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ABSTRACT

This thesis presents the design and implementation of a 5-V compatible
operational amplifier in a 3.3-V technology capable of accepting rail-to-rail inputs,
providing a rail-to-rail output swing and wide temperature range operation. The major
system components consist of a fully-differential input (gain) stage and an output (driver)
stage, with protection and bias circuitry components. The op amp is biased by a constant
inversion coefficient current reference to optimize its performance over temperature.
Measured results demonstrate the functionality of the design, which has been fabricated

in a 0.35-um, partially-depleted silicon-on-insulator (PDSOI) CMOS process.
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CHAPTER 1

INTRODUCTION AND OVERVIEW

Introduction

The exploration of our solar system has been largely accomplished through the
use of probes sent into space and to the surface of our neighboring planets. Operating
electronics in these environments requires components capable of functioning reliably in
the extreme temperatures these locations present. The parts destined to operate in these
conditions require extensive design review and operational testing.  Therefore,
multipurpose components designed to operate in a range of environments can save
extensive amounts of time in the design and verification of systems destined for such
environments.

Considerations for such designs include the lifespan of the component, in terms of
operational lifespan as well as manufacturing lifespan. As CMOS device scaling
continues and the benefits, such as increased speed and decreased chip area, are reaped,
design concerns also arise. For example, decreases in supply voltage from device scaling
can lead to new components that require interface circuitry to buffer their input/output
signals if used in a system that operates at a higher voltage level than a given technology
supports. Despite this additional design overhead, designs in a more recent, and
consequently lower-voltage technology, may be considered more “future-proof” as older

fabrication technologies are phased out.



Some of the chief limitations that restrict the voltage for a MOS device include
gate oxide breakdown due to high Vs and hot carrier effects brought about by excessive
Vps [1]. The breakdown of the gate oxide, which can be attributed to stresses placed on
the gate owing to high gate voltages and inherent oxide defects, among other factors,
manifests itself as a leakage path from the gate to the body of the transistor. Hot carrier
effects are brought about by large Vps voltage creating strong electric fields that
accelerate carriers in the channel, which then collide with lattice atoms. The resulting
electron-hole pairs are then swept away, some penetrating the gate oxide and becoming
trapped. This can shift the threshold voltage and transconductance of the device, as well
as increase the substrate (body) current.

There are several options available to combat these issues. One of the simplest is
to have external circuitry, whether utilizing commercial off-the-shelf (COTS)
components or another integrated circuit (IC), to serve as an appropriate voltage level
shifting interface to the circuitry of a desired chip or technology. Drawbacks to this
approach are the additional on-board space required for the components and increased
power requirements, which is an obvious problem for applications where size and weight
are an important factor. Other options include utilizing technology specific solutions,
such as fabrication methods that can incorporate multiple oxide thicknesses, allowing for
different performance and voltage tolerance characteristics on a single substrate.
However, this obviously adds additional cost and time to the design and fabrication
overhead of a project.

Another approach is to design components and systems that are capable of

withstanding higher voltage levels by designing circuitry with built-in protection which
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shields transistors and other susceptible components from excessive voltage levels.
Benefits of this approach are that no special (added cost) fabrication steps are needed and
no supplementary external components are necessary.

The wide temperature range that circuits in the extreme environments of space
may be exposed to leads to additional design constraints. Over a large temperature range
the performance characteristics of MOS devices vary considerably. This is magnified as
the voltage protection circuitry must provide sufficient protection as transistor

parameters, such Vry and mobility, vary across temperature.

Overview

This thesis presents the design and implementation of a 5-V compatible
operational amplifier in a 3.3-V PDSOI technology, designed to operate from —180°C to
120°C. The amplifier is comprised of a fully-differential input gain stage, single-ended
output driver stage, and current reference for biasing. Wide temperature range operation
is made possible with the use of a constant inversion coefficient current reference.

This thesis is divided into four sections. Chapter 2 contains a review of the
challenges inherent in developing 5-V compatible circuits in a 3.3-V technology. These
issues include Vgs, Vps, and Vgp voltage limitations. Also included in this chapter is an
overview of the top-level amplifier including design considerations, methodology, and
topology.

Chapter 3 presents a comprehensive analysis of the design of the 5-V amplifier.

Starting with the general architecture and circuit topology, the implementation of the



voltage protection devices is then demonstrated. Simulation results are also presented.
Basic design equations are located in the Appendix.

Chapter 4 presents the measured results for the amplifier and describes the test
systems used.

Chapter 5 presents conclusions for this work as well as a discussion on future

work.



CHAPTER 2

DESIGN OVERVIEW

Design Constraints

The design of 5-V compatible circuitry in a 3.3-V process requires that
precautions be taken to shield devices against excessive voltage levels. The 0.35-pm
PDSOI process utilized for this amplifier stipulates that for long-term reliability no
transistor can be exposed to a Vpg or Vs greater than 3.6-V. The same constraints must
also be applied to Vgp to maintain long-term reliability. The design specifications for
this amplifier require that it be capable of safely functioning while utilizing a power rail
voltage that may vary £10% from a nominal 5-V supply. Thus, in an inappropriately
designed circuit, an unprotected device could be exposed to voltages of 5.5 V, this
translates to 1.9 V over the process voltage specification.

Excessive Vgs on any given transistor may lead to the breakdown of the gate
oxide. This oxide breakdown is caused by excessive electric fields created by the
potential difference between the gate and the source and body terminals of a transistor.
To a lesser extent, a large potential difference between the gate and drain terminals can
cause oxide breakdown where the gate oxide overlaps the drain. When the field’s
potential becomes large enough, electrons will begin burrowing through the gate oxide,

particularly if there are already inherent defects in the structure, creating resistive



connections between the gate and channel. This event causes permanent damage to the
device [1][2].

For a 3.3-V process, typically a Vps above 3.6 V may cause a device to exhibit
hot-carrier effects. In general, hot carriers occur when a high voltage potential is applied
to the drain, which creates a large drain-to-source electric field. This electric field
accelerates the carriers in the channel into the depletion region. Some of these hot
carriers collide with atoms in the silicon lattice, depositing energy and causing electrons
and holes to scatter. This is referred to as impact ionization. Occasionally, the energy
deposited in the ejected electron or hole allows it to overcome the electric potential across
the gate, and becomes embedded in the oxide, called hot-carrier injection. Over time, this
effect can shift the threshold voltage and transconductance of the transistor, significantly

affecting its performance. An illustration of the effect is shown below in Figure 2-1 [1]-

Oxide FExcess inferface States =
i, . o ]
[}
Sotstrc st inc ) pincnorRegion 445 Ry

Gate
Trapped Elecfrons and Holes

Elactron Flowmep T 'jf[ﬁ/{_
&

n+
o Drain
e B +
Depletion / ‘/‘4/ e

Region Edge e " fonization

p substrate

Buried
Oxide

Figure 2-1: Diagram of hot-carrier effects.
The hot-carriers accelerated through the channel impact atoms in the silicon lattice,
resulting in impact ionization. Some of these displaced electron-hole pairs overcome
the gate potential and become embedded in the oxide [3].
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[3].

An illustration of excessive Vpg within a simple circuit is shown in Figure 2-2.
Methods for compensating for such a condition in a static circuit are often as straight
forward as adding cascode devices, as illustrated below. Excessive Vgs, along with
dynamic Vpg voltages, must be considered on a more case-by-case basis. This practice
will be explained in-depth in Chapter 3, where a better understanding of the dynamic
voltages, and the necessary voltage shielding, will be gained

The wide temperature range of operation can greatly affect the performance
characteristics, and therefore the design, of the op amp. Across temperature, changes in
the threshold voltage, mobility, etc., must be taken into account, with voltage headroom
built into each circuit topology to account for changes in the operational parameters of

the transistors.

Lo -
M, M;

Vob = Vse_wp

"4
Vbp

Vbs = Vpp — (2Ves wn +

-
M; M2 VD$/= Voo = M M, Vs wp)
GS_M3 — !
v

Nes i ‘F
Sl +— Bl

@ (b)
Figure 2-2: Excessive static Vpg voltage example.
(a) Simple example of a static device with excessive Vpg
(b) Possible solution, cascoding, to correct for excessive Vpg across the device




Design Methodology

To guard any given device from excessive voltage levels, several techniques may
be utilized. Basic means of protection include adding diode-connected transistors or
resistors in series with the device to reduce the voltage across its terminals, such as the
cascoding shown in Figure 2-2. This method is generally all that is required for statically
biased circuitry. A high Vgs, Vb, or Vps voltage may require bias circuitry that actively
controls the gate voltage on a cascode device, especially in the case of dynamic voltages.

Obviously, shielding a device is only possible if it is understood that a certain
device may experience a reliability condition, or an over-voltage level which places the
reliability of the device at risk. The simulator used for the majority of this design,
Mentor’s ELDO SPICE tool, has the ability to run SOA (safe operating area) checks [4].
This utility allows the designer to enter the parameters at which a device is to be flagged,
in this case any transistor with a Vgg or Vpg greater than 3.6 V, or a device with Vpg
greater than 3.6 V that is not in cutoff. Once run, the simulator will record any SOA
violations that occur during a DC or transient simulation. This allows for rapid detection
and correction of design reliability concerns.

However, there are drawbacks to these methods. Extensive simulations must be
completed not only to ensure that the devices are protected from oxide and hot carrier
related effects, but that the circuit continues to function as desired across its intended
operational range. For example, if there are too many devices being used in series to
reduce the Vpg of a transistor, it may move out of saturation as process models, supply

voltage, and temperature (PVT) are varied.



In the following section the top-level op amp design, as well as some of the
circuitry used for voltage shielding, will be briefly discussed. A more in-depth view of

the needs and required circuitry implementations will be presented in Chapter 3.

System Overview

The operational amplifier presented here is comprised of a fully-differential input
stage, single-ended output stage, current reference, bias circuitry, power control circuitry,
and compensation network. A top-level diagram of the op amp is given in Figure 2-3.

The first stage of the op amp is a fully-differential amplifier, using a regulated
folded-cascode structure to provide high voltage gain. It uses complementary input pairs
to provide for a rail-to-rail input common-mode range (ICMR). The use of

complementary input pairs also allows a single input pair, for example the NMOS pair,

Compensation

Pre-Amp Output

Vie — ; Stage

Vour
V|N ._ =
Current »| Bias Circuit Power
Reference V- Control < |
VcontroL

Figure 2-3: Operational amplifier top-level diagram
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which would experience excessive Vpg voltages near the bottom of its common-mode
input range, to be shut off. Figure 2.4 illustrates the dynamic Vpg concerns for a simple
NMOS differential amplifier. Similarly, with a high common-mode input (Vicwm), the tail
current device will experience a high Vps. This can be improved by cascoding the tail
current source.

The output stage is a class AB amplifier, which provides a large current driving
capability and converts the differential signal from the input stage into a single-ended
output. To shield the output devices, adaptively biased drive circuitry assures that the
Vs 1s maintained below 3.6-V, and an actively-biased cascode structure is utilized to
limit the Vpg of the transistors.

Several bias structures are used to limit, clamp, and control node voltages within
the output and input stages, which will be discussed in-depth in Chapter 3. There is also
a switch used to move the amplifier between two modes of operation referred to as full

power mode and half power mode. In half power mode, the bias current to the

Excessive Vps as

/ View — Vob
v, || [T,
| Vss Q
* N

Excessive Vps as
VICM d VSS

V|N VIP

Figure 2-4: NMOS input differential amplifier and associated voltage concerns
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amplifier’s components are halved compared to full power mode operation, thus lowering
the power consumption of the amplifier. Of course, this also affects several key
performance parameters of the op amp, such as slew-rate, bandwidth, and phase margin.
The current reference is the most important component of the op amp in enabling
a wide temperature range operation, —180°C to 120°C. Two common bias techniques for
biasing op amps are constant g, and constant current. Constant g, current references
maintain the small signal-performance parameters over temperature at the expense of
large-signal parameters, while constant current references maintain the large-signal
parameters at the expense of the small-signal op amp parameters. In order to provide the
best possible small- and large-signal performance of this op amp over temperature, a
constant inversion coefficient (IC) current reference is used [5]. This is a tradeoff, as the
constant-IC reference allows for variations in both small- and large-signal parameters, but
to a lesser degree than either the constant current or constant g, references. The

constant-IC current reference will be described in detail in Chapter 3.
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CHAPTER 3

OPERATIONAL AMPLIFIER DESIGN

Input Stage

The primary design considerations for the input, or pre-amp, stage are a high gain
amplifier with a rail-to-rail ICMR and the necessary protection circuitry. As stated
previously it is a fully differential amplifier using a regulated folded-cascade structure
with complementary input pairs. The basic organization of the differential input pairs
and associated circuitry without the voltage protection devices is shown in Figure 3-1.

Transistors M9 and M10 steer the tail current bias of the NMOS and PMOS
differential input pairs (M58, M59 and M56, M57, respectively) by comparing the signal
at the amplifier’s negative input terminal with a mid-supply reference voltage, Vmip.
This in turn directs current to the mirror inputs M15 and M11, which control the bias on

the input pairs’ tail current devices. The source degeneration resistor, R1, is used to

Nys Nys
4
1

Figure 3-1: Input stage differential pairs without protection devices

m
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linearise the output of M9 and M10, preventing an abrupt change in tail current across
Viem [6]. This ensures that the input pairs are not exposed to excessive Vps by shutting
off the NMOS or PMOS pair when Vicm goes low or high, with respect to the mid-supply
voltage level.

Figure 3-2 shows the differential pairs and their tail current steering circuitry with
the protection devices added. Static voltage protection is provided by the devices in blue,
which is most often accomplished by adding cascode current mirror devices. Note that
many of these supplementary devices have their gates tied to Vyp as opposed to their
complementary cascode device. It was found that over PVT this biasing technique is
more robust than standard cascode biasing at preventing SOA violations, and does not
adversely affect the performance of the amplifier.

Dynamic protection is accomplished by the devices shown in red. This protection

T

EEE

Figure 3-2: Input stage differential pairs with protection devices
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is required to shield the input pairs, as well as the current steering devices. As the
common-mode input voltage approaches Vss, the Vpg on the NMOS input pair will
approach roughly Vpp — Vggp. In the same way, if the common-mode level goes high,
the PMOS input pair will experience excessive Vgp. Actively biased cascode devices are
added to prevent this. However, they must be biased in such a way as not to clamp the
amplifiers ICMR at high common-mode voltages, and must prevent low common-mode
voltages from creating an SOA violation. Figure 3-3 contains the cascode bias circuit
used to accomplish this.

The cascode bias cell creates a Vgsn + Vpsarn voltage that is placed across the
NMOS input pair and tail-current steering input pair, and similarly a Vsgp + Vpsarp
voltage across the PMOS input pair. This voltage tracks with temperature, maintaining
the ICMR of the amplifier, while providing cascode protection to the input pairs. To
illustrate, for the NMOS input pair a voltage equal to an NMOS Vgg plus an NMOS
Vpsar is created and placed across the source of the input pair to the shared gate of

cascode devices M58C and MS59C of Figure 3-2. This voltage maintains the NMOS

: Hﬁ%ﬁ T ikHJ :
S

Figure 3-3: Cascode bias cell
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Vpsar required to maintain the NMOS input pair in saturation, while protecting the
devices from high Vpg voltages. This biasing is accomplished by creating the NMOS
Vs + Vpsat voltage from the cascode bias cell. First, Vpsatn is extracted from the
Minch bias circuitry made up of M3, M5, M7, and M8 at node N7 [7][8]. An NMOS
Vgs is then added at node N6, which is the gate to M12. M12 and R1 are matched to
M14 and R2, thus providing Vpp — (Vags~x + Vpsatn) at node N11. Using PDSOI, body
effect may be eliminated in M14 to improve matching with M12. NI11 is connected to
the gate of M 16, which therefore has a Vsg equal to Vgsn + Vpsarn, and since M16 sets
the current through this branch of the circuit, M24 also has a Vgsg equal to Vgsn +
VpsatN, Which is used to actively bias the NMOS input pair’s cascode devices. This bias
technique is copied and applied to the tail-current steering devices M9 and M10 (Figure
3-2), as well as the PMOS input pair.

The remaining components of first stage are the regulated folded-cascode and
common-mode feedback (CMFB) circuitry, shown in Figure 3-4 [1][9]. The regulated
folded-cascode structure provides high output resistance and therefore high gain for the
first stage. Several cascode devices are added for static bias protection and M31C and
M33C provide protection for M31 and M33, which would see excessive Vps when the
common-mode output voltage goes low. Additionally, devices MCL5, MCL6, MCL7,
and MCLS, shown in the full schematic in Figure 3-5, provide voltage clamping for the
source-follower amplifiers (M39, M44 and M29, M34) in the folded-cascode [6].

The CMFB circuitry maintains the common-mode output level of the first stage at

Vgrer. M49C and MS51C are tied to node N1 (from Figure 3-2), which is biased at a
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Figure 3-5: Complete input stage.
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PMOS Vs above Vip. This ensures M49, M50, and M51 have sufficient Vpg to stay in
the saturation region. Also, the fully differential input stage allows for a relatively
controlled output level for small-signal inputs, and a clamp-able output signal when
slewing (large-signal). Clamping the output of the first stage prevents SOA’s, as well as

decreases the recovery time of the circuit from large slewing, or saturation, events.

Output Stage

The output stage is a class AB amplifier, for which a simplified schematic is
shown in Figure 3-6. The design specifications required a power efficient stage capable
of a rail-to-rail output swing that could drive capacitive and resistive loads, and provide
large short-circuit current driving capability. The output stage also converts the
differential signal from the input stage to a single-ended output [9].

In order to maintain power efficiency and still be capable of driving a heavy load
when needed, an adaptive output driver is used [10]. For the first set of input devices,

M16 and M17, under quiescent conditions, the current through M16 is equal to the input

b4 wlp4le 4 o A [ S}

Ny — N — Ns

Mo My | Vin | Mazs Mso
| | — Vour —e
Vie

@l — No Ny —4
- ;J{l e R

E]

Figure 3-6: Output stage without protection devices
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bias current I. The current mirror devices M18 and M20 are matched and generate
current |, and have an aspect ratio of 1:1.5 with device M19. Therefore, under quiescent
conditions the current through M12 and M13 equals 1.25x 1. When a slewing condition
occurs and the Vip signal goes high while Viy goes low, M17 can be considered turned
off. This increases the current through M16 since all of M12’s current will now go to the
M16 circuit branch, which in turn is amplified by 1.5 through transistor M19. This
creates a positive feedback loop increasing the maximum output current, since the output
device M40 mirrors M18’s current. The current in this loop increases until there is no
longer sufficient voltage to maintain M16 in saturation. In this fashion, large transient
current is sourced into the load. The loop is broken when the input voltages return to the
common-mode level. A complementary action sinks large transient current from the load
when VN goes high and Vip goes low.

Figure 3-7 illustrates the output stage with the required protection circuitry. The
cascode protection devices on the input pairs have their gates biased at a PMOS Vpgar
below Vpp to ensure that the input pairs are in saturation. Since the output swing is
nearly rail-to-rail, cascode devices are required to protect the output drivers, M37 and
M40, from excessive Vps. Actively biased ohmic cascode’s are used to control the Vpg
levels in the output driver branch [11]. This structure regulates the gate bias of the
cascode devices by comparing the Vpg of the output devices M37 and M40 to a mid-
supply voltage. As the Vpg across M37 and M40 varies with output voltage, the simple
regulation amplifiers adjust the gate bias of the ohmic cascode transistors to maintain the
voltage level and prevent an SOA violation. Additionally, Mcr; 23 and Mcr4 56 clamp the

Vs of M38 and Vg of M39 to maintain a safe operating region.
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Frequency compensation for the amplifier is provided by the compensation
network shown in Figure 3-8 [9]. A 20 pF Miller capacitor and matching 10 pF
capacitors, along with zero compensation resistors, are the major components of the
network. Vggr provides the reference voltage for the input stage’s common-mode level
that is less susceptible to supply noise than Vvip., Mcr7s and Mcro 10 clamp Vop and Vox
(the outputs of the input stage) to decrease the recovery time of the input stage from a

large slewing (saturation) event.

Power Control

The design specifications for this op amp called for the ability to be able to run
the circuit in a low power, or ‘half power’ mode. Switching to half power mode is
accomplished by halving the bias current fed into the amplifier’s components from the
current reference. The circuit utilized to control the switching is shown in Figure 3-9.

If left floating, the input control signal Vcontror 18 pulled low by resistor Rj.

This causes M4, M5, and M6 to be shut off. In turn, M12 is activated, which pulls the

& Ve 1*

Mac 4sc
Ny
EIJC

-— —
Veer

5
i@c

Figure 3-8: Compensation Network
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output Vswircn up to Vpp. This high output level is used to signal the half power mode.
However, if Vconrror is pulled high, M1, M2, and M3 are shut off, pulling down M11’s
gate such that M11 shorts the output Vswitcn to Vmipaux. Vmipaux 1S @ Vvip voltage
generated by a duplicated Vp cell. This was done in order to isolate Vypaux from the
system-wide Vmp. If the power mode were to be switched while the op amp is
functioning, having a separate Vyp cell for this circuit prevents noise from the switching
event from affecting other op amp components that utilize the reference voltage.

This output signal Vswircy is connected to a current bias circuit that splits the
output of the current reference and feeds it into the necessary branches of the op amp.
This circuitry is shown in Figure 3-10. Vgwircy, coming from the power control

circuitry, is either at a high voltage level, Vpp, or at Viyp. If it is high, M7 is turned off,
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Figure 3-10: Current bias circuitry

in turn shutting off M8 and M9. This is considered ‘half power’ mode as only half of the
‘full power’ current is being fed into the amplifier. If Vswircn is at the Vyp voltage
level, M7 is on, mirroring the current from the M1, M2, and M3 branch, placing the
amplifier in ‘full power’ mode. The gates of the cascode current mirror devices M12,

M14, and M 16 are tied to Vp to prevent SOA violations over PVT.

Current Reference

In selecting the circuit topology for the current reference the paramount concern is
to minimize the performance variation of the op amp across the specified temperature

range of operation, —180°C to 120°C. One well-established technique is to use a constant
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gm current reference biasing scheme which minimizes variations in small-signal
performance, such as bandwidth, at the cost of large-signal performance variation, such
as slew rate. Another technique is to use a constant current reference, which minimizes
variations in large-signal performance over temperature at the expense of small-signal
characteristics. However, in general, it is desirable to simultaneously minimize variations
in both small-signal and large-signal performance. In order to achieve this, a constant
inversion coefficient (IC) current reference was developed [5] [12].

The constant-IC concept can be demonstrated by plotting the magnitude of
variation in transconductance and current for a MOSFET over the operating temperature
range versus the temperature exponent of the bias current, as shown in Figure 3-11
(assuming a mobility temperature exponent of —1.5). In this plot the magnitude of

change in strong- and weak-inversion transconductance and the inverse magnitude of

4.5 [ [
— Strong Inversion Transconductance
4 + — Weak Inversion Transconductance
—Inverse Current

Constant S.1. g,, Temp. Exp

N
(3, ]
} } } }
Constant Current Temp. Exp.
onstant W.I. g,, Temp. Exp.

Constant IC Temp. Exp.

\C

1 _ A
0-5 '\

0 0.5 1 1.5
Bias Current Temperature Exponent (a)

Magnitude of Parameter Variation from
-180°C to 120°C

N

Figure 3-11: Magnitude of parameter variation vs. bias current temperature exponent
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change in current are given. As shown in the plot, for a bias current temperature
exponent of zero, the magnitude of change in current is 1, representing constant current
over temperature. Constant weak- and strong-inversion transconductance are given at
bias current temperature exponents of 1.0 and 1.5, respectively. From this plot it is
evident that the least variation in all parameters occurs at a temperature exponent of 0.5,
which happens to be the temperature exponent of the MOSFET inversion coefficient
[13]. The magnitude of change of the large- and small-signal variations for the three
types of current references being discussed is shown in Table 3-1. It is evident that the
constant-IC current reference has lower overall variation in its large- and small-signal
parameters than either constant transconductance or constant current references.

The constant IC current reference seeks to maintain a constant inversion
coefficient for MOSFETs across temperature. MOSFET inversion coefficient is defined
in [13]. Constant IC is a tradeoff between the large-signal stability provided by the
constant current reference, and the small-signal stability provided by the constant g,

reference. A simplified schematic for the current reference is shown in Figure 3-12.

Table 3-1: Magnitude of parameter variation over temperature vs. temperature exponent

Constant | | Constant g, | Constant IC

SR Variation 1 WI:42 204
(SR120/SR-180) S.I.:8.7 ’
BW Variation W.I1.:0.24 1 0.49
(BW120/BW._180) | S.1.:0.34 '
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Figure 3-12: Simplified current reference without startup

The reference operates by creating a proportional to absolute temperature (PTAT)
voltage that is fed into a g,/Ip regulator circuit, the output current of which maintains the
MOSFET g/Ip ratio, and therefore the inversion coefficient, across temperature. The
first two (left most) branches of the current reference shown in Figure 3-12 make up a
simple low-level (low current) current generator that biases M32 and M33. This small
current ensures that M32 and M33 are biased in weak inversion, in order to create the
PTAT voltage.

The drain current equation for a MOSFET in weak inversion is given as

Vg -V
I =|seXp[—G;U Tj, (3.1)
T
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where g is the saturation current, Ut the thermal voltage, Vr the threshold voltage, and n

the subthreshold slope parameter. From this the expression for Vs is derived as

S

Vg = 1n['I—DJnUT +V; . (3.2)

The PTAT voltage is measured from the source of M32 to the source of M33. Here
again, thanks to PDSOI, body effect is eliminated in M32 and M33. M32 and M33 are
also matched in layout. Taking the voltage from the source of M32 to source of M33 to
be Vrer (not to be confused with Vggr of Figure 3-8), the PTAT voltage can be calculated

as

VREF = VGS,M 32 _VGS,M 33

Vier :h{ lo JnUT +V; - h{ lo ]nUT +V; (3.3)
Is s s ms3

| |
Veee =NU; x1In ( Iy }( s,vvm] ~nu, xln( s,M33J
I's v I I's

Selecting M33 to have an aspect ratio k times greater than M32,

lsmss = Klgun (3.4)

Veer =NU; In(k). (3.5)

Since thermal voltage (Ur) is equal to kT/q (where k is Boltzmann’s constant), the only

undefined variables are temperature and the subthreshold slope parameter, n. Neglecting

the small variance in n, this makes the voltage Vgrer dependent upon changes in
temperature, and therefore a PTAT voltage.

Vger becomes the input to the g/Ip regulator. A block diagram of which is given

in Figure 3-13. The current loyr is defined as
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Figure 3-13: Block diagram of g,/Ip regulator

lour = 9nVier - (3.6)
And l7aL and |p are defined as
[ 1] P (3.7)
lp =L (3.8)
2

where Irap biases the transconductor block, implemented using an NMOS input pair

(M46, M47 in Figure 3-12). Solving for g./Ip, during balanced (quiescent) operation,

2
= lour =1p E

2
= ngREF = ID[EJ (3-9)

O _ ! [zj
I Veee M

Taking the EKV [14] definition for g./Ip and equating it to the g, /Ip from our circuit,

On 1 (2j On 1 { 1 }
. (ckt.)= 2 | 2m(EKV) = . 3.10
I (okt) Vige LM Iy ( ) nU; | VIC +0.25 +0.5 (3.10)
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The inversion coefficient can then be found

1 (2) 1 1
p— — | =
Vieer (mj nu, L/IC +0.25 +0.5}
Vv
— JIC +0.25 +o.5:(ﬂ](mj

nU 2
e (3.11)
:»|C+0.25=H“ij—o.5} o= e
2 nu-,
2
:IC:(axmj _(axmj
2 2
Now substituting
o Veer _ nU; In(k) = (o
nU; nU; (3.12)
5 :
:>|C:[ln(k)xm] _(ln(k)me
2 2

The inversion coefficient is therefore dependent on only the aspect ratio (k) of the PTAT
voltage generator, M32 and M33, and the g,/Ip current mirror ratio m set by devices M53
and M51. This shows that the reference generates a bias condition such that the
MOSFET inversion coefficient is independent of temperature.

The complete current reference, including startup circuitry and protection devices,
is shown in Figure 3-14. Numerous cascode devices are added for static voltage
protection. Additional Vprat generating MOSFETs are placed in series to create a larger
Vrer voltage for better accuracy. M43 and M43B form a feedback loop that prevents the
reference voltage, Vgrgr, from floating toward the power rails and causing biasing

problems within the g,/Ip regulator.
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The startup circuit operates by creating a small current, on the order of 1-2 pA,
with devices Mgris, and comparing it to the references output current fed back from
M48. If the startup reference current is larger than the output current, which is
approximately 20 pA when the reference is biased at its quiescent point, the gates of the
two PMOS switches, Msrz0 and Mgr3, are pulled low, injecting current into the low-level
current bias and the output branches of the circuit. During fabrication it was discovered
that the gn/Ip regulator may not properly startup under certain conditions. Because of a
this, a 500 kQ resistor was added to inject current into the drain of M67 instead of a
switch.

The simulated performance of the current reference over temperature is shown in
Figure 3-15. Note that it was found the supplied BSIM3 models did not correctly model

the Vprar performance across temperature. Because of this, simulations of the current

15 _—

Current (pA)

0
-200 -150 -100 -50 0 50 100 150
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Figure 3-15: Simulated constant-IC current over temperature
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reference were conducted using both the supplied BSIM3 model, and a custom-made
EKV model. The performance has been verified with previously fabricated versions of

the reference.

Simulated System Level Performance

To verify operation of the op amp across temperature, performance characterizing
simulations were performed. This included open-loop gain and gain-bandwidth, small-
and large-signal analysis with transient response characterization and other standard
amplifier characteristics such as short circuit output current, CMRR, and PSRR. Unless
otherwise stated, the simulations shown were performed using BSIM3 typical models
with a 5-V Vpp across temperature. However, the Vprar voltage generator in the current
reference was not properly modeled by the BSIM3 models. Because of this, EKV models
were used to simulate the performance of the current reference. A model was then
created to represent the performance of the current reference’s output, which was used in
the BSIM simulations of the op amps performance.

Confirmation of the models functionality across temperature was carried out
through the comparison of the simulated values of the NMOS and PMOS mobility and
threshold to the corresponding measure data [15]. Figure 3-16 and Figure 3-17 show the
simulated and measured PMOS mobility and threshold information, while Figure 3-18
and Figure 3-19 show the NMOS data. In general, the simulated performance of these

parameters matches relatively well with the measured values across temperature.
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The operational amplifier configurations used for the simulations in this section
reflect the configurations used for measurements, which will be discussed in-depth in
Chapter 4. The complementary input pairs allow for a full swing ICMR, the simulated
values for which are shown in Figure 3-20. Note that ICMR is not noticeably affected by
changing to full or half power mode and is consistent across temperature (not shown).
The simulated large-signal transient response is given in Figure 3-21 and Figure 3-22.
Figure 3-23 shows the slew-rate vs. temperature for half and full power modes compiled
from these simulations. Note that the slew-rate in half power mode is roughly half the
slew rate of full power mode, which is consistent with the op amp receiving half of its

full power bias current.
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Figure 3-20: Simulated ICMR, 25°C
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Figure 3-22: Simulated large-signal transient response, half power
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The simulated short-circuit current for the op amp in both modes of operation is

given in Figure 3-24. Figure 3-25 gives the simulated quiescent supply current

requirements for the op amp.

Figure 3-26 and Figure 3-27 show the simulated open-loop gain across

temperature. The DC gain across temperature and operational mode is maintained at well

above 120 dB.

It was found that the simulation results that best match the measurements of the
amplifiers bandwidth and phase margin were made using the EKV models, as opposed to

BSIM3 models. The EKV simulated unity-gain bandwidth and phase margin over

temperature are given in Figure 3-28 and Figure 3-29.
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The values for the simulated DC power-supply rejection ratio (PSRR) are given in
Table 3-2. Similarly, the simulated DC common-mode rejection ratio (CMRR) for both
power modes is shown in Table 3-3.

These simulations will be compared to the measured results in the following

Chapter.

Table 3-2: Simulated DC PSRR

Full Power | Half Power
120°C 94.00 dB 96.72 dB
85°C 91.16 dB 93.89 dB
25°C 89.94 dB 91.69 dB
—55°C 86.82 dB 89.57 dB

-120°C 85.51 dB 88.23 dB
-180°C 84.82 dB 87.52 dB
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Table 3-3: Simulated DC CMRR

Full Power | Half Power
120°C 70.41 dB 70.78 dB
85°C 69.64 dB 69.52 dB
25°C 69.32 dB 69.02 dB
-55°C 69.01 dB 68.73 dB

-120°C 68.77 dB 68.45 dB
—-180°C 68.23 dB 67.87 dB
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CHAPTER 4

MEASUREMENT RESULTS

Testing Procedures and Results

The fabricated op amp chip, named Tarsus, Figure 4-1, is made up of four
identical op amps (a quad op amp chip, or QOA) and a single current reference with
separate output current branches feeding each op amp. The op amps each have four
input/outputs: Vip, Vin, Vour, and Veontror. There are two universal power pads, Vpp
and Vgg, for a total of 18 chip I/O’s. Functional measurements performed to verify the
performance of the op amp include ICMR, PSRR, offset, Agr, large-signal transient,
short-circuit current, and supply current.

Open-loop gain (Aor) was measured with an HP3589 spectrum/network analyzer.

The circuit used to make this measurement is shown in Figure 4-2 and an image of the

.| -_------- | . L. OC *[fﬁ@rf'g&g@"@g’g_

i ul-'-t--ﬁ-n._

| E.g_ sSlsdaSlsgn sugosnzusl )|

(@) (b)
Figure 4-1: Images of Tarsus QOA chip.
(a) layout overview
(b) fabricated chip
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Figure 4-2: Aoy test configuration

test board is located in the Appendix, Figure A-1 [8]. The amplifier was placed in a
unity-gain inverting configuration, with large feedback resistors in order to minimize
loading on the output. A sine wave was created by the source of the HP3589 and is used
as the input to the amplifier. The error voltage, V., was measured at the negative input
terminal of the op amp, and the Aor calculated by dividing the output voltage by the error

voltage

Ao, =VV— (4.1)

e
The measured open-loop gain in both full power and half power modes, from 50 Hz to
100 kHz, is plotted in Figure 4-3. Limiting the measurement bandwidth can help prevent
higher frequency complications caused by capacitive loading on the V. node by the
measurement probe. The measured gain is slightly higher, but consistent, with the

simulated performance of the amplifier.
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The unity-gain bandwidth was measured by placing the op amp in a unity-gain
non-inverting configuration, as shown in Figure 4-4. The test board for this configuration
is shown in Figure A-2. The bandwidth was found by measuring the rise-time of the
small-signal response and calculating bandwidth from the formula

f
GBW = nr

- —, 4.2
small —signal risetime (4.2

where f,1, are from [16]. The measurement and simulation results are shown in Figure
4-5. The measured bandwidth of the op amp varies less than 20% from the simulated

results.
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Figure 4-5: Measured GBW over temperature
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The capacitive load for 45° phase margin was found by measuring the overshoot
of the small-signal response and calculating the phase margin, again from [16]. The
results are given in Figure 4-6. Here there is a maximum variation between the measured
and simulated results of about 30%. This could be a caused by asymmetry and current
mirror mismatch in the output drivers of the output stage (M18, M19, M33 and M25,
M26, M27 from Figure 3-7) which could shift the transconductance of the output devices,
and therefore the location of the non-dominant pole with respect to the zero, thus shifting
the phase response of the amplifier. This effect is supported by the measured short-
circuit current which will be discussed later in this section.

The offset of the amplifier was measured by placing the op amp in a unity-gain

non-inverting configuration, as shown in Figure 4-4, with the positive input terminal tied

160 + ‘ ‘
\ = Full Power Measured |
140 \\ = Half Power Measured
o 120 — e sm
g 100 T \ — _
S 80 \ \
[« \\
20 +
0
-200 -150 -100 -50 0 50 100 150

Temperature (°C)

Figure 4-6: Measured capacitive load for 45° phase margin over temperature
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to analog ground. The offset was then measured as the difference between the output
voltage and analog ground over temperature. The measured offsets of the four op amps
from two chips are given in Figure 4-7. Note that the average offset, from —180°C to
120°C, from these measurements is approximately 1.5 mV.

The ICMR was measured by again placing the amplifier in a unity-gain
configuration and sweeping the input from rail-to-rail. The measurement results are
shown in Figure 4-8, and correspond to a rail-to-rail input and output range. The ICMR
does not change noticeably across temperature.

The rising edge of the large-signal transient response across temperature is shown
in Figure 4-9 and Figure 4-10 for full and half power modes, respectively. For this

measurement, the op amp was placed in a unity-gain configuration, with a 4-Vp_p input

0.0E+00
-5.0E-04 —
—-1.0E-03 + —
S —
°© = o
2 .1.5E-03 D —___
= /%
> N PO
% -2.0E-03 > o o
» —
b=
O 2.5€E-03 = =
/ === Chip2 OA1 HP ====Chip2 OA2 HP =====Chip2 OA3 HP Chip2 OA4 HP
-‘-Chip2 OA1FP —‘—Chip2 OA2 FP -‘-Chipz OA3 FP Chip2 OA4 FP
'3-0E'03 === Chip1 OA1 HP ====Chip1 OA2 HP Chip1 OA3 HP ====Chip1 OA4 HP™
=== Chip1 OA1 FP === Chip1 OA2 FP Chip1 OA3 FP ==#=Chip1 OA4 FP
3.5E-03 é é é é :
-200 -150 -100 -50 0 50 100

Temperature (°C)

Figure 4-7: Measured offset vs. temperature
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Figure 4-9: Measured large-signal transient response, full power
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Figure 4-10: Measured large-signal transient response, half power

signal. Figure 4-11 shows the slew-rate vs. temperature and operating mode of the op
amp for the large-signal response. This data agrees well with the simulated results
presented in Chapter 3.

The short circuit output current was measured by placing the op amp in the
configuration shown in Figure 4-4, and shorting the output to Vss. The measured current
is given in Figure 4-12. Similar to Figure 4-6, there is a noticeable discrepancy between
measured and simulated results. The current mirror mismatch mentioned for the phase
margin discrepancy would also apply here, especially given that any current or device
mismatch would be accentuated during large-single events, such as short-circuit current

drive.
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Figure 4-12: Measured short-circuit current vs. temperature
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Figure 4-13 contains the current consumption of a QOA chip running with a 5-V
supply. For this measurement, each of the four op amps are tied in a unity-gain non-
inverting configuration, with their positive input terminals tied to analog ground, and no
load on the output. Half and full power modes demonstrate the expected behavior in that
half power mode utilizes nearly half the current of full power mode, which is consistent
with other measurements and the fact that the current into each branch of each op amp is
being halved.

PSRR is measured by placing an op amp in a unity-gain configuration as shown in
Figure 4-14, and varying the power supply voltage while measuring the offset. Then, the

DC PSRR can by calculated as

DC_ PSRR _ dVF’OWER_RAILS . (43)

ouT

25
= Full Power Measured
= Half Power Measured
20 +— —Full Power Sim —
= Half Power Sim /
<4 | /
é 19 //
= —
5] 10+ //
//
54 — |
0
-200 -150 -100 -50 0 50 100 150

Temperature (°C)

Figure 4-13: Measured QOA chip current consumption vs. temperature
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Figure 4-14: Circuit for measuring PSRR

The resulting measurements are given in Figure 4-15. These results compare well with
the simulated values from Chapter 3, Table 3-2.

The circuit given in Figure 4-16 was utilized for measuring the CMRR [8]. This
circuit allows the output of the DUT to be held at mid-supply, so that any change in the
output voltage could be attributed to a change in the input offset voltage. However,
during testing it was determined that it is more reliable to take the offset voltage
measurement directly at the input terminals of the DUT. The equation to obtain the DC

CMRR is

dVey
DC CMRR = (4.4)
d

ID
where Vip is the measured voltage between the DUT’s input terminals. Figure 4-17
shows the measured DC CMRR. Again, these measurement results agree well with the
simulated values given in Chapter 3.
Overall, the measurement results show an amplifier that operates as designed,
across a wide temperature range, and whose results agree well with the simulations

results.
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Figure 4-16: Circuit for measuring CMRR

54



CMRR (dB)

140

120 +
100
80 RN
60 + /
—Chip1 FP
— Chip1 HP
40 — Chip2 FP
— Chip2 HP
20
0 I I
-3 -2 -1 0 1 2 3

VCM (V)

Figure 4-17: Measured DC CMRR, 25°C
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CHAPTER 5

CONCLUSIONS

Conclusions

This thesis presented the design and analysis of a 5-V compatible op amp
fabricated in a 3.3-V PDSOI process. The op amp has a rail-to-rail ICMR, a rail-to-rail
output swing, high gain, and low offset. It is capable of sourcing relatively large
currents, and can drive capacitive loads.

Temperature testing has shown that the op amp performs as expected across its
intended range of operation, from —180°C to 120°C. Additionally, it is shown that the
constant-IC current reference is capable of generating a constant MOSFET inversion
coefficient current across this operating range, and that this type of current reference is

well suited for biasing CMOS analog circuits operating across broad temperature ranges.

Future Work

Although it has been demonstrated that the op amp performance is very close to
the target design parameters, further verification must be carried out before its long-term
reliability can be assured. For example, oxide breakdown and hot carrier effects, as
discussed in Chapter 2, have an accumulating effect. Although neither of these high
voltage effects has been seen here, it does not ensure proper operation over the lifetime of

the part. Consequently, additional testing will most likely take the form of burn-in and
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flight qualification testing to be conducted at the Jet Propulsion Laboratory. This testing
will help assure that, although great care was taken in the design to protect the devices in
the op amp from excessive voltage levels, no breakdown effects are at work.
Additionally, there was a discrepancy observed between simulated and measured
phase margin. It was found that simulating the op amp with EKV models, as opposed to
BSIM3 models, gave results much closer to the measured values for the phase margin.
Understanding why these two models provide different results, and why the phase margin
did not match with BSIM3 simulation, may be important to further understanding the

functionality of the op amp.
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System Equations

The open-loop gain can be approximated as the gain of the input stage times the
gain of the output stage

Aot = A,y X A

preamp output

(A.1)

First, looking at the input stage, the gain is equal to the transconductance of the input

pair times the output resistance

Apreamp = O X5 = Oninput pair X Voutput (A2)
The transconductance of the input pair is (from Figure 3-5)
Ominput pair = Imms T G ss (A.3)
This is approximated by
Ormirpupair =/ 2% Buase X Lo +4/2% yysy X I (A4)
gm’mputpairz\/Zx KPNx[ﬂj x|y +\/2xKPPx[ﬂj X1y
L M 56 L M 58

gminputpair = \/2 X37.46X10_6 X [mx32) x 21 x 10—6 T
| 2 M 56

...+\/2><16.6><106 x(zox32j x21x107°
2 M 56

=974x107*'S

g m,input pair
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The output resistance can be found as the parallel resistance seen looking into the
regulated folded cascode output of the first stage. The resistance is made up of the upper

and lower half of the regulated cascode.

r =R R

output

(A.5)

reg _top reg _ bottom

This becomes [6]

Touput = [(ro,M 3 (1 T Onmaslomen )+ fomel )X Az ]‘ (A.6)

"'l(ro,M 43 (1 T Qnmaslomes )+ Vo.M 64 )X AM 44 Ja
where Auzs and Awag are the gains associated with the source follower amplifier M34 and

M44 in the regulated cascode (see Figure 3-5). This equation can be simplified to

Noutput = [(gm,M33r02Xgm,M34ro,M34 )]H[(gm,m43r02Xgm,M44ro,M44 )] (A7)

Because the quiescent bias current is identical, the output resistance of each device can be
assumed to be approximately equal. Also, M33 and M34 are matched devices, so the

previous equation becomes

gt = (G0 (G, (A8)

Evaluating the result provides

20 ’ 1 ’
Foutput = 2x16.6x10_6x[—x8) x21x107° | x —| |} (A.9)
2 56 06x21x10

1 ’ ’
2x37.46x10_6x(—0x8j x21x107° x[;j
2 ) 06x21x107°
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g = (236x107* ) x(7.94x10° ) H(2.51>< 10} x(7.94x10° )

r=1.478x10" Q

output
Therefore, Apreamp 1s equal to

A r.. =1.44x10" V/V (A.10)

preamp = gm,input pair X output

The gain of the second stage is approximated as

Aoutput = gm,input X I’output (All)
Aoutput = gm,Mlé x r-top rbottom
Evaluating this formula yields
Ao = (\/2><16.6><10_6 x(%x 8) x21x107 }x (A.12)
: 56

1 1
“'{(.06x10x103 ] [.06><10><1o3 ﬂ

Aguput =1.52% 10 x833=1.27x10" V/V

And now the approximate open loop gain can be found

Aot = Areamp X Ao = 1.44x107 x1.52x107* x833 V/V (A.13)

A, =1.83x10° =125dB.

Next, slew-rate may be described by [17]

—6
SR = 'Ci - % —4.2 Vlps. (A.14)
¢ p
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And gain bandwidth is equal to
GBW = Ay xf 4.

1

GBW = A, x

2X7TXr xC

out, preamp out, preamp

Substituting in the values

1

GBW =1.83x10° x m >
2x 7 x1.478 %107 x2x10~

GBW =9.85 MHz.

(A.15)

(A.16)

(A.17)

The phase margin is estimated by first calculating the poles and zeros of the system. The

first and second poles can be approximated by [17];

1

P, =
x ro,preamp X

r

o,output

xC.

gm,M 40

1

= ) m —>=10.2 Hz
3.99x107" x1.47x10" x833x20x10

P

gm,M 40

P, = C,

(A.18)

(A.19)

And if we assume that the zero-compensation resistor Rz is equal to 1/gm ma0 (Figure 3-7)
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Z, = ! = 0 (A.20)

1
C -R
C[gm,wmo ZJ

And now phase margin can be approximated as

PM =180—tan1[GBW]—tanl(GBWj (A.21)
P P,

We may solve for C. for 45° of phase margin

PM =180 — tan![ 285X10° ) o[ 985x10° (A.22)
10.2 3.99x107*/C,

PM =45 for C, =40 pF
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Test Boards

Figure A-1: Ag test board
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Figure A-2: Unity-gain test board

Figure A-3: CMRR test board
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