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“Design of High Gain Folded-Cascode
Operational Amplifier Using 1.25 um CMOS
Technology”

Er. Rajni

Abstract This paper presents a design of the Folded-cascode operational amplifier using 1.25um CMOS technology, which leads to high
gain as compared to a normal cascode circuit. The simulation of the cascode and folded cascode circuits is done using TSPICE simulation
tool and the LEVEL-2, 1.25 um parameters are used. A complete analysis of the circuit is presented in this paper which shows how this
circuit leads to a high gain and resistance at output. A comparison between the cascode and Folded-Cascode op amps is described. We
have also described their simulated and calculated results comparison individually. This paper provides a considerable insight into the
overall operation and advantages of the folded-cascode circuit. This design overcomes some limitations and drawbacks of the various

previously presented described architectures.

Index Terms
power-supply rejection ratio.

1 INTRODUCTION

he design of op amps continues to pose a challenge as

the supply voltage and transistor channel length scale

down with each generation of CMOS technologies.
Operational amplifiers are the amplifier (controlled sources)
that has sufficiently high gain so that when negative
feedback is applied, the closed loop transfer function is
practically independent of the gain of the op amp. This
principle has been exploited to develop many useful analog
circuits and systems. The primary requirement of an op amp
is to have an open-loop gain that is sufficiently large to
implement the negative feedback concept.
Different architectures have been used [10],[11],[12],[13] to
obtain high gain bandwidth, output resistance and power-
supply rejection. Two-stage Cascode op amps circuits are
widely used in circuit designs at places where high gain and
high output impedances are required. Folded cascade gives
better performance even than the cascode op amp circuit.
These architectures have been compared, using TSPICE
simulations, in this paper along with drawbacks and
advantages of each.

The difference between an Operational Transconductance
Amplifier (OTA) and an Operational Amplifier (Op-Amp) is
that the op-amp has got an output buffer so that it is able to
drive resistive loads. An OTA can only drive capacitive loads.

Our goal is the design analysis and simulation of a High
Gain Folded-Cascode Op Amp using CMOS process in order
to use it in wide applications ([7],[14],[17],18]) like in the
design of high-order filters, signal amplifiers, analog-to-
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Operational amplifier, complementary metal-oxide semiconductor, common-mode range, input common-mode range,

digital (A/D) and digital-to-analog (D/A) converters, input
and output signal buffers, and many more, and to compare its
some of the performance parameters with the two-stage
cascode op-amp by designing cascode op-amp for the almost
same specifications.

The paper is organized as follows: in section-2 we present
all the configurations for simulating and measuring the above
specified and many other characteristics. The section-3 gives
conclusion of this paper.

2 CASCODE STAGE

As we know the input signal of a common-gate stage may
be a current and also that in the common-source
arrangement a transistor converts a voltage signal to a
current signal. The cascade of a CS stage and a CG stage is
called a ‘cascode’ topology, which provides many useful
properties. Fig.2.1 shows the basic configuration: M1
generates a small signal drain current that is proportional to

Vin and M2 simply routes the current to Ro . We call M1 the
input device and M2 the cascode device. Note that in this
example, M1 and M2 carry equal currents. As we describe
the attributes of the circuit in this section, many advantages
of the cascode topology over a simple Common-Source
stage become evident. [Razavi, design of Analog CMOS
Integrated Circuits]
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Figure.2.1 Cascode stage
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Figure.2.2 Input-output characteristics of a cascode stage

3 DESIGN APPROACH OF THE TWO-STAGE CASCODE
OpP-AMP

Wout

Figure.3.1 Two-stage Cascode op amp
3.1 Specifications

1. Vpp =Vg=25V

2. Slew rate =5V/ uS with a 50 pF load
3. GB=10MHZ with a 10 pF load

4. A, =5000V/V

5. ICMR =-1to +1.5V

6. Output swing = t15v

3.2 Design Equations to be used:

L. Slew rate = 'C 1)
> g~ Int(9ns + Ins) )
29mC,
s
4. Positive CMR
V,, (max) =Voo {Iﬁj [Vyos | (maX) +Vy, (min)
@

5. Negative CMR

1/2
V,, (min) =V, +VDSS(Sat)+{,Ib’_5} +V;, (max) (5)

1
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6. gy =/2xK'np xSy p X
7. gds:ﬂ“ID
8. r, =1/,

21
9. Vs (sat) = |[—=
(sat) F;

o (6)

(7)
(8)

9)

10. The overall gain of the input stage is

A\/I =gm2/gm4 =gm1/gm3 (10)
11. The gain of second stage is
+
A\/u = (MJR” (11)
2
Where Ry is given by
Ru = (g m7 Vas7Tase m(g m12rd512rdsll) (12)
therefore
A/ = (gml /29 m4 )(gme t Oms )kRu (13)

TABLE 4.1. TRANSISTOR SIZING OF THE TWO-STAGE CASCODE OP
AMP CIRCUIT OF FIG.4.3

Sr. (W/L) ratios Transistor widths

No.

1 [s,=5,=25 W, =W, =31.25

2. |s,=5,=30.36 W, =W, =38

3. |s.=15 W, =18.75

4 [s,=S,=5,=76 |W,=W,=W, =095

5 Sg =951 =51; =5, = Wg =W, =W, =W,, =
31.61 =39.51
S,,=20 W,, =25
Sis = S55=16 Wy, =Wp5 =95

4 DESIGN APPROACH FOR THE FoLDED-CASCODE OP-
AMP

5

(D)

1
+o—{ [l M2

Vss

Figure 4.1 Proposed folded cascode op amp
4.1 Spesifications For the Design:

Power Supply, Vpp =V =12.5V
Slew rate (SR) = 10V/ 1S
Load capacitance, C = 10pF

Output Voltage Swing (V, (swing)) = £ 2V

Gain Bandwidth (GB) = 10MHz
Input Common-Mode Voltage Range (ICMR) = -
1.5V to +2.5V

cU s w N

Differential Voltage Gain ( AV) 2 5000V/V
8. Power Dissipation < 5mW

N

4.2 Design Equations to be used:

l,
1. Slew rate = ——

L
2. Bias currents in output cascodes, avoiding zero currents
in cascodes

I, =1, =1.21,tol.51,

3. Using maximum output voltage, vout(max)
21 21
85 = . 52 ] S? = \ 72 (14)
KeVsps KpVspr
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Vo, =V .(min
Vs (sat) = Vg, (sat) = =22 2°“‘( n) )
LetS, =S,, =S, and S, =S, =S, (16)
4. Using minimum output voltage, Vout(min)
V_.(min |V
VDsg(Sat):VDsn (Sat): Om( 2)>| SSl 17)
21 21
S, =——32 - S =—>2 18
MKWV 2bss ® KWV %pso (18)
Let S;p =S,; and S; =S, (19)
5. Self-bias cascade
R, =Viya(sat)\ 1, and R, =V (sat)\ 1,
(20)
6. GB = Im
CL
2 2~2
s —s, - 9m GBCL (21)
K'nl, Kl
7. Using minimum input CM
2
21 / |
S, =—=2|V. (min)-V.. - [—>— -V
3 KN{ |n( ) SS KNsl Tl}
(22)

8. Using maximum input CM

S, and S; must meet or exceed the requirement of step

10. Power dissipation

Pdiss = (VDD _Vss)(ls + |12 + I10 + |11) (25)
11.Positive CMR

Vin(MaxX) =V, _|:,I6’_5} |Vros | (Max) +Vz, (min)

3
12. Negative CMR

V,, (min) =V +VD55(sat)+{|ﬂ—5} +V,, (max)

1
13. Ry ~ O molusolaans (26)

14. The second stage resistance is

111
Ry =Rg[9,; _( _] “n
Yas7 \ Gasz [|Yass
1(1]1
Ry = OmolusoMgs1[Im7 E[gdsz QJ
(28)

15. The small-signal voltage gain is given by

2+k
A —(2+2kjgm.R.. (29)

R9 (gdsz + gds4)

gm7 rds7

where K =

16. 9, =2xK'np xS o x I

3
21 B
4T T K e (Vo —V, (Max) 4V, ) (23)
18. r, =1/l

9. Differential voltage gain

Vout gml gmz 2+k T

Vin ( 2 o0+ k)) ! [2+2kjgml ! 19. V, (sat) = /%

(24)
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TABLE 4.2.1 TRANSISTOR SIZING OF THE PROPOSED FOLDED
CASCODE OP AMP CIRCUIT OF FIG. 4.1

Sr. | (W/L) ratios | Transistor widths
No (V / /Jm) (ﬂm)

1L [s,=5,=6245 |W =W,=781

2. |'s,=1405 W, =175.6

3 |'s,=5,=5,=152 | W, =W, =W,, =23.75

4 Se =S; =553 = We =W; =W,; =38

30.36

> Sg =99 =S =51 Wy =Wy =W, =W,, =
=63.22 =79.025

6. S,,=175.63 W,, =219.53

7. S,; =62.45 W, =781

5 SIMULATION RESULTS

For simulating the proposed cascode and the folded cascode
Op-Amp topologies in TSPICE, 1.254m CMOS technology
parameters [TSPICE model ml2_125] taken for NMOS and
PMOS transistors are as mentioned in Table.5.1 and

Table.5.2.
TABLE.5.1 PARAMETERS OF NMOS

Parameter Value
VTO 0.622490
Kn 63.266
GAMMA 0.639243
PHI 0.31
LAMBDA 0.02

TABLE.5.2 PARAMETERS OF PMOS

Parameter Value
VTO -0.63025
Kp 26.354
GAMMA 0.618101
PHI 0.541
LAMBDA 0.02

The following table shows the comparison between the
performance parameters taken in specifications for the
design and that resulted after simulations of the Folded
Cascode Op Amp.

TABLE.5.4. RESULTS FOR THE FOLDED CASCODE OP-AMP

Sr.No. | Performance | Specifications Simulated
parameters Results

1. Voltage Gain | >5000 6053
(V/V)

2. Unity  Gain | 10 MHz 8 MHz
Frequency
(MHz)

3. ICMR (V) -1.5V to +2.5V -1.0V  to

2.5V

4. PSRR (dB) 60dB 55dB

5. Output Toy 23V to
Swing (V) +2.0V

6. Slew Rate | 10 V/us 8.55V /us
(V/us)

5.1 Simulated Waveforms of Folded Cascode Op Amp
The performance evaluation of the cascode and folded
cascode op amps has been carried out, with the proposed
circuits, having the loading capacitance of 10pF , dual
voltage supply of +2.5V and using the CMOS 1.254m
technology. For comparison, the transistors used in op amps
have been sized for almost same specifications.

Simulated results show that this op amp exhibits high DC
gain, improved ICMR. The typical values for DC gain is of
the order of 6.035KV /V , ICMR is of the order of -1.0V to
2.5Vand unity gain bandwidth of the order of 8MHz have
been obtained.

Simulated results waveforms

1 ICMR MEASUREMENT:
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final folded cascode op amp with channel length 1 25um

final folded cascode op amp with channel length 1 25um
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Voltage (V)

4. PSRR MEASUREMENT:

2. AC RESPONSE MEASUREMENT: A small sinusoidal voltage is inserted in series with
Vo (V ss) to measure PSRR+ (PSRR-). Here we are
inserting a small ac voltage of 1V. We get PSRR of 55dB.

Volige Phase (deg)
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Figure 5.1 Simulated Waveforms of Folded Cascode Op Amp

3. SLEW RATE MEASUREMENT:

The slew rate is calculated by changing the inputs of the op
amp to pulsed, and measuring the slope at the differential
output of the op amp. The slope of the output at the rising
edge gives the positive slew rate of the amplifier, and the
slope of the output at the falling edge gives the negative
slew rate of the amplifier. The positive slew rate of the

designed amplifier is 8.55 V /45 and the negative slew
rate is 6.72V / 155
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5.2 Simulated Results and Waveforms of Cascode
Op-Amp
TABLE 5.5. RESULTS FOR THE TWO STAGE CASCODE OP-AMP

Sr.No. | Performance Specifications | Simulated
parameters Results

1. Voltage Gain | >5000 V/V 4800 V/V
(V/V)

2. Unity Gain | 10 MHz 9.5 MHz
Bandwidth
(MHz)

3. ICMR (V) -1.0Vto+1.5V | -0.0 to 0.5V

4. PSRR (dB) 60dB 25dB

5. Output  Swing | * oy -2.5V to
V) +2.4V

6. Slew Rate (V/us) | 10 V/us 8.33V/us

1. INPUT COMMON MODE RANGE

[
o
g
G
>

2.

MEASUREMENT:

vin (V)

AC RESPONSE MEASUREMENT:

(1)
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4. PSRR MEASUREMENT:

(4)
Figure 5.1 Simulated Waveforms of Cascode Op Amp
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5.3 Comparison

The comparison of the design and simulations of the two-
stage cascode and the folded cascode op amps can be sum
up in the table below.

TABLE 5.3. COMPARISON RESULTS BETWEEN CASCODE AND
FOLDED CASCODE OP-AMPS

S.No. Parameter Two-stage Folded cascode
cascode op- | op-amp
amp
1. Voltage Low (4721 | High
Gain V/V) (6053V/V)
2. ICMR Low (-0.0 to | Very High (-
0.5V) 1.0V to 2.5V)
3. PSRR Very Low | High (60dB)
(25dB)
4. Output Low (8.5 | High (130 MQ)
Resistance MQ)

6 CONCLUSION

This paper presents design analysis of the Folded-cascode
amplifier using 1.25 pm CMOS technology. Initially our
work describes the design of two-stage cascode op amp
using the same i.e. 1.25 pm technology and then to overcome
some of the limitations of the cascode op amp we have
designed a high gain folded-cascode op amp which provides
a high output resistance which leads to high gain as
compared to a normal cascode circuit. The simulation of the
cascode and folded cascode circuits is done using TSPICE
simulation tool and the LEVEL-2, 1.25 um parameters are
used. A complete analysis of the circuit is presented in this
thesis which shows how this circuit leads to a high gain and
high resistance at output. A comparison between the
cascode and Folded-Cascode op amps is described. We have
also described their simulated and calculated results
comparison individually. This paper provides a
considerable insight into the overall operation and
advantages of the folded-cascode circuit. This design
overcomes various limitations and drawbacks of the various
previously presented described architectures.

In this paper, a folded cascode op amp has been designed in
1.25m CMOS technology. This op amp structure is used
for many applications. Simulated results show that this op
amp exhibits high DC gain, improved PSRR and ICMR and
large output voltage swing. The typical values for DC gain is
of the order of 6.035KV /V , ICMR is of the order of -1.0V
to 2.5V, PSRR is ~ 55dB, output swing is of the order of -
2.3V to +2.0V, unity gain bandwidth of the order of 8SMHz
and slew-rate of 8.55V /8 have been obtained. Most
difficult part in this design was optimization of NMOS and

PMOS for proper operation and also finding different gains,
currents in all the branches, resistances shown in circuits.
But after careful analysis of simulation and designing at
different points, the goal was achieved. The op amp fulfills
all the other requirements with a good margin and has been
simulated for worst cases.

Therefore the proposed folded cascode op amp exhibits the
following advantages over the two-stage cascode op amps:

> Improved DC gain
> Improved ICMR
» Better PSRR
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