Operational Amplifiers

The operational amplifier (OpAmp) is a dc-coupled, high-gain voltage amplifier with a
differential input and a single output (usually).

An important characteristic of the opamp is that they are direct-coupled devices or dc
amplifiers — dc stands for direct-coupled or equally well stands for direct-current, since a dc
amplifier is one that amplifies signals whose frequency is as low as zero.

Symbol and Terminals

The two input terminals are called: the inverting input (-) and the
non-inverting input (+). The typical OpAmp operates with two dc
power supplies, one positive and one negative. Usually the power
supply terminals are left off the schematic symbol for simplicity, but
are always understood to be there.

The Ideal OpAmp

The ideal OpAmp has infinite voltage gain, infinite input YT
resistance, zero output resistance and infinite bandwidth. ViD
The differential input voltage appears between the two input
terminals: v;p=v—v;_ and the output voltage is: VT

vo=a -vip=a-(vi+— v;_), where g is the differential gain.
The OpAmp responds only to the difference signal and ignores any signal common to both
inputs. We call this property common-mode rejection and we conclude that an ideal
OpAmp has infinite common-mode rejection.

Saturation Voltages

The voltage at the OpAmp output is limited by saturation voltages: 15, <vp <+Vus
Ideally, the magnitude of saturation voltages is: 7, = Veur = Voo

Practically, a first approximation for the saturation voltages is: Vi, = Vg = Voo —2. (The
saturation voltages are about 2 V below the power supply.)

The Inverting Configuration

Iy RQ
The amplifier presented in figure has a gain: 4= Yo A
vy vi Rl A Ir
An ideal opamp will be considered. As long as the output 0 r V5
voltage is finite (output not saturated: 15, <vp < +V5s1 ), "iDT —°
the voltage between the opamp input terminals is zero )

(practically, negligibly small): v = Yo Yoy,
[s 0]}
Since vip =vi—v;_=0, it follows that v;,=v;_; we speak of this as: the two input terminals

are “tracking each other in potential”. We also speak of a “virtual short circuit” that exists
between the two input terminals (virtual short, not physically shorted).



Because v, =0 (the non-inverting terminal is grounded), it follows that v;_=0; we speak of
the inverting terminal as being a “virtual-ground” — that is having zero voltage, but not
physically connected to ground.

The input current is: 7 = 1~ 1= = "I,
Iy I
This current cannot flow into the opamp, since the ideal opamp has infinite input resistance
and hence draw zero current (i;=0):
‘il :‘if +12 212,
. . vy L Y, RZ
Vo =vy_—ioRy =0-7Ry, =——+R,, and the voltage gainis: 4,=-“9%=-—=.
Ry iR
Because of the minus sign this configuration is called the inverting configuration.
The resulted voltage gain is much smaller than a but is stable and predictable. That is, we

trade gain for accuracy.

VI _ VI I o_

The input resistance of the amplifier is: R, =-+=-*= =Ry.

o v /R
The Non-Inverting Configuration i Ry
The circuit is presented in figure; the input and the R i | )
ground terminal from the inverting configuration are A
interchanged. L vipl | 'O
The virtual short-circuit between the opamp input ) p—

I

terminals gives: v;_=vr.=v;.
The input current is zero because of the infinite input resistance and: i, =i; +i; =14,

= % = ;—I Vo = Rois +v;_ = Rofj+v; = R2%+v1 , which yields a voltage gain:
1 1 1
A, = Yo _ 1+&.
vy By

The gain is positive — hence the name of the non-inverting amplifier.

The input resistance of this amplifier is ideally infinite since no current will flow into the non-
inverting terminal of the opamp.

The circuit can be used as a buffer amplifier to connect a source

with high impedance to a low-impedance load. In many applications
the buffer is not required to provide any voltage gain; rather it is

used mainly as an impedance transformer. i
For R,=0 and R; =< (without R,) we obtain the simplest unity gain amplifier or voltage

follower (the output voltage follows the input voltage: 4,=1 and v, =vy).

v
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The Differential Amplifier

The differential amplifier is the most widely used circuit in analog integrated circuits. For
instance, the input stage of op-amp is a differential amplifier.

The basic differential-pair configuration consists of two matched transistors &1 and O,
whose emitters are joined together and biased by
a constant-current source /. The signal sources
must provide dc paths for the base-bias currents.
Consider first the case when the two bases are
joined together and connected to a common-mode
voltage veus: ve1 = vey = vy - Since the two
transistors are matched, it follows from symmetry
that the current 7 will divide equally between the
two devices (the transistor current is given by the
basic equation of the BJT; for each of the two
transistors the current depends on the identical
vgp and the identical transistor parameters).

Since o= ig, it follows that i1 =icy = 1/2 . The emitter voltage is vy =vcys— vee, where vap
is the voltage corresponding to the emitter current ip=17/2.

The voltage at each collector is: ve=17¢c— Ro /2, and the difference in voltage between
the two collectors will be zero: veo1=v and veojoz=vo=ve]—ver =0.

Now let us vary the value of the common-mode input signal, vy . As long as O1 and 02
remain in the active regime the current 7 still divide equally between the two transistors and
the voltage at the collector will not change. Thus, the differential pair does not respond to
(or rejects) the common-mode input signals.

O+ VCC

Vg2

The limits of the output voltage

Consider vgy =0 and vg) => 0 (let's say vg; =0.5V). ¢1 will be “on” and conducting all of
the current / and {2 will be “off”. For the (1 to be “on”, vg=vg1 - I5r=0.5-0.7=02V and
vero =vgy —vp=02V which keeps 02 “off’. ic1=17, ico=0,ve1=Toc—Re! and veo=Tpe.

Let us change vp1=-0.5V. 01 will turn off and 02 will carry all the current /.

vip=vpy— Vpr=—07V and vgp1=vg1 —vgr=-0.5-(-0.7)=0.2V which keeps 1 “off".
ico=1,ic1=0,vor =TV —Ro I and v =17

The maximum peak amplitude and peak-to-peak amplitudes of the output are:
Vop=Vec—(—Rc)=Rci and Vopp=2 Vop=2Rc!.

From the above we see that the differential pair certainly responds to difference mode or
differential signals. In fact, with relatively small difference voltages we can steer the entire
bias current from one side of the pair to the other. This property is used in logic circuits for
the emitter-coupled logic, which is the fastest logic circuit family.

To use the differential pair as a linear amplifier we can apply a very small differential signal.
In this case the output voltage taken between the two collectors (the differential output) is
proportional to the differential input signal (small-signal operation).



Small-Signal Operation

The input signal sources can be decomposed into a differential Vp;
component and a common-mode component:

vig=vp1—vp2 and veas=(vpr +vp2) /2]

These are the difference and the average values of the signals

take from the symmetrical points of the circuits, the inputs (base
terminals) in this case.

The Differential Gain =

Consider the differential amplifier fed by a purely differential signal, v;y, with vop=0. It
results: vg) =—-vpy=viy/2 ; the circuit for this case, represented in figure, includes also the
output resistance of the current source, Rgr.
From the symmetry it follows that the signal
voltage (ac) at the common emitter will be
Zer0. ip1=ip, ig1=1e2, iee=is1tien=0 and
vo=Rppi=0.

The common emitter is connected to the
ground from variation (signal) point of view.
The circuit can be split in two identical parts
and only one is needed to analyze the
differential small-signal operation. The circuit
that results is presented in figure and it is
known as the “differential half-circuit”.

The parameters of the amplifier can be computed as follows:

O+VCC

o|E

Yod Vid v,
25 =—gmpeRe, —S-=vp ANd Ay = —od - e
2 2 Vid
1 .
b =v17d'*, Rig="9=2n,;
The b

. Yod Yod

= , R = — = 2 -
lo 2R od i, Re
The equivalent differential amplifier in differential mode
with load is presented in the next figure. The differential
voltage gain with load can be computed as follows:

R
Vod = Adovid . and

Ry +R, 4
v R
Ag=-0d g, "L —_o R.— "L —_o IR
d Vig dORL"'Rod Em CRL+2RC Em CH

Common-Mode Gain

We will consider a differential amplifier fed by a purely common-mode voltage signal vy :
Vo= VB1= VR, Vid=vp1 —vi2 =0, the differential component of the input is zero.

From symmetry it follows that: i.1=ix, is1=inn(=i,) and i,,=21i,.



It follows that: v,=i,.Rer=2i,Rgg . If we replace Rgr with two resistance of value 2Rgg in
parallel (each of them on one transistor emitter) we can consider two independent circuits,
so called common-mode half-circuits. The transistor in this circuit is biased by a current //2
and has a resistance 2Rgr in the emitter lead, as it is indicated in figure.

The common-mode output is: +lo

Vel = VM e —VeM X
2Rpp +7, 2Rpp

Voo =V = —V, Re
c2 cl CM ZREE
If the output is taken single-ended (from a collector to ground), Veg

the common-mode gain is finite: 4, = —¢L = — Re
ven 2R

, since Rpgp=>r,.

, the differential output is: v,g=vo1 —ven=0.

The Common-Mode Rejection Ratio
The differential gain for a single ended output is half of the pure differential gain:
v, 1
Ago = <l - - gmlic-
Vz'd 2
The common-mode rejection ratio (CA/RR) for a single-ended output is:
Ago| 1 o 2Rpp

Cm

CMRR =

= Egm C Ry
The effect of the variations: of components parameters, produced by temperature and
aging, of power supply voltages and so on, is identical for the two transistors in the
differential amplifier and can be considered to be common-mode variations. As the circuit
rejects common-mode signals, it is relatively insensitive to the variations considered earlier.
It is the input differential stage in the op-amp circuit that primarily determines the op-amp
characteristics (parameters). In monolithic integrated circuits (IC) the differential amplifiers
are symmetrical because the integrated components are realized on the same chip and
have virtually identical characteristics and hence a very high CMRR.

= gmREE -

Current Sources

Biasing in ICs is based on the use of constant-current sources, such is the one used by
the differential pair.

The Current Mirror + Ve

The current mirror consists of two matched transistors Q1 and 02
which have the same vgg, (with B1=B; and E1=F3). O1is

R
Irgr

connected as a diode, C1=5;. e 5 Iy
The current mirror is fed by an input (reference) current /zzr, I.BB
produced in the circuit of figure by the bias source I/~ and the Q1 Q2
— Y
resistor R:  Ippp = Yee —Vpr l e
R -

The output current can be computed based of the input current:



_ Trer .

IREF:IC1+[BI+IB2:ﬁ.IB+2IB:[B(ﬁ_i_z)’ IB ﬁ+2,

Iop=p-Ig= %IREF. For p>>2 the circuit acts as a current mirror: I, = Ippp .

The circuit operates as a current source long as (2 remains in the active mode, practically
for: Vo > VCES(II ~02...03V.

The output resistance of the current source is: &, =, ‘Q =
2
O

A current source generate a current that can be:
either sink through the load (from a voltage supply)
— that is the circuit with a npn transistor, figure aj, or
source the current through a load (to the ground or
to a negative terminal of a voltage supply) — that is
the circuit with a pnp transistor as the one in fig. ).
For both circuits the diode > compensates the B-E
junction voltage variations with temperature, theirs
thermal coefficients being almost identical.

We compute the currents for circuit in figure aj:

The Standard Discrete Current Source ot Ve ? e e

VB :VD+R2J2 :VBE+RE[E, VD EVBE, Rz[z :REIE and IEZ%
E
Ve Vi
For I;>>1g, [ =Ig+l,=1, and [;=-—C<—"D
1 By 1=igtig=is R+ R
The output current is: I, = I~ =g = &[1 % VecoVp
R R1+R2 ‘RE

The Output Resistance

The output resistance of the current source, R,, can be computed with the small-signal
equivalent circuit, because the variations in current and hence in vgr are very small.

r=R | (Ry+7p )+ 75 : Ro

) *
vy =ip (|| Ry ), p == "¢ =1 E P17 IR
¢ ¥ EJ b ¥ YRy +r Rig rDiF rbejz BiyQ) §o vi
vx:ve+(jx_ﬁ.jb).r ' {4 bf-;'x- x:

VCCZO' :PRQ EFRE lVe I
) O
szlx(rH RE) [1+ﬂ ] xlos =
E+I” -

v R
R,=—+ :(rH RE)"'[ L ] Fo =7, [H’ﬁ J
iy +r Rp+r

The output resistance of the circuit is much greater than the output resistance of the
transistor, R, >>r,.



Applications

$10 - P1. Design an inverting amplifier having a gain of —100 with an input resistance of 10
k€2, using an ideal op-amp.

h R
) Or Vo _ Vo . W
|deal op-amp: a= willgive: vjp=——=—"-=0 vi Ry i | ir
[4) o0 C—AAA— o
and R, =< will give: i;=0. vint o0
+
A,,:—&:—loo, Ry=100Ry; J_j
Rl =
R; =‘_;—I=R1 =10kQ and R,=100-10kQ=1MQ.
7
8
11 2
1l
. , . () K>
S8 - P3. Find the transfer function of the circuit in AN
figure assuming the op-amp to be ideal. Under what V|l R | I 82
conditions is the transfer function a constant WA - A

independent of frequency? For a gain of -10 and input —
impedance consisting on a 1 MQ shunted by a 30 pF,
what values of ?y, R, C; and C; must be used?

.||_‘

. 1 . 1 .
1. L =V;-1, (with 1 =E+SC1); I, =V, Y5 (with ¥ =R—+SC2); I, =1, gives:
1 2
7 /R + sC Ry 1+sRC
V¥ =i, and ¥, =~ Ly o _VRIHSCL Ry THsRGy
Y2 1/R2 + SC2 Rl 1+ SR2C2
_Ry 1HjeRG

Vi)

For sine wave the operator s is replaced by jo and: 17, = ]
( P P yJ @ Rl 1+ _]ﬁ)RzCz -

For the transfer function to be frequency independent it must be real (without s),
Because R}, R;, C; and C; are not zero, we must have: 1+ sR|Cy =1+ 5R,C;

That gives the frequency independence condition of the transfer function: »/C; = R,C5 .
2. The input impedance is: ¥; =1}; as a result: R =R, =1 MQ, C,=C;=30 pF;

The voltage gain gives the resistors ratio: 4, = —1;—2 =-10= Ry, =10-R) =10 ML, and from
1

the frequency independence condition we get: C, = ?Cl =10 3pF.
2



S8 - P3. Find the gain v5/v; of the amplifier circuit of figure R> R4 Rg

assuming that the op-amp is ideal. Hint. Start at the left-hand IRARYARE
side of the feedback circuit and work your way towards the Rig Rig Rs
output figuring out the various node voltages and branch IMy 1My 1M
currents in the feedback circuit. - = =
|deal op-amp: a=w0 => v = Y0 _ ¢ and Ry =00 => j;=0. . oV
. . “ . o+
The resistance network is presented in the next figure.
vRI=vi_=vr—vpp=vy and igy=ig +ij=ip1=1 (i is a simplified notation).
2Ri _ . . .
ipg =-B3 =28 _9;, ing = i) +igy =i+2i=3i vi Ry i Rq3i Re8iy,
rRR N, ; MR T}
iRS:vm;vm: 1; LoSic ipg=ipgtips=3i+5i=8 Mg Ry R
Vo = Ve + Vs = 8Ri+3Ri = 13Ri (= 13v);; - - )
13Ri
Ay=0="""_13
vi  Ri

S9 - P1. 7). Find the voltage gain v,/v; and the

input resistance of the amplifier in figure. Assume
that 01 and Q> are identical transistors with:

B1=p2=p=200 and Vgg = Vpga=Vpr=0.6 V.
Consider: a) Rg=0 and b) Rg=100€.

2). How does the voltage gain and input
resistance get modified if 8 is doubled.

7). Q point:
Igp = Vee —VBE  _ 12-06 =2.001...1.983mA. We consider a rounded
Ry Rgp 39 0..100
Rpp+-—*=2+-—= 506k+ +
25 2 2200 2

value /gr=2mA for both cases (Rp doesn’t modify significantly the Q point — because R

is much lower than Rgg); the current is equally divided i b ¢ i ,

by the two transistors and /g =1/gr/2 = 1 mA. %ﬁ
The transistor parameters are: g,,=/r/lr=40mA/V % Fhe Bi, $Rc
and ry,=f/g,=5kQ. J_ e

The “differential half-circuit” circuit is presented in figure. = Ry =
%Td:—ﬁ-ib}?c, ‘%Z:@eib+RE(ﬁ+l)-z‘b and =

Ag=led__ PR . Re 02k _ _(248..50);

vy e +(BH1)Rp . gy +Rp  25+0..100

Ry = \’;_i: =2-(1e + Ry )= 2-(5k +0...200-0.1k ) = 10...50 kQ.



7). The differential voltage gain does not depend on f.

The differential input resistance would be doubled: rp,=

p/g,=10kQ and

Ry =2+(n, + Ry )=2-(10k+0...400- 0.1k ) = 20...100kQ.

S9 - P2. 4) Design the current source in figure to operate at /;=5mA and to provide a
current /,=10mA. The parameters of the DZ6V8 Zener diode are:

I7=6.8V and r;=8Q, the diode D has 17,=0.7V and
parameters are =250 and Jpz=0.7 V.

b) What is the lowest voltage at the output;, assume g, =03 V.

¢) Compute the output resistance of the current source R,. Assume

that 7,=100V and ¥3=25mV.

d) Calculate (estimate) the effect of R, variation to the
(Consider B; =0...2kQ and +I"=30 V).

. I 10
a) Ic=Ip and B>250 gives Ig =FCS
Vo =V7 =V, 15-6.8—-0.7
Ry=-Cc"27°D - =1.5kQ.
IR] Sm
Vp+Vz —Vpr

Vg=1p+Vz= Vg + Relp gQives [ =g = 7
E

the transistor

output current.

vz and Ry =
Ry

Vz

Io

ot Ve

5o = 40MA In=Iz +Ip and SmA /g <5.04mA.

= ﬁ =6800Q.
10m

b) Ver = Verse: Qives the minimum output voltage: Ve = Ve + Versa = Ve + Vorsae=7.1 V.

¢) The current and vgy variations are very small;

the small-signal equivalent circuit gives:
Vi 100 B 250

ip
»

R :Fﬁei

b, 4
b ]

4

—

b
>
4

b

AAA

Rg

Q

680

r, =4 10kQ, r, = > = = 625Q.
I~ 10m 40-1~  400m
1 25m
rD=[—T=—5 =SQ,F:R1\|(FZ+FD)+rbezrbe.
D m
R,=r,|1+p Re =7, 1+ TE s ima
Rp+r Re/p+1/gy

+
680/250+1/40-10m

d) The current variations can be computed o i L
with the current generator equivalent circuit: / : +
o > 0
CRyIp+V § o TV
L= R +R; o
- JI:OJO +V_Rolo+V ARL(ROJZTO +V) . ROJ;O AR, =19 AR, and
ot Ry Ry+Rp R; R; Ry
Alp AR 2k g 50,
Ip ~ R, 1312k

j= 1312 k€.

Iy Rr,

iRO 1
Rolo TV
T
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