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Chapter 2

Switched-Capacitor Building Blocks

gww ED-CAPACITOR circuits are pervasive in highly integrated, mixed-
ignal applications. This chapter describes the basic building blocks that
comprisethese circuits. These blocks are the sample-and-hold (S/H), gain stage,
integrator, comparator. From these elements more complex circuits can be built
such asfilters, anal og-to-digital converters(ADC), and digital-to-anal og convert-
ers (DAC). All sampled-data circuits, such as these, require a pre-conditioning,
continuous-time, anti-aliasfilter to avoid aliasing distortion. A moredetailed dis-
cussion of this continuous-time block can be found in [31]. After the theory of
operation of each block isdescribed, abrief discussion of practical non-idealities
follows. This chapter is not intended as a rigorous and detailed analysis; it isa
brief overview. A more rigorous anaysis can be found in the references.

Sample-and-hold (S'H)

The sample-and-hold is the most basic and ubiquitous switched-capacitor build-
ing block. Before a signa is processed by a discrete-time system, such as an
ADC, it must be sampled and stored. This often greatly relaxes the bandwidth
reguirementsof following circuitry which now can work with aDC voltage. Be-
cause the S/H is often thefirst block in the signal processing chain, the accuracy
and speed of entire application cannot exceed that of the S/H.

Top-plate SH

In CMOS technol ogy, the smplest S/H consists of aMOS switch and a capacitor
as shown in figure 2.1. When V is high the NMOS transistor acts like a linear
resistor, allowing the output V, to track theinput signal V;. When V; transitions



6 CHAPTER 2. SWITCHED-CAPACITOR BUILDING BLOCKS

Figure2.1 MOS sample-and-hold circuit

low, the transistor cuts off isolating the input from the output, and the signal is
held on the capacitor at V.

There are several practical limitationsto thiscircuit. Because the RC' network
has finite bandwidth, the output cannot instantaneoudly track the input when the
switchisenabled. Therefore, ashort acquisition period must be allocated for this
(exponentially decaying) step response. After the S/H has acquired the signal,
therewill be atracking error due to the non-zero phase lag and attenuation of the
sampling network. The latter linear, low-pass filtering does not introduce distor-
tion and is usually benign for most applications. The on-conductance, however,
of the transistor is signal dependent:

w

TV, = V= V) @1

gds = ,ucoac

Thus the transfer function from input to output can become significantly non-
linear if (V, — V; — V;) isnot sufficiently large. A detailed analysis of these dy-
namic errors can be found in [49].
When the switch turns off, clock feed-through and charge injection introduce
error inthe output. When thegate signal V, transitionsfrom high to low, thisstep
AC couplesto the output V, via parasitic capacitances, suchas C,, and C ;. Be-
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cause the output isahighimpedance node, thereisnoway torestorethe DC level.
This coupling is called clock feed-through. This error is usualy not a perfor-
mance limitation because it is signal-independent and therefore only introduces
an offset and not distortion. To first order this error can be eliminated using a
differential configuration. Charge injection, however, is a signal-dependent er-
ror. When switch isturned off quickly, the charge in the channel of the transistor
is forced into the drain and source, resulting in an error voltage. The chargein
the channel is approximately given by equation 2.2. Because ¢ is signal depen-
dent, it representsagain error in the S/H output. There have been severa efforts
to accurately characterize this error [49, 69, 76, 77].

qg=WLC,,(V, =V, = V) (2.2)

Thiscircuitisalso sensitiveto parasitic capacitance. Any parasitic capacitance
at the output change the amount of signal charge sampled, which isoften thecrit-
ical quantity in switched-capacitor circuits. Bottom-plate sampling can gregtly
reduce these errors.

The channel resistance of the switch contributes thermal noise to the output.
This random error sets an upper bound on the signal-to-noiseratio (SNR). If the
wide-band thermal noiseisintegrated over al frequencies, the resulting variance
in the output voltage is only dependent on the sampling capacitance C' [15].

K

- (2.3)

%l
[}

Jitter in the sampling clock or aperture error also introduces a random error
component to the output. If the sampling edge has an variancein time of o7, the
worst case voltage variance while sampling a sine wave V; = V sin(wt) is [45]
is

v < (Vw)o?. (24)



8 CHAPTER 2. SWITCHED-CAPACITOR BUILDING BLOCKS

2.1.2 Bottom-plate SH

A technique called bottom-plate sampling to first order eliminates some of the
errorsin the top-plate S/H circuit. Figure 2.2 shows the bottom-plate sampling
configuration. While clocks ¢’ and ¢ are high, V, tracks the input voltage V.
When clock ¢ transitions from high to low, switch M2 turns off, and the charge
on node « istrapped. Because charge is conserved, the charge on capacitor C'is
now fixed ¢ = C'V;. Thisis the defines sampling instant. When clock ¢ transi-
tionsfrom high to low, switch M1 isturned off and the output isisolated from the
input.

Figure2.2 Bottom-plate sample-and-hold circuit

When M2 turnsoff, the voltage at node x is perturbed dueto clock feed through
and charge injection. In this case, however, the charge injection is signal-inde-
pendent because drain and source see afixed potential (ground). Tofirst order this
eliminatessignal -dependent chargeinjection distortion. Theremaining offset can
be further rejected with a differential configuration. The charge injection from
M1 does not alter the charge stored on capacitor C' due to charge conservation.

Figure 2.3 shows apractical implementation of bottom-plate sampling inadif-
ferential configuration. This circuit uses a two-phase, non-overlapping clock.
During phase ¢, theinput V; issampled differentially onto C',, and C,, asdescribed



2.1. SAMPLE-AND-HOLD (S/H) 9

above. During phase ¢, the opamp is put into a unity gain configuration. This
drives (V,., — V..,) — 0. Due to conservation of charge, the sampled input ap-
pears at the opamp output V, = V;(sampled). Because the summing nodes of
the opamp are driven to the same potential, no differential signal chargeis stored
on parasitic capacitance at the opamp input. Furthermore, the opamp providesa
low-impedance output for driving any following signal processing blocks.
Although the opamp greatly improves the performance of the S/H circuit, it
adds substantial complexity to its design. Any offset in the opamp will appear
directly at the output in thisconfiguration. For CM OS technol ogiesthisoffset can
bein the range of 10-50mV typically. For offset sensitive applications, thereare
several auto-zeroing techniques applicable to switched-capacitor circuits[24].
The finite DC gain of the opamp introduces a fixed gain error:

I= cfoip (29
O ; (2:6)
_ %Hl# (2.7)

~ 1+ =) 28)
(2.9)

Where « isthe DC opamp gain, f is the feedback factor, C = C, = C,,, Cy, is
the opamp input capacitance. This fixed error does not introduce distortion and
isusually benign.

The finite bandwidth of the opamp limits the clock frequency of this circuit.
The clock period must be sufficiently long to alow the desired level of settling
accuracy at the opamp output. Typicaly the bias currents in the opamp can be
increased to increase the opamp bandwidth at the expense of increased power
consumption.
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Figure2.3 Practical fully differential sample-and-hold circuit
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Figure2.4 Single-ended gain stage

In addition to the fundamental kT/C sampling noise, the opamp will add ther-
mal noise due to active elements. If the noise in the opamp can be represented as
asingle input-referred source v,, as shown in figure 2.3, the total output-referred
noise will be:

v2 =2—— +v? (2.10)

Gain stage

The sample-and-hold circuit shown in figure 2.3 can be modified to provide both
gain and sample-and-holdfunctions. Thisoperationiscommonin pipelineana og-
to-digital converters (section 3.3) and filters (section 3.1). Figure 2.4 shows a
gain stage that samples the input, applies gain, and holds the output value. A
single-ended version is shown for simplicity, but the following analysis applies
to adifferential version which is most commonly used in practice.

To better understand the operation of this circuit, figures 2.2a and 2.2b show
the states of the switches during phase 1 and phase 2 respectively. During phase 1
(figure 2.29), the input V; is sampled across C';. The opamp is not used during
this phase, and this time can be used to perform auxiliary tasks such as resetting
common-mode feedback (section 5.3.8). The charge ¢ is:
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Ct

Figure2.2a: Phase 1 Figure 2.2b: Phase 2

qg=Cs(0-V;) =-C,V, (2.12)

Noticethereisno charge stored on C'; since both sides are grounded. Bottom-
plate sampling is employed, and the sampling instant is defined by ¢} as before.
During phase 2 (figure 2.2b), the opamp is put in a negative feedback configura-
tion, forcing node x to zero (virtual ground). Because the input is also ground,
thereis no charge storage on C's, and all the chargeistransferredto C';. Thus, a
voltage gain of s /C isachieved. Analytically, charge on node X is conserved,
S

g = ¢ (2.12)
SOV = O0- V) (2.13)

V. C

e - 2 2.14

- o (214)

If we consider theinput V; asadiscrete-timesequence Vi(n) = V;(nT'), where
T isthe sampling period, then the output is
Cs
Vo(n) = = Vi(n —1). (2.15)
Cy
This equation reflects the one period latency of this discrete-time circuit.
Because this circuit incorporates an opamp, it has the same limitations as the
sample-and-holdcircuitinfigure2.3. Inaddition, theexact gain of the stageisde-



2.2. GAIN STAGE 13
&

07
£ 1
1] ]
Cs ——Cs
o
’ o V.
v oL  ¢-C , °

Figure2.5 Improved settling speed gain stage

pendent on the capacitor matching of C'; and C'y. For exampleif ', = C; + AC
then:

A
Vin) = GVl - 1)+ 5

e, e, Viln — 1) (2.16)

In high-resol ution applications, the second term can represent a significant error.
Similarly if the capacitors have a voltage-dependent value, the gain will be dis-
torted (section 6.4.2).

Figure 2.5 shows another gain stage configuration that uses both the feedback
(C'y) and sampling (C';) capacitorsto sampletheinput. Thisconfiguration hasthe
advantage that the opamp settling isinherently faster for a given stage gain [46]
due alarger feedback factor.

The transfer function of thisstageiis:

C

Vy(n) = (1 n C—f) Vin—1) 217)

Notice the gain islarger for the same capacitor loading. This effect can be sig-
nificant for low-gain stages of 2 or 3 for example.
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Figure2.6 Switched-capacitor integrator

| ntegrator

Another modification of the basic sample-and-hold circuit yields a switched-ca-
pacitor integrator. | ntegratorsareused throughout switched-capacitor filters(sec-
tion 3.1) and sigma-delta modul ators (section 3.2). Figure 2.6 shows a switched-
capacitor integrator. For smplicity the single-ended version is shown, but these
results apply to adifferential implementation as well.

The sameanalysisused for the gain stage (above) can be used for theintegrator.
Unlike the gain stage, the feedback capacitor C'; is not reset each cycle. There-
fore, C'; accumulates previous sampled values:

Cs
C—fVi(n - 1) (2.18)

The integrator has the same performance limitations as the gain stage.

Vo(n) = Vo(n —1) +

Compar ator

Comparatorsarenot strictly considered switched-capacitor elements. They, how-

ever, often employ switched-capacitor techniques and are used in switched-capacitor

applicationssuch as pipelineanal og-to-digital convertersand sigma-deltaanal og-
to-digital converters. Figure 2.7 shows a comparator suitable for use in a two-
phase, switched-capacitor circuit. For smplicity, asingle-ended versionisshown,
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Figure 2.7 Switched-capacitor comparator

but this circuit can be extended to afully differential implementation.

During phase 1 the input signal V; is sampled across capacitor C'. Again, bot-
tom plate sampling is employed using the early clock phase ¢}. During phase 2,
the referencevoltage V. ; is applied to the left side of the capacitor. The voltage
difference(V,.; — V;) appearsat theinput of the pre-amplifier. The pre-amplifier
amplifiesthisdifference and appliesit to the input of aregenerative latch. At the
end of phase 2 the pre-amplifier outputs are disconnected from the input. At the
beginning of phase 1 of the next cycle, the latch is strobed, creating digital logic
levels at the outpui.

Any offset voltage of the pre-amplifier is directly referred to the input of the
comparator. The potentially large offset of thelatch isdivided by thesmall-signal
gain of the pre-amplifier when referred to the input. Multiple pre-amplifiers can
be cascaded to further reduce the effective latch offset at the expense of power
consumption. If alow offset isrequired, auto-zero techniques can be employed
in the pre-amplifier(s) [3, 65, 22, 66].

The speed of the comparator is determined by the regenerative time constant
of the latch. Consider the representative latch shown in figure 2.8. It consists
of two inverters or amplifiersin a positive feedback loop, which are capable of



16 CHAPTER 2. SWITCHED-CAPACITOR BUILDING BLOCKS

Figure2.8 Regenerative latch time constant

amplifyingasmall differencein V;, and V; to full logic levels. Thetimerequired
for this amplification is dependent on the initial difference. If the initial differ-
ence between V,, and V, when the latch is strobed is V4, and the desired voltage
differenceis V/, then the timerequired is [ 75, 66]

T Vi
tcomp = H In (70) (219)

where - = RC' and A is the small-signal gain of the inverters. Thus, for arbi-
trarily small inputs, the amplification time is arbitrarily long or meta-stable. If
the input to the comparator is random, then there is a finite probability that the
comparator will not be able to render a decision in a given time period. If the
time given to make adecison is 7', and the input is uniformly distributed from
[—V}, V] then probability that the comparator will not amplify to full output lev-
elsis[75, 66]

P(lemy > T) = exp (ﬂ) . (2.20)

This result is independent of thermal noise and offsets. Therefore, if P << 1
then the mean time to failure (MTF) is given by
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1
MTF = NP (2.21)
where N arethe number of concurrently operating comparatorsin the system and
f isthefreguency of comparisons per second. Inareal design, = and 7' must be
chosen such that the mean timeto failureis sufficiently long, such asthelifetime

of the system (e.g. 20 years).





