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Abstract

The performance demands on analog-to-digital converters for high speed, high accu-
racy, low power, and small die area are continuously increasing. Overdrive recovery
time of the comparator is a speed-limiting factor in high bit accuracy successive ap-
proximation analog-to-digital converters. The bottleneck is most severe when a large
input is followed by a small input of the opposite polarity. Output clamping is one
way of improving overdrive recovery time. A single stage, folded cascode amplifier
with clamping and auto-zeroing is presented. Active clamping is explored in detail
and an auto-zeroing scheme is presented for a 12 bit analog-to-digital converter in
a 0.8 micron technology. The optimized clamped folded cascode amplifier is then
compared with existing comparator gain stages.
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Chapter 1

Introduction

1.1 Motivation

Applications for high speed comparators in analog-to-digital converters (ADC’s) range
from High Definition Television to ultrasound imaging. Because the world is inher-
ently analog, there will always be a need for faster and better ADC’s to keep pace
with the newest digital processing circuitry.

At the heart of analog to digital conversion is the comparator. The comparator is
frequently the speed limiting factor in high bit accuracy ADC’s. Overdrive recovery
time is often the cause of speed loss. For example, in a 12 bit converter with a
2V input range, the comparator must be able to sense and amplify voltages ranging
from under 0.49mV (an LSB) to a full scale 2V. Without careful comparator design,
overdrive will inevitably occur and prevent accuracy at a high sampling rate.

The issue of overdrive recovery has not been thoroughly examined for folded cas-
code amplifiers with respect to clamping. Improving the overdrive performance for a
folded cascode amplifier, using a non-cascoded amplifier as a reference, is an interest-

ing and challenging technical problem.
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1.2 Background

1.2.1 Sequential Successive Approximation ADC Architec-

ture

In the sequential successive approximation (SSA) architecture, the ADC input voltage
is successively compared to binary weighted voltages. The value compared to the
input signal in each successive cycle is based on the outcome of the previous cycle. For
an N bit converter, the digital output will be available after N clock cycles. Because
the SSA architecture requires only one comparator, it is efficient in terms of die area
consumption. For reference, an N bit flash type ADC requires 2V comparators. A
flash architecture works by simultaneously comparing each possible input level to
the actual input voltage. For high bit accuracy converters, a full flash structure
is impractical, while an SSA type remains perfectly reasonable. For more general
information on ADC’s, refer to [15] or [8].

To increase the throughput of an SSA converter, the comparator may be du-
plicated. If N comparators are used, the converter can simultaneously process N
inputs,resulting in an N cycle latency and a throughput of 1 output per cycle. Addi-

tional cycles for autozeroing or error-correction may increase the latency.

1.2.2 The Comparator

A comparator is comprised of a gain stage and a latch (usually regenerative) for
converting the output of the amplifier to a digital level. The amplifier explored in
this thesis is designed for an existing latch used in other ADC designs at the David
Sarnoff Research Center. This latch has a worst case input offset voltage of 50mV.
This offset voltage is large because input accuracy has been traded for lower power
consumption. The Sarnoff latch consumes approximately ImW of power and converts
an input of 50mV to a digital level in approximately 1.5ns.

Because the comparator is destined for large digital integrated circuits, a fully dif-

ferential design is required to satisfy noise immunity constraints. Ease of manufacture

11



is also important; consequently it is assumed that no laser trimming or specialized

devices, such as Schottky or high frequency diodes, are available.

1.3 Simulation Environment

To verify and improve the theoretical comparator design, Mentor Graphics Falcon
Framework, Design Architect schematic editor, and Accusim simulator were used for
simulations. The technology simulated was a 0.8 micron, 5V, double metal, N-well
process. The SPICE modelfile was developed from measurements taken on previously
fabricated chips from the vendor. Representative SPICE models are included in

Appendix A.

1.4 OQOutline

Chapter 2 clarifies the fundamentals of the folded cascode, such as gain, parasitic
output capacitance, and biasing. The MOS device models used are also included.
Chapter 3 examines passive and active clamping for the folded cascode amplifier.
Clamping theory is developed, and related problems are addressed.
Chapter 4 explains the autozeroing circuitry. This circuitry is important because a
large input referred offset due to sizing mismatch or threshold variations is anticipated.
Chapter 5 compares David Sarnoft’s existing 12 bit non-cascoded multistage am-
plifier with the clamped folded cascode. The evaluation metric is speed. Conclusions

and suggestions are presented.
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Chapter 2

The Non-Clamped Folded

Cascode

2.1 Introduction

A folded cascode architecture has the potential for very high gain, with more output
swing than a non-folded cascode. As a result, the folded cascode is useful not only
in the 5V technology being used for the simulations in this thesis, but also in 3V
processes. An additional benefit of a cascoded design is the small back coupling from
the outputs to the inputs.

In the following sections, the theoretical gain, capacitive loading, unclamped over-
drive recovery time, transient response, and biasing of the folded cascode amplifier
are explained. Equations are developed to enable easy modification of the folded

cascode’s characteristics via device sizing.

2.2 Device Modeling

The low frequency small signal transistor model used to characterize the folded cas-
code is shown in Figure 2-1. Equations defining the transconductance, source-drain

resistance, and quiescent current are as follows:
/ W
Im = 2ID,ulCoa:T
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1 __ 1
To=XIp =~ %

where Ip =

Cee W (Vs — Vi)?, when Vps > Vs — V; > 0;
#Coc - [(Vas — Vi)Vps — 2VEs] when (Vas — V) > Vps > 0;
0, when Vg < V..

Appendix B explains the variables in the equations and models, and relates them
to the SPICE model parameters in Appendix A.

A complete MOS device model is shown in Figure 2-2. The capacitances were
considered open circuits for the gain calculations. The backgate transconductance,
gmb, did not have a large impact on the gain (at most a few percent) and was thus

ignored for the gain calculation.

D

G——-H:‘J
S
S —

G_@ ;
D

Figure 2-1: Low Frequency Small Signal Model
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Figure 2-2: Complete Small Signal Model

2.3 Folded Cascode Gain

The fully differential folded cascode circuit is shown in Figure 2-3. A half circuit,
shown in Figure 2-4, is used to calculate the small signal gain. In the half circuit,
the resistances of M1 and M3 have been represented by r;,, which equals 741 [702.

Assuming no mismatch, the complete differential gain is equal to the half circuit
gain. The impact of mismatch on circuit performance is addressed in more detail in
Chapter 4.

The common node is grounded in the half circuit because any change in voltage on
that node would be reflected as common mode gain, and thus would have no impact
on the differential gain. For further discussion on the common node virtual grounding
approach, refer to [14, pages 255-257 |.

A Norton equivalent circuit approach is used to calculate the gain of the half cir-
cuit. In a Norton equivalent circuit, shown in 2-5, the behavior of a more topologically
complex circuit is exactly modelled as a current source and resistor in parallel.

Figure 2-6 shows the circuit used to determine the short circuit current. Figure

2-7 shows the circuit used to calculate the equivalent resistance.

15
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Figure 2-7: Circuit for R, ., Calculation

The short circuit current is calculated as follows:

ISC = GmsUgs5 + vgaS/"'o5 = —9mi1Vin — 'Ugss/"'in
— —Vingmi
vg.95 gmb+905+90,in

— . gmlbo,in _
ISC - vln( (9m5 +908 +go,t'ﬂ.) gmj' )

In order to calculate Roy:, Roup and R, down must also be calculated. The g,,,’s and
r,’s specified in Figure 2-7 are for R, ., as noted in Figure 2-4. R,., is calculated
as follows:

_ Utest+Vgsh __
Iteat = GmsUgss + "ifr_os—l‘_ - '—'vgs5/7'in

'vgaS(ng + Gos + go,in) = "I/teatgos
Viestgosgosin
(gmB +go5 +go,i1|. )

(gm5+gob+go i‘n.)
—_ — )
Ro,up - V'test/-[test - GobGo,in

I test —

Since R, down has an identical topology:

— !gm'{“”goa +go7 )
Ro,down - go7909
Thus,

Rout = Ro,doumHRo,up

If the transistors are in the saturation region (when Vi, > (V,, — V})), then it can
be assumed that g, << gm, such that the expressions for Isporicr: and R, simplify
to:

ISC' = —Vindm1

Bow = (5 2o N (Goe)

18



Putting the two results together, the total gain is

+ —
vZ?£+ —Z::i = gml [( gos;n:,tn ) 1 1(95‘:’;‘;9 )] '

For the circuit shown in Schematic A, the simulated DC gain is 880. For a 12 bit
converter, in dc operation such a gain will amplify half an LSB (.24mV) to 4 times
the latch offset voltage.

Transistors M9A and M10A in Schematic A are used in the autozeroing circuitry
and can be temporarily ignored for the gain calculation. The device sizing shown
results in quiescent currents of approximately 1004 A in each transistor, which yields
a transconductance value of:

gm1 = .92mS

Drain-source conductance is difficult to accurately hand-calculate, so the simulator
was used to determine the exact gain. Working backwards from the calculated g,,;
and the simulated gain gives a value of R,,; = 0.96 M. Appendix C contains dc
operating points for the folded cascode, and Appendix B contains the equations used
to generate g,,;. It is important to have a estimate of R,,; for speed considerations
because the dominant time constant for a folded cascode amplifier is due to the output

loading.

2.4 Output Capacitance

Just as an accurate output resistance value is important, an output capacitance value
is necessary to predict the circuit’s behavior. The following equation models the
capacitive loading at the negative output terminal:

If M5 and M7 are in saturation:

Cload = Cans + Cgas + Canr + Cyar + Chise.

Appendix B gives equations for drain-to-bulk and gate-to-drain capacitances.
Chmisc represents the miscellaneous loading due to any following stages and the un-
modeled parasitic capacitance from the wiring.

It is important to note that the drain-to-bulk and gate-to-drain capacitances vary

proportionally with W. To avoid unnecessary loading, the width of devices M5, M6,

19



M7, and M8 should be kept as small as possible. At equilibrium (when Vo, =

Vout+ = 2.5V), for the device sizes shown in Schematic A,

Cyar = 0ATFF
Canr = 3AfF
Coas = .84fF
Cans = 6.8fF

With an estimated value of 10fF for C,,;,., this gives a value of Cjpeq = 21.5fF.

2.5 Transient Analysis

The worst case overdrive recovery time occurs when a large input is followed by an
LSB input of the opposite polarity. Assuming temporarily that the output equilibrium
occurs at Vouio = Voury = 0V, Ve (t) can be modeled as follows for a positive LSB
following a negative MSB:

Vout—,0s = —2.5 volts

Vour— (t) = [—2.5¢ 7 +0.22(1 — €7 )] volts, t > 0

The first term of V,,;— is a decaying exponential due to the state created by the
negative MSB; this term exists until V,,; passes through 0 volts. The second term
is a rising exponential caused by the new input. The 0.22V final voltage is the result
of multiplying the gain (880) by half of an LSB (0.24mV for an input voltage swing
of 2V). The value of half of an LSB is used because the circuit is fully differential,
and the other half of the circuit is operating in exactly the same way, but with the
opposite polarity. The dominant time constant is due to the output load, where
T = RoutCioaa = (960K Q)(21.5f F') = 21ns for the circuit shown in Schematic A.

By solving for t when V,,;. = 25mV, the time it takes to reach the latch offset of
50mV (assuming V,.:4 is undergoing similar changes in the opposite direction), the
maximum comparison time necessary to trigger the latch can be found. For the values
mentioned above, it theoretically takes 52ns to reach a differential output of 0V and
2.5ns more to reach a 50mV differential output. The total theoretical comparison time

is thus 54.5ns. Simulation A shows the actual unclamped folded cascode transient
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response for this case. The simulated time from the new input to the 50mV necessary
for latching was measured as 57ns, just 2.5ns off of the predicted value. The extra
delay is probably due to the changing gate-to-drain and drain-to-bulk capacitances,

but could also be the result of a slight error in the estimate of R,y;.

2.6 Biasing

The biasing scheme, consisting of transistors M12, M13, M14, and M15 as shown in
Schematic A, consists of 4 diode connected transistors. It was chosen for its simplicity
and lack of fixed voltage requirements. The current in the bias leg of the transistor
is approximately 10 pA. This current is mirrored and scaled up to ~ 100pA in all
transistors except M9A, M10A, M3, M4, and M11. Transistors M9A and M10A have
smaller currents than the other devices because they are for output level adjustment
only; M9 and M10 carry most of the current in the parallel combination. M3, M4,
and M11 have currents of approximately 200 pA. Ipr7 and Iprg were set slightly larger
than Ips and Ipr5 to avoid a situation where there is not enough current to meet the

demands of the input transistors.
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Chapter 3

The Clamped Folded Cascode

3.1 Introduction

The goal of clamping the outputs of an amplifier is to limit the differential output
voltage as quickly as possible. The unclamped 12 bit overdrive recovery time discussed
in Chapter 2 is unacceptable for high frequency applications. This chapter explores
how to most effectively clamp a folded cascode amplifier to drive a regenerative latch
with a 50mV worst case input offset.

MOS devices are used as the clamping devices because Schottky diodes and good

high frequency diodes are not available.

3.1.1 Passive Clamping

Passive clamping is accomplished by connecting the outputs of an amplifier to the
source and drain of a MOSFET (or the terminals of a complementary pair of MOS-
FETS’s). The gate of the MOS device is tied to a fixed voltage.

Passive clamping is easier to implement than active clamping in that it requires
minimal layout complexity and is not subject to any clock feedthrough. A viable
passive clamp is shown in Figure 3-1, where V. is a fixed voltage (5V in most
applications).

Passive clamping improves the overdrive recovery time of an amplifier, but the

22



speed improvements are difficult to predict because MOS thresholds and saturation
Vi, are not sharply defined. A MOSFET threshold voltage is dependent on the

terminal voltages and doping, which can vary widely on a single chip.

A\
dc

L
Vout+ m VOUt-

Figure 3-1: Passive Clamp

3.1.2 Active Clamping

In active clamping, the clamp gate voltage is driven by a clock, and can be with
reference to a fixed voltage, as shown in Figure 3-2. However, the clamp does not
have to be referenced to anything; it can simply connect two active nodes directly,
as in the passive clamp Figure 3-1. If the swing on each output node is very large,
a fixed voltage reference is preferable so that a charge equilibrium is reached not
far from the nominal output equilibrium value. For a circuit with a large output
swing, complementary transmission gates are needed to effectively clamp at both
the positive and negative rails. Additionally, complementary transmission gates also
partially cancel clock feedthrough.

Active clamping is more effective than passive clamping because the active clock
ensures the clamp will be turned on at a certain time. The remainder of this chapter
focuses on modeling and optimizing active clamping. The most challenging issues

involve clock feedthrough and input timing with reference to the clamp.
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A C
v out+ Vref =2.5V VOUt-
B D
T W=22 T
CKN L=0.8 CKN

Figure 3-2: Referenced Active Clamp

3.2 Active Clamping Simulation Implementation

Due to the limitations of the SPICE model, the clamping scheme shown in Schematic
B had to be used. The clamp network consists of 4 transmission gates (devices MC1-
MCB8) referenced to 2.5V (labelled V;,). While only two transmission gates would be
needed in a physical implementation, a software bug necessitated simulating with 4 to
get accurate drain and source modeling. (Otherwise, the simulator yielded different
results depending on the nominal location of the drain in the schematic.) This fix
caused the parasitic capacitance to be non-symmetric for the devices and threw off the
capacitive coupling by an unrealistic amount. By placing two devices of half the nom-
inal width of 2.2um in parallel with opposite drain locations, the simulator limitations
were overcome. The only major problem caused by the alternate simulation imple-
mentation was an increase in the source-to-bulk and drain-to-bulk capacitances due
to apparent sidewall and junction parasitic capacitances. This error is compounded

by the fact that a software designer implemented the default sidewall capacitance to
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be proportional to 2W + 2L4, not W + 2L, as is correct and as shown in Appendix
B. The net effect is extra capacitive loading at the output, and slightly more clock
feedthrough. Though the simulation correlation to the physical design is non-ideal,
_the result is tolerable because the additional capacitance (at most a few F') effectively
substitutes for the parasitic capacitance due to wiring that was not included in the
simulation model. For clarity of discussion, the rest of the sections in this chapter
reference the clamping scheme shown in Figure 3-2. Predicted capacitance values
will be based on the device sizes shown in Figure 3-2, but the values corresponding

to the actual implementation will be indicated when there is a noticeable discrepancy.

Vv Viinal

< m = = e = e e e — e e e

Figure 3-3: Single Stage High Gain Clamped Amplifier Transient

3.3 Clamping and Gain

In Figure 3-3, tc represents the time from zero seconds to the time the output has
moved enough to be latched, and is thus ready to be clamped. The dominant time

constant R,C; is due to the output loading. Voltage Vyine is the product of the

25



smallest input that must be recognized and the gain of the amplifier. Voltage V¢ is
the minimum value necessary to trigger the latch correctly. If it is assumed that:
Vo << Viinal
v,
tc reduces to Y,;‘/Z;
Substituting 7 = RrC; and V; = gm R Vinin yields:

t = Yo

Thus, to minimize tc, gm should be increased. This is the sensible result, since
increasing power usually increases speed. The result indicates that the specific gain
of the clamped folded cascode does not matter, as long as it is high enough such that
Vo << Vfinai. Figure 3-3 assumes an ideal clamp and does not account for clock
feedthrough.

Substituting C; = 32fF (calculated in the next section), Vo = 50mV, g, =
.92m.S, and V,;n = 0.49mV results in tc = 3.5ns. Simulation B shows (from top to
bottom) a plot of the clamp, the differential input voltage, and the differential output
voltage. From the time the clamp releases, it takes 5ns for the output to reach V¢
when driven by an LSB after an MSB of the opposite polarity. Part of the 1.5ns
discrepancy between theoretical and measured time delay can be attributed to the g,,1
calculation in Chapter 2. An alternate way of calculating g,,; is to work backwards
from the 3dB point of the clamped folded cascode and the output load, assuming
a single dominant pole. The corresponding output resistance for fsgp = 4.67TMHz
(from simulation data) and C; = 32fF (theoretical) is 1.07TM(Q2. Working backward
from the theoretical gain of g1 R,u:, the simulated gain of 880, and the new value of
1.07TMQ for R,y yields a gn1 of 0.83mS. Substituting this g,, into the {¢ equation
yields a delay of 4ns, closer to the simulated value. The remaining discrepancy can

be partially accounted for by the extra capacitance introduced by the artificial 8

transistor clamp implementation.
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3.4 Effect of Clamping on Output Capacitance

Adding MOS clamps to the outputs of the amplifier increases the total capacitive
load. Assuming V,,; << 2.5V, the following additional capacitive components will
be present at output node V,,;. when the clamp is turned on:

CyiB + Cavp + Cyen + Copa

At Voysy:

Cyap + Cavp + Cysc + Capc

Referring to Appendices A and B, and using bias points of Vg = 2.5V, V,;, = 2.5V,
with sizing of W = 2.2, L0s = .645, and Lpynes = 674

ACioad- = 10.5fF

ACioed+ = 10.3fF

Cload = Cload,unclamped + D Cload = 32f F

The actual simulation transistors result in equal AC loads of 13.2fF, which slow

down the circuit a little.

3.5 Discharge Current

Discharge current (the current going through the clamp) determines how quickly the
clamp can minimize the difference in the outputs. When determining how long the
clamp should be on, a model is helpful. It is possible to model the clamp as a resistor,
but the value of the resistor changes so unpredictably that the model is only helpful
for general trends or when focusing on an operating point.

At any given time the clamp is on, both devices are operating in the linear region,
one with a fixed gate-source voltage, and one with a gate-source voltage that varies
with the output voltage. If the output is greater than 2.5V (the voltage the clamp is
referenced to), the N device has a fixed gate-source drive. If the output is less than

2.5V, it is the P device that has a fixed drive.
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3.5.1 Resistance of the Clamp

If the V35 term is dropped from the following linear region equation:
Ip = pCor ¥ [(Vgs — Vi) Vs — V335
The fixed drive device can be modelled as a resistor of value
Rc
Mobility p is dependent on Vg,, such that the value of this R¢y decreases nonlin-

_ 1
— T~ Wiv vy
Hcoz T(VQI—VI)

early with V.

The non-fixed drive device behaves according to the linear region equation noted
for the fixed drive device, but the resistance of the non-fixed drive device increases
nonlinearly with Vpg. This is because the net effect of the gate-source voltage de-
creasing outweighs the changing mobility.

The total clamp resistance is equal to the parallel combination of the resistances

of the two devices.

3.5.2 Clamp Time Constant

Considering the clamp to be a variable valued resistor, the entire circuit can be
approximated by the circuit shown in Figure 3-4.

The following equation shows the transient response:

Voo = Vil gt (1 — e 2

Simulation C shows the change in outputs in response to the clamp turning on.
Within the first 2ns the clamp is on, the outputs are drawn from a full differential
output to within 0.3V of each other. After that, the clamping dramatically slows
down. The clamp transient response equation is difficult to match up to the simu-
lations and of questionable value. Nonetheless, the resistive modeling aspect of the
transient equation (the final dc response) is important to note.

The equation does reveal that because the load is not purely capacitive, the final
value due to clamping alone is not equal to the reference volté,ge, but a large fraction
of it. It is also important to recognize what an input drive does to the output voltage.

Such an input drive could be due to mismatch within the circuit or to an actual signal
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at the input of the amplifier. For the model shown in Figure 3-5, where Ai = g1 Vin,
the final value output voltage is

Vout = DiRg + Vip,
assuming Ry >> R¢

Simulation D illustrates this effect. Though the clamp turns on at 42ns, 0.5V is
maintained across the outputs until the drive on the input is removed. The input is

removed at 45ns, at which point the differential voltage starts to decay.

R

v ¢ Vout
AN T
CL
R
L
Figure 3-4: Clamping Circuit Representation
R
v c
ref
A\
‘_Q out
—
A i —_— c,
R
L
A4 NV

Figure 3-5: Clamping Circuit Representation with Differential Drive
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3.6 Clock Feedthrough

The output voltages are directly affected by the clock transitions via coupling to
the clock, or feedthrough, as shown in Figure 3-6. The complementary devices
partially cancel each other out, but not entirely; complete cancellation can never
be depended on because process variations inevitably create some mismatch among
coupling capacitors.

If the output voltage is less than 2.5V, then the NMOS device will couple to the
output via C,s and the PMOS device will couple to the output via Cgy. For the
clamp sizing shown in Figure 3-2, Cg,4 = 2.46fF and Cyqp = 1.83fF. The following
equation characterizes the coupling effect:

— VcIrn.ng Vckcgn —_—
I/out— - ng+Cloa.d + Cgl+cloa.d. - 98mV

For V44, which has slightly different loading conditions, the net clock coupling
results in approximately 84mV. Thus the differential coupling effect comes to about
14mV.

Simulation C shows both outputs after being clamped for 20ns. No new input is
applied after an MSB input the cycle before. Both outputs drop by approximately
110mV, on the order of the predicted 98mV and 84mV. In the waveform at the bottom
of the page in Simulation E, it is possible to see the differential coupling effect when
the clamp is released at 54ns. With no new input, the differential output jumps
approximately 12mV when the clamp is released and can be séen to decay thereafter.

Simulation F shows a close-up of what happens when the outputs do not reach
the reference voltage. The PMOS and NMOS gate-to-drain and source-to-drain ca-
pacitances are not as well matched and the common mode coupling doesn’t cancel as
well as in Simulation E, resulting in a common mode output drop of 0.35V. It can
be inferred that if the two output voltages are not close to each other they will not
couple uniformly, which could result in a large differential voltage change. Clamp

input timing is important in preventing such a situation.
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Figure 3-6: Clock Feedthrough Circuit
3.7 Clamp and Input Timing

The only major input timing constraint is that the last output be removed before
the clamp turns on or very soon after it turns on. This is crucial for the case of
a large input followed by a small input of the opposite polarity, as is evident from
Simulation D. The large input prevents the outputs from getting close to each other.
If the differential output is not lowered before the clamp ends, an LSB of the opposite
polarity will not be strong enough to discharge the outputs qﬁickly.

Introducing the new input while the clamp was still on yielded the lowest time
from input turning on to output reaching the latch offset voltage. This time, shown
in Simulation B was 7.5 ns. The input was applied for 2.5ns before the clamp was
released. It took 5ns to reach the valid latch voltage after that. When the new input
was not turned on until after the clamp was off, the time délay was approximately

1ns longer to reach a valid output.
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3.8 Clamp Sizing

Both the P and N clamping devices need to be sized equally so that clock feedthrough

will be minimized. Larger -"I‘-/'- ratios decrease the clamp resistance, but increase the
capacitive loading. Whether increasing the clamp size has a positive or negative effect
on the speed of the circuit depends on the SPICE parameters and the default layout
parameters. For the SPICE model used in this thesis, increasing the clamp size was
not effective. Doubling the clamp width to 4.4 pm resulted in a 3 ns increase in the

time for the outputs to reach 50mV.
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Chapter 4

Autozeroing

4.1 Introduction

Autozeroing, or autobalancing, is the cancelling of any dc offset on the output nodes,
such that the input referred offset is very small. There aré two basic approaches
that can be taken to cancel these offsets. One is to feedback via a switched capacitor
network a fraction of the output such that each output is compensated independently,
but with respect to the same fixed voltage. Another techniqueis to cancel the common
mode and differential mode with two separate feedback loops. The former approach
was chosen because it allowed for hysteresis and non-correlation between the two legs

of the cascode, without the need for aggressive sizing techniques.

4.2 Approach

4.2,1 Background

Figure 4-1 shows the basic feedback concept, consisting of a switched capacitor low
pass filter and a single ended differential amplifier for each output. If process inac-
curacies cause an output to be too high, a high voltage is fed back to the parallel
feedback device, causing its resistance to drop and thus the output voltage to drop

also. The single ended differential amplifier, consisting of devices M16-M20, is refer-
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enced to 2.5V; and its equilibrium output is centered at 2.5V. The nominal feedback
voltage to M9A and M10A is centered at 2.5V to produce the nominal folded cascode

output of 2.5V. The actual feedback circuit implementation is shown in Schematic C.

4.2.2 Referred Input Offset

To avoid large output swings due to the feedback circuitry, the change in output
voltage due to the maximum possible change in feedback voltage per cycle must be
limited to much less than the change in output due to an LSB.

The gain from V, pre4 to Vous— is, based on the same calculation methods used for

the folded cascode gain equation in Chapter 2:

J:";‘;; = /g;f$;f7gog e 13, as measured in simulation.

To prevent the output from switching too rapidly, Cr, and Cpgy are each 10pF,
to be implemented with depletion NMOS devices. Cp; and Cg; are each approxi-
mately 4.4fF. With these capacitance values, the maximum feedback voltage swing
is 5%—1— = 1.8mV. Amplified by the feedback gain, this results in a maximum
voltage change of 21lmV. A 21mV change referred back to the input of the amplifier
corresponds to an input of 24uV, less than one twentieth of an LSB .

The feedback is powerful enough to compensate for large input offsets, but not in

one cycle. The scaling down of the feedback capacitors makes the system stable and

allows the feedback to work slowly over several cycles.

4.3 Simulation Results

4.3.1 Normal Operation

Simulation G shows the autozeroing circuitry functioning with no mismatch and a
default initial condition on Vs and V04 of 2.5V . The key waveform in the Sim-
ulation is V,4:—, the fourth waveform from the top of the page. It gradually settles
to the nominal 2.5V. The intermediate waveforms are shown above V,,;— and can

be examined more closely by referring to the node names shown in Schematic C,
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if desired. The bottom two waveforms show the two stage feedback clocking. The
nominal overal period was set at 40ns, though in an actual 12-bit implementation,
the total period would be longer because the autozeroing would only occur once per

overall ADC timing cycle.

4.3.2 Mismatch Operation

To verify the effectiveness of the autozeroing, various simulations were run with sensi-
tive gate lengths changed. The success of the autozeroing circuitry depended heavily
on how the feedback timing related to the clamp timing. Simulation H shows the
result when both input devices have a nominal gate lenght of 0.85 yum instead of
0.8um. The format of the Simulation H plot is just like that of Simulation G. The

autozeroing circuitry eventually centers the output around 2.5V.

4.4 Autozeroing Summary

The autozeroing circuitry was pursued to determine if there existed a fundamental
problem associated with autozeroing a high gain clamped stage. While no inherent
problem was found, it is important to note that this particular autozeroing scheme
is not crucial to the clamp’s operation, and hasn’t been optimized to work with the
clamping. Autozeroing issues not discussed at length here include the time constant
of the feedback, its interaction with the clamping of the amplifier, and potential
feedthrough-related problems.
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Chapter 5

Comparison and Conclusions

5.1 Review

The goal of this project was not to produce the fastest 12 bit ADC possible, but to
push the limits of affordable, low-power technology by speeding up one of the critical
paths in high bit-accuracy ADC’s. The amplifier itself consumes 2.5mW of power (not
counting auto-zeroing circuitry), and the rest of the ADC circuitry would consume an
estimated 300mW, based on present Sarnoff designs. When compared to amplifiers
of this power and technology (CMOS), the clamped folded cascode outperforms them
all. However, before making a comparison, it is necessary to relate the clamped time
response to the worst case series of inputs to the potential sampling rate of the ADC

in which the amplifier will be implemented.

5.2 Impact of Improved Overdrive Recovery Time
on Sampling Rate

As mentioned in chapter one, a pipelined SSA ADC has a fundamental internal clock-
ing frequency that may also be the sampling rate. While the total period of the
multiple phase clock depends on the autozeroing and error correction schemes, the

fundamental period is foremost limited by the comparison time, and the delay around
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the decoding and subsequent digital-to-analog(DA) conversion for the next cycle com-
parison. It would be difficult to run the internal clock any faster than the frequency
limit of the comparator-DA loop because the loading of so many comparators on the
voltage reference lines would become unmanageable. This means that the overdrive
recovery time can directly limit the sampling rate of a high bit accuracy ADC. For
a different Sarnoff ADC implemented in 1pm CMOS, the delay from the output of
the latch to a new valid comparator input is approximately 12ns. With the 0.8um
technology simulated in this thesis, that time would probably reduce to 10ns without
any major topology changes. Thus, the fundamental period limit for the simulated
amplifier would be 17.5ns, based on a worst case delay of 7.5ns from valid amplifier
input to valid latch input plus a delay of 10ns from latching to valid DAC output.

This converts to an admirable 57MHz sampling rate limit.

5.3 Comparison to Multistage Amplifier

The single stage clamped folded cascode beat an existing 12-bit Sarnoff ADC amplifier
under worst case input voltage conditions by approximately 5ns. This two stage
clamped amplifier was implemented in 1pm CMOS and was clocked (the whole ADC)
at a maximum sampling rate of 40MHz. The multistage amplifier drew 4mW of power,
more than the clamped folded cascode.

The multistage amplifier, though used for a 12-bit ADC with a 2V input swing,
only had to sense a minimum input voltage of 1mV, not the 0.49mV the folded cascode
was tested at, because of clever input circuitry and amplification prior to the signal’s
entrance to the comparator. If the clamped folded cascode only needed to sense
2LSB, it could potentially be clocked at 67MHz. However, this would not include
much margin for error, just as the 40 MHz sampling rate is pushing the limits of the
multistage Sarnoff comparator. It is safe to say that with similar input amplification
circuitry, the clamped folded cascode could effectively and reliably perform at 60MHz.

Razavi and Wooley [13] report a 12-bit 5-Msample/s converter implemented in
1pm CMOS, based on a two-step flash architecture. They too employ clamping, but

38



require 100ns for input sampling, and an additional 100ns for subsequent conversion.
The total power dissipated in both the coarse and fine comparators is 2.25mW, and
the overall ADC power consumption is 200mW. While this amplifier consumes slightly
less power than the clamped folded cascode, it suffers an order of magnitude decrease
in sampling rate limit.

The main delay due to comparison time occurs in the fine comparator, which is
a combined amplifier and latch within a folded cascode topology. While some of the
sampling rate limit is due to DAC conversion time and logic, a large part of the delay

could be elimated if the fine comparator were a clamped amplifier and separate latch.

5.4 Conclusion: Single Stage Versus Multistage
Comparators

Multiple stage unclamped gain stages outperform single stage high gain amplifiers
without clamping. This statement is supported theoretically in the standard deriva-
tion of the optimal gain per stage of e, as outlined in [4], as well as supported by
the reported performance of unclamped multiple stage amplifiers at Sarnoff compared
to the unclamped folded cascode. However, it has been shown in this thesis that a
clamped single stage high gain amplifier can outperform a clamped multiple stage
amplifier. The nonlinearities of clamping and the extra loading due to the actual
clamps decrease the potential sampling rate as more stages are added.

The success of the clamped folded cascode amplifier does not have to stop at a 12
bit application. The folded cascode topology has enough gain potential to perform
superbly for a 14 bit design as well.
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Schematics
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Simulations
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Appendix A: SPICE Modelfile
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SPICE MODELFILE

* NMOS L=0.8uM
* PMOS L=0.8uM

.MODEL NE NMOS (LEVEL=3 VT0=0.7821 TOX=1.75E-8 RSH=62.5
NSUB=4.0121E+16 LD=7.7667E-08 U0=480.0

VMAX=1.3625E+05 THETA=3.9505E-02 ETA=9.9859E-03 KAPPA=0.1094
TPG=1 DELTA=0.7667

CGSO=4.740E-10 CGDO=1.561E-10 CJ=2.4E-4 CJSW=4.9E-10

MJ= 0.44 MJISW=0.35 )

+ + + + 4+

.MODEL PE PMOS (LEVEL=3 VTO=-0.9247 TOX=1.7500E-08 RSH=138
NSUB=4.0116E+15 LD=6.3184E-08 U0=153.4

VMAX=1.5801E