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This characteristic represents the difference in
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phase between the input and output waveforms Figure 1. Example of open loop frequency

of the op-amp. Similarly to the gain, it is affected by the characteristics, characteristics of op-amp
the circuit constant, and the parasitic capacitance of the op-amp.
* Open loop gain (Av):

The open loop gain represents the voltage gain for direct current. VDD
+IN

* Unity gain frequency (fr): —o— ¢ ouT
The frequency at which the gain is 0 dB (1ltimes) is referred to as the unity gain Viné,) N >—o

frequency.
* Gain bandwidth product (GBW): Vref 7'7|'7

VSS

777
The frequency characteristic of an amplifier circuit shows an attenuation at the rate of -6

dB/oct per pole. The product of the gain and frequency at an arbitrary point in the range where Figure 2.

the -6 dB/oct attenuation occurs is referred to as the gain bandwidth product. This product Measurement circuit

represents the frequency bandwidth within which the op-amp can be used for small signals. (schematic diagram)

Gain bandwidth product [Hz] = Frequency [Hz] x Gain [times]
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« First pole:
This is the first of several poles. The amplitude is attenuated at the rate of -6 dB/oct per single pole. Phase delay begins to
increase when the frequency reaches 1/10 of the first pole frequency. The delay increases by 45deg at the first pole frequency
and by 90deg when the frequency reaches 10 times that of the first pole frequency.

» Second pole:
This is the second of several poles. The attenuation rate increases to -12 dB/oct. In addition to the phase delay from the first
pole, the phase delay further increases by 45deg at the second pole frequency and by 90deg when the frequency reaches 10
times that of the second pole frequency.
Note: -6 dB/oct = attenuation by -6 dB when the frequency is doubled. (oct = octave)

* Phase margin:

160
The difference in phase between the input and ou IR EEH: IR Rin:
output signals at the frequency where the gain L =
120 [Phase characteristic of—
is 0 dB (1times) is referred to as the phase a0 Hinverting amplifier circuit —:
margin. The phase margin is an indicator of the B0 o I ; Gain Ti;‘ﬂ‘" I
Gl i
margin level and is designed to have a value w0 Phase margin:
= >
between 40deg and 60deg. g 3
c 0 o
In an inverting amplifier circuit, the difference in & 20 3
o
phase between the input and output 81 is the 0
-Gl
gain margin. The phase of an inverting amplifier -B0  [—non-inverting amplifier T T
circuit begins at 180deg. -ioe Phase margin: 180deg + 62
-120
Since the phase of a non-inverting amplifier —140
circuit begins at Odeg, the gain margin is the el

~180
margin level from 180deg, namely 180deg + 62.

Frequency [Hz]

Phase margin of inverting amplifier circuit: 61
) ) ) . Figure 3. Example of frequency characteristics of inverting
Phase margin of non-inverting amplifier circuit: 180deg + 62
. . (non-inverting) amplifier circuit 40 dB* (100 times)
* Gain margin:

The gain margin is the margin level for the gain to 0 dB at the

frequency where the phase delay reaches 180deg. Typically, * The open loop gain of an op-amp is very large near a direct

the gain margin is designed to be 7 dB or larger. The gain current (100 dB or larger). Applying a DC feedback from the

margin is used as an indicator of the margin level similarly to output with a resistor stabilizes the output DC voltage.

the phase margin. When measuring the gain frequency characteristics, the gain of
the inverting or non-inverting amplifier circuit is set to about 40
dB in order to perform the measurement stably. Since the
characteristics at frequencies higher than the first pole frequency
range are equivalent, the phase and gain margins can be read

from this graph.
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Figure 4. Inverting amplifier circuit Figure 5. Non-inverting amplifier circuit
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2. Phase delay and oscillation

This section describes one of the most general concepts for oscillations caused by
Phase delay, the Barkhausen stability criterion.

The transfer function of a negative feedback circuit is determined in Figure 6.

_F
AS) Vi —Vin ) =Vou Vin(g[Ié;
Vi = ﬂ\/ out VSS

" 7-7|-7. 777

A(s): transfer function of op-amp

From the two equations above, the transfer function is determined as follows.
s = jw, w = 21f,

Vout _ A(S) f: frequency, B: loop gain

V,, 1+ PA(s) Figure 6. Negative feedback circuit

Point

e When the phase is delayed by 180deg, the
condition becomes identical to the state
when a positive feedback is applied,

We focus on the denominator of the transfer function, 1 + BA(s). causing an oscillation.

When B+A(s) = -1, the denominator is zero and the gain becomes infinity.
This means that the transfer function diverges when B+A(s) = -1.
In other words, B*A(s) = -1 implies that the signal returned via a negative feedback is inverted (phase delay of 180deg),

equivalent to the condition when a positive feedback is applied. Therefore, the circuit becomes unstable, causing an oscillation.

The following are a summary of oscillation conditions when the loop gain is 1times. (The loop gain of 1times represents an unity
feedback.)

|BA(s)|=1
ZBA(s)=-180deg

Here ZBA(s)is the phase delay. When s = jw1 and the loop gain BA(w1) = 1, a phase delay of 180deg causes an oscillation with

the angular frequency of w1.
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Point
There are two indicators of stability: the phase and gain margins. The phase margin indicates how much
margin remains from the phase delay of 180deg when the gain is unity (0 dB). The gain margin indicates how

much the gain is attenuated from unity when the phase delay is 180deg (phase margin of Odeg).

The phase delay is caused by the presence of the poles. We explain the reasoning using the frequency characteristics of an RC

filter as an example.

Consider the transfer function of an RC filter as shown in Figure 7. Figure 8 shows that a pole is caused by capacitance in the
transfer function (the first characteristic).
This pole produces a phase delay of 45deg at the pole frequency fc, and a phase delay of about 90deg when the frequency is

about 10times that of the pole frequency.

\éin /\/5/\/ Py V%“t Point
W ¢ One pole produces a phase delay of 90deg.
=C e The pole frequency depends on the capacitance value.
e Even with a high pole frequency, the phase begins to delay
;|; when the frequency reaches 1/10 of the pole frequency.

Figure 7. RC filter circuit

150 Transfer function of RC filter
100 Cutoff frequency fo = 1,592 Hz Phase/y ;
50 delay 45deg [ Vm.r_t (j.{.'f)j.l _ 1
- V. (jw) 1+ joRC
0.0 0.00
' Signal amplitude
I -b0 Attenuation at 6 dB/oct per pole  — 1
< g H(w) = :
& 100 EETIERIZ e g 1+ (aRC)”
Phase delay begins around a s
-15.0 frequency of 1/10 of fc ~45.00 & Phase
-20.0 Pl i
& =—ArcTan (ﬂﬂ(j‘)
-25.0 . T
. i 5 From the transfer function of
-300 S 5 . i — +90.00 the RC filter, the pole and cutoff
10 1 10 10 10" 10 \\0 10" 10 frequencies are described as
Frequency [Hz] Phase delay of 90deg around a frequency follows.
10 times higher than fc.
. . . 1 1
Figure 8. Frequency characteristics of RC filter ay = — f =
RC ~° 2aRC
R =1kQ, 0.1 yF, fc = 1,592 Hz !
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3. Cause of phase delay in op-amp

We consider the causes of phase delay in op-amps, including the load capacitance.

Point

Y o S ¢ Pole caused by the output impedance and the

parasitic capacitance of the terminals

i rd. Vout e Pole caused by the output impedance and the

i [Cp i load capacitance
A ° 1
. | L E _ (intentionally provided)
Vin ! —.l_Cp i Load capacitance C.
! 2 i ¢ Pole caused by the feedback resistor and the
7; it bttty parasitic capacitance of the input terminal when
VEE

an amplifier circuit is configured

A(s): transfer function of op-amp, s = jo, ® = 2nf
f: frequency, ro: output impedance, Cp: parasitic capacitance of

terminal, C.: load capacitance

Figure 9. Unity feedback circuit

From the transfer function of the circuit in Figure 9, we explain the cause of phase delay for an unity feedback circuit (voltage

follower), which is most susceptible to oscillations.

A(S)(Vin _Vol) =Vo

1
Vol_ Scpl = 1 0
fo- 1+1,C.s
sC

From the equations above, the transfer function is described as follows when the output impedance (ro) and the terminal

capacitance are taken into account (Cp represents the total of parasitic capacitances).

Vol A(S) 1
5 = A pole is formed by Cp and ro.
V, 1+rC,s+A(s) , 1+C.rs P =P
1+ W This effect is considered in the op-amp design.

In the equation above, assuming Cp = Cp + Cv. gives the transfer function when the load capacitance is connected.

vV, A(s) 1 :
—0 = = A pole is formed by Cp + CL and ro.
Vin 1+ o (Cp + CL)S + A(S) 1+ 1+ (Cp +CL)r°S Cp varies little since it is the parasitic capacitance
A(S) inside the IC. However, the frequency where the
pole occurs is reduced if the load capacitance Ci is
large.
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4. Stability confirmation method (ampilifier circuit)

As an actual example, we show the variations in the phase and frequency characteristics according to the value of the load

capacitance Ci for the BA2904.

60 = 180
5o |Phase ™ 160
‘ N 140
40 il 120
30 | Gain, I N | 100
N T 80
20 > — 60
NN 40
o 10 >
3 N 20 3
e 0 U\ [
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Frequency [HZz]
Figure 10. Frequency characteristics of BA2904

(CL=25pF)

e When CL = 25 pF
Phase margin: 55deg — the phase when the gain is 0 dB

Gain margin: -10 dB — the gain when the phase is Odeg

A%
100k Q
—o— VDD
1kQ -IN
ouT
Vin _|_
+IN

— Vout
Load capacitaie CL
777 VSS

Figure 12. Inverting amplifier circuit of 40 dB (100 times)
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Figure 11. Frequency characteristics of
BA2904 (CL = 0.01 pF)

10°

e When CL=0.01 pF
Phase margin: 7deg — the phase when the gain is 0 dB
Gain margin: -5 dB — the gain when the phase is 0Odeg
Although the phase margin is small, no oscillation occurs.

Point

since the phase begins from 180deg.

¢ The oscillation stability of op-amps is confirmed with the phase and gain margins.

¢ In an inverting amplifier circuit, the phase margin is the phase when the gain is 0 dB

¢ In a non-inverting amplifier circuit, the phase margin is the difference between 180deg and
the phase value when the gain is 0 dB since the phase begins from 0deg.
e Considering factors such as variations or temperature change, the phase margin is designed

to be 35deg or larger, and the gain margin -7 dB or smaller.
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5. Stability confirmation method (unity feedback circuit/voltage follower)

We review the idea of phase margin.

~9vee
O B Vout 0dB
AGw) BN
+ Frequency[Hz] N
Vin :; /
A 777 VEE
Figure 13. Overall feedback circuit Figure 14. Measurement result

¢ The phase margin indicates how much margin remains from the phase delay of
180deg when the gain is unity (0 dB).

¢ The gain margin indicates how much the gain is attenuated from unity
when the phase delay is 180deg (phase margin of Odeg).

The methods that we have explained so far cannot confirm the phase margin in an unity feedback circuit (gain of 0 dB). When the
circuit becomes less stable, a peak gain appears in the frequency characteristic as shown in Figure 14. The phase margin is

calculated from the size of the produced peak using the transfer function.

Transfer function of a voltage follower (unity feedback

40
circuit)
35
Vout (jo) = A(jo) 30
Jo) = - The standard value of a ph i
A 1+ ,BA(Ja)) 95 e standard value of a phase margin | |
20 is between 60deg and 45deg for an
A(jw) is expressed in complex form and substituted in the g . \ op-amp without Cv, and about 35deg for |
transfer function. ,;_'3 \ an op-amp with a load capacitance.
10 < =
A(jw)=exp(j) 5 \\
0
1. 1 o -
—exp(jd) —(cos@+ jsing) -
Vout , . p p
vin 1971 1
f+exp(j9) ~ 4+cosf+ jsin& 0 20 40 60 80 100 120 140 160 180
ﬂ ﬂ Phase margin [deg]

Figure 15. Result of gain peak calculation

Figure 15 shows the result of the calculation when the following values are

Ph . Resultof Peak [dB
substituted in the above equations. 250 Margh ealculaton imes) | Peak [9P)
5deg 11.5 21
8(w1) = -175deg (5deg), 8(w?2) = -135deg (45deg), B(w3) = -120deg (60deg), B=1. 45deg 1.3 >
As the result shows in Figure 15, the phase margin of 60deg corresponds to a peak 60deg 1 0
of 0 dB, giving an ideal condition.
© 2017 ROHM Co., Ltd. Rev.002
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Point

e By measuring the frequency characteristics of a voltage follower, the phase margin can be calculated
from the gain peak.

e This method is applicable to any types of general op-amps.

¢ When the phase margin is small, the occurrence of oscillation is actually confirmed

using an oscilloscope or other instruments.

6. Summary of stability confirmation method

When an amplifier circuit is configured

« Oscillation in an amplifier circuit is confirmed by measuring the phase frequency characteristic and checking the phase and gain

margins.

« In an inverting amplifier circuit, the reading of the phase margin is the phase when the gain is 0 dB since the phase begins from
180deg.

* In a non-inverting amplifier circuit, the phase margin is the difference between the phase when the gain is 0 dB and 180deg

since the phase begins from O0deg.

» Considering factors such as variations or temperature change, the phase margin is designed to be 35deg or larger as a
standard, and the gain margin -7 dB or smaller.

(Generally, the phase margin is designed to be between 60deg and 40deg for an op-amp alone.)

When an unity feedback circuit (voltage follower) is configured

» By measuring the frequency characteristics between the input and output and checking the gain peak, the phase margin can be

estimated from Figure 15 of this document.
« Figure 15 is applicable to any types of general op-amps.
» When the phase margin is small, the occurrence of oscillation should actually be confirmed.

» Considering factors such as variations or temperature change, the phase margin is designed to be 35deg or larger as a

standard.

Since the confirmation of oscillation with the calculations above is complicated, it is generally confirmed by experiment.

© 2017 ROHM Co., Ltd. Rev.002
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7. Countermeasures against oscillation by load capacitance (output isolation resistor 1)

Basically, it is possible to prevent oscillation by satisfying the conditions to avoid oscillation as described in the previous sections.

In this section, however, we explain countermeasures against oscillation when a capacitor with a large capacitance is connected

to the output terminal.

We calculate the transfer function in Figure 16.

A(S)(Vin _Vol) = Vo

L

sC
Vol = pl = L Vo

f+o 1+r,C.s
sC,
Vo _ A(s) 3 1
Vio 1+1,C s+A(s) 1+ 1+C,r,s
A(s)

Vout _ 1
vV, 1+r,Cs
Vo Vou _ Als) 1
Vio Voo 1+41,C s+ A(s) L+1,C,5)

Vout _ A(s) 1
Vi, (@+r,C,s+A(s)) A+r,C.s)

in

While the transfer function without the isolation resistance

calculated in Figure 9 is

Va _ As)
Vio 1+1,(C,+C)s+A(s)

Vin

rd. Vout

1
:
i
Cp , Load caTcitance o
i
i
i
i
1

Figure 16. Example of output isolation resistor connection 1

Point

e The value of the isolation resistor is set to between
50Q2 to several hundred ohms, according to the
capacitance and the required frequency bandwidth.

¢ Since a low pass filter is configured with rd and CL,
the circuit bandwidth is reduced if the load

capacitance is large.

When these two transfer functions are compared, it can be
seen that the capacitance CL that is connected to the
output is separated into another transfer function with the

dividing resistance rd.
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8. Countermeasures against oscillation by load capacitance (output isolation resistor 2)

When using the method to insert an output isolation resistor as described in the previous section, the configuration of a low pass

filter may be disadvantageous in some applications. The peak gain is reduced by inserting a resistor in series to the capacitance.

= ! 1
E i SCp + 71
Vout E E Rd +§
_ Rd Ry NES
Yin . E E 7= SCL
! Loaﬂc;apacitance Cu oo 1+ SCp(Rd +é)
S

L
Figure 17. Example of output dividing resistor connection 2

We calculate the transfer function in Figure 17.

VOUt = Z VO
r+7

0

A(S)(Vin _Vout) :Vo Vo = A(S)\/ln - A(S)VO

ut

(L4 2 Vo = ANy = AVa (AS) +1+ 2NV = AN

Vour _ A(s) .
\V/ 1 out _
i A(S)+=r +1 Vv 1
VA in 1+sC, (R, +?)
A(s) + 1 S r,+1
Ry+—
sC,
Vout 1
2 = A
_ C_+C_(sC, +1
Vi A(s)+r1,—+ o (SCL )s+1
sC,R,+1

\

While the transfer function without the isolation resistance

This part of the transfer functions is different.

calculated in Figure 9 is

Vol A(S)

V, 1+1,(C,+C)s+A(s)

Point

e The value of the isolation resistor is set
n to between 50Q to several hundred

ohms, according to the capacitance and

We analyze the frequency characteristic of the underlined part in equation A. the required frequency bandwidth.

Suppose that S = jw = j21f.

C +C,(sC_+]) Whenf — 0:s — 0and X = CL+Cp
B sCLRd +1 Whenf — o0:s = 00, sCLRd >> 1, CL << Cp (sCv + 1),
and sCL >> 1. Therefore, X is converged to Cp/Rd.

This result shows that the effect of the load capacitance Cv is removed.
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10)

11)

12)

13)

14)

Notes

The information contained herein is subject to change without notice.

Before you use our Products, please contact our sales representative and verify the latest specifica-
tions :

Although ROHM is continuously working to improve product reliability and quality, semicon-
ductors can break down and malfunction due to various factors.

Therefore, in order to prevent personal injury or fire arising from failure, please take safety
measures such as complying with the derating characteristics, implementing redundant and
fire prevention designs, and utilizing backups and fail-safe procedures. ROHM shall have no
responsibility for any damages arising out of the use of our Poducts beyond the rating specified by
ROHM.

Examples of application circuits, circuit constants and any other information contained herein are
provided only to illustrate the standard usage and operations of the Products. The peripheral
conditions must be taken into account when designing circuits for mass production.

The technical information specified herein is intended only to show the typical functions of and
examples of application circuits for the Products. ROHM does not grant you, explicitly or implicitly,
any license to use or exercise intellectual property or other rights held by ROHM or any other
parties. ROHM shall have no responsibility whatsoever for any dispute arising out of the use of
such technical information.

The Products are intended for use in general electronic equipment (i.e. AV/OA devices, communi-
cation, consumer systems, gaming/entertainment sets) as well as the applications indicated in
this document.

The Products specified in this document are not designed to be radiation tolerant.

For use of our Products in applications requiring a high degree of reliability (as exemplified
below), please contact and consult with a ROHM representative : transportation equipment (i.e.
cars, ships, trains), primary communication equipment, traffic lights, fire/crime prevention, safety
equipment, medical systems, servers, solar cells, and power transmission systems.

Do not use our Products in applications requiring extremely high reliability, such as aerospace
equipment, nuclear power control systems, and submarine repeaters.

ROHM shall have no responsibility for any damages or injury arising from non-compliance with
the recommended usage conditions and specifications contained herein.

ROHM has used reasonable care to ensur the accuracy of the information contained in this
document. However, ROHM does not warrants that such information is error-free, and ROHM
shall have no responsibility for any damages arising from any inaccuracy or misprint of such
information.

Please use the Products in accordance with any applicable environmental laws and regulations,
such as the RoHS Directive. For more details, including RoHS compatibility, please contact a
ROHM sales office. ROHM shall have no responsibility for any damages or losses resulting
non-compliance with any applicable laws or regulations.

When providing our Products and technologies contained in this document to other countries,
you must abide by the procedures and provisions stipulated in all applicable export laws and
regulations, including without limitation the US Export Administration Regulations and the Foreign
Exchange and Foreign Trade Act.

This document, in part or in whole, may not be reprinted or reproduced without prior consent of
ROHM.

Thank you for your accessing to ROHM product informations.
More detail product informations and catalogs are available, please contact us.
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