R,

-
P Lt

’ o

ek

na

Eon

4
el e
it gt

e

A
;
o

- e,
... i

opesy
.Iq. e
%\-H-' T
Ty

S
s
=

o

LT k]

|;.~

K

S
i

d_'\-'.'\-.'E'!.

oLt %
e
g

S

o
e

e
T
2y




752 FEEDBACK AND 1f the feedback signal is of opposite polarity to the input signal, as shown in Fig. 14.1,
- O_S-_C‘LLA.TOR- CIRCUITS pegative feedback results. Although negative feedback results in reduced overail voltage
" ' ~ gain, a number of improvements are obtained, among them being: -
1. Higher input impedance. : "
2. Better stabilized voltage gain.
3, Improved frequency response.
4. Lower output impedance.
5. Reduced noise.
6. More linear operation.

14.2 FEEDBACK CONNECTION TYPES
| ~ There are four basic ways of c(jannccting the feedback signal. Both voltage and current can
, | elkos e - beded back to the input either in series or parallel. Specifically, there can be: '
‘ L Voltage-series feedback (Fig. 14.2a). v | .
. Voltage-shunt feedback (Fig. 14.2b).
Current-series feedback (Fig. 14.2¢). 7
Current-shunt feedback (Fig. 14.2d). s | _

" 1In the list above. volrage refers to connecting the output voltage as input to the feed-
back network: current refers to tapping off some output current through the feedback
network. Series refers to connecting the feedback signal in series with the input signal
voltage; shunt refers to connecting the feedback signal in shunt (parallel) with an input
current source. | ‘ o

W

A

WL g TR e
g “"‘;.'“‘-l"t."?:" _;_:Tj;t--"?:l: -k
A,

5 e el i
:

.....

3y .- - _ (b)

_. . _ FIG.142 e
Feedback amplifier types: (a) voltage-series feedback, As = V, :‘Ws: (b) wim ge-shunt feedback, Ay =V, /1
(c) current-series feedback, Ay = [,/ VS; (d) current-shunt feedback, Ay = L/l e :
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Series feedback cmmectzone tend to increase the input resmance whereas shunt feed— FEEDBACK CQNNECT|0N 153
_back connections tend to decrease the input resistance. Vo]lage 1eedback tends to decrease | A TYPES

~ the output impedance, whereas current feedback tends to increase the output 1mpedance z

Typically, higher input and lower output impedances are desired for most cascade ampli-
fiers. Both of these are provided using the voltage- seneq feedback connection. We Shall |
therefﬂre canwmrate first on this amplifier connection.

Gain with Feedback
In this section we examine the gain of each Of the feedback mrcmt connections of Fw 5
14.2. The gain without feedback, A, is that of the amplifier stage. With feedback B, the

‘overali gain of the circuit is reduced by a factor (1 + BA), as detailed below, A summary
of the gain, feedback factor. and gain with feedback of Fig. 14.2 is prmlded for refereme

| - in Table 14 1.

o TABLE 14.1 - - _
' Summar } qf Gam F eedba and Gam with Feedback frﬂm Fi ;g 14 2 i

Vﬂltage-Series '_ | "v oltage-Shunt Current-Senes 'Clirren_t-Shﬁnt

- ' . g L it WA St it et ol e ity : e s

;-'.‘

| Veltage-Series Feedbad( F1gure 14.2a shows the voltage -series feedback connactmn
with a part of the output voltage fed back in series with the input signal, resulting in an

overall gain reductmn If there is no feedback (Vr = 0), the voltage gain of the amplifier
stage is |

o . .
_ s we e e
If a feedback signal Vris connected in qeriés with the iﬁp_ut, then
e - Vi=V -V - -
Since  V,=AV, = A(V,— V) = AV, - AV, = AV - A(ﬁv,,) -
Siben ot T A+ BV =AY ' '
80 that the overall mltagﬂ n'mn mﬂz feedback 1S

Equation ( 14 2) showa that the gain with feedback 1S the amplifier gain reduced by the fac-:.
tor (I + BA). This factor will be seen also to affect mput and output 1mpedance among
-other circuit features. P

Veltage-Shmlt Feedbad( The gam wuh feedback for the network of Fig. 14 2b is

e
I 1+1f 1+Bv I+BAI

- (14.3)
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* lnput pedsce with Fedback

é@

Velhge-&&ries Feedbaék A nﬁore detailed voltage- serm feedbaék coﬁnet:tmn 1S showr;
. 14.3. The input 1]1’1]}6(1’111{;3&3 can be detemnr;ed as follows.. o

in Fig ‘

S

V.8

&
e z

ey -y —-amm
sy

1

|

(14.4)

e V, = 1/ + BAV = 7 + BAIZ e o =

 The mpm zﬁiﬁedanu. wxih él €8 Teedback is seen to be the value _c_:if-.th.é input im;iedant:e
without feedback multiplied by the factor (1 + BA), and apphes to thh voltage -series

(Fig. 14

Amphﬁ.er e

ey {\--..__.:.-:l_.-.- e -c--:

s
._.:_

FiG. 14.3

-

Voltage-Shunt Feedback A more detailed voltag

]
L

! : Fo ey o e e
: o T A T :l" m
! AT 5’.-1_ P {ﬁ rr-. ;
AT e o

2a) and current-series (Fig 14.2¢) configurations.

I

Sy ; : e e | ,...;..?Em.-%.”

j R -

',_-saﬁ.*aj
S !

-

(o g

i
.':'i?.l-'_ﬁ: W
b Lo

]

3

el
o

%
e
L
PRt

e

== s im

Vaimgf .&‘fifﬂlf feea’ba K connection,

Voltage-series feedback connection. .~

A
. 1+BA

hun.t feed thack mnnection is s hown

_in Fig. 14.4. The | nput 1ﬁp€d&ﬁ e cail be det}e_m‘;%m@ tobe - s

-
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| TYPbS |

= fo = L = 1 3 zf I + BY,
-~ ¥ il -
- li/l; + BV{,/I;;;
T =
_ z‘f 1 =5 BA ( _)

This reduced mpm impedance apphes {0 the va\tdge series mnnectmn o’f Flg 14 2;1 &nd

the wolmge-shunt connection of Fig. 14.2b.

- Output Impedance with l-'eedback

The output impedance for the connemom of Fw 142 is dependent on whether wltaﬂe of
current feedback is used. For mlmgt, feedback, the eutput 1mpedame 18 demeaeed ‘whereas

’current feedbdck mc:reaseﬂ; the output Jmpedance

- Valtaﬂe-smes Feedbacl( The mltage-senes feedback circuit of Fw 14.3- pmv:des suf—-
- ﬁmem circuit detail to determine the output impedance with feedback. The output imped-

a:nce is determined by applying a mitage v, rasultmg n a current I wnh Vi sh(med out |

= (). The voltage Vi 18 then - ;
IZ, +AaY;

e - V=
Ty
sothat. =~~~ V=17 -AVr“IZu“"A(BV)

'Rewntmg the equatmn as ._ st e
- N ¥ V+'BAV-= 7
allows solving for the output impedance with feedback:

il

o

I 1+BA

. '-Equatmn (14 6) shows t.hat with mltage-—senes feedback the output 1mpedance 1S reduced |

_ '_fmm that without feedback by the factor (1 + BA)

| _Cu'rrehtASerie?S Eeedbult_' | The .outp'u_t, imped_ance With current-series feedback can be
determined by applying a signa! ¥ to the output with V, shorted out, resuiting in a cur-
rent /, the ratio of V to / being the output impedance. Figure 14.5 shows a more detailed

FIG. 14.5

Current- -series fefdback ccmnecrmn

Za ~ Ve *:. e . (14'6}
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g " 1+BA 11

cennectien with current-series feedback. For the 'output part of a current-series feedback
connection shown in F1g 14.5, the resulunﬂ eutput 1mpedanee is determined as fellowq -

'_ WlthV = (.

Vx = Vf- _ g
i Vv are v |
, [ = —AV = AV, = — — ABI
_Zf-’ . Zn / _Zﬁ. _' B
' (1_ + BAY = =
Zaf '1— n(1 + 34) ne (14.7) |

A summary of the effect of feedback on mput and eutput 1mpedance is prewded in

Table 14. 2

- TABLE 14.2
Efﬁ:—*ct of F eedback Connection on Input and Ourput Impedance

Voltage-Series Current-Series-. o Voltage-Shunt | Current-S_hu'nt.
Zir Z{1 + BA) - Z(1 + BA) Z Z; |
(iﬂereas,ed)” - ' (inerea'sed)- o | (decreased) o | (decreased)
L2k ' o zﬂ L -
| Zﬂ = I + A ] + A
el 1+BA ( B ) 1+BA - ( B )
(deereased) (mcreased) - (decreased) i (mereased)

~ EXAMPLE 14.1 Determine the voltage gain, input, and output impedance with feedback

for voltage-series feedback having A = —100, R, = 10k, and R, = 20k{} for feed-
back of (a) g=—-01land(b) 8= —05. |
Solution: Using Eqs (14.2), (14. 4) and (14.6), we obtain
o A ~100 =1
. Ap= - = e = =909
e A I+EA |+ (=0.1)-100) 11 k
Zy = Z{1 + BA) = 10k (11) = 110kQ

% AR

= 1.82 k{l

o for s i ;__1'96 .
% 1t BA 1+ (-05(1000 5l -
Zy = Z{1 + BA) = 10k£ (51) = 510 kQ

Z, - 20x 0

= 392 160

Z _—
4 I+BA i 81

Emmple 14.1 demonstrates the tmde-eff of gain fer desired input dnd eetput resmtance ;
Reducing the gain by a factor of 11 (from 100 ta 9.09) is complemented by a reduced output _ |

- resistance and increased input resistance by the same factor of 11. Reducing the gain by a

factor of 51 provides a gain of only 2 but with input resistance increased by the factor of

51 (to over 500 k(2) and output resistance reduced from 20 k() to under 400 (). Feedback

~ offers the designer the choice of t:mdmﬂr away some ef the av aﬂable amplifier gain for other '
Ideslred circuit features. | =



Reduction in Frequency Distortion : ,
~ Fora negative-feé;dback amplifier héving BA >> 1, the sain with feedback is Ar = 1/B.

It follows from this that if the feedback network is purely resistive, the gain with feedback

is not dependent on frequency even though the basic amplifier gain 1s frequency depen-
dent. Practically, the frequency distortion arising because of varying amplifier gain with
frequency is considerably reduced in a negative-voltage feedback amplifier circuut.

Reduction in Neisé_ and Nonlineaiﬁstortioﬂ '

~ hum) and nonlinear distortion. The factor (1 + BA) __reduces both input noise and resulting
nonlinear distortion for considerable improvement. However, there is a reduction in over-

. EEEDBACK CONN

- Signél feedback tends to hold down the amount of noise signal (such as power-supply |

all gain (the price required for the improvement in circuit performance). If additional

~ stages are used to bring the overall gain up to the level without feedback, ‘the extra stage(s)

- might introduce as much noise back into the system as that reduced by the feedback ampli-
~ fier. This problem can be somewhat alleviated by readjusting the gain of the feedback-
~ amplifier circuit to obtain higher gain while also providing reduced noise signal.

Effect of Negative Feedback on Gain and Bandwidth
‘InEq. ( 14.,?.;), the overall gain with negzit_ive_fe_edback is shown to be
- Al i e
A e ' = — = —  forfBA >> |
i = / _'ﬁI_.+_BA- A B -B-'_ * | _‘
~ Aslong as pA >> 'l,_th,e overall gain is a_pproximately 1/B. For -'a_ practical amplifier (for
- single low- and'high-frequency breakpoints) the open-loop gain drops off at high frequen-
~ cies due to the active device and circuit capacitances. Gain may also drop off at low fre-

- quencies for capacitively coupled amplifier stages. Once the open-loop gain A drops low
enough and the factor BA is no longer much larger than 1, the conclusion of Eq. (14.2) that

Ar = 1/B no longer holds true. - -
Figure 14.6 shows that the amplifier with negative feedback has more bandwidth (B))

than the amp_li.ﬁer‘-withoutfeedbaék (B). The feedback amplifier has a higher upper 3-dB

frequency and smaller lower 3-dB frequency.

Gain.
1‘.

'
A it R AL bt A 0 R S b T P 1 = ¥
-

1
?
§ !
e .-...............,...._....-E:.........:......_.j.. | o
;
2

Frequency

 FG.146 e
Effect of negative feedback on gain and bandwidth.

It is inte’t_eStiag to note that the use of'feedback; althmigh. resulting in a IGWe_ring of

'wlta_g_e.; gain, has provided an increase in B and in the upper 3-dB frequency particularly. . '

~ In fact, the product of gain and frequency remains the same, so that the gain-bandwidth

_ product of the basic amplifier is the same value for the feedback amplifier. However, since

 the feedback amplifier has lower gain, the net operation was to frade gain for bandwidth

~(we use bandwidth for the upper 3-dB frequency since typically f, > f).

ECTION 757
poBEe T
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143 PRACTICAL FEEDBACK CIRCUITS _

| Examples of praetrcal feedback circuits will prewde a means of demenstratmg the effect
feedback has on the various eennectmn types T hlS section provides only a basic introduc-

‘Gain Stability with Feedback
= - In addition to the 3 factor setting a precise gain value, we are also interested in how stable
 the feedback amplifier is compared to an amplifier mtheut teedback. lefﬂ‘rﬂﬂtlﬂtlﬁﬂ Eg.

'(]4 2) leads to - e .
_-......_{ - — (14.8)
A HEBIRAL S e e
= forBA >> 1 = HA{14Y)
Art  IPALLA T L o - :
ThIS ehows that magmtude of the relative ehange in gam ——1 15 reduced by the factor {ﬁAl

dA
compared to that w1theut feedback ( = ) |

 EXAMPLE 14.2 Ifan amphf:er thh gain of - 1000 and teedback of B = ~0.1 has a gain
- change of 20% due to temperature, calculate the change n gain of the feedback amphﬁer

} S;olutim. Uamg Eq (14. 9), we get

 wicd 6 — = 20%)| = 0.2%
| Ay BA Al 40 1(-—-1000)( ) :
The improvement is 100 times. Thus, whereas the amplifier gain changes from IA] 1000

by 20%, the gain with feedback changes from ’AA 100 by only 0.2%. _ __ |

tion to this teplc

- _.volta_ge-'seﬁes Feedback*

~ Figure 14.7 shows an FET : amplifier stage with voltage-series feedback. A part of the output
~ signal (V,,) is obtained using a feedback network of resistors R; and R». The feedback voltage
- Vyis connected in series with the source signal V., their dlfference being the input signal V;.

Without feedback the amphﬁer gain is % - >
A=geak e aag

i 5

Vop

- FET amplifier stage with voltage-series feedback.



~ where R, is the parallel combmdtmn of resistors:

- tobe

BeniE iRy o R
The feedbac:k network p1 ovides a feedback factor of &S
Vf . =R, o e
== - R e _14;.12
e | B Ve R1 + R, ' = ( )
- _qug the values (}f A and 8 above in Eq. (14.2), we find the gam thh negauve feedback. _
A —g R o
~ If A >> 1, we have _ | |
e i e

= EXAMPI.E 143 Calculate the galn mthcut and wnh feedback fer the: FET amphﬁer -..,1r-’_
- cuit of Fig. 14.7 and the followmg circuit values: Rl 80 kﬂ R2 = 20 kQ R = 10kQ),

- Rp = 10k{), and g,, 400{) ©S.
Solution: . e
- -~ RRp. '-'10k0(10k9)- -
K = = -
Neglectmg the 100- kQ resmtance of R] and Rg in series gwes e
s _.“ngL -—(4000 X 10“%3)(51(11) = =20
The feedback factﬁr LR L e .
: o ol Ry . —-'20 k.ﬂ '

P R+ R, B0KQ +20k0

The gain with feedback is _ = . .
: s w0

1+ pA +(-02)(-20) 5

 Figure 14. 8 shows a wltage series feedbaa,k connection usmg an Op amp. The gam of the
-op amp, A, wnthout feedbdck is reduced by the feedbac.k factm' ' |

oE e e R’

p=— (1415)

R + Ry |

| <+

FIG. 14.8

Vohage-ser:ea feedba;:k in an {}p-amp connecrmn.

PRACTICAL FEEDBACK 759
> CiRCUITS
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FiG. 14.9

Vo!tage- series feedback cil muf
a3 ermﬁe r-follower )

"'EXAMPLE l4.4 ' Calculate the ..ﬂnphﬁer g;ﬂn (}f the CII’C[!H of Flg !4 8 for np-—amp ga:m =
A = 100,000 and resistances R, = 1.8k{} and Ko = 2000), = o

Solution: . |
i e Ca e
R R 000 18RO -
'A,«=' A 100,000 -
Y1+ BA 1+ (0.1)(100,000)
= 10 _ 4999

10,001

Note that since A > 1,

| “The emitter-foll(}wel circuit of Flg 14.9 provides voltage—serles feedback. The aignal_ B

b 'mltage V, is the input voltage V;. The output voltage V., is also the feedback voltage in series

- with the input voltage. The amplifier, as shown in Fig. 14.9, provides the operation with
feedback. The operation of the circuit mthﬁut feedback prowdeq Ve = 0, so that -

V, h_fEIE?RE h]fRE(Vs/hm) = hfeRE

A = — =
V"i _ V.i' VJ' ' hf_e'
and -- B = -—*f-
- The operation with feedback then provides that .
e o 4 R
=t Vi 1+BA 1+ (DRl
_ heRg '
Ll hie * BoRe
For thRE = h;,, ’ |
| o S
Current-Series Feedback

Another feedback technique is to sample the output current /, and return a proportional
voltage in series with the input. Although it stabilizes the amphﬁer gain, the current-series
feedback connection increases input resistance.
Figure 14.10 shows a single transistor dmplmer stage. Smce the emitter of this stage
has an unbypassed emitter, it effectively has current-series feedback. The current through

~ resistor R results in a feedback voltage that opposes the source signal applied, so that the

output voltage V, is reduced. To remove the current-series feedback, the emitter resxstm*

- must'be either. removed or bypassed by a capacitor (as 1 is usual]y done)

E

" Without Feedback Refemng to the basic fﬁrmat of Fig. ]4 2a dl’ld summarized in Table

14. 1 we hava

' ,L-'- —I,h Sl ﬁ'  - -
el e - (14.16)
o V‘; [bh;g'{f RE o hff +RE | |
e e o
B“‘"“{‘”_;ET:“‘“RE - (14.17)
{J 0 | T | = = -

- The input and output impedances are, respectively,

Z, —~—-—RB|(hw+RF) 'h,;a—RE e (14.18)
ZosRes. v vn e



+Vee
+
p Vﬂ‘
< S Waw o
'Tmns'i;sm'r amplifier wnh unbmpasaed emitter resistor (Rg) for cur ryent-series feedback: (a) amplifier circuit; e
1 | (b)ac squnalent circuit without feedback. ' |
_ _Wit_hl:eiedba'ck* e L e e . s
_' ' _ - A —H /h'- | | _'.""'h. ' T
e e ' o =2 (14200
o e 1A 0 —hy, ~ hy, + heRe foe
1 + (""RE) ' 26 x
ﬂ L h,g + Rg
The input and output impedances ar e calculated as apemﬁed in Table 14.2: f
1 = - heRgY - | b
Zy = Zi(1 + PA) = Rl 1+ —=— | = b R (14.21)
\ ie s ' | |
| e heRey =
. Zor = Zo(1 + BA) = Re| 1 + — (14.22) _
‘The voltage gain A with féadback 5 : = =
Vo [.R¢ 1, & “hﬁfRC e
A = = = 1= ke = A e = ‘ (14-23)
 1‘. Vv, VS_ i Vﬂ e £ . R + hff’RE . | |
0 el e Y

BIT amphfw“ rofth. CUTTONE-Se ories feedback for Exﬂmpfa l 4. 5 - . | 1‘1
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* OSCILLATOR chcst - o |

A== 5 08
Ve o FRe - 00 +510 e
= k= 51

'-The factor(l + BA) isthen . . _
SaE | 1 + ﬁA 1 + (—0 083)(“51{)) 4435 -
7 .The gain with feedback I8 then |
H - A ---0085
Af = - -
. Vi 1+BA 4425
S and the voltage gam with feedback A s

=-192 x 1073

Abf:- T/f'“ Afﬁc = (-——-1 9 % m (22 X 10°) = =42

Wxthout feedback (RE = O) the voltage gainis |
- - —R¢ —--22>~<103 -

- Ea = -2933
95 = |

Voltage-Shunt Feedback
‘The constant-gain op-amp circuit of F1g 14.12a provides voltage-shunt feedback Refer—

- ring to Fig. 14.2b and Table 14.1 and the op-amp ideal Chﬂi‘&CtﬁI’lSth& I, = O 'V, = = 0,and
voltaﬂe gam 0f mfimty, we hzwe | | - . T

A=_‘If_-;.:_. m' e W -_(14.24)_
B= -—”-=;;—L Lo S

- (b)
- (@)

| FIG. 14.12 | _ |
Valmge shw:f negarwe feedback ampi{f ler: (a) constant- qan; crrcuzr (b ) eqmvalenr c:rcmr

: . '.Th_e_ gain with feedbar_ﬁk is then =

%Y f ._.;ﬂ':.__gfgi _ =
- Mptoto e . il
Thisisa transfer resistance gain. The more usual gain is the mltdge gam mth feedback
e = =R =
4 = =P e Do __ . 1 -
SRy Chipegt . 0427

= The circuit of Fig. 14, 13 1S a voltage-shunt feedbau:k amphﬁer u&mg an F‘ET wzth no
-feedback, Vf = . =

A -“.“; = —Bmiipks | - -{Eéggg}-
B | .
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PHASE AND FREQUENCY -

CO’\!SIDERAT!ONS
= R | T 't
— VN s Semesty
i “}“‘F"‘
_ e 'FIG. 14.13 '
| V:?Itaqe shunrﬁ'ﬁfdbafk amplrff: xmn(g an I*E? (a) ummr (b) eqmm!mrur(ur.f
The feedback is - = _
- . “B-_-__-:*;fi-_f_;-:l o (1429)
‘With feedback, the gain of the circuit is e
T T
iR o 1 + C1/RACguRoRs)
g -
e gifﬁr E)RS f__ | (14.30)
RF + ngDRS - | |
The voltage gain of the circuit with feedback is then
| e Vo ok - —8&mRpRsRF ( 1_)
= LV G ERlgaay . - T
 —guRoRe o
= = P ( mRD) = (14.31)
- Rp T gﬂ?R[)RS e RF = (‘amRDRS' | -
'EXAMP!.E 14.6 Calculdtethe wlt{we gain w 1th mdwﬂhoutfeedbdck lolthe circuit of
Fig. 14.13a with values of 8m = ‘SmS RD == i | kﬂ Rv, 1kQ d[ld RF = 20 kQ | o
Soluﬁm.. W}thmztfﬂedback the voltage gainis o s e

Ay = —guRp =—( X 10“3)(51 X 10) -—25'.-5
: 'With feedback the gain is reciuct,d m |
%2

H_ |

Ay = (gmRp)r— =
iy =5 T Rp+ guRpRs

50 X 10" |
(20 X 03) + (: X 10““)(%1 X 10 )(1 X 103)
2 .5(0.44) = --112 |

-||"

(—25.5)

.-H

ETYe ' FEEDBACK AMPLIFIER-PHASE AND
___ FREQUENCY CONSIDERATIONS _

Sn far we have considered the oper ation of a feedback {tmpliher in which the feedback Sig-
nal was opposite to the input qthnﬁimlicgatzve feedback. In any practzca,l circuit this condi-
tion nccur& only for some mtd 1] t,quenf:v mnge of ommtlon We know thf.it an dmpllﬁer'
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Harry Nyquist was bomn in Sweden
in 1889. He immigrated to the United
States in 1907, and died in Texas in
- 1976. He received a Ph.D. in phys-
ics from Yale University in 1917,
He worked at AT&T’s Department
~of Development and Research and
at Bell Telephone Laboratories from
1917 until his retirement in 1954,

'As an engineer at Bell Laboratories,
Nyquist did important work on thermal

noise, the stability of feedback ampli-
fiers, telegraphy, facsimile, television,
and other important communicauons.

problems. In 1932, he published a

classic paper on stability of feedback

amplifiers: The Nyquist stabiliiy crite-
rion can now be found in all textbooks
on feedback control theory.

(Courtesy of AT&T Archives and
History Center)

BA=1at¢=180°

gain will change with frequency, dr opping off at high frequencms from the mid-fr equency
value. In addition, the phase shift of an amplifier will also change with frequency.

If, as the frequency increases, the phase shift changes, then some of the feedback signal
will add to the input signal. It is then possible for the amplifier to break into oscﬂlatmm

- due to positive feedback. If the amplifier oscillates at some low or high frequency. 1t 1s no
longer useful as an amplifier. Proper feedback-amphfwr design requires that the circuit be

stable at all frequencies, not merely those in the range of interest. Otherwise, a transient

' dlaturbance ccruld cause a seemingly stable arnphﬁe; to sudden]v start Qscﬂ]aunﬂ

Nyquist Crlterlon

In judging the stability c:f a feedback ampllﬁer as a function of frequency the ﬁA product -

~ and the phase shift between input and output are the determining factors. One of the most
popular techniques used to investigate stability 1s the Nyquist method. A Nyquist diagram
is used to plot gain and phase shift as a function of frequency on a complex plane. The

Nyquist plot, in effect, combines the two Bode plots of gain versus frequency and phase
shift versus frequency on a single plot. A Nyquist plot is used to quickly show whether an
amplifier is stable for all frequencies and how stable the amplifier is relative to some gain
or phase-shift criteria. | *

‘As a start, consider the complex p[arw shown in Fig. 14. ]4 A few points of vmouq gain.
(BA) values are shown at a few different phase-shift angles. By using the positive real axis
as reference (0°). we see a magnitude of BA = 2 at a phase shift of 0° at point 1. Addition-
ally, a magnitude of BA = 3 at a phase shift of — 135° is shown at point 2 and a magnitude/
phase of BA = 1 at 180° is shown at point 3. Thus points on this plot can represent both
oain magnitude of BA and phase shift. If the points representing gain and phase shift for -
an amplifier circuit are plotted at increasing frequency, then a Nyquist plot is obtained as

“shown by the plot in Fig. 14.15. At the origin, the gain is 0 at a frequency of 0 (for RC-type

coupling). At increasing frequency, points f}, f», and f5 and the phase shift increase, as does
the magnitude of BA. At a representative frequency fs, the value of A is the vector length
from the origin to point f; and the phase shift is the angle ¢. At a frequency fs, the phd'ie_

shift is 180°. At higher frequencies, the gain is shown to decrease back to 0.

The N qust criterion for stability can be stdted as follows:

The amphf' ier is umtable if the Nyqum curve encloses ( enc;rcles ) the —-I pomt and it is
stable otherwise. '

4 Imaginary axis

sBA=2at9=0°
Bl —
a0 B
. ‘ﬁm"f“g- - .
'FIG. 14.14 FIG. 14.15

Complex plane showing typical eain-phase points.

T i WY

Nyquist plot.

An example of the Nqust criterion is demon';tmted by the curves in Fig. 14 16 The

- Nyquist plot in Fig. 14. 16a is stable since it does not encircle the —1 pomt whereas that
shown in Fig. 14.16b is unstable since the curve does encircle the —1 point. Keep in mind

that encircling the — 1 point means that at a pha*;:., shitt of 180° the loop gain (BA) 1s greater
than 1; therefore, the feedback si; 1al is in phase with the input and large enough to result
in a larger input 91gnal than that a plied, with the result that mcﬂlatmn occurs.

3



(a) = . (b)

FIG. 14. 16
Nyquist plots showing stability c:::rrrdmr)ns (a) ';rahte { b) un. xmble

_Gain and'l’?h'ase' Mérginé -

~ From the Nyqum criterion, we know that a feedback amplifier 1s ﬁtable if the loop sain

(BA) is less-than unity (0 dB) when its phase angle is 180°. We can addnmnal]y determine

'some margins of stabzllty to indicate how close to instability the amplifier 1s. That is, if the |
 gain (BA) is less than unity but, say, 0.95 in value, this would not be as relatively stable as

“another amplifier having, say, PA = 0.7 (both measured at 180“’) Of course, amph‘nera
with loop g cains 0.95 and O 7 are both stable. but one 18 closer to tmtablhty, if the loep galn
increases, than the other. We can define the following terms: |

Gain margin (GM) is defined as the negative of the value of | BAI in dfﬁClb&lb at the
frequemy at which the phase angle is 180°. Thus, 0 dB. equal to a value of BA = 1,iscn

~ the border of stability and any negative decibel value is s.table. The GM may be ev*ﬂua&;d -

in decibels from the curve of Fig. 14.17. = .
Phase margin (PM) is defined as the angle of 180° minus the magmtude (Jf the angle

 FEEDBACK AMPLIFIER—

* PHASE AND_FREQUENCY

CONSIDERATiONS

at which the value |BA| is umty (0 dB). The PM mdy also be evaluated dnectlv from the_ il

curve of Fw ]4 17.

Gain

e Frequency f

‘ | Gain margin

0% b - T i oy .,_.... _l. 1

Frequency/

Phase an’gie. o

FIG. 14.17

- Bode plots Shaﬁfirlg-gdin'ﬁﬁd phase margins.

(VS
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145 OSCILLATOR OPERATION _

The use of positive feedback that results in a feedback amplifier having closed-loop gain

]Af[ greater than 1 and satisfies the phase conditions will result in operation as an oscillator

circuit. An oscillator. circuit then provides a varying output signal. If the output signal var- .

1€es sinusoidally, the circuit is referred to as a sinusoidal oscillator. If the output voltage
rises quickly to one voltage level and later drops quickly to another voltage level, the cir-

~ cuit is generally referred to as a pulse or square-wave oscillator,

To understand how a feedback circuit performs as an oscillator, consider the feedback
circuit of Fig. 14.18. When the switch at the amplifier input is open, no oscillation occurs.

- Consider that we have a Jictitious voltage at the amplifier input V. This resuits in an output

voltage V, = -A V; after the amplifier stage and in a voltage Ve — 'BM-Vf) after the feedback

stage. Thus, we have a feedback voltage V; = BAV;, where BA is referred to as the loop
gain. I the circuits of the base amplifier and feedback network provide BA of a correct

magnitude and .phase. Vy can be made equal to V;. Then, when the switch is closed and
the fictitious voltage V; is removed, the circuit will continue operating since the feedback

voltage is sufficient to drive the amplifier and feedback circuits, resulting in a proper input
voltage to sustain the loop operation. The output waveform will still exist after the switch
_is closed if the condition . | | e |

 FIG.14.18

- Feedback circuit used as an oscillator.

In reality, no input signal is needed to start the oscillator going. Only the condition

BA = 1 must be satisfied for self-sustained oscillations to result. In practice, BA is made

greater than 1 and the system is started oscillating by amplifying noise voltage, which is
always present. Saturation factors in the practical circuit provide an “average” value of BA

~ of 1. The resulting waveforms are never exactl y sinusoidal. However, the closer the value
BA is to exactly 1, the more nearly sinusoidal is the waveform, Figure 14.19 shows how the
- _noise signal results in a buildup of a steady-state oscillation condition. | |

~/ Steady-state envelope
/ limited by circuit saturation

_Initial noise
~ voltage

Nonsinusoidal oscillations . - X Nonsinuseidal & f |
~ because BAis not exactly 1 ' CHOIRUSQIG! waveionn

due to saturation
- Buildup of steady-state oscillations.

LBt 5 5 i AR

‘is met. This is known as the Barkhausen criterion for oscillation.

-50(B)



Amther way Of s,eemg how the feedbduk circuit plowdes operation as an Gsullatol s, ob-

tained by noting the denominator in the basic feedback equation (14.2), As = A/(1 + BA).
When A = =1 or magnitude 1 at a phase angle of 180°, the denominator becomes 0 and

the gain with feedbdck Ay becomes infinite. Thus, an infinitesimal signal (noise voltage)

“can provide a measurable output voltagc and the cncult acts as an oscillator even without

an input signal. | |
The remamder of this chdpter is devoted to various oscﬂldtm circuits thdt use a vmety

of components. Practical examples are included so that workable circuits in each of the

- various cases are discussed.

146 PHAsE-sfmrr OSCILLATOR

| An example of an oscillator circuit that follows the basm dev el{:}pment of a leedback cir-
 cuit is the phase-shift oscillator. An idealized version of this circuit is shown in Fig. 14.20.
Recall that the requirements for oscillation are that the loop gain BA 1S gredter than unity

and that the phase shift around the feedback network is 180° (providing positive feed-
back). In the present idealization, we are comldf:‘:l ing the fee:dback network to be driven by
a perfect source (zero source 1'11pedance) and the output 0 of the feedback netwmk to be

connected into a perfect load (infinite load :mpedance) The idealized case will allow -

“development of the theory behind the operation of the phase- -shift mczllator Practlcal cm
_cuit versions will then be comldered

Feedback network

FIG. 1420 -
Ideali zed phasen;vhiﬁ- oscillator.

Concentraunﬂ our &tt&i‘ltl()n on the phasﬂ-bhift netwerk we are interested i in the attenua-
tion of the network at the frequency at whmh the phase shift 1s emctly 180“ Uxmg classical

- network analysis, we fmd thﬁt

I = 2ekcVe 1839)
A e (14

'and the phase. thft 1s 180°.

~ For the loop gain BA to be greater than umty, the gain of the amplaﬁer stage - mu%t be;,

' _Hreater than 1}]8 or 29:

values of R and C to pmwde (at a specific frequency) 60°-phase shift per section for three

sections, resulting in a 180° phase shift, as desired. This, however, is not the case, since each

section of the RC in the feedback network loads down the previous one. The net result that

the total phase shift be 180° is all that is important. The frequency given by Eq. (14.33) is

o T T (1435)__7

When consi dermg the operatmn of the feedback network, one might ndlvely select the

PHASE SHIFT 761 3

OSCiLLATOR
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' magmtude is calculated from

> -_that at Wthh the t@tal phdse *:hm 1S 180“ 1f one mea';ured the phaee shtft per RC section,

each section would not provide the same phase shift (although the overall phase shift is

- 180°). If it were desired to obtain exactly a 60° phase shift for each of three stages, then
emitter-follower stages would be meded f{)r each RC section to prevent each fmm being
loaded from the foil{)wmg c:rﬂut

| __FET .Phase-Sh.ift'Osc"illaﬁt'or

A practlcal version of a phase shift oscﬂlator circuit is shown in Fig. 14 21a. The circuit is

drawn to show clearly the amphﬁer and feedback network. The amplifier stage is self-

~ biased with a capacitor bypassed source resistor Rg and a drain bias resistor Rp. The FET

device parameters of interest are g, and d- me FET dmphtier theory the amplifier gain -

Hl Bl s (1436)
. _where RL n [hIS case is the paraﬂe} resmtance of Rp and rd, | _
o ; Rgrd ' i
e L - 1437)

- We shall assume as a very mod apprommatlon that the mput 1mped:mce m ?.hfi‘ FE F amph-—

fier stage is infinite. This assumption is valid as long as the oscillator operating frequency
is low enough so that FET capacitive impedances can be neglected. The output impedance |
of the amplifier stage given by R; should also be smail compared to the 1mpedance seen
looking into the feedback network so that no attenuation due to loading occurs. In practice, |

these considerations are not always negligible, and the amplifier stage gain is then aelegted' .

somewhat larger than the needed factor of 29 to assure {)SCﬂlﬁt(}I' dcnon

_ Vﬂﬂ

o Lae ol ST | (b}_'

FIG. 14.21 _
Praaf:m! phmf*sh:ﬁ* muﬂaﬁ:&r circuits: (a) F ET vemmr} (b} BJ T version.

‘llu _j‘"f' #g‘-l-r' LR S _'l-'ﬂ"_if -'t- ‘#ﬁﬂq‘ .,*u-‘l.*_..r ‘ '

EXAMPI.E MJ " It 1S destred 0 dwgna phase—shlftos,uﬂamr (annw 1421\uszng an F
FET having g,, = 5000 uS, r; = 40 k(), and a feedback circuit value of R = 10 k(}. Select
-~ the value of C for oscillator omz ation at I kHz and RD for A > ”9 to ensure (}&C]Ildmr d(,tzon



Solution. hqu.ﬁmn (14 33) isused t-:) solve for the capacu or value Since f = 1/ 277RC \/“
" we can solve for e | | |

L o - i ...;'65&1«."
“"»‘*:er\/_ (6. 28)(10 X 10°)(1 X 10°)2.45)

| Uﬁmg Eq (14.36), we solve for R to provide a gain of, say, A = 40 (th1s allews f01'
_some lt)ddmg between RL and the feedback network input 1mpeddnce) -

Al = gmRe

A 40

o e gm 5000 X 107°
Using Eq ,('14.3.7)., we solve for Rp = 10k{}..

= 8 k()

|

' 3Tran5|stor Phase-SInft Osullator

" If a transistor is us:ed as the active element of the amjpliﬁer stage the output of the feed——-

o

back network is loaded apprecmbly by the relatwely low input resistance (/;,) of the tran- &
sistor. Of course, an emitter-follower input stage followed by a common-emitter amplifier - =
stage could be used. If a single transistor stage 1s de: sired, hﬂwever the use of voltage-
 shunt feedback (as shown in Fig. 14.21b) is more suitable. In this connection, the feedback
~signal is coupled through the feedback resztstor R" in series with the amphﬁer stage mput_ -

| resmance (R)).

- Analysis of the ac mrcu;t provldes the fallawmg equat}_{"ﬁ for -ﬂ'}e resulﬁng oscill'ator_ .

frequency

2qu€ \/6 m.g/k) |

v T AR DR MU -mm-

.......

For the loop gain  to be greater than unity, the requirem, ent on the current gam of the tran—.

sistor is found to be
Ke

. kfF 23 + #Q_,}E..,..*. 4-— - | = | (14.39)

Re R

. IC Phase-Shlft OSclllator

As IC circuits have become mﬁr@ popular, they have been ddapted te operate in oscﬂlator

circuits. One need buy only an op-amp to obtain an ampllifier circuit of stabilized gain set-

ting and incorporate some means of signal feedback to produce an oscillator circuit. For
~ example, a phase-shift oscillator is shown in Fig. 14.22. "The output of the op-amp is fed to
a three-stage RC network, which pmwdes the needed 18( )° of phase shift (at an attenuation

_factor of 1/29). If the op- 'unp pmvides gmn (aet by resmmrs R and Rf) of greater than 29, - '

| FIG 14.22
Phase shift m.c:l!ator usmg an mp-amp

 PHASE-SHIFT 769
- OSCILLATOR .
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187 WIEN'BRIDGE oscumon -

A practlcal oscillator circuit uses an op- amp and RC br 1d-ﬂe circuit, with the oacﬂlator fre-

. a loap gain greater than unity result:: and the cm:mt dcta as an mcﬂlator [oscﬂlamr tfe-_
. .quencyf !S gwen by Eq. (14 33)] | '

quency set by the R and C components. Figure 14.23 shows a basic version of a Wien

_  bridge oscillator circuit. Note the basic bridge connection. Resistors R; and R, and capam-
~tors 4 and C, form the frequemy-—adjustment elaments and resistors R3 and R, form part

of the feedback path. The op-amp output is cc}nnected as the brxdge input at pmntq a and

~The bridge circuit output at points b and d is the input to the op-amp.

Neglectmg loading effects of the op- amp input and output impeddncés the analysw of

| the bridﬁe cu*cun wsults n -

e R:a' Ri Cz

2= PR e (14*40)”
R4 RZ | C} : : | o

If in particular, Lhe Values are RE == Rz - Rand C = G = C the resulting oscillator '

: 'frequency 1S

. zﬂ_c.-- .* e
-and | ; o R3 2.. o = (14.43)

Thus a ratio of R to Ry greater than 2 will prowde qufﬁczem loop gain for r,he circuit to

{}sullata at the frequenc,y calculated using Eq (14. 42)

Ao f
e m by ¢
: . L - ‘R
Ry , 3
i
| | - Qutput
| g ~ sinusoidal
b v : signal
| Cy ¢
a . 1
Jo= -
, 2eNR C R, G5

Wa:e*n br.rdge .f;rsczllmc:nr circuit using an op- amp amplifier.

EXAMPI.E M -. Calcuhte Ihe rewnanﬂrequency Of the Wmﬂ budﬂe oscrllator of

Fig. 14.24.

 Solution: Using Eq. (14.42)yields

fo = - - 31207Hz
Jo. _?.’?TRC 247(53 >< 103)(0 OOI X lOWf’)




¢+————— Qutput

FIG. 14. 24 |
an brra’t;f o scillator csrum ﬁf?}’ ﬁmmpie 14.8.

operatmn at fu 10kHz.

Solution: U::-,w:=r equal values of R and C, we can select R =100 kQ and ca]cuiate the’

reqmred value ememg Eq (14. 4’7‘}. - _ e

C= ~ 159 pF
ek 628(]0>< 103)(100>< Yy 628 g

We can use R3 = 300 kQ and R4 IO{) kQ m pmvlde a ratm R;/R4 greater than 2 fOr.
oscillation to take place - - .

148 TUNED oscm.Aron cmcm
' Tuned-lnput, Tuned-Output Osui!ater Cnrcmts

- A vanety of circuits can be built using that shown in Flff 14. ”D by providing tuning in

both the input and (:sutput sections of the circuit. Analysis of the circuit of Fig. 14.25
reveals that the following types of oscillators are obtained when the reactance elements

are as demgnated

' Reactance Element

Oscillator Type | _- L X; X3

Colpitts oscillator sl ek

. “Hantleyoseiflator © .- L . oo Ee -0 €

 Tuned input, tuned output ~ LC Lc ... —
Colpltts Osclllator

| EXAMPI.E 14.9 Demgn the RC elementhof a Wienbmdgeosullatm as in Flg 14‘74 for .

TUNED OSCILLATOR T"
| | CIRCUIT o

R R : : s
e ek mw:?& :

ﬁ“*:’:

HG 14.25

- FET Colpitts Osullatm' A practical version b of an FET C{)]pitts omllator is shown in Fig: Basic ¢ onfiguration of resonant meg. ,

14.26. The circuit is basically the same form as shown in Fig. 14.25 with the addition of the

components needed for dc bias of the FE’I ampli fier. 'Ihe oscﬂlator frequency can be found to be

(14.44)

where

(14.45)

08 cl llffmr
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Fdwm Henry Cn}pltts ( 18""‘2-—1949)
_was a communications pioneer best
known for his invention of the

Colpitts oscillator, In 1915, his
‘Western Electric team successfully
~ demonstrated the first transatlantic
radio telephone. In 1895 he entered
Harvard University where he stud-
ied physics and mathematics. He
received a B.A. in 1896 and a mas-
- ter’s degree in 1897 from that insti-
tution. In 1899, Colpitts accepted a
position with American Bell Tele- -
phone Company. He moved to -
Western Electric in 1907. His col-
league Ralph Hartley mvented an

inductive coupling oscillator, which -

- Colpitts 1mpraved in 1915. Colpitts
served in the U.S. Army Signal

Corps during World War I and spent

~some time in France as a staff offi-

~ cer involved with military commu-

- nication. Colpitts died at home in
1949 in Orange, New Jersey.

{'Cﬂlﬂ'iﬂﬁy (}f AT&TAI'Ehl?ﬂS Iiﬂ{!.
. - History Center)

. FIG.1426
e .T- C';:}prz:s__ olficft’ lator.

'I'ransxstor Colp;tts 0$ullator A transistor Colpms oscillator circuit can be made as
shown in Fig. 14.27. The circuit frequency of oscillation is given by Eq (14. 44)

s
e
-
e
=
_
A

FiG. 14.27 _
-1 HHSISI{?!‘ Colpitts mcrl!afor

| IC Cﬂlpltts OStillator Aﬁ {:rp-dmp Calpztts oscillator circuit is shown in P1g 14.28. Agam the
~_op-amp provides the basic amplification needed, and the oscillator frequer}cy is set by an LC
feedback network of a Celptttf:. configuration. The OSLilldtﬁr frequency 1S given by Eq (14. 44)

' Hartley OScIIIator

If the elements in the basic, resonant cn'cuﬂ of Fl‘-”’ 14 25 are X | and X (inductor%) and X3_ |
| (capamtor) the circuit is a Hartley escﬂiator | -

- FET Hartley Oscxllator An FET Hdrtlev 0%111&01‘ circuit is ShGWH in Fig 14 29 The cir-
- cuit is drawn so that the feedback network conforms to the form shown in the basic resonant
~circuit (Fig 14 25) Note h{;wever that mductors L; and L, have a mutual couphng M,



FIG. 14.28

Op-amp Colpitts oscillator.

which must be taken into account in 'det'e'rmining the equivalent inductance tor the reso-
nant tank ClI‘CI.llt The circuit trequency of oscﬂlatmn is then gwen appm:ﬂmately by |

5 _5=

with

Transistor Hartley Oscillator Flgure 14, 30 shows a transistor Haﬁley escﬂlator cmcmt _

iy
21:'\/Leq(i" =

The circuit operates at a frequency gwen by Eq (14 46)

&

RFC &

. Tank circuit

FIG 14.30

Tran mmr Har fiey asmﬂamr c*:rcmt

Flﬁ. 14.29
F ET Hartley asctl laror

(14 46),

(14,47)

Ralp.h Hﬁnley was born in Nevada
in 1888 and attended the University -

of Utah, receiving an A.B. degree in
1909. He became a Rhodes Scholar

at Oxford University in 1910 and
~ received a B.A. degree in 191'? .:mcl

a B.Sc. deﬂree in 1913.
He returned to the United States

~ and was e.mplﬂyed at the Research
- Laboratory of the Western Eleutnc
. Company. In 1915 he was in charge

of radio receiver development for

- Bell Systems. He developed the

Har._tley oscillator and also a neutral-
izing circuit to eliminate triode- sing-

_ing resulting from internal coupling,.

During World War I he established
the principles that led to sound-type
directional finders. He retired from
Bell Labs in 1950 and died on Mav |
1, 1970.

(Cnurtexy of AT&T Archives and
History Center)

s
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" FIG.1431

Electrical equivalent circuit of a
crystal.

149 CRYSTAI. OSC".I.ATOR

A cr} stal oscillator is basﬂcally tuned-circuit O‘BCIHHIQI using a piezoelectric crystal as a

~resonant tank circuit. The crystal (usually quartz) has a greater stability in holding constant
~ at whatever frequency the crystal is originally cut to operate. Crystal oscillators are used
. whenever nreat stablhty 18 reqmred such as in communication transmltters and receivers.

. Characterlstlts of a Quartz Crystal

A quartz crystal (Gne of a number of crystdl typex) exhﬂ:nts the pmperty that when mechan1-~ |
-~ cal stress is applied across one set of its faces, a difference of potential develops across the
‘opposite faces. This property of a crystal is called the piezoelectric effect. Similarly, a voltage
- apphed across one set of faces of the crystal causes mechanical distortion in the crystal shape.

- When alternating voltage is applied to a crybtal mechanical vibrations are set up——-these

vsbr&tmr:s having a natural resonant frequency dependent on the crystal. Although the crys-
tal has e]ectromechdmcal resonance, we can represent the crystal action by an equwalem-
electrical resonant circuit as shown in Fi ig. 14.31. The inductor L and capacitor C represent
"'-electncal equivalents of crystal mass and compliance, respectively, whereas resistance R is

an electrical equivalent of the crystal structure’s internal friction. The shunt capacitance C),

: represents the capacitance due to mechanical mounting of the crystal. Because the c ystal
losses, wpreqented by R, are small, the equivalent crystal Q (quality factor) is high—typically
20,000. Values of Q up to almost 10° can be achieved by using crystals. .

The crystal as represented by the equivalent electrical circuit of Fi1g. 14.31 can have two _
resonant frequencies. One resonant condition occurs when the reactances of the series RLC
leg are equal (and opposite). For this condition. the series-resonant impedance is very IGW_' |
(equal to R). The other resonant condition occurs at a higher frequency when the reactance
of the series-resonant leg equals the reactance of capacitor Cy,. This is a parallel resonarice
or antiresonance condition of the crystal. At this frequency, the crystal offers a very high
impedance to the external circuit. The impedance versus frequency of the crystal is shown

1n Fig. 14.32. To use the crystal properly, it must be connected in a circuit so that its low
‘zmpedance in the senes—-resonant operating mode or bwh impedance in the antuesonant
' Qperatmg mode is selected.

Izl -

- (Series resonance)  (Antiresonance)

 HFG.14.32 o
Crystal impedance versus frequency.

'. Series'-Resonant Circuits
“To excne a crystdl for operatmn in the series- resonant mode, it may be mmeuted as a series

~element in a feedback path. At the series-resonant frequency of the crystal, its impedance is
smallest and the amount of (positive)’ feedback is larﬂest A typical txanﬂzstor circuit 18



RFC

wEE—
ey,
L

Output

’ §RI~ g

XTAL - Ce

G = o
= 'Flc.u.ss

- Cry smi—cmrtmlled osallatar using a cr):;ral ( XTAL) in a series- feedback path (a) BJT circuit; ( b) FET cr.rcmt .

-'u-

| *_shown in F:g. 14. "53 Resxstors R s Rz, and Rg pmv:de a voltage-dmder stabihzed dc bias =

circuit. Capacitor Cg provides ac bypass of the emitter resistor, and the RFC coil pmv:des

for dc bias while decoupling any ac signal on the power lines from affecting the output sig- -'

 nal. The voltage feedback from collector to base is a maximum when the crystal impedance

~ is minimum {in series-resonant mode). The coupling capacitor C¢ has negligible unpedance .

at the circuit operating frequency but blocks any dc between collector and base.
~ The resulting circuit frequency of oscillation is set, then, by the series- -resonant fre-
quency of the crystal. Changes in supply voltage, transistor device parameters, and so on,
~ have no effect on the circuit operating frequency, which is held stabilized by the crystal. The
l CH‘CHII _frequeney stablhty 1s set by the crystal frequency stability, which is good.

! Parallel-kesonant Cm:ults

' Since the parallel-—resonant Impedame of a crystal is a maximum value it 18 connected in

~shunt. At the parallel-resonant operating frequency, a crystal appears as an inductive reac-
- tance of largest value. Fxgure 14.34 ShOWS a cryqtal connected as the mductox e]ement ina

VYee
e & T

Output. =

_ FIG 14.34
Crystal- umtrullﬂd oscillator operating in pm ai!el-resonam modf'

775
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modlﬁed Colpms urcmt The basic dc bldb cucmt should be ewdem Mammum mltdge 5

developed across the crystai at its parallel- resonant frequency. The m]tage IS mupled to e !

~ the emitter by a capacitor voltage dlwder-wcapaf:lmrs C; and C-.
A Miller crystal-controlled oscillator circuit is shown in Fig. 14.35. A tuned LC circuit o

in the drain section is adjusted near the crystal parallel-resonant frequency. The maximum
gate—source signal occurs at the crystal antiresonant frequency, cmtrnllmg the mr-:.,mt op-

- erating frequency

FIG. 14.35 |
X | Gia M:Her crysral*contmi!ed osallamr

_Crystal Osclllator | =

An op- amp can be used in a crystal osczllat{)r as shown in Fig. 14 '56 The cryqtal is con-
nected in the series-resonant path and operates at the cryf;tdl series-resonant frequency.
The present circuit has a high gain, so that an output square-wave signal results as shown

in the figure. A pair of Zener diodes is Shown at the output to pmﬂde fmtput amplltude at

exdctl} the Zener voltage (Vz)

. FIG.14.36 __
- Crystal oscillator using an op-amp..



'-.“14.10 UNUUNCTION oscn.mmn e

- A pamcular device, the um]uncuon transzsmr can be used in a single- %tage GSClll&tOI‘ cir-

cuit to pmvxde a pulqe signal suitable for di gital-circuut applications. The uni jjunction tran-
sistor can be used in what 1s called a relaxation oscillator as shown by the basic circuit of -

Fig. 14.37. Resistor Ry and capacitor Cr are the timing components that set the circuit
oscillating rate. The G&Clllatﬂli‘: frequencv may be calculated using Eq. (14.48), which

includes the umjunctmn transistor infrinsic stand-off rarm masa factor (in additmn to RT
~and CT) in the oscillator operatmu* frequency: |

o] -
RrCrin “/(l _ T’)] |

f, =

‘Typically, a unijunction transistor has a stand-off ratio from 0.4 to 0.6. Usi_ng a value of

= 0.5, we get | | |
. f __h___- 1 = -y 44 = | 44
£ R;C;pln[l/(l - 05)] RTCTlnz ; RTCT ;. - |
Ves

-*Tirm:
*Time
S . oV L - S AT St Sl S S
FIG. 14.37 | e -~ FHG.14.38 i
Basic unijunction oscillator circuit. ~~~ Unijunction oscillator waveforms.

Capdutor Cris Lharged throunh resistor RT teward %upply voltage VBB As Iong as the ca-
~ pacitor voltage Vy is below a stand- off V{)lmge ( VP) set by the voltage across By — Bz and
- the tramr-:tor stand-off ratio 17, |

| | e VP = 7?V131VB~ ~¥p o e (14 50)‘
the umjuncu(m emitter lead 3ppf:dl“:. as an open circuit. When the emitter voltage across
capacitor Cr exceeds this value (Vp), the uni ijunction circuit fires, discharging the capac1- |

tor, after which a new chm ge cycle begms* When the um;unctmn fires, a voltage rise is
developed across R and a voltage drop is'developed across R- as shawn in Fig. 14.38. The

- signal at the emitter is a sawtooth voltage wavetorm that at base 1 is a posﬂwe—gomg pulse

~ and at base 2 is a negative e-going pulse. A few CTI'LUII variations of the umjunctwn mu]latcrr
‘are pl‘ﬂﬂdf’:d in Flg 14 39, o

(14.48)

~ UNUUNCTION 777
-OSOLLATQR
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FIG. 14.39

Sﬂme unyuncrmn a.sc:llarm circuit wnf qumnons

- 14. 1" summv
Equations

| Vqlt_a.ge:—s&rles 'feedbﬁt:k:

oy A
Af UL e

2 |
—— . Z;‘:_=ZI'+ AZI=Z;1+A,

Zﬂ

Zy= ==
T .1 (1+pA)

Voltage-shunt feedback:
A = : = 'Z =
£, | + A’ (1+BA)_"

Current-senes feedback .
Zy=T =7+ A, Zy= <= Z(1+ BA)
Currént_ shunt_feedback: "

BA)

_Phase-fshitt osmuatqr;'

fmae

wmRCVE YETER

29
_'Wlen_brldge os_cﬁ.lat_or; f

Jo = 2«\/121(, Rzo-,_

Colpm&. oscﬂhter - e

217 ‘V LC,_q

- Hartley oscﬂlator

= - . — ~where L.,=L; + + 2M
T el e b

~ Unijunction oscillator:

%o = ReCrmij —m e

778
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‘Example 14. 10-IC Phase-ShIﬂ Oscillator qug Multisim, we draw a phase -shift oscilla-
tor as shown in Fig. 14.40. The diode network helps the circuit go mto self-oscﬂ]atmn

with the output frequ;:ncy ccﬂculdted using
= 1/(27V6RC) .
-_-=,1 /1277 V6(20 X 10°)(0.001 X 107%)] = 3,248.7 Hz

oo Se— s " . _ i e R T T
Eh: ﬁuiﬂl I Mu%:tm ﬁﬂl‘-l. - : k : g 5 o S P T A (N
e ' - el i v A S

L T ma - v ' B e o e i . soro B, ot o T -
e o g .
i 5'-.=£r. .zrm e e S5 Sotae e TonE BepeTiz ihees Wiados  Hedp

e R | i € g

Srha tnf Ik

SR RSN

: eal e - S0y

o wmn | ch e

-
g;ﬁmﬂn*lg‘! me.lwﬂ"'_;nuf é""}ndh&l
o

2 e el Bl vy

THrv'l'ﬂﬁt et :

o oo W'TWW 3‘"‘"".".‘.”".’"';"'."“. &y e el ._._ J - - !

FIG 14.40
Phaae -shift osc:!lafm .s'mg Mulr:srm

"o

The mcﬂloxmpe waveform in Fl“ 14.41 shnwx a cycle i n about Lhree d1v1swns The mea- '
sured frequency for the scope setat 0.1 maldw s | . - |

Fmeasured 1703 dw X 0.1 ms/dw) = 3 333 Hz
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Tmsbace o chensa chanss Tow :
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FIG. 14.47
Oscilloscope waveform.



78_0 FEEDBACK AND i -"Example 14.11=IC Wlell Bridge Osdllatar Using Multl‘;xm we construct an IC Wien'
" OSC‘LLATOR C‘RCUITS bridge oscillator as bhOWII n Frg 14 42a. The oscillator frequency is calculated using

_ s  fo=1/Q@aVR,C 1R202)
_whit:h;fqr_Rl _ Rz = Rand c1 = C . C, is
| | | o 7
2 (51 k)(lzgf)

-f;, : l/(mRC)

M =30He | T .
The mcﬂ]mcope waveform in Fig. 14. 42b shows the resonatmn waveform w1th CUTSOI'S
T2 — T1 = 329.545 uS, the scope frequency 1s | |
T

f=== — = 30345Hz *
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(a) Wien bridge oscillator using Multisim; (b) scope wavejorm.

'_Example 14.12-IC Colpitts Oscillator Using Mulnslm we mnqtruct a Colpnts mc;llator
5 ~as shown in Fig. 14.43a.
o % Using Eq. 1445 b | .
' ""'-cc- 150 pF)(150 pF -
“Cel- % ( P)( p)_-——75pF
| By 4+ Cs (150 pF + 150 pEFy
The mcﬂlamr frequency fm‘ th:s circuit is then (Eq 14 44)

e =
. QrVLCeq)

27V (100 H)(75 PF)

1,837,762.985 Hz -

: | _ | {3 SMHZ o

~ Fig. 14.43b shows the oscilloscope waveform with

g
f ik

8

I

'II'E' |

T - (852 273 [.LS)
1 ”MHz
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FIG. 14.43

( a) C Co!pn‘rs ()Tc*tllamr fmng Mulrmm (L) scope wavcfmm
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Example 14. IS-Crystal Osullator Using Muitmm we draw a crystal oscillator CII‘LLHI

-as shown in Fig. 14.44a. The oscillator frequency is kept from changing by the ctha] Thf:‘:

wavetorm in Fig. 14.44b shows the penod to be about 2.383 uS. ' T
‘The frequency 1s then ' = '

1/7‘-—-— 1/2 383,.w = 0.42 MHz
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Asterisks indicate more difficult problems.

=

14.2 ?ee.dbaf'ck-Caa}ﬂedio?ﬁ'TYPés.7__- e = -

1. Ca

]f:ul ite the ;:am of ﬂ negative _feedback ﬂmphf -rilating A= =2000and B = ~1/I 0.

o .If the gain of dn dmplihﬂl changes from a value of — 1000 by 10%., il(,uiat{, the min hanﬁ if
the dmpllfl risusedina feedtmck circuit having 8 = —1/20, ' |

12

A = —-300.R; = L5k, R, = S0k, and,Bm =S e =

143 Practical Feedback Circuits

Calculate the gain, mpul and output impedances of a voltage- series feedback amphhcr h mng

-

*4. Calculate the gamn ‘with dnd mth(}ut fccdbu k for an FET amplifier as in Fig. 14.7 f{}r cireuit.
values Ry = 8)1')](12 Ry = 200 Q R,:, = 40 k(1. RI} = Rkil and o, = 5000 jJ.S

5. For a circuit as 1n Fig. 14.11 and the f{)]]ﬂwmg clucuit 1'alu s, calculate the circuit aain 1 and the
input and output zmpcdanc'“&. with and without feedback: RH = 600 kQ R;‘ = }2KO. Ry =
4.7k}, and B = 75. Use Voo = 16 V. = = | |

14.6 Phase-Shift Oscillator . s

6. An FET phase-shift oscillator having g, = 6000 uS, ry; = 36kQ, and feedback resistor

K

R = 12 k{) is to operate at 2.5 kHz. Select C for specified oscillator operation.

6 k&), C = 1500 pF. and R~ = I8 k{l.

4.7 Wien Bridge Osdillator | e

8. Calculate the frequency of a Wien bridge oscillator circuit (as

and C = 2300 pk. = = e >

14.8 Tuned Osciilator Circuit s _ -

"]

7. Calculate the operating frequency of a BJT phase-shift oscillator as i Fig.

14.21b for

9. For zm_'_FET Colpitts (iscil!amr as m Fie, '14.26 ahd the following circuit values determine the
circuit oscillation frequency: €y = 750 pF, Cy = 2500 pF. and L = 40 uH. '

10, F-Or_ the transistor Colpitts oscillator of Fi'- 14.27 and the 1<Jllﬁwmg 7 circuit va ]ues calc uldtu the

bL’i“t}.ti{)H frequency: L = 100 uH, Lere = 0.5 mH, C; = 0.005 uF, (q = (.01 wF. and

Ce =

O k.-

1

{.5mH, and M = 0.5 mH.

41 Ca.l.culatﬂ the oscillator 11"*¢1uf:my foran F I‘T Hdmcy sscillator as in Fig. 14.29 for the follow-
ing circuit values: C = 250 pF, L = 1.5 S mH, L, i

- 12. Calculate the -:}f;cillaiicm _’_frequaﬂﬁy' for the transistor Hartley circuit of Fig. 14;3(} and the fol-

lowing circuit values: LR;;-*{;_:'Q.S mH, L; = 750 uH. L, = 750 uH. M = 150 uH. and

C

149 Crystal Oscillator ' e

= |50pF. = o | =

El
L

13. Draw circuit dldgalm of (a) a series-operated crystal oscillator and{b)a*-,hunh
oscillator. B e o

1216 Uﬁiiﬁnﬂi@ﬁ Osti_llatar - | : = i

14. Des

sign a ungmwtmn oS Cl”diﬂ!‘ circuit for ope mtmn at (a) | kH? and (b} H() kHz.

xcited crystal



