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Abstract — Defense Applications need high-performance
systems. In the last few years, Brazilian Air Force has
bought several new aircrafts, which are equipped with the
most developed Electronic Warfare avionics. But all of
these equipments are bought from foreign companies,
letting BAF exposed to a probable embargo. In this
context, it is highly desirable to develop our own avionics,
which must be necessarily based on a SoC design and on
I Cs platforms. Operational Amplifiers (OpAmps) serve as
the basic building blocks in almost every analog and
mixed-signal electronic circuit. Especially when focusing
on complex circuits, they must be fully designed from the
beginning, achieving improved performances. In this
paper it is presented the design of a Two-stage Miller
Compensated OpAmp for high-speed Applications. The
circuit is designed in the 0.35um CMOS technology,
process C35B4C3 of AustriaMicroSystems. LTSPICE
softwar e was used for simulation and results show that the
OpAmp has a 88.6dB open-loop DC gain, a unity gain-
bandwidth of 120.7 MHz, a Phase Margin of 60.3° and a
Slew rate of 76.2V/us, when driving a load of 1pF. It shows
an improved performance when compared to previous
ones found in literature, presenting a high dew rate and a
high DC gain simultaneoudly. The device perfor mance was
verified positively both at the schematic and at the layout
level, showing a high potential to practical
implementations.

Keywords— Operational amplifiers; Analog integrated
circuits; Analog Design.

l. INTRODUCTION

Defence Applications need high-performance systems. In
the last few years, Brazilian Air Force has bought several new
aircrafts, which are equipped with the most developed
Electronic Warfare avionics. But all of these equipment are
bought from foreign companies, letting BAF exposed to a
probable embargo. In this context, it is highly desirable to
develop our own avionics, which must be necessarily based o
a System on Chip (SoC) design and on Integrated Circuits
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(ICs) platforms. These circuits must support high-speed
applications, while providing accurate and reliable results.

Operational amplifiers are the basic cell in almost every
analog integrated electronic circuit. They require a proper
design according to the functionalities and specifications of
each project. Contemporary systems, especially the mixed
ones, increasingly need components that work fast enough to
deal with high frequency signas, leading to fast-response
circuits. This challenge increases even further as the voltage
supply and transistors channel lengths shrink. It shows to be a
common trend, since a lower power consumption and
portability are desirable features in most modern electronic
devices.

The main bottleneck in designing a high-speed OpAmp is
the existing tradeoff between speed and gain. A high DC gain
component demands multistage design, long-channel
transistors an low bias current, whereas a high speed one
demands single stage design, short-channel devices and high
bias current levels[1,2]. In this context, in order to accomplish
very-high performance projects, it is necessary to find a trade-
off between these quantities, generally using some kind of
optimization process.

This paper presents an OpAmp design that covers both a
high slew rate and a high DC gain simultaneously. Moreover,
the use of Miller compensation ensures the combination of a
high gain bandwidth and a high phase margin, sustaining the
stability of the amplifier even in high-frequency operation.
Therefore, it achieves a high speed performance whilst
maintaining the other parameters at a competitive level when
compared to previous works using similar technology. As an
example, a DC gain of 77.3dB, with GBW of 14.1MHz and a
dew rate of 10V/us was achieved in [3] for a 0.35um CMOS
technology, but using 5V operating voltage. Using the same
technology, a DC gain of 55dB and 12.5V/us was achieved in
[4], but with a 6V operating voltage. On the other hand, the
OTA in [5] achieves a DC gain of 93.27dB, with 9.32MHz
GBW and a slew rate of 36V/ps, also with a5V supply. These
background works evidence the aforementioned competitive
level of our work and its high potential to be practically
implemented.
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Il.
The proposed design is based on basic OpAmp equations

Two STAGE OPAMP DESIGN

and topology aready presented in [6], followed by
optimization processes focusing on increased slew rate and
gain bandwidth. This improved process has been obtained by
computer ssimulations using the software LT Spice (the same
used internally by the developer company, Linear Technology
[7]), and using 0.35um CMOS technology libraries of
AustriaMicroSystems.

The topology is a two stage OpAmp, as shown in Fig.1,
where thefirst one is adifferential gain stage. A compensation
structure has been placed so as to enhance the system
frequency response. The topology is well known, however an
optimization process of the parameters made its performance
to be above average.
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Fig. 1. Schematics of the Operational Amplifier design topology.

A. Description of the circuit

In Fig.1, transistors M1 and M2 form a differential input
pair, driving the current mirror formed by M3 and M4, as a
load, and being biased by the current sink formed by M5. The
output is controlled by the differential voltage between V,,
and Vi,". If V;;' > V", the output is ideally 0, whereas if the
opposite occurs, the output isidealy Vpp. In practice, there is
atransition that is not so abrupt.

It is necessary a second gain stage so as to increase the
gain and make the transition faster, i.e., to create a high gain
region. Transistor M6 operates in the standard common source
configuration and, thereby, amplifies the output signal from
thefirst stage, being biased by the current sink formed by M7.

Transistor M12 forms a current mirror with M5, M7 and
M9. The sub-circuit input current is defined by the bias
voltage in M12 drain, which can be defined by the voltage
divider composed by M13 and M14.

The main idea of Miller compensation is to change the
position of the poles so as to improve stahility, i.e., the Phase
Margin. Firstly, a compensation capacitor C is used, creating a
feed-forward path through it. This procedure, however,
generates a zero in the system transfer function that limits the
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unity gain frequency. Since a high bandwidth is desired, away
to control this zero is adding anulling resistor R; in series with
such capacitor. However, resistors tend to have big
dimensions in integrated circuits. Thereby a transistor
operating in the active region, and thus simulating aresistor, is
the best option. That is the function of M8. Transistors M11,
M10 and M9 are also included in order to bias M8, whose
resistance depends on the gate-source bias voltage.

B. Design Procedure

A preliminary project was performed using the procedure
described in [6], which is shown here by equations (1) to (15),
considering the technology parameters. Equations will be
presented chronologically in this paper, depending on their
influence to the project.

It is also necessary to define the specifications of the
OpAmp so as to have afirst approach. As aforementioned, the
most relevant features for this design should be high open-
loop gain, slew rate and gain bandwidth, simultaneously. They
can be seen in Table |. Two additional parameters are added to
specifications once they are important for the design
procedure — the maximum and minimum input voltage level.
The larger the input voltage range, better is the OpAmp.
Nonetheless, it has been converted into another degree of
freedom of the project, as long as the design inequations are
satisfied.

Table I: Specifications for the OpAmp
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Parameter Value
Open-loop Gain 90dB
Slew Rate 50 V/us
Gain Bandwidth 100 MHz
Phase Margin 60°
Vin (min) o9V
Vin (max) 2.8V
C. > 0.22C, Q)
Iy =S8R, @)
215
Sy=8=—— - - - —— >1
! . I‘}J[L.[)D - "'i-u(rmr.i'l - |1"T:{| i "':Tl]d (3)
I'G_F:!:ﬂ > 10GB 4
=953
S . GRIG)?
gm2 =gm1 =GB.C. = 51 =09 = (I\T ©)



Rodrigo
logo

LAB-GE
Text Box
ISSN:1983 7402                                        ITA, 29 SET a 01 OUT de 2015

Rodrigo
Typewriter
85


SRS EAPLCACESDFERACONAS N AREAS OEDEFES

¥ : . I S 5
Vbsa(sat) = Vintmin) — Vo5 — \tfllle — V1 = 100mV (6)

. 21 .
Bk I\:::[L}JHD(NMJP ( )

Equations 1 to 7 are responsible for the performance of the
input stage. Slew Rate and Gain Bandwidth (GBW) are
roughly defined by them and, also, the first stage open loop
gain. The smaller the compensation capacitance is, the higher
the slew rate is and also the dominant pole. However, a high
capacitance is required for driving low impedance loads,
leading to a trade-off. Increasing the width of input transistors
would be a way to increase GBW, but it does not show to be
very efficient, once the circuit dimensions increase alot.

Ime = 10gm1 ®
- Gme
‘b(i = »S‘_" 9
Gma4 ( )
@‘2
Io= 5 & 10
TR 5, (10)
i
S1= 57, (1)
Is
—44.- == QHHIBHHJH (12)

I5(Aa + A3) (A6 + A7)

Equations 8 to 12 are responsible for the output stage,
considering the second stage open-loop gain and, thus, the
overall gain. Higher values of M6 width lead to higher gains,
but implying in bigger circuits. It is also worth to mention the
importance of the parameter Is, drain current of transistor M5,
which isresponsible for the gain of the circuit.

" L I
-51 = ab e
n="Sep (13)
i I
Sy = Ss I“ (14)
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Equations 13 to 15 are responsible for the Miller
compensation sub-circuit. Transistors dimensions are designed
so that M8 may implement the aforementioned nulling resistor

—— 2
- r a1/ 21
Siz K ”Sr) ('l DD — 2‘]" = V/I_J_J\',,.‘.iz.)

o (16)
S14 21y

Equation 16 relates M12, M13 and M 14 dimensions, so as
to bias the current sinks (M5 and M7).

Following this setup, the values of the transistors were
assessed and are displayed in Table I, considering the
compensation capacitor as 1pF and al the transistors lengths
as lum.

Tablell: Preliminary dimensions of transistors

Transistor W/L
M1land M2 417
M3, M4 and M 11 11.7
M5 4.2
M6 510
M7 91.9
M8 74.7
M9 and M 12 5
M10and M14 1
M13 27

Using the dimensions of table I, the two-stage OpAmp
was simulated using 0.35pum AMS (AustriaMicroSystems)
CMOS ibraries, in LT Spice Simulatior.

A subsequent optimization has been made so as to achieve
the project specifications, by adjusting the biasing circuit to
provide |5 as specified (varying M13 width), and the Miller
compensation system to provide the Unity Gain Frequency (by
varying M8 width). The new values for M13 and M8 widths
were both 11um. After running the simulation, the results
were as shown intableI11.
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Tablelll: Preliminary Results of the circuit

ISSN:1983 7402

Parameter Value
Open-loop Gain 85.7dB
Phase Margin 85°
Unit Gain Frequency 100 MHz
SR+ 44 Vips
SR- 44V Jus
Supply Voltage 33V
L oad Capacitor 1pF

A second optimization process was held, thistime focusing
on the reduction of the size of the transistors, keeping the
general performance of the amplifier. Firstly, M6 width was
reduced and M7 was adjusted to the highest value of open
loop gain. Secondly, the pair M3 and M4 was adjusted with
M5 to achieve a large gain bandwidth and, thus, compensate
the reduction in M6 width.

The third and last optimization process aims a new
enhancement of the performance of the OpAmp, finding out
possible tradeoffs so as to achieve better results. The main
performance parameters (gain bandwidth, slew rate and open
loop gain) are functions of the drain current of M5, |5, but
behave in opposite ways. The chosen parameter was the M13
width.

Figures 2 and 3 show the trade-offs between outputs that
are being optimized: slew rate, open loop gain and gain
bandwidth. So as to make a decision, a phase margin of 60°,
which the usual minimum projected value, was used as the
optimal point.
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Fig. 2. Trade-off between open-loop gain and Gain Bandwidth varying M13
width from 5 to 25um..
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Fig. 3. Trade-off between Slew Rate and Open Loop Gain varying M13
width from 5 to 25um.

Therefore, after al the optimization processes, the final
values for the dimensions of the transistors were set and are

presented intable V.

TableV: Final dimensions of transistors

Transistor W/L
M1, M2and M7 30
M3, M4 and M11 38.5

M5 10
M6 215
M8 7
M9and M12 5
M10and M14 1
M13 14

With these dimensions, the simulation was run once again
and, for a 1pF load the performance was as described in Table
V. Figures 4 and 5 show transient and AC analyses,

respectively.
Table V: Preliminary Results of the circuit
Parameter Value
Open-loop Gain 88.6 dB
Phase Margin 60.3°
Unit Gain Frequency 120.7 MHz
SR+ 76.2Vlus
SR- 77.1Vlps
Supply Voltage 33V
L oad Capacitor 1pF
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Fig. 5. AC analysis considering the final dimensions.

IIl.  LAYOUT DESIGN AND CONSIDERATIONS

The layout design is an important step in designinga VLS|
circuit. The first essential point is that a proper layout may
reduce manufacture variations, for example, in mismatched
transistor pairs. The second one is that it must be directed to
the reduction of the total area, thereby reducing production
costs. Nevertheless, al this procedure must be done
considering eventual parasitic capacitances due to
metallization.

It is of main importance that the input differential pair of
the OpAmp (M1 and M2) is built with matched transistors.
Process variations may lead to a substantial decrease in the
system gain, which is not desirable. So there are some
strategies to reduce this interference.

The approach that has been used in this design is the
interdigitized layout, once it averages the process variations
among the paralel transistors. The same approach has been
used for the current mirror (transistors M3 and M4), that work
as the load of the input pair. In order to have the OpAmp
working, they are designed to have the same dimensions. In
this case they are displayed in a vertical arrangement to ease
their gates connections, sharing the same gate, and aso
reducing the total circuit area.

Atfirst, it can be noticed two large components, which are
the 1pF capacitor (50um x 50pum) and the 215pm transistor
(M6). So as to reduce the area covered by the circuit it is
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fundamental to work on these two items, since the initial
expected area would be over 50pm x 215pm = 0.01mm>.

Since W >> L, the strategy that was used is to associate
n” transistors with awidth “1/n” of the original width. In this
case, it was chosen n = 10, which would make the transistor
width correspond to almost half the capacitor one. A similar
approach, with a different value of n, was applied to other
transistors, with relative high width (M1, M2, M3, M4, M7
and M11). In the cases of M1, M2, M3 and M4, this strategy
had already been used, but with matching purpose.

Metallization usually contributes to increase the parasitic
capacitances and resistances in the design. On the other hand,
extremely narrow lines may lead to high resistance.

One way to reduce metal is to simply make the
components closer. Due to process limitations, it is not
possible to place to transistors in a distance less than 2\ from
each other, but it is possible to make many transistors in the
same N-well region sharing their common nodes and therefore
no extra metal connection is needed. This strategy was used to
project the bottom transistors (M5, M9, M12 and M 13).

Also, it can be noticed that it had already been used with
the matched pairs transistors, so there are actually two
advantages of this approach. After al these considerations, the
final Iayout is the one found in Fig.6. Thefinal layout area is
0.004mm? , which shows a reduction of 60% when compared
to the flrst proposed layout, without applying layout
techniques and considerations.

il
i

.y
(]

Fig.6. OpAmp final layout, considering described techniques and
considerations.

IV. DISCUSSION

After re-simulating the project, it is easy to conclude that it
presents high slew rate and gain bandwidth, when compared to
the aforementioned references found in literature (i.e., [3], [4]
and [5]) and also keep the open loop gain at a competitive
level, as it is shown in Table V1. Besides attending the initial
specifications, it is worth to point out that this design achieves
all specifications with a low voltage supply, which is
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important for reducing power consumption; and with a
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reduced area, which is fundamental for circuit integration.

Table VI: Results Comparison

Our
Parameter design Ref.[3] Ref.[4] Ref.[5]
Opg”'.'OOp 88.6 77.25 55 93.27
ain
l\;’ hase 60.3 85.85 110 93.14
argin
GBW Not
(MH2) 120.7 14.1 mentioned | 932
Slew Rate
Vi 76.2 10 125 36
VDD-VSS
3.3 5 6 5
V)
L oad
Capacitor 1 10 5 5
(PF)
Area 0.01 0.01
mm?) | 999 | (estimation) | (estimation) | ©-089
Ce (PF) 1 3 55 ':‘e’é
u
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V. CONCLUSION

The design of a Two-stage Miller Compensated OpAmp
for high-speed Applications was presented, including the
specifications, preliminary design and further optimizations.

The circuit was designed in the 0.35um CMOS
technology. LTSPICE software was used for al simulations,
showing an 88.6dB open-loop DC gain, a unity gain-
bandwidth of 120.7 MHz, a Phase Margin of 60.3° and a Slew
rate of 76.2V/us, when driving a load of 1pF. The device
performance was verified positively both at the schematic and
at the layout level. Layout techniques were implemented in
order to reduce area, capacitances and resistances.

The final design and layout show a very good performance
when compared to previous works found in literature,
presenting a high dew rate and a high DC gan
simultaneously, and showing a high potential to practical
implementations.
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