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TOM TAT

Trong bai béo nay, chiing t6i trinh bay mot thiét ké mach khuéch dai thuat toan (op-amp) cong suét thap st
dung cac k¥ thuat bu Miller thong thuong va bu Miller gian tiép. Ddi véi op-amp hoat dong & dién thé thap, cach
tiép can g /I dugc str dung dé xéac dinh kich thugc béng ban dan trong thiét k& mach op-amp. Do lgi, tde do tang
thé, bién do pha, cong sudt tiéu tan va cac thong sé khac duoc xac dinh trong thiét ké. Dé kiém chimg cac tham
s6 cuia thiét k&, mach op-amp dugc md phong trén phan mém LT-SPICE. Myc dich cta nghién ctru nay 14 so sanh
d06 loi va bién do pha thu dugc khi sir dung céc ky thuat bu tan s6 khac nhau, tir d6 xac dinh kha nang lya chon ky
thuat bu tin s6 phu hop dua trén mot tap hop cac yéu cau thiét ké cu thé. Trong nghién ctru ndy, chung toi ciing sir
dung cac wu diém khi két hop k¥ thuat bu phan hdi gian tiép véi bong ban dan chia d6 dai dé thiét ké op-amp hiéu
sudt cao. Tt ca cac thiét ké op-amp duoc thyc hién trén quy trinh ché tao CMOS 180 nanomet.

Tir khéa: Khuéch dai thudt todn, cong sudt dién dap thap, bi gidn tiép, khuéch dai thudt toan CMOS hai ting.
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ABSTRACT

Alow-power operational amplifier (op-amp) circuit with both conventional and indirect Miller compensating
techniques is presented in this work. For low-voltage op-amps, the g /I, method is used to calculate transistor
size. The gain, slew rate, phase margin, power dissipation, and other parameters of the proposed op-amp were
determined. The developed op-amp circuit was simulated in LT-SPICE to check parameter values. The goal of
this study was to examine the gain and phase margins obtained using several frequency compensation techniques

in order to identify the best one for a given set of design requirements. To create a high performance op-amp, we

used split-length transistors combined with indirect feedback compensation. All op-amps were designed in 180 nm

CMOS technology.

Keywords: Op-amp, Low-voltage low-power, Indirect compensation, Two stage CMOS operational amplifier.

1. INTRODUCTION

The operational amplifier (op-amp) is a very
versatile analog circuit that is frequently used in
analog and mixed-signal Integrated Circuit (IC)
design.'? Op-amps are frequently developed
using sub-micron Complementary Metal
Oxide Semiconductor (CMOS) technology, for
example, nodes 350 nm, 180 nm, and 130 nm.
However, there are numerous approaches for
designing the op-amp to meet the requirements
of various circuits.** It typically consists of
two or more amplification stages that utilize
transistors, integrated capacitors, and, in some
cases, integrated resistors. All op-amps, however,
must have enough open-loop margin of stability
in order to be used in a feedback closed-loop
design with acceptable frequency response. As
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a result, the open-loop configuration of an op-
amp should have a phase margin (PM) of 45° or
greater, which can be accomplished by the use of
Miller compensating techniques. To obtain the
required stability and frequency responsiveness,
many compensating strategies may be used.
These compensation strategies may be used
singly or in combination.?

Frequency compensation is critical for
close-loop stability when designing the op-amps
that operate the negative feedback connection.
Miller compensation is one of the techniques
used to enhance the op-amp's stability and
frequency response.’ The Miller effect can be
detected in two ways within a MOSFET analog
amplifier. To begin, the Miller effect is created
by the MOSFET's construction, which has five
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capacitances between its terminals: drain (D),
gate (G), source (S), and bulk (B), as illustrated
in Figurel. The capacitance difference between
the drain and gate terminals (C,) establishes a
feedback connection between the drain and gate
terminals. While C_, is often a low capacitance
value, it also demonstrates the effect of the
amplifier's high-frequency response. Miller
capacitance is thename given to the capacitance
Cip’
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Figure 1. Parasitic capacitances in MOSFET

Second, it can be accomplished by adding
an external capacitor (C ) to the second stage of a
standard two-stage CMOS op-amp, as illustrated
in Figure 2. A connection between the second
stage and the external Miller capacitor (C ) may
be seen in this diagram.

The frequency compensation technique
will be demonstrated in this study for the
design of operational amplifiers. The direct
Miller compensation technique is used in the
first design. When comparing the two designs,
the indirect Miller compensating technique
in conjunction with a split-length transistor is
employed in the second design.

% Yo

Diff-amp Gain stage Buffer

Figure 2. Block diagram of the second voltage
amplifier stage with Miller compensation.

Additionally, the Nulling Resistor
approach is employed in both designs to boost
the efficiency of the operational amplifier. The
target amplifier is a two-stage CMOS operational
amplifier (op-amp) that operates on a +0.9 V
power supply and has high unity gain as well as
stability. All simulation investigations were also
carried out using the LT-SPICE circuit simulator,
which may be found here.

2. DESIGN OF TWO-STAGE OPERATIONAL
AMPLIFIER WITH MILLER COMPENSATION

2.1. Design of two stages operational amplifier

Because of its simple structure and robustness,
the two-stage CMOS operational amplifier is
widely utilized. It also has a high DC gain as
well as a wide range of output voltage swings.
Transistor M1 and M2 together constitute a
differential amplifier, which converts differential
voltage to current in the first stage of a two-
stage operational amplifier design (Figure 3).
This differential current is then sent to the
current mirror circuit, which is formed by M3
and M4, which recovers the voltage difference
between the two stages. The output of the
first stage operational amplifier is essentially
identical to the output of the differential voltage
amplifier. The M6 is responsible for supplying
the differential pair with the bias current I,,. The
second stage is comprised of a common source
MOSFET amplifier M7, which converts the
input voltage of the second stage into current
through the use of a MOSFET transistor. The
common source transistor is actively loaded with
the current sink load M8, which turns the current
back into a voltage at the output of the transistor
at the same time. Transistor M8 does not provide
biasing for transistor M7, and M7 is biased from
the gate side of the transistor M8. As a result, the
second stage functions similarly to a current sink
inverter.

2.2. Miller Compensation

An external Miller capacitor is commonly
connected between the output of the second
stage and the output of the first stage transistors,
as shown in Figure 2.
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Figure 3. Miller compensated two stage operational
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Figure 4 presents the small-signal model
of the two-stage amplifier illustrated in Figure
3, which does not include compensation. When
the operational amplifier gain is expressed as a
two-pole open-loop transfer function, the result
is as follows:’

O = AGS) = —n ey
Vin (1+E)(1+E) (1)

Whepreséntsepresenall asigmall dsifesential

differential input voltage. 4, is the op-amp
gain and poles p, and p, are defined by the
capacitances linked to the high impedance of the
op-amp. In addition, the small-signal equivalent
circuit of the two-stage amplifier is shown in
Figure 4 when p, >> p , which implies p, is the
dominant pole. And the small-signal analysis is
presented by:

Ay = Gm1GmaR1Ry, 0y = —— C_L

A feedbagle pafh for o op armp i provided hy the

by the linked Miller capacitor. The transfer
function equation at node V, has an effect on the
capacitor C_, resulting in the following *:

RoR: GGz (1~ 55)

~

ut

Vo L+ S(C1Ry + CoRy + C.(Ry + GpipRiRy + Ry))
+52R R,(C,Cy + C.Cy + C1Cy)

(@)
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Figure 4. Small-signal model op-amp without
compensation
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Figure 5. Small-signal model op-amp with compensation
The ratio V_ /V, = G_ R G R, if s=0. If
s # 0, the Miller effect in the right half plane

causes zero transmission in the op-amp:

sCe Gma

= O‘ = =
sz pZ SZ CC

The denominator polynomial for an op-
amp with two poles is:

Y(s) = (1 +ps—1)(1 +ps—2) = 1+s(é+p—12)+
s* (P11P2) (3)

If there is one dominant pole, p, << p,and
Y(s) can be:
1
) @

Y(s) = 1+s( )+s (plpz
Finding the frequency of the first dominant

pole can be done by equating the first and second

dominant poles together.
1

R:C; + R,Cy + C.(Gp2R1R; + R; +R3)

&)
The term (C(G_, R R+R +R))) can be
realised by connecting it to the first and second
stages where C_ is the negative feedback path of
the second stage. Moreover, the first term (R,C))

p1 =

is much larger than the second term (R,C)) and,

usually, C, is much smaller than the Miller

capacitance. The approximate value of the p, is:
_ 1

P1 = CoGmeRiR, ©)

dompinantd palgaes pthe afreagigngeatythe

of the second pole can be found by equating:

98 | Journal of Science - Quy Nhon University, 2022, 16(1), 95-103



SCIENCE

QUY NHON UNIVERSITY

second pole can be found by equating:

p, = CcGmzR1R;
2 7 RyR,(C;Cp+C1Cc+CyCe)

™)

Meanwhile, C, << C, and C, << C,, the
approximation of the p, can be shown as:

Gm2

P2 =, @®)
The unit}"SatiifsegRhc i QUErYofUfEF dwef the

two-stage amplifier is given by:

UGF =t )

The location of the zero set in the right
half-plane in the transfer function and the location
of pole-zero is described in Figure 6, (where jw
is the imaginary axis and o is the real axis), it
creates a negative phase shift of the amplifier.’
To achieve the closed-loop gain stability, the
location of p, and p, must be at higher frequencies
than UGF. If C_ is increased the UGF reduces to
approach the stability condition, PM >> 60° and
p, is located at half of UGF.” Moreover, as C_is
increased, p, is decreased, and it permits to move
p, further to the right half-plane and p, to higher
frequencies.

It is shown in Figure 6 that by placing the
zero set in the right half-plane of the transfer
function and the placement of pole-zero (where
jo is the imaginary axis and is the real axis), a
negative phase shift is created in amplifier.® In
order to achieve closed-loop gain stability, the
locations of p, and p, must be at frequencies
higher than those of the UGF. The UGF decreases
until it approaches the stability condition, PM >
60°, and p, is positioned at half of the UGF when
C, is increased. Furthermore, as C_ is increased,
p, decreases, allowing for the displacement of p,
farther to the right half-plane and the expansion
of p, to higher frequencies.

Jo
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Figure 6. Pole/zero locations

2.3. Procedure of a conventional op-amp design

The conventional design for an operational
transconductance amplifier (shown in Figure
3) is based on the large-signal and small-signal
device modeling equations when the transistors
are operated within the saturation region for
power supply of £0.9 V. The transistor takes
after certain conditions, which are called the DC
balance conditions as follows:

1. For PM greater than 60°, the second
pole (p,) (or output pole) is considered more
significant than 2.2 UGF.

2. First zero is much higher than the
second pole, therefore, p, > 2.2 UGF and z >
10UGF.

3. Assume that V., =V

SG4 SG6?
“proper mirroring” in the M3-M4 mirror.

this causes

Furthermore, the gate and drain terminals of the
transistor M3 are at the same potential so that
transistor M4 is in saturation.

4. Calculate the current for each transistor
I.I,I I according to the square root of drain
current (saturation region)’

IfVS(;4 = VSG6 16 = %14 (10)
5. When V=V

G7

w
_715 =
5

w
I = 52ls = 12 2l an

w
6. For balance, I, must equal 1. This
condition is called the “balance conditions”.
W, _ 2w,

W Wi (12)

The op-amp has been designed to operate
with a 0.9 V supply. The operational amplifier
is designed using the strong inversion region.
The transistor dimensions are calculated using
the saturation region equation and represent the
width and length of each transistor.

3. CALCULATION AND SIMULATION
RESULTS

The design parameters of an op-amp with its
specifications are given in table 1:
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Table 1. The design goal of the operational amplifier

Parameters Specification
Gain 60dB
Power supply V 09V
Gain Bandwidth (GB) SMHz
Load capacitance C, 10pF
Slew rate (SR) 10V/ps
Phase margin (PM) >550
Input Common Mode 0.4V to 0.9V
Range (ICMR)
Power Dissipation < ImW

We may utilize MOSFETs as small as
180 nm in length (L) and 400 nm in width (W)
with the 180 nm technology, but due to the rise in
the channel length modulation (A), we normally
do not employ the minimal channel length. It is
recommended to utilize L > 2L . . Nonetheless,
the device length (L) is set to 1 wm in this design
and is used throughout the circuit. This value is
used to calculate the channel length modulation
parameter, which is necessary to calculate the
amplifier gain. Following that, to optimize the
op-amp‘s performance, we'll adjust the length
of selected MOSFETs while maintaining a
constant (W/L). For the calculations, we will
use the MOSFET transconductance parameters
kn =170 uA/V? (for nMOS) and kp = 36 uA/V?
(for pMOS) as input parameters. The saturated
drain current i, in MOSFET is given by:

For nMQ®r nMOS

ip = 3kn T (Vas = VD21 +2)  (13)
For pMQR},r pMOS

. w

Ip = %kpf(VGS —vpza+2) (4

Wisechangnehdengthenpddunlatdoatione Wise
use 05 0.05 V! for pMOS and for A040.04 V-!
nMOS in the calculation.

Calculate the value of the compensation
capacitor C_ after determining the device length.

C >2'Zc = 2.2pF
c 10 L_-p

https://doi.org/10.52111/qnjs.2022.16109

C, were selected as 3pF.

Next, based on the slew rate requirements,
determine the minimum value of tail current I..
The formula used to compute the value of L is.

Is = SR.C. = (3.10712)(10.106) = 30 pA

Determine the aspect ratio of M3 by
following relation, where the threshold voltage
is denoted by V. Calculate sensitivity S, using
the equation:

S3=W/L);

I
= 5 >1

5>
kp [VDD - Vin(max) - IVTO|(max) + VTl(min)]
B 30.107° B
"~ (36.1076)[0.9 — 0.5 — 0.85 + 0.55]2

83

Since, M3 and M4 are identical S, will be
equal to S,.

W/L); = (W/L)4 = 83
The equation that follows determines the
input transistor's transconductance:
gm1 = GB.C..2m = (5.10%)(2m)(3.1071%) =
94.25 us

From the above equation, the aspect ratio

and M2 ead Miecthy ditactigdatstained as:

2 2
B _9m1 (94.25p)
W/Ly = W/L), = k,ls  (170.10-6)(30.10-°)
=1.74~2

The aspect ratio S, and S is determined as:
21,

kn [VDSS(sat)]2

Is

Vbss(sat) = Vin (min) — Vss — B Vri(maxy = 100mV
1

Ss=W/L)s =

30.107°
Vbss(sary = =01+ 0.9 — | ——==—03=026V
—6
Sy = (W/Lyy =—25 = 2000 55

z = —6 2
knl[Vpss(sap)]”  170-107°[0-26]

Se = 54% with condition g = 10g,,1 =
ma
942.5us
Ime 942.5u
S, =S, — =60 = 188.5
© T Gma 3004

The following equation can be used to calculate the
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The following equation can be used to
calculate the current via M6.

[ = 9me _ __ (94250
6 ™ 2k,Ss  2(30.1076)(188.5)

= 78.54uA

S, should be designed in such a way that
the desired current ratios between I, and I are
achieved:

78.54u -576

I
(W/L)y7 =285 = 2.2

Finally determine the value of gain and
power dissipation and check its specification.

Pyiss = (Is + 1) (Vpp + |Vss)
= (301 + 78.5411)(0.9 + 0.9)

- 0g93s5 = 155 W

To determine A,

Im29me
IS(AZ + 13)16(16 + /17)
(94.2511)(942.511)

30.1 ~6(0.04 + 0.05)78.54.1076(0.04 + 0.05)
_9308.83V

\'
Al simplalinns ¥estis conectedndifi®d using

typical model process transistor models and

A, =2

=2

=79.8dB

the LT-Spice circuit simulator to verify that all
design parameters were met, including unity
gain frequency (UGF), phase margin (PM), and
DC gain.

The results of aspect ratio of each
transistor are summarized in Table 2.

Figure 7 illustrates the results of the first
op-amp design when various Miller capacitor
values are used. As a result of increasing the
Miller compensation (increasing the value of C ),
the phase margin has increased, while the unity
gain frequency has reduced. In transfer function,
the compensation capacitor yields a right-half
plane zero.® It results in a phase shift toward the
negative. The zero-nulling resistor has been used
to eliminate this effect (Figure 8).

Table 2. Aspect ratio of each transistor

Transistor W(um) L(pm) W/L
M, M, 2 1 2
M,, M, 83 1

M, 52 1 5.2
M, 188.5 1 188.
M, 5.76 1 5.76

The outcome demonstrates a well-
behaved step reaction. When the zero is shifted
to the left-half plane (LHP), the zero's phase
response is added to the total phase response,
thereby increasing the phase margin.

*
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Figure 7. Results for the first op-amp design. a)
frequency response of the first op-amp. b) Unity gain
frequency and phase margin with different miller
capacitor values.

Indirect Miller compensating techniques
are used in the second op-amp design. Indirect
compensation of the op-amp can be accomplished
by cascading the internal low impedance nodes.
This node can be built by utilizing the proposed
split-length transistor in work.°

Figure 9 illustrates the recommended
architecture in this article. To prevent the RHP
zero, the addition of MOSFETs results in the
formation of a common-gate amplifier. The

https://doi.org/10.52111/qnjs.2022.16109
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current I is sent back to the differential op-
amp’s output via the common-gate MOSFET.
Figure 10 illustrates the result of the opamp
simulation utilizing the indirect compensation
strategy demonstrated in Figure 9.

l-“':% Plot Vout
e "
8
- T =
. Vecas-vpcas LR
Vhias3 - Vbiasd @ J
e, Vot vt f-. |iter
L J;I_—Lh
M{']_[-“’I»-&N
PM (degree) b)

/

0 05 1 15 2 25 3 35

CRE-EEREEEE]

prrrrrierE

4

~——PM with Miller CclinkRz ~ —e—PM with Miller Cc b

Figure 8. Two-stage op-amp employing miller

capacitor and nulling resistor (a) and phase margin
with different miller capacitor values (b).

1 w:83u§ Plot Vout §I:10l)0n w=83u
P_50n — ! P_50n §
VOD-=i idnd 1=1000n w=188.5u
M3T — MaT b son
=VDD
\w=83u 1=1000n w=83u M7t
P_50n P_50n
VDD~ F=vbD 1=1000n w=188.5u
M3B — M4B —p son
=VDD
- M7B
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R1 J;mm

a rJ 100Meg [

= 6T 8T
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Figure 9. Two-stages op-amp design using Indirect
Compensation technique and the split-length transistor.

Because indirect Miller eliminates the
initial zero in addition to separating the poles, it
speeds up op-amp circuits, adjusts phase margin,
and improves UGF.

A comparison of the two operational
amplifier designs is shown in Table 3. The DC

https://doi.org/10.52111/qnjs.2022.16109

gain, common mode rejection ratio (CMRR),
and power supply rejection ratio (PSRR) have
remained constant due to the fact that the input
differential pair or current summing branches do
not contribute to the PSRR. The UGF is related
to power dissipation. The UGF increases with
increasing power dissipation. When compared
to the previously published work,” the power
dissipation of the developed operational
amplifiers is reduced (Table 3).

Wt

P
EEEEERERE

\

Figure 10. Frequency response and slew rate of
op-amp using the indirect compensation with a

compensation capacitor of 240 fF.

Table 3. Summary of op-amp simulations

Second

Reported First

Performance

work [7]  op-amp op-amp
Power supply (V) 5.0 +0.9 +0.9
Process (um) 0.35 0.18 0.18
DC gain (dB) 77.25 59 60.2
UGF (MHz) 8.6 2.6 5.7
PM (degree) 53.46 60 57.3
SR (V/us) 10.4 4.8 7.5
Settling time (ns) 400 234 186
CL (pF) 10 3 3
VOH (V) 3.28 1.2 1.2
VOL (mV) 0 0.2 0.2
ICMR 0.9-327  0-1.2 0-1.2
Power
dios‘:i:ation w4 195 152
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4. CONCLUSION

The paper discusses two op-amp designs with
varied gain frequencies and phase margins. Miller
(direct) compensation was used to improve the
PM; however, the poles were split and a RHP
zero was included, resulting in a decrease in
the UGF. Additionally, by utilizing split-length
transistors for indirect compensation, the PM
was corrected and the UGF was enhanced. This
design results in a significant increase in the unity
gain frequency while keeping an acceptable
phase margin, increasing the op-amp’s speed and
stability.
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