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m Non-ldeal Op Amp

> DC Imperfections

EE115 Analog Circuits
Non-ldeal Op Amp

> Finite Open-Loop Gain and Bandwidth

> Large-Signal Operation of Op Amps

m Reading: SEDTRA/SMITH book pages 97-116
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Review: Ideal Op-Amp Lenns Electrical Characteristics of a Real Op-Amp
. R R = PARAMETER I Testcowomons | wm e wAx] wT
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> No current goes in, virtual open circuit e s , B S—
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m Infinite open-loop gain, A el v e MHz, operational
q 9 3 ; q 4 . e A e o amplifier
> Virtual short circuit between the inverting and non-inverting T e — o o
SRS I w =3
input ports e - = 5
e [ am oo
m Infinite bandwidth e ! ] =
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m Infinite common-mode rejection e — e
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Switching Characteristics of a Real Op-Amp LwuBEAT Imperfections in Practical Op-Amps Pk T
FREQUENCY RESPONSE B H
GBP Gain idth product Vg=5V,G=+1 10 MHz u Flnlte open—loop gam (AO <IL2 )
Phase margin =5V, 6=+ & o« . . .
T SErTIe = T = Finite input resistance (R; < )
T00.1%, Vs =5V, 2V step, G = +1, C = 100 pF 0.5 .
ts Setting e To 0.01%, Yo = 5, 2 stop, . e m Non-zero output resistance (R, > 0)
G=+1,C_=100pF
tor Overload recovery time Vs =5V, Vj = gain > Vg 02 us =pe .
T To@lmmonlcdistnmono rs?EHs V, Ve =25V, Vo =1Vays, G=+1, a0oe% L] Flnlte bandWIdth
noise' = iz 3
LT m Offset voltage
Vo l\!;l;age output swing from supply | Ys = 5:5V, R, =10k 20 =y
I Vs=5.5V,R =2ka 60 o
= — oo — — m Input bias and offset currents
Zo Open-loop output impedance Vs=5V,f=10 MHz 100 Q
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Offset Voltage Lenns Trimming of Offset Voltage Lenus

v
1 o— Actual op amp
\/ Torest ———0— =
of circuit — —p
————+
3 Offset-nulling
) N T | terminals
T2 3 4 5 6 v mY)
Offset-free op amp v
20 Fig. output dc offset voltage of an op amp can be
N trimmed to zero by connecting a potentiometer
to the two offset-nulling terminals.

Fig. Circuit model for an op amp with input offset voltage Vo Fig. Transfer characteristic of an op amp with V55 = 5 mV and output saturation
levels +10 V.

Offset-free
op amp

Causes: mismatches in the input differential stage
Fig. Evaluating the output dc offset voltage due to

—P=AL 718 Vos in a closed-loop amplifier. 818
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Input Bias Currents and Offset Currents*

n Input bias current:

Iy = Up1 +I52)/2
= Input offset current

los = lIp1 = Ipz|

m Typical CMOS Op amps:
> lg<1pA
> lps < 0.1 pA

How to measure Iz?

Vo = Ip1Ry = IgR,

918
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Frequency Response of Open-Loop Op Amp

m Single pole response with a
dominant pole at w,

|4] @B)

= Open-loop transfer function

LN 0
AGe) = 1+ jw/wy,

1,—> 100)

ZrL—
/
]

w1\ m At higher frequency
l ~ 20 dB / decade
ol 1 3 Aywp,
| N7 A(w) ===
40 : \ jw
of | N Aw
| . o%b
(B ., S, l[AGw)| =
A NG
,T ,T m Unity-gain bandwidth
) : . . we = Apwp
Fig. Open-loop gain of a typical general-purpose, internally
compensated op amp.
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Fig. Reducing the effect of the input bias currents by introducing a resistor Ry.

Introduce R; in series with the non-inverting input
Vo = —IpzR3 + Ry(Ip1 — Ip R3/Ry) *
If Iy = Ipp = I,
Vo = Ig[Rz — R3(1 + Ry/Ry)]
Reduce V, to 0 by designing R,

Ry RiR,

RN . i
3T 14+R,/R, R +R,

Insert into *,
Vo = IosR2
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Frequency Response of Closed-Loop Op Amp
(Inverting Amplifier Example)
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m Close-loop transfer function:
Yo _ —Ra/Ry
Vi 1+ (1 +Ry/R)/A

= Include the bandwidth-limited A:

Ao _ Ao
1+s/(we/A0) 14 A,s/we
Vo(s) _ —Ry/Ry
VHETT, +Aiﬂ(1 +Ry/R) +

A(s) =

m If: 4, > 1+Ry/Ry,
V() —Ro/Ry
Vi(s) 1

+ S
w,/(1+ R2/Ry)
m Close-loop corner frequency:
W
1+Ry/Ry
s GBW unchanged 1218
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Frequency Response of Closed-Loop
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(Noninverting Amplifier Example)
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m Close-loop transfer function:
Vo _ 1+R,/R;
Vi 14+ +R;/R))/A
= Include the bandwidth-limited A:
A
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Output Saturation

= The output voltage swing is limited by
> 1. Saturation voltage (usually 1~2V lower than power supply voltage)
> 2. Maximum output current (in case of small load resistance)

m Output waveform appears to be “clipped” when either condition happens

(@ (b)

Fig. (a) A noninverting amplifier with a nominal gain of 10 V/V designed using an op amp that saturates at
+13-V output voltage and has +20-mA output current limits. (b) When the input sine wave has a peak of 1.5V,
the output is clipped off at +13 V.
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Figure 2.12 Th inverti figurati A(s) = e
|gu‘r7 - e noninverting configuration. D s
4] (dB)
T V() 1+Ri/R
oo ] Vi©) qaea_S5
& i 2048/ decade w¢/(1+Ry/Ry)
AL « m Close-loop corner frequency:
I
20| ! w.
: ‘ ‘ Gaa =N
TR s B S 1+ Ry/Ry
x T » GBW unchanged
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m Amplifier output is limited by "slew rate":

maximum rate of change possible at output ﬂ V'*ﬁ
dv, 1 s

SR =
d[ max

+

®)

m SR is specified in datasheet in V/us.

m Note: SR limit is different from bandwidth "] —

limit: : % —— ® !

> Limited bandwidth is a linear phenomenon,
it does not result in changing the shape of
an input sinusoid

> SR limitation can cause nonlinear distortion
to input sinusoidal signal. 15118

<>

Fig. (@) Unity-gain follower. (b) Input step waveform.
(c) Linearly rising output waveform obtained when
the amplifier is slew-rate limited. (d) Exponentially
rising output waveform obtained when V is
sufficiently small so that the initial slope (w.) is
smaller than or equal to SR.
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Comparison of Slew Rate and Bandwidth Limits

m For a step response, both SR and bandwidth limits cause the output to
rise with a finite slope, but there is an important difference:

m Slew rate limited output:
.
> Slope = SR at all times J v
| TN
= Bandwidth limited output: . L Trb et
> Slope = w;Vexp(—wt) < SR ¥ JACES"
Siope = SR~ 1 V.(s) 8
m (V: steady state output voltage) / z ) 1+ w;
N 7 m Time domain:
© v, () = V(1 — e~%tt)
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Full-Power Bandwidth
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m For sinusoidal input to unity-gain follower:
v; = V;sinwt
m Rate of change:
dv;

E = Viwcoswt < SR

m Full-power bandwidth:
The frequency at which SR-limited distortion
starts to occur for an output sinusoid with
maximum rated output voltage, V,ax
®yVomax = SR

SR

fMu=5——
S=ADL 2Vomax
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Fig. (a) Unity-gain follower.
Theoretical
utput

Output when op amp

is slew-rate limited

/

Fig. Effect of slew-rate limiting on output sinusoidal waveforms.
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m Open loop gain

m Input impedance

m Output impedance

= Input offset & Bias

= CMRR

m Saturation

m Unity-gain bandwidth
m Slew rate

m Full-power bandwidth
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