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PREFACE

Over the last few years current-mode signal processing has been
extensively investigated. Works have been published demonstrating that
slate-of-the-art current-mode analog design can provide solutions to many
glreuit and system problems. In this field, current mirrors have been the
nitural choice for use as elementary building blocks, since they allow
slmple and elegant open-loop circuits to be designed with low cost
processes. On the other hand, the appreaching maturity of current-mode
{echniques and increasing demands on performance have lead to high-gain
gurrent-input current-output circuits for use in accurate closed-loop
ponfigurations. As can be expected from amplifiers exploiting current-mode
techniques, performance in terms of low voltage, slew rate and bandwidth
wan in principle be maximized.

lFfurthermore, there is also need for power stages capable of delivering
high bipolar currents (several milliamperes) into off-chip loads. To this end,
the high-drive current amplifier becomes the natural front-end block for
gurrent-mode IC's.

I'he book presents design strategies for high performance current
amplifiers based on the CMOS technology, preferred for VLSI analog
processing. After an introduction on various architectures of operational
amplifiers, the operating principles of the current amplifier are outlined. The
main focus will be to provide the reader with simple and compact design
#quations for use in a pencil and paper design and the following simulation
step. More complex analytical derivations will be introduced only for the
gvnluation of fundamental non-idealities duve to second order cffects.
Iherefore, the length of the book is self-contained and presentation is kept
{0 n reasonably accessible level. The book was written to be used by
postpraduate students who are already familiar with voltage operational
gmplifiers and who want to extend their knowledge to current amplifiers.
Muoreover, it is a valid reference for analog IC designers who desirc to
implement this unconventional amplifier and to better comprehend its
prictical applications and limitations. The outline of the text is as follows:

Chapter | introduces the general aspects of Current Amplifiers. After a
preliminary classification of operational amplifiers, ideal blocks and models
are discussed for different architectures and a first high-level comparison
between traditional amplifiers and current amplifiers is made. Analysis and
exumples ol basic circuits as well as signal processing applications
involyving current amplifiers are also given. Non-idealities and second-order
ehfects cousmp, limitations in performance are then discussed and evaluated
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Chapter 2 focuses on low-drive Current Ampliliers. Several design
c)lcamplcs for Current Conveyors and class A Current Amplifiers are
discussed in detail and design equations are presented for the main
perﬂ?rmance parameters which allow a good trade-off between
requirements. Moreover, high-performance solutions for high bandwidth
and low voltage capability are also considered. Finally, Current

Comparators with progressively enhanced performance are reported and
analyzed critically.

Chapter 3 deals with current amplifiers for off-chip loads. Several class
'.AB current-mode output stages are discussed and design strategies which
improve performance are presented. A detailed analysis of non-ideal effects
Is carried out with particular emphasis on linearity. Design examples are

gwcn_and circuit arrangements for further developments are included.
Experimental measurements are finally reported.

Chapter 1
OPERATIONAL AMPLIFIERS

Amplifiers with high open-loop gain, most commonly termed
Operational Amplifiers (op-amps) [1]-[4], are unquestionably the most
useful and flexible building blocks in analog signal pracessing. Indeed, the
\ie of these devices in a negative feedback loop allows a large variety of
fransfer functions to be simply implemented, and whose properties and
mocuracy are essentially independent of the large but inaccurate open-loop
gain of the op-amp.

Traditionally, signal processing has been restricted to voltage-mode
pperations only. As a result, the voltage op-amp (VOA) has been the
dominant architecture used by analog designers and the most commercially
available from IC manufacturers.

However, in recent years the so called current-mode approach [5]-[8] has
altracted ever mare attention. Circuits are classified as current-mode if the
Information medium is represented by time-varying currents. This approach
In particularly useful in the IC environment which is predominantly
oapacitive. Under this condition, speed is maximized by driving currents
rather than by voltages. Moreover, low-voltage operations can be associated
with current-mode circuits since voltage swings are minimized, while the
#ignal range depends on the impedance level chosen by the designer and is
no longer directly restricted by the supply voltage.

In effect, the last decade has been characterized by an increasing number
ol current-mode applications both in the digital and analog area. For
example, current-mode has been profitably employed in high-speed circuits
ncluding  current-mode  logic [9]-[16] current-mode D/A and A/D
vonverters [ 17]-[27] ns well as in lincar [28]-]40] and log-domain [41]-[51]
filter applications, and in translinenr circuits [52]-[ 58]
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In this context, amplifier architectures with current-input current-output
capability represent useful building blocks that can play the same role as
VOAs do in traditional voltage-mode applications.

In this chapter, after a brief introduction on ideal amplifiers, their models
and basic theory, we will review practical amplifier architectures and their
high-level behavior. The voltage op-amp, transconductance op-amp and
current-feedback op-amp will be discussed together with their favorable
features and principal limitations. Then, reported techniques to provide
conventional voltage amplifiers with current capability will be reviewed and
applications of current amplifiers to signal processing will be also treated,
Finally, the internal architecture of true current-mode am plifiers and their
main performance parameters will be introduced.

1.1 THE OPERATIONAL AMPLIFIER SET

The comeept of an idenl operational amplifier was first introduced by
Fellogen n 1954 [39). According to this definition an ideal op-amp is a two-
port device with four wssociated variables, ¥;-; and Vo-Ip at the input and
output port, respectively, which exhibits an infinite power gain between the
fwo ports. Thin means the input varinbles are both zero whereas the output
ones are arbitrary. The input port is consequently said to exhibit a virtual
short-circuit. Indeed, the input terminals have the same voltage and no

current flows through them. The block diagram of an ideal op-amp is shown
in Fig. 1.1.

O—— ——0
B f; | Op-Amp | f v,
O—a— ——0

Fig. 1.1. Block diagram of an ideal op-amp

The transfer properties of this device only become well-defined if an
external network allows feedback from the output to the input port, as
depicted in Fig, 1.2. '

F

fﬂ!wmrhluuu‘.irﬂ.:rl[ﬂ:-f.u |

I 79 Op-Amp i ¥
i I 1 7]
Fecdback
Network

Fig. 1.2. Amplifier with feedbock network
In practice, an op-amp belongs to one of the four types listed below:

¢ voltage op-amp (VOA): a voltage controlled voltage source (VCVS)
with both infinite voltage gain and input resistance, and zero output
resistance :

# current op-amp (COA): a current controlled current source (CCCS)
with both infinite current gain and output resistance, and zero input
resistance

® {ransresistance op-amp (TROA): a current controlled veltage source
(CCVS) with infinite transresistance gain, and both zero input and
output resistances

# transconductance op-amp (TCOA): a voltage controlled current
source (VCCS) with either infinite transconductance gain, input and
output resistances

Of course, ideal performance in terms of bandwidth, linearity, input and
Butpul swing, etc., are also requirements for any kind of ideal op-amp.

The block diagram and the small-signal equivalent circuit for each of
these devices are reported in Fig. 1.3. Input (r;) and output (r,) resistances
are nlso included. Table 1.1 summarizes the characteristics of the four ideal
pp-amps which exhibit an infinite power gain between the input and output
pons.

It is self-evident that the four devices can be arranged into two dual
pairs. The VOA and the COA form one pair, while TROA and TCOA
gonstitute the other pair (this is the particular case of application of the
gdforint metworks theorem, briefly described in section 1.5). Indeed, from
Pable 11, i i clear that the former paiv has an input resistinee which s
reciprocal to the ontpnt resiatance and that the g s the mato ol the s
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kin.d of variable, while the second pair has equal input and output Table 1.1.
resistances and the gain is a ratio of different variables. Ideal op-amps and their characteristics
Op-amp type ri ¥o Open-loop gain

YOA o ] Ay=Vg'¥i

COA 0 o« A=l

TROA 0 0 Ry=V i

TCOA o0 w0 Gf:‘fD/VI'

Amplification and signal conversion (i.e., voltage to current and current
fo voltage conversion) are the most frequently encountered functions in
mnalog signal processing. These functions can be implemented with a
feedback op-amp by a suitable choice of the external feedback network.

There are four possible types of closed-loop amplifiers which differ in
the combinations of input source and output drive

voltage to voltage (V-V) amplifier
current to current (I-I) amplifier
voltage to current (V-1) amplifier
current to voltage (1-V) amplifier

ﬁ The closed-loop configurations for each kind of amplifier are illustrated
In Fig. 1.4, where the symbol of the ideal op-amp was used.

Fig. 1.4. Feedback amplifiers: a) V-V ; b} I-1

Fig. 1.3d. Transconductance op-amp symbol and equivalent circuit
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¥

I R, | Op-Amp Ry ) vy, _ Up-Amp
e S |
- . l'_‘, RL

c) d)

Fig. 1.4, Feedback amplifiers: ¢) I-V ; d) V-I
Table 1.2 summarizes the transfer functions which result for each kind of
feedback amplifier,

Table 1.2,
Franster functions of amplifiers in Fig. 1.4

Vv Ll LV V-
Lo Ry (R 14 Ry R R, YRy

It can be observed that the above transfer functions only depend on the
values of R; and/or R; regardless of the source and load resistances. This is
a desirable feature which closely approximates the performance of an ideal
amplifier, since it reduces interaction between cascaded active circuits and
improves control over the loop gain frequency response {module and
phase). This feature greatly simplifies design from the system to circuit
point of view.

At this point one may be tempted to conclude that any of the four op-
amps might alternatively be used to implement the four types of feedback
amplifiers. However, this is not the case if we consider non-ideal op-amps
with finite (albeit large) open-loop gain, even with ideal internal resistances.
In fact, under these assumptions, most of the 16 closed-loop configurations,
obtained by replacing the ideal op-amp with one of the four specified op-
amps in Fig. 1.3, will exhibit a loop gain which is dependent on the source
and/or load resistances.

Since the closed-loop gain and bandwidth are strictly related to the loap

gain (this important aspect of closed-loop systems will again be briefly
reviewed in osection 1), they will alwo depend an the somee andfor Tomd
teabitpnies Moive specibically. the detoomental condition <« e tonizes all

il

w_rm tipnal Ampifiers: ; 7

the configurations in which the op-amp is a different type to the feedback
amplifier [60], [61]. : .
We will give two examples to illustrate this concept. F]l’Sﬂ-y, we will
annlyze the loop gain of a I-I feedback amplifier implenflcnted using a VOA
#nd then the loop gain of the same I-1 amplifier made using a COA. ;
Let us consider the circuit in Fig. 1.5a where the ideal op-amp of Fig.
| 4b is replaced by a VOA.

o

R;
Iy
I qr; Ry g
—

A R;

2

Fig. 1.5b. Equivalent circuit for the loop-gain computation of a
I-I amplifier realized with a VOA

We consider the equivalent circuit in Fig 1.5b (obtained b}rr breakin'g th.e
lsop at the inverting input of the VOA) to evaluate the loop gain, T, which is

given by

Vs IRI R.'.'

2 ey i (1.1}
]’I A“ (RI | f\": )(H} [ f\’l,()i H|Hf.
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The reader can verify this result directly by inspection. The loop gain
clearly depends on both source and load resistances.

Let us now consider the implementation of the same I-I amplifier in a
more “natural” mode, i.e. by using a COA. In this case the loop gain can be
computed by considering the equivalent circuit in Fig. 1.6.

'ri
—f— O Iz
Ii q>"i:' 1!' Ry R
B

RL =

Fig. 1.6. Equivalent circuit for the loop-gain computation of a
I-1 amplifier realized with a COA.

I thiv cane the loop-gain is totally free from source or load effects, as
(1.2) shows

- R
T _Q = A LL] [ (1.2)
h R+ Ry

To preserve simplicity, the above analysis has been restricted to op-amps
with finite gain but with ideal input-output resistances. However, it can also
be demonstrated that the considerations developed above remain valid with
real input-output resistances as well.

To conclude, we can say that the best performance is obtained by
following “natural laws™ and that the use of a VOA is not the prime choice
in implementing current-mode transfer functions. This perhaps represents
the principal motivation that lead researchers to design more appropriate op-
amp architectures which could be profitably used in current-mode signal
processing.

Mrﬂﬂmjf Amplifiers — 9

1.2 OP-AMP CONFIGURATIONS

In the previous section we dealt with the four types of ideal op-amps
which satisfy the general definition. Moreover, we also shode that, in real
panos, each one performs better if used in its natural way (i.e., a VOA to
fmplement a V-V amplifier, a TROA to implement a I-¥ amphﬁe.r, etc.).
Nevertheless, given the wide diffusion of voltage signal processing, the
VOA has until recently been the dominant architecture for analog demgne{'s
gnd the one most commonly available from IC manufacturers. T_h:s
Wblquitous device mainly bases its popularity on the_ m:lmber of att_ractlve
features which it allows. In fact, the differential pair input stage 1s.well
sulted to rejecting common-mode signals. Moreaver, a VOA only requires a
slngle-ended output to provide negative feedback and output drive
gapability at the same time as shown in Figs. 1.4a a1.1d 1.4c. In these figures
ghe of the two output terminals is grounded in b(?'th voltage-outpl.}t
applications. Of course, implementing a fully differential output stage is
‘more difficult than designing a single-ended output stage. F_1gure 1.7 shows
# Internal architecture of a typical single-ended VOA. It is madg up o_f a
Wansconductance input stage (usually implemented with a differential pair),
# second stage to enhance the overall amplifier gain and an output stage
{usually implemented with a Class AB voltage follower) to isolate the op-
amp output from the load.

i Cc
Il
||

V+ o0—1 :
Gm ~Avz

V™
J‘eq
transconductance | second stage  oulput stage
stage

Fig.1.7. Typical architecture of a single-ended VOA

Renintunce ry, i the equivalent outpul resistunce of the input stage and

' In the compensation capacitor - Generally, Miller compensation i«
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adopted because it leads to a small capacitance and provides the well-known
pole splitting [62], [63].

For the circuit in Fig. 1.7 the DC apen-loop gain and the pole frequency
are

Ay = Gyreg Ay (1.3)
e (1.4)
§ Teg42Cc ’

However, it is well known that the performance of a VOA s limited by a
fixed gain-bandwidth product and by an internal slew-rate whose maximum
value is determined by the ratio of a quiescent current to the compensation
capacitance,

In the last two decades, emerging MOS technologies (initially NMOS
and now almost exclusively CMOS) have lead to the development of
transconductance  operational amplifiers  (commonly termed OTAs)
principally for use in fully-integrated fillering. These amplifiers are
integrated versions of what we referred to as TCOA in section 1.1. Since
OTAs are used in voltage-mode applications, with the exception of fully
differential circuits, their design can be simplified to provide a single ended
output,

VOA and OTA architectures are strongly related since an OTA can be
considered a VOA without the final buffer stage. Indeed, an output stage can
be avoided in those applications where the load js a small capacitance
requiring only low current levels. Moreover, a capacitive load leaves the DC
loop gain unchanged only affecting its phase. The use of CMOS technelogy
has developed continuously because of its ability to support high quality
analog and digital circuitry, leading to the design of high-performance op-
amps for off-chip loads. Due to their reduced drive capability compared to
BJT technologies, CMOS power amplifiers have been even better
implemented in transconductance output.stages (i.e., common source output
stages instead of voltage follower stages) [64]-[67]. In these applications the
main goals are drive capability and power conversion efficiency. To this
end, the output stage has to provide a large input and output swing but
without requiring a voltage gain. Usually, it behaves like a low-gain
inverting amplifier.

ﬁcmﬂ-mm‘ ﬂﬂi"j’_‘”ﬂ_‘ I

More recently, we have witnessed the affirmation of a npvel op-amp
gichitecture now available from several of the specialist analogue
g iconductor manufactures. These op-amps are generally referred to as

~ Lurrent-Feedback Operational Amplifiers (CFOAs) [2], [7] and [68]-[70],

aidl represent an evolution in the architecture of the voltage-mode Op-amps,
which have otherwise remained much the same ove‘r the years. Figure 1.8
shows the CFOA symbol and equivalent circuit. lee. almost all current-
mMode circuits, a CFOA can be conveniently described in terqls of the v'.e'eI]-
known Second Generation Current Conveyor (CCII) which essentially
panalats of two coupled voltage and current unitary buffers (readers who are
fet familiar with this building black, can refer to the next chapter for a brief

roduction).

V+

p+
0— ra—hﬂ
: : 2 4
Easle Va) i Ryt o
- lj'
' s i

Fig 1.8. CFOA symbol and equivalent circuit

In Fig. 1.9 the typical architecture of a CFQA is illustrated. It i.s made.up
uf n CCll-based input stage (that performs a vol.tage following action
Between terminal Y to X and a current following acflon between X and Z),
aidl an output stage with the classical buffering function.

y+ o—J»¥

CCll+ 7 i _Ib oV
-"eq:l:Cc

I"" O—X

first stage oulpul stage

Fig 1.9, Typical avchittecture of a CF0A
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By applying a current signal ta the (low impedance) inverting input
terminal, the DC open-loop transresistance gain can be found

R =, eq (1.5)
The dominant-pole frequency is

s il
}"eq CC

@y

(1.6)

Implementations of high-performance CFOAs have become possible
thanks to the availability of high quality complementary bipolar transistars
provided by advanced BIT processes. Here, the traditional differential pair
input stage has been abandoned for a complementary common
emitter/common base stage. This non-conventional input stage allows a
nominally unlimited slew rate to be achieved thus yielding a large signal
response which is superior to that of most voltage op-amps. Moreover, this
device provides the well-known constant bandwidth versus variable closed-
loop gain property,

These features have led to conventional voltage op-amps being replaced
with CFOAs in some high speed applications. However, these op-amps are
affected by some drawbacks. First, the input voltage follower works outside
the feedback loop and can be a heavy source of distortion especially in
unity-gain configurations with high signal levels. Secondly, CFOAs exhibit
high input offsets and low common-mode rejection. Partially because of
these limitations and given the inherent low transconductance of MOS
transistors, only few CFOAs have been presented up to now in CMOS
technology.

We can simply illustrate the constant-bandwidth property offered by a
CFOA by considering the closed-loop configuration shown in Fig. 1.10. The
loop gain can be found by shorting the input source and breaking the loop at
the inverting input. The equivalent circuit obtained by updating the
equivalent resistance levels is shown in Fig. 1.11 (where ideal input and
output CFOA resistances are considered).

The loop gain is given by

L &
L R’

o

(1.7
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which shows that the loop gain depends on the transresistance gain, Ry, and
K. Since the closed-loop bandwidth is proportional to the loop gain, and_the
plosed-loop gain can be set by changing only Rj, a constant bandwidth
Behavior is achieved.

R

NN

é <

Fig. 1.10. Feedback configuration of a CFOA

Pk

o}

_L_

Fig. 1.11. Equivalent circuit for the loop-gain computation
of the circuit in Fig. .10
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1.3 THE GAIN BANDWIDTH TRADE-OFF

The constant bandwidth property exhibited by the CFOA can easily be
explained and generalized using the traditional block diagram for a feedback
system shown in Fig. 1.12, We have chosen not use this representation in
the future because it is difficult to take into account the loading effects of
the feedback network on the basic amplifier. However, this approach is
quite suitable from a high-level point of view and helps to get a simple
focus on the argument [61].

A(s) represents the open-loop gain of the amplifier, @ is the input
attenuation and /3 the attenuation introduced by the feedback network. A(s)

can be one of those listed in the last column of Table 1.1, depending on the
type of op-amp chosen.

: X
— 24 A(S} .0

Y

Fig.1.12. Block diagram of a feedback system

From this diagram we find the expressions of the loop gain, T(s), and the
closed-loap gain, A,./(s)

7(s) = pA(s) (18)
Ai(s) = i—: = 1?3"2) (1.9)

It can be observed that the loop gain is dimensionless in all possible

cases. Moreover, if 7{0) is much greater than 1, the DC closed-loop gain can
be approximated to

A 0) ¢
(0) 7 (110)
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Assuming that the op-amp is characterized by a single dominant pole its
sipen-loop gain can be expressed as

A(s) = 4 el (1.11)

01+sfwo

where @, is the angular frequency of the dominant pole and 4,, is the DC
gain.

Substituting (1.11) in (1.9) we obtain the expressions for the closed-loop
gmplifier bandwidth, @, and gain-bandwidth product, GBW,

= w,[1+7(0)] (1.12)
GBW = o4, w,|1+7(0)] =|a| 4, (1.13)
1+7(0) ° i

The above equations hold for any feedback system. Provided that
parameter o is constant, (1.13) asserts the well-known property of GBW to
be Independent of the closed-loop gain (i.e., from f). Note that GBW has the
frequency dimension for the VOA and COA only. For the TROA it has the
dimension of the reciprocal of a capacitance, and for the TCOA it has the
dimension of the reciprocal of an inductance.

Furthermore, combining (1.8} and (1.12) we see that the closed-loop
bandwidth is approximately given by g4 w,. Therefore, by leaving
parameter f (and hence the closed-loop bandwidth) constant, one can
ghange the closed-loop gain simply by changing parameter &, as according
t (1.10). This is exactly what happens in a CFOA. On the contrary, in some
applications with VOAs (eg., a non-inverting configuration where « is
Winltary) the closed-loop gain is set by changing f and, hence, the loop gain
gid the closed-loop bandwidth.

In [60] it was shown that all the four types of op-amps used in their
patural mode (i.e. to implement the same type of feedback amplifier) are
gharacterized by a equal to 1 and consequently, exhibit constant gain-
bandwidth properties. For example, we can return to (1.2), exptressing the
loop-gmin of the 1-1 feedback amplifier performed by a COA. We can
rewrite (1. 2) m terms of the closed-lToop gain A.¢
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Ri+R Ay

(1.14)

By comparing (1.8) and (1.14) we get = 1/4,;, and from (1.10) @ = 1
results. Hence, any increase in the closed-loop gain leads to a decrease in
the closed-loop bandwidth. The same results and considerations can be
extended to the so-called constant gain-bandwidth product configurations.

Moreover, the same authors demonstrated that achieving constant
bandwidth properties depends on the possibility to isolate the op-amp input
and output from the source and load resistances, respectively, by using ideal
current or voltage unity-gain buffers. For instance, the CFOA can be
recognized as the result of applying a voltage buffer to a single-ended
transresistance amplifier. A further example can be given if we return to
(1.1) that expresses the loop-gain of a I-I feedback amplifier performed by a
VOA. We can see that adopting two ideal current followers at the input and
the output of the amplifier, is equivalent to setting resistance R, to infinity

and R to zero. Under these assumptions loop gain becomes

T(%) = A,(s) (1.15)

The above relation indicates that parameter g is equal to 1. Therefore,
this particular configuration will achieve the maximum closed-loop
bandwidth, i.e. the GBW, regardless of the value of closed-loop gain, source
and load resistances. This is a very attractive solution which, however, is not
real. Indeed, it is no trivial task to design high-performance followers, with
approaching ideal input-output resistances and a bandwidth performance
which is well beyond that of the final amplifier. Actually, when considering
the fundamental process limitations which set the ultimate performance for
both unity-gain buffers and op-amps, we see that constant gain-bandwidth
product configurations provide higher loop gain than constant bandwidth
configurations, as discussed in [71]. This means that, in practical cases, the

constant bandwidth property is obtained at the expense of reduced loop
gain.

The brief discussion given here reveals that today there is great interest
i the op-amp area due to the demand for ever better performance. In
addition, advances in process technologies have made possible the
integration of novel architectures for use in specinl npplications. However,
for the remainder of this book we shall concentrate only on the realization of
corrent operational amplifier schitectres, e op amps with well-defined
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t and output current-capabilities. We shall start by giving a historical
kground.

1,4 CURRENT AMPLIFIERS USING VOLTAGE OP-AMPS

The need for amplifiers with a well-defined bipolar current output was
pognized even when the current-mode approach was in its infancy. }n the
g when no fully integrated version of current amplifiers was avall?ble,
only alternative for system designers was to use a voltage amplifier.
al voltage-to-current amplifier designs employing the VOA have been
d in literature from the late 1970s to the end of the 19805: The very
attempts sought to provide only a single current output facility using a
, The most common way to do this, as frequently encountered in
ks [1], is to place the load in the feedback ]oc_)p of the YOA as shown
Flg. 1.13. This circuit provides a very low input resistance (at the
ing terminal). The current flowing through R; is set to V,/ R
less of the Ry value. Therefore, the circuit can be seen as a current
tor between terminals A and B. Indeed, the equivalent resistance seen

fhese terminals is equal to (7, / /R )(1+ 4, ), where r; and 4, are the VOA
resistance and voltage gain, respectively. However, in this solution
lond cannot be referred to ground, despite this being a general
{rement.

AR R
A A I

_\_
[

%

P

Fig. 1.13. Feedback voltage-to-current amplifier

To solve this problem Howland [1] proposed the circuit shown in Fig.
1,14,

000 "OHUH Ar CH3”

MO HIA | ARITRIREL
"I LK e
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Fig. 1.14. Howland voltage-to-current converter

The current-converter will drive the grounded load with a current
I1. = Vy/ Ry if the balancing condition Ry / Ry= R,/ Ry is satisfied. In
nddition, thanks to the combination of positive and negative feedback, the
eireuit oxhibits a nominal infinite output resistance. Unfortunately, the
positive feedback action means the circuit requires very accurate resistor
matching, Indeed, even a small deviation from the ideal balancing condition
could make the output resistance negative and cause instability.

To extend the output capability of conventional VOAs, the most
successful technique was using supply current sensing, first introduced by
Graeme [72] in 1974 and further refined by Rao and Haslett [73]. The
approach exploits the property that the sum of the currents flowing in the
VOA supply leads equals the output current, so lon g as the signal currents in
other connections to ground are negligible. In most VOAs this condition is
met and a couple of complementary current mirrors can be employed to
recombine the two supply currents. The current mirrars provide a single
high impedance bipolar output, as shown in Fig. 1.15, Huijsing coined the
term Operational Mirrored Amplifier to indicate this circuit [74]. Of course,
for proper current-converter operation the structure has to be configured in
unity-gain closed-loop (i.e., by shorting the VOA output and inverting
input). Under this arrangement the circuit can be used in a number of
applications since it realizes the versatile CCI, as will be shown later.
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Fig. 1.15. Operational mirvored amplifier

Moreover, by including a resistive feedback network, an accurate current
'ln is achieved, as illustrated in Fig. 1.16. It is given by

iL-: l+£2—J (1.16)
Iy Ry

Fig. 1.16. Operational mircored amplifier arranged to provide
ghcurrent gam
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The supply-sensing technique was also generalized by Toumazou et al.
[6] who propose that a multi-terminal VOA be implemented leaving the
drains (collectors) of the output stage externally accessible. In this manner,
output-current sensing rather than whole supply-current is enabled.

Current-sensing techniques have been experimentally tested with a
number of well-documented applications. Despite the use of discrete
compenents, these circuits generally provide high bandwidth and slew rate
capabilities. However, the critical parameter in these applications is linearity
because it depends upon the current transfer properties of the current
mirrors which are connected in open loop at the circuit output. This
drawback is common to almost all class AR solutions and, due to its
importance, it will be dealt with in detail in chapter 3.

We conclude this review with the simple and well-known class A current
amplifier shown in Fig. 1.17. In this circuit transistor M1 and current
generator /pp make up the current output stage. Apart from the sign, it is easy
to find that the amplifier gain is given again by (1.16). This circuit exhibits
high accuracy and lincority, but it has a very low power conversion
efficlency, since the current output stage works in a class A fashion.
Moreaver, it could be difficult to match current fp with the quiescent

current in M1, since they are affected by different process tolerances.

DD

I (#)
fﬂ
————

Fig. L.17. Simple class A current amplifier

On the basis of what we discussed in section |2, the npplication of
supply current sensing 10 VOAx can be recopnized in the use of n current

&mﬂum il A "‘{’.f flory ) — a1

fullower in the VOA outpul. This explains why these architectures were
(sometimes  surprisingly) discovered as having constant bandwidth
properties. However, all these kinds of op-amp structures represent only a
fnl step towards the implementation of a true current-mode op-amp. In
feality, the ideal COA defined in section 1.1 requires a zero open-loop input
pealatance and a differential current output capability, features which are not
provided by the circuits discussed above.

1.5 SIGNAL PROCESSING WITH CURRENT OP-AMPS

As already mentioned, a dual relationship exists between voltage-mode
current-mode circuits. This means that almost all transfer functions
plemented with active networks based on voltage op-amps can
matively be implemented with current op-amps. Voltage-mode circuits
£an readily be transformed into current-mode circuits by using the principle
of adjoint networks [75]-(76], that we shall briefly describe in the following.

The adjeint networks principle

Consider an arbitrary linear nerwork consisting of passive
elements (resistars, capacitors and inductors) and controlled
sources. Moreover, assume that the network is driven by an
independent voliage source and that the output variable is a
specific voltage. By replacing each element of the network with its
adjoint (or dual), the adjoint network is found, according to the
Jfollowing rules. The adjoint of a passive element is itself (ie.,
resistors, capacitors and inductors remain wnchanged). The
adjoint of a voltage source is a short circuit fand viceversa).
Similarly, a current source turns inlo a open circuit (and
viceversay).

Figure 1.18 illustrates the adjoint network principle applied to the well-
known non-inverting and inverting closed-loop VOA configurations.
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d)

Fig.1.18. Non-inverting, a) and b), and inverting, ¢} and d), feedback
configurations using VOAs and COAs

It in ensy to verify that the closed-loop gain for the upper and lower
elroudts in Fig. 118 are respectively

R
Ay = |+§1 (1.17a)
1
R
Ay=-—2 1.17b
e R ( )

The current amplifiers in Fig. 1.18 possess the interesting feature which
is the possibility of using non-linear resistances in the feedback network. In
fact, since the voltage drop across R; and R; is the same, non-linearities are
compensated for [77]. Arbel first reported this property and described a
COA employing a transistorized feedback network. To achieve a gain of
n+1 in the non-inverting configuration, resistances R; and R, are
implemented with a single and a parallel of » triode-biased transistors,
respectively.

The properties of an adjoint network can be inferred from the properties
of the original network, without requiring any further analysis, For instance,
the popular voltage-mode RC-active circuits can be transformed into their
current-mode  counterparts using the COA - The adjoint clrcuits have

Operational Ampliflers 3

ldentical sensitivities and, hence, design rules and optimization strategies,
developed for voltage-mode circuits, can be used directly.

An example of a current-mode integrator is given in Fig. 1.19. Two
transfer functions are obtained by considering output currents I or Iy,

= 1.18a
I, sRC ( )
Iy _1+sRC (1.18b)
I‘. SRIC
C r.‘ R;
] M=
i
is
L By
Fig. 1.19. Current-mode integrator
1.6 TOWARDS A TRUE COA

We have already introduced the ideal current op-amp in section 1.1 and
mecognized that, according to the adjoint network theorem, it can be
pepresented as the dual of an ideal VOA. The theorem can be also exploited
1o obtain one possible COA internal architecture from that of a VOA. To
this end, we noted that the design of a VOA can be considerably simplified
If n single output device is considered. In fact, a single ended YOA is able to
drive the load and the feedback network simultaneously. With this
pbservation in mind it is easy to understand that a similar condition would
also hold for the input port of a COA. Indeed, a COA only needs one input
terminal to be connected to the input source and to the feedback network.
Thix aspect of a current amplifier can be further exemplified by returning to
Filgs | 4 b and ¢ working as amplifiers with input current capability. [t can
be seen (hat in such applications one op-amp input terminal is always
grounded, this v due 1o the general rale that samming or subticting
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currents only requires one single node. The symbol and the circuit model of
a single-input COA are reported in Fig. 1,20.

Fig 1.20. Single-input current op-amp symbol and equivalent circuit

Finally, we can apply the adjoint theorem to the VOA internal
architecture, shown in Fig. 1.7, and obtain a block model of the COA as
depicted in Fig. 1.21. The output voltage buffer of the VOA turns into a
input current buffer. The current buffer can be also realized by using a
CCH- with n grounded Y terminal. The differential input stage turns into a
differential transconductance output stage. The second gain-stage can
remain the same. The current gain and bandwidth of this circuit are exactly
the same as the voltage gnin and bandwidth of the VOA

A= Ay ':mrn-q (1.19)

|
Feq 4,7C,

ay,

(1.20)

where rq and Cc are the equivalent resistance at terminal Z of the CCIl-
and the Miller compensation capacitor, respectively. Note that the second
stage, used to increase gain, is not necessary for the implementation of a
current amplifier, although it allows Miller compensation to be profitably
achieved. The input current buffer (possibly together with the second stage)
can be also regarded as a transresistance amplifier. In fact, it accepts a low
input current and provides a high output voltage.

It is curious to note that, the very first proposals of high-current-gain
amplifiers [78-79] adopted differential-input devices. However, as it turned
out, this was an unnecessary condition revealing how strong the voltage op-
amp heritage and the voltage-mode way of thinking was.

iﬂu.rl‘d_lf.‘if_ﬂf!! ‘l?’.l_ ) 25
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Flg. 1.21. COA internal architecture a) with current buffer; b) with CCIl

The COA is the dual counterpart of a VOA and therefore will c-x!lihit
wlant gain-bandwidth property when used in closed-loop conﬁguratlvor_ls.
order to obtain a structure with constant bandwidth property, the adjoint
ork theorem can be applied to a CFOA as well. If we convert ‘the
jillvalent circuit and block diagram of a CFOA (already dilapicted in Figs.
L-I and 1.9) to current-mode we obtain a novel structure which we term the
Valtuge-feedback Current Operational Amplifier (VFCOA). Flgures 1.22
gid 1.23 report the symbol, equivalent circuit and block diagram of a
VFCOA.

Fig 1.22. Voliage peedback cirvent opeampesymbol and equeivatent circiit
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Fig. 1.23. VFCOA internal architecture

The first stage in Fig. 1,23 is the same as in a COA, The output stage is a
current follower which is the dual of the input voltage follower of a CFOA.
Of course, given duality the DC transresistance gain and bandwidth are the
same ns in o CFOA so that (1.5) and (1.6) still hold.

A final conmideration is that the circuit can be regarded as the result of
applying n current follower 1o the output of a transresistance op-amp.
Consequently, the constant bandwidth versus variable gain property is
explnined on the basis of what was discussed in section 1.3,

1.7 PERFORMANCE PARAMETERS OF CURRENT
AMPLIFIERS

In the previous sections we  dealt with ideal amplifiers. This
approximation is very useful in a first-order analysis and design. For
example, assuming ideal open-loop gain in a real amplifier gives accurate
results as long as low frequencies and low closed-loop gains are considered.
However, under critical operating conditions such as high closed-loop gain,
high frequency, non-ideal sources, large signal swing, etc., real values of
performance parameters have to be accounted for, since they represent the
final limits of operation. Therefore, we conclude the chapter by
investigating the real parameters of current amplifiers which properly
address the performance of this kind of circuit.
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Differential-mode Gain

The differential gain ( 4, ) sets the accuracy of the closed-loop transfer
function in low frequency operations. It is defined by

i ~ip (1.21)

where i} —i; is the differential-mode output. Referring to the three-
slage architecture in Fig. 1.21b, the differential-mode gain can be expressed

4+
i, —i
Ag =Tegdv2 gv < =rquv2Gma’
i3

I

(1.22)

Gpgis the differential-mode transconductance gain of the output

Common-mode Gain

Due to the duality with voliage amplifiers, the common-mode gain ( A.)

=
ip +i,

18 defined with respect to the output common mode which is

- i; + I'; {1‘23}
¢ 2

Again, referring to the circuit in Fig.1.21b, A can be rewritten as

.
Ay = FegAv2 €0 =1, 423G e (1.24)

i
2via
where (7, is the common-mode transconductance gain of the output stage.
can be expressed in terms of both the

]
Output currents, {; and 4,
ditterential and common maode gains
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i =&Ad + Ac] i; (1.25)

fE:[‘,%AwAc]f} (1.26)

If the common-mode gain is zero, the output currents are equal in
module and with opposite direction flow.

Common-mode Rejection Ratio

As expected from the duality principle, the common-mode rejection ratio
(C'MRR) depends only on the performance of the output stage (the input
stage in a voltage amplifier). It expresses the ability of the output stage to
fajeut common-mode signals coming from its input (when it is operated in a
fully-differential mode) or spurious signals from the supply lines and the
iibatrate, CMRR s defined as

CMHKK = :"“ (127

v

For the typical architecture of COA in Fig. 1.21b, it is obtained by
combining (1.22) and (1.24) which yields

G

CMRR = —md (1.28)
Gmc

Input Resistance

The input resistance (r;, in Fig. 1.24) should ideally be zero since the
circuit has to accept current signals. In most amplifiers, the input resistance
is set by the transistor fransconductance which, in a CMOS design, is not
sufficiently low to be neglected. The input resistance is responsible for a
further pole in the loop-gain transfer function which can preatly affect either
stability or the closed-loop bandwidth.

Fig. 1.24. Current amplifier with output resistances

Differential and Common-mode Qutput Resistances

The differential (»,,) and common-mode (r,.) output resistances can be
fdefined by referring to Fig. 1.24. It is easy to find that

Pod = 20 (1.29)

Foc ="E+Q (1.30)

To approximate an ideal current generator both the differential resistance
the common-mode resistance have to be high, as shall be explained in
ore detail later.

Offset Currents

There are two offset current components, i.e. the differential and the
gommon-mode offset currents. Referring to Fig. 1.25 where the amplifier
@litputs are short-circuited to ground, the differential offset, Ingy, is the

iput current needed to set the differential output current (I, — I, ) to zero
and the common-mode offset, {5, is the output current which sets to zero

I+ 1,
the common mode output current {T )
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Fig. 1.25. COA with offset currents

Of course, the common-mode offset is an inherent parameter of the

output stage. In fact, it depends on the mismatches in the output stage and,
hence, cannot be compensated by any input current,

Input (MTvet Voltage

Ideally, the input bins voltage of a current amplifier is the reference
(ground) voltage. Ax can be seen in Fig. 1.26, any deviation, Vs, of the

input blan voltage from the ideal value causes a DC current to flow through
the reststor R

Vas

Ry
R,

Fig. 1.26. Feedback COA with input offset voltage

Hence, the current in the load ix piven by

mmmmuf A m[:f [!h-r,r ) 1

1 =Yos (131

Of course, the offset voltage does not contribute to the output offset current
If R, is infinitely large, as in the unity-gain buffer configuration.

Input and Output Current Ranges

The input current range (JCR) is the maximum input current which
allows the circuit to work properly. This range is generally set by the overall
fransresistance gain and the voltage range at internal high impedance nodes.
Ike the differential input voltage range in voltage amplifiers, it is not a
eter of interest. Indeed, with high loop gain the required input range is

fearly zero.

The output current range (OCR) is the maximum differential current
which can be delivered by the output stage in short-circuit conditions. It
gepends on the current-drive capability of the output stage.

Slew Rate

Like in voltage amplifiers, the slew rate (SR) sets the maximum variation
of the output current. In principle, a current amplifier with a class AB input
#lage (i.e., the input current buffer) behaves like a CFOA. In Fig. 1.21b, the
Jput stage can deliver unlimited current to the internal node Z. Therefore, if
% dominant-pole compensation is adopted by putting the compensation
gapacitor between node Z and ground, no slew-rate limitation arises.
However, gain requirements with decreasing supply voltages lead to
§olutions with cascaded gain stages that require Miller compensation, as
ghown in Fig. 1.21b. In these cases, to preserve the high slew rate

rformance, the inverting stage (i.e., Ay2) should also be implemented
with a class AB topology. Unfortunately, this is an expensive approach.

Power Supply Rejection Ratio
[ ike in conventional amplifiers, the power supply rejection ratio (PSRR)

describes the ability of the amplificr to reject spurions signaly coming from
glther the positive vr negative powet supply lines 10can he delined ny




12 G, Palmisane - G, Palumbio - 8. Pennisi
1
R N/ S
PSRR\‘Y = e (1.32)
(Vdd Ny ss)

and its unit is €2,

Noise

Noise in current amplifiers can be modeled by means of three noise
generators (a voltage and a current generator at the input and a currant
penerator at the output), as illustrated in Fig. 1.27 [79]. The motivations
behind this representation will be discussed in detail in sec. 1.7.1.

=)
S

Fig. 1.27. Noise model of a COA

Here it is sufficient to say that unlike conventional VOAs, where only
the input referred noise is important, in current amplifiers the noise
prodgced by the output stage can also be significant since the output
terminal connected to the load works outside the feedback loop.

We conclude this description by pointing out that the above performance
parameters strictly refer only to COA. Due to its different output stage a
VFCOA is characterized by a different set of parameters. Of course
differential- and common-mode gain and resistances are no longer suitable:
in the latter case. In addition, parameters such as offset and PSRR have
slightly changed definitions. Aside from the above, most parameters of a
COA can be extended to a VFCOA, so we shall not deal with this item any
further. Instead, we shall conclude the chapter by specilving some features
presented above in more detail and by providing some exnmples of how
they nlTect avernl] ¢losed oo petTonmanee
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1.7.1 Further Comments

Most of the performance parameters of VOA and COA are very similar
In their definition. However, due to duality some parameters in the COA
such us offset current, differential- and common-mode gain and resistances
belong to the output rather than the input. Noise needs also to be further
tletailed since it depends heavily an the specific features of the COA. In the
following, we consider the properties of the output resistance and noise in
typical feedback configurations. Moreover, we make final considerations
regarding the constant-bandwidth property of the VFCOA.

A. Evaluation of the ouiput resistance in a feedback amplifier

Considering the COA in a current buffer feedback configuration as
whown in Fig. 1.28, the output resistance becomes

Fig. 1.28. Equivalent circuit for the output resistance calculation in a

Jeedback COA
1424,
ey o VRN (1.33)
d 1+ (14 4)
r

If r; — o0, the common-mode output resistance in (1.30) is infinite and
(1.33) simplifies to

r, ?q(li .‘I") {(1.34)




34 G. Palmisano - G. Palumbo - S. Pennisi

that from (1.29) can be written as

r9=rgd(1+AI-) (1'35)

This is the expected result for the output resistance of a shunt-series
feedback amplifier: the differential output resistance is increased by the loop
gain.

However, for finite values of r7 and assuming 4; >> 1, (1.33) can be
approximated to

r, = +2r =2y (1.36)
This means that the common-mode output resistance sets an upper limit to
the maximum achievable output resistance in a feedback COA. The same
result can be obtained for the input resistance by using the popular voltage
buffer implemented with a VOA.

B, Noise contributions

et us consider the typical architecture of a COA shown in Fig. 1.29.
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Fig. 1.29. Equivaleni noise generators of the COA stages

The noise in a CCII is characterized by a voltage and a current generator
(see section 2.1.1) modeled at the input by v,y and ipy. Voltage and current
generators vp;2 and iy;2 account for the noise of the second gain stage.
Voltage vy;2 appears at the output node (Z) of the CCII and hence its
contribution to the input (X) is heavily attenuated by the high
transresistance gain of the CCIL Due to the unitary current gain between X
and Z. current f,y;2 15 ndded directly to the it stuge current. Finally, we
fave to comaider the fiolee contobution af thie output siage Clenerally, noise
due to @ cnrrent output stage can be divided nto v witipHnents
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e the first component is referred to its input and can be represented with
a voltage noise vp;3- It can be further referred to the input of the input
stage. This contribution to the overall noise is negligible due to the
first and second stage gains.

e the second component is a noise current that adds directly to the
outputs and can be modeled, in general, with two noise current
generators ipg. and inp+-

However, the non-inverting terminal is usually connected in feedback
with the input. Moreover, since no current flows through the op-amp input,
Ino+ appears to the inverting output. As a result, both iyo- and ipo+ can be
represented at the inverting output terminal. It is interesting to note that a
gimilar output noise component, but as a voltage generator, is also present in
a VOA. However, since the output stage in a YOA is inside the feedback
loop, the cutput noise voltage generator is heavily reduced by the loop gain.

To conclude this analysis, the noise model of a COA can be represented
by three noise generators vpj which is equal to v, i accounting for inx
#nd iy;2 and ino which in turn accounts for iyg+ and ing-.

C. Noise in a feedback amplifier
It is useful to evaluate overall noise power in a typical feedback
amplifier based on the COA shown in Fig. 1.30. To simplify calculations,

the noise related to Ry and Rp have been represented as current and voltage
generators, respectively.

VnR2 R

i

Flg. 1.30. Noise in a feedback COA
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The overall output noise power, N, is

g T VR R o =
No = 4;(0)iz; + o2t i (1.37)
1

where 440} is the closed-loop gain.

It is interesting to compare (1.37) with the noise power of the typical
VOA feedback amplifier in Fig. 1.31, assuming constant gain.

The output noise power for circuit in Fig. 1.31 s

No = A (07 + R%(fﬁs +im |+ vigz (1.38)

where A,/(0) is the non-inverting closed-loop gain.

Similarly to the noise voltage in a VOA, the contribution of the input
howe current i COA is independent of the value of R; and Rp. The
contribution of the input noise voltage in a COA is reduced by increasing Ry
while In a VOA the nolse current is increased by increasing the feedback
rentutance (K2) In respect of the noise due to the resistors in the feedback
network, thelr contribution in a COA can be reduced by increasing the
resistor values. In contrast, the noise coming from the network resistors in a
VOA s increased by increasing the resistor values.

Finally, if 4,,, is much greater than ini (this is the case when both the
current and the aspect ratios of the output stage transistors are large), the
output stage noise cannot be neglected.

In its conclusion (1.37) asserts that, with a fixed closed-loop gain, the
noise performance of a current amplifier can be im proved by increasing the
values of the feedback resistors. This is not a surprising result since the
circuit is a current processor and the noise current of a resistor js inversely
proportional to its resistance. Unfortunately, this is in contrast with the need
to reduce voltage biasing. Indeed, the increase in Ry in turn increases the
voltage swing at the non-inverting output and consequently a reduction in
the dynamic range. Dynamic range, D, is defined as the ratio of the
maximum achievable output current to the minimum usable input current. It
is limited by noise and non-linearity at the lower and upper bounds,
respectively.

37
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Fig. 1.31. Noise in a feedback VOA

D. Constant bandwidth in a VFCOA

Let us again consider the typical closed-loop VFCOA configuration in
Pig. 1.32:

i
j

Ry

Fig. 1.32. Closed loop VFCOA configuration

The loop gain, Tts) is given by

il (1.39)

e Y
<z R’{s;(Rz +1 KRy +ro1 )+ Rirol

Equation (1.39) accounts for the input and output resistances, r; and r, g,

respectively, of a real transresistance amplifier.
Axsuming for K(+) o dominant-pole behavior with pole «,., the closed-

loop bandwidth, gt approximately given by
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wy = T(0)w, (1.40)

If the amplifier is implemented in a bipolar technology, the condition
that 7; and r,, y are much lower than Ry and R is usually met, so that from

(1.39) and (1.40) the bandwidth of the closed-loop amplifier results as:

R.(0)

=

[}

@y (1.41})

Equation (1.41) shows the same well-known property of a current
feedback voltage amplifier (remember the duality with a voltage feedback
current amplifier). The bandwidth of the closed-loop amplifier will remain
independent of the closed-loop current gain provided that resistance R 7 is
maintained constant.

The same result is also valid for low-drive current amplifiers in CMOS
technology in which, due to the low output current, feedback resistances are
set much higher than internal resistances to achieve (1.41).

In contrast, with high-drive CMOS amplifiers employing a class AB
voltage follower as output stage (in the transresistance amplifier), R 7 and Ry
should be made low due 1o the limited output voltage swing. Therefore, for
high-drive CMOS amplifiers, the condition that r; and r,; are greater than

Rj and R} is usually assumed. Hence, from (1.39) and (1.40), the bandwidth
of the closed-loop amplifier becomes;

R
og = Ri(0)—Lo, (1.42)
ol

which means that the bandwidth is still constant provided that R; is kept

constant, but the dc loop gain and @,y now depend on the input and output
resistances.

It is worth noting, however, that for the unity-gain configuration in
which R; is infinite and R; is zero, (1.39) becomes

Wy = R(0) @, (1.43)

i+ 71

m:{:_a_-_#y_:_l_ l‘l_i_'lr_ll-'q!.‘lff' ' § v

Of course, to achieve higher closed-loop gains, resistance K> has to be
reased. However, when Ry has the same order of magnitude of 7; the

d-loop gain asymptotically tends to a constant GBW behavior since
1.42) is no longer valid.
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Chapter 2
LOW-DRIVE CURRENT AMPLIFIERS

The chapter deals with design aspects of low-drive current amplifiers.
These amplifiers find applications in on-chip environments, where (load)
fesistances are strictly controlled by the designer. Therefore, they are not
fequired to deliver output currents higher than the quiescent current of the
putput branches. As we will show, this class of amplifiers has the strongest
potential in terms of low-voltage and high speed capability.

On the other hand, in applications where off-chip loads have to be
driven, a current amplifier with high-drive capability is necessary; this item
will be dealt with in chapter 3.

The first proposals for current amplifiers were circuit blocks to be used
In open-loop configurations. As a common denominator, these solutions
were strictly current-mode (i.e., the voltage signal is minimized) and
implemented by means of current mirrors [1]-[4]. Therefore, their current
gain typically did not exceed 20 dB. These circuits did not satisfy the
definition of a current op-amp given in section 1.1. However they found
uses in many instruments such as probes, photo-detectors and even in signal
processing applications. Examples of this class of current amplifiers are
Ilustrated in Figs. 2.1a and 2.1b [3]-[4].

Both circuits are composed of two (upper and lower) complementary
pub-circuits allowing the amplifiers to provide a bipolar output current
eapability. The translinear loop, made up of transistors M1-M4, suitably sets
the input voltage equal to the ground potential under both DC and AC
conditions,
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Fig. 2.1. Simple open-loop bidirectional current amplifiers
The input resistance of the circuit in Fig. 2.1a is equal to

nim 2.1
4 Em * 8m2 S
and the current gain is
i I
A= o (gt g = 2361056 @2
li Balpia
where  conditions S5 =g = fe and  By=fi=F, for the

transconductance gains were assumed,

In the above expressions, as is customary, all transistors are considered to
be saturated and body effects are neglected for simplicity.

The circuit in Fig. 2.1b provides a very low input resistance thanks to the

additional positive feedback loop in the input stage. The input resistance is
given by

1 1 1
il e 8 R
Eonl \Emstat / Tas  Bpidtas ! ¥y 2 \ Btz (g Haatipa !

(2.1
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The current gain is now set by the aspect ratios of M5 (M8) and M7

(M10)

A=£ggL=(W;L)7;(WfL)S=(W1L)mf(wu,]3 2.4

m

Although circuits in Fig. 1.2a and 1.2b provide accurate input resistance
and gain, respectively, the quiescent current is controlled well only in the
Input stage for the former while no current control exists for the latter. This
s that most of the performance parameters, such as frequency response,
er dissipation, etc., are not well-defined.

Performance with a 3-um CMOS technology includes a gain ranging
ically from 1.1 to 10 and a GBW greater than 40 MHz for both circuits.
Actually, a better solution was previously presented by Smith and Sedra
In 1987 [5] and is shown in Fig. 2.2.

Flg. 2.2. Mirrored current amplifier

In this case, the quiescent current in all the branches is set by aspect
ratios. More specifically, the DC drain current of transistors M1-M2 and
M5, M7 is BI times 1B, while that of M6 and M8 1s BI-B2 times 1B.
Typical values of the mirror ratios are 0.1 to 1 for BI, and 5 to 10 for B2.
The input resistance is the same as in (2.1), and the current gain is

Jirm ':Juf (w/ "]h (W ,'.}'. (w !)" (W f,)? n2 (2.5)

(L]
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All these amplifiers cannot be identified as current op-amps in the terms
stated in section 1.6, because they have only one output terminal. Note that
the circuit in Fig. 2.2 was conceived as a current-to-voltage converter to be
used in closed-loop applications (by connecting a feedback resistor between
the input and the output). However, the poor achicvable loop gain prevents
the use of this solution in high-performance applications.

In the remaining part of the present chapter, we shall present in detail
circuit solutions for the implementation of high-performance feedback
stabilized current op-amps (the COA and the VFCOA)., We will start our
discussion by analyzing different input and output stage implementations by
referring to Figs. 1.21 and 1.23, where typical architectures of current
amplifiers are shown. These may also include intermediate stages which are
voltage amplifiers and, thus, do not require further comments. Then, some
design examples of complete amplifiers will be given and critically
discussed. Finally, a useful building block related to this class of amplifiers,
the Current Comparator, will be analyzed and high-performance design
solutions provided.

L1 INPUT STAGES

Current amplifiers make often use of unconventional basic circuits
especially to implement the input stage. This is the case for the solutions
given in Fig. 2.1a and 2.1b. Unfortunately, some of these unconventional
circuits do not provide straightforward operating point control so that, most
important performance parameters such as input resistance, transresistance
gain, bandwidth, noise, systematic offset, etc., of early current amplifiers
presented in literature are not accurately set. These parameters usually
require a well-controlled quiescent current in the input stage. Moreover, to
avoid systematic offset current and allow input signal generators to be
properly biased a well-defined input bias voltage is also required. It is well
to remember, here, that current sources are usually made up of transistors in
the saturation region,

As already mentioned and illustrated in Figs 1.21 and 1.23, the input
stage for both COAs and VFCOAs is the same and can be regarded as a
Second Generation Current Conveyor (CCII). [n the following section we
will briefly introduce this popular building block.

2.1.1 The CCII
The second pencration current conveyar (CCT) s, without doubt, the

most populae current maode bafdmg Block Siee i st presentation in

wedrive Current Amplifiers qw

1970 [6]-[7], many authors have proved its versatility and flexibility in
mlog circuit design for both linear [8]-[20] and non-linear [21]-[23]
Applications.

Basically, an ideal CCII is a three terminal device which is labeled X, Y
d Z and has the following port relations

vy 0 1 0|
iy (=] 0 0 o, (2.6)
iy +1 0 0]fv.

where the + and - signs in the matrix are used for positive (CCII+) and
pegative type (CCII-) conveyors, respectively. The resistance at terminal Y
18 Ideally infinite, thus no current flows through Y. The current at terminal Z
h u replica of current at terminal X. The voltage in X is a replica of the

ltage applied to Y. Hence, current in X can be supplied directly through
ferminal X itself, or can be produced through a copy of the voltage at
ferminal Y acting across an external impedance connected to X terminal.
Yherefore, a CCIl can be considered as being composed of a voltage
follower placed between Y and X, and a positive (CCII+) or a negative
{CCII-) current follower which replicates in Z the current flowing through

IA block diagram of a CCII+ highlighting the two buffers and their
pelated finite internal resistances 7y, ry and rz is shown in Fig. 2.3.

Fig. 2.3. CCIi+ block diagram

In addition to current-mode amplifiers, a CCIl is well suited for
Implementing the input stage of a CFOA. To this end, we shall als:o place
an emphasis on solutions for implementing the voltage follower section of a
COIL abihongh this wspect s strietly not soimportant for current-mode
amplifiers Lo the corrent Tollower section we o will conmmonly nssume the
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simplest topology (i.e., made up of simple current mirrors). Improved
current buffers can be implemented using cascode or cascoded topologies.
In conclusion, most of the considerations and architectures developed in the
following can be directly applied to the design of COA, VFCOA and CFOA
input stages.

An important performance parameter of CClls used as an input stage is
noise. Since this subject is not exhaustively treated in existing books, we
shall discuss the noise performance of a CCII in greater detail. In general,
noise in a CCII can be completely modeled by three noise generators [24],
as shown in Fig. 2.4.

‘I-'R},
Y Y

i . noiseless )

YL oo Fee®
X X'

Jrl.\'

Fig. 2.4, Current Conveyor with equivalent noise generators

Note that noise voltage is only associated with the Y terminal since any
noise voltage in series with the X terminal can be directly transferred to the
Y terminal. Moreover, any noise current in parallel with the Z terminal can
be directly transferred to the X terminal. Hence, terminal X is characterized
by only one current noise generator. In a conveyor employed as the input
stage of a current-mode amplifier, the Y terminal is always grounded. In this
case the noise model can be simplified by omitting the current noise
generator i,y . Hence, the noise model in Fig. 2.5, for current amplifier input
stages, results

"’n]’
ECY:
= noiseless y
ccy 2%
X X'

Fig, 2.5 Nodve madel for o CCH ved avcnrvent angid {fler Inpid stage

éllw-dr e Clurrent lnprlifiess 3l

For an ideal conveyor whose terminals Y and Z are grounded and X
open, the voltage and current noise output powers at terminal X and Z, N, x
and Nz, are, respectively

N =viy @7

_z
Niz =i 2.8)

Class A and class AB CClIs, suitable for implementing amplifier input
ages, will be discussed in sections 2.1.2 and 2.1.3. In particular, a brief
pnalysis of the simplest implementations will first be provided and recent
golutions based on high-accuracy configurations will be analyzed and
gompared in terms of voltage and current gain, 4, and 4;, ¥ and noise.

Frequency performance will also be evaluated.

2.1.2 Class A Input Stages
A.  Basic configurations
The first class A configurations we shall consider are shown in Fig. 2.6,

which illustrates very simple solutions for the implementation of a CCII-
and a CCIT+.

Vbp
B2 M3 M4
Ml M2
Y X z
B1 IB3 B4
58 Yss
i) bi

Fig 260 Cloxy A CCHy a) CCH hyccth
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The voltage follower section is implemented in both circuits witl
transistor M2 to which an input level shifter (M1) i1s added. The current
follower section is also obtained through M2 which acts in this case as a
common gate. In Fig. 2.6b a current mirror is also employed to cause the
inversion of the current flow into terminal Z. Although both circuits can
operate with a reduced voltage supply (two drain-source saturation voltage:
and a gate-source voltage are required) they have two main drawbacks. The
first is the high voltage-transfer error and the second is the relatively high
value of ry.

Assuming the transistors are saturated and ideally matched, and
neglecting body effects, the voltage transfer gain, Ay, Aj, and resistances r

and rz for circuit 2.6a become

A, = Yx = _._1_ 2.9)

Li TN |

Em2my

Iz
A s (2.10)

Ix

Em2

rr = [Eﬂi RLXJ r!jr34 (212)

a2

where 7p3 and rg, are the output resistances of current sources IB3 and 1B4
and Ry 7 is the load resistance at terminal Z. Of course, resistances ry and r
are affected by the load resistances at terminals Z and X, respectively.

For circuit 2.5b we find the same expression as in (2.9) for the voltage
transfer gain. The other parameters are

4;=Emd (2.13)
Em3

= : (2.14)
Em2

w-drive Current Amplifiers il

l
rz.."—._"".(frﬂa (2.]5)

844

The offset voltage between X and Y is principally due to the mismatch
een transistors M1 and M2 and between currents Jpy and /pz. It can
ily be shown that for both circuits it is

’I )
VO-? = VX _VY E(Vj"z —VTl)-l-[ T’D;_Z_ —J%] (2.]6)

The first term in the above equation is related to process tolerances and
only be reduced by careful layout design. The.second term depr._ands on
sign parameters and its main contribution derives from the mismatch
een the bias currents Jpy and Ip;. : :

The frequency performance of the current-following section relies on the
plicity of the topology. Of course, the current follower in 2.6b has a
st frequency response compared with circuit 2.6a, due to the current
irror M3-M4. '

It would be useful to now give an example of noise calculation. Thf: fu!l
of noise generators described in Fig. 2.4 will be ev.aluated ft?r circuit
.6b (from these, noise generators for circuit 2.5a can easily be derived). .To
lculate the noise we use gate-referred (voltage) noise, vy, for the i-th

fransistor, and noise current, i,g;, (in parallel) with the k-th bias current

generator (see. Fig. 2.7).
Vbp
Y3 Vg
[:Ml
¥
Yl ¥n2 > 5
i
B3 (} ’.133 B4
; bnpd
‘nff

Vh b

1B2

M1

Fig 27 Cironitin g 2 obowith noise generaton
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Generally, an equivalent input noise generator is obtained by evaluating
the output noise and dividing it by the gain of the circuit. For high-gaim
amplifiers, this leads to the well-known characteristic of input transistors ax
main contributors to noise. In contrast, CCIIs are made up of two followers.
so we expect all the transistors to contribute to noise to a similar extent. The
evaluation of the output noise is further complicated by the fact that a CClI
is a three-terminal device where terminal X acts as an input and outpu
terminal at the same time. Therefore, care must be taken when evaluating
the equivalent output voltage noise at terminal X, to separate the componen!
due to noise voltage from that due to noise current.

It is easy to see that the noise current generatori,, can be found by
evaluating the short-circuit current at Y terminal. It is given by

N S
by = tamt + 1np2 (2.17)

Muoreover, by evaluating the open-circuit voltage at X terminal with Y
prounded, and the short-cireuit current at Z (with terminal X left open) we
can compute the remalning generators v,y and i,y . The calculation i
aimplified assuming the transfer gain of botl voltage and current buffers i
equal to unity, Note that when we evaluate v, the component due to i,z
st not be taken into account. According to this observation it results

2 7. .7 I 3
Vay = Vgt vy A 3 fnf2 (2.18)
Eml
o o T ] )
In,f=gm4[vn3+vn4 +In.!33+1n84 (2]9)

It should be noted that the noise associated with current generator IB2
appears in both (2.17) and (2.18). Hence, a correlation exists between iy
and v,y which has to be taken into account when calculating noise in u
system using the current conveyor. Fortunately, the only two equivalent
generators really needed for the noise characterization of current amplificr
input stages are just those given in (2.18) and (2.19), as stated in section
2.1.1.

= 2 |
The expression of the gate-referred transistor noise ( o l-'IH' df
xNIJ
where & is Boltzmann's comstant and £ the alalute lenypwrature) s
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minimized by setting large values of g, Eor the cirm.lil in Fig. 2.7 this
means setting high the transistor aspect ratios and/or bias currents of M1
meh:ztile other hand, the noise current is caused l_)y _th_e curr!:nt n'{irrnr M3-
M4 and by generators IB3 and 1B4. Henc:g minimizing this noise means
setting low gy, for the current mirror and u_t:hzmg low-noise cElrrent_soumt:’s.
Unfortunately, this can be achieved using low aspect ratios, since the
quiescent currents cannot be set low according to (2.18). Thereﬁ::re_, in
practical cases, a trade-off between noise performance and the minimal

ncceptable supply voltage must be met.
B. Configurations based on the differential stage

Very simple solutions for the implementation of class A C_Clls are also
based on the popular differential amplifier and are shown in Figs. 2.8a and
2.8b. Real bias current generators have been drawn to better account for

their noise contribution.

Vg5
b)

Fig. 2.8. Sotrce-coupled pair CCIlIs a) CCIi- b) cCll+

Similarly to the previous solutions, both circuits are able to operate under
reduced voltage supplies and have the same drawbacks. The voltage transfer

gain, Ay, and the resistance, 7y, are given by
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1
4, = 1
= v (2.20)
l Eml,2
2 8412+ 83
Py = 4
Emi2 el

Sa"fz 1:5 ct:far th.lat the currenjc transfer gain between terminal X and Z is the
e equafi- fomﬂ ;;;?;ze;lf (1; [;‘24._10) )eu;_d (2.13). In addition resistance ry is
detEg7) Tor the circuits in Fi

7 7 circuits in Fig. 2.8a and 2.8h,

The offset voltage between X is pri

' and Y i
mismatch between transistors M1 and Mt?s E;gciE:]tlye)??s:ig:d :Dtt\hw e
currents Iny and 1)y (ideally we should h SRRy

s ave Ips =21 i

-.Im'wu lll;nl the relationship (2.16) for the offset Etjill hold?}' RS

fnally, the equivalent noise ; |

| s¢ generators of the CCII in Fi
evaluated, Since terminal Y is the gate of a MOS transist:::' ii}gi‘sezfuarrzn:
f n

fuy In equal 1o zero. Nolse
) voltage v, ibuti
y uccounts for the
tranaistors M1 and M2, 1t is given by i

vz- =2p?
nY nl,2 (Zzel
Noise current iy, y is given by
SRt W s T e ;
k= Eme(Vaa +Vag )+ gﬁn(vﬁs + v§7)+ gfﬂ(—gm—ﬁJ i+ & (g—"é vi=
B n m3 ni=
(2.23)

=3g2 2 2y o N —]

;?:zeret l:;ar:s;:iozw?i .;:;mtnbutes to the equivalent noise with two terms,
it ;n:rﬁnt paths from the gate of M5 to the output, The
S Im_scaﬂul 'Ihm:“lj.lll M1, M3 and M6, The noise
i '.,II'L.lll( n I-.w, 28 can be obtained  with  som

plhitications from those ol the irenit shown in | g ! Mo ‘
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C. Improved configurations

In this section we shall present some improved CCII solutions. Only

sitive conveyors will be treated since the main parameters are about equal
for both CCIl+ and CCII-. The first improvement on the basic structure
Involves the reduction of rx, which improves both the veltage and current
transfer gains. In order to do this, a source follower stage, M9, is added in a
¢losed loop configuration to the source-coupled pair as shown in Fig. 2.9a,
[25]. In this way, according to the expressions reported in Table 2.1, the
resistance at terminal X is reduced by about a stage gain, and the differential
stage achieves full transconductance thanks to the current mirror active load
M3-M4. In contrast, the circuit shown in Fig. 2.9b [26], provides a simpler
topology with the same A, and ry (see Table 2.1) as that in Fig, 29a.

Moreover, a similar low-voltage capability to circuits in Fig. 2.8 is also
nchieved.

Vb

Fig. 2.9 a) and b). Improved CCIls

Drawbacks of the circuit in Fig. 2.9b when compared to the one in Fig.
2.9a are a larger offset voltage caused by mismatches in the biasing circuits
and a reduced linearity in the voltage transfer gain. Indeed, the tolerances
and channel length modulation effects in the current mirrors of the biasing
cireuits (not shown in the figure), mean that current Ipy; is not kept exactly

! , h
oqual to ‘:' Conmequently, nceording to (2.16), o large offset may vecur,
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Moreover, the drain-source voltage of M5 and hence current Ips depend on onn keep the drain-source voltage of MC2 equal to that of M3, regardless of

the input signal, thus affecting circuit performance.

. Table 2.1.
Main electrical parameters of the CClIs in Fig. 2.9
Cireui
i Av X
1
Fig. 2.9a i 1
e e o Em1,2
Ed1,2 + £44 s +—gd4
>ml,2
Fig. 290 - 7]
I Eml 28 m4
K2
-L:_m_l,l B

Toreduce offset and non-linearity for : in Fi
y lor the Current Conveyor in Fi
the biasing, MC1-MC3, in Fig. 2.9¢ was used. ; S

¥bo

1B MCI

MC4|| |

Fig. 2.9¢. CCllin Fig 2 9h with tproved biasing

IEMOT and MO e matehed o ML il ML e

e hive 2
mpect rtio of M) ectively, wnd the

is hadt tht o M5, the commn din tinsdaton M

signal Vy. Therefore, the current in MC3 is forced to be dynamically

matched to that in M5. Moreover, since transistors M3 and M4 have the
same currents and aspect ratios, the drain-source voltage of M3 is equal to
that of MC3. As a result, current mirror MC3-M3 is not affected by channel-
length modulation. Simulations showed that THD can be improved by 10
dB with this technique [28].

The equivalent input noise at node Y of the circuit in Fig. 2.9a and 2.9b
is slightly different from that of the circuit in Fig. 2.8. With the circuit in
Fig. 2.9a M3-M4 contribute to noise, whilst the noise due to M9 is
suppressed by the local feedback formed by M2 and M9. The equivalent
voltage noise is

—— 2__
‘If‘i}, = 21?%1.2 + 2[ gm3,4} ‘.5,213‘4 (2.24)
Eml.2

On inspection, it is easy to sec that only transistors M6, M7, M8 and
MI10 contribute to the noise current, while the noise of M5 appears as a
common-mode signal.

The current noise is

LTI T IR LN T TR T S
Iy = EmoVn6 T Em7Va7 T Em6Vnd T Emiu V1ot Emio Vas T Em?Vas =

(2.25)

L o [l TR T [+ 2 2 ]
=28m68Vn68 + gm'r[vw Vs gmlﬂ(anﬂ t Va3
Similarly, for the circuit in Fig. 2.9b we have
vio=avd, +[2ﬁ] v +[ Ems J vis (2.26)
Eml2 Eml,2

TN N SRS S T zT,z] v 18 TR
Iy S EmaVar t EmsVas + gmn("’m +Vae |t gm?["n? +vps ) (2.27)

Further improvements can be achieved by mereasing the open-loop gain
of the voltage botfer Such an approach, wineh mvolves two giin stages,
wis recently progossd in (7] Plowever, it does ol completely talfill its
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aims. Indeed, the solution requires quite a complex circuit implementation
and uses various current mirrors which cause inaccuracy, especially for low
voltage operations.

A simple and more accurate two gain stage topology using simple
current mirrors is illustrated in Fig. 2.10 [28]. In the schematic in Fig. 2.10a,
!Jlock VA is a voltage amplifier which increases the loop gain, and block CB
is a current buffer which provides high impedance driving for the current
mirror M4-M6. A feasible implementation of the circuit in Fig. 2.10a is
shown in Fig. 2.10b where block VA is the common source amplifier M8-
M9 and transistor M10 has a double function. It implements block CB and
preserves the high gain of the common source stage.

VoD

Z
3
sl

=
Izl
<
sl
= Llg
T
s
I

2 [1]

Vss

a)

Fig. 2.10. Two stage enhanced CClI-:
@) simplified schematic, b) detailed schematic

_Fullowing common simplifications, the transfer gain from Y to X and the
resistance at terminal X are given by

1
Ay s——a (2.28)

1+

¥; gml.zgé
2 Edi8a2
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g 1 8m128
( ml,2 +gm10] 1 &5ml.25m8
2 2 g8

m

r, (2.29)

where g, = g5 + 249 18 the equivalent conductance at the output of the
COmImon source.
Finally, it can be demonstrated that noise equations (2.26) and (2.27)

also hold for this circuit. Hence, this solution provides more accurate

performance with the only expense of a reduced low-voltage capability.

D.  Simulated resuits

To compare the performance of most of the previously discussed circuits
(in Figs. 2.8, 2.9 and 2.10), some simulated results are given. SPICE models
using a standard 1.2-pm n-well CMOS process were used. Apart from
transistor M5 whose aspect ratio was set equal to 20/2, the aspect ratios for
p-channel and p-channel transistors were all set to 10/2 and 30/2,
respectively. The power supply was set to 5 V and the bias current Ips = 2
Ip3, ¢ was set to 20 pA. A load capacitor, Cy, with 2 pF at terminal X was

considered. Simulated and calculated results regarding fransfer gain and
resistance at terminal X are summarized in Table 2.2. The values expected
from the previous equations are in good agreement with the simulated ones.
It is obvious that ry is reduced by about two orders of magnitude starting
from the circuits in Figs. 2.8a to 2.9a (or 2.9b) and then to 2.10.

Noise performance was also validated by simulations. Results are shown
in Table 2.3, showing the equivalent input noise voltage and current
evaluated at a much higher frequency than the flicker noise corner.

Although the circuits were not designed to obtain the maximum
bandwidth, we also simulated the frequency response of the voltage transfer
gain to compare their frequency performance. The Bode diagrams are
shown in Fig. 2.11. Except for the circuit in Fig. 2.8a, frequency
compensation was provided to guarantee frequency stability. The low
performance of the circuit in Fig. 2.8a is apparent as are the accurate
transfer gains of the circuits in Figs. 2.9b and 2.10. The frequency response
of the current transfer gain between terminal X and Z with Rz = 100 Q is
shown in Fig. 212,
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Table 2.2.
Values of 4, and #y for class A CClls
Circuit A, A, Ty ry

ref. {sinulated) fealculated) {simutated} fealeulated)

Fig. 2.8a 0.9

74 0972 32k0 28 kO

Fig. 2.9a 0.986 0.986 2070 195 Q
Fig. 2.9b 0.994 0.994 300 2780
Fig. 2.10 0,999 1.000 I8 20
Table 2.3.
Noise for class A CClls
Circuit ' 2 f2_
v
rel. n¥ [HV:’VFE] In'.x [pA!Jh&I
Fig. 2.8a 17 23
Fig. 2.9 25 1.9
Fig, 2.9 14 23
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Fig. 2.12. Current gain for the circuits in Figs 2.8 to 2.9

2.1.3 Class AB Input Stages

Although class A input stages provide high accuracy, good frequency
response, and have the greatest potential for low voltage operations, class
AB topologies are often preferred for their superior Slew Rate performance.
Indeed, the output swing is no longer limited by the quiescent current. The
latter property contributes positively to the betier signal to noise ratios
provided by class AB topologies [24].

A, Configurations

Twao of the most commonly used circuit implementations for the voltage
follower it o ¢liss AD input stage are shown in Fig. 2.13.
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¥bp

Flg 2,13, Two class AR voltage follower implementations a} and b)

llhr two - clreuits provide well-controlled bias currents and output
valtages, have the same output impedance, and achieve the same drive
onpability. By setting IB1 = IB2 = IB and the transistor aspect ratios as

follows
4

R
L

E?fhslit:r;uikt M3I;{;ni1 iwz,_m acquire the same gate-source voltages,
s 1-.;[2 vningShe;\[:ﬁ s:; ;0 n-IE!_.d Assuming transistors with the
i - rovide a t i i

accurately reflects the DC voltage of Earminal Y -:[;n tsi:'l::?r:all';(ﬁplnw?wh
process -tolerance?s do not appreciably madify the operating point . i
h"_l'he input resistance at terminal X for both circuits is given l;y (2.1). To
achieve a very low' input resistance in most applications, rather Il;rgc
Eﬁ:g:gr aspect ratios andfor high bias currents have to be used for
resjg::ncrs l\.lf:.:’ul-Ml:L The-. _clrcun_ |n._ Fig. 2.13a exhibits an infinite Y
e, while the Y resistance in Fig. 2.13h is the parallel combination of

the output resistances of current sources 181 i |12
: Nt‘rlc that to provide accuney, low offeet virltage and good Hnearity, th
cire g ! - G
el Fig 200 b requires o twiin by process Eherwise, # hasnel wid pr

Low-drive Current Amplifiess (Al
e

ghannel transistors will have different bulk-source voltages. In contrast, the
gircuit in Fig. 2.13b is not affected by this problem since either transistors
M1-M3 or M2-M4 must be placed in a well. A minor drawback is that
gurrent IB1 and IB2 in Fig. 2.13b have to be accurately matched in order to
avoid systematic input offset current.

To conclude, both circuits provide class AB operation, have a simple
implementation and quite similar performance. However, the circuit in Fig.
2.13b is used more frequently because it needs a standard single-well
CMOS process.

To improve performance, feedback can be employed, as shown in Fig.
2.14. Here a differential amplifier is combined with the circuit in Fig. 2.13b
to increase the resistance at terminal Y, decrease the resistance at terminal
X, and reduce offset voltage and gain error.

;
Voo

Md

M3

Fig. 2.14. Class AB voltage follower using Sfeedback

The complete schematic of class AB CCII+ and CCII- implemented with
the voltage follower given in Fig. 2.13b are shown in Figs 2.15. Two
cascoded complementary current mirrors are adopted in the CCII+ in Fig.
2.15a, while two complementary folded-cascode structures is the natural
choice for the CCII-. For the latter, current generator IB4 (1B3) provides the
quiescent current in M4 (M3) and sets it in M6 (M35).

It is worth noting that despite the class AB voltage follower, only the
first circuit (CCII+) provides a true class AB configuration for the current
follower as well. Only this circuit is, in fact, able to deliver an output
current which ix not limited by any constant value. As o result, to achieve
high slew rte values the CCTT in Fig, 2 150 must be used
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Fig. 2.15. Class AB CCHls: @) CCIT+ and b) CCII

B2
M2
Y
Ml
B
Under the usual assumptions, 1
LU T Y
v
A, = 4 - !
vy 4 Rid ' Bia
B3+ &ma

while the expression of resistance » ¥
Of course, the current transfer
transistors M5-M6 and M8-M9 for ¢

= . 2

5 A

Vay = {—‘———gm J ( ng + "":214- +
Emit iy

2
Lot J [ 2.2 L =
+[—-—i__ v + v +—__.rz
Em3t Ema R gz e

he voltage transfer gain, Ay, for bath

(2.31)

has already been reported in (2.1),
gain depends on the mirror ratios of

: he CCII+ while it is accurately set to |
in the CCII-, The expression of resistance rz is typical 4

Noise vy, in both circuits is given by

of cascode structures.

|
3 IHBQJ +
Em2

: (232)

where i gand J g, are the cquivalent noise currents of 1B1 and 132

respectively,
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Current generators, i, y, for the CCIl+ and CCII- in Fig. 2.19, are given,
respectively

S RN O 2] 2l F e g
1oy =gm6[vn5+ Voo |+ gmg(vnﬁ +Vag

T T
InX =iap3 + g4

(2.33a)

(2.33b)
B, Simulations

The two circuits in Fig. 2.15 were simulated using the model parameters
of a 1.2-pum CMOS process. The aspect ratio of the n-channel transistors is
10/2 while that of the p-channel transistors is 30/2 and the bias current in all
the branches was set to 10 pA. Moreover, the two bias voltages, VB1 and
VB2, were set to 2.5 V (ie. equal to Vpp/2). Finally, a 2-pF load
capacitance at terminal X was assumed.

Resistances at terminal X and terminal Z were found to be 5.8 k{2 and 16
MCQ for the circuits in Fig. 2.15a and 5.9 kQ and 19.5 MQ those in Fig.
2.15b. Their noise performance is summarized in Table 2.4. Real bias
current sources were used with the same aspect ratios reported above. Of
course, noise voltage for both circuits has the same value. The second
solution is noisier than the first one, despite the simpler equation (2.32b).
This is because the noise contribution of a current source (IB3 and IB4) is
usually larger than that from a couple of transistors, e.g. a current mirror,
Moreover, current IB3 (IB4) was set twice as high as IB1 (IB2), leading to
wider transistors which further increase the noise current,

Table 2.4,
Noise in class AB CClls

Circuit i 2.

p y vj],- By

ref. (m, : ‘r;g) (pA iir)
Fig. 2.15a 15 1.9
Fig. 2.15b 15 1.5

To allow comparison between class A and class AB topologies, the same
bias currents used in Fig. 2.6 were set for the circuits in Fig. 2.15.
Comparing Table 2.3 with Table 2.4, the advantage of class AR circuits
over theo cliss A conmterparts is not apparent. However, i troe cliss AT
topedopy Chike the ome e b 2 E5a) the s i cutput current ol
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high!ar than the quiescent current. This means that assuming the same
maximum 01_1tput current for class A and class AB stages, the latter can be
de§1gned using smaller aspect ratios and bias currents thus reducing the
noise current although at the expense of an increase in noise voltage
Fortunately, increasing noise voltage is of minor importance in a currfnt.
amplifier, since the effect of noise voltage can be minimized by setting the
feedback resistance R; high, as according to 1.37. :
'l"l:lclfreq_uency response of the voltage transfer gain for both circuits is
shown in Fig. 2.16. It gives a low-frequency transfer error of about -0.2 dB
and a -3 dB frequency of 15 MHz (due to the output time constant rvCr)
The current transfer gain between terminal X and Z with Rz=100 ©} for

both circpits is shown in Fig. 2.17. As expected, a better accuracy is
observed in the second circuit,

Ay (m

Frequency

Fig. 2.16. Voltage transfer gain for the circuits in F ig 215

Low-drive Curvent Ampl{fier s (1

Ajtany
105 e a e m oo sAedsmme s miase s .

Fig. 2.17. Current transfer gain for the circuits in Fig 2.15:
CClI+; ¢CCIF-

2.2 CLASS ‘A’ CURRENT OUTPUT STAGES

We have already stated that the suitable current output stage (COR)
configuration for a COA is a differential-output transconductance stage,
whereas that for a VECOA is a CCII-. It is important to emphasize that the
design of a COS is not so straightforward as a voltage-mode output stage
Indeed, while in voltage amplifiers the same output terminal drives the lond
and provides feedback, a current amplifier has two different outputs, onc for
the feedback network and one for the load. The implementation of high-
performance COSs requires architectures operating wholly within the
feedback loop, so as to provide a load current derived directly from the
feedback current. In this manner, COSs can match their voltage counterparts
in terms of accuracy, speed and output resistance.

As we shall see, attaining such performance requires class A topologies
which, in turn, means placing a limitation on amplifier current drive
capability This section mainly addresses the design ol class A current
output stages, whereas claws AIE COS design will be one of the iswies denlt

with in ehapten 1
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2,2,1 Output Stages for COAs

A, Configurations

The simplest solution for implementing a transconductance output stage
is the well-known source-coupled pair with constant current loads. The
circuit can be driven by a differential or single-ended voltage source. For the
latter, one of the two input terminals is connected to a constant voltage, as
illustrated in Fig. 2.18.

The stage provides an equivalent transeonductance given by

.+ =,
P P |
G = e e 3 Eml.2 (2.34)

where ideal matching conditions have been assumed for transistors M1 and
M2 However, i ideal current sources are used, a mismatch between M1
and M2 caunes each transconductance g, to vary. However, the small-

stghal current £ remains equal 1o i, . This last condition guarantees

necurnte closed-loop performance,

Vb

182 o o B3
o— }___l___

K

o 1B1

Vss
Fig. 2.18. Current output stage implemented with a differential couple

The differential and common-mode transconductances, G, and (7, are
"

f'um‘ i Mol 2 (2 Vam)

éuw dr_n‘_!‘_;_' l_'lmum il (flons 7
8= g4y _ 1 (2.35b)
e ZV!- 21"3|

where 7, is the output resistance of current source 1B1.

Since the common-mode rejection ratio depends only on the output
Btage, it is given by

CMRR =28 27p1 (2.36)

We see that a very high CMRR can be achieved by using current sources
with very high cutput resistances [29].

The differential and common-mode output resistances, including the
output resistance of current sources, are

Tod =2rq12/ 7m0, B3
(2.37)

Yoc =tg2.837 1 [ZEmI,?."a’l.)rBl) ' (2.37b)

With simple current generators (i.e., implemented with single transistors)
resistances rgy and rpz are similar to r,; 5. Consequently their values

determine both r,,; and #,.. In section 1.7.1 we showed that the common

mode resistance places an upper limit on the maximum closed-loop output
resistance achievable with feedback. This means high values of r,. are
desirable, which can be obtained from a cascode current source. However,
this option also limits the low-voltage capability which is the main
advantage behind this simple transconductance stage.

In section 1.7, we showed how the output stage noise contributes to the
overall noise performance of a current amplifier. We modeled noise
generated in COS with a noise generator at the output of the amplifier. For
the circuit in Fig. 2.18, noise is mainly due to the three bias current
generators, since noise from M1 and M2 is reduced by the loop gain in a
real configuration. Therefore, the output noise current is

S TN PR
o~ Tttt Va2 ¥ty (2.38)
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Is (2.41)

By interconnecting two complementary source-coupled pairs, we obtair 1.2
4

::h-e jéoclr;fng current source, first reported in [30] by Arbel and illustrated in
ig. 2.19.

Again, the ci_rcuit can be driven by a differential or single-ended voltagc
source. The equivalent transconductance is given by

Gmx‘ <

x| =
oMAX |~

The differential and common-mode transconductances, Gy and Gy

e et
G o=t g L o
m v; v, 2 (gml,l 2 gm3,4] (2.39) g 1; —ip _ R (2.42a)

Assuming TB1 _is equal to [B2, to set equal transconductance for boil,
SOUI’CE-CD}IP]BE[ pairs, the usual condition for n- and p-channel transistor
aspect ratios has to be chosen, It is

2
L n _ Hp

s
P P BT (2.42b)

2\?; 2?‘31 2?‘52

re rg is the output resistance of current source IB1. The common-mode

fejection ratio is

[W] T iy (2.40)
L7,
! CMRR =2 Enb2 = 84 (2.43)
— + ——
m B2

Again, a very high CMRR can be obtained using current sources with

very high output resistances. ‘ :
The differential and common-mode output resistances, with real bias

gurrent sources, are

' = Yod = 2['?1,2 I ’d3,4) (2.44a)
Toc = 2[(3’ml,2ra’l12r31}" / [gma.etfds,a"sz]] (2.44b)
Finally, the output noise is given by

2, (2.45)

. 2,2
fho = taBl T inp2

Fig. 2.19. Arbel current output stage (floating current source)
B. Simulations

The output range in which the transconductance, Gy varies by loss than

10% is [30] To compare the performance of the previously discussed circunits (in Figs

208 and 2 19y shmadated results are given using SPICE and the models of
P2 aowell CMOS process In both ey, the mapect ralios for n
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channel and p-channel transistors were set to 10/1.2 and 30/1.2, respectively
and real current generators were used. The power supply was set to 5 V and
bias currents IB1 and 1B2 to 20 pA. Simulated results for differential an

common-mode transconductances and output resistances are shown in Tablc

2.5.
Table 2.5
Performance of the current output stages
Cire. Ref. Gy (MAIV) Gy (WAV) 19 (KQY) re (k)
218 100 1.2 356 800
2.19 180 1.9 696 20 10¢

Using cascode bias current generators the common mode
transconductance gain of the circuit in Fig, 2.19 is reduced to 0.04 HASY,

1.2.2  Output Stages for VFCOAs

| The topologies of CCI discussed in section 2.1 can be used to
' implement the output stuge of 8 VFCOA. However, to give output stages
aconrnte performance, current mirrors should be avoided. From this point of
view, the best solution is shown in Fig. 2.15b where current follower is
operated in class A, although the circuit was classified as class AB CCIL

As mentioned before, class A output stages allow the load current to be
directly derived from the feedback signal, thus providing linear and accurate
closed-loop gain. Additional considerations regarding VFCOAs can be
found in section 2.3.2 which discusses practical implementations.

2.3 DESIGN EXAMPLES

In this section we present a number of configurations of low-drive
current amplifiers. Specifically, we will discuss three COA and twa VF COA
architectures which appropriately arrange the previously described basic
building blocks. The examples chosen mainly focus on the capabilities of
current-mode amplifiers in terms of low voltage, slew rate and bandwidth.
Of course, not all the.best features can be provided at the same time
meaning a trade-off is necessary,

For typical signal-processing requircments, o twa-stage current amplifie
configuration is usually adequate It iv made up ol the

cisende ol g
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transimpedance amplifier with a current output stage, the tf'anmmpeda:nce
amplifier being implemented with a 5|mple or a cascode gain stage- Since
the current output stage is loaded with quite low f.eedback‘ .remstances,
fdominant-pole compensation is usually adopted to provide stability.

2.3.1 COA Configurations
A. First Design

The first COA presented here was proposed by Bruun [31] and is
fesigned to operate with a low suppl.y voltage and reduced power
issipation. The circuit is very simple being made up of a common -gate
fransistor (which implements the input current follower), a c'u.rrent mirror
ind a source-coupled pair (implementing the output stage.h) as illustrated in
Flg. 2.20a. With this arrangement, the circuit only requires a gate-source
yoltage plus two drain-source saturation voltz}ges to operate. properly,
provided that simple current mirrors are used to xmph.sment the bias current

nerators. Therefore, a supply voltage of 1.2 V is allowed even with
standard CMOS processes having threshold voltages of 0.9 V. Howcvcr, to
#ichieve a high open-loop gain, (low-voltage) cgsccdf:(.i current mirrors lT‘l]‘.lSt
be used, as illustrated in the detailed schematic o.f Fig. 2?.20b. This choice
fequires a higher bias voltage and in the actual design, a single 1.5-V supply
In used.

Fig. 2.20a. Simplified schematic of the first COA solution
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MP1A_ |} -
MPIB , MF3B MP4B
VBF ~ } t
z
] L{ M4 7
VBN |
MNIB (! M3B
MN1A_| 4] [maamza MiA l__ivms
Vss

Fig. 2.20b. Detailed schematic of the first COA solution

Ihe clrcuit was fubricated with a 2-pm technology. All transistors have
minimum channel length and the aspect ratio of all a-transistors is 10. The
aspect ratio of p-transistors is 30 except for transistors MP2 (60) and MP4-
MPS (15). The bias current, IB, is 5 pA and Cc is the compensation
capacitor which, with the associated resistance rz, determines the dominan!
pole of the circuit.

Of course, a class A CCIl+ used as input stage limits the slew ratc
performance, but it is necessary to achieve low-voltage capability.

The main performance is summarized in Table 2.6 which reports &
comparison with other two COA designs discussed in the following.

Table 2.6.
Measured performance of COAs

Circuit ref, Fig. 2.20 Fig. 2.21 Fig. 2.22
Technology 2um 2 um 1.2 pm
YDD-Vss 1.5V v 6V
DC Power =40 W =90uwW 4.5 mW

Gain 94 dB 96 dB 70 dB

GBW 65 MHz 128 MHz 210 MHz

M¢ 40 ° 45"
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B. Second Design

The second solution combines high slew rate and bandwidth [32], To
hieve the first feature a class AB CCII is employed as input stage.
oreover, since this CCII topology limits the supply voltage to about 3.5V,
differential floating current source in Fig. 2.19 can profitably be
ployed without sacrificing low-voltage capability while accurate closed-
p performance is ensured. The detailed schematic of the circuit is shown
Fig. 2.21. [t was implemented in a 2-pm process. All n-channel and p-
nel transistors have identical aspect ratios equal to 10 and 30,
gpectively. Main amplifier performance is summarized in the second
lumn of Table 2.6.

In these two designs the authors neglected the input pole. The input pole
due to the open-loop input resistance of the COA with its associated input
pacitance. Since the order of magnitude of the input resistance is 1/g,, (for
the first and second designs) and the input capacitance amounts to at
the drain-bulk capacitance of a current source transistor, the input pole
ually has the same magnitude as the poles due to the current mirrors
ich were the only poles considered in the design steps). Consequently,
glecting the input pole can lead to stability problems, especially with
latively high GBW, as is evidenced in the poor phase margins given in
Table 2.5.

VDD
MPIA_|H—][ MP2a M7A |——|ﬁm,\
MPIB MP2B M7B o
| 1 1 [l
VBP i =
4
M3 M,
" oy
Ml Mz Cc = )

VBN 1 =
e [ | e M3B J—;H
MNI? f4—{| _ mrM2a msa
o

1
iy

Fig 220 Devatlod sehematic of the second C'0OA solution
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C. Third Design

To achieve even better frequency performance, the configuration shown
in Fig. 2.22a was developed [33]. The use of current mirrors is avoided ani
a common gate transistor (M2) is employed instead, Thanks to the use of an
auxiliary differential amplifier, a local feedback in the input stage i-
provided which lower the input resistance. Of course, to improve the
frequency performance the gain-bandwidth product of the input local
feedback must be higher than in the main amplifier. Under this condition the
main loop gain becomes

G
T(s) = [ (;”:Z = (2.46)
1 Call 1+ 42 (] in "J
(1+sr,C) +-.'HMJ s Gy

where (5, ix the transconductance of the output stage, rz is the equivalen

reststance nt node 7, €' and ), are the equivalent capacitances at node A
and the Input terminal, respectively, The detailed schematic of the circuit is
iustrated in Fig 2.22b, where the auxiliary amplifier is implemented with
the differentinl stage MS5-M8, The simple differential output stage wax
replaced by a folded-cascode transconductance amplifier. This, however,
introduces another non-dominant pole into the loop gain which is of the
same order as the one in equation (2.45). Consequently, it has to be
accounted for when preserving the phase margin. Main amplific:
performance is summarized in the last column of Table 2.6.

YpD

Fig. 2.22a. Nimplificd schemaone of the thoed €0 solution

Lowe-drive Current Amgd (flers A

=5 o
MP2B "4 "yip3p

: M2 fJ’
—[ M3 M4 |]_
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E:r MN7a

MN3 ’_| M}Jshq
— MMF l |, MN6a
I—] L.l l—q_\mm b-wm MNSar-i

Vgg

VBl

Fig. 2.22b. Detailed schematic of the third COA solution

As already noted, in the first two designs the authers neglected the input
pole which can be of the same magnitude as those due to current mirrors. In
the third design, the input resistance is greatly reduced by the input feedback
loop, but an extra pole must be considered if the GBW of the feedback loop
is not much higher than that of the main loop, as mentioned before. Thesc
considerations mean that the designs discussed should have been
compensated with higher compensation capacitors. Therefare, the potential
GBWs seems to be slightly lower than those reported in Table 2.5.

2.3.2 VFCOA Configurations
A. First design

To the author's knowledge, no integrated version of class A VFCOAs
have been reported in literature. Therefore, only a simulated design of a
VFCOA example where no parameter optimization has been performed, will
be presented.

The circuit is shown in Fig. 2.23 and is composed of an input CCIl+ and
an output CCII-. The input class AB conveyor provides high slew rate
performance, while the output CCII- features a class A current following
behavior. This allows necurate closed loop performance to be achieved since
the anput and the autput current are closely and Tmearly related even n

open lowp comditions
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All n-channel and p-channel transistors were set to 10/1.2 and 30/1.2,
respectively. Current generators 1B1-IB4 are equal to 10 pA, while IB5-1B6
are 20 pA. For an assumed input capacitance of 1 pF the required
compensation capacitor was 0.5 pF. Table 2.7 reports the main parameters.

YpD

183 (§

Fig. 2.23. Detailed schematic of the first VFCOA design

Table 2.7
Main performance of the first VFCOA design
Parameter Value
Technology 1.2 pm
VDD-Vss 5V
DC Power 042 mW
Gain 62 dB
[£7:109 30 MHz
M¢(CL=1pF} 53¢
Tt (0.1%) 35 ns
THD =70 dB -60 dB
{{our) (3mA)  (10mA)

Other performance details can be gained from Fig, 2.24 to 2.26. Fig. 2.24
illustrates the bode plot of the loop gain (module and phase). The response
to a +5-pA square wave inputl with the amplifier in unity-gain configuration
1s shown in Fig. 225, Slew-Rate s abont 04 Ay Fioally, o set o closed
loop transter funetions Tor o fixed vidlie of K (1O K02 amd B variable s
reported n Fig 2260 The closed loop bandwidth s approximately conatant
Hlowever for high closed loop gati, when Ky ba comparable o the non
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inverting output resistance (r,; in cquation (1.39)) the bandwidth starts to
depend on gain and the transfer function asymptotically tends to a constant
GBW behavior.

—190d

H
T
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[ 1 F3
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Fig. 2.24. Bode plot of the loop gain
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Fig. 2.26. Closed loop gain for R2 =10 k£2 and variable R}

I Second desiyn

We conclude this section by considering the implementation of the class
AB VFCOA proposed by Kaulberg [34]. The circuit is shown in Fig. 2.27
and its made up of two class AB CCll-s. The second CCII has a cross-
coupled output section to provide inversion in the output current flow. All
transistors have a channel length of 4.8 pm, while »MOQOS and pMOS
transistors have a width of 122 um and 403 pm, respectively.

ik Msﬁj—(ﬁwm ]BIBC) MSBIj

M3IA [: M }JA M&B:]_I-L-—ﬂ: M Il‘?
Mo ——0 —.—o
M4A r_'ma M4B [ME ;)

IB2
e ‘FT'IHE“& IB2B

f"fj.'. 227 .\'Hu]flfrw Tovew A1 0004
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For the sake of simplicity we have drawn simple current mirrors in the
sohematic. But, in the actual design cascode current mirrors were adopted.
This choice improves accuracy but limits amplifier current swing. Despite
|ts class AB architecture, only a poor drive capability is achieved (hence the
n for including this circuit in the present chapter). Indeed, with a
jescent current in the output branch (M10B, M12B) of about 270 pA, the
sured output swing is of +700 pA. Unfortunately, we could not obtain
formation about the harmonic distortion. We believe, however, that it
ould be low thanks to the cascode mirrors adopted (which ensure equal
rating conditions for the transistors in the mirrors) and the low ratio
een the maximum output current and the quicscent current.
The main measured performance is summarized in Table 2.8. A constant
dwidth of about 1 MHz, for closed-loop gains ranging from 0 to 30 dB,
observed. In addition, high SR performance was found to be limited only
the amplifier bandwidth.

Table 2.8.
Main performance of the second VFCOA design

Parameter Yalue
Technology 2.4 um
VDD-Vss 5V
Gain 72 dB
GBW 3 MHz
Mé a0 °
Tse“f_(o.l%} 35ns
Signal Range =700 uA

As a final remark, it is important to realize that this amplifier presents a
conceptually different output stage from the previously discussed ones.
Indeed, to achieve class AB operation, the current following action is
essentially achieved through the use of current mirrors. This is one example
of a larger class of output stages (also termed translinear COSs) that allow
high-drive requirements to be satisfied. The drawback of translinear COSs is
that they operate outside the feedback loop so that their performance is not
enhanced by the negative feedback of the overall amplifier. Since this
limitation principally affects linearity, suitable solutions have to be adopted
to reduce harmonic distortion while preventing current swing. This topic
will be developed in the next chapter.
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2.4 CURRENT COMPARATORS

A current comparator is a useful basic building block for many circuits
and applications such as Schmitt triggers, A/D converters, oscillators
current to frequency converters, neural networks, etc, [35-58]. A Cun’elll.
compafator detects the difference between two (or more) input currents
providing a two-level (Jow or high) output current. Since current
comparators interface digital circuits which are often voltage-mode blocks
voltage output is usually provided, as shown in Fig. 2.28. '

o Current Yo

o Comparator

Fig. 2.28. Current comparator symbal

The Current Comparator can be regarded as a simpler version of an
uncompensated low-drive COA. In this case, however, only one output

terminal In needed. Nevertheless, design guidelines developed in the

previous  sections are not  sufficient for high-performance current

comparators, because optimized time response and offset compensation are
also frequently required,
The original CMOS current comparator, i.e. the current-mirror

comp.arator, is shown in Fig. 2.29 [59]. It is composed of a transresistance
amplifier followed by an inverter stage.

Fig, 2290 Ovigtual corvent comparaton

Euw drive Curvent Ampliflery LAl

The transresistance amplifier is based on two complementary simple
gurrent mirrors that can be improved by using cascoded structures. Current
IB was not present in the original version. The main limitation of this circuit
lles in the absence of an appropriate input branch. As a result, parameters
such as input resistance and input bias voltage, which greatly influence
gomparator performance, are not controlled unless an additional bias current
I used (represented within the dashed box). Moreover, speed is reduced
because one of the two output transistors (M2-M4) is in the triode region
before comparation due to the high impedance of the output node [59].

As mentioned, fast response and accuracy are important requirements in
gomparators, so in this section design strategies will be developed for the
pptimization of these parameters. These techniques require clocked
gwitches. However, this does not give rise to a real limitation, since clock
signals are usually required in applications using comparators.

2.4.1 High-Speed Approaches

The main limitation to the time response in most current comparators
gomes from the output branch which is unbalanced at the beginning of the
gomparation phase. To achieve a fast time response the current comparator
using a nonlinear positive feedback, shown in Fig. 2.30, was proposed [50],

1511.
VDD

ol

T 7
o—»—

YT | i | IR

Vss
Fig. 2.30. Current comparator based on positive Jeedback
Ihe cirenit in Fig 230 also has unbalanced output before comparation,
bt the positive Teedbick partially overcomes this drawback as it increases

the mput averdive  Tinfortumately positive feedback applied at the nput
ittty Temds to bt sonsitviy whivh, o i, means i fow wpewid
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with a low input level. This approach also has other drawbacks which
reduce the comparator performance. The input resistance is heavily
dependent on the input signal and no control exists on the bias current, the
effect of which can greatly increase power dissipation, especially in worst-
case process and temperature conditions. Moreover, speed and sensitivity
are drastically reduced if input signal generators with a relatively low
internal resistance are used.

An alternative solution for increasing speed in current comparators
adopts the pre-biasing technique [60]. Pre-biasing means properly setting
the operating point before comparation to put the circuit in the best working
condition at the beginning of the transient response. The technique is easily
implemented in the current-mirror comparator using an inverter and a

switch which shorts its input and output before comparation, as shown in
Fig. 2.31.

Fig. 2.31. Current comparator with pre-biasing

When the switch is on, the output of both the comparator and the inverter
are set to a voltage nearly equal to (Vpp+Vgg)/2. Pre-biasing was also

adopted in the switched-current comparator reported in [61], but the solution
in Fig. 2.31 uses only one switch and is more efficient because it initially
sets the output at half rather than the whole supply voltage.

A comparison between the time responses of the original comparator
(Fig. 2.29), the positive-feedback comparator (Fig. 2 30), and the original
comparator with pre-biasing (Fig. 2.31) is shown in Fig 232 The circuity
were simulated using SPICE and the moddel parnmeters of e 2-pm CMOS
process, The bins current shown in the dashed block of Plge 220 amd 211
s D also o Toddedd b the stmmlation
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Curve 1 in Fig. 2.32 is the input step current (i.e., i;p-i7), curves 2,3 and

4 refer to the circuits in Fig. la, 1b and le, respectively. The pre-biased
comparator has better rise and fall times than th'nse of the other
comparators, but needs a time interval for pre-bia}smg. In th_e actual
simulation, the pre-bias time is 40 ns, but, as shown in curve 4, 1j£ can be
reduced to less than 15 ns. Hence, if we also include pre-bias time, the
overall switching time of the pre-biased comparator is similar to that of the
positive-feedback comparator, but with better sensitivity. _

The seasitivity of the comparator in Fig. 2.31 can be further Elnpmved by
adopting cascode or Wilson current mirrors to greatly increase the
transresistance gain of the circuit. However, better speed perforfnan.ce can
also be obtained by using the double folded-cascode configuration in flg.
2.33 [62], which is based on common-gate stages instead of current-mirror
stages. Indeed, the common-gate stage exhibits a better frequency response
than that of a current mirror, even a simple one.
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Fig. 2.33. Double folded-cascode current comparator

242 Design Control Considerations

A key mspoct in the design of high-performance comparators is the
control of parameters such as input resistance, input bias voltage, and the
input and output bins current, This is because:

¢ a well-defined low input resistance is required to achieve high
sensitivity. [n fact, an input resistance which is dependent on the input level,
like the circuits in Fig. 1 without [B, reduces sensitivity for low input
currents due to the current partition caused by the finite internal impedance
of real current generators.

» a well-defined input bias voltage is required in order to allow input
generators to be properly biased (remember that current generators are
usually made up of transistors in the saturation region).

¢ well-controlled input and output bias currents are required in order 1o
control time response and power dissipation,

Current comparators based on positive feedback are intrinsically
uncontrolled, while the comparators in Fig. 2.29 and 2.31 can easily be
controlled by feeding the current mirrors with a bias current as shown in the
dashed blocks. Of course, the double folded-cascode comparator in Fig, 2.33
is inherently controlled.

Current comparators based cither on cirrent mirrors or on the double

folded-cascode topology  con be Turther  anproved by ndopting  mn
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appropriate inpul stage. At present, the best solution seems to be the class
AB source-coupled stage which was already discussed and shown in Fig.
2.13c. It is worth noting that when the circuit in Fig. 2.13¢ is applied to
ourrent-mirror comparators it provides a true class AB comparator given
that the current in the circuit will be as high as the input current.

2.4.3 Offset Compensation

Offset is one of the most critical parameters which limits comparator
performance. Hence, offset compensation is a target worth pursuing in high-
performance comparators. The first offset-compensated current comparator
was presented in [63], but this approach is rather complicated and cannot
easily be extended to other topologies. Subsequently, two more general
offset-compensation techniques were proposed which can easily be applied
to different comparator architectures. They use an additional compensation
gircuit embedded in parallel or in series in the uncompensated comparator.
The following section discusses these two compensation techniques together
with the circuit arrangements needed to compensate the charge-injection
error as well.

A. First approach: parallel-connected compensation circuit

A first solution for offset compensation is schematically illustrated in
Fig. 2.34. It uses a compensation circuit based on a hold capacitor, Cy, a
switch, SA, and a transconductance stage whose output is connected in
parallel to the uncompensated comparator.

v
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uncompensited comparator compensation circuit

Fig 204 Wock diagram of a current compaarator using
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In order to discuss circuit behavior, the uncompensated comparator hay
been represented by a unity-gain current amplifier with an output resistance,
¥o1> and an input offset current, J,¢;. The transconductance stage in the

compensation circuit is characterized by a transconductance gain, g, an
output resistance, r,,2, and an input offset voltage, ¥,,7. Assuming as initial

conditions switch SA being open and capacitor Cy; being discharged, the
output offset voltage, V,,,, of the overall circuit becomes

Vos = Folos1 + 8oV os2 (2.47)

where 7, is the equivalent output resistance

Yo =Tl Hrol (2.48)
The equivalent offset current to the comparator input is

Tow = !:ul t j!'me? (2.49)

When switch SA s closed, the transconductance stage is connected in a
unity-gain configuration and the output offset voltage, Vosc» becomes

Vope = —01—  Jorl Vs (2.50)
I+ 2k Em

where term g,r, is the loop-gain of the feedback transconductance
stage. When switch SA turmns off, voltage ¥, . is stored in capacitor Cyy,

thus maintaining its value in the output node. The equivalent offset current,
{osc» to the comparator input is now given by

(2.51)
Yo Emfe

Consequently, a very low input offset current is achieved despite the
additional offset component due to the compensation circuit,. Actually, the
overall offset current before compensation 1, is reduced by one stage gain.

Of course, the input signal has to be fed after switch SA is opened,
The application of such a technique to the current-mirror comparator iy
shown in Fig. 2.35.

vi
Em«—dnw CCirrenil Amigflers -

Fig. 2.35. The current-mirror comparalor using the parallel-connected
offset compensation circuit

To preserve the simplicity of the original comparator, an inverter is used
as transconductance stage. Its input capacitance provides the stora?,c
glement, Cg. Of course, cascode transconductance stages must be used with

gascode-mirror or folded-cascode comparators.,
B. Charge-injection compensation

The offset compensation topology in Fig. 2.34 is affected hj'l a charge-
injection error. When switch SA is opened a portion AQ of its channel
charge is pushed into Cy;, giving rise to an uncompensated residual offset.

The charge-injection offset can be included in the input offset current by
simply modifying equation (2.51) into

‘FGS

EmTo

-

e

+ gV o (2.52)
where AV, which is given by
av, =22 (2.53)
c ~

Cy

is the offset voltage ot the input of the transconductance stage due o the
charge injection The charge AQ injected into ¢ depends on the total

: s . 5
grvount of the switch channel chinrge, the shape ol the clock edges, and the
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ratio between the capacitances at the switch terminals [64-65]. In order to
reduce it, common remedies are the use of a CMOS switch, a larger
capacitance Cg, and/or the use of a dummy switch,

A more efficient charge-injection compensation technique is to adopt a
differential-input transconductance stage as shown in Fig. 2.36 [66]. Since
switches SA1 and SA2 have equal voltages at their terminals, and assuming
a clock phase with very sharp edges, the charges injected into Cy; and C o
are approximately equal, regardless of the impedance at the switch
terminals. Therefore, if capacitors Cy; and Cy, are equal, the injected

charges will not affect the comparator output, since they give rise to a

common mode signal which is rejected by the differential transconductance
stage.

Vosl
= :+
) 2 b TVJ _'“_li Cui

oo
=
+

owt—,
9l %3,

uncompensated comparator

a2 r~
SA2
Cin

compensation circuit =

/

Fig. 2.36. Block diagram of a current comparator using the parallel-
connected offset and charge-injection compensation circuit

A circuit implementation of the block scheme in Fig. 2.36 for the
current-mirror comparator is illustrated in Fig. 2.37.

To validate the charge-injection compensation, the circuit was simulated
by SPICE using minimum area CMOS switches. The simulation results are
illustrated in Fig. 2.38. They were obtained without an input signal and
considering only an input offset current of 0.4 puA and the charge-injection
error.

In Fig. 2.38, curve 1 refers to the circuit without charge-injection
compensation (i.e., without Cy, and SA2, and with the gate of M6 to
ground), while curve 2 refers to the circuit with charge-injection
compensation. In the first 20 ns the cireuit is uncompensated and shows an
output offset voltage which v torced by i ipot offset conent Dining (he

Low-drive Current Ampliflors _ 4
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time interval from 20 ns to 60 ns, the switches are closed and the offset is

compensated. After 60 ns, the switches are open and the charge-injection
error occurs. The simulation shows that this error is greatly reduced by the

compensation circuit.

M3

LI

IB1

iy
M1

Fig. 2.37. The current-mirror comparator using the parallel-connected
offset and charge-injection compensation circuif
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Fig. 238 Charge-injection simulation for the circuit ml Fig. 2.37
11 without compensation and 2) with compensation
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C. Second approach: series-connected compensation circuit

Both the solutions in Figs. 2.34 and 2.36 can easily be applied to most
current comparators, since the compensation circuit is connected in paralle|
to the output branch. This means that no constraints need be imposed on the
frequency response of the uncompensated comparator, since stability is
guaranteed so long as the compensation circuit is stable. Unfortunately, with
these solutions the overall comparator gain, and hence sensitivity, both
decrease due to compensation circuit reducing the output resistance. To
overcome this drawback, compensation circuits whose output resistance is
higher than that of the uncompensated comparator would be needed.
However, such a requirement is difficult to satisfy especially when cascode
comparators are used.

An alternative but less common approach to offset compensation not
affecting the comparator gain is shown in Fig. 2.39, It was first introduced

in [67] and then optimized in [62] for both offset and charge-injection
compensation,

Uncompensated T jf‘

Comparator

S : J_
¥ losl H :-1;

Fig. 2.39. Block diagram of a current comparator using the
series-connected offset compensation circuit

This technique is based on a feedback loop which includes a switch, SA,
a veltage gain stage, block A, and a current generator transistor, MA, which
belongs to the output branch of the uncompensated comparator. This
approach is quite similar to the parallel solution in Fig. 2.34, but in this case
the transconductance element, which is performed by transistor MA, is in
series with the output branch. Thus, unlike for the parallel solution, the
output impedance of the original comparator can now be preserved.

Low-drive Current ‘""P"[ﬂ"" 1]

A

As far as oflset performance is concerned, analysis of the circ_uit irE Fig.
2.34 can easily be extended to the series-connected compet\satmn circuit
provided that the transconductance g in (2.49) and (2.51) is replaced by
the transconductance A, €4 (4, is the voltage gain of block A). Therefore,
the uncompensated and compensated equivalent offset currents to the
comparator input become, respectively

Tog =Tos1 + Ao8ma Vos2 (2.54)
e (2.55)
o Aagm,4ro

where V2 is the input offset voltage of block A, and 7, is the equivalent

output resistance of the comparator. Of course, thf: output branch of the
uncompensated comparator in the series solution affects the loop
performance when switch SA is closed. . _

Block A can be implemented with a source follower since the gain
gmATo is usually high enough to provide accurate offset compensation.

Presently, the best implementation of the solution in Fig. 2.39 is the one
based on the double folded-cascode current comparator. For example, !Jy
using the circuit in Fig. 2.33 and substituting currcnt. generat_ur IB-Z with
transistor MA, the compensated comparator shown in Fig. 2.40 is achieved.

Voo

Fig. 240 The double folded-cas oce Ctrrent comparator using the series
commes ded offset compersation cive i
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The natural evolution of the series-connected compensation circuit to
achieve charge-injection compensation is shown in Fig. 2.41. Similarly 1o
the solution given in Fig. 2.36, block A in Fig. 2.41 has been replaced by
differential stage. A circuit implementation based on the double folded
cascode current comparator is shown in Fig. 2.42.

Y
Uncompensaled T 5Al 842
Comparator \:I_
5 losl Cou I v IJ— Cm?

Fig. 2.41. Block diagram of a current comparator using the series-
connected offset and charge infection compensation circuit

"'rIJII

1B2

M3 M4 ’-j:ﬁ_—

Fig. 2.42. The double folded-cascode current comparaior using the series-
connected offset and charge injection compensation circuit
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2.4.4 Design Examples

In this section we give two examples of current comparators which
adopts most of the techiniques developed. We start with a simple design and
conclude with a high-performance fully differential comparator.

A. Offset-compensated current comparator

The first example of current comparator is shown in Fig. 2.43 [62]. It is
made up of a transresistance amplifier (transistors M1-M19) and series
connected offset-compensation circuit (transistors M20-M21, switch SA and
hold capacitor Cp).

Assuming switch SA to be closed, the current in the input branch is
imposed on the output branches (transistors M12-M15 and M16-M19)
thanks to the cascode current mirrors. They provide a high output resistance
and accurate current mirroring action.

With switch SA open, transistors M6-M19 become a high-gain
transresistance amplifier. The output node will go high or low according to
the sign of the input signal.

VDD

M12

MGL_.] Mg
MI3

Ml\jj_| M2 T j—}—l'_!E_' M7 182 ﬂ;)

e D M3 l:;us i
i Yout
A ) I—l M20

MI10 1]
M4

e D

P, 240 Nelwenmatic of the offsed -« cnprenseded current comparator
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The. offset-compensation mechanism is easily understood: at the
beginning of the comparation phase, switch SA is turned off and the autput
voltage is. fro_zcn on capacitor Cy, thus the input offset is kept unchanged.

The.clmmt is designed in a 2-um process. Transistor aspect ratios arc
shown in Table 2.9. Reference currents [B1 and IB2 are set to | nA and 12

MA, respectively and a 5-V power supply is used. Finally, th :
is setto 1 pF. Y ¥, the hold capacitor

Table 2.9,
Transistor aspect ratios of the circuit in Fig. 2.43
Transistor W/L {(pm/um)
M1, M2 10/2
M3, M3 6/2
M4, M9 12/2
M3 2730
M6, M7, M12, MI3
M16, M17 o=
MI0, M11, M14, M15
MI8, M19 0
M20 /4
M21, M22 20/4

Valie

1.50] 1]
|
!
\ i
] |
™ |n] T T N i
1 -——I—.__._
18,300 3060 B & BEE T .
TIRE (m Sace

Fig. 2.44. Quiput response with an input current of 130 nA forcing an inpui
offvet current of 50 1
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An output time response to an input step current of £30 nA is shown in
Fig. 2.44. An input offset current of 50 nA is also forced onto the input
node. This offset is responsible for an output offset voltage of 1.5 V before
compensation, as shown during time interval T1. During time intervals T2
and T4 switch SA is closed and the output voltage is set to around Vpp/2.
During time intervals T3 and T5 a negative and a positive 30-nA input step
is applied causing the output voltage to go low or high, respectively.

B. A Fully-differential comparator

A fully-differential topology has the inherent advantages of accuracy and
power supply noise rejection. Morcover, the availability of a differential
input could be very useful in applications where the input is a floating
source. In this section, a high-performance fully-differential current
comparator is presented which adopts most of the design arrangements
discussed in the previous sections [68].

The comparator schematic is shown in Fig. 2.45. It is based on the
double folded-cascode structure and includes a compensation circuit which
provides offset and charge-injection compensation as well as common-mode

output voltage control.
— éo. —] tg’mun

a3

Fig. 2.45. Schematic of the fully-differential current comparator

The uncompensated comparator is made up of transistors M3-M6 and
current source transistors M7, M8, Diode-connected transistors M1 and M2,
and current sources 1B1 and 1B2, set the input bias current and the input bias
voltage. The compensation circuit is provided by the differential stage, M9-
MO, the corrent generator, 1133, the storage capacitors, Cyyypand Cypo, and

the swifches, SA and SH Thanks 1o the perfect synumetry of the cirenit, the
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diode-connected transistors M10A, MI0B can set the bias current in M8A
and M8B to 1B3/2. In addition, the gate-source voltage of M9 together with
the gate-source voltage of M7 provide the output bias voltage.

When switches SA and SB are closed, the uncompensated comparator
and the compensation circuit are connected through two different loops, one
for the differential signal, the other for the common-mode signal. When
switches SA and SB are opened, the two loops are disconnected and the
common-mode output level and the output offset voltage are both frozen in
the hold capacitors. As far as the differential loop is concerned, the circuil
can be represented with a block diagram which is a differential version of
the one in Fig. 2.42. Hence, the charge injection is intrinsically compensated
since it appears as a common mode signal. The input offset current after
compensation is given by (2.55) so long as transconductance Emd Is
substituted with that provided by transistors M8 and gain 4, is defined as
the differential gain of the compensation circuit (i.e., €mEm10)- Thus, the
input offset current is given by

"'-r!.n' Kt ’u@' {2.56)

Km Kwgl

The circuit in Fig. 2.45 is simulated with a 2-um CMOS process. The

transistor aspect ratios and the other main design parameters are shown in
Table 2.10.

Table 2.10.
Electrical parameters of the circuit in Fig. 2.45

Parameter Value
M1, M3A, M3B, M6A, M6B 3,2 (pm/um)
M2, M4A, M4B, MSA, M3B. %3
I MSA. M8R, M10A. M10D (hm/jm)
M7A, MTB, MYA, M9B 2¢4 (um/um)
CH1, Cr2 1pF
IB1, 182 1 gA
1B3 4pA
VDD-Vss 5V

By setting the power supply to 5 V, the overall power dissipation come
to around 45 uW. A sensitivity simulation with a slowly varying triangular
nput current is shown in Fig, 2.46, where curve 1 is the input current and
curve 2 is the output voltage, A better than 20 nA sensitivity o achieved

i
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A transient simulation with an input step current from -0.5 pA llo 0.5 pA
is illustrated in Fig, 2.47. The switching time from 2.5 V to 3.5 V is shorter
than 30 ns, while that from 2.5 V to 1.5 V is shorter than 20 ns.

7
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Fig. 2.46. Sensistivity simulation of the comparator in Fig. 2.45:
1 input current, 2) output voltage
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Chapter 3

. HIGH-DRIVE CURRENT AMPLIFIERS

The current amplifiers described in the previous chapter can profitably
be used for on-chip signal processing, but their poor drive capability makes
them unsuitable for driving off-chip loads. In these cases, a current
amplifier with a class AB output stage is mandatory. To this end, the high-
drive current amplifier becomes the natural front-end block for current-
mode ICs.

The design of driver stages in power amplifiers is an important but
difficult task, especially for current-mode circuits. As we have already
pointed out, a class AB current output stage which uses current mirrors to
produce multiple outputs works outside the feedback loop. Therefore, the
linearity of the system is conditioned by the linearity of the current mirrors
involved. Consequently, classical solutions based on standard current
mirrors can hardly be employed if high linearity performance is desired. At
present, solutions preserving swing and providing reduced harmonic
distortion need to be developed for the implementation of the output stage.

And vet, since the input stage of a high-gain amplifier has to deal with
small signal amplitudes, the same topologies can be adopted both for low-
drive and high-drive circuits. Thus, the present chapter shall mainly deal
with class AB current output stages and their use in implementing high-
performance current amplifiers. Due to the large-signal operating
conditions, linearity in class AB current output stages is an important issue.
[t shall be discussed in detail and simplified equations derived for harmonic
distortion over several solutions. We shall find that channel-length
modulation and trnsistor mismatches are the main sources of distortion in
this clise ol cirewite. Moreover, we shall see that the non-lincarity caused by
el ! Tengthe modidation can be reduced Ty ciremt solutions, while
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mismatching between the transistors in a current mirror constitutes the
fundamental limitation to linearity.

3.1 CLASS AB CURRENT OUTPUT STAGES

A critical, but ofien vital, section in most analog integrated circuits either
for the current or voltage approach is the final power section that has to
drive low resistive loads. In the voltage-mode approach, this part of the chip
contains voltage power amplifiers. They must deliver high current and high
voltage swing, and exhibit low harmonic distortion [1]-[5]. The latter is
achieved (o a great extent by a feedback connection. In fact, the output stage
of a voltage amplifier works completely within the feedback loop. Current-
mode power amplifiers use a current output stage (COS) as a final stage
which is able to drive a grounded load with a bipolar current. The COS is
the maost ertical block in the implementation of high-drive current
nnplifiers Tndecd, implementing, such a stage leads to circuits being only
partindly included within the feedback loop. As a result, the output section
hecomes the mnin source of non-linearity,

Lot us agnin consider the cireuit in Fig. 2.28, which we have already
identifiod as a first attempt 10 realize a current amplifier with a class AB
output stoge, and consider its use as a closed-loop unity-gain current buffer,
schematically shown in Fig. 3.1. In brief, the current amplifier is made up ol
a transresistance amplifier, providing low input resistance and high gain.
and a class AB COS, which has to provide high drive capability and high
output resistance. More specifically, the transresistance amplifier includes
an inner current amplifier (in the dashed block) and a push-pull voltage
follower. The COS is implemented with two simple current mirrors, MA -
MA2 and MB1-MB2 and can be also regarded as a class AB current mirror.
This is a simplification with respect to the circuit in Fig. 2.28 originally
adopting two cross-coupled current mirrors to achieve current inversion, It
is quite clear, however, that every current mirror used as a si gnal processing
element introduces harmonic distortion. Thus, reducing the number of
current mirrors needed is important when designing a linear COS. A minor
drawback is the lack of current inversion causing a change in the sign of the
closed loop gain. Fortunately, this does not constitute a problem in many
applications,

Migh-dvive U irbeni lm}d!ﬂn'h

fiw

M3

ir

COs

Transresistance Amplitier

Fig. 3.1. Simplified schematic of a class AB curreni amplifier
in unity-gain configuration

Thanks to the negative fecdback around the transresistance amphlier,
current i is a low-distorted feedback current whose value in the module i

very close to the input current ijy. The output current igy - is given by

4 30
iour =lig2z —i42 (

If a COS with ideal unitary current mirrors is assumed (i.e., 1,5 = £,y amd 1),

= igy). it follows that

il
foup =ig — i =ip =iy (3.2)
thus, an ideal inverting current buffer is achicvcd‘. .llnfirrll.lnupl.‘ly_ since real
current mirrors operating under large signal conditions are alfected h_wl- I‘I.“T.
linearity, harmonic distortion is created in Ihulnlllpul current, As i rt-‘-tl \.‘
slated, .|I|r currenl mirrors operate outside the feedback Toop, therelore the
Bearity of the system is limited by the hinearity of the same Since lngh

ped bonniniee £ Vs st e dobat ligh aulpmil T A el e ate coreeid
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transfer, simple current mirrors cannot be employed. Cascode mirror,
although they provide both high output resistance and linearity, have pou
current swing [6]-[7] making them impractical for high-current application-
In conclusion, the use of current mirrors with cascoded output is mandator
in implementing a COS.

A COS has two main sources of non-ideality which cause deviation fron
the ideal DC transfer characteristic and affect linearity:

* the channel-length modulation error of the mirroring transistor
(MA2 MB2 in Fig. 3.1);
* the mismatches between the iransistors in the current mirror.

Channel-length medulation is caused by differences in the drain-sourc.
voltage of the transistors. It can be reduced by increasing their channc!
length. However, this means larger chip area and worse frequency respons
At present, efficient solutions are respresented by circuit topologies whicl,
are suitably arranged to reduce the channel-length modulation cffect an
preserve the current swing [8]. To better understand the effect of channc!
length modulation on linearity performance, let us consider the simple
current mirror MAT-MA2 shown in Fig. 3.1, which is made up of two equal
transistors, working in the saturation region. According to the relationship
lor the saturation region

ip = Bvgs — Vi (1+ v ps) (3.3)

the output current of the n-type current mirror is given by
e 7| (3.4)

To have a linear relation, A should be equal to zero or Vs, should be
equal to v, ;. which, in other words, means eliminating the channel-length

modulation error on the mirroring transistors. Obviously, the second option
is the only viable onc from a circuit point of view, and solutions arc
presented towards this direction.

However, mismatches are due to transconductance- gain, /4, and threshold
voltage tolerances in the mirroring transistors [9]-[11]. Mismatch error
similarly affect any topology and can only be reduced by careful layoun
design. They therefore place the greatest limitation on COS Linenrify

ff_isi_l arive  wrrei i»!fﬁ'ﬂ'_fﬂ"r

I

To conclude, the design of high-performance class AB CQSS ua_nslau:s
Into the development of current mirrors with high output swing, resistance
and with reduced channel-length modulation effects. Several such
topologies are illustrated in the following section.

3.1.1 Configurations

The simplest solution considered here is Fhe ‘CDS !szscd on regular
¢ascoded mirrors shown in Fig. 3.2, The clrcmt ?Xhlhlts high output
resistance and swing, but any strategy allowing the drain voltage to track‘the
pate voltage in the output transistors (i.e., MAZ a_nd MB2) is }ack?g.
Consequently, channel-length modulation, ldasplte being less cffef:twc_t an
in simple current mirrors, still limits linearlt.y. W.e shall see that linearity is
primarily affected by third-order harmonic distortion.

Fig. 3.2. Cascoded current output stage

A first solution which reduces channel-length modulation is usin.g the
cascoded mirror with dynamic matching shown in Fig. 3.3 [12].. It e}(h.lhﬂh il
reduced non-linearity by a factor of 2 thanks to the following action ol
v in MA4 (MB4).

WI:‘:ITmlrl‘I:]rri:?IuIinn I('nr rcd]uuing harmonic distortion dyc to channel—lc!lg.lll
modulation 15 achieved by implementing, the .(‘()f',‘. using a current -mm;l
with improved dynmmic matching as shown i Fig 14, proposed in [8]

Ploweyer e imvestigation reveals et while thid order hinemonie
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distortion is minimized, a second-order harmonic distortion appeii
(normally negligible in other topologies) due to threshold voltape
mismatches. Therefore, lincarity may be still unsatisfactory for a higl
performance current amplifier. Note that a positive-feedback  exisi
involving transistors MAS-MAS, but its loop-gain, 1/

(&madqas)-
much lower than 1,

VoD
4
MBI it MB2
I Ing
; ﬁ[ﬂ.‘
]E( 5
Vs fsrr
[0
Iv[:llr
O
T
Yai ‘ Vaa
M.]‘1 Il |-|' YT 1. MA2
Vs

Fig. 3.3. Cuascoded current

Fig. 3.4. Cascoded current output
oulput stage with dynamic matching

stage with improved dynamic
maiching

The last COS considered is shown in Fig. 3.5 [13]. It is made up of two
complementary active-gain enhanced mirrors which base their performance
on a principle quite similar to the gain-boosting technique [14]-[16]. The
two current mirrors are composed of transistors MA1-MA3 and MB1-MRB3
and two auxiliary voltage amplifiers, A1 and A2. Thanks to these, the drain
voltages of MA1, MA2 and MBI, MB2 are almost equal even for large
currents. Thus, a COS with high linearity performance is achieved
Moreover, the use of Al and A2 also provides a very high output resist

ance
given by

Py [gm AL ]| (-‘\'m,ru"]f;,._. o 1) (14)

1t
High-ddeive © e Amgplifiers

Fig. 3.5. Gain-boosted cascoded current outpul stage

3.2 HARMONIC DISTORTION DUE TO CHANNEL-LENGTH
MODULATION

Let us evaluate the harmonic distortion due to the uhannel-lcngth
modulation in the previously discussed COSs. The most c.ommonly u:l,e:.!
approaches [17]-[21] are not suitable for class'ABL amplifiers operftm‘:
under large swing conditions, since the two half clrcpits ;\;ork aldtelinatle ; 3
useful approach for such circuits 1s su.ggested in [22] an 1;15 ul.n.
rearranged for class AB COSs in Appendix 3.A. Another approach can be
found in [23].

3.2.1 COS Based On Regular Cascoded Mirrors

Let us consider the COS with cascoded mirrors shown in Fig. _3.2..
Without loss of generality, we only consider the n-type L:ascodcd ‘n1|‘rru..nl
(i.e., MAT-MA3J) and assume transistors M:M-MA3 to be ldeallly I'I'IdT.-(jh:‘..t
and having the same transconductance gain (i.e., the same ahp-?cl nlm.{:
W/1.). For current mirror MAT-MAZ2, (3.4) still holds. But Fjyq 15 now se
by MA Y and 1, To gunrantee accurate malehing, hetween MAT and MAZ

ape 1 ) st cquanl 1o voltape Vo
i ureseent condibions, yoltage Ty st he et e ape Vo
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(Vg4 = Visy,)- The value of ¥V, which provides such a condition is giver
by
To

VGA=VDSA2+VGSA3 EZVW +2 ﬁ
l’\"

(3.6)

where /; is the quiescent current.
It should be noted that with single well technology, threshold voltages a1

a.ffcct?d by the ‘body effect. This effect is a second-order source of non
linearity and will be neglected in the following analysis. From (3.4)

follows that
‘9 ;
[+ /.I'.‘,\,l ZVﬂ;\_r RS = VT"\" _ [d2
- ﬁ.l\-" k ﬁN .
I.'“

! 42

i

1+ Ay (FGa —vGs 43)
= =ty

I AN "'l’a'.'ﬂ',“ 1+ R’:\'VGS A1
(3.7a)
which can be approximated by
P Vio —in ,
A2=1T \I'rﬁ—\ 3 In (3-7b)
: |+/1N[er + I;ﬂ
\ By ]
Taking the derivative of i, with respect to i ;; we obtain
Iz
Ag ., 2 _ Ve 54ia
& = : : (383)
Al By 1+1’~~[me+ P
N

; i ;
Since term /?,N[Vm + (AL | e usually much lower than |1, we pel

N

ﬂfgh drive i venit Ampliflors s

A g

= ~‘_i~_( B
_“JE Jo 7\,;‘4,] (3.8b)

=

fszl

Following the same steps for the p-type current mirror MB1-MB3, and
pssuming the transconductance gain to be equal for both current mirrors

(l.e.. By =pfp = /). HD; and HD7 are calculated from (3.A7) and (3.A8) of
Appendix 3.A

e R o
Hp, =2y -de 0] 3 1y (3.92)
4 VA 2\
¢
a ‘|'
HDs = Ay +Ap '_Q ’[M (3.9b)
8 Vsl

where {,; is the magnitude of the sinusoidal input current.

As expected from current mirrors with ideally matched transistors and
equal transconductance gain, the even-order harmonic distertion is very low.
In fact, it is proportional to the difference between the two channel-length
modulation paramelers. Therefore, third-order harmonic distortion becomes
the dominant contribution.

Harmonic distortions 1ID; and HDs are dependent upon the relative

magnitude of the input signal and A, and Ap. They can be reduced by
increasing the transconductance gain andfor the channel length of the
lransistors.

3.2.2  COS Based On Cascoded Mirrors With Dynamic Matching

The first circuit solution to reduce harmonic distortion in COS due to
channel-length modulation was presented in [12] and is shown in Fig. 3.3.
Thanks 1o the common drain MA4 (MB4), the gate voltage of the common-
pate (ransistor MAT (MB3) follows the gate voltage of MA1 (MB1), thus
keepinp Vo 07,0 constant. This improves linearity performance, sinee
Better dynanie matching between MAT (MBI ad MA2 (MB2} s
W 11|| Vi |1

ety
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MAT and MA?2 are matched in quiescent conditions, and from (3.7a) we p

— 1" b__ .3 J !_.1 o8
Yseqa =Vesm ==Vie 4 *"m =V +

(3.10)

1+ A (Vs 41 + V56 44 = Vos) 5.9
AL

g2 = :
1+ Ay 'II'GSAI

(3.11)

Comparing (3.7b) and (3.11), the transfer error is reduced by a factor ol -
Hence, HD9 and HD7 are also reduced by a factor of 2.

3.2.3 COS Based On Cascoded Mirrors With Improved Dynami

Matching

Recently, an improved COS was proposed based on cascoded currcn
mirrors with improved dynamic matching [13]. 1t is shown in Fig. 3.4 11
current mirrors MA1-MA8 and MBI-MBS8 provide a nominally zci
transfer error.

Considering current mirror A, (ransistors MA1-MA3 implement
cascoded mirror with transistor MA4 acting as a common drain performiny
the same function as in Fig. 3.3. But a current proportional to that of (I
output branch is now replicated in MA3-MA7 and supplied to MA4 |
means of the current mirror MA7-MAS. Unlike the circuit in Fig. 3.3, wuls
proper design, the gate-source voltage of MA4 follows that of MA3, aml
hence, the drain-source voltage of MA2 accurately matches that of MA |
even for large input currents,

Assuming the current mirror MA7-MAS to be ideal and setting

High-drive © et Ampifier Hr

el e r_jgz_ (3.12)
s« i ol =P .
V$G 44 = VS a3 Ty ™ nBr 4, N3 \! By 1
where
poBaz_Bs (3.13)
;8,{5 !BAG')

(the current /y/n is the bias current of MA4), MAI and MA2 are matched in
quiescent conditions. From (3.7a) the output current can be expressed as

e sl i )
Vop l_ W\ Ta . pe . v
A4 2 \mBry By i (3.14)
| o 5 éw Al
{41

1+ ‘1?\’ LVIN + J ﬁ;,'rAl ) J

By properly setting the aspect ratios of MA3 and MA4, the transfel.' error
can greatly be reduced by nullifying the term in round brackets in the
numerator. Thus, current i 4, is approximated by

3 ; 3.15
i/f.? = [1 + An [lVTP 44 ‘ B Vﬂ%’jjj}r/ﬂ ( )

Only a gain error remains which is very low if the threshold voltages are

about equal. . _ ‘ o
A similar equation holds for the p-type mirror. Sice iy, and ig; are

linearly related to i,, and ig;, respectively, the approach discussed in
Appendix 3.B has been adopted. It gives

2
HD, =

| [
—[,{N [l Vip I— Vi As] - ip[Vm B4 |VTPH3 J}
T | A4 i

(3.16a)

L
Ay capWapl Viw)

"

R
thhy, 1
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HD;, is proportional to the channel-length modulation coefficients and to the
dlffcrences betrween VTN and V’L""
However, (3.15) is not linear since the threshold voltage of MA3 i«

af‘f‘ectc.d by the body effect, which was neglected when calculating harmonic
distortion,

3.2.4 COS Based On Gain-Boosted Cascoded Mirrors

The last configuration to be discussed here is shown in Fig. 3.5 [13]. I
uses two auxiliary differential amplifiers, Al and A2, to force the dr‘ain
voltaf_ge D,f the output mirror transistors to be equal to the gate voltage
Considering the a-type current mirror, we can rewrite (3.4) as i

¢

’ VDS 40 ~ Ve

e N VDS 40 T VGS ) }AI G.17)
. I+ 2y vas '

Deriving (3.17) and neglecting 32 terms, we get

f]'JfJ.S",;g "1"{}.\"4]

By

r*,p b bz} ]
+.. - I - ':1‘-;\!' = Al Al (ﬁ + J/ﬂ -
oy I+ Anves, ST ANVes 4 318
Amplifier A1 establishes the following relationship
FTRIeE A 1
DS g2 =7, 717654 —m@rﬂ,ﬁ (3.19)
Substitution of (3.19) into (3.18) yields
‘ﬂ.ﬂ h 1 ¥ AN ‘TQ - f_\l
=l ——a| 22 f; 20,
A (1+ 4By iy 4 i) =

where terms Zyvg, , and dvig A1+4) have been neglected.

Folllnwmg the same calculation for the p-type current mirror. and
assuming the transconductance gain for both current mirrors 1 counl, i

High dvive ©wrvent Ampliflors Lss

follows (rom (3.A7) and (3.A8) of Appendix 3 A that the harmonic
distortion coefficients, HDy and HD3, of the output current are given by

Tiari | g™ **QJ
fsz ~ . [321&)
81+ AL Iy

Pl A

1 |

HD3 o /3,_.\.' + }.p (@] | 5 .{_,\,f = (321]3}
2401+ 4)Y B \lIg

HD» and HD3 depend on the difference and the sum of Ay and Ap,

respectively. However. the topology provides a very low-distortion COSs
because HD5 and HDj arc greatly reduced by the amplifier gain.

325 Simulation Results

To evaluate the accuracy of the proposed analysis, the circuits in Figs.
3.2-3.5 (for simplicity we shall refer to them as circuits a), &), ¢) and d))
were used as the output stage in the current buffer in Fig. 3.1, which was
simulated using SPICE and the model paramcters of a 1.2-pm CMOS
process. They were biased with a current /g equal to 200 pA using the
transistor aspect ratios in Table 3.1. In addition, real differential amplifici~
(A1l and A2) were used whose gain is about equal to 30.

Table 3.1.
Transistor aspect ratios of the circuits in Figs. 3.2-3.5
Transistors WYL (Lm/pm)
MAL, MAZ, MA3 600/1.4
MA4 20001 4
MAS, MAG 60714
MA7, MAS 6013
MBI, MB2, MD3 1500714
M B4 20014
MRS, MB6 150414
MB7, MK - 205

Phe calontated and simulated harmonie distortion of the short cheited

Gt e nd for e sl of 100 kE e showo o g Vo THIEY
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is about. h‘alf Fhal of circuit @) (i.e. 6 dB better) and according to (3.15a), the
THD pf circuit ¢) is almost independent of the signal amplitude. In addition
HD3 is confirmed as the main component causing distortion in circuits )

and ), and HDy in circuit ¢). Nevertheless, the performance of circuits «)-« |

is far from wha.t can be achieved by circuit ) in which THD due to chanicl
length modulation is better than -70 dB right up to current signals which ut.
30 times higher than the bias current.

HD (dB)
40 -
2 THD Lo S
o O M L D,
g, FYEIT B D s e
e S HD
BN L ¢) TIHD i,
HD,
00 1 )
10 0 10
ha'lo
Simulated Computed - - -
HD (dB)
-70
d
75 et e RS, o
e 7 i HD,
-83
90 — L w s
10 20 30
Im'1g

I_;'ig. 3.6. Harmonic distortion due to channel-length modulation versus
input current amplitude I, normalized to the quiescent curreni Iy for
circutis a), b) ¢} and d) in Fig. 3.2, 3.3, 3,4 and 3.3, respectively

Hl’b'l‘i alyive 0 wirrer llHPl‘lﬁwt 1

For the hand calculations of HD, Ay and Bp were evaluated at about 0.012

A/V? and the values of the threshold voltages and channel-length
modulation coefficients were extracted from the model parameters. The
following approximate values were found: Ay =Ap= 0.05¢ ! and
Vi = Vyp| =100mV .

It has to be pointed out that the THD in Fig. 3.6 is much better than the
typical THD performance of a real current amplifier, for two reasons. First,
we use an ideal transimpedance amplifier but the finite loop gain means that
pon-linearity also have to be considered. Second, as is detailed below,
mismatch errors in the mirroring transistors place a fundamental limit on
COS linearity performance, and are the dominant sources of non-linearity in
circuit &). They have not been considered in the simulation using ideally
matched transistors. However, unlike the other circuits presented, in the last
COS the contribution to THD due to channel-length modulation is quite
negligible.

3.3 HARMONIC DISTORTION DUE TO MISMATCHES

Let us consider the effects on harmonic distortion of bath threshold
voltage and transconductance mismatches [9]-[11]. Mismatches almost
exclusively affect the basic transistor couple of the current mirror. So,
without loss of generality, we can confine our analysis to the mismatch
errors in the simple current mirror MA1-MAZ in Fig. 3.1.

3.3.1 Threshold Voltage Mismatches

Neglecting the channel-length modulation and any other source of non-
linearity, except that caused by mismatches in ¥y, from (3.3) we can write

2

vGS a1 42 — VTN
i :[ 28 : 42 | iy (3.22)
VGS g4z TN 41/

where Vpy,, and Vpy,, are the threshold voltages of MAL and MAZ2,
respectively. The gate-source voltage of MA1 and MA2 is equal to

[

T '\,’;ru (323)
i
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Thus, (3.22) can be writlen as

; . i
) =ﬁ.&-‘[-ﬁf“m + |-l (3.24)

V Bx

where AFpy, is the threshold mismatch defined as

Ay =Frw g — ¥y 4 (3.25)
Deriving (3.24) we get

'ﬁAZ =1 +./\V;r_,\r /ﬁ_’\f {3.26)

A ) iy

By following the same steps for the p-type current mirror, defining its

i H 1 + /’ e o T .
thieshold — mismateh AV l"”’m V-”,m . and  assuming  the

fransconductimee gains (o be equal (ie. A=y = fp), from (3.A7) and
(VAR of Appendin 1A, we oblain

DRt
8y 7, ¢ )
B =2l R (AVry +AVp) (3.27b)
3 24 \,-f?,;f_ \@ T r :

In order to establish the accuracy of (3.27a) and (3.27b), SPICI:
simulations and the results calculated from (3.27) are shown in Figs. 3.7
and 3.7b. In evaluating the harmonic distortion components,
AVyn =—AVyp is chosen to estimate HD5 and AV = AVpp to estimate
HD3. Three curves are plotted versus the input current normalized to the
bias current for different values of the percentage error AVy/Vy It s
thereby confirmed that HDy or HD5 are the main distortion components in

one of the two cases. THD is hence equal to HD or HD3 aceording 1o A1,

and AV7p have the same or opposite signs, respectively. 1y predicted value

P p |
High v U irren fm!-l.:,flw.t

differs from the simulated one by less than 4.5 d_l.’&. The shight dI“cE{T}:c
between the calculated and simulated curves 1s du.e to the mfjr;-‘li
degradation effect that was neglected in our analysis. In fact,d:,um:;
mobility depends on the gate-source voltage, and the transconduc

parameter §f cannot be assumed to be constant, as has instcad been done.

HD (dR)
- 1%
A3 e S _ﬁVT . - >
s SR .
3 AV = 0.05% !
g el s e w= . .
10 = ;
Mo
.- Sim_LEted _____ Calculated !
| HD, &)
| THD — D,
HD, b)
| e o oh B |
HD (dB) — s
74957 AV = U0 4
55 o :
5 V0.
-65 T“""‘ S Ss - - F5d
AV, = 0.05%
Th: LT I gare s e & T s
g8 b e S e = §
10 20" A\
Iv'lo

Fig. 3.7. Harmonic distortion due (o ihreshold-voltage mixmatches
for a generte CONN
a) AV AV
B AV AV
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3.3.2 Transconductance Parameter Mismatches

A second mismatch error which gives rise to harmonic distortion is the
mismaich of the transconductance gain of the mirroring transistors. Let

B and By o be the transconductance gains of MAT and MAZ, and let us
neglect any other source of error. From (3.4) the output current is given by

LAl (3.28)

Following the same steps for the p-type current mirror, from (3.B4) ol
Appendix 3.B it follows that

I

:
HD, = (ﬁ-*' o Prg J l[**\_ﬁ*v__ﬁ] (3.29)
8Ly Pry ) 8\Buy Pry

where Afty and A/ are the transconductance mismatches defined as

Miv =By s = My (3.30a)

ABp = Brgy ~Bry (3.30b)

The second-order harmonic distortion is independent of the signal
amplitude and is proportional to the difference between the relative
transconductance mismatches. The third-order harmonic distortion is about
equal to zero according to (3.A8).

Comparisons between simulations and calculations are shown in Fig. 7.
Three curves are plotted for different values of the percentage error AZ7f in
the worst case condition, which is defined by setting either Ay = -4/
The absence of third-crder harmonic distortion is confirmed since the
simulated THD is about equal to the calculated HDj which is
underestimated by less than 0.5 dB.

From Figs. 3.7 and 3.8, the distortion caused by mismatches cannot be
neglected. This is obviously true not only for the low-distortion COS dJ, but
also for circuits a), by and ¢) in which all the different contributions 1o
distortion are of the same order of magnitude

H.rsh.fm. il Amp{flers [F A

As a fingl remark, unlike voltage-mode amplifiers, in class AB current-
mode amplifiers the dependence of overall linearity on the mismatches of
the output stage does not allow such circuits to be used in applications
where high linearity performance is required.

HD (dB)
45
I AP = 0.25%
.55 e L e Rk e i T T T
e i _ AB-0M2%
65 |
I AP = G5, e o
75 oo o= = i o == ST = g =
| I iy T - S T W |
gE TN e et
10 20 30
v'lg
R
Simulated Calculated
THD - — -
| "D, |

Fig. 3.8. Harmonic distortion due to transconductance-gain mismatches

3.4 DESIGN EXAMPLES

In this section we will discuss some implementations of’ current
amplifiers based on the output stage in Fig. 3.6, which proved to be the best
solution for minimizing harmonic distortion due to channel-length
modulation. This COS needs some modifications for use in COAs, while it
could be directly applied to VFCOAs, like the one shown in Fig. 2.27.
Consequently, we shall start the discussion with a class AB VFCOA
implementation.

3.4.1 A VFCOA Configuration

A simplilied schematic of the current amplifier is shown in Fig. 3.9. I
wis presented by the authors in |24 1t is made up of two fundamental
buildmg blocks which are the transiesstanee amplifier and the current

O sl
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The transresistance amplifier is composed of transistors MI1-M12 an
includes, as main blocks, a folded cascode amplifier, a common source
amplifier and a class AB voltage follower. The folded cascode amplifier 1s
made up of transistors M3-M6. The common source amplifier is made up ol
transistor M8 and current generator IB6. It is connected to the first stage by
the common-drain M7 which provides a proper level shift. The common
source amplifier drives the class AB voltage follower which is composed of
transistors M9-M 2. Diode-connected transistors M9 and M10 accurate|y
set the current in M11 and M12 to a multiple (fwo in our design) of 1B6.

s
¥yl

}—w &
[ Al LS
.MJ '?T\HIJ

; CURRENT DUTPUT §1AGE

FICAMRISIS DA AMELII R

Fig. 3.9. Schematic of the current amplifier
The DC transresistance gain is given by
A.(0) = 7048870 (3.31)
where r,, and #,; are the output resistances of the folded cascode and

common source amplifiers, respectively. The input and output resistances
are given by

rj-;—-l— (3.32)
Emi + Ema
7, = I RIRRE

Emll T Eml2

Higeh dive ©wrvent Amgdl iflers

This COS has exactly the same topology discussed in section 3.2.4 and
does not require further discussion except for the implementation details
relative to auxiliary amplifiers Al and A2 and for its noise performance.

Due to the relatively low gain requirements, Al and A2 can be
implemented with a single-stage differential amplifier. Mc:recwftr, to s:atisfy
the dynamic requirements of the upper and lower current mirrors in the
COS, they are designed in complementary versions according to the
schematics shown in Fig. 3.10a and 3.10b.

Fig. 3.10 Schematic of the auxitiary voltage amplifier AT a) and A2 by,

Transistors MNT MNA and MPT-MPA form twao dilTerential stages, while
common dinim MNS MNO and MPS MP6 provide w proper level shill
Fromimant pole freguency compensation soachieved by using capacitonr
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Cey and Cep. Of course, the bandwidth and slew-rate performance of such

auxiliary amplifiers must be better than for the overall current amplifier to
avoid speed limitations.

We have already stated that noise from a COS can make a large
contribution to overall amplifier noise. Therefore, a brief noisc analysis will
be provided for the output stage adopted. It is easy Lo observe that only the
basic current mirrors M13-M14 and M16-M17 contribute to the outpul
current noise of the COS. The effect of cascode transistors, M15 and MI§.
is negligible since their transresistance gain is usually much smaller than
one. For the same reason, the noise of auxiliary amplifiers Al and A2
(which can be modeled by an equivalent output voltage generator) has
negligible effects on the output current noise of the COS, which is given by

2 2 2 2 )
bx2 = 28m314 V13,14 + 28mi6.17 Vil6.17 (3.34)

The current amplifier was compensated with the Miller capacitor C- and
resistance K- which avoids the right half-plane zero. Assuming a unity-gain

feedbnck configuration, the small-signal equivalent model for the loop gain
of the transresistance amplifier is shown in Fig. 3.11. More specifically, g,

5 the transconductance gain of the common source transistor M8, C,p and
Cg represent the total equivalent capacitance at node B (i.e.. the output ol

the common source stage) and that between node B and the output node,
respectively. Capacitance C; represents the equivalent capacitance due (v

both the output and input nodes {which are shorted in unity gain feedback).

Co R¢ Cp

I
oA

Vo_g FGI %i

! Em8 Vo J_al:’oa 1
@?’} Iy Yod < $"DB pBé\Nérf G

Fig. 3.11. Small-signal equivalent model of the amplifier

The loop-gain transfer function, 7(s)= ¥, /¥, invalves two zeroes and

three poles whose approximated expressions are the following

”'-’.’;h v et .4H|Ih’.[ﬂt'l".1 v

g ' (3.35a)

Yo 4 Em8F, oBCC

' Agns - CpC 2]|r C ICJC ZmsCi
: ' -Flt+ g = B |“oB T Sm8hi
Bt . Con Em3 oy B Fal b G Fal % gl

T =— i f
J'ND]‘J' 2C0(CB+COB:| d ZCQ(CBJ"C:)B} { 3 b)
3.35
1 3.35¢)
.5"51 = 1 W (
Ry ——|Cp
kN Smg /
1 %Az
Szy =— (3.35d)

raCg

Ta obtain a phase margin of around 60°, afier estimating C; to be about
30 pF, C. and R, were sct to 8 pF and 2 kQ, respectively. Thus, the

dominant-pole behavior of the loop gain is given by

(=20 1 (3.36)
e 7+ 1o L+ 884 Comgton

which has the following gain-bandwidth product

B 1 (3.37)
fopw = 2;1'{1’;- + rol)CC

In accordance with the previous equations, some guidelines can brif:ﬂy be
given concerning main design aspects. In respect of tl}e tran'sremstancc
amplifier, quiescent currents and transistor aspect ratios in the input stage
have to take into account both noise and slew-rate requirements. In fact,
high hias current reduces input noise voliage, increases sl.ew-rate, but al.so
increases input noise current as shown by (2.32) (2,33b). Since {Jutputl noise
power heavily depends on the feedback resistances (see (1.37)), making :II‘\..
aecnrte desipgn reguires knowledpe of the leedback network, A trade-oft
Between carient atd fregueney capabilities s nndatony when desipning the
ontpnt e o e fransresiatonn e mmphitier Todeed s bpe et radiog
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provide high signal swing but increase parasitic capacitances which affect
closed-loop stability and hence the maximum achievable bandwidth.

Regarding the output stage, the large aspect ratios required for the drive
capability, besides reducing frequency performance, also increase noise.
However, in many cases input noise is dominant and current capability can
be preserved.

Following these considerations, a current amplifier was designed. It uses
transistor dimensions and bias currents for the main circuit and auxiliary
differential amplifiers as reported in Table 3.2 and 3.3, respectively. The
main performance of the auxiliary amplifiers is shown in Table 3.4.

Table 3.2
Transistor aspect ratios of circuits in Fig. 3.9 and 3.10

Transistors WL (Lmium}
M1, M3 160/1.4
M2, M4 R4

M3 8/1.4
Mty 514
M7 34
M 90/1.4
M9 004104
MIO 2001 4
MII 1000/1.4
Mi12 40014
MI13, M14, MI15 600/ 1.4
Mla, M17, M18 1500/1.4

MNI, MN2 12042

MN3, MN4 104

MN3, MNG 2002

MP1, MP2 JH2

ME3, MP4 20/4

MP3, MP6O B2
Table 3.3.
Bias currents
Current Sources HA

IB1, IB2.1B5 20

IB3, 1B4 4
1B6 100
NI, INZ, IPT, IP2 20

IN3, IP3 40

.”"’.-'{' v U srrenl lllq'i’fﬂl'“ 11

Table 3.4.
Main performance of auxiliary differential amplifiers Al and A2

Parameter Al A2
4,(dB) 39.6 39.6
GBW (MH7) 14 14
Mp(®) 61 60
Ve (oY) -108 14.3
Ce (pF) 2 15

The current amplifier was fabricated in a standard 1.2-pm n-well CMOS
process. A photo of the test chip is shown in Fig. 3.12, the total die area
(except bounding pads) is 0.26 mm2. The power supply was set to 5 V
giving a power dissipation of 4 mW.

Fig. 3.12. Microphotograph of the fest chip

The measured frequency response of the loop gain of the transresistance
amplifier loaded with a 30-pF output capacitor is shown in Fig. 3.13. The
DC gain is about 100 dB and the gain-bandwidth product is around 10 Mﬂz
with a greater than 60° phase margin. Given the high value of tl?e DC gain,
the closed-loop input and output resistances are very low. Their values in
the open-loop configuration are 3 k(2 and 160 €, respectively. This means
that the elosed-loop transresistance amplifier accuralely approximates an
weal tamsresistanee amplificr, re zero mpat and output resistances. Quile

ideal onrpal pesistanee alsor nelieved ot the outpat of the COS thanks 1o
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the local feedback provided by Al and A2. Its simulated value is greate:s
than 200 MCQ.

126 | f | |
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Fig. 3.13. Loop-gain frequency response.
a) module: b) phase

Four different frequency responses of the current amplifier in oo closed
loop configuration are plotted i Fag 314 Fhe padn i varied from D o 10
U only by chingomg resistamee Koo g LS

High-drive Curront Ampliflers 3 : — 114
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Fig. 3.14. Closed-loop frequency responses

R R,

Ry

Fig. 3.15. Closed-loop configuration

Several measurements were carried out on the 20 available integrated
samples to evaluate offset and harmonic distortion. As already discussed in
sections 3.2 and 3.3, harmonic distortion in such a ctreuit 1s mainly
determined by random effects on Fy-and /2 of the transistors implementing,
the COS The offser voltage was mensured as being lower than 5 mV, The
harmonie distortion (ve THD, T and 1) of the output current versis
the wput corrent with the amplifier e andty: i contignration and n load
pentatanee. Ky oob TOD O i plotted in b V16
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Fig. 3.16. Harmonic distortion: a) for the 12 samples in which HD
dominates; b) for the 8 samples in which IID3 dominates

More specifically, two different cases were found: 12 samples in which
THD is dominated by 11D7, as shown in Fig. 11a, and 8 samples in which

THD is dominated by HD3, as shown in Fig. 11b. According to (3.27a).
(3.27b) and (3.29), in the samples where HD3 is dominant, the mismatch on
£ is negligible with respect to that on F7. However, for all samples the THD

is almost the same and is nearly constant. [ts value for an output current up
to 7 mA is around -55 dB,

A 6-mA step response with the amplifier in unity-gain configuration s
shown in Fig 3.17. The settling time at 0.1% is 165 ns.

.'.-‘U_.:h s Carrent Amplifiees . htd
s |
mA | I | | |
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Fig. 3.17. Step response in unity-gain configuration

The power spectrum densities of the noise current and voltage generators
are plotted in Fig. 3.18.

pA v
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The main electrical performance of the amplifier is summarized in
Table 3.5.

Table 3.5.
Main amplifier performance
Parameter Value
Open-Loop Gain 100 dB
GBW 10 MHz
Phase Margin =600
Max. Qutput Current =7 mA
Input Offset Voltage = 5my
Output Offset Current =45 nA
Settling Time 165 ns
Slew Rawe (A= 1) 0.2 mA/ns
THD {1 kHz, [oul = 7TmA
RL = 100 Q) Eeood
DC Power Dissip. 4 mw

Hesides the attractive constant bandwidth feature, the solution in Fig. 3.9
ix charuncterized by a high gain and provides a maximum bipolar current of 7
mA while dissipating 4 mW. This makes the circuit quite a good candidate

as a general-purpose current amplifier. The main drawback is the absence of

a differential output. Actually, the amplifier is characterized by two
identical output currents. A differential output would require introducting
additional current mirrors with a detrimental effect on linearity. In the next
section we will show that this limitation can be avoided by adapting the

same COS architecture for the implementation of a COA instead of a
VECOA.

3.4.2 COA Configurations

To provide a class AB transconductance output stage, suitable for
implementing a COA, the same COS topology can be utilized. Figure 3.19
shows the schematic of a class AB current operational amplifier which uses
two couples of complementary gain-boosted cascoded current mirrors in the
output stage (transistors M20A-M22B and two couples of auxiliary voltage
amplifiers, A1-A4) [25]. This arrangement provides a differential output
stage which allows true COA operations to be achieved. Morcover, the
circuit is characterized by two high impedance output nodes, thus

e Padmisano - G Pafumbo - 8§ Perisg

f17
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overcoming the overdrive limitation of the traditional class AB voltage
follower previously adopted.
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Fig. 3.19. Schematic of the class AB CO4

Besides the COS, the circuit contains two lJl’E]flEl‘ main blocks: a
istance amplifier and a transconductance ampliher. '
tm'}zrzsﬁztzlsresistﬁnce amplifier is made up of transi‘stors M‘I-NIIT and is
based on a folded cascode amplifier. 1t makes the_ main cantnbuuonhm 311;
open-loop gain of the overall amp;llif;e:.l ln_ addtltm:, common drain
i roper bias voltage to the following stage.
pm":'l]l(:-e:’r;};zc%nguctance amplifier is composed of transiston:s M S-M I ‘?_ .'nu!.
works in class AB fashion. [t constitutes a crqss-coupled [ilfft?l’tﬂll:ll ?.‘luw.
which has been applied before as a nonlinear ‘mpu.t stage in hlgh—hl;.'\:'\r ll ultl
op-amps [26]-[28]. In this design, its inverting mnput 1s set Iml_l It | T;:,..
voltage VB which is equal to 3.5 V. In [29] a detailed .ar.u‘i w.l1|~ ‘t_s. *
transconductance amplifier can be found. For our.purposcs, it is su lu.ul:l “n
gvaluate the differential (transconductance) gain. By z?pplyflng the b E
circuit theory, and neglecting the common-mode signal, the '.‘:Illll]lt
equivalent circuit in Fig. 3.20 can be used, whose transconductance g,

Zmeq 15 given by

fyg  Bmy v Lm0 (3.38)

K
g L Hmﬂumlll
1

irrore < (')
OF connae, by wd dgg e equal and properly mirrored n the COA

ontput brane hies
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in M2

Fig. 3.20. Equivalent circuii for the gain of the transconductance stage

Frc':quem:y compensation of the main amplifier is achieved by Miller
capacitor C'-and nulling resistor R~ v

As an additional comment, it can be noted that the circuit can easily be
arranged oo fully-differential version, simply by adding a replica of the
Input stuge (the transresistance amplifier) to the other input, here set to VB
al the transconductance stage. , 1

Ax mentioned belore, o true COA provides differential output currents
However, most apphcations only require a negative feedback capabilit”'
which can be achieved without providing a differential output. For Lhi}zr;
purpose, n more compact solution can be implemented like the one. proposed
by authors [31] and shown in Fig. 3.21. The four auxiliary amplifiers of the
COA i Fig. 319 have now been replaced by two fully differential
structures, Al and A2, which provide a balanced COS.

TRAVSRESTAN ' UPLFIER

TRAVINLIT T O E NP ETRER CURREN T GLIFLT A TAGE

¥n

[0

Fig. 320, Fabvicated cfasy A0

High-dvive Curren Lmipd iftery £

1o satisty the dynamic requirements of the upper and lower current
mirror, the two auxiliary amplifiers were implemented in complementary
versions according to the schematics shown in Figs. 3.22a and 3.22b.
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Fig. 3.22. Schematic of the auxiliary voltage amplifier Al @) and A2 b)

The electrical components and simulated main performance of Al and A2
are reported in Table 3.6 and 3.7. Transistors MP1-MP2 (MN1-MN2)
implement the source coupled pair, while the common drains MP3-MP4
(MN3-MN4) provide a proper level shift. Dominant-pole frequency
compensation is achieved by using capacitors Cep and Cey. Moreover, the
unitary closed loop configuration allows the output common-mode voltage
{0 be controlled very simply, by means of transistor MPC (MNC). To
maximize the output swing, the common-mode voltage reference Veue
(Vgn) s dynamically extracted by sensing the output current using simple
current nrrors

Once agmin, e carrent amplifier has: been compensated with Miller
capantton 0 wmdresastanee K Awsiring: i ity i feedback
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conﬁguTation., the small-signal equivalent model for the loop gain of the
transresistance amplifier is shown in Fig. 3.23. Resistance r, is the output
resistance of the folded-cascode, M3-M6. and transconductance by
represents the gain of the transconductance amplifier. 36
Capacitance C; is the equivalent capacitance due to both the output and
input nedes (which are shorted in unity-gain feedback). CM,, and CM,, are
the upper and lower current mirrors. Their nonideal frequcnpcv respcmzc is
taken into account by the poles in the output current which are mainly

introcl'uced by the equivalent gate-source capacitances, Cp and Cj,
associated with the current mirror itself. J

C."rfp
A 1A <Ll
Y { I—'s——ijez" ¢

Fig. 3.23. Small-signal equivalent model of the amplifier in Fig. 3.21

In a first-order approximation, we can neglect the frequency limitations

of the transconductance stage and consider the same time constant for the
two current mirrors which means

n==ip= gmeqrAff (3.39)

and

BT G (3.40)

The loop-gain transfer function, 7(x) 1 /1 ix

High deive Current Imp{flery 1l

Ce Cil
1= S(1-GrRe)s- t":_’ st
T{.\']ZUT'FA & Em 11 (341}

_ R
[1+ - u W[I+C—‘s+£”c'—-szJ
. GrryriCe\ Gr  ZuuOr

where the total transconductance gain, Gr. is given by Gy =2g,,,4and

was assumed to be much higher than 1/r;. Equation (3.41) is useful for a
pencil and paper design involving [requency stability and the gain-
bandwidth product.

The dominator shows a second-order factor which is responsible for two

non-dominant poles. If SE_"—'M:AL%, these two poles are real and the
A i

second pole (Le.,- -C{;—T} is the one caused by the pole splitting.
1
Unfortunately, this is not the case due to the large time constant introduced
by the current mirrors in the output stage. Therefore, the poles are usually
complex conjugate making frequency compensation more critical, as will
become clear in the measured frequency and step response shown below.
Two real zeroes with opposite signs also appear. By setting their modules
to a frequency which is much higher than GBW, they do not make any
appreciable contribution to the loop-gain frequency response, and GBW can

simply be given by . Of course, design optimization with SPICE will
T

be necessary given further high-frequency poles. In our design, capacitor ¢

was estimated at about 30 pF, and C, and R, were accordingly set to 12 pl

and 200 O, respectively, to guarantee a phase margin of around 60°.

The power amplifier in Fig. 3.21 was fabricated in a 1.2-pm n-well
CMOS process. Electrical parameters and transistor dimensions are shown
in Tables 3.6-3.9. Table 3.10 reports the simulated main performance of the
auxiliary amplifiers.

Table 3.6.
Bias currents of the main amplifier

Bius Currents pA
1L, 12 M)

(IERRRILY] A0
1IN My
e, 1V [
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Transistor aspect ratios of the main amplifier in Fig. 3.19

Transistors WL (um/um)

M1, M3 160/1.4

M2, M4 a0/1.4

M3, M6 814

M7 10/1.2

MBS, MO, MI12, MI3 150/1.2
MI0, M1, MI4, M5 As0i.2
M6 2507114
MI17, M20 2500/1.4
MIR, 100/1.4
MILY, M21 1000/1.4

Table 3.8.

[ransistor aspect ratios of the auxiliary amplifiers in Fig. 3.20 and 3.21

Transistors

W/L (pm/umy)

MP1, MP2, MPC 3002
MP3, MP4, MPS 80/2

MP6, MP9 2514
MP7, MP8 40/4
MN1, MN2, MNC 12072
MN3, MN4, MNS 2012
MN6, MN9 10¢1 4
VN7, MNS 4074

Table 3.9,

Bias currents of the auxiliary amplifiers

Bias Currents

UA

1P, TPZ, [P4, IP3. TPs
1P3

TNT, IN2, IN4. TIN5, IN6
IN3

20
60
20
6{)
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Table 3.10.
Simulated main performance of the auxiliary amplifiers

PARAMETERS Al Al
Gain (dB) 40.5 41.9
GBW (MHz) 22 20
M® (%) 63 68

Ce (pF) 2 2

The chip photo is shown in Fig. 3.24. The total die area is 0.63 mm2.

Fig. 3.24. Micraphotograph of the test chip

Several measurements were carried out on experimental prototypes using,
a 5-V power supply which leads to a power consumption of 15 mW.

The measured frequency response of the loop gain of the amplitier loaded
with a 30 pF capacitor is reported in Fig, 3.23. The DC gain, GBW and the
phase margin are 95 dB, 8 MHz and 60?, respectively.

A 6-mA step response of the amplifier in unity-gain configuration is
shown in Fig. 3.26. The settling time at 0.1 % is 260 ns while the slew rate
is 0.7 mA/ns.

The complex-conjugate poles are responsible both for the slight peak in
the frequency response near GBW and the ringing in the step response, as
mentioned before,

A aliendy showin, the Tmearity performance of sueh o circut is mnly
affected by random effects an thieshold voltages and the tramscondue fanee

paviitieters ok the finsistors wnpleienting e caeent ontpit kg
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Therefore, THD characterization needs statistical measurements on a larpe
number of integrated samples. In our case, the amplifier was connected i
unity-gain configuration using an output resistive load of 100 2. Figure 3.25
shows twa worst cases in which either HD2 or HD3 dominate. In all the
samples, THD} is quite constant and better than -35 dB up to 14 mA. Of
course, the maximum output current is limited by the voltage swing. In a
short-circuit condition an output current as high as 28 mA is achieved,

The main performance of the amplifier is summarized in Table 3.11.
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Fig. 3.25. Frequency response of the loop gain
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Fig. 3.26. Step response of the amplifier in unity-gain configuraiion
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Table 3.11.
Measured main performance

Open-Loop Gain 95 dB
GBW 8 MHz
Phase Margin =60
Max. Output Current 14 mA
Output Current Offset <20 pA
Setling Time (0.1%) 260 ns
Slew Rate .7 mAMms
THIY
{1 kHz Jour = 14 mA Ry = 100 ©) =-53 dB
DC Power Dissipation 15 mW

3.5 A VERSATILE FULLY DIFFERENTIAL COA

Following the previously mentioned idea to convert the COA in Fig. 3.19
in a fully differential version, an example of implementation is shown in
g, 3.28 where a replica of the input stage (the transresistance amplifier)
was added to the circuit in Fig. 3.19. Due to the fully differential nature of
the amplifier, a circuit for the common-mode input control is required [4].
This is implemented with source followers MCI and MC2 and the voltage
to current converter composed of resistors R;-Ry and the common gate
MC3. The common-mode reference vollage, Vip. is appropriately set to
maximize the output swing of the transconductance stage. Bias currents and
transistor sizes of MC1-MC3 were sel equal to guarantee a balanced circuil
under differential-signal conditions. Considering a common-mode signal,
the voltage to current converter produces a signal current which is
transferred into the main circuit through the current mirrors MC4-MC4A
and MC4-MC4B. A steady-state condition is achieved when voltage in
nodes A and B is equal to Vopg On the other hand, with differential signals
no current flows into MC3 and MC4 since the current in R; is equal but witl
opposite sign of that in R;. To preserve the overall amplifier linearity
resistors Ry and R should be realized with polysilicon layers, and to avoid
excessive power consumption their value should be set large. However, o
large resistance value reduce both common-mode feedback gain and
bandwidth, and can greatly increase silicon area.

High e tvw rront fl'l'll.'l“_ﬂr!_t 147

w = o 3
® 1 e @
] e F:*S:J_m_u

| o

Y

Fig. 3.28. Schematic of the fully-differential class AB COA

The circuit in Fig, 3.28 is a versatile amplifier which can be used in a large
variety of applications, as illustrated below.

A. Cwrrent Amplifier

The natural application of the fully differential COA is the current
amplifier shown in Fig. 3.29.

Fig. 3.29. Current amplifier block diagram

The circuit is very similar to that in Fig, 118 Tediffers from the topolopy
previonsly discsed Tor the non imverting input feenmal which can be

grommded o Tt open
Ul bovead bowopr g s piven by
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i
fo 4, B (3.42)

B. Transconductance Amplifier

By using an additional resistance (R3), the current amplifier in Fig. 3.29

can easily be arranged to :
Fig. 3.30. g perform a transconductance amplifier as shown in

Fig. 3.30. Transconductance amplifier block diagram

Thanks to the virtual ground at the inverting input, resistor R3 provides an

accurate \"Oh.ag curren n i
; T‘] . .

(3.43)

B. Voltage Amplifier

Th_e circuit in Fig. 3.28 can be configured in a fully-differential voltage
amplifier, as s_hovm in Fig. 3.31. It requires an additional common-mngﬁ
.feedba.ck circuit _to control the output bias voltage. This control was not u':cti
in the two previous applications (Fig. 3.29 and 3.30) since the comm:;l :
mode output current is only responsible for a differential offset voltage %
f“"g]{'}’e :utpu.l common-mode feedback can be avoided if relative low

ack resistances (R; and R;) are used. Under this condition the

Jh}_{h e U rrent h.-q-.‘i_.fh-n j4v

common-mode output current produces i small devintion from the ideal
biasing condition of both the input and output terminals.

R

Fig. 3.31. Voliage amplifier block diagram

For this amplifier we get the following closed-loop gain

Ve & (3.43)
Fq R

D. Transresistance Amplifier

The fully differential COA can be also arranged to implement a
transresistance amplifier, as shown in Fig. 3.32.

Due to the signal current source and the floating load, no Jow impedance
path is available for the common-mode output current. Therefore, 1
common-mode feedback circuit should be included at the output. However,
assuming low resistive loads, an alternative approach could be used to
overcome this drawback. Indeed, by using two additional resistances (K¢ )
a low-impedance path can be provided to the common-mode current. Hence,
setting Reys low but greater than R;, the common-mode resistances will nol
affect neither the open-loop gain nor the output swing.

The closed-loop gain 1s

Yy

Hl ( LA
(n n)
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Fig. 3.32. Transresistance amplifier block diagram

3.6 MEASUREMENT STRATEGIES

!i\s .wc” known, a conventional measurement equipment is conceived and
optlm‘lzed to be wused in a voltage-mode environment. Thus ‘ 1L
experimentally characterize circuits which accept and/or deli';'er :::11".1-,ent:;J
v‘oltcagc-t{]—current and current-to-voltage conversions have to be providt;a;
whlch_can simply be achieved using resistors. This approach has been
(Iexlenswely. employed throughout the testing of the integrated samples. For
instance, Fig. 3.33 illustrates the configuration adopted for the clor:ed-loo.a
measurements, where the device under fest (DUT) is a current ampli-ﬁer |

R, R
VAV bV oo

R, Is
FW
Ir
i ?
L Rf.) ¥r

Fig. 3.33. Configuration for closed-loop measioemenis

Hu_.;h oy pve @ ket Iarlf'fif‘l"‘ L1

Due (o the virtual ground provided by the DUT, the input current Iy is
equal to Vy/Ry, Therefore, the current closed-loop ain is casily expressed in
terms of voltage and resistance ratios as follows

5 - R ¥y (3.45)
Iy R Vs

With this technique, characterization of gain, step response and linearity
can simply be performed.

The most critical task in the experimental characterization of high-gain
amplifiers is constituted by loop-gain measurements. This bacause the
measure have to be carried out with the amplifier in open-loop
configuration, but preserving operating point accuracy and loop impedance
levels. To this end, the DUT was arranged in the experimenta) bread-board
as shown in Fig. 3.34. The loop gain for the unity-gain configuration was
considered.

At low frequencies, feedback is provided by resistors Rz and R3. They are
comnected between the input and the non-inverting output of the DUT. At
sufficiently high frequencies capacitor C 18 shorted and resistors R and R3
appear as input and output load, respectively. Hence, by setting R3 and C; to
account for the input resistance and for the input and source capacitances,
respectively (which were previously cvaluated), the load impedance 15
restored at the output.

Since resistor R; should be very high to provide low current signals, nn
undesired pole could arise due to the nput resistance and capacitance. 1o
avoid this pole and to provide a further reduction of the input current, i low
R value can profitably be used.

At moderate frequencies Cj 18 short-circuited and by inspection (he
circuit gives the following relationships

Jrrrr = —'—'—1 - Rz '_VS (48)
R + Ry My Ry +1y

'fm.'.' T I').Ju.f / R? (347

where £, s the inpul resistance,
Combinmg €V A0y and (3A7), and considering that K¢ is equal 1oy, the
Levenn peain im
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ot Eﬁ— Vout
R (3.48)

; ETh; ?;E;ssrédt_loop gain (i.e., f"ou,e’ﬂ} is lower than the actual loop gain
b‘; » Joully) by a act.or RY/R;, Thl.s means that an accurate measurement can

.cameizl out at high frequencies since a suitable value of the output
variable (i.e., Vout) can be defined. In our board, the ratio R #R3 was set]‘J :10

66 dB.
DUT
\/_F
Rz Rj‘

Lin

Fig. 3.34. Schematic for the loop-gain measurement
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APPENDIX 3.A

Harmonic Distortion In Class AB COS

Tn Appendixes 3.A and 3.B, general procedures for the calculation of
HD, and HD3 in COS are presented, using the large-signal transfer

characteristic of the current mirrors adopted.
Let us consider the output stage of the current amplifier illustrated in Fig.

3.1 and assume current ;10 be sinusoidal

ir= I yysin(ot) (3.AD

Neglecting power terms which are higher than third-order, the output

current i,{f) can be expressed as

r.'m(r) =ag+aiy+ azf} + a3i} (3.A2)
where parameter ay is an offset current and the gain parameter a is defined
as

| dm| dg| Gw) 8
a = i‘;”z = 5—(532 =igy) = ;2 —*;ll ~24 ?;1 (3.A3a)
o i lp 81 o) 1 o G‘AHJ’Q F o

where I 1s the quiescent current of the output branch.

] : It : .
Since we find Ai g = —Aig = == around the quiescent point, term «,

can be written as

(
1{5,42‘ +ﬂz_‘ W (3.A3h)

= =

2 (’3';1”;9 f’?"th)

Thus, parameter ¢ is equal to the mirror ratio.

Parameters oy and @, can he caleulnted aecording to the appronch

peported i[O and sming e Tollowing approsimation for the hehavio

ol the o b ATV OIS
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L M ipsdg APPENDIX 3.B
: . (3.A4)
BL=r for iy>>1 ] Accurate Determination Of HI);
Hence, taking the derivative of I With respect to jrﬁ evaluated at the In class AB COSs where the two current mirrors have (ansler gains
maximum and minimum input signal (+lyyand -1,)), we get which are independent of the input signal but with different values i
harmonic distortions are zero, and even ones can be determined by apply ing
y exactly the same method described below. In fact. for these (aze= Hils
ay = | 1dn _dp 3.A5 method is much more accurate than the one described i Appendis 1 A
A | Ay 2y A Tas 349 which it was found lead to an error of about 4.5 dB.
J i Again, consider a sinusoidal input signal with amplitude Iyy, and sssumie
an ideal class B operation with different gains ay. b for the (wo hiall wayes
Currents {45 and ig; can be expressed as
%] A
e i o ) T
6l | A Iy 9By, 0 for O{f‘:E
‘ : Fgx =ayig) = T (1 1Al
: (3.A6) {— ayiy  for = <t
|52 +2m -2 dn 1
6f - ;
m\Gal;, dml;,, dg o Gnl,)

bip  for 0-:1{%
Finally, H:Dz and HDj are given by igy =hjig = T {1 k)
0 for E<r<T

my=leay Vo Adnl _ap o
4 2 EI\&A] |fM g 1af L By expanding 74, and iz, in Fourier series and neglecting the even
higher-order terms, we get
’
kg e G 1| & I ¥ A 2
HEy = Ea_l M= ‘5:931,14' Y —-ﬂAz +éi'—m —% _,;;ﬁ fg2 =—a) %.w‘nwf ———ayl yy cos2ax R
Allfy Bl A Ap ks 2 S 4
f M 4"1;] f(.; h;
3AR .
( } / ;.-” . = o ) |
Fipo oL N ‘ MLy eos 2o (140
N

where a mirror ratio equal to | has been assumed (ic,ap 1)

Fheretone the cntpuat vinend s given by
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Sl _ 2
lowt =1py —ly2 = E{al E, b|)f_u3!ﬂ(ﬂﬂ)+§(bl = ﬂl)]m{ cos(Zean )
(3.B3)

Assuming a mirror ratio about equal to 1, HD» is

2
Dy = (b -a) (3.B4)
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