;written

82 + (1/RyC1+1/RoCp)s + (14T)/RyReC; Gy

AI(S) = .

. Assume for convenience that the twd.open—loop poles p; and
Py are eq&al
"Pp =P, =P

The closed-loop current gain may then be expressed by

- 10. -



21(0)p?
82 - 2ps + p2(1 + Ty)

*AI(S) =

and the poles of AI(s) are given by

q

— <+ - - V
1’2" GI"'le'p+Jp To

The center frequency, bandwidth, and selectivity are

&y= -p To BW = -2p Q —‘::V TO-'/2
Based on the required value of center frequency, W,y and

the assumed element values, Cl and 02 are found to be
"0.07T5 4F and 0.011 uF, respectively, where froﬁ the expres-
sions given above, R, = 272 A, Ry, = 1,97 k®, and Ty = 400,
These results are summarized and présented below in the
- first_golumn Qf”Table l....The second column presents the
results of a computer analysis of the circuit representations
of Fig. 3 and of the closed-loop résponse.# The third
..eolumn . presents the resulté'of a computer analysis of the
circuits of Fig. 3 and of the closed-loop response where thé
"hybrid-pi model of Fig. 4(a) has been used instead of the
first-order model bf'Fig. 4(b). Consider the results of the
-——ﬂérst-orderwanalysis.M~The-neficeable~sh1ft”1n"the'real-part

of the closed-loop voles is explained by the presence of a

# Throughout this report, analyses in which the reduced
hybrid-pi model of Fig. 4(b) are used will be referred to
as first-order, while those in which the hybrid-pl model
of Fig. 4(a) are used will be referred to as second-order.

- 11 - .



Table 1

~Results from Shunt-Series Feedback Pair

(Frequency in rad/sec x 106)

Design - First-Order Second-Order
a;(0) -534. -540 460
£1(0) 0.75 0.75 0.75
T1(0) 400 405 346
Py -0,0500 -0,0458 -0.0483+30,0035|
P ~0,0500 -0.0487 -0.0483- 30,0035
a2 -0,0500%31.00 | -0.0942%#30.948 | -0,0915%30,899
W 1,00 0.948 0.899
BW 0.100 0.188 0.183
Q {1000 5.0 4,9

- 12 -
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transmission zero on the negative real axis at -9.13x10
-;—urad/sec.«~$his~zero~results»ffomiforward tfansmissionf
through ﬁhe feedback network and could be eliminated by
applying the signal at the colléctor of the first transistor.
From the results of the second-order analysis, it cén be‘
% gu,'ro, and r; have
reduced the low-frequency value of the loop transmission, To.

seen that losses due to loading by r

' __To_conclude, feedback.amplifiers can be used to realize
s dominant complex pair of natural frequencles, although
first-order design procedures can, at best, only approximate
the desired results. Eicesg phase and interaction effects
duve to charge storage and the finite loadg introduced by
actual transistors must be treated in the final design, or
else designs must be used which sufficiently minimize these
— __9ffecta,. |

B, SENSITIVITY FUNCTIONS IN SINGLE-LOOP FEEDBACK AMPLIFIERS

It is.to be expected that variations in the character-
istics of passive and active components with respect to
temperature will produce correspondiﬁg variations in the
open-loop singularities and in the low-frequency value of -

—-the-loop-transmission,.-Ty. --Since-the root locus is a func-
tion of the entire configuration of open-loop poles and
zeros; the net efféct of any variation in the open-loop
poles or zeros 1s'to change the shape of the root locus;

similarly, variations in TO produce changes in the positions

- 13 -



on the loci of the closed-loop poles, Thus it can be con=
-—gluded that the-closed-loop poles- will suffer some displace-
ment as temperature changes., A crucial observation is that
for small increments, it is possible to reduce the net dis-
placement in any closed—100p pole into two components--one
component to renresent the motion of a ‘pole along & particu-
lar locus as a. function of variations in To and 2 second
~component to represent the vaniation in a nole location due
to the change in chape of the particular locus considered,
The use of monolithic integrated circuits allows one
to take adventage o: ﬁhe inherent homogeneity of elements of
the same type. By reqniring that all dominant open-loop
singularities be determined by passive RC products, Gaash
obtained a simple eipreesion for the eecond conponent to pole
displacement mentioned above, It should be noted however,
that the use of monolithic diffused integrated circuits
places limitations on tne range of values which passive .dif-
--fused resistors may assnme. |
It is apparent that a more detailed analysis of the
effects of tenperature on gain parameters and network
function singularities is required.. Ithis convenient to
.“_1ntr04uce“two-eensitivitymfunctions..:Root sensitivity,
introduced by Horowitzla, expresses‘the sensitivity of a
singularity with respect.to a parameter x and is defined

acconq1ngbio

- 14 -



. _Sq1= bq.i = X 093 : -—-~ié)
' x  dx/x  dx

» This is the ratio of the variation in the singularity q

to the‘fraciioﬁal change in the sensitive parameter x., In
this manner the phase of Sq1 is 1dentif1ed with the phase of
the incremental displacement of the singularity, dqi.
Classical sensitivity as_defined by Bode15 and later modified

16

by Mason™" is a first-order sensitivity function defined

according to
'F 3F/F 3InF 3InF
S -—

x:' a’V.}‘:/x..xsz = b]_nx ) (9)

- This 1s the ratio of the fractional change in the value of
- ~ the function F to the;ffactional change in the sensitive -
parameter x, Note that in general, root sensitivity has a
phase assoclated with it, whereas classical sensitivity has
-an associated phase -when -F is- complex but none .when F is
acalar.
These two sensitivity functions may be used to relate
changes in amplifier response to changes in sensitive param-
- ———eters;@~g§sume~that~the~closedploop*transfer“function, A(s),
of a sirngle-loop feedbaEk amplifier is written in'the form
: : © N(s) N(s)

A(s = = . ‘ 1 .
(&) = 55 =1 (s) (10)

- 15 -
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where D(s) (not necessarily =2 polyrniomial) is the return

--—~@aifference-and-I{s) is the--—loopétrans-miss-ion-~~funct~ion. —P(s)

may be written in one of the two forms#

Jﬂ(l - 8/2y)
T(s) = T07T '(11)
e (1 "" s/pe)
(s - 2 )
- 7‘;‘ x (12)
¢ (5~ %)
where the low-frequency'value of the loop transmission, Tos
is given by |
To = T(0) (13)
#

The symbol, Zys—will be—used to denote any-of the set of
open-}.dop zeros Zq, ‘ze, se*y 2Zp 5 similarly, the symboi,

Y

o’ to denote the set of open~loop poles . P1s Pps =<+ Dy 3

o and the symbol, qy to denot.e the set of closed-loop poles

A3, Qpy *oe, qn,' where a proper system (n=m) is assumed,

In the absence of more specific notation, Z will be used

to indicate a product over the range of the index k (=1, 2,
—eeo_.m),. «and -JT -and - JT- ,»—bto-indicate. —produc’c.s over the

reapective ranges of the indices e (=1, 2, ..., n) and i (=1,

2, +++, n). Analogously, the notation Z Z , and Z

will ‘be used to indicate a summation over the respective

ra.nges of the 1ndiees k, e, and 1.

- 16 -



and where K is defined by

(- -DPe) Co
K = (0 )7%rz———;— . (14)
-2
k k
Let a, denote = pole of A(s), i.e., a zero of the return dif-
ference, D(s). Under these ascumptions, the following rela-

tions, developed in Appendix A of this report and alterna-
tively—by--Kuh and-Rohrerl7, can be'shown to hold

q dT q q dp q q dz
da, = Ti o, STi 1 P _ 12: 1 T 4
0 To 0 %6 41-Pg Pe To Ag=2y. 2,
ay T (s - pg) M (s - pg)
ST = Res 7 = 3 T (16)
0 - (s - qj) s."-'-'Qi —b—- (s - qJ) _qi
= (}: 2: ) an
€8 -D WS- Pk | 8= |

Eq. 15 relates the:incremental change in the cloéed—loop pole
Q, to fractional changes 1n.the low-frequency value of the
loop transmission and.the opéﬁ-loop poles and zeros. EqQs,
16 and 17 give two expressions for the sensitivity of the
-—c}osedsloppmpole~q{-with*respect to TO.'fNote'that"the
evaluation of the second expression requires only a know-
ledge of the open—loop poles and zeros.

Consider a singularity ry (= pg or zk) of a feedback an-
plifier under open-loop conditiqns which is determined by the

- 17 -



3 and CJ both of which are

”assumed ‘to be sensitive functions of temperature

product of the passive elements R

r, =§7 | (18)
373 '
where
'R, = R (T) . '
J | © (19)
CJ=C (T)

Taking the total differential with respect to temperature,

one obtains

br bRJ 5r oC

= 2 dar
J JR; a'r ac dT

dr

1 R 1 c
= -1 a J . a : aT
_d v..RJbT --CJ»bT ,

By multiplying the numerator and denominator by T, one can

write the above equation in the form

dr R,/R c,/c.\ar -
\J_.:_bj J+aJ/J__ (20)
c—ry - — T/ -—OT/T | T

Based on the assumption of homogeneity of eleﬁents of the
same type for monolithic integrated circuits, it is reason-

able to conclude that

- 18 -



Ry R, Ry R R
and
ac;  dc, ac ac, dc
¢, O cy; Ch - C
Hence, Eq. 20 may be written
dry OR/AR  c/) ar
—_— . + —
ry OT/ OT// T
From Eq. 23, it follows that
&:.d_re__—_ o.o‘_-—dri_ ooo_—d_x'-g—fi
._‘_-...‘..____._;'.‘.1 ._.1.’2 e - _............I-'. . .rn r

Thus Eq. 23 may be written

—_— = ST-+-ST-——

... @ar _.,.m_-_( R c)dT
T

r

R

where from Egs. 9 and 23, ST

g __RMR
Sp =

OT/T

Sc = e/

T OT/T

If in Eq. 15, all of the open-loop poles, p,» and zeros, z

- 19 -
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are determined only by passive RC products, one can conclude

..the following, based on Eq. 25

— I e—— T m——— V T ('28)

r Pe 2y
Thus, from Eq, 15; one obtains
Qi 4Tg - q 1 1 dr
dqi=sT -—F)-+q18Tif Z-————,—-—- —_—
0 Ty 019 - P F =2 T
q, 4T dr
:Si-—-—9-+q1-—
To T0 r
qi dTo R -CyaT : :
=S __.._qi(s + S |— (29)
To To T T/ T

_Where Eq, 17 has been'used in the above derivation. Eq,., 29

relates incremental changes in the ciosed-loop pole qy to

fractional changes in the low frequency value of the loop

_ transmission, TO’ and to changes in the passive eleménts.

determining the open-loop poles and zeros with respectvto
fractlonal changes in temperature, It is convenient to in-

troduce & multielement sensitivity for the closed-locp pole

.. 94 .defined according to

&, =S,° — + S '8 — ' (30)

where



se = --C],i | g | (31)
e R C

S =5 +8 (32)
T T : : ..

Note thet dqi, ;i, and Sqi all have an associated phase
while the remaining terms are scalars. By way of summation
then, the incremental change, dqi{of a closed-loop pole
qi,'due to the sensitivity of passlive elements to temperature
can be described by a vector from the closed-loop pole qj
through the origin of magnitude [qi,s —% where it 1s true
that all open-loop poles and zeros are determined only by

passive elements #

Cc. Low FREQUEVCY TEMPERATURE DEPENDENCE IN MONOLITHIC

INTEGRATED CIRCUIT COMPONENTS

Recall that the clbsed—loop poles (natural frequencies)
_wgremaiso funetions_qf the i90p_transmission'gain constant,
Tos-and that T, is 1nigenera1 & function of active as well
~_g_ew_g_a:g_s_ive elements. Thus, classical sensitivity may be used
to relate fractional changes in T to fractional changes in
.. temperature. _If the hybrid-pi, small-signal transistor
model of Fig, 4(a) is considered it is apparent that Tg may ‘

# The consequences of the non-realizability of the require-
"ment that all open-loop singularities be determined only by
passive RC products are .examined in detail in Section III.

- 21 -



be expressed as a function of the following parameters
‘I;o = TO(R:.ﬁQs ng I,'qo ros I‘é) (33)

where each of the parameters is assumed to be temperature
sensitive- and where the ohmic base resistance, rys 1is
included in the general term R repreeenting any passive,
base-diffused resistor. Taking the total differentisl of

Eq. 33 and rearranging terms, one obtains

T _ ( 3T0/To OR/R. . 3T0/T0555/8s . 3T0/To 38n/En

To OR/R d1/T ' d6,/B, O/t 08,/8, OT/T

dT0/To d%u/ T . bTO/Tb d%/Ts . bTo/To br;/r;)g

RS
Otu/ty dT/T  3dr /v, d1T/T dro/ry dT/T [ T
TR T 1, g To T ~ To 1 T ar

= °s s-°s'3°+s°sgm+s°s“+s°s o, 57057c|3
R p ¥ Po T €n T ‘Tu T re T T ry T | g

| ‘ (34)
T, 4T ' - : _ '

=35 0 —_— . . (35)

T T o

Note that 1n the above exvressions, a summation of the.
contributions to the sensitivity of Ty from all elements of
the same type within the circuit is implied by each term.
If it 1s momentarily assﬁmed that the de blasing is such.

:that collector currents to first-order are insensitive to .

temperature variatidns, the individual sensltivity functions

in the above expression may be considered to be of two

- 22 -



' @ypes.# Terms reiatigg the fraetional changes in R,,go,

__8ps Ty Tos and ré to the fractional change in temperature
are independent of any circuit confisuraﬁioﬁ, whereas terms
relating the fractional change in To to the fractional
changes in R, /Gb’ Bns Tus ro, and r " are dependent only on
the circuit confisuration considered.

~ In considering sensitivity functions of the first type

above, Cheqefgei? has repogﬁe@_fypical temperature coeffl
~-clents for g, and R at 300°K of 6600 ppm/°C and 2000 ppm/°C

respectively. These values may be related to the corre-

sponding sensitivity fuﬁctiens by the expression

X X : ' (36)
S = T 3
r =Ty
Thus
o _ 2.0
T .
. R
S = 0.6
T

- The expfession for the transconductance &y 1s

'"‘#“Iﬁ“termé'6f"the”fbﬁf'§68§1516“66ﬁ51hé£10ns of two two-
port networks in a feedback configuration,- it can be demon-
strated that the shunt-series combination .and, where the load
and feedback function have similar temperature dependence,
the shunt-shunt combination stabilize current gain in the
feedback loop with respect to temperature. Circuits consid-
-ered throughout the remainder of this report will be re-
stricted to these configurations.

- 23 -
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gy = — - ~— (37)
Thus from -Eq., 9, the senslitivity funetion is gifen by

_ I
5™ . 51, (58)
T T
Suppose—that -a-bias. scheme is .chosen such that dc collector
current 1s stabilized with respect to temperature. Eq. 38

then reduces to

The output resistance, r,, is given by

l .
&n 1l

=
l

(39)

'mhereuthe‘basewidthwmodulation factor 71, is proportional

to xT/q. The sensitivity function 1s then given by
S = -8 . (40)

vwhere it is assumed that contributions'to the sensitivity of

ro due to variations in basewidth with respect to collector-

'base voltase are of second order.l9 Again where Ic is sta-

bilized with respeect to temperature, Eq. 40 reduces to

- 24 .



- .8 = 0
‘9 . T
N Next, r, can be obtained from the product of ,Go and ro#
T = BoTo | (41)

The sensitivity function for r 1is thus given by

r I ‘ ‘
S/“ = s,@o - S c .. (42)
T T .7 .

Again, where Ig is stabilized with respect to temperatﬁre,

r B :
S “ = S ° _ (43)
T T .
) = 2,0

Finally, recall that r; models bulk resistance effects

.-An the collector region, which is usually light ly. doped, .

# The expression for ry is correct if it is assumed that
the bulk recombination defect is large with respect to the
emitter efficiency defect.l9 This assumption is not justi-
_~ fied for planar, diffused structures .currently.-being .oro-,
duced. A more correct expression would seem to be Tu =87
where 8 >=>8,- 4An attempt to verify this by .considering
manufacturers h-parameter and y-parameter data was unsuc-
cessful in that computed ratios of r;q/ro varied from values
much -less than ,60 to values much greater than 8,. Because
of this lack of agreement and because ry 1s large in any
case and 1ts effects relatively negligible, the functional
. relationship of Eq. 41 is assumed.

.y,

. =25 -
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Its value and temperature'coefficient can vary depenéing on
-——hether or-not—a buried- -layer is used. It is -assumed that
the témperature coefficient is approximately#

'
r

3r c
T

at 300°K., The sensitivity function is thus given by

3000 ppm/°C

These results are summarized in Table 2,
‘Though expressions for‘To do not involve charge storage
elements, for compieténess, they aré considered briefly.

" The elements ¢y and cg are assumed constant with temperature,
while Cor is assumed to have the same temperature dependence
as gy, where ft is assumed constant wiﬁh température.

—~—f—»~~The*second~group~offsensitivity—functions*(thoSe'relat-
ing the fractignal change in T0 to the fractional changes
-in R, Bos &msy Ly, gy and ré) are dependent on actual

~*‘eircﬁit*configurations. No£e~that-in any single-loop
feedback formulation, Tg 1is a dimensionless quantity even

though a(0) and f£(0) may not be dimensionless. It is

w~iimhe—consensus-conveyed to- the-author -in recent-private
conversations with several people more closely involved in
tpe processing area is that the temperature coefficient of
re should actually be somewhat less than that for a base-
diffused resistor. The functional dependence assumed here
was retained, however, as these conversations occurred after
the compilation of this report and as it was felt that this
correction would not significantly alter the results and
conclusions presented, g :
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. Table 2

Typical First-Order Parameter Sensitivities

X X
b 4 S S
. T : T IC#f(T)
%ﬂ: ==“‘*
R 0.6 0.6
B . .
0 2.0 2.0
I
g S C - 1“90 1-0
m T .
I
C
r, , -ST 0
N IC
2.0 -8 2.0
T
7
r/ 0.9 0.9




convenient then tovconsider three examples in vhich the

_.Sensitivity of voltage and current gain are examined. It is

assumed that ic is stabilized with respect to temperature.

- In the common-emitter configuration of Fig. 5 (a), charge
storage elements have been neglected since only the low-
frequency value of voltage gain is of interest for the
moment. If r, is assumed to be 1hc1uded in Rg; and the
effects of Tus Tys and r; are assumed to be negligible, the.

circuit of Fig. 5(a) reduces to that of Fig. 5(b). The low

frequency value of voltage gain is then

v ' -8R,
() =_L = -ay, = .o7L
Vg Ry +B,/egy + (B, + 1)Rg
. i ()

Ry/Bo + g + R

Taking the total differential of Eq. 44 with respect to

temperature and rea.ri'anging tefms s one obtains

R
da, (0) _ (R./B )ST + (l/gm)(S + ST) aT
a,(0) Ry/B, + 1/gy + Rg 7

..The sensitivity function is thus

Bo sﬂ‘l R .
sav(o) ) (Rs/Bo)ST + (1/sm)(ST + ST) (45
. ' T Rs/ﬁo + l/sm + Re
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B
+ ];% v gmy(SZ) To
VsC) = §RL VL
A R,
| (a')
RS
NW— .
. . By
-t A
vs<.> = gRL vy
- R
e
(v)
v
+ ¢1L= L
B o R
V. J é_g v g : -
IS=R_§Q~) ng = §RL
SO RN Ry
—_ —r

l
|
I
I

(c)- _
-Fig. 5. '(ae Low-frequency, small-signal representation of a

c-e stage. (b) First-order approximation to circuit (a). (e)
Circuit (b) with Norton equivalent source.
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From Eq. 45, individual sensitivity functions may be

extracted and the equation put in the form of Eq. 34;
however, it is more convenient to leave the expression in
its presen't form.
As typical values, assume Rs = 5 ka, Re = 10.%, RL= 5 k9,
— S—— -1 — [ d '
Bo = 100, and re= gm = 12.5892; then

25000 |
-69.0

a (0) =

(50 + 12.5 + 10)

and

By .. g, R
2v(0)_ 505" +12.5(5," + 5)
T . T25

=1.31

At T= 300°K, the temperature coefficient is

7:"(0) “;“ 4360 ppm/°C

If in the circuit of Fig. 5(b) the source is replaced by its
Norton equivalent, the low frequency value of current gain

is then, from Eq. 4%,

RS, S

R
L s
a;(0)=— == 2 =4
I I0
IS VS RL
. R .
=~ 8 . (46)
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The sensitivity function is obtained in a manner similar

" to that Tor voltage gain and is found to be

21(0) | ay(0)
T T

L RaBSC + (/e )Se 4 ) )
o Re/Bo +. /e, + Ry o

Thus for the typical element values assumed
aI(O) = -69.0

a-(0
sI( ) 2 1.31
T

Next consider the emitter follower of Fig. 6(a).
RgAin 1 T is dbsoTbed into R} and 167D, Ty, ENd 0]
neglected, the. circuit of Fig. 6(a) reduces to that of
Fig. 6(b). The low frequency value of the voltage gain
1s given by

(B, + 1)Ry,
Rs +B./8, + (B, + 1 )R},

= 8y,

av(o) =

S ,ts

. RL - .
=~ (48)
: RS/BO + 1/ + Ry,

Taking the total differential of Eq. 48 with respect to

temperature and rearranging terms, one obtains
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| &m : V.
v _ L

N
. ‘.-..s-_.. '"“’"‘"‘gm’v'QD 2 'RL '

. Vi (C) . .
Fig. 6. (a) Low-frequency, small-signal representation of an

emitter follower stage. Sb First-order approximation to cir-
cuit (a). (c) Circuit (b) with Norton equivalent source.
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- Bo g R
day(0)  (Rs/B,)Sp + (1/gy)(Sy" + Sp) aT
a,(0) R B, + /g, + Ry T

Thus the- sensitivity function is

- B | R
2v(0) | (Re/Bo)Sy® + (1/6y) (54" + 5p) (o)
T R'S/BO + l/gm-!- RL o

Assume Ry = 5 l.m, Rp= 3 k& Bo= 100, and Te= gm'1= 508;

then

, 3000 o

ay(0) = = 0.97
(50 + 50 + 3000)
and

' B, &n R

_2v(0) _ 508.°+ 50(s, " +.5)
T : 3100
= 0.026

At 300°K, the temperature coefficient is
a,(0)
7 v = 86 ppm/°C
T .

The circuit of Fig. 6(c) 1s obtained by replacing the source
In" the circuit of Fig. 6(b) by its Norton equivalent. The
low frequency value of current gain is given by
I .R
L s
az(0) = T = av(o)—

S RL
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Rg

j'aI(O) =

Rs/ﬁo + l/gm"" RL

~(50)

where Eq. ‘48 has been used.. The sensitivity function is

given by

ag(0) _ a,(0)
S B Sy

B, g, R
BB, + (Mg, )(s " + 5 )

' -+ R
Rs/'eo 1/gm-'- L

For the typical element values assumed

a,(0) = 1.61
———— | _a,I.(o)
s

= 0.026
T |

(51)

Finally, as a third example, consider the common-base

7 configuration of Fig. 7(a )'."‘AbSOrbing ry

lecting. T

The low-frequency value of the voltage gain is given by

Vv * o ~+ 1)R
_.-.37(0) = __ﬁi: a = __u-(ig.o. ’ .l_L

Vo .
Vs . »RB + Bo/e, + (Bo + 1)R

Ry,

Ry/B, + /6, + R_

=

- 34 -

into Rg and neg-
r, andrJ, one obtains the circuit of Fig. 6(b).
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Ry © To ré
. A N——&) ANA— N
Bo g &
. J
- vsdD B §RL vy,
_ r
Ry
(2)
R .
— ANA -
Bo 3, % N
B i
wO gt %
- Ry
‘__:: _: ﬁ-ﬁ- _
' (b)
N\ v
s - o J,IL=_£
-£lzév gmv . RL
v, s '
S (A R
IS= — <> ng § L
: ) (c)

Fig. 7. (a) Low-frequency, small signal representation of

a c-b stage. (b) First-order approximation to eircuit (a).
(c) Circuit (b) with Norton equivalent source.
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Upon taking the total differential of Eq. 52 with respect
-to-temperature and rearranging terms in the usual manner,

one obtains the sensitivity function’

S'av(o);: RB/BOS§°+ (1/gm)(s§‘“+‘s;) (53)
T | RyB + 1/g + R
Assufne Rg = U400 ., Rg = 10 k.(.z, RL= 2 k'ﬂ, ﬁo'= 100, and
r = gm‘l = 25.0; then
2000
a,(0) = = 3.81

(100 + 25 + 400) B

. Bo €n R
Sa,,(o) _ loos,” + 25(s; + S,)
T 525

= 0.362

At 300°K, the temperature coefficient is

pp
....T

The circuit of Fig. 7(c) is again obtained by replacing the
source in the circuit of Fig. 7(b) by its Norton equivalent.
The low-frequency value of current gain is given by

I

. Rg
ap(0)=—= =av(°)°R‘_=aJ:o (54)

7]
t

~ S (55)




where Eq. 52 has been used. The.sensitivity function 1s

given by

Falo)_ 2,(0)
T ‘ T

i Re/BS0+ (1/g)(sT+ sh)

I (56)
RB/B0+ 1/gm+ .

For the typical element values assumed

aI(O) = 0.76
a+(0)
s T = o.362

T
D.._PARTIALLY COMPENSATED.SELECTIVE AMPLIFIER

At this point it will be helpful to begin to tie some
of the results and conclusions from above together. Recall
that respbnée invariance is of primary concern. Response
invariance in terms of constant center frequency,cgb, and
constant bandwidth, Bw; is obtained if the net displacement
of the dominant complex pair of poles (natural frequencies)
i; zeréli;;mkiii be shown below. Subject to the assumption
that all open-loop poles and zeros are determinéd only b&
passive RC products, the displacement of the closed-loop
pole q1 can be written from qu. 30 and 35 as follows
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~ q, T, daT q, e dT -
‘dq,= S 1g0 =y gilg — (57)
T T T e. T T ’
0
2% o M\ (58)
TO T e T/ T

The first term relates incremental changes of q, along

i
the original locus to changes in the loop transmission
gain constant, TO, with respect to fractional changes in
temperature. The second term relates incremental changes
in the shape of the original locus of the closed-loop pole
qi ﬁo changes in the.passive elements detérmining the open-
loop poles and zeros with respect to fractional changes in
temperature. '

— 1et q

1 denote one of the dominant c¢omplex pair of closed-
loop poles. If it 1s assumed that a narrow-band situation

exists, the center frequency can be approximated by

w, = Inm (q,) . (59)

o

and from>Eqs. 9 and 58, .one obtains

C@o_ o (a))/In (a) _ m (q)
T oT/T T

(60)

i# It will be understood that any conclusions drawn regarding
the behavior of q; also apply to its conjugate denoted Q-
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T : q e | a
0 1 1 ' '
Sm- Im (S S Im (S '
g _ T miﬂo)r“m’.(e) (61)
T Im (q,) Im (q)

Under similar conditions, from Eq. 7, one can approximate

the bandwidth by

BW = -2Re (q,) S (62)
and from Eqs. 9 and 58, one obtains

SBW _ O2Re.(q,)/2Re (q,) - SRe (q,)

T dT/T T

(63)

T q e . .aq
0 1 1

S Re (S S, Re (S :

_ T ( ‘1‘0) + T ( e ) (64)
Re (q,) . Re (ql)

Tt is apparemt—fromEqs .60 and- 63°tha‘t“if—dql = 0, response
invariance is achieved. '

The condition dq, = 0 1s satisfied if and only if

1
9 T 9 C
STo Spo = - S Sy (65)

This expression may be written in terms of magnitude and

phase as
cx1 e
“ S {(66a)
PN q. e ,
Arg (s 1s ) = -Arg (s lg ) (660b)
To T e T
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Three of the four terms 15 Eq. 65 have been considered
1n some detail. The fourth, Sgé, has been mentioned only
briefly (Eq. 16). It 1s considered in detail in Appendix A,
and specific examples are considered shortly. One important
conclusion can be reached immediately without any further
detailed analysis. Recall that the basic concept behind
root-locus techniques is to illustrate the trajectory of a
closed-loop pole as T (or f(o)) 1s changed. If the incre- -
mental change, dqi, of any closed-loop pole q is considered.
in terms of its magnitude and phase, the phase must be such
that the pole moves along a tangent to the locus at the
point q,. Further recall that the phase of szi is deter-:
mined by the angle of a vector from q1 through the origin

of the complex frequency plane. From examples considered

' 1n the previous section, it 1s apparent that generally

T
STO:>O. Further, it is generally true that §T=>O. The

phase condition, Eq. 66(b), then reduces to

Arg S:; = - Arg Szi (67)
This condition can only be satisfied when the tangent to
the root locus at the point q1 passes directly through the
origin.

The'consequehces of the above conclusion with regard to
the two?pole example of Section‘I.A are immediately apparent.

The phase condition can never be satisfied for a complex
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palr of closed-loop poles in the‘epen left-half Plane,
' Partial compensation in terms ef constant center frequency
can be achieved, however, as the following example will
show, |
Consider the negative feedback amplifier of Fig. 8, It
consists of a single inverting common.emitter stage and two
emlitter followers, This configuration was designed to pro-
vide good 1solation between active devices and those passive
RC elements used to determine the dominant oven-loop singu-
1arit1es. In a small-signal representation, the high output
impedance of the common'emitter stage and the high input
impedance of the first emitter follower effectively isolate
Rl and Cl from the rest of the circuit. One'open-loop pole
is thus given by '

Py = -1/R G, (68)

Similarly, the low output 1mpedance of the first emitter
follower and the high input impedance of the second emitter
follower effectively isolate R, and C, from the rest of the’
cireuit, The second open-loop poie is thus given by

Pp = -1/R,0, '(69)

To first-erder, the requirement that all deminant open-loop
poles and zeros be determined by passive RC broducts has

been satisfied., The characteristic polynomial of the closed-
loop transfer funct;on can be written difectly by inspection
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+VCC

Rl ‘Q3 ‘
02-—-‘
Rgy Rg3
ANN
4 Rp

R1=5k.n f%l=10ﬁ VCC=12.5V
m_M____Qing_lQQ_pF. —_— REQ_;_3_k41 ___IUI_=_2.ommA
R2= Sk.ﬂ.‘ ' . RE3=3 kn 102:',0.5 mA
02 =_190 pF RF =5 kRN Ic3 = 9.?5 mA

Fig. 8. A partially compensated two pole negative feedback
frequency selective amplifier.
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U B 1 1 T + 1 B
82 & + s 4 —m— = 0 (70)
] Rlcl R202 R1R20102
where
To = -a(0)£(0) (71)
Assume
P=DPy = DPp = -1/RC . (72)

Then Eq. 70 may be wfitien
g2 _ 2ps + p2(1 +T5) =0 (73)

From Eq. 73, the poles of the closed-loop transfer function
- and the dominant_gatufal-frequgnc;gs of the circuit of Flg.

8 are given by

q1’2 = P 3 JPVTO K (74)

# A question might arise as to whether a possible Miller
effect augmentation of the effects of cu could lead to
severe distortion of the expected root loeci., Curiously

" enough, for both first-order (¢, and c. now included) and

__second-order representations, the following was_observed

upon using computer analysis, When C; and C, were present,
there appeared to be no Miller effect augmentation. When
C, and Cp were removed, an _open-loop pole due to c,. appeared
i1 the vicinity of -2.5x106 rad/sec. The explanation seems
to lie in the fact that Miller effect arguments are based on
characteristic time constant descriptions which cannot
adequately describe any but the most dominant natural

_ frequency. '
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The center frequency, @y, and the bandwidth,'BH, are given by |

OO = =pYy To ‘ | (75)

W= -2p o (76)

To this point, a(0) and £(0) have not been identified.
Assume that the voltage ap the emltter of Q,3 1s taken as
the output and that the input signal 1s.applied at the base
of Q;. The natural feedback description is 1n.terms of a
shunt-sﬁunt combinaﬁion,‘and a(0) is recognized as a trans-
impedance while £(0) is the transadmittance -1/Rp. Recall
that for shunt-shunt feedback, transimpedance is made in-
sensiﬁiye. If in the'circuit of Fig..8vboth Rp and RE3'
the effective load reéistance, are éonsidered to be dif-
fused resistors; it can be assumed that they will exhibit

_Bimilar'tempergﬁure dependence,'and thusAcurrent gain can
also be consldered stabilized witﬁ respect to temperature
--a8 -desired, To'is a'current gain and is easily evaluated
by inspection'byAconsidering the voltage gain from the col-
‘lector of Q; -around the loop and then making the conversion
tp current gain, If thé first-order, low-frequency, small-
- _signal-hybrid-pl model of Fig. 4(b) is substituted and it
is assuméd thét the load seen by each emitfer follower is
3 kR, application of the galin expressions developed in |
Section I.C ylelds

- Zm’._



Rl . o
— =~ 64 | -~ (717)

Ty = -a_(0)
. 0 v
Ry,

where RI'.. is an equivalent low frequency driving point
resistance seen from the collector of Q;. Thus center

frequency, bandwidth, and selectivity are given by

Wo = 16x100 rad/sec
BY =~ 4x106 rad/sec

QR = &

Consider riow the expression for the 1ncreménta1 dis-

placement of the closed-loop pole 9y.. From Eq. 58

o éql Ty R) aT (78)
- dq, = 57 ~-q, 8 | — 7
C 1 To o 1 p) ¢
o] .
where it is assumed ST = 0. From Eq. T4
ql :
S = 3pV¥yrT : (79)
P, 0 |
~ Thus Eq. 78 may be written =
' ' R ar '
dq, = ’*Jp‘V S "o -9 8 }|— (80)

From Eqs., 61 and 64 and from Eq. T4
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S° = -3289 _ s (81)
T T T :

BY R

S = -8 (82)
T T ~

Again, from examples considered previously and from Egs.

81 and 82, one obtains

“Wo
S 1 0.655 - 006 = 00055
P o
and

BYW

S = "0.6

T ,
At 300°K, these values correspond ﬁo temperature coeffi-
clents of

Wy :
7 ° = 175 ppn/°c

T ‘ '
e BW . :
’! & =2000 ppm/°C
T ‘ .
These predicted results may be compared to those obtained
by computer analysis of the circuit of Fig. 8 and presented
-—4n—$ab1e«3r_aElementmwalues—weremvariéduaccording~to the

’ results of Table 2 to reflect variations over a 5°C
. temperature change. The results of the second column are

based on the transistor representation of Fig. 4(b) and

glve good agreeement. The results of the third column are
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Table 3.”

~ww$emperaturemDependence‘ofwamPartially Compensated ,
Two Pole, Negative Feedback, Frequency Selective Amplifier

(Frequency in rad/sec x 106,

Sensitivity in ppm/°C.)

Design First-Order Second-Order
py -2.00 -1.84 ~1.32
Po - -2.00 -2,23 -2.04
To 64.0 62,3 52.3
7?0 +4350 +4390 +4820

a2 -2,001316,00 -2,04¥116.01 -0.716*311,.84
W, 16.00 16,01 11.84
P +175 | +50 -865
BW 4,00 4,08 1.43
| o -2000 -2140 -8000
Q 4,00 3,92 8.26

7 5 41825 | +2090 #7135 B
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based on the transistor representation of Fig. 4(a). Here

_.there is a_significantmdeviation_from,predicted results. in

terms of both closed-loop pole location and sensitivity.
This is primarily due to excess phase resgltins from the
additional open-loop poleé and zeros present when charse
storage is considered. The nearest open-loop pole is on the
negétife real éxis,at -74.9 x 106 rad/sec. This pole results
1érgely ffom Cor (= 20.2 pF) associated with Q;. This 1s
demonstrated by the fact that when ¢, 18 remo§ed from the
circuit,'the nearest open-loop pole is found to be at

-331.9 x 10° fad/sec.' in.Fig. 9 two root loci of the
closed-loop poles 3,2 are shown. The Tirst (@ashed curve)
corresponds té the siﬁple two pole approximation assoclated

with the first-order znalysis of the second column of Table

3. The second nglid_purv@l_corresponds to the addition of

the nearest non;dominant pole indicated above to

the two open-léop poles given in the third column of Table 3.
It can be seen that this second 1oéus reflects.the closed-
loop response found in Téble 3. The additional 6pen—100p
pole then adequately models the effects of excess phase.

It 1s apparent from the previous discussions and this

example that_sufficient degrees of design freedom (suffi-
cient control of the shape of the root locus) to allow the
simultaneous realization of a desired response and 1£s
1nvariance with respect to temperaturé are not available

with a system vwhose open-loop transfer function can be
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216 -14 -12 10 -8 -6

Fig. 9. Root locus for a first-order a%alysis of a two
pole negative feedback selective amplifier (dashed curve)
and the effects of excess phase (solid curve). :
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approximated by two dominant poles, In the next section,
systems with additional degrees of freedom are examined.
These additional degrees of freedom appear as additional

open-loop poles and zeros.
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iI. COMPENSATION WITH ADDITIONAL DEGREES OF FREEDOM

It has been pointed out that‘a frequency selective
feedback amblifier whose open-loop transfer function can
be approximated by two dominant poles does not have suffi-
clent degrees of freedom to satisfy the phase condition,

Eq. 67, for zero sensitivity of the cloéed~loop poles

"ql o This limitation can be examined in a more quantita-
2

tive manner. Recall that the poles of A(s) are given by
the zeros of 1+ T(s), where T(s) is given by either Eqg. 11
or Eq. 12. From Eq. 12, 1t follows that the necessary
phase condition for q; to be a closéd-loop pole of A(s) is
given by ] |

"""’“"‘E:Arg' (ay -'2,.0- '"ZArs.(ql"- P) - = T (83)
K e |

If the following notation is adopted,
2, = Arg-v (a, - r,) ' (84)
J 1 J

Eq. 83 may be written in the form

TTTAYR - - ®
K e

The phase.condition for zero sensitivity of the closed-loop
pole q; can be obtained from Eq. 67
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q | Q
Arg.ST1= = Arg S 1
0

e

= =-Arg (-q;)=7/2 +6
- where § 1s defined in Fig. 10 and is given by

-iRe (q,)
n —————
-~ Im (ql)

§ =- Ta

' q
From Eq. 16, ST1 can be written
o

4 _ T (qy - pg)

T ) N
o 4172" (CH qJ)

From Eqs. 87 and 89 and from Eq. 85, repeated here, the
“two Independent phase conditions which must be satisfied

at-q1 are

Th -V b = o)

Z{o‘e- ZQJ = T2 + 6

(86)

(87)

(88).

(89)

(9c)

Consider again the two pole example previously discussed.

From Eq. 85, one obtains



Fig. 10.

9
N\
Po Si 8
=
Py Py o]
A
. .f} a,
a, 8

Phase anglés assoclated with the root locus.
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and from Eq. 90, one obtains

B+ B, - me = mp + &

A unique solution for & exists
§ = 2T =0

This result indicates that the root locus must 1nc1ude the
entire imaginary axis, which is the conclusion reached
before from physical reasoning. |

Consider now the open-loop pole-zero configuration and
root locus plot of Fig. 11 where a singlé‘zero has been
added to the system previously considered. From Eqs. 85 and

90, one obtains

91 - 81__'-‘ 62 = qr. . (91)
and
._._.81.-+ “32 -2 = W + 6 (92)

It is apparent that the additional degfee of freedom
resulting from the added zero allows the simultaneous
solution of these two equations for an arbitrary choice
of §. By way of example, assume f°= 79.5 kHz. and Q = 50;
then the required values of ql 5> @nd & are given by

9 2= (-0.005 + 3 0. 5)x10 rad/sec

= 0.573°
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Fig. 11. Root locus of a two pole-one zero. configuration

- 55 =

Qv



(%]

From Egs. 91 and 92, z, 1s given by

and from Fig,., 11, z, is given by

|9,

6
= - —— = 50,005 x 10 rad/sec
17 e (ql)]

For converilence, assume py = p2;="pf Then from Fig. 11,
p is given by

|9 |

Tan &

= -0.0025 x 106 rad/sec

P =2 +

However, recall, ffom_Fig. h(a); that for the transistors
chosen as typical, £, = 600 MHz. Consider the typical
common emitter-stage examined in Section I.C. When charge
storage elements are included, analysis by computer indicates
non-dominant poles due to these charge storage elements of
the order of -2 x 106 rad/sec. This value 1s greater than
the required value of Zl’ and the excess phase resulting

from these effects wou;d surely distort the desired locus.

- Consequently, this configuration must be rejected.

It might appear possible to modify the above results
by the addition of a second open-loop zero as shown in
Fig. 12; however, it can beishown that such a placement of

zeros does not alter the circular nature of the locus
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Fig. 12. Root locus of a two-pole, two-zero configuration.
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previously considered. If it 1s.a$sumed ihat tﬁe'same values
1‘or-.ql.,2 are requlred and that again p, = pé = p, the same
value of p would be required as before. The largest passive
base-diffused resistor which can readily be fabricated,
keeping 1n mind reasonable amounts of chip area, power
dissapation, and tolerance, is of the order of 10 k. To
realize the above value of p, one would.requife a correspond-
ing value of capacitance of the order of 40,000 pf. This -
is much larger than what one would normally like to use with
integrated circuits. Further, conjugate complex zeros can
be difficult to realize without introducing additional
constraints on pole-zero locations. .

'As a third possibility, consider the type of pole-zero
configuration depicted in Fig. 13. Based on intuition, it
m;ght appear to.be possible to choose open-loop pole-zero'
locations such.that the two phase conditions could be
satisfied. However, at least one of the two open-loop poles
P, and p, must still be greater than Re (ql,a), again im-
plying the need for excessively large capacitors. It is also
possible that p3 will be of the same order of magnitude as

the non-dominant excess phasé effects due to charge storage

" 4n active devices.

As a final example, consider the pole-zero éonfiguration
of Fig. 14. This system is examined in detail in the next
section, and consequently, no detailed Justification for the

shape of the locus is given now. It is apparent, however,
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v Fig. 13. Root locus of a three pole-one zero configuration.
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Fig. 14. Root locus of a three pole-two zero system.
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: fhaf a pole-zero configuration such as this‘would allow
the realization of reasonable high valués of Q (narrow
bandwidths) for a given center frequency, Wy, while not
placing excessive demands on the RC products required to.

realize pi, Ppos and p3.
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" I11I. THE TEMPERATURE COMPENSATED SELECTIVE AMPLIFIER

In this section the'singie-loop.feedback approach pro-
posed by Gaash 1is considgred° Attention is given to the in-
fluence on response and response sensitivity of second-order
effects associated with monolithic diffused circuilt realizé—
tions. Extensions are considered in order.to encompass more
realistic'liﬁitations on éomponenta,and their temperature
coefficients; .

In-the last section it was'implied that an open-ioop
pole-zero configuration whose root locus is similar to that
shown in Fig. 14 might be used to achieve desired center fre-
quency,vhigh selectivity, and response 1ﬁvar1ance. A zero-
order reélization of this gysiemlis’shown.ih'Fig. 15. R£ and
R; repregent equivalent loads and are.d;scussed shortly. The
bridged-f network realiies the required complex conjugate
zeros but introduces an hdditionél constraint on the system,

The transfer‘impedance'of the bridged-T network 1s,s1ven by

82 4 (Po1 (1+R1/Ro)+py0)s + Po1Po2(1+Ry /Ryp)

Za (8) = R
2
' BT 82 4 (pgy (14R)/Ry)+pg0)e + Do1Doz (93)
where
Poy = 1/R;Cq - ' (94a)
oo = 1/RyC, (94b)
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Fig. 15. Zero-order realization of a three pole~-two zero
system of the type shown in Fig. 14. -

- 63 -



L]

If the poles of 221(8) are denoted 123 and Doy the following

constraint 1s placed on the zeros of 221(8)

Py + Pp
2

Re (z

1’2) = (95)

There are no such constraints on Im (21'2), which may be
varied independently by varying RBT' The third open-loop
pole 1s determined by

Py = -1/RsC; o (98)

Four conditions musﬁ be sétisfied for the simultaneous
realization of specified response and response invariance.
The first two conditions_follow f#oh Eq.'lo and are involved
in the realization of the preécribed poles.

,r(s) -1 (97a)
8=d3, 2
Arg T(s) = . (97v)
s=q1’2
The second two conditions follow from Eds. 66a and 67
—e q T q ) e' .
.] Tl - ’s lg (98a)
O T e T ,
- q q
Arg sT1 = - Arg se1 (98b)

o)
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In general terms, the 'procedure. followed will be fo £ind |
open-loop pole and zero locations which satisfy'fhe phase
condltions, Eqs. 97b and 98b, subject to the added constraint”
on the.real part of the complex zeros imposed by Eq. 95.
Next, the réquired-values of Ty and S:O will be chosen such
that the magnitude conditions, Eqs. 97a and 98a, are
satisfied. |

For the configuration being conéidered, S;: can be writ-.
ten from Eq. 89 as

sgl ) (@ - pyMa; - py)q, - p3) ”(99)'

o - (9 - a;)(q; - a))
'This equation can be written in terms of magnitude and phase
as follows
q a, - p,|]a, - o, |la, - p
sTl - ‘ 1 l” 1 2” 1 3| (10%)
0 C ':12||q1 - q3|
argslo B o4p 4P e -9
SO T R T T
A A A ' A
= + + - /2 - 100b
e F Ryt D, 4 P - T/ UG ..—(100p)

The four conditions considered previously, Eqs. 97 and 98,

can now be written
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TO _ ll - ql/P]T“]- - ql/'Pé"]- - ql/P:z,, : (101a)
[1 - ql/zlnl - ql/z2|

or

? =.lq1 "pllﬁl - Pz"ql - P}' (101b)
T - affa - =l

ai'; -5 -5 ;'53 =

and
50 _ "lqlllql - 9pfe; - o &t ' (1022)
T. : lql - plnql - p2"q1 - pz, T
BoeByi -8 cmes 0 om)

where Eq, 31 haé been used in deriving EqQ. 102 and where it
has been assumed that'sg = 0.

. ?Qgregﬁygrgix degrees of design freedom associated with
the realizatiﬁn of desired response and response invariance
-=Dy, p2t«95'v19~(zi;2)’ Tys and S:o. Two of these are
required by Eq. 101 to satisfy the magnitude and phase con-

.._.8itions su cthatAI_-iAs_a._c_lqs_e_d:.l.g_op_ pole. _Two _more degrees

of freedom are required by Eq. 102 to insure that the tangent
to the locus at the point q, passes through the origin and
that magnitudes are such that the desired cancellation

of sensitivity vectors does occur. Two degrees of freedom
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remain. TUnfortunétely, thelobviéus procedure of specifying
To‘ana"sTo and then evaluating the remaining quantities p,,
Pys Py and Im (z1 2) requires the simultaneous §olution of
Egs. 10la, 10lc, 102a, and 102b. The mathematlics then becomes
unduly complicated. An alternate procedure is to specify

Py and p2 and then sglve for the’requiréd values of Py

Im (zl 2), o’ and S0 and to then choose element values such

that the original sii quantities take on the specified values.
This approach was followed by Gaash and 1s prompted by the
fact that an iterative solution which convefges rapidly 1is
possible and is described below. ' a

' Prior to discussing this iterative design procedure, it
will be necessary to establish two preliminary results.
Consider two possible_expansioné for the numerator polynomial
of D(s). '

3 . 2 | S
- (ql+q2+q3)s + (q192+q2q3+q3ql)s 9,9,9; = 9. (103)

3
- -K -
s (r>1+1>2+1>3 ) + (p o+ PP p3p K(z +z,))s

- p1p2p3+Kz p =0 (104)

““Céffeéﬁéﬁding”ESETfiEiéﬁﬁé”6f"iiké pngrs'musﬁmbé'eQual; thus

one can write

T

+q2+q3=P1+92+p3"K (105)
”Next,it is necessary to consider the conditions 1mposed
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on Im (zi 2) by the two phase conditions, Eqs. 10lc and
9 .

102b, Combining these two equations, one obtains

b+, =6+8,= 2 O (08)

where for the present_, Q3 1s assumed to be known and A is
a constant. Based on the assumed. shape of the root locus

of Fig. 14, assume that the following three conditions hold

In (2;) = In (a3) = 0  (107)
Re (z) < Re (q;) =0 o (108)

By defining the following variables

- wl.z Im (zl) - Im (ql) . (110a)
Yo = In (z1) + Inm () ~ (110)
X =Re (q;) - Re (z,) ~ (110c)

‘one can write 2z, and 25 in the following manner

2= -=tan™ €y1/%) “—(111a)
A
2

2= tan~l (72/%) (111b)

Thms from Eq. 106, A can be written
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,-;\< = tan’l (yQ/x) - tan~! (yl/x)' (112)

Now define.N = tanA. Then the following identity holds

= To/% - T/ - tan A (113)
1 + (yo/%)(y1/%)
or
x2N + JoryN = x(y, - y,) | (114)

Substituting from Eq, 110 and rearrangiﬁg'terms, one obtainé

" 2Im(qq) "
1n2(2,) = (Re(ql)-Re(zl)) = 21| +1m®(qy)
) tan?\(Re(ql)-Re(zl))

e - (115)

It 1s now possible to formulate a design procedure for
determining the required. open-loop singularities, loop gain,
and _galn sensitivity,&mThis.desigﬁﬂpngcedureuis_presented in

Table 4, It may be carried out graphicaily using constant

120 as -was proposed by Gaash7 or more easlily and

...phase loc
accurately on a digital computer. Note that usually a know-
. ledge of gl,awand of the_general shape 'of .the_locus are '
sufficient to suggest reasonable values for Py and Pos how-
ever, this will be discussed in more detail shortly.
First, by way of example, consider the design and real;;

zation originally proposed by Gaash.7’8 The desired centep
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Table 4

Iterative Design Procedure

1) Assume q, and q, = q are Specified.

~2) Choose P, and p,.

3) From Eq.,95, determine Re (21’2).

4) Find 63 and Sé-

5) From Eq. 102b, find 65 - aé;
6) Choose a trial P3-

7) Evaluate 63’ aé, and q

3
8) Determine Im (z1 2) from Eq. 115.
- 4

9) Determine K from Eq. 101b. |
10) From Eq. 105, find the required value of (p3 - q3) and
compare this with the actual value.
a) If the required value is greater than the actual
 value, shift Py to the left (increase |p3|)
b) If the required value is less than the actual value,
shift p; to the right.(decrease |p3|) |
c) Ir the values are equal, this stage of the design 1is
complete.

11) Determine the required value of T, from Eq. 10la.
12) Determine the required value of Sgo from Eq: 102a.
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frequency was assumed to be 79.5 kHz. with a selectivity of
Q = 50.- The .design values broposed_by Gaasﬁ are presented
below in the first column of Table 5. In the second column

are the design values as determined by the deéigﬁ procedure

‘of Table 4 when 1mp1emented on a computer. A comparison

indicates reasonable agreement between the two methods. It
is important to note that in arriving at these design values,
Gaash assumed sz{ = 0,36 (3’? = 1200 ppm/°C at 300°K) with

Sg :.0.7 Based on the requirements of Table 5, the realiza--
tion of Fig. 16 was proposed by Gaash, It is apparent that
the basic amplifier is the same shunt-shunt feedback config-
uration considered in Section I.D with the addition of the .

bridged-T network. As before, the collector bias. currents

 indicated closely approximate measured values. In the fol-

lowing discussion,.-a- familiarty with this circuité basic
characteristics is assumed.

The results of a computer analysis of the zero-order

-reallization.of .Fig. 15 with the appropriate design values

for Rl’ Cl, RQ’ 02, RBT’ R3, and 03 taken from the gircuit
of Fig. 16 are presented in the first column of Table 6.

Note that the dependent, voltage-c¢ontrolled current source

—-in Fig..15hcannot~beuideht1fied with the transconductance

or related to the collector current of a specific transistor
in Fig. 16. It is strictly an idealization, and g, was
chosen such that T, = gm(R1 + RBT) = 70 in agreement with

Gaash's required design value. Fur#her, in considering
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Table 5
Temperatufe Compensated Single-Loop Feedback Selective

Amplifier Design Requirements Proposed by Gaash. o
(Frequency in rad/sec x 106.. Sensitivity in ppm/ c.)

Graphical Analytical
a,2 ~0,005002 30,500 | -0.00500% 30,500
o, 0.500 0.500
BW 0.0100 10.0100
Q 50.0 | 50.0
Doy 0.100 | 0.100
Doo 0.100 “-{0.100
Py . ~0,0500 -0.0500
P -0.200 -0.200
-{p | -0.420 ~0.441
21,0 |-0.125:)0.725 | -0.125%10.725
-7 7 -1200 | -1200
T 70.0 69.8
YR [ea3s0 =] +4500

<4
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NN
g Cy=——
Reo 37T Res
Rp
_ NNV
Rl': 5 k.n. R3= 3 kn RF= 5 kn
Rp=20ksa Ry =1loe I =20m
C2 = 1000 p? RE2== 3ksa ICQ:= 0.5 mA

- ‘(‘

Fig. 16. Single-loop feedback selective amplifier realiza-
tion proposed by A. A. Gaash.
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Table 6

-.--Response and Response Sensitivity of the Original
Gaash Single Loop Feedback Frequency Selective Amplifier,

(Frequency in rad/sec x 106,

Sensitivity in ppm/°C.)

Open

Loop Zero-Order " First-Order - Second-Order
31 -0.0500 -0,0519 ~0.0565
7;’1 -1192 ~1420 ~1740
Do -0.200 -0.200 -0.206
7 ,_11,’.2 ~-1193 -1200 -1450
Py -0. bk -0, 44T -0,448
7 ¥3 -1194 ~1380 -1380
Zy.p -0,125%30,722 | -0.125£30.722 |-0,125¢30.722
Yotz | 1103 -1193 ~1193
Ytz | 1105 1193 -1193
To 70.0 62.0 51.8
7 +4350- +4350 +4810
c%gigd Zero-Order First-Order Second-Order
191,2 -0.00636% 30,500 | -0.00734% 30,489 | -0.00820% 30,481
ax -1.26 -1.22 -1.21
2y 5 -0.,125%£30.722 | -0.127£30.719 | -0.127£30.719
a);, 0,500 0.489 0.481
. _‘;0 | -63.5 -126 121
BW 0.0127 0.0147 0.0164
o +515 ~3900 ~7800
Q 39.2 33.3 29.3
7,% | -568 +3770 +T680
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response as a?fﬁnctién Qf temperature, g, vas varied so as
to simulate a seqsitivitywqgwgd of 4350 ppm/° C also in .
agreement with Gaash's féquired design value. The results
of a firsp—order analysié of the circuit of Fié. 16, where
the reducéd hybrid-pi model of Fig. 4(b) Qas used, are given
in the second column of Table 6. Finally, in the third
column are the results of a second-order analysié where the
more complete hybrid-pli model of Fig. 4(a) was considered.
It can be seeh that even for ﬁhe zero-ordef_realization, thél
responée 1s not quite that desired as Q is only 39.2.
Examining the open‘ioop'response, it 1s seen-that Im(z1’2)
and p3 do not agree with the required values proposed by
Gaash. Also, the sensitivities of the open-loop poles and
zeros reflect the fact that differential quantities have
_Equuggprqgipgtgd bx_larger increments (i.e..dI =_[§T,= 5°C),
Both the respon;é_and 1£s sensiﬁivity becqme progressively
worse as the first and sécond—order models are considered.

. Slight ad justments °f,RBT andlg to 94.152'and 755.7'pF.,
respectively; are sufficient to bring about the desired
closed-loop response for the zero-order réalization as
indicated by the results of Table 7. Here, also, for the

_zero-order realization, g, and its temperature sensitivity
were chosen so as to reflecf the design requirements bf the
second column of Table 5 rather than those prbposed by

Gaash as given in the first column. Note that for the zero-

order realization, all open-loop requirements are satisfied
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to three place'acburacy with the exception of the tgmpera-

ture.sensitivities of the open-loop poles -and zeros, yet
the sensitivity of bandwidth is }elatively large. This
point will be brought.out further shortly.. Considering
the reéults of the first and second-order analyses, it 1s
also seen that what little improvement in performance is
achleved in terms of bandwidth and center frequency 1s

more -than offset by the corresponding increase in sensiéf

Ctivity. . -

If the open-loop results of Table T for the first-order
analysis are examined, 1t is apparent that.several parame-
ters do not agree well with their correspondins zero-order
values or the required values as specified in Table 5,
Consider the shift 1np1 and pé from the zero-order to the
ﬁirstéorderurealizatién.' This is the result of a finite
load intfoduceq across the output of the bridged-T network
Let R£ denote the equivglent load seén by the network as

Andicated in Fig. 15. It represents the driving point

resistance presented by the first emitter-follower. The
expression for the transimpedance'zzl(s) of the bridged-T

network becomes

¢ 2 Ry : R, . (116)
RBTRL 8" 4+ pol ( l+§5) +p°2 8 + p°1p02 ( 1+R""_BT )
Z,(8) = .
T e e e ) etz
R +R; 84 P 1+—- +D 1+ S+p .p (l+
BT™'L ol 02 ol%o02
R2 | RBT-!- L BT-D'RL

- T6 -



(3]

‘”Responsé'and Response*Senéitivity of thée Corrected Zero-Order-
Design Selective Amplifier where Rpp = 94.12 and C
(Frequency in rad/sec x 109,

Table 7

Sensitivity in ppm/°

= 755.7pf.
8,) 55.7pf.

- 77 -

ggsg Zero-Order First-Order Second-Order
153 -0.0500 -0,0519 -0.0565
£ -1191 ~1420 1740
Po -0.200 ~0.200 ~0.206
752 1193 -1200 ~1450
ps -0.441 -0, 444 -0.444
e ~1193 ~1380 -1380
21,2 -0.,125%30,725 | -0.125%30.725 -0.,125+ 30,725
yRelz) | y1g3 -1193 -1193
4 %m(zl) ~1193 -1193 -1193
To 69.8 62,0 | 5%.8
) ?O +4500 #4350 +4810
r_ﬁigzzd Zero-Order. First-Order -Second-Order
191,2 - --|"=0s00503% 304,500 | -0,00607% J0.490 | "=0,00698% 30,481
a3 -1.25 -1.21 -1,20
24 o -0,125%+30,725 | -0,128%30,727 -0.,128%30.727
w;, 0.500 0.490 0.481
47 s aa B
BY 0.0101 0,0121 0.0140
> _+418 ~4900 -9900
Q 49,7 40,4 34,5
75 -435 +4780 +9780




where pol_gnd poz'are defined as before. It is seen tha?»

—the loading does not affect the zeros of zp(s). The load- -
ing does, however; introduce RBT into the denominator of the
expression for z21(s).‘ It might appear that this would pre-
clude one from adjusting Im(zl’2) independently of Py and
Poe Fortunately, in the case~being considered, RBT is

negligible with respect to RL

whicn is of the order of 300 k&
RBT cap thus be negleéted. _ | ‘
In the original work of Gaash, losses through the emit-
ter followers were assumed negligible. Note that the com-
mon emitter stage (tfanéiétor Ql) of the realization of Fig.
16 is nearly the same as that considered in Section I.D |
which has a current gaiﬁ of approximately-69. If this value
is compared with fhat of the loop géin'from Table 7, it be-
-comes_apparent that the. above mentibned losces are not neg-
ligible. If Eqs., 46 and 47 are considered, it 1s seen that
this problem can be corrected while preserving the proper
!mgain sensitivity by varying RF and REl' The required values
and the results of a Tirst and sécond-ordef analysis of
this galn corrected circuit are presented in Table 8.
Notice that Q 1s relatively unaffected by this correc-
-..—tlon.. This leads to the consideration of the tolerance
problem éssociated with RBT’ In Fig. 17 is a plot of
Re(q1’2), Im(ql,2) and Q(unléaded) as a function of Ry, cor-

fesponding to the zero-order realization of Fig. 15. Also

shown (dashed line) is the curve for Q(loaded)’ that is, for
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Table 8

Response and Response Senéitivity for Gain Corrected Design
where Rpqy = 642, = 4,6 kR, Rpp-= 94.1R, and C3 = 755.7 pf.
(Frequendy in rad/sec x 106, ensitivity in ppm/°C.) -

£t ]

'gggg First-Order Second-Order
P, -0,0519 ~0,0567
145 -1420 ~1740
Py -0.200 '-0.206
Y 72 -1200 ~1450
ps 0,444 0,445
184 1380 ~1380
Z2y o -0.125% 30,725 -0.125%30.725
yRelzgh | gy ~1193
Y Imlza) | 4193 1193
T, 69.56 57.81
Y 30 +4450 +4690
c%gggd First-Order .. Second-~Order
4 2 ~0.006144 10,505 | -0.00669% 30,496
a -1,27 -1.27
21 5 -0,1284J0.727 | -0.128%30.727
W, 0.505 0.496
‘;° -132 -124
BW 0.0123 0.0134
o -1700 ~7650
Q 4.1 37.1
- +1560 +7525
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Fig. 17, Effect on Q of RBT and loading.
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Q where a 300 ks load has been placed across the output of
-~-the bridged-T network.~,Clearly,.the-sharp dependence of §
on RBT as well as the dependence of Q on loading could lead
to difficulties, ) |
In an effort tb surmount these problems, 00nsidér the
- following optimization scheme. Rather than redesigning
the circuit and accounting fbr the loading problem discussed
above, use the values-of”pl.and p2 ffom Table 8 and the va17
ue of Re(zl’g) rather than Eq. 95 in the design procedure of
Table 4. Loéding effects are then taken into accéunt.
This will result in new.required values of P3) Im(zl,2),
TO, and STO. .The nevw required value of p3 can‘be realized

T .

by the proper cholce of C The new required values of To
T : A

3° :
0 :
and ST can be realized by the proper choice of Rp and REl’

Finally, the new required value of Im(z )} can be realized

1,2

by the proper choice of R Note that each of these three

BT®
adjustments can be made relatively 1ndepeﬁdently of the
-.other two as interaction is negligible. Such a procedure
results in the revised design requirements and element
changes given in Table 9. The resulting performance is
characterized in Table 10. It is seen that at least to
. —first-order the re3ponsé is that desired. |
The problem of the large sensitivity of bandwidth
(Re(q1,2)) has not been resolved. The only noticeable
remaining deviations from specified'design values are in

the sensitivities of the‘open~loop pbles Py and p Recall

3.

- 81 -



Table 9
= Modified Design Requirements and New Element Values Required

to Compensate for the Effegts Due to Finite Active Loads.
(Frequency in rad sec x 10 Sensitivity in ppm/ c.)

Modified Design Requirements
p; = -0.0519 Q= -0.00500% 30,500
P, = -0.200 _ Wy = 0.500
Py = 0,437 Bd = 0.0100
21,0 = -0,125%30.725 = 50.0
T, = 67.72 o 7’@0 = +4511
New Element Values
) _ REl - 6 3__{2-—”‘ __“_'__ . i RBT - 94an
Rp = 4,75 kR Oz = 768.0 pf.
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however that the fundamental assumption upon which all of
" ~the foregoing desivn'procedure is based 1s that all dominant
-.Openploop poles and zeros have the same sensitivity with
respect to temperature.

The departure of S:l and S:B from the desireé‘uniform
sensitivity of 0.36 (1200 ppm/°C at 300°K) can be attribu-
ted to the 1ncreésed temperature sensitivityhdue to B, of
the active load presented to the bridged-T network and to
the R.3-C3 combination by the two emitter followers. The
effect of these deviations can be demonstrated as follows.

From Eq., 15, one obtains

Q4,47 q q; dp, q q, dz
dq; = Tl IZ‘ — —e . sTlZ ——= ()
—_ - =0 T Q1-Pg P | O.k q;—zk Z

. T T
—From Eq. 35,_dTO/TO can be related to 4T/T by STO. Assume
fhat based on some design, a required value of Sgo, here
--——denoted §$0, is known. Let ZXSgo'denote the error between

~—the-actual value -and -the required value

T T T
0 0_420
= - 118
AS‘I’ Sp - 5, (118)
-------- -S&mi&ar1y —from-Eq, 9,-one-can write

a P dT
, Pe = 8§ °____ (1192)

: - . p o T T

: e

- 84 -



=Y

9| afo A aTo
dq, =_sTo[(sT +AsT ) + Z

dz aT
X = sTk | (119p)
z, T "
Again assume that required values, denoted g Pe and STk, of -
Sie and STk are known such that
p 2 ' R c
8¢ = 8% = (s +5) (120)

T T T T

Let z&sTe and /s K denote the errors between the actual
T

values and the required values

D Py AP
As® = se.%e (121a)
T T T
z z AZ
As® = sE_GE (121b)

Then Eq. 117 may be written

(g" /s, Pe)

qy- Pe

. q Zk zy | aT
- -Z 1 (B %As J—- (122)
k ql—zk T T | T
Now assume that for the required values first-order com-

pensation 1s achieved

q q 1 _p 1 =z '
1’53 0, q]_so,l,1 -8° . Z 8- 0 (123)
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Then Eq. 122 reduces to

dq1-= [s:;As +qls (Z———- spez

Aszk):]ig (124)

e 41-P, k ql" 2x

Now from Fig. 10 and Eqs. 16 and 88, one can write

é qQ (m/2 + 8) Q s
Sp. = lsTlleJ . JlsTl o) (125)
0 0 0
and
Qy q, 1(ms25) Q) J26
qlSTo = lq:l-”STo e = -[qllls,l,o (126)

For a hisﬁ Q (Z30) circuit, § 1s small (<= 1°) and these

equations may be approximated by
q a4 | B
5= JISTII | (127)
¢ . o
qQy ay | .
— _..qiST~.z-~[ql” ST l (128)
0 : o]
"Eq. 124 may now be approximated by

e g e

Now from Eq, 60, the sensitivity of center frequency, Woo

is : given by
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© Im (q,)
s%z g A
T T

dIm (a1)/Im (qu)'
OT/T

~

™ (day)/In (a)

= 21/T

S

S S a.lis z
=~ l o _[4 Toln|y" s7e. As E

Im (ql)\ Im (ql) g9-Pe T -z T

s ST
zl - [A - Im(z As © Z AS )(130)
ol e 91Pe T . -7y

m (qy)

where for a high Q situation, the approximation
Im (ql) =~ [qll

has been used.
Similarly from Eq. 63, the sensitivity of bandwidth BW,

is given by

BW  Re (a;)
S =58 .
T T

_ OFe (a,)/Re (ql)
bT/T
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as

Re (bql)/Re (ql)
- b'T/T

~'_| 1” 1l Pe ) 1l Zy
" Re (q1 [,_,ql-peAST AZ_—AST J

Rk d17%
q . 1 p 1 z
=~ 2 Q,_I'S Y1 re Z As € - Z —As F (131)
To € P T R4z T

The important point to notice here is the appearance of the

factor 2Q in the expréséion for the sensitivity of bandwidth.
For the optimized first-order design considered above,

the deviations'in the senslitivities of the open-~loop parame-

ters are
A’spe'_,: As“1i2 o ASTO
. I | o
and
AS:I ~ -0.066

P
As 2 = -0.054

Q

For the assumed first-order compensation, IST can be
. 0

approximated by
ISTl [ql]( /s )~o 133
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where ST = 0. Using these values and the values for Py p‘3,

-and q;-from Teble 10, one obtains from Eqs. 130 and 131

@, | -0.066  -0.054
8 "= -(0.133) Im + —

-(0.0176 + 0.0082)

2

-0.0258

Q

-0.066 <0,054
S = 2‘(50)(0.133) Re +

]

.

-(0.165 + 0.708)

i

.. At 300°K,

Wo
71‘ =~ -86 ppm/ C

W
7‘1‘ = -2910 ppm/ C

_ These values_agree well with the actual sensitivities found
for center frequency and bandwidth as given in Table 10.
-.Notice. the relative_magnitudes._.of the contributions to the
: sensitivity of bandwidth from the poles Pq and Ps. This
results from the fact,A that Ip]_', and thus Re(mz), is small
with respect to [ql‘ =@, vwhile [p3| is of the same order of

magnitude. Thls observation will referred to when exten-
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sions of Gaash's are considered.

As“gwtinalipoint prior to,discussing the resnlﬁs of thev
second-order analyses, notice the slight shift in the loca-
tions of fhe zeros in going from open to closed-loop. It
can be shown tnat thiS'is:due to feed-forward through RF
as follows, Assume temporarily that the input node is the
collector ef Q; rather than the base, - The resulting circuit
is still recognized as a shunt-shunt configuration. For a '
first order, small-signal analysis, however, the'centrolled-
source of the redueed.hybrid-pi model 1s uniiateral, and
feed-forward is elimineted. Under such conditions, no shift
in zero locations is observed yet the clOsed-ioop poles are
found to‘be.identical-with those observed in generating
Tables 6 7, 8, and 10, Based on these results, the shift
in zero locations will be ignored.

If the results of the second-order analyses are examined.

three effects are quite noticeable. First, additional load-

. ing results in a larger deviation of p; from its'predicted~

value, Second, the sensitivities of the open-loop poles are
significantly larger. Finally,.loep gain is reduced further

r

by 1osses assoclated with r L,» T

%9 o? and r As a result,
_the closed-loop response_1is not that'desired while the
sensitivity of bandwidth is much worse.

Before attempting a sensitivity analysis such es that
carried out above for the first-order response, consider

the results obtained by following an optimization procedure
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29 [s 1

such as was done for the first;order.anaiysis, Values of

the open7loopmpoles p, and p

1 2
from the third column of Table 6 and used as the basis for

and of Re(z., .) were taken
1,2

a new design. The new design requirements, element values,'
and opén—lobp and closed-loop responses argigiven in Table
11, 1t éan be seen that while the closed-loop response 1is
improved, bandwidth sensitivitj 18 still extremely large.
Eqs. 130 and 131 must be modified slightly to include
contributions to sensitivity from non-dominant poles and
zeros -which are uncompensated. This resﬁlts in the addition

of terms of the form

ql ) :
Q [s ' 1 »p 1 z
-[iﬁ.iﬁl.:nn E: s T - E: .8 °
Im (q,) =q3-Pp T s 1-%2g- T

F Pp T

;'lqlﬂsxl[‘i—'ﬁ Z—‘S] ._ ‘132)4

apd

Ty s

| -
l qll[ e -—SZSJ ' (133)
-Pn T s ~2Zg T

1l o) 1l 2
Re }Z s T . 2: s ®
F93-Pp T Q-2 T

'ﬁhere Py and zs represent any real non-dominanat open-loop

poles and zeros and where it is assumed
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Table 11

‘_Revised-Design Requirements, Element Values, and Response
for a Second-Order Optimiz%tion of the Gaash Realizatlon,

(Frequency in rad/sec¢ x 10 Sensitivity in ppm/°C.)
 Revised Design Requirements

Py = =0.0565 91,2 = -0.00500%30.500

Py = +0.206 Wy = 0.500

1 = -0,418 _ BW = 0.0100

2,2 = -0.125£30.723 Q  =50.0

75 = 62.55 © = 44537
' New Element Values

Rpq = T5R | Rpmp = 96,50

Rp = 4.1 kQ C, = 804.0 pf.

Open-Loop Regponse

P1 = -0.0565 7R = -1730

Py = -0.206 TR = -1ms0

D, = -0.419 T  =-1380

Re'(zy) = -0.125 TEe(z1). 1193

In (z7) = -0.716 I(z). 1193

To = 61,1 go = +4390
Closed-Loop Response

W, = 0.497 o = =208

BW = 0.0955 7R = 7800

Q - 52,1 | 7Y - 600
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The oniy additional pole which need be considered for the
case at hand is ati;36.5 x 106 rad/sec andihas a temperature
sensitivity of -4660 ppm/°C, Itvis due largely to e¢pq |
(=20.2 pf.) as can be demonstrated by the fact that upon
removal of Cn from the cirduiﬁ, the nearest pole is at -91.3
x 106 rad/sec. All other non-dominént open-loop poles and
zeros ﬁre an additionalltwb orders of magnitude removed from
frequencies of interest (sslqll), and from the form of Eqs,
132 and 133, it is easily seen that their contributions will
be negligible. Then for

Py |
AS ' -0.162
T
o
- —\S 2 = -0.075
T
p
AS ° = -0.054
T
Pm

-._S . = -1.22 ‘
T

ohe obtains

v
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‘ —0.162 -0,075 -0,054\ ;0.5
“o ' ) b — (-1.22ﬂ

8 =—(0.133) | Im o+ +
T - :ql-pl ql-pQ : ql"'p3 "'36.05

=~ -(0.,0432 + 0.0171 + 0.0078 + 0,0022)

= -0,0703

BW 0.162 -0,075 -0.054| -1.22]
S = 2(50)(0.133) |Re + + +
I 9-P;  937Pp 9Py 3645

~ -(0.445 + 0,671 + 0,796 + 0,445)
~ -2.26
or at 306°K

& - '
.71‘0' =~ -236 ppm/°C

BV
7T = -7520 ppm/°C

“Again it is seen that ;these values agree reasdna.bly well
with the sensitivities of center frequency and bandwidth
observed in Table 11. _

;__.-_An—i.nterestins—-point«to--.ﬁotice 1s the comparatively low
sensitiv.{ty' of bandwidth observed in Table '10 to that seen
in Table 11, The failure of the preceeding analysis to |
reflect this result is ciue to the fact that to first-order,

compensation is not achieved for the second-order response
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of Table 10 and Eq. 123 does not hold. The reduced band-

"nwidth sensitivity seen in Teble io 18 not due to the realie

zation 'of required design values but to compensaﬁing errors
in the realization of required design values. This phenom-
enon was observed several times during the course of.pre-ﬂ

paring this report; however, all attempts to optimize in

this direction failed.

. By way of concluding this discpssion then, the sisnifi-..
cant feature of the above analysis 18 the dependence of
bandwidth sensitiviﬁy on the factor 2Q. This causes what
at first appear to Ee second-order perturbations from design
requirements to have major effects on the observed sensi-
tivities of bandwidth and selectlivity with respect to.

temperature,

Before going on to consider ways in which the effects <lp;;bd
discussed aﬁove.can be minimiz;d, recall the following. o
It was assuhed.by Gaash that S = 0,36 while a more reason- de _
able value miéht be 0.6, For ghis larger value, however,
the required loop gain sensitivity for the design proposed

To ~ 2.25 or gr 7500 ppm/°C at

in Table 5 becomes S
T
300°K, From the results of Section I.C, it is apparent that

_such a large_ value is 1ncompatib1e with the circuit realiza-

tion of Fig. 16. It then seems desirable to consider circuit
modifications which both minimize loading effects and are

" compatible with a resistive temperature coefficient of 2000

ppm/°C,
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Consider the selection of Pq an& peg Momentarily ignor;
~ing the loading problem and using the previously outlined
design procedure of Table 4, one can plot the curves of
Fig. 18, -The open-loop poles.py, Po, and Py were normaiizedf
to the center frequency wg which was assumed to be 1.0, The
selectivity.was assumed_te be 50, Here lpel was assumed to
be the independent variable and lpll was . then constrained
such that the two innermost poles (the two poles nearest the
origin) were coincident. Thus, for [p2|5-0.4, P = pj,.and'
" for lp2|<=0.4, Py = Pye Empirically it was found that such
a constraint assured a near minimal value for the required
loop gain To for‘a particular choice ofllpgl. The required
value or gain sensitivity was.found-to be almost entirely
dependent on the vaiue of the outermost pole. These curves
give a fair 1ndicatieﬁ of the types ef design requirements
which are like;y to be encountered. _
In choosing values.for Py and Po, it will be helpful to
--keep in mind the following considerations. Frqm the diseus—
slion of the second-order analysis of the optimized Gaash
- —realization, it is apparent thet excess phase dﬁe to non-
dominant singularities can affeet the sensitivity_qf the
—closed-loop response, It thus seems ‘wise to use as.few
active devices as possible to minimize excess phase. This
1mp11es the use of a eingle inverting (common emitter) stage
1f one wishes to use negative feedback. The restriction to

a single inverting stage, however, places severe limits on
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Fig. 18.

0.4 0.8 1.2 1.6 2.0

Summary of typical design requirements.
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- the amount of 1oop galn and loop gain senslitivity which can
z reasonably be realized. o
If emitter followefs'are to be used in the manner em-
ployed'by-Gaash to achleve isolation, it would séem wise in
view of earlier observations to make lpll, ‘pzl, and lp3] as
small as possible with respect to [qll in anticipétion of
effects of active loading on sensitivity. Unfortunately,
—this demaﬁd is not compatible with the éonstraint.employed
in generating the curves of Fig. 18. Fufther, it does not
work out well in practice as the phase conditions upon which
the design procedure is based severely limit the degree to
to which the magnitudes of the three open-loop poles can
be minimized simultaneously. |
As a compromige, Qonsider a choice of [p2| near 1.446
and lpllssl p3|near Oflkl. This selection is prompted by
the observation that as p, 1is made increasingly large with
respect to Py 1§S sehgitivity mo?e closely approaches the
—ldeal value of -5 . Thus it would seem that contributions
from both pl‘and g2 can be minimized to soﬁe extent, From
Fig. 18, ﬂhis choice.of‘pl and po imply‘the need for -a loop
gain near 200 and a loop gain sensitivity near 1.65 (5500
-—ppm/eC--at -300°K) . An obvious solﬁtioh based on the results
M of Section I.C is the addition of a coﬁmon—base stage to the
Gaash realization, This can be done with an unbalanced 4if-

ferential péir connected in the forh of a paraphase eircuit,

though the inductive driving point 1mpedancejassdciated with
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the common-base stage may lead to problems. Biasing con-

‘siderations suggest the reallzation of Fig. 19.

‘Here it has been attempted to minimize the effects of
loading by choosing relativelyhlow values for resistances
used in‘realizins the domlinant open-loop boles.and zeros
where possible and large emitter resistors at each of the
emitter-followers. The bridged-T network ‘'has been moved
to take advantage of the larger dfiving point Iimpedance
obtained at the base of the secoﬁd emitter-follower.

Bacsed on values required for blasing, a first-order analysis
wae performed to assess‘the range of loop gains_and gain
sensitilvities available by varying RF about-a nominal value
of 5 k. Gain levels ranged from 204 at 5 kf to 299 at

2.5 kN while gain sensitivities ran from 5410 ppm/°C to

4250 ppm/°C at corresponding values of RF. With these values
in mind, the désign procedure of Table 4 was used to seek a

compatible sef of design requifements vhile maintaining as

‘small values for lpll'and Ip3| as possible. This led to

the design values shown in the first column of Table 12, Cl

~and C, were then chosen so as to realize as closely as pos-

sible the required values of p, and P,. The actual values

realized and the value of Re(zl’z) were then used as‘ﬁhe ba-
sis for a néw désign, the results of which are preseﬁted in
the second column of TableAlé for comparison. .RBT"RF» and
03 were then chosen so as to closely approximéte the remain-

ing design valueé.
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cC

2 g
RBl i .
A A
Rgs
Rp
AN
C, = 452 pF Rg, = 2 k= Voo = 6.5 V
R, = 5 k2 Rgz = 5008 I,, = 1.0 ma
| R3 =5 ka RBl = 10 kn 103 = 0.5 mA
03 = 2616 PF ) RB3. =2kR

Fig. 19. Selective amplifier realization with paraphase

interstage.
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Table 12

° Initial and Final Propbsed Design Requirements -
for the Selective Amplifier Realization of Fig., 19.
(Frequency in rad/sec x 10, Sensitivity in ppm/°C.)

Initial Values Finél Values
9,2 -0,00500% Jo ,500 | -0,00500* J0.500
Wo 0.500 0.500
BW | 0.0100 0.0100
Q 1 50.0 50.0
121 -0.0400 | =0.0399
Po =0.7575 -0.7580
Pz . ~0.0400 | =0.0401
12,2 -0:3987%30.9576 | -0.3983% 30,9577
“1=Y 5 - | =2000 .| -2000 |
To 220.8 221,0.
10 #5210 | 45011

11
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The results of a first-order analyéis are preéented in

___the first column of Table 13. Aéain the deviations from

the assumed values of temperature sensitivity of the open-
loop poles Py and P3 are noticeable. An analysis such as
that previously performed on the Gaash realization based

on Eqs. 130 and 131 yields the following

50 . -(0.0286 + 0,0286) ~ -0.0572
T.

B . :
S &« -(0.194 + 0.194) =~ -0.388
T

At 300°K

)
TTQ = =191 ppm/°GC

BW o .
T 2 -1290 ppm/°C.
T .

where 1t has béen assumed :

q 4 R T ‘

lsll ~ [qll s /s° ~ 0.192

T : T/ T
Note that to first-order at lea.st; the sensitivity and res-
‘ponse obtained abbye 1s _superior to that obtained from a
first-order analysis of the optimized Gaash realization.

Finally, consider the results of the second-order analysic

as presented in the second column of Tablel3. While the

opeh-loop results are not unexpected, the closed-loop poles:
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Response and Res

Table 13

pbnse Sensitivity for the

Selective Amplifier Realization of Fig, 19,

(Frequency in rad/sec x 10

. Sensitivity in ppm/°C.)

. - 103 -

__;gggg First-Order Second-Order
10y ~0.0399 -0.0421
oL -2240 -2350
Py -0,0401 -0.0437
_5735 £2240 -2560
Px -=0,7580 ~0.7447
o ~1980- -2130
Zy o -0.3983%30,9576 | -0.3983*30.9576
7 Belz1) | L1980 1980
7 Im(z1) | 1980 | -1980
Tq 220.8 156.8
=0 +5170 #5380
cigi;d First-Order Second-Order
Leip ~0.005024 30,500 | +0.00921% 0. 463
1 a3 -1.077 -1.070
2, o -0.4469+30.9320 | -0,4469+ 30,9320
W, 0,500 | emeee
__“"7A:Q"N"__,q228 R
BW 0.0100 ——
o 1470 | ;e
Q- 50,0 | e
g ' +1240 | aeeae




q1 > migration into the right-half plane was not anticipated.

- This shift results from an additional open-loop pole at

-6.04 x 105 rad/sec. As has been noted by otherse;, this
narrowbanding is oharacteristic of the paraphase interstage.
The inductive driving point impedance 6f the common base
transistor is augmented by the emitter follower. A root
locus corresponding to the first-order (dashed curve) and
to the second-order (solid curve) analyses is shown in Fig.
20 and was obtalned from a computer aﬁalysis.

Though it might be possible by a.design modification to
to realize the desired closed-loop response taking into ac-
count the additional opén—loop pole, note the fo}lowing.
The additional pole has & temperature sensitivity of -5110
ppm/°C, Consider the contribution to bandwidth sensitivity

. q
from Eq. 133 where 1t is assumed ST1 = 0.192
' . o

. BW’ .
S =~ «4,88
T

BW s
7“1‘ = -16260 pp;n/ c

at 300°X. At this point;'one 1s forced to abandon this

particular realization.
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Fig. 20, Root locus for a first-order analysis of the -
selective amplifier of Fig. 19 (dashed curve) and.the effects
of excess phase for a second-order analysis (solid-curve),
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SUMMARY

An approach to the design of témperaturg insensitive,
active RC selectivé'amplifiers proposed by Gaash has been

conslidered., Its dévelopment has been retraced using compu- -

.ter-aided analysis and simulation. ' Single-loop, negative

feedback amplifier rgalizatiéns were employed. First-order
sensitivity formulations W§re used_to-felate ihe dependence
of the required dominant complei_bair of éloéed—loop poles':
on temperature to the behavior of the open-loop poles and
zeros and the low frequency value of the'loop tranamiséion
or loop géin function; It was shown thaﬁ, to first-order,
simplifications in the sensitivity expressions resulted when
all open-loop polesand zeros were constrained to have the
same temperature coef;icient. These simplifications were
shown by Gaash to lead to a simple physical description of
the senSitiviﬁyﬁbf the clqsed-léop poles in’the complex
frequency pldne. 'The need for extra degrees of ffeedom

in the form of additional open-loop pqles énd zeros to bé"
able to design for desired responsé and.fesponse invariance

was démonstrated.

The sinsie-loop realization proposed by Gaash was

examined in detail with respect to the effects introduced

by first and second-order device models. Charge storage

‘(éxcéss phase) in active devices, resistive losses, and

non-ideal realization were considered. It was seen that
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deviations in the temperature'dependence of the open-loop
poles and zeros from prescribed values had ma jor effects on
the observed sensitivities of bandwidth and'selectivity with
respect to temperature, In particular, bandwidtn sensitivity
was found to be proportional to 2Q. Efforts to minimize
these second-order effects while extending the design ap-
proach to accomodate a resistive temperature coefficient

of 2000 ppm/°C led to unacceptable results.

The problem remains of reconciling the excellent.experi;
mental results reported by Gaash with the poor results
reported here. Two possinilities seem to exist. The first
is that non-linearities in device parameters or their temper-
ature dependence inaccurately simulated on the comnuter .
had a compensating effect which has not been accounted for;

-The second is that variations in temperature coefficients of
elements of the same type resulted in compensation. In this
regard it can be demonstrated that had RBT had a temperature
-coefficient 200ppm/°C greater than the uniform temperature
coefficient assumed by Gaash, much improved results would
have been observed, Without knowing the geometry of the
diffused resistors used by Gaash,it i1s not possible to say

—whether or not this could have occurred. Tt is known that.

. Gaash worked with at least one experimental circuit in which

discrete components were used. A comparison of the temoera-
ture coefficients of several commercially available 1% resis-

tors.indicated slight uniformity between units of the same
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value from the same manufacturer while units of different

" values showed no correlation at all . The main conclusion

seems . to be thepvthat while temperature compensation may

occur whep the approach considered by Gaash is used, the

. result’ cannot be consiered to follow from the first~order

design formulationsfpresented |
Finally, a word should be sald about the approach used

in this report. In defense of computer-aided analysis and

slmulation itmust be said that no other method of analysis

',seems possible. However, computer-aided analysis and sim-

ulation cannot be considered a substitute for inteliigent
consideration and understanding of underlying physical

processes. As the author began spending what seemed like

'an inordinate amount of time verifying computer results,_

finding that sometimes mistakes were made by the computer,

— — cm————.

more often by the program, and most often .by himself it

became abundantly clear that no computer result should

ever be accepted uncritically. Therefore, it 1s the author's
contenoion that this report should not be considered grounds
- for dismissal of Gaash's work but .as an additional plece of

information bearing on an imaginative approach to the design

"

o

of temperature insepsitive“seiectiﬁelamplifiers.
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APPENDIX A
SENSITIVITY OF CLOSED-LOOP POLES IN SINGLE-LOOP- FEEDBACK

Assume that the closed-loop transfer function A(s) of
a8 single-loop feedback system is written in the form
—N(s) N(s)

A = = - .
T T Tew -2

where D(s) (not necessarily a polynomial) is the return
‘difference and T(s) 1s the loop transmission. T(s) may be

wrlitten in ohe of the two fofms

TQ - s/z)

T(s.) = (A.2)
"o (1 - 8/pe)
’7T(s -z ) | ‘
= K-K-—-f—l‘—- (A.3)
Tis - pe) |
where the low frequency value of the loop transmission, To’
48 given by '
"'ro.-: 7(0) (A.4)
and .
T (-p.)
K = T(0) =—=— (a.5)
7T(-z )

e 111 =



The return difference may be written in the form

D(S): 1+ T(S) = g(s - pe) + KZ‘T(S -.Zk)

(A.6)
7;((3 - pe)
Let q, (1=1, 2, +++, n) denote the zeros of the return
difference '
(s - q,)
D(s)= 1+ T(s) =— 1 (A.7)
(s - p,)

and equivalently the poles of the closed-loop transfer
function A(s).
let 9 denote the closed-lbop pole of interest. Evalu-

ating D(s) at q,, one obtains

M(s -
~— D(s) =1 --+--!IK(S<)J el 7}.(8 qu) =0 (A.8)
S s=q, s=q, (s - pg) s=q,

From Eq._ A.G, the total differential of T(s) is given by

dT(s) = ap(s)

T(s-p,) aTl(s-q,) - T(s-qs) a7l (s-p,)
5 € - (a.9)
_._Zr(sfpe) '

and from Eq. A.8

a7 (s - q4)
dT( ) = s i
’ L=q1 T(s - p,)

5=q,
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7T(3."pe) | ls'-'ql

7T(q1-qj) aq, - 17-% (a,-q,) day

= 0 - - T (AL10)
- -From Eq. A.2 and Eq. A.7, it is apparent that a closed- ,

loop pole, such as q., may be expressed as a function of

13
TO’ zk, and Pg3 that 1is,
= T A1l
qQ, ql( o’ &’ pe) | g ( )

where' k=1, °°°, m'and e=1, '°°-, n. Consider the total

' differential of q1

dz, "'Z 0% 4

X bpe

 aa, 4T q, dz 9 dp,
_ o 071 o+zza kzpeb

= 0% o kT
bE EO. K 0% Py pe
. q, 4T q, dz q, dp
- »--___-—— --l .-.,u-.O. $_._Z-S 1 k +~..Z.S l e ] . -_.(A .12)
where
q q
st To—b——l— . (A.13a)
'I‘o bTo



q q
sl _ 0%

o Zy “‘_“'-zl( azk ' (A;l3b)
q q . . v
st - —6—11 ' (A.13e)

Pe - ebpe
From‘Eq. A.2 it 'is also apparent that the loop transmission,
T, may be expressed as a function of s, Tgs 2y, and p,

T= T(s, Ty, Zis Pg) (a.14)

where k=1, ee., m'and e=1, eee, n,
From Eq. A.10, the total differential of T evaluated at
= ql is given by

—aT =.0
|5=q, : .
oy 3T P T
= Lds+ 0 dTo+Z ° dz +Z o dp,
ds AT, w0z, K & dp, s=q,
' (A.15)
Thus
T T . g7 T dz T dp
[.é_d :l [ o_a__..__g. sz _E_ + e o _e:l
s Js=q 0T To W "0z, 7 ‘€ 2Py p Js=q
(A.16)

The individual partial derivatives may be evalueted from Eq.
A.2. The result may be written
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T 1[aT. a, dz, , 4, dz
._dql~=.v-(..b_ : T 2.1 kN1 k] (a.17)
os 5=qy To X ql-zk z, ‘e ql--pe Z,

Comparing Eq. A.17 with Eq. A.12, one can identify the sensi-
tivity functions as follows

T ostsr o7 | (A.18a)

0 ds {s=q,) |

q q 1 '

sl _ . s,rl - k=1, eee, m (A.18b)

%k *0q, -2
L 17 %K

'q q 1 '

st=s 1 e=1, *ce, n (A.18c)

T
pe 0q1-pe

q
..__.“_..-ST} may-be evaluated-from-either Eqs A-.2-or Eq. A.3;

h;)wever, Eq. A.3 is chosen for convenience

Os ZT(s = Pe)

-1
s=ql

d ez ) - T (s )| -
KS;’];('(S zk) Tbs‘g(s p?) 1

( -'{I(s-p?) s=q,
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g

r

Tr-(s = pe)

(A .20)
TT(s Q) |

i

osi S=ql

eszgii_:_gil ‘ (A.21)
if(s-- q, ) s=q,

(s - p,)

e (A.22)
7 (s - qj)
i*2

It

s=q1

A second form can be obtained from Eq. A.19

(KZTf(s-z ) Ts) YT (s-p,) )'? .
T (s-pg) T (s-p,) s=q,

1 -1
7 oo
xk 94 - zk ‘
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