Int. J. Electron. Commun. (AEU) 132 (2021) 153616

ELSEVIER

Contents lists available at ScienceDirect
International Journal of Electronics and Communications

journal homepage: www.elsevier.com/locate/aeue

Communications

Regular paper

Check for

New method to design feedback amplifier employing two-stage CMOS | e

op amp

Chaiyan Chanapromma , Jirayuth Mahattanakul

The Electrical Engineering Graduate Program, Faculty of Engineering, Mahanakhorn University of Technology Bangkok, Thailand

ARTICLE INFO ABSTRACT

Keywords:
Amplifier
Two-stage
CMOS

Op amp
Current buffer

A new method to design feedback amplifier employing two-stage CMOS op amp is proposed. It is shown that
although the open-loop phase margin of around 65 degrees is suitable for op amp connected as unity-gain
amplifier (100% feedback), such is not the case when amplifier’s feedback factor of is less than 100%. In the
proposed design method, the open-loop phase margin requirement is replaced by closed-loop bandwidth and
quality factor of feedback amplifier such that a better control of the responses of the amplifier is achieved.

Comparison of simulation results of feedback amplifiers obtained from the traditional method and the proposed
method is given. It is demonstrated that the inverting amplifier obtained from the proposed method consumes
somewhat less power than the one obtained from the traditional design, which employs the op amp with 65
degrees phase margin, while having comparable gain, bandwidth, transient and noise performances.

1. Introduction

Although electronic feedback amplifier can be realized using many
types of active elements, op amp is one of the most versatile building
blocks in analog and mixed-signal systems and hence op amp based
feedback amplifier is one of the most widely used types of feedback
amplifier [1-11]. In op amp design, frequency compensation (Fig. 1) is
employed to move poles and zeros in such a way that, when used in the
negative feedback configuration, the circuit’s frequency and transient
responses are well controlled. It can be shown that if an op amp is
modeled as a two-pole system, a phase margin close to 65 degrees would
make the frequency response of the op amp with 100% feedback, i.e.
connected as a unity-gain voltage buffer, to be maximally flat (quality
factor Q = 0.707). Hence in traditional op amp design, the open-loop
phase margin of certain value, normally around 60-70 degrees, is tar-
geted, as exhibited in Table 1. Although it is convenient to fully
compensate an op amp for all applications, this procedure is rather
wasteful [24]. However, when designing op amps to be used as fixed-
gain feedback amplifiers in specific integrated circuits, the phase
margin requirement, which is suitable for 100% feedback, may lead to
overcompensation for amplifiers with less than 100% feedback.

In this paper, a new method to design an op amp to be employed as a
feedback amplifier is proposed. In the proposed method, open-loop
phase margin requirement is replaced by closed-loop bandwidth and
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quality factor (to ensure maximally flat response) of the feedback
amplifier. Since the proposed method allows for the overcompensation
to be avoided, power consumption of the feedback amplifier can be
reduced significantly.

2. Phase margin requirement for maximally flat response

The transfer function of an op amp modeled by a system with one
dominant pole p; and one non-dominant pole py is given by

A
A(s) = o (€8]
) = T 5w (1 5/amy)
where w4, = —p1, ®yp = —p2 and A, are dominant pole frequency, non-

dominant pole frequency and DC gain, respectively. For frequencies well
above wgp, Eq. (1) can be approximated as

WGpw
Als) & ———— 2
©) = {05 s/am) 2
where
WGpw = Aomzlp (3)

is the gain-bandwidth product of the op amp. By denoting w,as the
unity-gain frequency, we have
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A(o,)| = —2Bv . (4)

w2
o, (1 + mﬁ,,)

By re-arranging (4), we obtain the quadratic equation

!
u 2 >

5 +w, — Wgpy =0 5)
)

in which wycan be found to be

_ Wyp
o= (6)
where
b= 2 %

R T
1 +4<MGBW> _ 1
("”I’
Phase margin of the op amp is defined as

Py = £A(jo,) — (—180%). ®)

From Eq. (2), the phase response of the system is given by

ZA(jw,) = —90° — tan ' 2L ©)

np

Substituting (8) into (9) yields

o, o
by = 90° — tan™'—- = tan 'L, (10)
Wy w,

Subsequently, by substituting (6) into (10), we obtain

—
1+4<%) —1

Referring to the circuit in Fig. 2(a), assuming that the op amp has
infinite input resistance and zero output resistance, the transfer function
of the circuit is given by

Vo(s) A(s)

1

¢y = tan” an

_ 12
vi(s) 1+A(s)B a2
where A(s) is the open-loop transfer function of the op amp and
R,
= 13
R +R; 13
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Table 1
Phase margin requirement used or suggested in the
literature.
Reference Phase Margin (¢,,)
[12] 70°
[13] 65°
[14] 60°
[15] 60°
[16] 65°
[17] 65°
[18] 77°
[19] 65°
[20] 62.1°
[21] 66.5°
[22] 65.56°
[23] 65°

(b)

Fig. 2. (a) Non-inverting and (b) Inverting gain op-amp based amplifier.

o v’

Compensation
network

IH C,

Fig. 1. Unbuffered two-stage CMOS op amp with compensation network connected across high-gain stage.
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is the feedback factor of the circuit whose value ranges between 0 and 1.
Substituting (1) into (12) and re-arranging the result yields

Vo(s)

. A4y @y
vi(s) 2+ $(0gp + @up) + (1 + A,B) 0y,

14

Under the dominant pole condition w,, >> wg,and high DC gain A,
> 1/B, Eq. (14) can be approximated as

vo(s) _ Ay Dy ®np as)
vi(s)  $2 4 s@,, + BA,04®n,

which when combined with (3) is equivalent to

Vo (S) wGBanp (1 6)

vi(s)  s% 4 swy, + Bogpw Wy,

Substituting (13) into (16) and re-arranging the result, we re-express
the transfer function of the non-inverting amplifier in Fig. 2(a) as

R, w?
=(14+=) x ——
R s>+ %5+ o)

where the first factor of the RHS of the equation is the ideal gain of the
non-inverting amplifier and the second factor is the error function in
which the natural frequency w,and the quality factor Q are given by

Vv(s)

Vi(S) an

®y = /Bogpy Onp 18

and

Bw
0= GBW (19)
@
respectively.
Likewise by analyzing the circuit in Fig. 2(b), we obtain
2

Vo(s) _(_ R o 20)
vi(s) R S+ %5+ o)

where the first factor of the RHS of the equation is the ideal gain of the
inverting amplifier and the second factor is the error function in which
the expression for the natural frequency w,and the quality factor Q are
given by Egs. (18) and (19) respectively. By comparing Egs. (17)-(20),
we found that the error functions of the circuits in Fig. 2(a) and (b) are
the same and therefore apart from the DC gain, their frequency re-
sponses would be the same.

It should also be noted that the ideal DC gain of the non-inverting
amplifier in Fig. 2(a) is 1/B while the ideal DC gain of the inverting

i ()
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amplifier in Fig. 2(b) is 1 — 1/B. For instance, for B = 0.5 (50% feed-
back), the ideal DC gain of the non-inverting amplifier in Fig. 2(a) is 1/
0.5 = 2 while the ideal DC gain of the inverting amplifier in Fig. 2(b) is 1
-1/0.5 =-1.

By combining (11) and (19) we obtain

2
by =tan”' | —. 21
VI+% -
ForQ=1/ V2, i.e. maximally flat response, Eq. (21) becomes
¢y = tan”™ ; (22)
1+4-1

According to Eq. (22), the plot of phase margin ¢,, VS feedback factor
B is illustrated in Fig. 3 where it can be observed that for B =1 (100%
feedback), the value of ¢yaround 65 degrees is required for Q to be
0.707. However, for other values of B less than unity, the required value
of ¢,,which makes Q = 0.707 is lower than 65 degrees, e.g., for B=1/3
(which corresponds to gain of 3 for non-inverting amp and gain of —2 for
inverting amp), the value of ¢,,0f around 44 degrees is required.

3. Proposed op amp based feedback amplifier design

In this section the two-stage CMOS op amp in Fig. 4 will be used to
illustrate the new method to design op amp to be used as a feedback
amplifier. The small-signal equivalent circuit of the CMOS op amp in
Fig. 4 is shown in Fig. 5 in which the first stage of the op amp is modeled
by a voltage controlled current source as it is usually much faster than
the second stage [13,24,25].

| +pon
¢ |4
L

ik 1€

)72

Fig. 4. Two-stage CMOS op amp with a Miller capacitor and a current buffer as
compensation network.
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Fig. 3. Graph of ¢, VS B for Q = 0.707 (maximally flat response).
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Fig. 5. Small-signal equivalent circuit of the CMOS op amp in Fig. 4. where Ry = ry4so//Tas4 and Ry = Tase//Tasy.

By analayzing the circuit in Fig. 5, the open-loop transfer function of
the op amp in Fig. 4 was found to be

Vo(s)
Aa(s) = Via(s)
1 Cc+Ces0
gmlgmﬁRny + S( 8&m9

= X
1+ sgmGRnyCC 2 CrCys6 % Cc+Coyo +s CrCys6 % Cos6 +1
Ccgms gmo Cegms ~ &mo
(23)

which has three poles and one zero. By inspection, it can be found that
under the design condition

8m9 8m6
— = (24)
CC + Cg59 ng()
the open-loop transfer function in Eq. (23) can be reduced to
A
- (25)

AOL(S) ="
<1 +> (1 +)

where the expression for the DC gain A,, the dominant pole frequency
and the non-dominant pole frequency are given by

Ao = gm &meR:Ry (26)
Wy = ! 27)
@ gmeRR,Cec
and
8msCc
= &moCe 28
@ = CuCos ©®

respectively. In the frequencies well above the dominant pole, the open-
loop transfer function in (25) can be approximated as

where

_ 8m

Wgpw = Ag X Wg, = C (30)
¢

is known as the gain-bandwidth product of the op amp.

Fig. 6 depicts the small-signal equivalent of the op amp in Fig. 4
when connected as an inverting amplifier (Fig. 2(b)). By analyzing the
circuit in Fig. 6, under the condition in Eq. (24), the transfer function of
the circuit was found to be

vo(s) $Cqs6 — Zmegmi1 Ko 31)

vi(s) $2C.Cy6(R1 + Ry) + [gmch(RJ +Ry) + Cys }S + gmogm R

The closed-loop transfer function in Eq. (31) can be re-arranged as

ACL (S) = (32)

_s 2
(1-2)er (52)
s2+<%>s+w(2) Ry

where the expression for the zero z, the natural frequency w,and the
quality factor Q of the closed-loop transfer function are given by

gmégmlRZ
=" (33)
Cg:ﬁ
8m18mé6 (34)
(1 + %) C1Cys
and
@,
0= 1 &msCc (35)
(Ri+R2)Cr * Cys6Ce
respectively.

By combining (28) and (35) and setting Q = 1/ V2, which makes

, 1 natural frequency to be equal to —3dB bandwidth, i.e., ®, = w_345, We
AOL(S) — % X T= (29) have q y q o 3dB
R2
gm‘)vs‘) C
. AN o
I C ¥
R Cg36 + C 9 Ry L
X ‘_}gs6 & § —_ vo
_ + gmlvid gm Vgs6 —
O L *® ¢ O

Fig. 6. Small signal of the op amp in Fig. 4 when connected as an inverting amplifier.
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1

= V20 355 — ———. 36
@pp \fa) 3dB (R]+R2)CL (36)
Also combining (28), (30) and (34) yields
@*5,5Cc (1 + %)
gm =————————. 37)

Oy

Substituting (28) into (36) and re-arranging the result, we obtain

8m6 1 CL
= = 20 3 ————— | — 38
@716 Caso (fw 3dB 3 +R2)CL) Ce (38)

where wrg is transition frequency of Mg. Egs. (37) and (38) can be used
to determine the aspect ratios of M; and Mg respectively.

The bias currents Ips and Ipy are dictated by slew rate, i.e. Ips = SR/cc
and Ip; = SR(Cc + Cr)/Cc and these values are the same for both
traditional and the proposed design. However, the value of gn9 for the
traditional design is given by [17]

8my = tan¢Mwll CI_- (39)

For example, for ¢y = 65 degrees, if the inverting amplifier is
designed using approximation equations for closed-loop gain, A,(cr) ~ 1
- 1/B, and closed-loop bandwidth, w_34p ~ Bw,, where B is the feedback
factor in Eq. (13), it can be shown that

gmo =2 2.14(1 + |Aycp)| )0—348C1 (40)

where Aycr) and @.3qp are closed-loop DC gain and closed-loop band-
width of the amplifier respectively. On the other hand, from (24) and
(38) the values of gy for the proposed design can be approximated as

1

mo = V2w _343Cp — X
8m9 \/_wm;L R+R

(41)

It can be observed that g9 for the proposed design is somewhat less
than gpg for the traditional design, especially when the closed-loop DC
gain is greater than unity. As a result, the proposed design would require
less current consumption than the traditional design.

4. Simulation results

Based on the two-stage CMOS op amp structure in Fig. 4, comparison
will be made between the feedback amplifiers obtained from the pro-
posed design method and the traditional method in which the open-loop
op amp is first designed to have 65 degrees phase margin and subse-
quently employed in the feedback amplifier configuration.

For the process parameters of the AMS 0.35-um CMOS technology in
Table 2 and based on the CMOS op amp in Fig. 4, two inverting am-
plifiers with DC gain of —2 and bandwidth of 10 MHz, are designed
(Fig. 7). The first inverting amplifier is based on traditional design with
op amp’s open-loop phase margin of 65 degrees. Design parameters of
the op amp employed in the first inverting amplifier are obtained from
the method in [17]. The second inverting amplifier is based on the
proposed design in Section 3, in which the aspect ratios of Mj, Mg and
Mg are chosen such that Egs. (37), (38) and (41) are satisfied. Design
parameters of both amplifiers are shown in Table 3. Simulation results of
both amplifiers are illustrated in Figs. 8 and 9 and Table 4 respectively.
Referring to Figs. 8 and 9, the small-signal AC and transient responses of
both inverting amplifiers are comparable. However from Table 4, it can

Table 2

Process parameters.
Parameters NMOS PMOS
u(m/V-S) 25x 1073 9.213x 1073
Tox(m) 7.575 x 10~ 7.575 x 1079
Ve(V) 0.4979 0.6842
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Fig. 7. Inverting amplifier employing two-stage CMOS op amp in Fig. 4.

Table 3

Design parameters.
Parameters Traditional (¢, = 65°) This Work Unit
(W/L)12 40/1 40/1 um/pm
(W/L)3 4 11.7/1 11.7/1 um/pm
(W/L)s 4.25/5 4.25/5 pm/pm
(W/L)s 100/3 110/5.6 um/pm
(W/L); 3.4/2 3.4/2 um/pm
(W/L)o12 80/0.5 15/0.5 um/um
(W/L)10,13 4.95/5 2.5/5 um/pm
(W/L)g 11 10/1 10/1 pm/pm
Iy 26 24 LA
Cc 2 PF
C. 2 PF
Ry 100 kQ
Ry 200 kQ
Supply Voltage +2.5 \%

be observed that the proposed design resulted in the feedback amplifier
which consumes significantly less energy than the feedback amplifier
obtained from the traditional design.

5. Conclusion

A new method to design feedback amplifier employing two-stage
CMOS op amp has been presented. Simulation results confirm that the
amplifier obtained from the proposed method consume less power than
the amplifier obtained from traditional design (in which op amp’s open-
loop phase margin is designed to be 65 degrees) by 34% while exhibiting
comparable gain, bandwidth, and noise performances.
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Fig. 8. Frequency response of the simulated inverting amplifiers.
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Fig. 9. Transient response of the simulated inverting amplifiers in which the square pulse with amplitude 5 Vp, at frequency 20 kHz are applied at the input.
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