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Abstract: Short channel MOSFET exhibits the characteristics of wide bandwidth and low DC gain. A
low DC gain causes a high gain error and a narrow output linear range in the closed loop. The DC
gains can be improved by using the cascade structure, but frequency compensation is required due to
the increase in the number of poles. The output nodes of each stage in a cascade Common-Source
amplifier have a cascade of zero, and this zero is cancelled out by the input node of the next stage.
This paper proposes a three-stage operational amplifier (op-amp) with frequency compensation
using cascade zero. This op-amp was implemented in the 180 nm CMOS technology and achieved
86.96 MHz unity—gain frequency, 51.7° phase margin at 32 pF load capacitor and 99.83 dB DC gain,
that is, a 36.21 dB improvement over a two-stage op-amp with the same power consumption. The
op-amp consumed 7.74 mW with a supply voltage of 1.8 V.

Keywords: op-amp; gain boost; frequency compensation

1. Introduction

Short channel MOSFET exhibits the advantage of wide bandwidth because of low
parasitic capacitors and channel resistance, but the DC gain is low due to the low output
resistance [1,2]. A low DC gain causes a high gain error and a narrow output linear range
in the closed loop [3,4]. This problem can be improved by using cascode structures, cascade
structures, gain boosting circuits or error correction circuits [4,5]. The DC gain of a cascade
amplifier can be increased by adding more amplifier stages, but frequency compensation
is necessary. This is because the number of poles increases with the number of stages
added [6]. Figure 1 shows the two-stage Common-Source (CS) amplifier.
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Figure 1. Schematic of two-stage CS amplifier.

This circuit consists of two CS amplifiers and a compensation capacitor (Cc). Vp is
bias voltage. The amplifier exhibits two poles at the V(5; and Vo, nodes. By using the Cc,
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the pole frequency at the V1 node can be lowered, resulting in a decrease in the unity-gain
frequency. The small signal equivalent circuit for ac analysis is shown in Figure 2.

(@) (b)

Figure 2. The small signal equivalent circuit of the two-stage CS amplifier. (a) Small signal model of
Stage 1. (b) Small signal model of the first Stage 2.

The r,51 and 7,55 are the output resistance of each stage, and z;,s, is the input
impedance of Stage 2. These are expressed as:

ros1 = (oN1 || ToP1) 1)
ros2 = (Ton2 || ToP2) )
1+ 1’052CCS ( 1 ) 1
o (s) = , — 1 Vand 3
Zins2 () (1+79528mN2)Ccs 5 rosaCr ) T < R¢Cc ®)

ron and r,p are the output resistance of NMOS and PMOS, and g, is the transcon-
ductance of NMOS. The cascade zero (z¢) and the gains of each stage are expressed as:
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Equation (5) reveals that the output nodes of each stage contain a cascade zero that
cannot be analyzed using the Miller effect, but this zero is cancelled out by the input node
of the next stage. The frequency response, DC gain (Apc2st) and unity—gain frequency
(wgpw 2sT) of this amplifier are expressed as:

Voa(s) _ 8mN170518mN2%052 (1 - (gmlm - Rf) Ccs)

)
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Equation (7) shows that the cascade zero in Equation (5) is cancelled out by the
pole in Equation (6). This paper proposes a three-stage operational amplifier (op-amp)
with frequency compensation using cascade zero that is designed based on the two-stage
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op-amp. For a performance comparison, the conventional two-stage op-amp and the
proposed op-amp were implemented on a single chip using 180 nm CMOS technology. The
measurement results indicate that the proposed op-amp had the same power consumption,
phase margin and unity—gain frequency as the two-stage op-amp, while offering a higher
gain. This paper is organized as follows. Sections 2 and 3 explain the compensation method
and proposed op-amp. Sections 4 and 5 show the simulation and measurement result,
respectively. Section 6 concludes this paper.

2. Compensation Method

Figure 3 shows the three-stage CS amplifier with frequency compensation using
cascade zero. The sizes of the MOSFET in Stage 2.1 and Stage 2.2 are the same. In
this method, the phase margin is compensated by canceling the pole of Stage 3 with a
cascade zero, allowing for an increase in the DC gain without the degradation of the
unity—gain frequency.

Vg O—I %’;pl VBO—I Mp21

Vp1©
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Stage-1 Stage-2.1 Stage-2.2 Stage-3

Figure 3. Schematic of the three-stage CS amplifier with frequency compensation using cascade zero.

7os3 is the output resistance of Stage 3. The cascade zeros (zc1, z¢2), *os3 and the gains
between Vjy and the output node of each stage and DC gain (Apc 3st) are expressed as:
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zc1 in Equation (13) is added by the input impedance of Stage 2.1, and V51 is amplified
by Stage 2.2 to prevent the elimination of the z¢1. In Equation (15), the z¢; in Equation (14)
is cancelled out by Stage 3, as in Equation (7), but z¢1 is not cancelled. The poles (p1, p2, p3)
of the circuit are expressed as follows:

1
_ 17
U rosites2gmn2Cer 17)
1
= 18
27 Tosaros3gmn3Cen (18)
ps =40 (19)

The p; is added by Stage 2.1. The unity—gain frequency (wgpw 3st) and rate of change
of unity—gain frequency due to Stage 2.1 and Stage 2.2 (WGpw,change) are calculated as:

ApcasTPiP2 _ §mN1 1
= DG = , =R 20
WOBWAST zc1 Ce2 8mN3 f @0)
1 052
WGBW,change = &mN2¥052 X sz X 1’0? =1 (21)
o0

Equation (21) shows that the unity—gain frequency is not changed by Stage 2.1 and
Stage 2.2. Figure 4 shows the frequency response based on zcy, p1, p2, p3 and Apc3st.
Figure 4 shows that the two-stage CS amplifier and the compensated three-stage CS ampli-
fier have the same phase margin and unity-gain frequency.
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Figure 4. Frequency response based on zc1, p1, p2, p3 and ApcasT-

3. Proposed op-amp
3.1. Conventional Two-Stage op-amp

The proposed op-amp is designed by applying these methods to a conventional
two-stage op-amp. Figure 5 shows the conventional two-stage op-amp [7,8].
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Figure 5. Schematic of a conventional two-stage op-amp.

The output resistance of each stage (7,1, 7,0), frequency response (A2s7—opamp), DC
gain (Apc25T—opamp) and unity-gain frequency (wWGpw,25T—opamp) Of the two-stage op-amp
can be expressed as:

ro1 = (rorn || 7orp) (22)

o0 = (tooN || To0P) (23)

Voa(s)  8mPIToI8mNOT00 (1 - (gmlNO - Rf) Cc25>

AsT— = = (24)
oPAMP " Vinp(s) (14 sgmnorortooCc2s) (1 + gmlNO CLS)
Voo (0
ADC25T—opamp = VIOI\ZIEO; = §mPIT01§mNOT00 (25)
WGBW,25T—opamp = gg% (26)

3.2. Proposed op-amp

Figure 6 shows the three-stage op-amp with frequency compensation using cascade
zero. The sizes of the MOSFET in Stage 1 and Stage 2 are the same. The second stage
in Figure 3 is divided into Stage 2.1 for compensation and Stage 2.2 for amplification.
However, Stage 2 in Figure 6 has differential inputs, so compensation and amplification are
operated in one stage.

Stage-1 Stage-2

Figure 6. Schematic of three-stage op-amp with frequency compensation using cascade zero.

The frequency response and unity—gain frequency between Viyp, and V3 nodes is
equal to Equations (24) and (26). Since Mpj; 3 and Mpy 4 have differential inputs (Vinpo,
Vinng2), the Vi node is analyzed as a virtual. However, since Myj13 and Myp.4 have
the same input, Mcy13 and Mcyp4 are analyzed as the cascode structure with respect to
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the Vo1 node. The output resistance of Stage 2 with respect to the Vo1 node (ros2—vo1) is
expressed as:

Y052—v01 = ToIN || (§mIPTo1PTo1C + Yo + To1C) = ToIN, (ToIN <K §mIPToIPToIC) (27)

Equations (22) and (27) show that r,55_y 1 is greater than r,;, which increases the DC
gain. The cascade zeros (z¢1, zc2) and the gains between Vyp; and the output node of each
stage are expressed as:

1 1
ct ros2-vo Cc1 - ToiNCet
1
Zop = ——— (29)
7 roCe
1
VO] (S) _ &mPITol (1 + ES) (30)
Vinpi(s) 1+7070ingmnICC18
Voa(s)  8mPIToI&mNIToIN (1 + %S) (1 + %S) 1)
Vinpi(s) (I +7o170iNgmNI1Cc15) (1 + roiNTooNgmNOC25)
Vos(s) _ 8mPIT0I8mNIToIN§mNOT 00 (1 + %S) (1 - (gmlNO - Rf) Cczs) )
Vinei(s) (14 7rorr0ingmnNTCc18) (1 + To1NTo0NSmNOCC2S) (1 + L CLS)

8&mNO

Equations (31) and (32) show the gain improvement due to r,5,_yo1 and compensation
term due to cascade zero. The DC gain and unity-gain frequency of Equation (32) (Apc, 032,
WGBW,EQ32) are expressed as:

Vo3(0)
A = —— ' = 33
DCEQR = 0 &mPIToI§mNIToINEmNOT 00 (33)
SmPIT01SmNIToINSmNOT00 (ToINCc1)  SmpI (34)

WGBW,EQ32 = =
2 (rorroiNgmNICc1) (foiNTooNgmNOCc2)  Cc2

When Vinp; and Vinpp are equal, The DC gain and unity—gain frequency of proposed
amplifier (Apc 3sT—opamp, WGBW 3ST—opamp) are expressed as:
— Vos(0) Vos(0) _
ADC,BSTfopamp - VIS;(O) + VIS;Z(O) - ADC,ZSTfopamp + ADC,EQ32 (35)
= ADC,2ST—0pamp (1 + gmNIroIN)

8&mPI

Ce2 (36)

WGBW,35T—opamp = WGBW,2ST—opamp T WGBW,EQ32 = 2
pamp pamp
= 2WpC28T—opamp

The product of the transconductance and output resistance of NMOS and PMOS are
calculated as:

2unCox Wn
= —_— 7
ToNgmN ANLN |IDs] 7
_ [2upCox Wp
rOPng - )\PLP |IDS| (38)

Wy, Wp, Ly and Lp represent the width and length of the NMOS and PMOS, while
An and Ap are channel-length modulation coefficients. y,, p and Cox are the mobility
and oxide capacitance, and Ipg is the drain-to-source current. Equations (37) and (38) show
that the DC gain of the amplifier remains constant when both Ipg and the MOSFET width
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change at the same rate. If the drain-source current and the MOSFET width of Stage 1 and
Stage 2 are halved, the unity-gain frequency (wGgw,35T—opamp,smae) can be expressed as:

ImPI
WGBW,3ST—opamp,smae — (39)
pamp. CCZ

Equations (37)—(39) show that the proposed op-amp has the same unity—gain frequency
and improved DC gain at the same power consumption compared to the conventional
two-stage op-amp. The capacitance of C¢; is determined by the minimum phase between
zc1 and the second pole, which is calculated as:

C C
—90 — arctan ToONEMNOT-C2 +arctan | ——SL (40)
Ca rooNgmNOCc2

The slew-rate (SR) of the two-stage op-amp and proposed op-amp is calculated as
Equation (41) [9]. Since the Ipg pic1.3 of the proposed op-amp is half that of the two-stage
op-amp, when the load capacitance is small, the slew-rate is reduced by half. Cc; does
not affect the slew-rate. When Mp 3 is on, the swing size decreases by the gain of Stage 3,
while when Mp;j 3 is off, it does not affect Stage 3.

I I 1
SR — min( DS,MCI.3 + ps,mci4 Ipsmco ) (1)
Ce2 Coo+Cp

4. Simulation Results

In this paper, both the conventional two-stage op-amp and the proposed op-amp
were designed on a single chip for performance comparison. AC, DC, and total harmonic
distortion (THD) analysis were performed to confirm their performance. The effect of the
mismatch was analyzed through Monte Carlo simulations. Additionally, the relationship
between the phase margin and load capacitance was simulated. To ensure a fast settling
response, a load capacitance smaller than the capacitance with a phase margin of 45°
should be used [10]. The proposed op-amp, MOSFET width and current of Stage 1 and
Stage 2 were designed to be half that of the two-stage op-amp. The MOSFET size and
characteristics are shown in Tables 1 and 2.

Table 1. MOSFET size of proposed op-amp and two-stage op-amp.

Two-Stage op-amp Proposed op-amp
MOSFET : "
Width (um) Length (um) Width (um) Length (um)
My 40 0.3 20 0.3
Mpy 40 0.3 20 0.3
Mni 12 0.3 6 0.3
Mco 800 0.3 800 0.3
Mno 240 0.3 240 0.3

Table 2. Characteristics of proposed op-amp and two-stage op-amp.

Parameter Two-Stage op-amp Proposed op-amp

Supply voltage (V) 1.8 1.8
Current consumption (mA) 4.252 4.252
Re (CY) 154.1 154.1

CL (pF) 32 32

Cc1 (pF) - 9.6

Cc2 (pF) 241 241
DC Gain (dB) 63.59 99.19
Unity—gain Frequency (MHz) 82.70 81.03

Phase margin (°) 66.53 65.17
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4.1. AC and DC Simulation

Figure 7 shows the simulated frequency response of the two-stage op-amp and the
proposed op-amp. As a simulation result, the DC gain improved by 35.6 dB over the

two-stage op-amp, and the phase margin and unity-gain frequency were the same.
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60
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20+
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Figure 7. Simulated frequency response of the two-stage op-amp and the proposed op-amp.
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To compare the operating range of the two op-amps, the DC gains according to the
common mode input voltage and output voltage are shown in Figures 8 and 9. The DC
gain of the proposed amplifier was higher than that of the conventional two-stage op-
amp within the operation range of the op-amp, indicating that the operating range was

not reduced.
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Figure 8. DC gain according to the common mode input voltage.
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4.2. THD Analysis Simulation

Figure 10 shows the circuit used for THD simulation in a closed loop. Vjy is a sine
wave with an amplitude of 0.7 V, a frequency of 1 kHz and centered on Vps, which is 0.9 V.
The THD simulation results are shown in Figures 11 and 12. The simulation results show
that the THD of the closed loop improved by 35.14 dB due to the increase in DC gain.

100k

100k0 M

VIN
VOUT

VCM
op — amp

Figure 10. The circuit for THD simulation in a closed loop.

0 T T T T T T T T T

THD: -74.15 dB Fundamental
———Harmonics

——DC and Noise (excluded)

[]
[=]
[T T 1
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0 1 2 3 4 5 6 7 8 9
Frequency (kHz)

=
o

Figure 11. Simulated THD of the two-stage op-amp.
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Figure 12. Simulated THD of the proposed op-amp.

4.3. Monte Carlo Simulation

A Monte Carlo simulation was performed to simulate the performance changes due
to mismatch, and the results are presented in Figures 13-15. Simulations were performed
100 times each for the DC gain, phase margin and unity-gain frequency of the proposed
op-amp and the two-stage op-amp. The results show that the proposed op-amp operated
normally within the mismatch range of the process.
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Figure 15. Monte Carlo simulation results of phase margin: (a) result of the proposed op-amp; (b)
result of the two-stage op-amp.
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4.4. The Relationship between Phase Margin and Load Capacitance

Figure 16 shows the relationship between the phase margin and the load capacitance.
The proposed op-amp and the two-stage op-amp had phase margins of 45° with a load
capacitance of 90.82 pF and 97.39 pF, respectively.

100 T
Ml = = = = — —»=—Two-stage op-amp| |
i VRN —+— Proposed op-amp

80+~ F

70
60+

50+
35
40

30r X

Phase Margin (degree)

0.1 1 10 100
Load capacitance (pF)

Figure 16. The relationship between phase margin and load capacitance of the proposed op-amp and
two-stage op-amp.

5. Measurement Results

Figure 17 shows the layout and photograph of the proposed op-amp and two-stage
op-amp implemented in the 180 nm CMOS technology. Section A shows the proposed
op-amp, 146 um x 102 pm, and section B shows the conventional two-stage op-amp,
96 um x 70 pm.

(a) ' (b)

Figure 17. (a) Layout of the proposed circuit; (b) photograph of the proposed circuit.

5.1. DC Gain Measurement

Figure 18 shows the DC gain measurement circuit for the two-stage op-amp [10]. The
input voltage (V) changed from —0.3 V to 0.3 V at 50 mV intervals, and the output voltage
(Vour) was measured at 1024 Sample/s for 100 s. The DC gain of the op-amp (Apc) is

calculated as:
Rz + R3 AV]N

42
Ry AVour *2)

Apc = —

220kQ 1uF

0.9V Vi OJW\'E‘_I lC_

Two — stage
B op — amp 220kQ

S
[y

Figure 18. DC gain measurement circuit for two-stage op-amp.
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Figure 19a shows the measurement results of the output voltage, and Figure 19b shows
the result of averaging to remove the low-frequency noise of Figure 19a. The DC gain can
be calculated from the slope in Figure 19b, which is 63.62 dB.

V=03
—V,=-0.25 1.9
V) =-0.2
—V=-0.15
| v=-0t
v, =-0.05
— V=0
V,,=0.05

Average of VOUT )

. —V =0.25 1.5
0 20 40 60 80 100 N 203 -02 -01 0 01 02 03
Time (s) — V=03 Vi V)

@ (b)

Figure 19. Measured output voltage of DC measurement circuit for two-stage op-amp. (a) Waveform
of measured output voltage; (b) the mean of the output voltage.

The gain of the proposed op-amp is difficult to measure due to a large DC gain and
flicker noise. A small resistor was added to the output stage to reduce the DC gain and
measure it in order to predict the DC gain of the proposed op-amp. The measured DC gain
was then compared with the DC gain of the conventional two-stage op-amp with the same
output stage. Figure 20 shows the DC gain measurement circuit for the proposed op-amp
with a small load resistance. Vjy was changed from 0.1 V to 0.45 V at 50 mV intervals,
and the Voyr was measured at 128 Sample/s for 500 s. Figure 21 shows the measurement
result, with the DC gain measured at 70.46 dB.

220k "
Viv oA, 11z
R 15
220k() UXILIAR
op — amp

—0 Vour

%200_]_10;113 Rs
ENE

Figure 20. DC gain measurement circuit for the proposed op-amp with small load resistance.
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Figure 21. Measured output voltage of the DC measurement circuit for the proposed op-amp
with small load resistance. (a) Waveform of the measured output voltage; (b) the mean of the
output voltage.
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Figure 22 shows the DC gain measurement circuit for the two-stage op-amp with small
load resistance. Vjy changed from 0.1 V to 0.45 V at 50 mV intervals, and the Vpyr was
measured at 1024 Sample/s for 100 s. Figure 23 shows the measurement result, and DC
gain was measured at 34.25 dB.

Two—stage op—amp 220k
200 _Tiour Wiz
R, ]_:cz

—O Voyr

—15V

Figure 22. DC gain measurement circuit for the two-stage op-amp with small load resistance.
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0.8 v, =0.45 -0.8
-1 01 015 02 025 03 035 04 0
0 20 40 60 80 100 .1 .15 . \.IB(V). .35 4 .45
Time (s) IN
(a) (b)

Figure 23. Measured output voltage of the DC measurement circuit for two-stage op-amp with small
load resistance. (a) Waveform of measured output voltage; (b) the mean of output voltage.

The reduced DC gain of the proposed op-amp and two-stage op-amp (Apc 35T—withRL
and ApcasT—withrL) can be expressed as Equations (43) and (44). The result of dividing the
two equations is shown in Equation (45), which is equal to the ratio of the original DC gain.

70O H Ry
Apc3ST—withRL = T ADC,38T—opamp (43)
[
ro0 || Re
ADCaST—withRL = — o ADC2ST—opamp (44)
[

ApcasT—withkl _ ADC3ST—opamp
ApcasT—withkL  ADC25T—opamp

(45)

The ratio of the two DC gains was measured at 36.21 dB, and the DC gain of the
proposed op-amp was predicted to be 99.83 dB.

5.2. Unity-Gain Frequency and Phase Margin Measurement

The unity—gain frequency and phase margin were measured, with a sinewave of
50 mV amplitude supplied to the positive input. Figures 24 and 25 show the unity—gain
frequency measurement results of the proposed op-amp and the two-stage op-amp. The
unity—gain frequency and phase margin of the two-stage op-amp were 86.96 MHz and
54.8°, and those of the proposed op-amp were 86.96 MHz and 51.7°. Figure 26 shows the
measured frequency response of the proposed op-amp and two-stage op-amp.
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Figure 24. Unity-gain frequency measurement result of the two-stage op-amp.
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Figure 25. Unity—-gain frequency measurement result of the proposed op-amp.
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Figure 26. Measured frequency response of the proposed op-amp and two-stage op-amp.
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5.3. Slew-Rate Measurement

Figures 27 and 28 show the measurement results of the slew-rate of the two-stage
op-amp and the proposed op-amp. The input was a square wave of 100 mV amplitude and
10 MHz frequency, and the load capacitance was 90 pF. Both op-amps were measured to

have a slew-rate of 32 MV/s.

RIGOL Ho000ns PO S s/ D 000000000ps T £ @ 806mY
3 1 @ 10.0000MHz
. =
e 5
-

=
E

-

INPUT

OUTPUT

Vpp=104. On¥ ¥pp=1 60D ¥ borg=T02. B sl 17T ¥

U - <2 S0.0mY 2 = s00my <114

Figure 27. Measured frequency response of the proposed op-amp and two-stage op-amp.

RIGOL % wiesons 253 oo 8 o/ b twse T F @i
z 3
2 °
5 S
<I
B
2
INPUT “
B
-}
Vpp=102. Om¥ Ypp=1.600 V Avg=207. ImV Ag=1.210 V
L - < 50.0my 2 = 500mY o 11:39

Figure 28. Measured frequency response of the proposed op-amp and two-stage op-amp.
The figures of merits (FOM) are expressed as follows [11]:

_unity — gain frequency X Cp,
N Power

FOMg

SRXCL

FOM| = oD

unity — gain frequency x Cr,

IFOMs = Power

SRXCL

[FOM, = o

(46)

(47)

(48)

(49)
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The FOMg and FOM| of the proposed op-amp were 359.4 (MHZ-pF-mW_l) and
372 <V~pF~us’1-mW_1). IFOMg and IFOM| of the proposed op-amp were 647.0

(MHz-pF-mA—l) and 669.6 (V-pF-ps*LmA_l).
The summary of the measurement results of the two-stage op-amp and the proposed
op-amp and comparison are shown in Table 3.

Table 3. Performance summary and comparison.

Parameter [6] [10] [11] [12] [13] Two-Stage . Work
op-amp
Technology 0.18 um 130 nm 90 nm 0.18 um 0.18 um 0.18 um 1.8 pm
Supply voltage (V) 1.8 1.2 1.2 1.2 1.8 1.8 1.8
Power (mW) 0.85 0.1752 0.0204 1.8 0.86 7.742 7.742
Core size (um?) - 7000 - 1400 3038.5 6720 14,892
Cr (pF) 5 12,000 500 5 5 32 32
DC Gain (dB) 105.5 107 >100 65.5 82.7 63.62 99.83
Unity—gain
Frequency (MHz) 231.77 1.18 4.65 146.9 88.7 86.96 86.96
Phase margin (°) 53 48.1 57 81.1 68.7 54.8 51.7
Total compensation 105 3.1 1.55 5 0.75 241 12.01
capacitance (pF)
FOMg (MHz-pF/mW) 1214 - 113,970 548 516 3594 359.4
FOML, (V/us-pF/mW) 78 - 41,912 - 50 372 372
I FOMg (MHz-pF/mA) 2186 96,990 136,764 987 944 647 647
IFOML (V/ps-pF/mA) 140 11,510 50,294 - 92 669.6 669.6

6. Conclusions

In this paper, a three-stage op-amp with frequency compensation using cascade
zero was proposed. The area of the proposed op-amp was increased compared to the
conventional two-stage op-amp due to the compensation capacitor, but the DC gain could
be improved without any loss to the common-mode input range, output range, unity—gain
frequency or power consumption. The proposed op-amp operated normally within the
range of the process mismatch, as verified through the Monte Carlo simulation. This op-
amp was implemented using 180 nm CMOS technology and measured to have a unity—gain
frequency of 89.96 MHz, a phase margin of 51.7° and a DC gain of 99.83 dB, which was
improved by 36.21 dB compared to the two-stage op-amp. This is suitable for pipeline
analog-to-digital converters that require high gain and unity—-gain frequency [14].
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