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ABSTRACT ?

* <
~
7/ . v

. i . . . . ’
This thesis reports on work on high-frequency continuous time filters

which used tunable transconduétance amplifiers. The us& of opamps

allowed for high Jutput impedance and easy interconnection of integra- -

we
e W

tors. Both single-ended. and double-énded biquad filters, have been
' »

realized in CMOS. High Q zeros and close relative spacing of poles and.

-

-zeros were used to achieve a fast dragsition from passband to stopband.

&
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CHAPTER 1 INTRODUCTION

) /
1.1 THESIS OBJECTIVE -

> .
L

7 ‘

The objective of this.{hesi%gts to explore the use of wideband
‘ N , s

""CMOS opamp design techniquesf in the reaiization of 6pen loop transcon-
ductance filters. Emphasis will be on the biquad filter which will
include a zero in its transfer function. The use of EPROMs in pretun-

ing <+the filter parameters will also be explored. Other means of tuning

«

*the filter pafameﬁers will not be considered in detall.

n

1.2 THESIS MOTIVATION - . . !

[ -
]

1 L3
L ¢

i

~m the past, open loop trangconductance {ilteri have beea rea-'
® - .

. . e
lized using differential pairs. This did not " allow DC coupling and

required level shifting. Also, performance was dependent on the para-

sitics of the in?ut stage. Use of a wideband CMOS opamp -eliminates

p;obleﬁs with DC coupling and level shifting. Aé-well) parasitica are
. S . | .

well understood for the CHOS opamp, - 30 .that standard cirquit design

a

techniques can be used to improve fhe‘performﬁnce~of theifilter.

1™ many applica:ibns such as for anti-alias filters, a ‘fast
transition from the pass band’ to the stop band is required. In switched
capacitor filters this has been achieved by using biquad filters with

zeros in the transfer function. In the past, implementation of zeros in

continuous  filters has not received a lot of attention, though the

\

. . ‘ 2
possibility has been mentionmed. In this thesis, high rolloff filters

will be studied through the use of closely spaced poles and zeros.

P

.
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Most of the continuous time gilters discussed in the past have

used a phase-locked loop tuning circuit. This requires the use of .

voltage-controlled oscillators or voltage-controlled filters, phase

‘

detecters and loop filters with long time constants. This represengs a

large amount of circuitry. In this thesis an alternative is presented
where the circuit is pretuned using relatively simple circuitry con-

sisting of EPROMs.

1.3 BACKGROUND OF MONOLITHIC FILTERS .

\

The background of monolithic filters will be presented with the

®

integrator used as an example. Various forms Mof the integrator are
seen in - Figure 1.1 and will be discussed as a means of developing

"understanding of the particular incegrator\“khed in this thesils, the

.
I3

open loop transconductance integrator.

c

1.3.1 DISCRETE FILTERS

<
3

Figure l.la shows the well known discrete continuous time: ipte-

grator which uses a capacitor, a resistor and an integrated operational
.

amplifier (opamp). Precision of the time constant, RC, is obtained by

-

-

the use of precise discrete components. The main requirements of the
opamp are that it have a high gain‘and low noise at the frequencies of
interest. With the increase in the complexity of integrated circuits,

it became desirablq to have complete filters on the integr, circuit.

High quality tapacitors with low voltage deﬁendence could be integrated

>

L

R
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but lérge—valeed resistors required large areas and sthed a strong
Jbltagé dependence, and led to widely varying time constants. This
started the search for an alternative devicé or clrcuit ifigéiqge tﬁat
wou ld perform the same function as the ?esiscor without 1ts problems.
Some of the resulting technigues were the Switched-capacitor filter [1]
and the transconductance filter [2]. These methods solved some of the
problems asgsociated with integrated resistors but chey, in turnycreated

other problems.
1.3.2 SWITCHED-CAPACITOR FILTERS ] ‘

"r

o

Figure 1.Ib shows a version of thé gwitched—capacitor integra-

tdr. The capacitor, Cg, 1s switched between the inbut voltage and the

. .

- B . N
virtual ground of the opamp. A chayge flows in proportiqn to the vol-
i R S N
tage difference. This amount of charge fkows in every clock period T.
- . . - l. N . A
Averaged - over a number of cycles, this is equivalent to the flow - of
t f . -

\
-

T . v
‘cursent .through a resistor. The value of the equivalent resistor is
¢ \ . K :

given by T/Cg. Thus the discrete time constant RC is equivalent to the

[ ‘ N

switched—capacitor time constant of TC/CR.‘ The capacitor ratio can be
. : i . > ;

very precise, in spite of poor absolute precision, leading to accurate

time constants without the necessity of trimming. k&

. s
- -
.

.
. ®

~However, switched=capacitor filtering is .not without its draw-
" \

backs. Since the switchedf“capacftor filter is inherently a sampled

data system.Lmixing occurs between the inputjfrequency and the c¢lock

o

frequency. Any input frequency higher th%n half the clock frequency

~
1

will appear‘'in the baseband - at the output. This effect, called alias-




. ‘ ( 5

f

. ' . ) e
ing, must be avoided Ky preceding the sampling device with a

continuous—-time anti-alias filcter.

. ~
i Switched-capacitor filters are limited in their high frequency

capabilities. The opamps in a switched—capacitor circuil must settle

close to their fipal valug in the clock pefﬁod. Thus the opamps will

4

typically have a unity gain bandwidth (UGBW) muych higher than the

frequency of the clock. In addition, only if the clock frequency is

t

well beyond the filtering, frequency of interest, can the idea of a

.

-

resistor equivalent be used.

.
PPN
Y - N

. The switched—capacitor filter requires considerable -drea to rea- -
e ’ . -

lize the clock driver, (typically of up to four phases), .the switghes,
capacitors, interbodnections, and the anti-alias f;lcer. As Qell, the

N - ' I . . . ! -
presence of a clock in the system can cause noise which is picked up 1in

~

other parts of the circuit. Clock signals can be injected through the
switches into the filter circuit whére they result in clock” feedthrough

‘noise. This can be limited but_ not’ prevented by careful design of

- & -
matched complementary switches. Residual noise can often be tolerated .

since the clock frequency isd\higher than the filter cut-off freqﬁency.’ :

L : - Q &
1.3.3 CONTINUQUS TIME INTEGRATORS . .

AY
- \]

The continuous filter -has a number of advantages over the sam-

pled data fiitefu CIe oes not require an anti-alias filter. Problems

N

suche ag” clock feedthrough lock noise are eliminated. There/is the

potential of operation at higher frequencies since settling time in a

L3




1.3.3.1 TRANSISTOR AS A RESISTOR w/
i

# N

N

clock period 1is no longer of concern. There are some disadvantages

& . .
. . . T4 . . e
-however. Unlike the switched~capacitor, the dev?ces or circuits used

1

——r— e

in place of the resistor are often nonlinear or 'voltage dependent.
This requires additionmal circuitry to minimize these effects. The
equivalent resistance value i& no longer matched to,the capacitors and

hence elaborate tuning schemes must be used 1f precision 18 required.

' 4

These disadvantages are very important and have been the main reason
. \

for the continued success ©f switched —capacitor filters in monolithic

¢

integrated circuits.

L

n- a
4 . -
-

~

The simplest device to use as J resistor is the MOS transistor

in the linear region as showp in the circuit in’ Figure l.lc. The tran-

sistor 1is equivalent to a resistor over a small voltage input-region
. ) 7 .

only. It is therefore necessary to take stepd to expand the range and
> ) , E

improve linearity. Tsividis [3] reported on sych a device where line-

arity was improved by use of a differential arrangement. This was used

’~ \\ . . . - N ) - v
in the voice band, but later studies, {4] showed the. possibility of

extending this up to higher frequencies. The time constant of the

integrator ia‘Cuned by ad justing the gate voltage of the transistor.

This gate voltage is derived typically from a phase-locked ° loop tuning

- -

circuit. One of the reported tuning strategies was to use two identical

A}

transistors as resistors and to alternately switch them between the
. . N -

actual circuit and a tuming circuit [5]. Thus there was always a com-

plete circuit eéxcept during the switching transients and this was




'3

referred 5o by the author as "essentially" contgpuous.

1.3.3.2 OPEN LOOP TRANSCONDUGTANCE FILTERING ~

) - ‘ .

A transconductance device is one where the output current 1is
proportional to the input voltage. This is anothgi; name for a voltaé’
controlled current source. The most fundamental of suc¢h devices 1s the
MOS transistor, where the input is tke gate voltage and the output 1is

. w

. ’ M . @ ’ . - .

the drain or source current. This simple device displays the same

problems as the MOS resistor, that is, a small linear operating range.

. 3

. ’ *
In addition, the output resistance is toa low for a good current

“

source. More elaborate circuits can be used tao overcome such problems.
- =

These circuits in their more complex forms are often called operational

't;gtsconductance agplifiers . or O:I'As due to their resemdlance to the

-
&

standard ophmp.L ®

Figure 1.ld shows the basic integrator based on the OTA. The
a . h i

s;mbol;shown for the OTA illustrates the fact that the OTA differs from
L ' - L)

tﬁéropamp mainl} ip that it has a different output stage. The OTA feéda
a current prbpottion;EA:b the input volt%ge'into the integrating capac-
itor. This is the same fuaction performed byvche resistor in the dé;f
crete integrator. For the discrete Lﬁtegrator of Figure 1.1&.‘che
output voltagéivo‘is'related to the input voltage V;, by:

A

o = i/8C = V;/sCR o (1.1)

v



Tor

4

. . -
integrator, the UGBW of the opamp in open loop is . required to be much

‘8

¥
'

For the OTA based integrator of Figure 1.ld, the cbrresponding equation

18:

Vo = i/sC = ggV;/sC (1.2)

Thus, the two circuits have identical performance if the transconduct-

ance gy of the OTA integrator is made equal to 1/R of EEE discrete

integrator. By setting the output voltage equal to the input voltage,
—~ "

the unity gain bandwidth of the two integrators can be seen to be:

A

UGBW = 1/RC and g, /C respectively (1.3)

- ) ~

The term 1/RC or g,/C usually corresponds to the pole frequency of a
filter using this integrator. That is, the filter pole Afreqdency is

usually equal to the unity gain bandwidth of the integrator. : ..

3
L]

Y
The. diagram and equations - point out one of the differences
between theddiscrete integrator and the OTA integratotr. In the discrete

3

higher than the UGBW of the integrator since in closed loop the omep

input must be wmaintained at virtual ground. In the OTA case, the UGBW.

of the filter and of the. OTA itself are the same. The OTA filter is

thus generally capable of operating at. higher frequencies. There is)a

reservation, howeverslﬂigﬁ frequency operation in the opamps and OTA
Fl ,

integrators is limited to a different extent by the phase shift due te

the parasitic pole (second, non dominant pole related to parasitic,

-

>




- N

4

t A T

capacitanée)h The opamp can have a UGBW close to 55! parasit&c pole

L : while the OTA .must have a UGBW sufficignfl?'lober to avoid phase shift

e .

¢
. ‘ due to thé parasitic pole. -Thus the opamp, as used in the discrete

»

integrator, can have a higher open loop'UCBV than that of the OTA inte-
~ arm . ..

grator. . o . Q§ .
>

RN

P §
. s , M '.
In the transconductance filter, the pole frequency 1s deter-
x T . 7~ ‘
mined by the ratio of the transconductance to the capacitance. . Thus

v

-

« N , - L 1'.
. . . . . e - ‘ )
the ratio of these values s very important in determining the accuracy
- a P
. and reproducibility of the filter funEtigns.'This ratio ddes not track

- N -t

.

. . ddctancedian be tuned by control of the current ‘thfouéh the input

. oS . e ‘
‘ transistors of the OTA. The#®apability of tunin%‘is important in the
o i it . ° .
design of general .purpose filters which can be tuned over a range of
‘frequencies. i
. A - . i . oL f

3

The actual design of an on chip tuning ' circuit can be quite

-

trolled oscillator (VCO) or afvoltage-conf}olled filter (VCF) using® the
- Tt )
same iﬁtegrétors as were used for the actual filter. A phase-locked

\

_loop could be used to tune the filtef by comparing the output of the

VCO or the VCF to an externally supplied reference signal.

¥

-iq 1978 Tan and Gray (6] reported on tramsconductance filtering
);’ - - .
which used a phase-locked loop tuning wmethod. Since then, numerous
. papers have been written which describe transconductance filtering and
* * °

‘ . - . . ' - - N
present _various designs of transconductance amplifiers. One of the

L 3 »

. inai%;ggrated circuit technology so tuning is requiged. The transcon-

-

,'céqplex. In the past this has been done by designing a voltage-con-
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most fundamental designs for ‘the transconductance amplifier 1is the

differential pair {7], as shown in.Figure I~le. This allows designs

~

with a low numpber of transistors. This 1is attractive for limiting the

parasitics that reduce the high frequency operation potential. However

this design can achieve only moderate DC gains, requires level.shifting

/

and presents inter—-stage coupling problems.

Significvant work has been done, .in the past, on the applications

-

of transconductance amplifiers. Geiger et al. in a 1985 paper, (8],

provided d detailed discussion and bibliography of such work. In the

past, filter :designa have often been based on ladder filters (7].
. b :

v

Ladder filters are favored due to the low sensitivities to component

-

.variations. Biquad filters on the other hand are of interest since they

4

can be realized directly with thethA a§ the integrator,

used extenaigely. and st;died in the pa;t in the context of switched

capacitor filters and they allow independent control of various param-

eters such a; Q, gains, éole frequencies\etc. Biquad filters have béen

studied in.the context of ﬁigh Q mulciple pole fiECers. One of the big
] i

problemQ with Ehis design is‘that-of‘Q enhancement due to the use of

C o '\
non ideal integrators. The implementatioh o biquad filters which

include zeros in the transfer function have been mgntioned ip tlie past
but one of the first reported realizations occurfed in [9], where it
was reported that the Q of Zeros was decreased th non ideal intégra-

tors.

they have beén'

x>




1.4 Thesis Format

The thesis is on a study of open loop tfansconduccance‘filter{;g
and tuning considerations. Chapter 1 is the introduction to the thesis.
It provides the objective\and the motivation for the thesis as well as
a discussion of background méter?al.x[n Chapter 2, the use of‘ the
Eoldeé cascode opamp as the transconductance amplifier will be justi-
fied and details of the design will be given. Both single'ended and
+double ended des%gns will be discussed. I; Chapter 3 ;he;e amplifiers
will be interponnec;ed'co'fofm biquad filters. Simulations and measure-

ments will be discussed in.Chapter 4. In Chapter 5, filter tuning will
L . . " ~

-

be discussed. After the general discussion, design, simulation and
measurement of EPROM-based pretuning circuits will be presented. In

. ’ :
Chapter 7,-conclusions will be drawn.

[ . "
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CHAPTER 2 OPAMP AND INTEGRATOR DESIGN FOR OTA FILTERS ;
E) ' ‘/

1 - ’/

2.1 INTRODUCTION .

L4

. The design of'opamps and integrators is important in determining

OTA filter behaviour. As discussed in Chapter 1, the fundamental part

&

of the biquad, the integrator, should be as ideal as possible. An ideal

"integrator has a gain hhichJaecreaseé at 20 dB per decade and the phase

/ : -

is at -90.degrees. Any deviation-from the ideal will be first seen as a

4
phase shift which causes serious degradation in the filter performance.

This implies as design object}ves for the integrator, a high DC gain

o~

. and parasitic pales occurring at relatively high frequencies. The

opamps, a8 distinct from the OTA integrators, will be used mainly as

buffers between filter stages and as output pad drivers. To operate

“ well as buffers, they should have significant gain at the frequencies

of interé&t. This implies that ﬁhgir UGBW should be much’higher‘ghan

that of the integrators. As output drivers they should provi&e suffi-
cient curreat to drive externad loads. Other parameters of interest to
both tHe integrators and the opamps are noise, power supply rejection,

common mode range, lineafity,‘layout area and power consumption.

In this thesis, -jthe terms opamp, integrator and OTA may be
»

confused since all are based on the folded cascode ~opamp. Whenever
the. distin¢tion is required, the integrator, or OTA integ?ator will
refer to a folded cascode opamp that has been modified to operate

npecifica}ly as an integrator in a filter context. The term buffer

opagp will be used qnly when discussing a folded cascobde opamp that has

»
3 A .

Ya
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been designed to have a high unity gain bandwidth, since its main

-~
+
-

function is as a buffer between filter stages. Often the distinction is
-~ - v

not required, or the meaning 1s obvious, and the termi\SZf_j:,opamp
v a

2

will be used. .

-

2.2 OTA INTEGRATOR SELECTION

4

There are a number of reasons why the OTA Lntegrator using tﬁe
folded cascode épamp was selected instead of a simpler choice such as
the differential pair. First, the opamp does not have the level shift
problems that the’basic differential.pair does. It can be designed to
have a nominal output voltage at zero vofts, that 1s, with no offset.

Second, the addition of the output stage increases the output impedance

—_——~ £

—

and increases the DC gain. This allows the low frequency pole to be at

a frequency much lower than the frequency of interest. As well, with

the folded éascode opamp, the parasitic poles a;e well understood so
knowﬁ design Cechniques can be u;ed to push the high frequency paras;t—
ics to as high a frequency as possible. A finite DC gain will cause a
ph;se léaq at low ffequéncies while the parasitic poles cause a phase

lag at high frequencies. Ideally these should be far gnough apart to

.

. provide a wide region where the phase is at. 90 degrees. Since in prac-=
. H t

tice a wide region is not obtainable, the design\éan deliberately trade

OEf the two effects to obtain 90 degrees at the frequency of interzse.

Finally, with cﬁe use of the opamp, both double-ended and single-ended
filke;; aré'possible. The dduple-ended‘fiLCers and opamps have both a
positive and negative outpﬁt while che.single~enéld filters and opamps
have oﬁl& the posiFive output. All opaqps\yave both a ;ositive'and

i

4
’
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Y

- negative Llnput,

v

The folded cascode opamp shown in° Figure 2.l 1s a good choice

"

for use as a Itigh frequency ‘transconductance amplifier. It is bagically

a single pole design which allows it to operate at high frequenciés.

" The dominant pole is provided by a capacitor at the output, which can

also be, used as the integrating capacitor. This amplifier has a high
impedance current output which is proportional to the input voltage as

is required for design of the integrator.

2.3 FOLDED CASCODE OPAMP CIRCUIT DESCRIPTION

°

_ The folded cascode amplifier 1is shown in Figure 2.1 as eleven
transistors and two blocks. The bias block provides biases to some of
the current sources and cagscode transistors and will be described
later. The other block contains an offset correction circuit for the

single-ended amplifier or a cowmon-mode correction circuit for the

double-ended amplifier. This block is the main difference between the

o

single~ended and the double-ended amplifiers amg its details will be
examined later. The rest of the circuit is common to all amplifiers and

will be discussed in this section.

. J

Figure 2.2 shows a simplified schematic of the single-ended

.

amplifier where some of the transistors have been replaced by equiva-

>

lent current soutces. Nominal currents for the case where there 1is no

differential input voltage are also shown. Transistors Ml and M2 form
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M M5 |

V”«{ M N2 }—V"

!

T, TIHT
_®
T

Vo- Vo+ 1»———l—c
N M9 It
BIAS - ]
M3 . !
:”,__I— NE TWORK MI0  Mi OFFSET
I BLOCK
Vs ~ -

Figure 2.1 The Folded Cascode Amplifier. Offset block for single-ended
output is connected to the negative output only (as shown).

Common-mode bleck for double-ended output is connected to
both outputs.

Figure 2.2 Simplified Schematic for Sing}e-Endéd Amplifier

)

.
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the input differential pair. M3 is the current source for the input
pair. This current of 2I is nominally split equali§ so Lhac a current
of I goes throdgh each of the 1nput transistors. The ¢urrent through
these devices is “folded " over into”the output stage which consists of
° { -
M4 through Mll. M4 and M5 act as current sources of value 21 each as
set by the bias circuit. Of this current, I goes through an input tran-
sistor, leaving a current of I for thé output stage. The output common
mode or offset block measures one or both of the output voltages and
sets(the current sources MlI0 and Mll to keep the outputs at zero volts.
Thuq,‘the current in the output stage is nominally balanced so that if
there is no differential input voltage, the outputs arevat zero volts

»

with no output current, Transistors M6, M7, M8 and M9 are the cascode

 tranststors which act as b@&ffers to increase the cutput impedance of

the opamp. The bias circuit 1is required to keep these transistors
operating in their saturated region. -

Whem a differential Enput voltage V; is applied, as shown in
Figure 2.3 _for th; singie-ended amplifier, and Figere 2.4 for the
double-ended amplifier, currents in Ml and M2 are no longer equal. Each
of the input transistors will have half of the input voltage across it
so the current will be g, V./2 away from the nominal current of I. This
will be addgd to-the nominal cascode current on one side and subtracted

'

from the other. The effect of these currents on the output current

‘flowing into the integrating capacitor depends on the output feedback

circuit. In the single-ended case, the feedback holds the negative

)
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Figure 2.3 The Single—Ended Opamp with Differential Input
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, I - g|V1/2 |t
+§-—| !
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Figure 2.4 The Double-Ended Opamp with Differential Input
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.
oalput to ground by ba}ancing the current on that side. Tﬁgs'has the
effect of douSLing the curreﬂt on the other side so the oq&ppc current
18 gguVi- 'In the double-ended cage, the feedback keeps the sum of the
two outputs at ground sa if the change of.currents is balanced, the

feedback does not make any change. Thus the output current is ggpVi/2.

Therefore, with the same input transistors and the same transconduc-

tance, the current 4t each output of the differential OTA 1is half of-

the eoutput current for the single-ended OTA.
. ) ’ ?
2.4 DESIGN OF OPAMPS AND %TA INTEGRATORS

\4 .
‘

‘The initial goal was to design a fi}te% at 455 kHz that would
» :

include a zero in the design. Thus an OTA integrator had to be designed

with a UGBW ar 455 kHz. For the buffer opamps, a decision was made to
[ ° , . N

%
P

. ' - “& . R . .
use the same basic- structure, but with changes made to the input pair
and to the integrating or compensation capacitor. Thus for the OTA

integrator the g, is minimized rwhile the output capacitor is made as
N e

) - - . ¢ L
large as possible. For the ‘buffer opamp, the g, of the input pair 1is

made as 1atge ds possible while the output capacditance is made as small

v

as possible while still retaining a safe phase margin. °

The required corner frequency can be achieved by a combination

of input sizes and. bias current. This choice will 1iavolve a tradeoff

4

between the need for a wide common-mode operating range, and linearity.

Small input devices allow a widellinear differential input swing while

‘larger input devices (and lower bias current) will allow a wider com-

mon-mode ‘range. These factors will be examined in the following sec-

. . .

Vs
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tidns.
~ <
*2.4.1 DESIGN PROCEDURE \
The OTA integrators and buffer opamps can be foughly designed by
use of the simple square law transistor equations. Fine tuning would

|

have to follow and would invdlve the use of simulations and measufe-
. !

]

d j

ments.

The basic square law equatiom”for a MOS transistor In saturation

.

is:

. Kp W 2 . K )
ig = — (=) (Vgs'Vr) (2.1)

2 L *
Where Kp s a transistor parameter Shat takes'irnto account ' the mobili-

,ty, the 'dielectric constant and the oxide thickness. By taking the

derivative of this equation with respect to Vgs» the transconductance .

-

-

ca;_be found to be: = ) - .

d(ig) W w
= kp () (Vgg-Vp) = (2kp()1g)1/2

(2.2)
d(Vge) :

4 ‘ _ : . oo
The required size ?f gp can be determined’ from the required corner
frequency and the size of the integrating capaciY¥or by use of the

following relation as derived in'Chapter 1.
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ey

The square law relations can be used to estimate cutoff voltage,

common-mode .range and linearity. The differential pair shown in Figure

\
-

2.5, can be described by the currents 11 and is through the input

r

~

-

R

Figure 2.5 The Differential Pair

-’

. :
transistors as a-function of input voltages, V) and V;, and the common

source voltage, Vg, by use of (2.1). The sum of these currents must

. . @
e¢qual the bias current I through M3. These equations are:

ip =k (V] - Vg - Vp)2 ' (2.4)
ip =k (Vy - Vg - vp)? , (2.5)

Q L
1 + ig = Ig- : : (2.6)
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L

where: k = (kp/Z) (W/L) . (2.7)

These equations can be combined to eliminate Vg and 1i; to give the

basic square law equation describing the differential pair:

GO/2Z vy = vy = (/2 2 (1 - i1/2 (2.8)

v,

2.4.2 CUTOFF OF INPUT TRANSISTOR

- i =

An input transistor will be cutoff when the opposite transistor takes
“all of the bias‘current. By setting i) equal to Ig or to zero, in eq.

2.8, the following conditions result:

(V) - Vp) = & (1g/2)1/2 (2.9)

Thus, to allow a maximum swing before cutoff, Ig should be high and the

* .
transistor size or k should be small. =By changing’ both Ig‘and k, the

~

cutoff voltage can be increased while kecping the g, constant.

-

2.4.3 INPUT COMMON-MODE RANGE

Common-mode voltage 1is defined .as the average of two voltages

while differential véltagé’is the difference between two voltages. .

Common-mode range is a measure of how far the average of the two input

voltages can differ from zero volts without seriously affectigg the OTA

performance. The worst case is when the two inputs swing negative since

]

this will bring the current source transistor M3 out af saturation. The
N . ’

/

e
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point .at which this happens 1is when the common source voltage Vg swiﬁgs
down to a threshold voltage below the gate voltage,-(Vpgy) of*M3. By

getting Vg equal to (Vg,-Vp) and using (2.8) the following results:

. Al

[N

Vip = Vg4 + (Ig/201/2 (2.10)

v
’

This _shows that at low current, the inpu; voltage equals thé
bias voltage since at gutoff the source 1s just one threshold below the
bias voltage. At any finite ' curreat, the second term in (2.10) gives
the additional voltage required to pass that current. This shows that
VB4 should»ge low, which may require bias trahsisgors with large- (W/L).
Once Vg, is set then Fhis limit can be approached by using .large input
devites at low current such that the operating voltage ' across these
transistors is small. This 'is the opposite requirement to that for

max imum differential input range as seen in the previous section.

L4 .
It should be noted that (2.10) ioes not give a hard limit. After

the limit point, the current source goes out of saturation and the bias
curreat will no longer be constant. This causes the transconductance of
the input stage to decrease. It is possible by increasing the bias

voltage, Vg4, to offset this ocecrease in tramsconductance. However, a

feedback ‘tuning circuit will not make this correction since most tuning
/)
7

circuits operate on a separate reference filter which will not experi-

ence"’ the same common-mode voltage.

iy
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2.4.4 LINEARITY . . .’

3

Liniirity was not studied in detail except for the effect of the

. ’

) device size of the input stage. .The frequency response requirements

often call for small devices in the input stage for which linearity cdn

‘A . . ‘ " . . . -
be obta'ined over a wide swing of input voltage. This is in general not
| €

o - ‘ .
true for an opamp since for this case the input stage must be as large
»

-

»
as possible to achileve maximum gain, o *
» & -
rd . . . . o
R Equation 2.8 describes the nonlinéar relation between currents
Lahd yo}t§gez!of a differential pair. To simplify the equations another
0 €

‘‘variable X’ig'deiipeé. Since the current i} 1s nominally half of the

biés currezt fB: ;Q : oL , - ]

' LI . n‘ L . ’ . , ) -
. ) cip = Ig/2 (1 +X) | (2.11)
or: . ‘_ - \ b ot
., L | . x = (éil '— /1y n (2.12)

+

X now represents the difference in current from the .nominal. Since 1]
. . i

" swings from 0 to Ip, X can wary from -1 to +1 and is nominally equal to

0. Equation 2.8 then becomes :.

*

(2x/1g)1/2 (v) - vy) = (1+x)1/2 - (1-x)1/7<; (2.13)

The two right-hand. terms can be expanded using the binomial expansion.

In the process the even powers cancel out and the exprepsion becomes:

.
.

2 _wr-1 ety - PEIIUCIPT IR (B T 13, - TR TS Y 2 I N il el ah

&
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(/10472 (vp - vy) =X + 1/8 %3 + 7/128 X5 --- ¢ “(2.14)

bod :
N

This gives wus the input wvolrage as 4 function of the current. The

series @an be inverted to solve for the current. To simplify, expréss

-

the input voltage drive Y as follows:

¥ o= (2k/1)1/2 (vy - vy (2.15)

-

1

The expression can then be written in terms of a sefies in Y:

A
X =Y -1/8Y3 —25/512¥> ... . (2.16)
This can be expresged inrt;rms of gn using (2.2) as:
. Ig gm
f , i) R e (V] - V) X
- 2 2
1 2k ' 25 2k 2
(1 o= (—=x (V] = V)% - (—) (V] = V)4 ] (2.17)

8 Ig - 512 1Ip

i £

This shows the third and fifth order n&nlinearify terms in proportion
to the fundamental. Tp make ;He'linear term dominate, the input device
should‘ be am;ii. This also incréaseé the‘cgtoff voltage as seen F;om
(2.9). At the cutoff, voLt;ge the third harmbnic will be 25Z of the
fundamental aqd'che fiffh will be about ‘ZOZ. In this extreme case, a

large number of the higher order nonlinearities are also important. At

half of the cutoff voltage, e third and fifth order terms are down to
r . .

'
2
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about 6% and 1% respectively.

v
w

This analysis has shown that it may be possible to design the
input differential stage ‘to have the desired linearity and cutoff by
using appropriate input stage size and current. However, frequently a
tradeoff will be involv;d since the’ size of the input devices may be
constrained by reqﬁirement of a particular corner frequency (2.3) or

common-mode voltage range (2.10). N
2.4.5 SINGLE-ENDED OFFSET CORRECTION AND B1AS CIRCUITS

An offset - correction circuit is required in the single-ended
folded cascode amplifier to ensure that undét steady state conditions

the output 1is ‘at zero volts when the inputs are at zeyd volts. The main
!

reason for requiring the offset circuit is that the input stadge current

is fed directly into the output stage. The” input current, which is used

-

to tune the UGBW, can be varied over a large range. - The offset circuit

should be‘caphble of keeping the output close to zero volts in spite of

varying currents, nonideal design, process variationa and temperature

.
LY o

changes.

Figure 2.6 shows the offset correction circuit for the single

ended OTA. Transistors M12 and M13 form a feedhack. 1oop which éeaaurea

the voltage at the negatxve output and controls the current source, M10

and M1l to keep the output voltage noanally at zero vd%ts.

.

The capability of providing a low offset over the range of tun--’

ing'cufrenCSﬁdepends largely on the design.of the bias circuit. In the

R}
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basic bias circuit of Figure 2.7, the cascode string bias Igagc sets up
the currents Iy and‘I5 through M4 and ‘M5 in Figure 2.4, separately from
the tuning current Ip. The feed;;ck circult adjuét; the current through
MI0 and Mll to be equal to (Ig4 - IB/Z), to obtgln a balance., Thus the
current [}g will decrease in direct proéortion to an increase in input
bias current. When Ly reaches 2I,, the outpyt strimg currenf will falk ‘
to zaro and the circuit wyill cease to work. Even before this point,
the feedback loop will. not be able to keepvthe n;gative output af.
exactly zero volts due to the low looﬁ gain. The output voitagd and
the gate voltage’of M10 and Mll are relatively the same, being separat-

ed by a source follower. Thus a change 1n current requires a change in

the gate voltage and hence in the output voltage.

Figure 2.8 shows an .improved bias circuit where the cascode
string biasé€s are related & the input stage bias. In this case, the

current through M4 and M5 is equal to Ip and the " feedback loop is
N . . . %

required to keep Ijo at Ig/2. This means that cut off will not occur in

Lthe output stage. The feedback Looﬁ gain is\lth@ same as before so

a

output variations will still occur as the bias current changes. What 1is

required is a circuit where the feedback loop is also referenced to the

)

bias circuit so . that at any bias curreat, the output can nominally
. R [ '
remain &t zero volts. An example of such a circuit will be shown for

the double-ended opamp and OTA integrator.
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Thz improved bias circuit 1s more complicated than the basic -
@

bias circuit of Figure 2.7. This is largely because it was designed as
a wide swing bias circuit [10]. This circuit is designed to bias the

current source transistors M4, M5, MIO and Mll of Figure 2.6 closer to

7

the edge of saturation, allowing the output to swing closer to the
power supply voltage without loss of gain. This 1is required for opamps

with reduced power supply voltages.
2.4.6 DOUBLE-ENDED COMMON-MODE CIRCPIT

DouQie-ended opampp and OTA integrators require both a positive
and 'a negative output which togetﬂef do not have any common-mode vol-

tage. That is, the output voltage swing should be purely differential

«

with the average at zero volts. The differential output voltage¢ is the
)

> . . 1 ‘
result of the d4tput current which is defined by the differential input
voltage. The common-mode output voltage, however, is indeterminate so a

circuit 1s required to ensure it remalns at zero volts.

3

The design of a o®mmon-mode supression circuit is one of the .

'\
) .

most lmportant aspects of doyble-ended amplifier design and has re-

ceived a lot of attention in the literature. Most of the reported

designs involve some compromises. The common-mode circuit must be

linear and be able to operate over a large output voltage range. A lack

3

of linearity often causes larga‘differential signals to be partially

converted into common-mode signals, that is, the swings on the two

-

output sides are not equal. Limited operating range or imbalance in the

common-mode circuit can cause the output swing to be limited _ in one

-

Jp— o L e PR A







