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Notations and formulas

A few notations and formulas are enumerated below which would be frequently used in

this chapter.
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.. Not the designer's choice.

... Threshold Voltage of the n-transistors
... Threshold Voltage of the n-transistors
... Gate to Drain Voltage of the M'th transistor

.. process parameter (WA/V?)

...Aspect ratio [%] of a transistor

of the M'th Transistor

i p

...common mode voltage for the differential-pair
... Threshold points for the ..,f'fm curve
...Threshold points for the /[ » CUrVe

... Current flowing in the n'th transistor

... Drain to source conductance of a Transistor

gm,j =2xIxfB Where =k, x8§
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Chapter 1

INTRODUCTION
11 GENERAL

The need for analog circuits that can operate with low power-supply voltage has increased in
recent years. Reducing power consumption in portable applications has made lower power
supplies increasingly common in systems with large digital content since many portable
products operate from alkaline batteries or rechargeable nickel-metal-hydride, nickel-
cadmium batteries, the operating supply for these systems is migrating down to 0.9 V for a
single battery cell. These decreasing supply voltages often have detrimental effect on analog
components in these systems, however. Additionally supply current of amplifier should be
minimized to improve the battery life of the product.

We begin our discussion here about an inherently important and popular component ‘Op-
Amp'. Ideally an Op-Amp has infinite differential voltage gain, infinite input resistance and
zero output resistance. In reality an operational amplifier has high open loop gain, high input
resistance, low output resistance and high gain bandwidth unusual as an ideal Op-Amp. For
most of the application where CMOS Op-Amps are used, an open loop gain of 2000 or more
is usually sufficient. V., can be expressed as

Vour 2-“41'{""l _Vz} R I |

Compensation
Circuitry -

Y
W) Vot
" _ _Differentia High Gain Stage Output Buffer ———
G Transconductance .
. Stage
T A
Bias Circuitry

Figure 1.1 Operational Amplifier



A, is used to designate the open loop differential voltage gain, v,and v, are input voltages
applied to inverting and noninverting terminals. There has to be proper connections to power

supply voltages Vpp and Vss. Generally these connections are not shown but they are an
integral part of biasing of the Op-Amp.

To begin our discussion, we briefly digress the construction of differential Amplifier and then
relate the working of low power C-MOS circuits (Op-Amps). Here we start from a scratch and
then build on to discuss some of the best prevalent designs. The Op-Amp can be seen as
comprised of discrete modules, the first of which is a differential Amplifier which comprises a
the input stage of any configurable Op-Amp's architecture.

1.2  The Differential Amplifier

The differential amplifier is one of the more versatile circuits in analog circuit designer also
very compatible with integrated-circuit technology and serves as the input stage to op amps.
Figure shows a schematic model for a differential amplifier (actually symbaol will also be used
for the comparator and op amp). Voltages vy, vz, and called single-ended voltages. This
means that they are defined with respect to ground. The differential-mode input voltage, vip.
of the differential amplifier is defined as the difference between v, and v; This voltage is
defined between two terminals, neither of ground. The common-mode input voltage, vy is

defined as the average value of v, and ..

Figure 1.2: Schematic Representation Of Op-Amp

These voltages are given as

and v = el e 1.3
' 2
v, =A,h,[1;u,]: A, [vm] ...... 1.4

where A,p is the differential-mode voltage gain and Ayc is the common-mode voltage gain.

The 've sign preceding the common-mode voltage gain implies that the polarity of this



voltage gain is not known beforehand. In order to assess the behavior of real differential

amplifier quantitatively we need to define a few measurable parameters namely;
« CMRR

+ |ICMR

= A, (OPEN LOOP VOLTAGE GAIN)

* Raur, Ry

The cobjective of the differential amplifier is to amplify only the difference between two
different potentials regardless of the common-mode value. Thus, a differential amplifier can
be charactenzed by its common-mode rejection ration (CMRR), which is the ratio of the
magnitude of the differential gain of the common-mode gain. An ideal differential amplifier
will have a zero value of Ay and therefore an infinite CMRR. In addition, the input common-
mode range (ICMR) specifies over what range of common-mode voltages the differential
amplifier continues to sense and amplify the differential amplifier is offset voltage. In CMOS
differential amplifiers, the most serious effect is the offset voltage. In ideal CMOS differential
amplifier when both the inputs are connected together, the output voltage is at a desired
guiescent point. In a real differential amplifier, the output-offset voltage is the difference
between the actual output voltage and the ideal output voltage when the input terminals are
connected together. |f this offset voltage is divided by the differential voltage gain of the
differential amplifier, then it is called the input offset voltage (Vgs). Typically, the input offset
voltage of a CMOS differential amplifier is 5-20 mV.

1.2.1 Large-Signal Analysis

Let us begin our analysis of the differential amplifier with the large-signal, that Figure 1.3
shows a CMOS differential amplifier that uses a channel MOSFETs to form a differential
amplifier. M| and M2 are biased with a current sink I, connected sources of M1 and M2
This configuration of M1 and M2 is often called a sources pair. M3 and M4 are an example

of how the current sink /. might be implemented

01 G 1 5 52 G2 D2 Voo

5
?‘- .

Figure 1.3 P-well Process
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Because the sources of M1 and M2 are not connected to ground, the question of connect the bulk
arises? The answer depends on the technology. If we assume that the technology is p-well, then
the n-channel transistors are fabricated in a p-well as Fig. 1.3 There are two obvious places to
connect the bulks of M1 and M2. The first is to connect the bulks to the sources of MI and M2 or |
to connect the bulks to the sources of M1 and M2 and let the P-well containing M1 and M2 float, ;
The second is to connect the bulks of M1 and M2 to ground. What difference exisis In the two
choices? If the p-well is connected to the sources of M1 and M2, then the voltages are not
increased because of the reverse-biased bulk-source junction. However the capacitance at the
source- coupled point to ground now becames the entive reverse-biased junction between the p-
well and the n-substrate. [f the p-well is connected to lowest point available (ground), then the |
threshold voltages will increase and vary with the common input voltage but the capacitance
from the source-coupled point to ground is red the two reverse-biased pn-junctions between the
sources of M1 and M2 and the p-well choice depends on the application. Also, note that no such

chaoice exists of the source-coupled pair are p-channel transistors in a p-well technology.

Vbn

M3 r_ﬁm
-—_4E—| M6
.

i !
M M2

—d e
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Figure 1.4 A Simple Op-Amp Showing The Differential Amplifier At The Input Stage

The large-signal analysis begins by assuming that M1 and M2 are perfectly match, it is also
not necessary for us to define the loads of M1 and M2 to understand the different large-



signal behavior. The large-signal characteristics can be developed by assuming all of the
transistors of Fig. 1.4 are always in saturation. This condition is reasonable and illustrates
the behavior even when this assumption is not valid. The pertinent relation describing large-
signal behavior are given as

3 112 12
21 2i
Vip = Vg —Viwz = [ £ ] _[ = 5—2 J 15

B )

and lss = ip1 + ip2 g 1o

Substituting Eq. 1.5 into Eq.1.6 and forming a quadratic allows the solution for ip, and iy, as

112
o lss  Tss[Bvip Bivip e 17
bl 2 2 ESS 4'455
2 2 4 12
and e L 1.8
Ul 2| L Al

where these relationships are only useful for vip < 2 (Iss / B)". Figure 1.5 shows a plot of the
normalized drain current of Ml versus the normalized differential input voltage. The dotted
portions of the curves are meaningless and are ignored.

The above analysis has resulted in ip; or iz in terms of the differential input voltage, vip. It is
of interest to determine the slope of this curve, which leads to one definition of

transconductance for the differential amplifier. Differentiating Eq. 1.7 respect to v and

inf 1ss
r' Y

1.0

0a

. > Vi
20 1414 0.0 1.414 2.0 (lssB)

i

Figure 1.5 Transconductance Vs Differential voltages



setting Vip = 0 gives the differential transconductance of the differential amplifier as

; 12
g, =%{V,D =0)=(Blss /4)"* {%} e 1.9,
It is interesting to note that as lss is increased the transconductance also increases.
The next step in the large-signal analysis of the CMOS differential amplifier is to
example the voltage-transfer curve, This requires inserting a load between the drains
of M1 and M2 and the power supply, Voo. We have many choices including resistors,
MOS diode or current sources. We will examine some of these choices later:
however, for now let us set a widely used load consisting of a p-channel current
mirror. Under gquiescent conditions (no applied differential signal, i.e., vip = 0 V), the
current in M1 and M2 are equal to sum to lss, the current in the current sink, M5. The
current of M1 will determine the current in M3. Ideally, this current will be mirrored in
M4, vgsy = vasz and M1 and M2 are matched, then the currents in M1 and M2 are
equal. Thus, the current that M4 sources to M2 should be equal to the current that
M2 requires, causing be zero — provided that the load is negligible. In the above
analysis, all transistors are assumed to be in saturation.

If these currents are not equal as in the following analysis, we assume that because the
external load resistance is infinite that the current flows in the self-resistance of M2 and M3
(due to the channel modulation effect). If vgs) > vgs2 then in, increases with respect to since
lzsg = iny + igz. The increase in iy, implies an increase in ip: and ips. However, this decreases
when vgsq is greater than vgsz Therefore, the only way to establish circuit equilibrium is for
inur to become positive and voyr decreases. This configuration provides a simple way by
which the differential output signal of the differential amplifier can be converted back to a
single-ended signal, that is, one referenced to ac ground. If we assume that the currents in
the current mirror are identical, then lqyr can be found by subtracting in; from iy, for the n-
channel differential amplifier of Fig 1.4 Since loyr a differential output current, we distinguish
this transconductance from that of Eq.1.9 by using the notation gms. The differential-in,
differential-out transconductance is twice g, can be written as

12

v . r : W

:Q'ﬂJ_t[vmzu}:[ﬁIE-‘*_'] . 110
|

which is exactly equal to the transconductance of the common-source MOSFET if I = |../2.
The large signal voltage transfer function for the CMOS differential amplifier of Fig.1.4 with
the dashed battery at the output removed is shown in Fig.1.5. The inputs have been applied.
The common mode input has been fixed at 2.0 V and the differential input has been swept



from —1 to + 1V. We note that the differential amplifier can be either inverting or non-
inverting depending on how the input signal is applied. If viy = vgs: - vasz as is the case in

Fig., then the voltage gain from vy to vayr is non-inverting.

The regions of operation for the pertinent transistors of Fig.1.4 are shown on Fig 1.5. We
note that the largest small-signal gain occurs when both M2 and M4 are saturated. M2 is
saturated when

vps2 2 Vasz— Vin = vour= Vs 2 Vig = 0.5vip= Vg = Vin = vour 2 Vie = Vi
1.11

where we have assumed that the region of transition for M2 to close to vp= 0 V. M4 is
saturated when

Vsps 2 Vsas— |Vre| = Voo - vour 2 vses - [Viel = vour < voo - vses - [Vrel
1.12

The regions of operation for M2 and M4 on Fig.1.5 have assumed the W/L values of Fig. 1.4
and lsg = 100 pA. The output swing of the differential amplifier of Fig 1.4 could be’ given by
Eq. 1.12 for vgur (min) and Eq. 1.11 for vour (max). Obviously, the output swing exceeds
these values as the magnitude of v, becomes large.

A CMOS differential amplifier that uses p-channel MOSFET devices, M1 and M2, as the
differential pair. The circuit operation is identical to that, if the CMOS technology is n-well,
then the bulks of the input p-channel MOSFET devices can connect either to Vpp or to their
sources assuming that M1 and M2 are fabricated in their own n-well that can float. The same
considerations hold for capacitance at the source-coupled node as we discussed previously
for the differential amplifier using n-channel MOSFETSs as the input transistors.

Another important characteristic of a differential amplifier is input common-mode ICMR. The
way that the ICMR is found is to set v to zero and vary v until one of the transistors in the
differential amplifier is no longer saturated. We can think of this analysis as connecting the
inputs together and sweeping the common-mode input voltage. Ve (max), is found as fol-
lows. There are two paths from Vc to Vg that we must examine. The first is from G1 to M1
and M3 to Vpp. The second is from G2 through M2 and M4 to Vpg. For the first path we can

write
Vic (max) = Vg (max) = Vep - Vaga— Vosi + Vs cemve  1.33
The above equation can be rewritten as

VH: {max} — Unp— vssg—VTN1 ...... 1.14



The second path can be written as
Vie (max)’ = Voo - Vpss (sat) — Vpse — Vas: = Voo (sat) + Vi
1.15

Since the second path allows a higher value of V¢ (max), we will select the first path worst-
case viewpoint. Thus, the maximum input common-mode voltage for the differential amplifier
Fig.1.4 equal to the power supply voltage minus the drop across M3 plus the threshold
voltage. If we want to increase the positive limit of Vic, we will need to select a load circuit

different from the current mirror,
The lowest input voltage at the gate of M1 (or M2) is found to be
Vic (min) = Vsg - Vpss (sat) — Vigs) = Vs = Viss (sat) + Vass
______ 1.16

We assume that Vgs, and Vgs: will be equal during changes in the input common age. The
value of Wa/L; will determine value of V¢ (max) while the values of W, / L, (W./Ls) and W./L;
will determine the value of Ve (min). We will use these equations in later chapters to design

the WIL values of some of the transistors of the different amplifier.

To design the differential amplifier to meet a specified negative common-mode range, the
designer must consider the worst-case V- spread (specified by the process) and adjust Iss
and fa, to meet the requirements. The worst-case Vr spread affecting positive ;:ummun-
mode range for the configuration of Fig. 1.4 is a high p-channel threshold magnitude (V7o)

and a low n-channel threshold (Vya).

An improvement can be obtained when the substrates of the input devices are connected to
ground. This connection results in negative feedback to the sources of the input devices. For
example, as the common source node moves positive the substrate bias increases, resulting
in an increase in the threshold voltages (VW and Vy:). Equation shows that the positive
common-mode range will increase as the magnitude of Vr, increases.

1.3  Characterization of Op Amps [1]

In practice, the operational amplifier only approaches the ideal infinite-gain voltage amplifier.
Some of its other nonideal characteristics are illustrated in Fig.1.6. The finite differential input
impedance is modeled by Ry and C, The output resistance is modeled by R, The
common-mode input resistances are given as resistors of Rem connected from each of the
inputs to ground. V,, is the input-offset necessary to make the output voltage zero if both of
the inputs of the op amp are grounded. l,s (not shown is the input-offset current, which is



b

necessary to make the output voltage zero if the op amp is driven from two identical current
sources, Therefore, |, is defined as the magnitude of the difference between the two input-
bias currents I, and lg;. Since the bias currents for a CMOS op amp are approximately zero,
the offset current is also zero. The comman-mode rejection ratio (CMRR) is modeled by the
voltage-controlled voltage source indicated as v CMRR. This source approximately models
the effects of the common-mode input signal on the op amp. The two sources designated as

e;and i are used to model the Op-Amp noise. These are rms voltage and current noise

sources with units of mean-square volts and mean-square amperes, respectively. These
noise sources have no polarity and are always assumed to add.

Mot all of the nonideal characteristics of the op amp are shown in Fig.1.6. Other pertinent
characteristics of the op amp will now be defined. The output voltage can be defined as

=4

Vv laz

CMRER
v o @—*O (/:\en
K\_..-/II Ris Raut

1
Vs . CNT

Vot

W1

Igy

Figure 1.6 A Practical Operational Amplifier
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Where the first term on the right is the differential portion of V., (s) and the second term is
the common-mode frequency response is given as A.(s). A typical frequency response of an
Op-Amp is given as

) s 18

Yo« Y.
[“ 1“ Leplfag] »
2 NP AP .



Where p;, ps... are poles of the operational amplifier open-loop transfer function. In general,
a pole designated as p, can be expressed as

p, = 1.19

Where «, is the reciprocal time constant or break-frequency of the pole p. While the
operational amplifier may have zeros, they will be ignored at the present time. A, or A,(0) is
the gain of the op amp as the frequency approaches zero.

1A, (o)l dB
A

Asymptotic
Magnitude

20 logqalAvo)

ode

-12 dBfoct.

Figure 1.7 Bode Plot of a Simple Uncompensated Op-Amp

Figure 1.7 shows a typical frequency response of the magnitude of A,(s). In this case we see
that w, is much lower than the rest of the break-frequencies, causing w, to be the dominant
influence in the frequency response. The frequency where the — 6 dB/Oct. slope from the
dominant pole intersects with the 0db axis is designated as the unity-gain bandwidth,
abbreviated GB, of the op amp. Even if the next higher order poles are smaller than GEB, we
shall still continue to use the unity-gain bandwidth as defined above.

Other nonideal characteristics of the op amp include the power supply rejection ration,
PSRR. The PSRR is defined as the product of the ratio of the change in supply voltage to
the change in cutput voltage of the op amp caused by the change in the power supply and
the open-loop gain of the op amp. Thus,

AV,

ViV, (v, =0
PSRR = —" 4 (s)= >+ nlVas =0)
AViun V,1VulV, =0

10



An ideal op amp would have an infinite PSRR. The common-mode input range is the voltage
range over which the input common-mode signal can vary. Typically, this range is 1-2 V less
than Vpp and 1-2 more than V...

The output of the op amp has several important limits, one of which is the maximum output
current sourcing and sinking capability. There is a limited range over which the output
voltage can swing while still maintaining high-gain characteristics. The output also has a
voltage rate limit called slew rate. The slew rate is generally determined by the maximum
current available to charge or discharge a capacitance. Normally, slew rate is not limited by
the output, but by the current sourcing/sinking capability of the first stage. The last
characteristic of importance in analog sampled-data circuit applications is the seftling time.

d—y= L Slewrate . =)

d C
This is the time needed for the output of the Op-Amp to reach a final value (to within a
predetermined tolerance) when excited by a small signal. This is not to be confused with
slew rate, which is a large-signal phenomenon. Many times, the output response of an op
amp is a combination of both large and small-signal characteristics. Small-signal settling
time can be completely determined from the location of the poles and zeros in the small-
signal equivalent circuit, whereas slew rate is determined from the large-signal conditions of
the circuit. It is necessary to wait until the amplifier has settled to within a few tehths of a
percent of its final value in order to avoid errors in the accuracy of processing analog signals.
A longer settling time implies that the rate of processing analog signals must be reduced.

Fortunately, the CMOS op amp does not suffer from all of the nonideal characteristics
previously discussed. Because of the extremely high input resistance of the MOS devices
both Rs and | (or gy and lgz) are of no importance. A typical value of Ry is in the range of
10" ohms. Also, Ry, is extremely large and can be ignored. With the noninverting terminal
on ac ground, then all common-mode characteristics are unimportant.

1.4  Classification of Op-Amps

In order to understand the design of CMOS op amps it is worthwhile to examine their
classification and categorization. It is encouraging that Op-Amps that we are totally
unfamiliar with at this point can be implemented using the previous blocks. We see that the
differential amplifier is almost ubiquitous in its use as the input stage. As we have seen
previously, amplifiers generally consist of a cascade of voltage-to-current or current-to-

voltage converting stages. A voltage-to-current stage is called a transconductance stage and



a current-to-voltage stage is called the load stage. In some cases, it is easier to think of a
current-to-current stage, but eventually current will be converted back to voltage.

We discuss two different architectures; the first is the Two-Stage Op-Amp. It consists of a
cascade of V-l and |-V stages. The first stage consists of a differential amplifier converting
the differential input voltage to differential currents. These differential currents are applied to
a current- mirror load recovering the differential voltage. This of course is nothing more than
the differential voltage amplifier. The second stage consists of a common-source MOSFET
converting the second-stage input voltage to current. This transistor is loaded by a current-
sink load, which converts the current to voltage at the output. The second stage is also
nothing more than the current-sink inverter This two-stage Op-Amp is so widely used that we
will call it the classical two-stage Op-Amp; it has both MOSFET and BJT versions.

A second architecture is commonly called The Folded-Cascode Op Amp. This architecture
was developed in part to improve the input common-mode range and the power-supply
rejection of the two-stage op amp. In this particular op amp, it is probably more efficient to
consider it as the cascade of a differential transconductance stage with a current stage
followed by a cascode current mirror load. One of the advantages of the folded-cascode op
amp is that it has a push-pull output. That is, the op amp can actively sink or source current
from the load. The output stage of the previous two-stage op amp is Class A, which means
that either its sinking or sourcing capability in fixed.

1.5 Design of Op Amps

The design of an op amp can be divided into two distinct design-related activities that are for
the most part independent of one another. The first of these activities involves chbosing or
creating the basic structure of the op amp. A diagram that describes the interconnection of
all of the transistors results. In most cases, this structure does not change throughout the
remaining portion of the design, but sometimes certain characteristics of the chosen design
must be changed by modifying the structure.

One the structure has been selected, the designer must select de currents and begin to size
the transistors and design the compensation circuit. Most of the work involved in completing
a design is associated with this, the second activity of the design process. Devices must be
properly scaled in order to meet all of the ac and dc requirements imposed on the op amp.
Computer circuit simulations, based on hand calculations, are used extensively to aid the

designer in this phase.



Before the actual design of an op amp can begin, though, one must set out all of the
requirements and boundary conditions that will be used to guide the design. The following
list describes many of the items that must be considered.

1.5.1 Boundary Conditions:
1. Process specification (Vr, K', C,,, etc.)
2 Supply voltage and range
3 Supply current and range
4 Operating temperature and range

Requirements:

Gain

Gain Bandwidth

Settling time

Slew rate

Input common-mode range, ICMR
Common-mode rejection ratio, CMRR
Power-supply rejection ratio, PSRR

N @ o R WS

Output-voltage swing
9. Output resistance
10. Offset

11. Noise

12. Layout area

The compensation method has a large influence on the design of each block. Two basic
methods of compensation are suggested by the opposite parallel paths into the
compensation block. These two methods, feedback and feed forward, are developed in the
following section. The method of compensation is greatly dependent on the number of
stages present (differential, second, or buffer stages).



1.5.2 Compensation of Op-Amps

Operational amplifiers are generally used in a negative-feedback configuration. In this way,
the relatively high, inaccurate forward gain can be used with feedback to achieve a very
accurate transfer function that is a function of the feedback elements only. Figure 1.6
illustrates a general negative-feedback configuration. A(s) is the amplifier gain and will
normally be the open-loop, differential voltage gain of the op amp, and F(s) is the transfer
function for external feedback from the output of the op amp back to the input. The Joop gain
of this system will be defined as
Loop gain = L(s) = -A(s)F(s) save 1522

Consider a case where the forward gain from Vi, to Vo is to be unity. It is easily shown that if
the open-loop gain at dc A(D) is between 1000 and 2000, and F is equal to 1, the forward
gain varies from 0.999 to 0.9995. For very high loop gain (due primarily to a high amplifier
gain), the forward transfer function Veu/ Ve is accurately controlled by the feedback network.
This is the principle applied in using operational amplifiers.

1.5.21 Small-Signal Dynamics of a Two-Stage op Amp

It is of primary importance that the signal fed back to the input of the Op-Amp be of such
amplitude and phase that is does not continue to regenerate itself around the loop. Should
this occur, the result will be either clamping of the output of the amplifier at one of the supply
potentials (regeneration at dc), or oscillation (regeneration at some frequency other than dc).
The requirement for avoiding this situation can be succinctly stated by the following
equation:

(o, Fljo, )=l )< L 123
when arg lA[jmﬂ_. :lF{ij_. }J =180t 0 L 124

If these conditions are met, the feedback system is said to be stable (i.e., sustained
oscillation cannot occur). This second relationship given in Eq.1.23 is best illustrated with the

use of Bode diagrams. Figure 1.8 shows the response of |A(jw, JF(jo, |and
arg|4(jw, JF(je, )] as a function of frequency. The requirement for stability is that
|4(jer,. JF(j@,. ] curve crosses zero dB point before [-arg|4(jw,. JF(je,, )| ] reaches 0°. A
measure of stability is given by the value of phase when |4(ja,, JF(jw, ) is 0 dB. This

measure is called the phase margin.



Mow consider the small signal model for an uncompensated Op-Amp. In order to generalize
the results the components associated with the first stage have the subscript | and those
associated with the second stage have the subscript Il. The location for the two poles are

given by
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Figure 1.8 Bode Plot for the Two Stage Op-Amp
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Figure 1.9 Bode Diagram of the Above Amplifier Now Compensated

Here we show a famous compensation technigue called as the miller compensation whereby
we connect a capacitor from the output of the first stage to the input of the second stage of
our generic Op-Amp model. For this, we see that our dominant pole is moved towards the
origin and other poles and zeroes move farther away. This helps to increase the phase



margins to somewhere between 45° to 60°, hence increasing the stability of the amplifier.
|deally we should have zero ten times farther than GB and pole to be somewhere between
1.2to 2.2 times GB in order to have the requisite phase margin as shown above.

As predicted in the forthcoming decades we foresee a steep decline in the power usage as
guided by the advancement in VLSI. The shrinking size of a chip thus evolving SOC require
whole of the system on the chip including a lot more to memory and interfacing also.

Therefore we are bound to reduce power consumption or either deduce fast and effective
ways of cooling the already miniaturized surface of the chip. The applications are even more
demanding in further years to come, especially in field of Tele-communications, Mobile
MNetworks Laptops etc.

The lowering of the supply voltage results in a reduced input common-mode range. An op-
amp can easily be designed to achieve rail-to-rail output swing with simple class-A or class-
AB designs. The key problems lie at the input stage, and the classic two-stage architecture
demands to rail-to-rail transconductance function with both constant gm and limiting current,
s0 that unity-gain bandwidth and slew rate are both maintained over the full common-mode
input range. Rail-to-rail input stages allow input common-mode signals to vary from the
negative to positive supply rails by the use of complementary differential pairs operated in
parallel. When the common-mode input signal is near one of the rails, only one of the pairs
turns on; the other is cut off. At the middle of the common-mode input range, both the n- and
p-pairs are on, and the total transconductance has twice the gm of a single pair, assuming
both pairs have the same gm value. Because of this, the total transconductance is not
constant across the input common-mode range. This is an undesired phenomenon because
it not only results in non-constant gain and variable unity-gain frequency but also degrades
the common-mode rejection ratio (CMRR) and causes the slew rate to vary.

Henceforth we discuss technigues of implementing the Micro-power Op-Amps by carefully
designing the input differential transconductance stage with the same process technologies.
We go on to introduce various input stages design and the improvement leading to the

current architecture for the present day input stage

Cut of the various techniques we would be discussing the low voltage circuits explicitly.
Further we will also discuss another method of implementing the Op-Amp with the same
process technologies but operated dynamically. The dynamic operation also helps in

reducing the parasitics inevitable in conventional two-stage architecture.



Chapter 2

ROAD TRUDGED

21 DEVELOPMENTS TILL NOW

We had started with the design of a two stage CMOS Op-Amp which is probably one of the
most widely used CMOS Op-Amp. However there are number of unbuffered appligations in
which the performance of a two stage Op-Amp is not sufficient. The performance limitations
of the conventional two stage Op-Amp are:

+ Insufficient gain

» Limited stable bandwidth

+ Poor PSRR

+ Small ICMR
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FIGURE 21: Conventional Two Stage
Hence we turn to cascaded Op-Amps which assure enhancement in some of the parameters

listed above.

Why Cascode Op-Amps?
+ Control the frequency behavior
* Increase PSRR

* Simplifies design



Where is the Cascode Technigue Applied?

+ First stage -
Good noise performance
Requires level translation to second stage
Requires Miller compensation

* Second stage -
Self compensating
Reduces the efficiency of the Miller compensation
Increases PSRR
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Figure 2.2: Input Stage Of Cascode Differential

2.2 Rail to Rail Input Architectures [3],[4],[5].[6]

Perhaps the most difficult circuit design challenge for the low-voltage operational amplifier is
the design of an input stage with a rai-to-rail common-mode voltage range. Much work has
been reported on input stages with complementary differential pairs and associated circuit
network used to maintain constant transconductance over the input voltage range. However,
at low supply voltages, the sum of the common-mode voltage range of the n-channel and p-

channel differential pairs may become larger than the available supply voltage, creating a



“dead zone" in the amplifier's common-mode input range, as shown in Fig 2.3. The minimum
supply voltage range of an amplifier with a complementary input stage can then be
described as

Vsueery 2 Viasi + Vase + 2"Vpsisan <SR

v

Where Vg ep v is the amplifier supply voltage, Vaspy and Vege, are the gate source voltages
of the n-channel and p-channel differential pairs, respectively and Vpgsat) is the saturation
voltage of each differential pair's current source bias.

The complementary input architecture also suffers from reduced common-mode rejection as
the input control of the amplifier is switched from the p-channel to the n-channel differential
pairs. Since the input offset voltages of the n-channel and p-channel differential pairs likely
have differential values, the effective input offset voltage of the amplifier may exhibit a
discontinuity as the control of the input stage shifts between these differential pairs. This
mechanism will degrade the common-mode rejection of the amplifier.

Another rail-to-rail input stage technigue utilizes a bulk-driven differential pair for the input
stage, which is shown in Fig 2.4. This technique modulates the threshold voltages of the
differential pair to generate transconductance (g.), through not as efficiently as the
conventional gate-driven differential pair. For example, the g, of a bulk-driven differential pair
in this CMOS process is approximately 30% of its gate-driven equivalent. Although the bulk-
driven differential pair can achieve rail-to-rail common-mode input range at low supply
voltages, it suffers from a large voltage-dependent input capacitance due to the junction
capacitance, and increased input bias currents at low common-mode input voltages. The
input currents can become substantial as the threshold voltage increases, due to the larger
source-bulk junction bias. These input currents can become problematic in the amplifier
feedback network, especially with the large impedances used in low-power portable

applications.

A third rail-to-rail input stage technigue utilizes an n-channel depletion-mode differential pair,
as shown in Fig 2.5. The differential pair relies upon modulating the source-bulk bias voltage
as a function of the input common-mode voltage, which dynamically increases the threshold
voltage of the depletion input differential pair. The transistors essentially operate as
depletion-mode transistors at low common-mode voltages, where the gate-source voltage
(Vag) of the transistors is negative. This allows sufficient bias veoltage for the differential pair”
bias current source. As the common-mode voltage increases, the threshold voltages of the
transistors become more positive, their Vg5 voltages become positive, and eventually the
transistors operate in enhancement mode at common-mode voltages near the positive

supply. This maintains the operation of the differential pair transistors in saturation.



A good example of the problem occurs when the amplifier's common-mode voltage is near
the negative supply, where the depletion mode voltage is near the negative supply, where
the depletion-mode differential pair needs to provide sufficient bias wvoltage for its bias
current source. In weak inversion operation, the Vgs voltage is a weak function of the ratio of
the drain current and the device aspect ratio. But since the drain current also determines the
gm of the differential pair, it may be difficult to find the proper bias point for the circuit in a
given process technology.

Further, sufficient back-gate modulation of the threshold voltage is required to generate a
sufficiently large threshold voltage shift when the common-mode voltage is at the positive
supply. If the increase In Vgs due to back-gate effect is too small, the diﬁerernﬁa} pair
transistors will not have enough drain-source voltage (Vas) to operate in saturation, and the
transconductance of the input stage will decrease at high common-mode wvoltages.
Therefore, the design flexibility for a weak inversion depletion-mode differential pair is small,
since the device process parameters of threshold voltage and back-gate modulation factor

dictate if the transconductor operates properly over the entire common-mode voltage range.

More design flexibility is available when biasing the depletion-mode differential pair in strong
inversion, since the Vgs voltage can be designed to offer the correct source voltage to the
bias current source when the common-mode voltage is near the negative supply. But since

(Vas — Vi) = gm

the transconductance of the input stage is determined by this bias point constraint. A large

modulation factor to shift the transistor Vs is also still required.

A number of techniques to achieve constant g, has been proposed. Stabilization of the total
am over the common-mode range can be tackled by varying the effective tail current in the
active differential pair, so that its gm doubles when the other is inactive. A simple way to
achieve this is to use a transistor to sense that one of the pairs has lost sufficient gate drive
to operate and to divert the unused tail current through a bypass transistor. An alternative
technigue is to increase the tail current bias on each side by a factor of four and to add
additional devices inside each differential pair, which have a width three times that of the
active devices. If the square-law operation is valid, gm will double, making up the deficit
caused by the inactive pair. In these implementations, the diverting transistor is three times
wider than the driving transistor, which causes extra tail current added to the large signal
limiting value. Hence slewing value doubles within the common input range. To remedy this,
a novel implementation that employs a diverting transistor of the same size as that of the
driving transistor has been recently reported. Different from the techniques handling the dc-

tail current, a method based on processing signal current has been proposed. There, the



signal currents from the n- and p-pairs are compared, and only the maximum current is
selected and processed, keeping the g, constant. All the above techniques need extra
circuitry such as many current mirrors; signal-processing circuits as maximum-selecting
circuitry, which requires even more mirrors; or four 1:1 mirrors accompanying the current
diverting circuit. All these implementations make the input stage much more complicated and
inevitably require more chip area and power consumption compared with the conventional
input stage. Furthermore, these techniques often have degraded CMRR.

Here a novel technique to obtain a constant gm as well as to achieve rail-to-rail input and
output swings are presented. This paper is organized as follows. Section |l presents an
analysis of the complementary input stage and introduces the idea of overlapping the
transition regions of the tail currents for the n- and p-pairs to achieve constant overall
transconductance gm.

We have seen that all the higher order roots of the polynomial must be greater than the
desired value of GB. This places a frequency response limit that is difficult to overcome .to
reduce the number of higher order roots, it is necessary to keep the circuitry as simple as
possible. One approach that has been used to simplify the circuitry is switched op amps A
switched Op-Amp uses dynamic biasing to simplify the biasing circuitry and therefore
reduces the number of higher order roots.

2.3  Dynamic Circuits

Dynamic circuits take advantage of the fact that many applications are synchronously
clocked resulting in periods of time where the circuit is not functioning.

We will examine:

- Dynamic or switched resistors

- Dynamically biased amplifiers

- Dynamically biased, push-pull, cascode Op-Amp

Let's talk about the dynamically switched inverting amplifier such a circuit functions only for a
limited period of time and must be refreshed. This type of amplifier would be limited to

sampled data applications such as switched capacitors circuits.

The dynamically biased inverter establishes the biased conditions during ¢, phase M1 and

M2 are connected as two series connected MOS diodes. The source to gate potential of M2
is established on the capacitor Cg. At the same time the offset voltage of the amplifier is

21



referenced to ground by the capacitor Cgps. During the second phaseg,, the input is

connected in series with Cgs. Thus the voltage applied to the gate of M1 has the DC value
superimposed by an AC signal, Cz causes M2 to function as a current source for M1.
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Figure 2.5: Dynamically Biased Inverting Amplifier

The dynamically biased cascode amplifier (refer [1]) is a better example of reducing
parasitics by using switched amplifier. The NMOS transistors M1 and M2 and the PMOS
transistors M3 and M4 constitute the push-pull cascode output stage. The six switches and
the capacitors C1 and C2 represent the differential input stage of the Op-Amp. The NMOS
transistors M5 and M6 and the PMOS transistors M7 and M8 generate the bias voltages of
the Op-Amp. The channel lengths of M1, M2, M3 and M4 are equal to those of M5, M6, M7
and M8 respectively. When the Op-Amp given below was fabricated using a 1.5pm, n-well,
double-poly and double-metal, it was found to have a GB of 127MHz with a load capacitance
of 2.2pF. The settling time 10ns for a 5pF load capacitance the PSRR for positive and
negative power supplies was 33db at 100 kHz. The ICMR was 1.5 V = 3.5 V for 5V power
supply. The power dissipation was 1.6m\W. The key to high perfformance of the circuit was

the simplification due to dynamic circuit techniques and clever use of high speed technology.
24  Micro-power Op-Amps [1], [6]

In this section, op amps that require minimum power are considered. This type of op amp
primarily operates in the weak inversion region. Op amps operating in the weak inversion
region have become very useful because they operate not only at low power-supply currents
but also at very low power-supply voltages. Our first task in this section is to develop the
small-signal equations for transistors operating in weak inversion. These will be applied to



understanding a few basic amplifier architectures that work well using mit.‘:TD-pﬂWEF
technigues, The technigues that are introduced in this section to create high current

overdrive can be used in strong inversion circuits as well.
2.41 Two-Stage Miller Op-Amp Operating in Weak Inversion [5], [6]

First, consider the eguations that model the large-signal behavior of transistors operating at
very low current densities. Assuming operating in the saturation region, sub-threshold drain
current was given in equation as .

. W qvc.g]
iy =—lexpl —| ... 2.2
Sl p[ nkT

From this equation, the transconductance can easily be derived as

— b 23
nkT/q
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This result is very interesting in that it shows a linear relationship between transconductance
and drain current. Furthermore, the transconductance is independent of device geometry.
These two characteristics set the sub-threshold region apart from the strong inversion
region, where the relationship between g, and | is a square-law one and also a function of
device geometry. In fact, the transconductance of the MOS device operating in the weak
inversion region looks very much like that of a bipolar transistor.

Equation shows no dependence of drain current on drain-source voltage. If such were the
case, then the device output impedance would be infinite (which is obviously not correct).
The dependence of i on vgs can be approximated in the same way as it was for the simple
strong inversion model, where the drain current is modulated by the term 1 + hvps. Note that
the weak inversion A may not necessarily be the same as the extracted from strong inversion

measurements. The expression for output resistance in weak inversion is

_I__
Al

I

I 24

Like the transconductance, the output resistance is also independent of device aspect ratio,
WL (at constant current). Since X is a function of channel length, it is the only control the
designer has on the gain (g. r.) of a single stage operating in weak inversion. With these
things in mind, consider the simple op amp shown in Fig. The de gain of this amplifier is

24
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In terms of device parameters the gain can be expressed as
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It is interesting to note that while the dc gain of the op amp is independent of Ip, the GB is
not. This becomes a limiting factor in the dynamic performance of the op amp operating in
weak inversion because the dc current is small and thus the GB is small. The slew rate of
this amplifier is

1 |
SR=-2-2-2-2GB 1-||,E =2GBn,vV, ... 2.8
i & q

2.4.2 Low Voltage Bias and Load Circuits [3] [4]

In addition to the input stage of an op amp, the biasing and load circuits can become a limit
to power-supply reduction. In this section we will consider current mirrors and low-voltage
bandgap references that can work down to 1 V. We have seen that the simple current mirror
requires a gate-source voltage drop at the input to function properly. This voltage can be as
much as 1 V or more depending on the W/L and the current. The minimum power supply
would be the voltage plus a saturation voltage of a current source or sink. Consequently, the

minimum power supply would be
Voplminy=V, +2Vpg(saty ... 29

Or course, this situation becomes worse if cascode current mirrors are used. The -minimum
input voltage for the self biased cascode current mirror is the same as that of equation2.9.
These are two ways of decreasing the voltage required across the input of the current mirror.
One is to use bulk-driven devices and the other is to level shift the drain voltage below the
gate voltage. We noted above that the bulk-driven MOSFET is normally operated in the
depletion region but that it is possible to slightly forward bias the bulk-source junction. Under
these conditions, the bulk-driven MOSFET can yield a low-voltage current mirror. A simple

current mirror using bulk-driven MOSFET is shown in Fig.2.6. The gates taken to Vg to form

-" i



channels in M1 and M2 If the value of 1,5 15 greater than ly,,.. then V. 15 greater than zero
and the current mirror functions as a normal current murror. In the following matenal, we

would discuss about these various technigues in detail.

ﬁ.'””

Figure 2.6 Simple Bulk Driven Current Mirror

Figure 2 7 Bulk Driven Cascode Current Mirror



Chapter 3

HIGH PERFORMANCE ARCHITECTURES

3.1 Constant-g, Rail-to-Rail CMOS Op-Amp Input Stage with Overlapped
Transition Regions

The schematic of a complementary input stage is shown in Fig. 3.1, where M1n, M2n and
M1p, M2p constitute the n- and p-type differential input pairs respectively.

The gm of this input stage is constant if the following equation is satisfied:

Jﬁnfm +\fﬁp."w = const. U

where B, = By Co Wn / L;, Bp = Bp Cax W, / L, and |5, and I, are the bias current for the n-

and p-pair transistors, respectively. By choosing B, = By, gm is constant if /I +,||'I§p is

constant. Fig 3.1. shows three regions of operation, for s, and I,

r
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Figure 3.1 Regions Of Operation Of The NP- Differential Pair

The current in each region is described as follows :

cutoff

T T T
Transition
lsn = lgn (Vem) ceeree 3.3
Vs Ve =N,
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Figure 3.2 Complimentary N-P Differential Input Stage

where s is the saturation current for the n-pair transistors. In the cutoff region, M1n and
M2n are in cutoff, MBn is in linear region, and the currents through them are all zero. In the
transition region, M1n and M2n are in saturation, and MBn is in the linear region. The
voltage Vpswuen is very small when V., approached V, and increases with increasing V.., until
MEn enters into the saturation region. In the maximum |, region, as specified by, all three
transistors (M1n, M2n and MEBn) enter into the saturation region. The subthreshold region

between the cutoff and the transition region is not considered here for the sake of simplicity
The lower boundary of the transition region V is given by
Vo, = Ve + Vin + Vosuen : 3.5

The fact that lpues 1S almost zero at V, and that Vasue. is always greater than V,, implies

that Vosmes must be negligible. so can be approximated by

V. =V, +V,, : 36



At the upper boundary of the transition region V_ , MBn is at the transition from the linear to

the saturation, i.e.,

Voemen= - Vin . 4

Since Vpe_men Can be expressed as V, =V, =10/ Buin = V5 men €an be rewritten as

I

Vo =Vg g+, 2 e 3.8
- Bain
To derive a general expression for ls, in the transition region, consider the following
equatiuns ;
lsn = = Prin (Vem = Vo_men — Vin)? PR - -~
¥, -V
Isn = Puen [VG—H-'J’n = V.ﬂ = VM = %](VD—MHH 'Vs.'-J
______ 3.10
To simplify the analysis, we assume (W/L)yg, = 2 (W/L)yin i.€.
Bmen = 2 Pmen
Vo _men €an be solved from to be
Vuur + V(: MBn ]-
Vi n = f s '2"\/2(" Vo VG_MHH = Vn)z = (Vm = V{}_Mﬂn)z
...... 3.11

Substituting for Vpue, from we have shown at the bottom of the page. It can be verified from

that lg, is zero for Vg, =V, and it is lgqg for Ven =V,

The boundaries of the transition region for the p-pair can be found similarly to be

VSN o 3.12

g L0
Vo =Vy Memp = — e 313

p
ﬁMBp

lsp is shown in at the bottom of the page. One can also easily verify from that |, is zero for
Vem = V', and it is s for Vem = V', where |y is the current in the saturation region for the p-
pair i.e.,

lspo = {ﬁMBD}x{'UG_MBp + Vg + I"'r"rap}z- e 314

29



It has been observed that as long as [lue. is comparable with [iyg., very similar results to
and can be obtained. So we will use these two equations in the following analysis.

Vo _V , — 2
Iin = B‘Mli-n|: = EG_MBH J_E G MEBEn Vss} _(ch _VG_MBn)Ii|

3.15

1I|"Ir|:||1 \""r‘— 1 | = Sty i
B’-i]'p[ — 5 'Q'“@p**'g—i 2(- V +VG MBp_vdd}:_(V:m_v{i MBp)Z:|

3.16

Equations 3.15 and 3.16 shows that /I, is monotonically increasing within the transition

sn

region while ,u."lw_ is monotonically decreasing. If the transition regions of the n- and p-pairs

are properly overlapped, a relatively constantly ,f] ;n- + Jl ;p or gm can be achieved.

By the symmetry between the n- and p-pairs, we can assume that I = lano, Paip = Paan, and
Vo mep = - Vo_men. We also assume that Vy, = - W, for simplicity. Recall that the boundaries of
the transition regions are as expressed by where V,” and V,; depend on the dimensions of
the transistors of the differential pairs. Let,

V, =V, I
or, equivalently
V' =V, 7.

Which means the transition of the n- and p-pairs are overlapped. As illustrated in Fig, we
locate V' exactly at the same position as V" and locate V" at V" . Using and we have

i
Vi sttm 1ﬁ-.uu _V:—il":ﬂ e i 12
Al |

Buia = (_M .;. “Bn) =|35||p s 320

which is close to the theoretical value of 12 AN? verifying our theoretical analysis. The
optimal g, obtained is constant within 9%.

Therefore

Suppose K, = 60 pAN?, the aspect ratio of M1n is 1/5. Aspect ratios of the input transistors
of the differential pairs are calculated to be less than one for n-pair and close to one for p-
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pair. These small {i's for the input differential pairs widen and linearize the transition regions
where the increasing 1',l'rls“ and the decreasing JE cancel each other, thus yielding a

constant gn. Unfortunately, the small aspect ratios of the differential pairs degrade the noise
performance and cause the circuit to be more sensitive to the mismatch between the pair
transistors.

3.1.1 Complementary Input Stage with DC Level Shifter

In this section, we present another technique to overlap the transition regions without
sacrificing the g, [3). From the analysis carried out in the previous section, we know that as
long as the two transition regions overlap properly, constant g, can be obtained. It can be
observed from and that p is proportional to the slopes of the curves for the transition region.
To obtain overlapped transition regions while preserving the original slope of the curve (ie.
keeping the original large B) in the transition region, a dc level shifter can be introduced to
shift the p-transition curve leftward to overlap the n-transition curve as shown in Fig. If the
level shifting is too small, gm exceeds the nominal constant value. If the amount of level
shifting is too large, g, drops below the nominal constant value. There is an optimal shift A
Vomma, Which yields a constant gm. The optimal shift can be easily realized using a
conventional source follower.

Since, it is difficult to derive an expression for the optimal shift A Vegima, the authors [7] have
identified the narrow range within which the optimal value for A V. exists. This range can
be defined as follows:

l
Evﬂ MEn < ﬂ1|""Irr:-|.'u|-ma| < EVG mBn + L 321
i - L1
3.1.2 Implementation of an Op-Amp with Complementary Input Stage Using DC Level
Shifters :

Fig. 3.2 shows the op-amp with the dc level shifters in the complementary input stage. The
pair of dc level shifters is implemented by two pairs of PMOS source followers MS1 — MS4,
as indicated in Fig 3.3. The op-amp consists of three stages : the complementary input
stage, the folded cascode stage M21 — M28, and the class AB output stage M30 - M33.
Transistors MB1 — MB11 are used to bias the circuit, and their dimensions also determine
Vi man @and Vg wep, respectively. The folded cascode stage provides high gain while keeping
the input and output swing high.

k]|
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Figure 3.3 Schematic Of An Op-Amp With Level Shifters In The Complimentary Input Stage

The amplitudes and the phases are heavily dependent upon the applied common-mode
input voltage V., which is varied from rail ( -1.5 V) to rail (1.5 V) by a step of 0.1 V. This op-
amp is unstable and cannot be compensated due to the varying gm, as we stated in the
introduction. In contrast, the frequency responses of the op-amp with level-shifted input
stage for the common-mode input voltage V.., varying from rail to rail by a step of 0.1 V. The
amplitudes and the phases of the proposed op-amp are almost independent of the applied
Vem. It can be observed that by using dc level shifters, the degradation of the CMRR is

reduced to 45 dB, compared to 55 dB for the case that uses no level shifters.

3.2 A New Rail-to-Rail Input Stage
The input stage architecture used in this amplifier is shown in Fig. An enhancement, bulk-
driven differential pair of p-channel transistors, MP1 and MP2, is used to generate

transconductance. However, instead of driving the bulks directly from the inputs, depletion-

o
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mode n-channel transistors MN1 and MN2 are used as source followers to buffer the inputs
from the p-channel bulk terminals. MN1 and MN2 also provide a common-mode dependent
level-shifting function to the bulk terminals, which minimizes excess bulk currents when the
input common-maode voltages are near Vi potentials. The modulated drain currents of MP1
and MP2 are folded into the current summing nodes of the cascode circuit at the sources of
MN3 and MN4, with current mirror MP3 and MP4 performing a differential-to-single-ended

conversion to the high impedance output node Vy,.

The use of the deplection-mode source

followers MN1 and MN2, in conjunction $

with the bulk-driven p-channel differential

pair MP1 and MP2, allows additional J de:.
design flexibilty to meet the rail-to-rail v - v
input requirements of the amplifier. The L t j I L.
input depletion-mode source followers
may be designed to level-shift the input
signal to MP1 and MP2 and their bias
current. In fact, MN1 and MN2 can be
operated in strong inversion if the
process technology and bias point of the Figure 3.4

circuit dictate. This allows the input circuit architecture to be used over a greater range of

threshold voltages and well concentrations for the depletion-mode transistors.

The design methodology for input source followers MN1 and MN2 is shown below. The drain

current in a MOS transistor operating in weak inversion is given by :

; -V, -V
Loeicomen Vo expl —= ] t:xt{ b SRR 7.
nl, I V,

where n is the subthreshold slope factor, V; is the thermal voltage, and lyo is the

characteristic current of the device. Solving for Vs gives

= I {
V.. =nV,| In| ex f"”]—uxp — = In|f —2 fig NS
; - S v, / s

which can be further simplified (assuming Vg Vee) to



Vs =nWVes+ C 5 324

Therefare, Vgs increases as a linear function of Vg, As Vag increases to the positive supply
voltage, the influence of the Vpe term may become significant if the threshold vaoltage
modulation due to back gate effect is not sufficiently large (i.e | the transistor's V5 voltage is
small). The constant C, which is determined by the bias and aspect ratio of the transistor
can be adjusted to give a desired Vgs value when Vs = 0 (WC = 0) to meet biasing
requirements, such as for current source |y in Fig 3.6. But since the n-channel depletion-
mode transistors MN1 and MN2 act as source followers and do not substantially affect the
input stage transconductance, the designer has more flexibility in meeting the bias point

constraints and target transconductance of the input stage in a given process

Potential G, deerease for insufficient V, shi!

v.ﬂﬂlf!l“ ?
A e e s e o S
1
\Y \2 :
‘ > |
= |
I
i
02v---f=-- I
|
Ib— Ve
ov 0.9V

Figure 3.5 Depletion Mode n-channel Differential Transconductor
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Figure 3.6 New Input Stage

The minimum operating power supply of this input stage to meet rail-to-rail input common-

mode requirements is determined by the threshold voltage shift due to back-gate effect in

the process. Insufficient threshold voltage modulation decreases the transconductance at

common-mode voltages near the positive supply. Since the g, of input follower transistors

MN1 and MN2 decreases when they operate in linear mode. Conversely, the input stage will

operate at supply voltages lower than 0.9 V with the common-mode range decreasing below

the positive supply.



Chapter 4

DESIGN AND ANALYSIS

4.1

4.1.1 MNotations and formulas

To accomplish our design we use the theoretical values of the following parameters [1]

K ... B0 pAN?
K, . 25 pANV?
A ... 0.01 yAV (for 2um process)
A .. 0.64V
v, ...0.74V
2
. 411
2xix k"_,p
v”"z\[ e 412
k,,x§
&m =2xIxfB Where f=k, xS 2413
g, =AxI, 414

4.1.2 A Rational Approach to Small Signal Analysis of Op-Amp's

Let us briefly digress about the AC analysis of the folded cascode structure and analogously

develop an approximate expression for our parallel transconductance amplifier. To discuss
about the gain of the folded cascade amplifier, we assume the matching of the transistors

and a symmetric design.

Let's say gm = Omz @5 we have symmetrically biased the transistors, same current flowing

through the two transistors l;=1,=051;
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Figure . 4.1 Schematic Of a Folded Cascode Op-Amp
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Referring to the figure (4.1b)

rowt = Output resistance of the folded cascode stage.

Tout = 0p || M, ...4.1.5
Where,

r, denotes the resistance contributed to the output by the p-pair of the transistors
namely referring to the figure 4.1 by the resistance locking into the drain of M7, and

r, denoting the resistance looking into the drain of the n transistor M9 [1]

=

?xgnr? xrn{\j and 415

rr] = r.;.\’\'? bt gmq X lr‘.u!rl'l

MNow just by reasoning we can ascertain the gain in the folded cascade structure as follows:
Since application of a potential vi,/2 at the gate of M, produces a current source of (gmVin)/2
which is further supplied to the folded-cascode stage and is mirrored by the transistor pairs
(Mg M) to the output. Similarly we have for the transistor M; a current (gmzvi)/2 which also
reinforces current in the same direction as the earlier source gm Vin/2 '

The total current ((gmiVin)/2 + (ImzVin)/2) flows in the output resistance to produce the output
voltage.

Vou = {Qm1‘-"m-‘l2 + OmaVinl2 ) Tow .17
i [_gﬁ-_l " %rr.v.l_] o« Zotlia1 s * Emolasounn) 418
2 gnr?rd:'!rdfs F gm‘?r:f.rqrnl:ll

since we have assumed that gm1 = Ome

I P05 - T
Av=g o« Emrlusluss * Emolusolinis 419

-gm?rr.[r?rdlﬁ + gm?rn{'u'?ru'ﬂ |

Working on the same lines for our parallel transconductance stage we have analogously

fauwt =Tp1 Il Tys, where these resistances have been analogously defined

For = Py X B ® Tz ...4.1.10
Pt = Pz % By * [rrx-.s | (ry2q + "'..:\:9}] 4111
A, =g Xy A2
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4.2 SMALL SIGNAL ANALYSIS OF A GENERIC TWO STAGE OP-AMP [1]

The design of the conventional two stage amplifiers presented, the first stage being the
differential stage and the second being the inverting amplifier. As in we discuss the most

&' T s T

Figure 4.2 : AC model of two stage Op-Amp for small signal analysis

generic case to analyze this configuration .we neglect small capacitances, which do affect
less on the dominant poles &zeros and don't significantly alter the bode plot in the gain
bandwidth region. To begin our analysis of this configuration we need to specify the

r, = resistance of the i'th stage ..4.2.1
C;= capacitance of the i'th stage ..4.2.2
C = Coupling capacitance ...423
£, = transconductance of the i'th stage, refer figure4.3 ..A424

To have the nodal analysis we thereby start at the first node ref[1]
V1(8Cy + SC +g1) = V2(sC) + gmiv =0 ...425
Va(8C; + 8C +gy) — v4(sC) + gmavy = 0 4286
rearranging the second equation we have v, =-v,(sC; + sC +0;) / (5C- Qmz )
now gn;‘:u;f‘r'cilwg this value of v1 in the first equation we have
| I;z {(sCs + sC +g3) / (SC-gm2) }.(sCy+sC +gy) - v5(sC) + gmiv =0
427

MNow rearranging the above equation we have

~¥(sC - g,1)
L= = ..428
T {{SCI +3C+gIISC'| +sC+gk}— xC[sC—gml}}

Now to analyze the characteristic equation thoroughly

(sC; + sC +gs) (sCy + sC +gy) - (SC- gmz) sC =0

9



s (CoC + C/C +CyCy) +5{gi{C2+C )+ ga(C1+C )+ gmzC} +94g2= 0

528
On comparing this with the typical Quadratic Equation
1+as+bs’=0

where we can write it as

[1 + i}l + l] =0, where p; & p; are roots of the Equation
P P:

andpy << p; => 1/py >> 1/p;

2
== |4 — +.$'[ I-+ 1-]:() .-4.2.10
2 2P

On comparing this Equation with the above we have,

LI (8,(C, +€)+8,(C + C)+ 8,C) 4211
PP £&;

------ 4212
AP E1E:

] 1 1
From the above, we know—+ — = —

P P B

= by = g1 % &
' (g(C,+C)+g,(C, +C)+g,.C)

And p, = (z.(C, +C]+32{_C| +C)+g,,C)
: C.C+CC

Now we apply some assumptions to real amplifier as we know while designing we have

C,= C == C, ,so putting these approximations below we have

By * 5
p, = ——=l=L L4213
' (g.C,+8,C+g,.0)
’ ={EJCJ+S}C +g,.C) 4214

Cie

knowing that g. >> g, we get as follows
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1
I {§|C2 +§m1C]

(_gl_ql,.t Ema2 c)

’ ol
= p =825 ..4215
&
PF% ...42.16
and we have z, = Em 4217

=

So we have formed an equation for the bode plot as follows

Kx[1—i]
A ]= .

...42.18
[I+LJ[I .. ]
P P
where K is the gain in the GB region as
k=8mZEm ..42.19
8 %k,

Now to have an appropriate phase margin we have

Q== arctan{ﬂ] = arcmn[ﬂJ - ar‘ctan[w—n] 4220
z £y P

Where wo = radian frequency at which | Ay | = 1i.e the gain bandwidth. To have an phase
margin of about 45- 60 degrees to ensure stability we have

@ =— arctan[m—n) - an:tan[ﬂ] - arctan[-@“ ] =120° ..4221
z 2 P i

MNow suppose we place zero to be far away from the gain BW w, From the definition of
GEWI(Gain Bandwidth) we know w,= p,.K . Putting this into the above equation we have

-120°= —amtan(L] —arcmn[E)—am&m o w8222
10 1 P,

allowing the minimum value of K(min) = 5000V
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1 5000 0
-120° +arctan[ )+arclan[ |: arclan[ . 4.2.23
10, 1 P
@,
== 243 = arctan[---“—] taking the tangent of both sides we have w, / p; = 0.4515
P;
=>  p,=—__2214665245 4224
© 04515
from the above relations we enumerate as follows as we have
p,=5m and @, = p x K =5 ...14.2.25
? C
Ss2 w0t
C, C
== Gmz = 100m ..4.2.26

From equation 5.2.25 and 5.2.26 we have

C = 0.2124C,

Vop

S C_I_
M1 M2 L
== l al

Vs

Figure . 4.3 Schematic Of a Conventional Two Stage Op-Amp
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4.3 A DESIGN STRATEGY FOR LOW POWER FOR THE TWO STAGE OP-AMP
On the low power side, here’s presented the design of the Op-Amp, where we have the
constraint that the (power dissipation) Ps < 1 mW. For this section we refer to the ﬁgure 4.3

Under + 2.5V power supply this means that [, < 200 pA (total current)

== [, +1, < 200pA say [, = 100pA

Aswe know Av= ~EmirEms ...4.31
E-&;

where |
2, =§g.. +L... denoting the conductance of source to drain of the respective
transistor |, similarly g, =g,.+ 24~
so as we know [1][6],
g =Al,+ A, 432
g, =Al +4l,
since by KCL we get I, = [; and similarly [, = /,we have g, =2Al, & g, =24/,

2

As we know 4, =10.—2= 433
4x A" =i, %i,

So, we want Is- | ; to be minimum to have an ample amplification

Now, I,+1,=1,, ..4.34

let [,x[,=P ..4.3.5

P= [.‘,m. -1, ]I? and the maximum P, by applying differential analysis goes for
I
I Foettud. ..438
5 T 2 .
To avoid designing with this value and striving for a higher gain , we choose

I, :1. ::60: 40 as the output resistance of the folded cascode stage would

be maximized together with the transconductance of the first stage with a ratio
greater than 1:1.
assuming Vg = 025V

== Ss > 32 . Let Ssbe 50 so that we have V..s = 0.2V

MNow considering the expression for A, we have

1 1 2
Ew - 2 Em _ _ Em
Ay =5 = = A,, = Sz—t = 4=5 |

A xi, xi, A xi, xi, " T A %60 x40
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A =20.833xgl,
Say, if we want A, = 5000 V/V, we have
gu’ > 240 (MANV)? => g > 1549 pAN
So, letus have g, =100 pA/N (a fairly modest value) == 5,,= 2.666667,
approximating it to 3, we get
£ = 103.92 pAV
v

wnl

= 0577V

from equation 4.2.26 and 4.1.1, we get
g.. = 10.g_ =1039.234 pANV

z
(— /- => S =540
2x kp x 1,
Mow to have a symmetric design we have equal bias for all p transistors
Ews _ Ems ...437
S S,

, on squaring both sides and manipulating the equation for S, we get
_2xK xd,  2x25%x30

= 404.9925=405(approx)

™ [ID_3_9,24T
5" 540
== . = 0.076Y ...438

From the earlier derived Relations as enumerated above in equation 1.14 & 1.16 we get

V. (max) = 25 -065 + 0.7 - 0.076
= 255 - 0076 = 2473V
Vic (min) = w2 Voot Vo= (nan)
= -25 + 02V + 0577 + 0.75
V. (min) = -097V
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4.4 DESIGN OF THE FOLDED CASCODE OPERATIONAL AMPLIFIER

The design of the folded cascode amplifier is presented below, it is augmented with an
example using the parameters given in the model file. The amplifier has been designed
optimizing on the following constraints:

P4 (power dissipation),

ICMR which has been the main concern of this document)

To design the folded cascode amplifier our first concern would be the power dissipation.
Let's assume that operating on + 2.5F power supply, the power dissipated P, <1000uW
(referring to the figure 5.2 } , this implies that .

P =5(L,+1,+1,+1,)<1000uW 441

(I +1,+1,+1,)s200ud ...442

By the symmetry of design we have / , = I, , which implies

({, +1,+21,) <2004, now to have minimum power consumption we have assumed that

I, = % and. By KCL we know I, =1,

And we assume currents to be as follows ..4.42a
I, =30uA => [, =60ud and I,, =1,,=45pA and by the configuration of the Folded
cascode we have Lh=~Ly=L=L=15ud ...442b

so, that we have [, =170u4

To have the maximum output range i.e. veu(max/min)= £2F we have

Vo Vo < 0.5 and similarly 443

vrm‘} + vm? = D‘SV I 44.4

Choosing on the margin we havev,,, = v, = 0.25) and symmetrically

i

rm:'." = vml'-fl

= i"qull = leE 7 G‘ESV i ..445

carrying on these lines we have the current from equation 442 and we get from equation
412,

S, 00 = 7.586
S =18.2163
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To choose maximum ICMR we select the S(aspect ratio) for the M; as guided by the

constraint v_, < 0.25) == 5, =30.347

...446

30.347
And since we have from equation 4.4.2a == §, = —— ...4.4 6a

2
Since we are to design on low power still maintaining maximum ICMR we get as follows

v.(min)=v_ +v (max)+v_, +v, .. .. 447

Let's assume in a generic sense that as we have vi.(min) < -1.25V
To achieve this we have from the above equation ,
Vosis = 0.26F => §, =14.029

From the above equation we get
1A
=230—
Ew = %

MNow to design for the resistances used i.e. Rs; (used between the nodes 6 and 7) we have,
biased the folded cascade stage such as M;; is operating at the verge of saturation.

= Vouis = Vogys = 025V ...44.8
alsowewant v_,, = [ij + Vouid ..449
from equations 4.4.8 and .4.4.9, we get

onis = gy => Rz = Yonis = 8.33K

v
15
By assuming the symmetric bias pointsie v, =v, , =v_ ., =v_, = 0.25F we get

Ry = }-}"- . R7s denoting the resistance between the nodes 7 and 8, further we use equation
2

442atoget R, =16.66667TK ..4.410
To calculate the ICMR we proceed as
v.(max) =V, —v, .- |Vr_,, |{n1ax} +V,_ (min) L4411

= 1.5V =025V - 0.642V + 0.7V =1.308V

v.(min)=V_+v_,,,++F (max)+v_, . 4.412
=-1.5V + 0.26V + 0.75V +0.25V
=.0.24V

P, =170x3uW =510ul¥ L4413
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4.5 DESIGN OF THE PARALLEL INPUT CONSTANT TRANSCONDUCTANCE STAGE

Let us design the folded cascode output stage parallel input constant transconductance
amplifier. For the analysis we refer to the figure3.2. To start with let us design the parallel
transconductance input stage for the n. Stage diff. Amp, we have (refer for Theory -chapter3)

Vo = Ve + Vi
MNow at the saturation, we have Vag pan = Vin
Vowmen - Vowen = Vi
as lsn oy Saturation current is flowing
Ves.in = Vin + Vo
Viin = Vo men
So we have
Vemen - Vin = Vowen = Ve
From equation 4.5.3 we have
Ve 1n = Vin=Vonin = Ve 1,
Putting this value in equation 4.5.5 we have
Ve in = Vin = Vonin = Vg men = Vin
Ve in = Ve men + Vonin
But at the threshold Vg.y = V..

- =
Vo = Vg men + Von

J1.. (sat)

..4.5.1

...4.9.2

o S

...4.54

..455

..4.56

4587

Vi Vo W, Vie

>

Figure4.4: \// Vs common mode voltage for the n-type differential stage
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Mow to maximize the ICMR operation of the n- pair (type) we have
Vie (min)= Ves + Vonin + Vanan + Vin (Max)
vic (min) = € Ve + Vin > + Voon + Vongn
In order to have vic (min) as small as small as possible, let us have Voo, + Vonon 10
be as small as possible. Now to look at the p-type differential pair,
Vo' = Vag = [Vl ..458
To find the start of the linear region, we have
Vog mer = | Vil ...459
White still at threshold of saturation 0.5 55 flow through all transistors of the p pair
Vsg p = [Vigl + Vanp

Vs_p = gvl:pl * III""rn-nq;! + 1II"'IIG__nn ...4.510

From equation 4.5.9 we have

Vo mar — Ve mer = [Vip |

Vo_mee = Vg mer + | Vil 4511
We know
Vomee = Vs ...4512

Vimee + Vil = Vil + Vong + Vo ..4513
Wep = Vause - Vaonp, wWhich on the point of threshold reduces to -
Vo = Vowse “Vonp . 4514
And similar remarks apply to the ICMR range of p pair of tx (transistors)
Let  AV,= Vonin + Voen 4515

AV = Voo + Vionge ...45.16
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J1., (sat)

V1, (sar)
-&Vni AV L= AV
v >
: 1i"'Ilr\- 1'-"“ . ""Iln Vi
Figure.4.5 /I, Vs Vi For The N-Type Pair
A
T¢
“Ea.p {‘g'a’[] L] [fﬂf }
(lan) *
(lsp) *
>
Vs Va VD* Vie
Ve Vo'

Figure 4.6: (ls) ™, (lp) * \/s common mode voltage for the complementary differential pair

! JT, (sat)

AV < AV,
(lap) *

Wy Vp_ Vie "illrp-. Vp.*

Figure 4.7: (l5q) * s common mode voltage for the p-type differential stage
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now to make V,, =V, ,we have
Vs + Vin = Vg _nee + Vonp .. 4517
Vas + Vin = Vg = Vgl = Viaree + Vanp
Vaag = Vs = Vin = [Vigl = Vonge + Vonp ...4518

Vﬁd = 1"-"31 = \'l'rtn - |Ulp| = ﬁvp - VnnEP + 1IIlIIrrcmq:n

;
AT R, g . N .A519
L el T I L ‘P| rm}n} k‘,,xSf,
S = Ly R
' L M '.|I”’fp|_".mm—}2

Designing on + 2.5 V power supply, so let's assume

Vet & 25
Let's say Vonge = 0.2 V and sy = lspie) = lsniy = 50 pA,  to this account we have
Sge = 100

5 50
P25x(5-0.74-0.64-02)

...4.5.20

§, = 0.17098.

In our design as explained earlier, we have

g, =281, + /28,1, = Constant ..4.5.21

if we assume By, - Psp, then we just have to overlap the 2 transition regions in order to have

a constant gm transconductance. To this effect we have S, = 0.712 , which in terms

(WIL)'s and resistance capacitances is not a very good design. This design is very sensitive

of

to noise and the perfect matching of the transistors is impossible. Considering this a low-

voltage (+ 1.5 V) low-power design is presented below.
lsntey = lspigy= 50 pA
Ps= {100 x 3) pW =0.3mW
Vonge = Vanan = 0.2V to have a symmetric design

Sep = 100
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San = 41 667
To overlap the linear regions of |y, & |5, we have

50
5= .
25%(3-0.64-0.74-0.2)

Se 0.8918

1]

Su 0.4132
which is still not a reasonable range, let's have
Vonsn = 0.25V
Sp,= 64
Sp=1.0656
S5,=0.443

So the linear region must have a minimum width to have feasible sizes and resistances and

capacitances.
Vongn > 0.3V
Vonen = 0.5 V = Viagp
Sgn = 6.667

B 50 e B
P 25x(3-0.64-0.74-02) 12544

Se=1.59438 == V=112V
S,=0.664 assuming p = Pip

Maximizing the linear range to this accord we design a stage with a dc-shift (level).
Unfortunately, the small aspect ratios of the differential pairs degrade the noise performance
and cause the circuit to be more sensitive to the mismatch between the pair transistors.

4.6 A DESIGN APPROACH OF AN OP-AMP WITH LEVEL SHIFTERS IN THE
COMPLIMENTARY INPUT STAGE

Design of the folded cascode parallel transconductance constant g, operational amplifier for
low voltage low power applications has been presented below. For a Generic analysis figure

3.3 is referred.

To make sure that v,y has the maximum range it is supposed that

al



Vonzamarzs < Vanlminimum)

So that
Vonzr * Vonza < Vom ol
Vonzs + Vonzs < Vonz ..462

Assuming the same parameters for the analysis, it is proposed assuming that we have + 1.5
V power supply. Let us say Ve < 0.25V (a8 modestly low value),

Now to have minimum power dissipation We have | ;4 = | 25 = 60pA and | 4o = lepiey = 30 pA.
So that in saturation of either extreme of the ICMR we have either the n-pair/ p-pair
supplying 15pA to each leg of folded- cascode implying

Vonzs <025V
andl; = 45 pA = |7

MNow taking an appropriate value of von.zs and not very different from Vion,sz; we can find
(WL )'s of the n-type transistors in the folded cascode o/p stage as:

e EE

o
ku b vqmz

.. 463

Mow to aspect ratio’s for the p-type folded cascode be have for the self biased configuration
as

Vsg 2= Vsp 21 + Vep 22 464
Vsg 21 = [Vig| + Vomr (saY) ...4.6.5
Where V,,, corresponds to M;,
And Ve, = [Wy| + Vonz , where V,,; corresponds to M,

Mow to have constraints on the various parameters, we have M21 should be in saturation

Van 21 > Vsg o1 - [Vipl .466
Veg 21— Vsn 22 = Vsaar - [Vigl .. 487
Vep 22 < |Vl ...4.6.8

WVazz = V| for Mz to be in saturation
Veg 21 = [Vipl + Vom ..4.69
Vs 21 =Vg 21 = |Vigl + Ven, we know Vg 31 = Vi

Vg 21=Vp 2
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WVaa = [Vigl = Va1 =Vaar = Vaz
Weaa - Vip - Ven < [Vl
WVant > Vg — 2|Vl
MNow Similarly for M21
WVo_z21= Vig_a1= |Vig| + Vonz
Vigl + Vonz - (Vag = [Vig| - Von1) < [Vl
Vonz + Von1 < Vg - [Vl
and from 4.6.9 we also have
Vsp_21 + Vsp_22 = [Vip| + Vo
Mow, using the thearetical values of the parameters
Vap 20 < 0.64V
Vons > 1.5-2 . (0.684) =0.22V
Vot Venz < 0.86V
Vep 21 + Vep 22 = 0.64 + V,
Vso_z2 * Vonz
Vg 22 =0.64 + Vo2
Vap 21> Vom
Vio_z2 = Vaa + [Vigl - Ve
It is assumed Vsppe = P (say some constant), while P < 0.64
Vg 22=Vp 22=P
[Vigl + Vonz = (Vaa- [Vigl - Von1) = P
2 Wyl + Vanz + Voni- Vaa=P
Vont + Vonz = Vag + P - 2. |V
Mow W+ P-2.|Vy| < 0.86Vfrom466and46.8
Vaa- 2 Vgl + P <WVag- [Vip| - [Vig| +P <0
== P < |Vy| . which has been already taken account for.
Vep 22 =05V < 064V

Von1 + Vonz = 0.72V

...4.6.10



Mow let's say we assume Vg, = 0.25Y yielding us,
Vonz = 0.47V
Vsp 21 + Vsp_2z = 0.89V
Wep 210 = 0.89 V- Vg = 0.39V
And we have for the same current following:
2lz2/K, 4611

2l34/Kq ...4.6.12

5‘22 -I"-"ronzz

Bir Mt
From 4.6.11 and 4.6.12 we have Ven® . S21 = 3.6 = Von2® . S22

Sa1= 3.6Non’® =2 Sz =57.6

Sz = 16.3969

Now, having biased the folded cascode pair, let us bias the differential pair stage: To make it
happen it is assumed

Vonza =Vonzs = 0.25V
23 = 45pA
los = B0pA
S24=32
S2:=24
To have lgy (sat) = 30 pA, we have
Sne= Sg =16
Where Venen = 0.25V
Similarly Vypge =0.25 V => Sp, =38.4
MNow assuming Vons = Vons =Vons=Vons=Voesen = 0.25V
For a symmetric design, we have Sy =S53=5,=5; =5:;= 384

To this effect, parallel differential stage is biased to have a good G.B. and fairly good
amplification. g, is assumed to be a modestly good value

Sothat S, = Ei—f ..46.13
® A

" In

As, already assumed , we have By, = Biy =2 S;= (KafKg ) . S
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p, And from here we get Vo= Vong

Qmn= Gmp

To have a symmetric design. Looking for the level-shifter for the above bias point we have

Vp = Vi_map = Vonp

Vo = < Vagg- [Vipl > - Vongp-Venp

Vo = V= Vi, (almost fixed) = 0.75 V
Hence to overlap both linear regions, we have

Vp = Vo + AV

AVghin = < Vaa= [Vigl - Vas > = Vongp = Vonp

4614

...4.6.15

...4.6.16

..4.617

We should have the much shift on source follower configuration of Ma; and M., We have to
do various simulations for the optimal shift AV (optimal) due the variations in the

parameters of our simulation.

To have bias the Mg, we have

I, =

- .IB.H'E » (‘ﬁ Vdnj: 2 |VI:I'J UI
2

= 2%
T

Here is an example:
Zon = EBup= 200pAN
Si=22.22
Let Sy, =23, an integral value => g =203.469 pAN
Von= 0.14744 =V,
Mow to Calculate V, = 0.46256Y
Vpy = -0.73V

AVan = 1.21256Y

assuming lsz = lgn (sat) = 30 pA

..4.6.18

By taking various values around it and simulating them we have Ss; more accurate
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) 2x%30
25x(1.21256 - 0.64 )

=(7.32098

x2

Now since we have biased all transistors from the bias circuitry. We have

...46.18

f:10

_Vu -V, _EVw|q"m
I

w11

s V“"“" N V‘“ L |V'-r‘| _Vq-m _46.20

Hi
J-H!I

Putting the above values of the parameters of the signals into the above equations we have
Ren=7033K
R g =66.67K

To finally Evaluate the power we have Py = 3.( 30.6 + 60.2 ) yW = 900 pW
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Chapter 5

SIMULATION RESULTS

In this chapter we illustrate the simulations carried out following the design procedures given

in the previous chapter.

51 Conventional two stage amplifier

| Parameters Under +2.6V supply | Under +2.6V supply Under +1.5V supply
| (As designed by the | (As designed by the (As designed by the
! procedure given in [1] | procedure given in section | procedure given in section
| ) 4.3) 4.3)

A 55.6dB 35dB 28.3dB

p, 10KHz 30KHz 100KHz
| 5, 10MHz 10.3MHz 13MHz
| z, 5000MHz 2000MHz 1100MHz
i _ : st g
| Gain Bandwidth | SMHz 2MHz 1.2MHz

v_(max) 1.951V 2.37V 1.458
| v_(min) -1.06V -0.9V 0.1V
I P, 500pW 500pW 300pW

Table: 5.1

Initially the Op-Amp was designed using the approach illustrated in [1]. It was

designed to operate under +2.5V supply The conventional two stage amplifier has

been illustrated in figure 5.1, with its spice netlist containing all the aspect ratios of

the transistors is enlisted on page 63. The Bode plot is given at page67 .The output

files (T-spice netlist) can be witnessed on pages 64-66.

The amplifier was then designed to operate under £2.5V supply by following the

design procedure as given in section 4.3, we optimized on the following values. The
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5.2

spice netlist along with the simulation results can be seen on 69. Various aspect
ratios of the transistors have been given in the T-spice file on 68.:

MNext we design on £1.5 \V power supply by following the same design procedure as
given in section 4.3. The output simulation plot (Bode plot) can be seen on page70.

A comparison of the results of the both the designs can be witnessed in Table 5.1.

Folded Cascode Amplifier

The folded cascode amplifier (refer figure 5.2) was designed using the design
procedure as given in section 4.4. The spice netlist and the simulation results are
given on page 73and 74 respectively.

The design under £1.5 V power supply by following the same design procedure as
given in section 4 4. The output simulation plot (Bode plot) can be seen on page 74.

Parameters Under +1.5V supply
A 50.25dB
o 7.9KHz
P 100MHz
Z; 1780MHZ
v, (max) 1.308V
v, (min) -0.24V
Gain Bandwidth{GEB) 1.2MHz
P, S510pA
Table: 5.2
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53

5.4.

Parallel Transconductance Stage

The figure 5.3 can be referred on page 75. The amplifier has been designed as given
in section 4.4. We can view the spice netlist and the output files on page76 and 77-
78 respectively. It is first biased for the low Power, low Voltage constraints to find the
operating regions of the complimentary Transistor pairs. After designing the Aspect
Ratio's for the n-pair we then design the Aspect Ratio for the p-pair so that we

overlap the linear regions of [/  and .'fr !_,_ to make sure that we have a constant

Transconductance( g, ). Here's attached a simulation result of overlapped Parabolic

regions of the currents in the respective pairs on page 79. Various aspect ratios of
the transistors have been given in the T-spice file on page 76.

Constant Transconductance, Input Complimentary Differential Pair with
DC level Shifters Operational Amplifier

We first design the self bias Folded cascode Stage to save on our Bias circuitry, and
then design the n-pair (Aspect ratio calculation) refer to figure 5.4 on page 80 After

calculating the critical points of the ﬁ ; and.| I, curves, the design of the DC level

shift stage has been presented. After we calculate the Avenm , the aspect ratio for the
level shift stage was calculated. A simulation for various values for the Ave to
obtain the optimal shift as | have designed with the Theoretical parameters and not
accounting for the variations in the various process parameters and the variations in
the threshold values. | have tried to simulate for two different values of the current
division. Finally | summarize my results in the Graphs displayed in the end. Various
aspect ratios of the transistors for the first design and the second design keeping
different values of the currents have been given in the T-spice files on page 81 and
102 respectively.

a. Graph displaying vi.(common mode voltages) Vs Amplification(Gain) of
this Op-Amp on page 101,

b. Graph displaying the variations of the Transconductance with the Avgasfor
the two different values of the currents can be seen on pages 93-101 and 104
-112 respectively.
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The simulations for two values of the currents have been camried out and the results
can be seen on page 93-112 . The Power dissipation values are as follows:
Case 1 refer section 4.5
liotai = la +15 +13 +lg +133 +lz2 +13g +l5g
=20+ lg+ lpg+ 210 +214p
= 2(60pa) + 2(30A) +2(30pA) + 2(30pA)
= 300pA
Pa =3(300pA) =000pW
Case 2 refer section 4.5
bowa = 1g #lg +13 *1g +1y; +laz *l4g +lyp
=21+ g+ oz + 215 #214g
= 2(30pA) + 2(30pA) +2(30pA) + 2(30pA)
= 240pA
Py =3(240pA) =720uW



:\Program Files\Tanner EDA\T-S5pice Pro v6.02\models‘ml2 125.md
age 1

HhE AT AT AT A AT AT AT AAAEAAT A AT A AT A AT A AT AT A AT Ao oo n

MCHNC 1.25um CMODS Frocess
MNominal Level 2 MOSFET Parameters
2/26/87

= o ® * o *

LA RS R A SRS RS RS ERSERERRRSERERERERRERSREERESEEEEESEEEEES

model nmos nmos

Level=2 Ld=0.0u Tox=225.00E-10
Msub=1.066E+16 Vto=0.,622450 Kp=6.326640E-05
Gamma=.639243 Fhi=D.31 Uo=1215.74
Uexp=4.612355E-2 Ucrit=174667 Delta=0.0
Vmax=177269 Xj=.9u Lambda=0.0
Nfs=4.55168E+12 Neff=4.668630 Nes=3,00E+10
Tpg=1.000Q Reh=60 Cgse=2,.A09E=-10
Cgde=2.8%E-10 Cy=3.27E-04 Mj=1.087
Cisw=1.T74E-10 Mjsw=0.193

modael pmos pmos

: Level=2 Ld=.032000u Tox=225.000E-10
Nsub=6,575441E+16é Vto=-0.63025 Kp=2.635440E-05
Gamma=0,618101 Phi=.541111 Uo=361.9%41
Uexp=B.8B6957E-02 Ucrit=637449 Delta=0.0
Vmax=63253.3 Xj=0.11273%%u Lambda=0.0
Nfs=1.66B437E+11 Neff=0.64354 Nss=32,00E+10
Tpg=-1.040 Rsh=150 Cgso=3.35E-10
Cgdo=3.35E-10 Cj=4.75E-04 Mj=.341

Clsw=2.Z3E-10 Misw=0.307
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C:\sush\simdif2.5.sp
Page 1

* SPICE netlist written by S-Edit win32 &.02
* Written on Dec 4, 2002 at 23:40:09

* Waveform probing commands

.prohe

+options probefilename="simdif2.5.dat"”
+ probesdbfile="C:\sush\simdif2.5.sdb"
+ probetopmodule="simdif2.5"

* Main circuit: simdifZz.5

Cl out Gnd 10pF

C2 3 out 3pF

M3 3 4 2 2 NMOS L=2u W=20u AD=66p PD=Z24u AS=66p P5=24u

M4 1 in 2 2 NMOS L=2u W=20u AD=66p PD=24u AS=66p P5=24u

M3 out 5 Gnd Gnd NMOS L=2u W=350u AD=66p PD=24u AS=66p P5=24u
M6 2 5 Gnd Gnd NMOS L=2u W=74u AD=66p PD=24u AS=66p P5=24u
M7 3 1 N3 N3 PMOS L=2u W=22u AD=66p PD=24u NS=66p PS=24u

ME out 3 N3 N3 PMOS L=2u W=3273u AD=66p PD=24u AS=66p P5=24u
M3 1 1 N3 N3 PMOS L=2Zu W=Z22u AD=REp PD=24u AS=66p P3S=24u
v1i0 in 4 0.0 AC 0.5 0.0

v1ll N3 Gnd 5.0

v1lZ 4 Gnd 2

13 5 Gnd .925

-include "C:\Program Files\Tanner EDA\T-Spice Pro v6.02‘models‘mlZ 125.md"

.op
.ac dec 10 10 2Z0000MEG
.print ac vdb{out)
.print ac wp{out)

*.de lin w12 0 5 0.5
*.print dc v{out)

* End of main circuit: simdifz.5
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CrhsushyvsimdifZ . 5. out
Fage 1

* T-Spice 6.02 Simulation

* T-Spice Win32 6.02.20000302.11:47:10

Tue Mar 04 04:07:03 2003

* Operating System: Windows NT/95

*‘SEDIT: probesdbfile="C:\sush\simdif2.5.sdb"
*SEDIT: probetopmodule="simdif2.5"

“SEDIT: Alter blocks = 0

* Device and node counts:
¥ MOSFETs - 7
- BJTs - 0
2 MESFETs - D
‘ Capacitors - 2
= Inductors - 0
* Transmission lines - 0
. Voltage sources - 4
* VCvs - 0
i cCcvs - 0
* V-control switch - 0
" Macro devices - 0
e Subcircuits - 0
o Independent nodes - 4
* Total nodes - 9

*SEDIT: Alter=0

C:\sush\simdi£f2.5.sp
* Command line: tspice -o C:\sush\simdifZ.5.cut C:\sush\simdif2.5.sp

MOSFET geometries -

JFETa -

Diodes -
Resistors -

Mutual inductors -
Coupled transmission lines -
Current sources -

vccs -
cCccs -

I-control switch -
Functional model instances -

Subcircuit instances -

Boundary nodes -

[F QN o e e e e e o B e e T

*SEDIT: RAnalysis types DCOP 1 ACMODEL 1 AC 1 TRANSIENT 0 TRANSFER 0 NOISE O

* BEGIN NON-GRAPFHICAL DATA

DC ANALYSIS

wi2) = 9.8126e-001
v(3) = 3.7292e+000
viout) = 32.0371le+000
vil) = 3.7292e+000
vis) = 9,.2500e-001
vid) = 2.0000e+000
viN3) = 5.0000e+000
viin}) = 2.0000e+000
i(vl0) = 0.0000e+000
1{wll) = ~-1.0227e-003
i{wvl2) = 0.0000e+000
i{vl3d)y = 0.0000e+000

* END NON-GRAFHICAL DATA
* BEGIN MNON-GRAPHICAL DATHR

AC SMALL-SIGHAL MODELS

M3

MODEL nmos

TY PE NMOS

1D 5.21e-005
VGS 1.02e+000
VDS 2.75e+000
VBS 0.00e+000
VTH 7.24e-001
VDSAT 3.07e-001
RS 0.00e+000
RD 0.00e+000
GM 2.26e-004
GDs 3.15e-0086

M4
nmo s
NMOS

5.21e-005
1.02e+000
2.75e+000
0.00e+000
T7.24e-001
3.07e-001
0.00e+000
0.00e+000
2.26e-004
3.15e-0D086

M5
nmos
NMOS

9.18e-004
9.25e-001
3.04e+000
0.00e+000
T.23e-001
2.46e-001
0.00e+000
0.00e+000
5.08e-003
5.83e-005

M&
nmos
NMOS

1.04e-004
9,.25%e-001
9.81e-001
0.00e+000
7.38e-001
2.33e-001
0.00e+000
0.00e+000
5.99e-004
1.20e-005

M7

pmos

FMOS

=5.21e-005

-1.27e+000

=1.27e+000
0.00e+000

-6.47e-001
4.6le-001
0.00e+000
0.00e+000
1.50e-004
3.32e-006

{CAZM)
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C:hvsushysimdif2.5.0out

* END NON-GRAPHICAL DATA

*WEDIT:

.ac DEC

AC ANALYSIS
Frequency<Hz>

1.00000e+001
1.25893e+001
1.58489e+001
1.99526e+001
2.51189e+001
3.16228e+001
3.98107e+001
5.01187e+001
6.30957e+001
T.94328e+001
1.00000e+002
1.25893e+002
1.5848%e+002
1.99526e+002
2.51189e+002
3.16228e+002
3.98107e+002
5.01187e4002
6.30957e+002
7.94328e+002
1.00000e+003
1.25893e+003
1.58489e+003
1.99526e+003
2.51189e+003
3.16228e+003
3.98107e+003

FPage 2

GME 0.00e+000 0. 00e+000 0.00e+000
GBD 1.00e-014 1.00e-014 1.00e-014
GBS 1.00e-014 1.00e-014 1.00e-014
CGS 5.36e-014 5.36e-014 1.48e-012
CGD 5.7Be=015 5.78e-015 1.5%e-013
CGB 0.00e+000 0.00e+000 0.00e+000
CBD T7.97e-015 T7.97e-015 6.62e-015
CBS 1.6%e-014 1.6%e-014 -1.85e-013

MB M3

MODEL pmos pmos

TYPE BMOS FMOS

ID =9.18e-004 =5.21le-005

VGS -1.27e+000 -1.27e+000

vDs -1.96e+000 =1.27e+000

VBS 0.00e+000 0.00e+000

VTH -6.45e=-001 -6.47e-001

VDSAT 4.62e-001 4.6le-001

RS 0.00e+000 0.00e+000

RD 0.00e+000 0.00e+000

GM 2.65e-003 1.50e-004

zDs 4.4%e-005 3.32e-0086

GMB 6.53e-004 3.72e-005

GED 1.00e-014 1.00e-014

GBS 1.00e-014 1.00e-014

CGEs 8.77e-013 5.17e-014
T CGED 1.25e-013 T7.37e-015

CGB B.96e-014 5.28e-015

CBD 2.5Be-014 2.58Be-014

CBS 2.5%e-013 4.91le-014

(M= A =

L00e+000
.0De-014
.00e-014
.9%9e-013
.14e-014
.00e+000
.A40e-014
.84e-015

10 1.000000000000e+001 2.000000000000e+010

vdb (out ) <dB>

5.2936e+001
5.2936e+001
5.2936e+001
5.2936e+001
5.2936e+001
5.2936e+001
5.2936e+001
5.2936e+001
5.2936e+001
5.2936e+001
5.2936e+001
5.2936e+001
5.2936e+001
5.2935e+001
5.2934e+001
5.2933e+001
5.2932e+001
5.292%e+001
5.2924e+001
5.2917e+001
5.2906e+001
5.2B8%9e+001
5.286le+001
5.2818e+001
5.2750e+001
5.2644e+001
5.2482e+001

vp (out ) <deg>

1.7995e+002
1.7994e+002
1.7992e+002
1.7990e+002
1.7588e+002
.1985e+002
.T7981e+002
. 1976e+002
. 7970e+002
.1962e+002
.7952e+002
1.7940e+002
1.75924e+002
1.7905e+002
1.7880e+002
1.784%e+002
1.7810e+002
1.7760e+002
1.7698e+002
1.7621e+002
1.7523e+002
1.7400e+002
1.7246e+002
1.7054e+002
1.6816e+002
1.6521e+002
l.61l62e+002

el el

2.72e-005
1.00e-014
1.00e-014
5.17e-014
T7.37e-015
5.28e-015
2.58e-014
4.91e-014

ie



C:\sush\simdifZ2.
FPage 3

5.0118%7e+003
6.30957e+003
7.94328e+003
1.00000e+004
1.25893e+004
1.58489e+004
1.99526e+004
2.51189e+004
3.1e228e+004
3.98107e+004
5.01187e+004
&.30957e+004
7.94328e+004
1.00000e+005
1.25893e+005
1.584852e+005
1.99526e+005
2.51183e+0035
3.16228e+005
3.98107e+005
5.01187e+005
€.30957e+005
7.94328e+005
1.00000e+006
1.258593e+006
1.58485%e+006
1.99526e+0086
2.51185%e+006
2.16228e+006
3.98107e+0086
5.01187e+006
£.30957e+0086
7.94328e+006
1.00000e+007
1.25893e+007
1.58480e+007
1.99526e+007
2.5118%e+007
3.16228e+007
3.98107e+007
5.01187e+007
6.30957e+007
7.94328e+007
1.00000e+008
1.25893e+008
1.58480e+008
1.99526e+008
2.5118%e+008
3.16228e+008
3.%B8107e+008
5.01187e+008
£.30957e+008
7.94328e+008
1.00000e+009
1.25893e+0089
1.58489e+009
1.99526e+009
2.5118%e+009
3.16228e+009
3.58107e+009
5.01187e+009
6.30957e+009

S.out

5.2236e+001
5.1874e+001
5.1355e+001
5.0642e+001
4.9707e+001
4.8545e+001
4.7171e+001
4.5618e+001
q.3926e+001
4.2132e+001
4.0268e+001
3.8355e+001
3.641lle+001
3.4447e+001
3.2470e+001
3.0484e+001
2.8493e+001
2.049%e+001
2.4503e+001
2.2505a+001
2.0506e+001
1.8506e+001
1.6506e+001
1.4504e+001
1.2502e+001
1.0498e+001
B.4923e+000
6.4826e+000
4.4671e+000
2.442T7e+000
4.0435e-001
=1.6557e+000
-3.74%2e+000
-5.892%e+000
-8.1106e+000
=-1.0433e+001
-1.2895e+001
=1.5531e+001
-1.8363e+001
-2.1391e+001
-2.458%9e+001
-2.7910e+001
=3.1295e+001
=3.4695e+001
-3.8073e+001
-4.1416e+001
-4.4724e+001
-4 . B007e+001
-5.1283e+001
-5.4578e+001
-5.7929e+001
=-6.1383e+001
-6.497T7e+001
-6.B738e+001
-7.2683e+001
-T.6826e+001
-8.1165e+001
-8.5581e+001
-8.948le+001
-9.16lce+001
=9.1823e+001
-9.1332e+001

1.572%e+002
1.5222e+002
1.4645e+002
1.4013e+002
1.3356e+002
1.2706e+002
1.2094e+002
1.1544e+002
1.1068e+002
1.0665e+002
1.0332e+002
1.0060e+002
9.8380e+001
9.6582e+001
9.5121e+001
9.3925e+001
9.2935e+001
9.2099%+001
9.1374e+001
9,0721a+001
9,.0107e+001
8.94%98e+001
8.8863e+001
8.8167e+001
8.7374e+001
8.6442e+001
8.5321e+001
8.3953e+001
8.2268e+001
B8.017%ee+001
T7.7585e+001
7.4362e+001
7.0373e+001
6.5462e+001
5.9479e+001
9.2292e+001
4.38320e+001
3.4106e+001
2.3232e+001
1.1385e+001
-1.2482e+000
-1.450Be+001
-2.8246e+001
-4.2266e+001
-5.68250e+001
-6.979%=+001
-8.2455e+001
-9.3891e+001
-1.03%7e+002
-1.1273e+002
-1.2024e+002
-1.2652e+002
=1.3143e+002
-1.346Be+002
=1.3586e+002
-1.3433e+002
-1.2886e+002
=1.1722e+002
-9.6501e+001
-6.9200e+001
-4.6197e+001
=3.1552e+001

7.94328e+009 -9,0834e+001 -2.2562e+001
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C:h\sushhsimdif2.5 (newmodpar2.s) .sp
Page 1

* SPICE netlist written by S-Edit Win3Z 6.02
* Written on Dec 4, 2002 at 23:40:09

* Waveform procbing commands

.prebe

.options probefilename="simdifZ.5.dat"
+ probesdbfile="C:\sush\simdif2.5.sdb"
+ probetopmodule="simdif2.5"

* Main circuit: simdifz2.5

Cl ocut Gnd lOpF

Cc2 2 out 2pF

M3 32 4 2 2 NMOS L=2u W=5.268u AD=66p PD=24u AS=66p PS=2Z4u

M4 1 in 2 2 NMOS L=2u W=5.26Bu AD=66p PD=24u AS=66p PS=24u
M5 out 5 6 & NMOS L=2u W=60.694u AD=66p PD=24u AS=6&p P5=24u
M&e 2 5 6 6 NMOS L=2u W=60,6%4u AD=66p PD=24u AS=66p PS=24u

M7 3 17 7 PMO5 L=2u W=711.56u AD=66p PD=24u AS=66p P3=Z4u
MB cut 3 7 7 PMOS L=2u W=8549u AD=c6p PD=24u AS=6Ep PS=24u

M3 11 7 7 PMOS L=2u W=71l1.56u AD=E6p PD=Zd4u AS=66p PS=Zdu
vli0 in 4 0.0 AC 0.5 0.0

vdd 7 Gnd 2.5

vic 4 & 2

vid 5 &6 1

vss & Gnd -2.5

.include "C:\Program Files\Tanner EDA\T-Spice Pro v&.02\models'\mlZ 125.md"
.op

.ac dec 10 10 20000MEG

.print ac wdb(out)

.print ac vplout)

*.de 1lin w12 0 5 0.3

*.print do viout)

* End of main circuit: simdifZ.5
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C:\sush\folcascol (new des modpar)2(1.5 sup).sp
Fage 1

* SPICE netlist written by 5-Edit Win3z 6.02
* Written on Jan 1, 2003 at 22:41:48

* Waveform probing commands

.probe

.options prebefilename="folcascecl.dat”
+ probesdbfile="C:\sush\folcascol.sdb"
+ probetopmodule="folcascol”

* Main circuit: folcascol

Cl out Gnd 10pF

MZ 5 8 12 12 NMOS L=2Zu W=15.1738u AD=66p PD=24u AS=66p P5=24u
M2 7 5 10 10 MMOS L=2u W=30.347u AD=66p FD=24u AS=66p FS5=24u

Md 3 5 10 10 NMOS L=2u W=60.69456u AD=66p PD=24u AS=66p P5=24u
M7 out B 13 13 NMOS L=2u W=15.1738u AD=66p PD=24u AS=66p PS5=24u
M2 12 9 10 10 NMOS L=2u W=15.1738u AD=66p PD=24u AS=66p PS=24u
M3 13 9 10 10 MMOS L=2u W=15.1738u AD=686p PD=24u AS=66p PS=24u
*ip tx

M5 2 11 3 3 NMOS L=2u W=40u AD=66p PD=24u AS=66p PS=24u

ME 1 4 3 3 MMOS L=2u W=40u AD=66p PD=24u AS=6ép PS5=2Z4du

*Pmos Tx

M10 out 7 2 2 PMOS L=2u W=36.43266u AD=6Gp PD=24u AS=66p P5=2Z4u
M11 8 7 1 1 PMOS L=2u W=36.4326u AD=66p PD=24u AS=66p P5=24u
M12 1 & N13 N13 PMOS L=2u W=109.28u AD=66p PD=24u AS=66p PS=24u
'™M13 &6 T 14 14 PMOS L=2u W=36.4326bu AD=66p PD=24u AS=66p P3=24u
M14 2 6 N13 N13 PMOS L=2u W=109.28u AD=66p PD=24u AS=66p PS5=24u
M15 14 & N13 N13 PMOS L=2Zu W=109.2Bu AD=66p PD=24u AS=66p PS=24u

R17 8 9 8.333K TC=0.0, 0.0
R18 & 7 6.25K TCc=0.0, 0.0
vlis 4 11 0.0 AC 0.5 0.0
v20 10 Gnd -1.5

w2l 5 10 1.0

v22 N13 Gnd 1.5

-include "C:\Program Files\Tanner EDA\T-Spice Pro v6.02\models\ml2_ 125.md"

.print ac vdb(out)
.print ac vplout)

.op
.ac dec 10 10 10000MEG

* End of main circuit: folcascol
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C:hsushhgmpll3.sp
Page 1

* SPICE netlist written by S5-Edit Win32 6.02
* Written on Feb 13, 2003 at 02:41:56

* Waveform probing commands

.prohe

.options probefilename="gmpll3.dat"
+ prokesdbfile="C:\sush\gmpll3. sdb"
+ probetopmodule="gmpll3™

* Main circuit: gmpll3
M1 21 & 9 9 NMOS L=2Zu W=50u AD=66p PD=24u AS=66p PS=Z4u

M2 2 5 9 9 NMOS L=2Zu W=13.34u AD=66p PD=24u AS=66p PS=24u
*ip tx

M3 3 wv- 2 2 NMOS L=2u W=1.305u AD=66p PD=24u AS=&6p P5=24u
M4 1 w+ 2 2 NMOS L=2u W=1.3050u AD=66p PD=24u AS=66p P5=Z4u
M5 11 & 9 % NMOS L=2u W=50u AD=6c6p PD=Z24u AS=66p P5=24u

ME 21 51 & 8 PMOS L=2u W=32Zu AD=66p PD=2Z4u AS=6tp F3=24u

M7 2 7 8 B PMOS L=2u W=64u AD=cep PD=24u AS=6&p P5=24u

*ip tx

M10 31 w- 21 21 PMOS L=2u W=3.1324u AD=6ép PD=24u AS=66p PS=24u
MB 11 w4+ 21 21 PMOS L=2u W=3.1324u AD=66p PD=24u AS=66p P5=24u
M3 1 7 8 8 PMO5 L=2u W=64u AD=66p FD=2Z4u AS=6ep P5=24u

vin v+ v- 0.0 AC 0.0 0.0
vdd 8 Gnd 1.5

vss 9 Gnd -1.5

va 3 8 1.24

vi & 7 0.88

ve 6 9 9325

w5l B 51 1.13

vic v- 85 -1

Jde Lin vic: =3020001

.include "C:\Program Files\Tanner EDA\T-Spice Pro v6.02\models‘\ml2_125.md"

.op
.print dec i{me,8)
.print de i{m2,2)

* End of main circuit: gmpll3
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C:hvsushh\gmpll3.out
Fage 1

T-Spice 6.02 Simulation Tue Mar 04 04:16:25 2003 C:\sush\gmpll3.sp (CRZM)
Command line: tspice -o Ci\sush\gmpll3.out C:\sush\gmpll3.sp

T-Spice Win32 6.02.200002302.11:47:10

Operating System: Windows NT/95

* *F * ¥

*SEDIT: probesdbfile="C:\sush\gmpll3.=db"
*SEDIT: probetopmodule="gmpll3"™
*SEDIT: Alter blocks = 0

* Device and node counts:

i MOSFETs - 10 MOSFET geometries - 6
g BJTs - 0 JFETs - 0
* MESFETs - 0 Diodes - 0O
= Capacitors - 0 Reslistors - 0
& Inductors - 0 Mutual inductors - 0
* Transmission lines - 0 Coupled transmission lines - 0
) Voeltage sources - 8 Current sources - 0
= vCcvs - 0 vccs - 0
g Ccvs - 0 CCcCcs - 0
* V-control switch - 0 I-control switch - 0
" Macro devices - 0 Functional model instances - 0
* Subcircuits - 0 Subcircuit instances - 0
. Independent nodes - 6 Boundary nodes - 9
* Total nodes - 15

*SEDIT: Alter=0
*SEDIT: Analysis types DCOP 1 ACMODEL 1 AC 0 TRANSIENT 0 TRANSFER 1 MWOISE O

* BEGIN NON-GRAPHICAL DATA

DC AMNALYSIS

vi2) = =1.5000e+000
vi{l) = 1.5000e+000
vi3) = 1.5000e+000
v(3l) = =-1.4438e+000
w(ll) = =1.4438e+000
vi2l) = -6.3356e-001
v(3) = =1.5000e+000
viv-) = -2.5000e+000
vig) = 1.5000e+000
vi{5l) = 3.7000e-001
vie) = =5.67530e-001
v} = 6.2000e-001
vi5) = =2.6000e-001
viv+) = -2.5000e+000
i(vin) = 0.0000e+000
1({wdd) = -4.9424e-005
1ivss) = 4.9424e-005%
1{vs) = 0.0000e+000
1{vl) = 0.0000e+000
i{ve) = 0.0000e+000
ifwsl) = 0.0000e+000
i(wic) = 0.0000e+000
i{mé&, B) = q.9424e-005
i(m2,2) = 1.817%e-011

* END NON-GRAPHICAL DATA
* BEGIN NON-GRAFHICAL DATA

AC SMALL-SIGNAL MODELS
M1l M2 M3 M4 M5



Page 2

MODEL
TY PE
ID
VGS
vDs
VES
W'TH

" VDSAT
RS
RD
M
GDS
CMB
ZBD
GBS
CGS
cGh
CGB
CBD
ges

MODEL
TYPE
= T
VGEE
VDS
VBS
VTH
VDSAT
RS
RD
GM
GDE
GMB
GBD
GBS
CGSE
CGD
CGR
CBD
CBs

* END NON-GRAPHICAL DATA

Cihvsushhvgmpllld.out

nmos

NHMOS
2.47e-005
9.33e-001
5.62e-002
0.00e+000
7.51e-001
2.2T7e-001
0.00e+000
0.00e+000
8.8%e-005
4.40e-004
0.00e+000
1.00e-014
1.00e-014
9.81le-014
g.41e-014
0.00e+000
6.27e-014

-1.64e-014 -

M&

pmos

PMOS

=4.94e-005

=1.13e+000

-2.13e+000
0.00e+000

-6.45e-001
3.68e-001
0.00e+000
0.00e+000
1.%%9%e-004
2.35e-006
4.35e-005
1.00e-014
1.00e-014
7.52e-014
1.07e-014
7.96e-015
2.28e-014
5.54e-014

nmos
NMOS

.82e-011
L24e+000
.36e—-008
.00e+000
.52e-001
.24e=-001
.00e+000
. 00e+000
.11e-011
.47e-004
.00e+000
.00e-014
.00e-014
.56e-014
.35e-014
.00e+000
.532e-014
.32e=014

W OoRMNEROMNWOO L0 -

M7
pmos
FMOS
-B8.92e-012
-8.80e-001
-4.94e-008
0.00e+000
-6.53e—-001
.89a-001
. 00e+000
. 00e+000
. 30e-011
.80e=-004
1.1%e-011
1.00e-014
1.00e-014
1.2%9e-013
1.06e-013
=-1.75e-016
7.07e-014
6.2Be-014

= OO

nmos

NMOS
9.06e-012

-1.00e+000
3.00e+000
0.00e+000
T7.23e-001
1.09e-001
0.00e+000
0.00e+000
5.,68e-011
4.74e-013
0.00e+000
1.00e-014
1.00e-014
4.38e-015
2.77e-016
0.00e+000
7.97e-015
2.04e-014

M10

pmos

FMOS

-2.47e-005

-1.87e+000

-8.10e-001
0.00e+000

-6.4%e-001
B8.2%9e-001
0.00e+000
0.00e+000
3.43e-005
T.55e-006
8.57e-006
1.00e-014
1.00e-014
7.04e-015
2.23e-015
5.1le-01¢
2.95e-014
3.77e-014

nmos

NMOS

.06e-012
L 00e+000
. 00e+000
-00e+000
.23e-001
.09e-001
. 00e+000
.00e+000
.68e-011
4.74e-013
D0.00e+000
1.00e-014
1.00e-014
4.38e-015
3.77e-016
0.00e+000
7.97e-015
2.04e-014

[}
O o <O W W

M8
pmos
PMOS
-2.47e-005
-1.87e+000
-8.10e-001
0.00e+000
-6.4%e-001
B.2%e-001
0.00e+000
0.00e+000
3.43e-005
7.55e-006
8.57e-006
1.00e-014
1.00e-014
T7.04e-015
2.23e-015
5.1le-016
2.95e-014
3.77e-014

nmos

NMOS
2.47e-005
5.33e-001
5.62e-002
0.00=+000
7.5%1le-001
2.27e-001
0.00e+000
0.00e+000
B.B9%e-005
4.40e-004
0.00e+000
1.00e-014
1.00e-014
%.8le-014
B.41=-014
0.00e+000
6.2T7e-014

=1.64e-014

M9

pmos

PMOS

-B.%2e-012

-B.B0e-001

-4.94e-008
0.00e+000

-6.53e-001
1.8%e-001
0.00e+000
0.00e+000
4.30e=011
1.80e-004
1.1%e-011
1.00e-014
1.00e-014
1.29e-013
1.06e-013

-1.75e-016
7.07e-014
6.28e-014

TR
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C:Yysush\parall const gmét.sp
Page 1

* SPICE netlist written by S-Edit Win32 &.02
* Written on Feb 5, 2003 at 23:27:41

* Waveform probing commands

.probe

.options probefilename="sedit.dat"

+ probesdbfile="C:\sush\parall const gm.sdb"
+ probetopmodule="parall const gm"

* Main circuit: parall const gm
Cl out Gnd 10pF

M2 2 12 14 14 NMOS L=2u W=32u AD=66p PD=2Z4u AS=6cép P5=Z4u
*folcasco

M4 5 12 14 14 NMOS L=2u W=64u AD=66p PD=Z4u AS=6Ep PS=Z4u
M3 & 12 14 14 NMOS L=2u W=64u AD=66p PD=24u AS=66p PS=2du
M& 7 Gnd 5 5 NMOS L=2u W=48u AD=66p PD=24u AS=6ép PS=Z4u
M7 out Gnd & & MNMOS L=2u W=4Bu AD=6tp PD=24u AS=6Ep P5=24u
*ip tx

M3p3 v—- 2 2 NMOS L=2u W=B0u AD=66p PD=24u AS=66p P5=24u
ME 1 v+ 2 2 HNMOS L=2Zu W=80u AD=66p PD=Z4u AS=6E&p P5=24u
M% 12 12 14 14 NMOS L=2u W=32u AD=6ép PD=24u AS=66p PS=24u

M12 6 3 15 15 PMOS L=2u W=T76.8u AD=66p PD=24u AS=66p PS=24u
M14 1 1 15 15 PMOS L=2u W=76.8u AD=66p PD=24u AS=66p PS5=24u
*folcasco

M1l2 9 7 15 15 PMOS L=2u W=115.2u hD=Eﬁp FD=24u AS=6&p PS5=Z24u
M1 8 7 15 15 PMOS L=2u W=115.2u AD=66p PD=24u AS=66p P3=24u
Mle 7 Gnd 8 8 PMOS L=2u W=23u AD=66p FD=24u AS=66p P5=Z4u
M17 out Gnd 9 9 PMOS L=Zu W=2Z3u hD=EGp FD=2Z4u AS=6&p F5=Z24u

M1E 10 13 15 15 PMOS L=2Zu W=T6&.8u AD=66p PD=24u As=dep PS=Z4u
M19 22 13 15 15 PMOS L=2u W=76.8u AD=66p PD=24u AS=66p PS5=:Z4du
M21 11 13 15 15 PMOS L=2Zu W=76.B.4u AD=66p PD=24u AS=66p P5=24u
M20 3 3 15 15 PMOS L=2u W=76.8u AD=66p PFD=24u AS=66p P5=Z4u

M10 14 v+ 10 10 PMOS L=Zu W=14.324u AD=6ép PD=24u AS=6ép P5=Z4u
M11 14 v- 11 11 PMOS L=2u W=14.324u AD=66p PD=Z4u AS=66p PS5=24u
M25 5 1 15 15 PFMOS L=2u W=76.8u AD=66p PD=24u AS=66p P5=24u

MZ2 13 13 15 15 PMOS L=2u W=76.8Bu AD=66p PD=24u AS=6Ep P5=24u

*ip tX
M23 5 11 22 22 PMOS L=2u W=240u AD=66p PD=24u AS=oop P5=Z4du
M24 &€ 10 22 22 PMOS L=2u W=240u AD=66p PD=24u AS=6bp P5=Z4u

RZ26 13 14 67K TC=0.0, 0.0
R27 15 12 70.e7K TC=0.0, 0.0
vin v+ v= 0.0 AC 0.3 0.0

vdd 15 Gnd 1.5

vss 14 Gnd -1.5

.print dec i{vdd, 15)

.print dc i(mz2, 2}

.print de 1(mi9,135)

vic v—- Gnd 0
de lin vic =3 3 0.1

.include "C:\Program Files\Tanner EDA\T-Spice Pro vé.02\models'ml2 125.

.Op

.ac dec 10 10 10000MEG
.print ac wvdb{out)
.print ac vmiout)

8l



C:Zsush\parall const gm3.out

Tue Mar 04 04:21:04 2003

Page 1

* T-Spice 6.02 Simulation

e

* T-Spice Win32 6.02.20000302.11:47:10
-

Operating System: Windows NT/95

*SEDIT: probesdbfile="C:\sush\parall const gm.sdb"
*SEDIT: probetopmodule="parall const gm"

*SEDIT: Alter blocks = 0

* Device and node counts:

i MOSFETs - 24
* BJTs -
* MESFETs -
= Capacitors -
* Inductors -
* Transmission lines -
i Voltage sources -
* VCvs -
Ll cCcvs -
* V-control switch -
e Macro devices -
* Subcircuits -
% Independent nodes -
* Total nodes -

HFHHOOQOQOOO&ODOHOO

WD s

*SEDIT: Alter=0

MOSFET geometries -

Mutual

I-control switch -
instances -
Subcircuit instances -

Boundary nodes -

Functional model

Diocdes -
Resistors -
inductors -
Coupled transmission lines -

Current sources -

C:\sush\parall const gm3.sp

Command line: tspice -o C:\sush\parall const gm3.out C:\sush\parall const gm3.sp

JFETs -

VCCs -
CCCS -

moooooCcoooMNOoOOW

*SEDIT: Analysis types DCOP 1 ACMODEL 1 AC 1 TRANSIENT 0 TRANSFER 1 NOISE 0

* BEGIN NON-GRAPHICAL DATA

DC ANALYSIS

wvi3) = 6.9915e-001
vig) = 1.3086e+000
v{il2) = -6.3534e-001
w(l3) = 6.1305e-001
wil)y = 1.92%6e-001
viout) = 1.9646e-001
vie) = -8.5018e-001
vizz) = 1.5000e+000
v({l0) = 1.204Be+000
vi{5) = -B.5024e-001
v(ll) = 1.2048e+000
vil) = 6.9915e-001
v(3) = 1.3086e+000
w2} = -T7.3754e-001
wiv-}) = 0.0000e+000
vild) = -1.5000e+000
w({l5) = 1.5000e+000
viv+) = 0.0000e+000
i(vin) = 0.0000e+000
ilvdd) = =2.6770e-004
1{vss) = 2.6770e-004
i{v3l) = 0.0000e+000
if{wdd,15) = =2.6770e-004
1i{m2,2) = 2.9783e-005
i(ml3d,13) = 3.5116e-010
* END MON-GRAPHICAL DATA

* BEGIN NON-GRAPHICAL DATA

AC SMALL-SIGNAL MODELS

(CRAZM)



C:hvsushyparall

Page 2

MODEL
TYPE
ID
VS
vDs
VBS
VTH
VDSAT
RS

RD

GM
GDS
GMB
GBD
GBS
CGS
CGD
CGE
CBD
CBs

MODEL
TYPE
ID
VG5
vDs
VBS
VTH
VDSAT
RS

RD

M
GDS
GMB
GBD
GBS
CGS
CGD
CGB
CBD
CBS

MODEL
TYPE
D
VGS
VDS
VBS
VTH
VDSAT
RS

RD

GM
GDS
GMB
GBD
GBS
CGS
CGD
CGB

M2

nmos

NMOS
2.98e-005
B.65e-001
7.62e-001
0.00e+000
7.40e-001
1.5%1le-001
0.00e+000
0.00e+000
2.22e-004
4.38e-006
0.00e+000
1.00e-014
1.00e-014
B.63e-014
5.25e-015
0.00e+000
1.40e-014
1.21e-014

M3

nmos

NMCS
1.45e-005
7.38e-=001
1.44e+000
0.00e+000
7.349e-001
1.11e-001
0.00e+000
0.00e+000
1.70e=004
1.68e-006
0.00a+000
1.00e-014
1.00e-014
1.25e-013
1.33e-014
0.00e+000
1.05e-014
6.22e-015

M12

pmes

PMOS

-4.1%e-005

=1.31e+000

-1.%1e-001
0.00e+000

-6.52e-001
4.81le-001
0.00e+000
0.00e+000
T.4%9e-005
1.56e-004
2.17e-005
1.00e-014
1.00e-014
6.02e-014
4.31e-014
1.449e-015

const gm3.out

M4

nmos

NMOS
5.Bee-005
B.65e-001
6.50e-001
0.00e+000
7.42e-001
1.9%0e-001
0.00e+000
0.00e+000
4.38e-0019
9.21e-0086
0.00e+000
1.00e-014
1.00e-014
1.73e-013
1.85e-014
0.00e+000
1.40e=014

-2.24e-016

M8

nmos

HWMOS
1.49%e=005
7.38e-001
1.44e+000
0.00e+000
7.34e=-001
1.11e-001
0.00e+000
0.00e+000
1.70e-004
l.6Be=006
0.00=a+000
1.00e-014
1.00e-014
1.25e-013
1.33e-014
0.00e+000
1.05e-014
6.22e-015

M15

pmos

PMOS

-4,19e-005

-1.31e+000

-1.91le-001
0.00e+000

-6.52e-001
4.8le-001
0.00e+000
0.00e+000
7.49e-005
1.56e-004
2.17e-005
1.00e-014
1.00e-014
€.02e-014
4.31e-014
1.44e-015

M5

nmos

NMOS
5.86e=005
B8.65e-001
6.50e-001
0.00e+000
7.42e-001
1.9%0e-001
0.00e+000
0.00e+000
4.38e-004
9.21e-006
0.00e+000
1.00e-014
1.00e-014
1.73e-013
1.85e-014
0.00e+000
1.40e-014

-2.24e-0186

M9

nmos

NMOS
3.02e-005
8.65e-001
8.65e-001
0.00e+000
7.3%e-001
1.92e-001
0.00e+000
0.00e+000
2.24e-004
4.1%e-006
0.00e+000
1.00e-014
1.00a-014
8.63e-014
9.252-015
0.00e+000
1.40e-014
1.21e-014

Mlé

pmos

PMOS

-4.19e-005

-1.31e+000

=1.12e+000
0.00e+000
6.48e-001
4.B85e-001
0.00e+000
0.00e+000
1.22e-004
2.98e-006
2.83e-005
1.00e-014
1.00e-014
3.76e-014
5.36e-015
3.81le-015

M&

nmos

NMOS
.19e-005
.50e-001
L Dde+000
. 00e+000
.37e-001
.84e-001
. 00e+000
. 00e+000
.93e-004
.3%e-006
. 00e+000
.00e-014
1.00e-014
1.30e-013
1.3%e-014
0.00e+000
1.05e-014
5.78Be-015

HOWM DO <O D

M13

pmos

PMOS

-1.67e-005

-8.01le-001

-2.35e+000
0.00e+000

-6.45e-001
1.40e-001
0.00e+000
0.00e+000
1.74e-004
9.58e-007
2.40e-005
1.00e-014
1.00e-014
1.75e-013
2.57e-014
Z2.64e-014
2.28e-014
T.5%e-014

M17

pmos

PMOS

-4.19e-005

=1.31e+000

-1.11le+000
0.00e+000

-6.48e-001
q.85e-001
0.00e+000
0.00e+000
1.22e-004
2.98e-006
2.83e-005
1.00e-014
1.00e-014
3.76e-014
5.36e-015
3.8le-015

M7

nmos

NMOS
4.1%e-005
B.50e-001
1.05e+000
0. 00e+000
7.37e-001
1.84e-001
0.00e+000
0.00e+000
2.93e-004
5.3%e-0086
0.00e+000
1.00e-014
1.00e-014
1.30e-013
1.3%e-014
0D.00e+000
1.05e-014
5.78e-015

M1l4
pmos
FMOS
-1.4%e-005
-B.01le-001
-8.0le-001
0.00e+000
-6.4%-001
.37e-001
. 00e+000
. 00e+000
.58e-004
.43e-006
.15e-005
1.00e-014
1.00e-014
1.75e-013
2.5T7e-014
Z2.64e-014
2.91e-014
7.5%e-014

Moo

M18

pmos

PMOS

-2.95e-005

-B.87e-001

-2.95e-001
0.00e+000

-6.51e-001
1.96e-001
0.00e+000
0.00e+000
2.06e-004
4.95%e-006
4.00e-005
1.00e-014
1.00e-014
1.82e-013
2.57e-014
1.87e-014

83
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Fage 3

CBD 4,.72e-014 4. .72e-014
CBS 5.02e-014 5.02e-014
M19 M21
MODEL pmos pmos
TYPE PMOS PMOS
ID =3.51e=-010 -2.95e-005
WGE -8.87e-001 -8.87e=-001
wDE -1.57e-006 -2.95e-001
VBS 0.00e+000 0.00e+000
VTH -6.53e-001 -6.51e-001
VDSAT 1.94e-001 1.96e=001
RS 0.00e+000 0.008+000
RD 0.00e+000 0.00e+000
GM 1.64e-009 2.06e-004
GDS 2.24e=004 4,95e-006
GMB 4.6le-010 4.00a-005
GBD 1.00e-014 1.00e-014
GBS 1.00e-014 1.00e-014
CGS 1.54e-013 1.82e-013
cGDh 1.2Ba-013 2.57e-014
CGB 5.66e-016 1.87e-014
CBD T.7%e-014 3.30e-0114
CES 6.8Be-014 B.15e-014
M25 M22
MODEL pmos pmos
TYPE BEMOS PMOS
IDn -1.67e-005 -3.15e-005
VGS -8.0le-001 -8.87e-001
VDS -2.35e+000 -8.87e-001
VBS 0.00e+000 0.00e+000
VTH -6.45e-001 -6.4%e-001
VDSAT 1.40e=001 1.%98e-001
RS 0.00e+000 0.00e+000
RD 0,00e+000 0.00e+000
GM 1.74e-004 2.20e-004
GDS 9.5Be=-007 2.6le-006
GMB 2.40e-005 4.26e-005
GBD 1.00e=014 1.00e-014
GBS 1.00e-014 1.00e-014
CGS 1.75e-013 1.82e-013
CGD 2.57e-014 2.57e-014
CGE Z2.64e-014 1.87e-014
CBD 2.28e=-014 2.91e-014
CBS 7.59e-014 8.15e-014
RZ26 RZ27
R 6. 70e+004 7.07e+004
YDROP 2.11e+000 2.14e+000
CURREHNT 3.15e-005 3.02e-0035
* END NON-GRAPHICAL DATHA
*WEDIT: XFER cycles vil 61
*WEDIT: .dc w3l -3 3
TRANSFER AMNALYSIS
v3l<v> i(vdd,l15)<h>

-3.0000e+000 -2.4%66e-004
2.9000e+000 -2.4958e-004
-2.B000e+000 -2.4950e-004
-2.7000e+000 -2.493%-004
-2.6000e+000 -2.4925e-004

i{mz2,2)<A>
2.7787e-011
5.2233e-011
9.6984e-011
1.8072e-010
3.3888e-010

2.58e-014
4.55e-014

Mz20

pPmos

FMOS

-1.49e-005

-8.01le-001

=8.01e-001
0.00e+000

-6.4%e-001
1.37e-001
0.00e+000
0.00e+000
1.58e-004
1.43e-006
2.15e=005
1.00e-014
1.00e-014
1.75e-013
2.57a-014
2.64e-014
2.91e-014
7.59a-014

M23

pmos

FMOS

=1.76a=010

-2.95e-001

-2.35e+000
0.00e+000

-6.45e-001
2.8%e-002
0.00e+000
0.00e+000
4.0%e=-009
1l.38e-011
2.55e-010
1.00e-014
1.00e-014
5.5%e-014
3.70e-014
9.81le-014
2.28e-014
1.71e-014

0.1

L W W

2.58e-014
4.55e-014

M10

pmos

FMOS

-2.95e-005

-1.20e+000

=2.70e+000
0.00e+000

-6.44e-001
4.20e-001
0.00e+000
0.00e+000
1.05e-004
1.23e-0086
2.31e=-005
1.00e-014
1.00e-014
3.36e-014
4.80e=015
3.50e-015
2.28e-014
q.46e-014

Mz4
pmocs
BPMOS
=1.76e=010
-2.95e-001
-2.35e+000
0.00e+000
-6.45e=001
2.8%e-002
0.00e+000
0.00e+000
4.0%e-009%9
.38e-011
.55e-010
.00e-014
.00e-014
.9%e-014
.T0e=-014
.8le-014
.2Ba-014
1.71e-014

B A W LA e B

i{ml9,15)<A>
.4006e-005
L3967e-005
.3920e-005
.3863e-005
3.37B8e-005

3.30e=-014
8.15e-014

M11
pmos
PMOS
—-2.95e-005
-1.Z20e+000
=2.70e+000
0.00e+000
=6.44e-001
.20e=001
. 00De+000
.D0e+000
.05e=004
.23e-008
2.31e-005
1.00e-014
1.00e-014
3.36e-014
4.80e-015
3.50e-015
2.28e-014
4.46e-014

el ==
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Fage 5

ID

VGS
VDS
VBS
VTH
VDSAT
RS
RD
GM
GDS
GMB
GBD
GBS
CGS
cGh
cGB
CBD
CBS

MODEL
TYFE
ID
VGS
VDS

= VBS

VTH
VDSAT
RS

RD

GDS
GMB
GBD
GBS
CGS
cGD
CGB
CBD
CBS

MODEL
TYFE
ID
ViS5
VD5
VBS
WTH
VDSAT
RS
R
=M
GDS
GMB
BD
GBS
CGES
CGD
CGB
CBD
CBS

2.98e-005%
B.65e-001
7.802e-001
0.00e+000
7.40e-001
1.91le-001
0.00e+000
0.00e+000
2.22e-004
4.38e-006
0.00e+000
1.00e-014
1.00e-014
8.63e-014
9.25%e-015
0.00e+000
1.40e-014
1.21e-014

M3

nmos

NMOS
1.4%e-005
7.328e-001
1.44e+000
0.00e+000
7.34e-001
l.11le-001
0.00e+000
0.00e+000
1.70e-004
1.68e-008
0. 00e+000
1.00e-014
1.00e-014
1.25e-013
1.33e-014
0.00e+000
1.05e-014
6.22e-015

M1z

pmos

PMOS

-4.1%e-005

-1.3le+000

-1.%1le-001
0.00e+000

-6.52e-001
4.Ble-001
0.00e+000
0.00e+000
7.45%e-005
1.56e-004
2.17e-005
1.00e-014
1.00e-014
6.02e-014
4.31e-014
1.44e-015
4.72e-014
5.02e-014

5.86e-005
8.65e-001
6.50e-001
0.00e+000
7.42e-001
1.90e-001
0.00e+000
0.00e+000
4.38e-004
9.21le-006
0.00e+000
1.00e-014
1.00e-014
1.73e-013
1.85e-014
0.00e+000
1.40e-014
-2.24e-016

M

nmos

HMOS
1.49e-005
7.38e-001
1.44e+000
0.00e+000
7.34e-001
1.1le-001
0.00e+000
0.00e+000
1.70e-004
1.68e-006
0.00e+000
1.00e-014

.00e-014

.25e-013

.33e-014

. 00e+000

.0%2-014

6.22e-015

= O

M15
Emos
PMOS
-4.1%9e-005
-1.31le+000
-1.91e=001
0.00e+000
-6.52a-001
4.8le-001
. 00e+000
.00e+000
.49e-005
. 56e-004
.17e-005
.00e-014
.00e-014
.02e-014
.31e-014
.44e=-015
.72e-014
.02e-014

U oo b= s = = P Q O

.86e-005
.65e-001
. 30e-001
. 00e+000
LA2e-001
1.90e-001
0.00e+000
0.00e+000
4.38e-004
9.21e-0086
0.00e+000
1.00e-014
1.00e-014
1.73e-013
1.85e-014
0,00e+000
1.40e-014
~-2.24e-016

=] & Ty O Ln

M9

nmos

NMOS
3.02e-0035
8.65e-001
B.65e-001
0.00e+000
7.3%-001
1.92e-001
0.00e+000
0.00e+000
2.24e-004
4.19e-006
0.00e+000
1.00e-014
1.00e-014
8.63e-014
9,2%e=015
0.00=+000
1.40e=014
1.21e-014

Mle
pmos
PMOS
-4.19%-005
-1.31le+000
-1.12e+000
0.00e+000
-6.48e-001
.B5e=001
.00e+000
. 00e+000
.22e=-004
.98e-0086
.B83e-005
.00e-014
.00e-014
.Tee=014
5.36e-015
3.81e-015
Z2.58e-014
4.55e-014

(PR N I I e i

4,1%e-005
B.50e-001
1.04e+000
0.00e+000
7.37e-001
1.84e-001
. 00e+000
.00e+000
. 933e-004
. 3%9e-0086
.00e+000
.0De-014
.00e-014
.30e-013
.3%e-014
.D0e+000
.05e-014
. 78e-015

o HFEFRRROWUNDS O

M1l3
pmos
FMOS
-1.6T7e-005
-8.0le=001
=2.35e+000
0. 00e+000
-6.45e-001
. 40e-001
. 00a+000
. 00e+000
.Tde-004
.58e-007
.40e-005
.D0e=014
1.00e-014
1.75e=013
2.57e-014
2.64e-014
2.28e-014
7.59e-014

HkKNOEOOE

M17
pmos
PMOS
-4.15%e-005
=1.31e+000
-1.11e+000
0. 00e+000
-6.48e-001
4_B5%e-001
0.00e+000
0.00e+000
1.22a-004
2.98e-006
2.83e-005
1.00e-014
1.00e-014
3.76e-014
5.36e-015
3.8le-015
2.5Be-014
4.55e-014

4.1%e-005
8.50e-001
1.053e+000
0.00e+D00
7.37e-001
l.84e-001
0.00e+000
0.00e+000
2.93e-004
2.32%e-006
0.00e+000
1.00e-014
1.00e-014
1.30e-013
1.39%e-014
0.00e+000
1.05e=-014
5.78e-015

M1l4
pmos
PMOS
-1.49e-005
-8.01e-001
-B8.01le-001
0.00=+000
-6.4%e-001
.37e-001
. 00e+000
.00e+000
.58e-004
1.43e-006
2.15e-005
1.00e-014
1.00e-014
1,75e-013
2.57e-014
2.64e-014
2.91e-014
7.59e-014

oo

Ml8

pmos

FMOS

-2.95a=-005

-8.87e=001

-2.95e-001
0.00e+000

-6.51le-001
1.96e-001
0.00e+000
0.00e+000
2.06e-004
4.95e-006
4.00e-005
1.00e-014
1.00e-014
1.82e-013
2.5Te-014
1.87e-014
3.30e-014
B.15e-014



D:\T-Spicel_sp

Fage 1

MODEL
TYFE
ID
VG5
VD5
VBS
VTH
VDSAT
RS

RD

GM
Ghs
GMB
GBD
GBS
CG5
CGD
CGB
CBD
CBS

MODEL
TYPE
ID
ViEs
VD5
VBS
WTH
VDSAT
RS

RD
GM
D3

GED
GBS
CGS
CGD
cGB
CBD
CBE

R
VDROP

CURRENT

* EWD NOM-GRAFHICAL DATA

M1l%

pmos
PMOS
-3.51e-010
—-B.87e-001
-1.57e-006
0.00e+000
-6.53e-001
. 94e-001
. 0D0e+000
.00e+000
.B4e-009
L2qe-004
.6le=-010
.00e-014
1.00e-014
1.54e-013
1.28e-013
5.66e-016
T.79e-014
6.88e-014

= b OO e

M25

pmos

PMOS

-1.6T7e-005

-8.01e-001

-2.35e+000
0.00e+000

-6.45e-001
1.40e-001
0.00e+000
0.00e+000
1.74e-004
9.58e-007
2.40e-005
1.00e-014
1.00e-014
1.75e-013
2.57e-014
2.64e-014
2.28e-014
7.5%-014

RZ6
6.70e+004
2.11e+000
3.15e-005

MZ21

pmos
FMOS
-2.95e-005
-8.87e-001
-2.95e-001
0. 00e+000
-6.5le-001
1.96e-001
0.00e+000
0.00e+000
2.06e-004
4.5%5e-006
4.00e-005
1.00e-014
1.00e-014
.B82e-013
.57e-014
.B7e-014
.30e-014
8.15e-014

L = B

Mz22

pmosa

PMOS

-3.15e-005

-8.87e-001

-8.87e-001
0.00e+000

-6.4%-001
1.98e-001
0.00e+000
0.00e+000
2.20e-004
2.61le-006
4.26e-005
1.00e-014
1.00e-014
1.82e-0123
2.57e-014
1.87e-014
2.91e-014
8.15e-014

R27
7.07e+004
2.14e+000
3.02e=-005

M20

pmos
FMOS
-1.49e-005
-8.01le-001
-8.01e-001
0.00e+000
-6.4%e-001
1.37e-001
0.00e+000
0.00e+000
1.58e-004
1.43e-006
2.15e-005
1.00e-014
1.00e-014
1.75e-013
2.57e-014
2.64e-014
2.91e-014
7.59e-014

M23

pmos

FMOS

-1.76e-010

-2.95e-001

-2.35e+000
0.00e+000

-6.45e-001
2.8%e-002
0.00e+000
0.00e+000
4.0%e-009
1.38e-011
2.55e-010
1.00e-014
1.00e-014
5.59e-014
3.70e-014
9.8le-014
2.28e-014
1.71e-014

M10

pmos

PMOS

-2.95e-005

=1.20e+000

=2.70e+000
0.00e+000

-6.44e-001
4.20e-001
0.00e+000
0.00e+000
1.05e-004
1.23e=-006
2.31e-005
1.00e-014
1.00e-014
3.36e-014
4.80e-015
3.50e-015
2.28e-014
4.46e-014

M24

pmos

FMOS

-1.76e-010

-2.95e-001

=2.35e+000
0.00e+000

-6.45e-001
2.8%e-002
0.00e+000
0.00e+000
4.0%e=-009
1.38e-011
2.55e-010
1.00e-014
1.00e-014
5.5%e-014
3.70e-014
9.81e-014
2.28e-0D14
1.71e-014

M11

pmos

FMOS

-2.95e-005

-1.20e+000

-2.70e+000
0.00e+000

-6.44e-001
4_20e-001
0.00e+000
0.00e+000
1.05e-004
1.23e-008
2.31e-005
1.00e-014
1.00e-014
3.36e-014
4.80e-015
3.50a=-015
2.28e-014
4.46e-014

36



L

(zH) Aouanbaiyg

(7757 IV
57 %4,

b MERTD... P L i o k! PR L. . if

e
Ll

arev

(G1 7P )2

R
~ . (£ EW)?

fwid 1su0d jprand

i

TFT T T rITY |
]

IJr"l'1 'I"IT

(vn) asodury

=

'|r|r1TT=r:fr'[TTT'r

(apP'A) 98mpop




LG o Ll o

Enl it it gl L e
(A AW " (A L " ik i RPN Y 1 A

(FRTFEN

rrjrrrepiena’

(A) 3Berjop

.........

e
(&1 hlA )

CCIDE

|
e -

o . (€ e )7

C ererrusado-mgwi suod rawd

|tl|||r£:!||ﬁr|I‘-|4rr'114|r1|lr||r£|'|||-|1|

|
3 ]

Ll

1 J T'T"I'1'J'T"1 I

e

L | | T T'E"['F'I"T'!

88

(dp'A) oBmjop

(vn) asedury




e et i |

id

1

(107 9%

||rll‘|||||'|II|ri|:||||""
= H ¥

k

Pprbirprrenguennpirerjeee

# 1yssado-0igwi3 15u0d ered
VELL U

| g g g M T | PERPERI 4

TR

]

(S PADY

i ol G 1

L1

(a1 E_:Jvu

ﬁ\w 1t —

] FIys :_H_:-i.m__.ﬁ._u..; un __._._E._

-:|||1'1]|rr||rr|

B4

(dP'A) 93mj0

(vn) osodury




[EETWRE

e Y

vz

parall const gmé6vicl

a M 1'.".":;;'
“a-._‘_‘_‘_‘“_\_\_‘_\_

e
T

6

Voltage (V)
parall const gm6vicl

T
441

| /
l L J_.-"
- |
. ( i
L=
! =1 L
1
.,-
5 i
LI T e o i e e R T S N O | T'T;Tlrl‘il!:|r|r|||r||"|r11r1-r|r'1
- ® Fl # i ] - ¥ i a * i

(wn) asodury (gP°A) oFmop a8

b o SRRt ICRRR LR |, .




T el

parall const gmbvicl

17

L£(Mm2,2)
oL { Mg, IE)

[ [ S I'I LR B e | 'I'r"r'i'r'r T r'*

(vn) asodury

iy, 15)

LI R B R A |

i

1]

T " A

T
w

T
40

FrE

Voltage (V)

parall const gm6vic2

T R

T

e

L e i

|

!
TITIITITTeET T rre T I o e i Pr IR T rTTITITTOIPTT] IH'I.‘l
A S W Y R L

q1
(ap'A) @8mjop

Fraaiancuv (H-)




[Ea

pa rall con st_gm_lifit:.’! E

[ETERES

.
'H\E.l,
. u_h
S
NN
b

FTETTITETUT R
. ®

(wn) asaduny

(, 15)

[

|

| BRI TN N e e

%

]

i

T

Voltage (V)
parall const gmévic

Illli'|II‘|III|'||r
- - “ 1

Trjrear
o

frevepran
L

(dP°A) a8etjop

II'l 1 1t

-u.v-.-—.-,-u—.-nl‘h T —t—TtTTTT




_

sqrt(lsp),sqrt(lsn) Vs vic (vshift 1.2127)

—e— Series1
—&— Series?

(us))ubs'(ds|)ubs

-3.00E+00 -2.00E+00 -1.00E+00 0.00E+00  1.00E+00  2.00E+00  3.00E+00  4.00E+00

-4 00E+00

vic

a3



00+300'% 00+300°€

ol

00+300°C 00+300°L 00+300°0 00+300°' -

00+300°2- 00+300°€-

00+300 +

Zsales —m—
L 5a9E —8—

7

ATG: = AITA

—£0-300-9—

~-£0-300°L

(apow uowwoa)aia sp (us|)ubs'(ds|)ubs

{usjubs'(ds|jubs



00+300°F

alA

00+300°E 00+300°2 00+300°} 00+300°0 00+300°1- 00+300°¢- 00+300°e- 00+300° %

L J
- ™ 1

_

")

Zselles —m—
L5888 —e—

e m_ﬂ.lmg. h

ACET = &.&.mﬁ s (epow uownwos) a1a sp (ds|)ubs ‘(us)jubs

(ds1jubs ‘(us|lubsg




7551195 ——
Lsallag —e—

alA

00+300°F 00+300°€ 00+300°2 00+300°1L 00+300°0 00+300°L-

Qo+3002-

W

00+300 €-

00+300 +

| . .Mﬂlmg..m ———

Nl e mmuwﬂ.ﬁ S (aBejjon apow uowwoa)oia sA (us)jubs'(ds))ubs

(us|)ubs'{ds|jubs

a6



alA

00+300°F 00+300°€ 00+3002 00+300°L 00+300°0 00+300° - 00+300°2- 00+300°€- 00+300°+

i L

F-T.Er.N
WRTRT

R

N

| Zseues —m—
mu_.mm.:mw ——

st e ey o i TR K e e e L et

Abg = AT o1A SA (usiubs (dspubs

a7

(us|)ubs‘(ds|jubs



1A
00+300% 00+300€ 00+300°2 00+300°L 00+300°0

00+300°L-

0o0+3002-

00+300€-

00+300'+

£6-300¢€

“...nﬂ__mm..llll
| Lsaues —e—

o5

—£0-300'8

A8E T am.qw._,.q o1A sA (us))ubs'(ds|jubs

(us|)ubs‘(ds|)ubs

q8



| Zseuag =
| Lsouag —-

2IA

B

i

AgeT = 2IA SA (us))ubs‘(ds|)ubs

(us))ubs‘(ds))ubs




1A

00+300'% 00+300'¢ 00+300°2 00+300°1 00+300°0 00+300°L- 00+3002- 00+300'€-  O00+300%

Py
L*E

1 s=y
L") LT

D e

| Zsauag —m— _
|sauag —e—|

Py
U

| T o W | |

Y )

SR TS S T . .I..m.rﬂummﬂ.,h =1l P P S 1R R £ |

ARG -] = 1Ty a1A sp (us))ubs‘(ds|)ubs

[fuls]

(uspubs'(dsjubs



| LE3UES —e— _

o1

2IA

(s12qioap ujure

@




C:hvsush\parall const gm3({new lopow).sp

Fage

A

* SPICE netlist written by S-Edit Win32 6.02
* Written on Feb 5, 2003 at 23:27:41

* Waveform probing commands
.probe
.options probefilename="sedit.dat"
+ probesdbfile="C:\sush\parall const gm.sdb"
+ probetopmodule="parall const gm"

* Main circuit: parall const gm
Cl out Gnd 10pF

M2 2 12 14 14 HMOS L=2u W=47.418u AD=66p PD=24u AS=6&p P5=24u
*folcasco

M4 5 12 14 14 NMOS L=2u W=47.418u AD=6b6p PD=Z4u AS=66p P53=2Z4u
M5 & 12 14 14 NMOS L=2u W=47.418u AD=66p PD=24u AS=66p PS5=24u
M& 7 Gnd 5 5 NMOS L=2u W=23.708u AD=66p PD=24u AS=66p P5=24u
MT out Gnd & & NMDS L=2u W=23.708u AD=66p PD=24u AS=66p F5=2Z4u

*ip

tx

M3 3 v- 2 2 NMOS L=2u W=42.14%4u AD=66p PD=24u AS=66p P5=24u
M8 1 v+ 2 2 NMOS L=2u W=42.14%4u AD=66&p PD=24u AS=6&p P5=24u
M% 12 12 14 14 NMOS L=2u W=47.418Bu AD=66p PD=Z24u =66p PS=24u

M13 & 3 15 15 PMCS L=2u W=700u AD=66p PD=24u AS=6tp PS=2Z4u

M14 1 1 15 15 PMOS L=2u W=700u AD=66p PD=24u AS=66p PS=24u
*folcasco

9 7 15 15 PMOS L=2u W=36.4326u AD=66p PD=24u AS=66p P5=24u
8 7 15 15 PMOS L=2u W=36.4326u AD=6E6p PD=24u AS=66p P5=24u
7 Gnd B B8 PMOS L=2u W=56.926u AD=66p PD=Z24u AS=66p PS=24u
out Gnd 2 9 PMOS L=Z2u W=536.026u AD=c6p PD=Z4u AS=66p PS5=24u

—M12
M15
Mle
M17

Ml8
M19
M21
MZ20

M10
M1l
M25
M22

*ip
M23
MZ24

T R26
R27
Yin
wdd
vss

10
22
11

12 15 15 PMOS L=2u W=113.852u AD=66p PD=2Z24u AS=6ep P5=24u
13 15 15 PMOS L=2u W=113.852u AD=66p PD=24u AS=66p P5=Z4u
12 15 15 PMOS L=2u W=112.83532u AD=66p FD=24u AS=6&p P5=24u

3 3 15 15 PMOS L=2u W=700u AD=66p PD=24u AS=66p PS5=24u

14

v+ 10 10 PMOS L=2u W=11.847244u AD=66p PD=24u AS=66p PS=24u

14 v- 11 11 PMOS L=2u W=11.847244u AD=66p PD=24u AS=66p PS=24u
51 15 15 PMOS L=2u W=700u AD=66p PD=24u AS=66p P5=24u

13

tx
5
&

13
15
vt
15
14

.print
.print
-print

vil

v

13 15 15 PMOS L=2u W=113.852u AD=66p PD=24u RAS=66p PS=24u

11 22 22 PMOS L=2u W=10l.l6éu AD=66p PD=24u AS=6&p P5=24u
10 22 22 PMOS L=2u W=101l.l6u AD=téep PD=Z4u AS=66p P3=24u

14 72K TC=0.0, 0.0

12 68.3333K TC=0.0, 0.0
v= 0.0 AC 0.5 0.0

Gnd 1.5

Gnd -1.5

dec 1(wdd, 15)

de i(m2,2)

dc i(ml9,15)

Gnd 0

.dc lin v31 -3 3 0.1

-include "C:\Program Files\Tanner EDA\T-Spice Pro v6.02\models\ml2_ 125.

.op

.ac dec 10 10 10000MEG
.print ac wvdb({out)
-print ac vm({out)

oL



}

Voltage (kdeg, V. dB)

Ampere (uA)

parall const pm3({new lopow)vshl 28

1 o AM2,2) e
& i ——’Mf_ﬁ_‘» = 4(M4q, 15)
: i L Vad, 15)
-
_‘—i—'_'T_' B & o I [ [} [ 3 i 5 ©
Voltage (V)
o _ parall const gm3{new lopow)vsh1.28
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Chapter 6

CONCLUSIONS

An economical but efficient technique to achieve a constant g, rail to rail complimentary NP
differential input stage has been applied and we have demonstrated that DC level shifters
can be used to overlap the transition region of the complimentary pairs of differential

amplifier with the proper amount DC level shift the variation of the g,, is within 5%.

A new voltage input stage has been also described which utilizes the body effect to
modulate the depletion mode n-channel input voltage followers which levels shift the input
voltage to a bulk driven p-channel differential pair. Results [5] [3] demonstrate that g,
variation can be restricted to be within + 4% with improved CMRR and the frequency
response namely the GB (Gain Bandwidth).

Compared to the previously discussed rail-to-rail input ar{:hitedures, the depletion-mode
differential pair [5] [3] is also an elegant approach supplied head on by a 0.9V battery.
However, to operate properly with a 0.9V supply voltage, the use of the n-channel depletion-
mode differential pair places constraints upon the intrinsic threshold voltage and the bulk or
well doping concentration of the n-channel depletion-mode transistors. Although as we
operate on bulk driven devices the transconductance decreases to about one tenth as

compared to above gate driven devices.

A deign Procedure for various configurations were presented starting from the conventional
two stage differential Amplifier to the constant Transconductance parallel Input differential
Op-Amp. The main constraints for the design were primarily as follows:

Ay The Amplification Factor

ICMR. The Input common mode range

Pa. The power Dissipation

| optimized on these parameters where the value for upper range for the ICMR obtained was
excellent, having low power dissipation while still maintaining a reasonable Amplification.
Various other parameters have not been optimized for, such as PSRR, CMRR and further
Amplification can also be raised.

The constant Transconductance stage having DC level shift presents itself as a simple and a
elegant design to operate on wider common mode ranges still dissipating almost same

power as a Conventional two stage amplifier.
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