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Chapter 1
Introduction

1.1 Problem

In many measurement situations, the signal of interest is small, possibly in the range
of tens of microvolts, and is superimposed on a much larger DC common-mode
(CM) signal, possibly in the range of several volts. Coping with such a large CM
signal and at the same time accurately measuring such small signals is a big
challenge for interface circuits. A good example of such a measurement is in
high-side current sensing [1], as shown in Fig. 1.1, where the load current of a
battery is monitored by inserting a small sensing resistor Rgense in series with the
battery. Thus, the current can be determined from the DC voltage drop Viense across
the resistor. To minimize its power consumption, R, is usually very small
(hundreds of milliohm) and thus, V.. is also small, typically ranging from tens of
microvolts to hundreds of millivolts. This requires a readout amplifier with low
offset and low 1/f noise. Moreover, Vs is accompanied by a large CM voltage,
which can be as large as 30 V in the case of a laptop battery. This is far beyond the
supply voltages of normal CMOS circuitry. Thus, novel circuit techniques to reject
this large CM voltage and accurately measure Vi, must be found. This problem
becomes more challenging as CMOS technology advances, since this has histori-
cally been accompanied by a steady decrease in supply voltages.

1.2 Traditional Solutions

When a large input CM voltage must be rejected, the best solution is to block it.
A first approach involves the use of a magnetic coupling [2-5]. The basic block
diagram [2] of a readout system employing magnetic coupling is shown in Fig. 1.2.
It consists of an input and output modulator, a transformer, and a readout amplifier.
In this case, the modulators are implemented as choppers, i.e., polarity-reversing

© Springer International Publishing AG 2017 1
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switches driven by a digital clock signal with a fixed frequency (fehop) [6-9]. In [2],
the choppers are also driven via an isolating transformer. The input chopper con-
verts the DC differential voltage Ve, into a square wave, and the output chopper
converts the amplified square wave back to DC. In this way, the differential signal is
first modulated to high frequency by the input chopper and so can be coupled to the
input of the readout amplifier via a transformer. The DC CM voltage, however, will
not be modulated and thus will not be coupled to the readout amplifier.
Furthermore, the offset and 1/f noise of the readout amplifier will be up-modulated
by the output chopper and so can be filtered out. A big disadvantage of this
approach, however, is that transformers are difficult to integrate on chip. Although
integrated microtransformers [2] can be realized in some processes, they tend to
occupy a lot of chip area.

A second approach involves isolating the DC CM voltage optically, e.g., with an
opto-isolator [10-13]. Although there are many types of opto-isolator, the most
common type simply consists of an LED and a photodiode as shown in Fig. 1.3.
The LED is connected to the input signal and converts it into an optical signal,
which is then picked up and converted back to an electrical signal by the photo-
diode and a readout amplifier. In this way, the input CM voltage is completely
isolated from the readout amplifier. The main disadvantage of this approach,
however, is its lack of accuracy. The signal transfer function between the LED and
the photodiode depends on several parameters such as the voltage-to-light transfer

=

clkc

hd



1.2 Traditional Solutions 3
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function of the LED, the intensity of the light picked up by the photodiode, and the
light-to-voltage transfer function of the photodiode. These parameters can be dif-
ficult to control and reproduce accurately in large-scale production. Thus, the
accuracy of the measurement, especially the system’s overall gain, is not well
defined. Moreover, the linearity of the signal is often low, which requires an extra
feedback circuit [4].

A third approach, which is the most commonly used, is to isolate the CM voltage
electrically. A simple way to do this is to use the basic differential pair shown in
Fig. 1.4. Neglecting circuit non-idealities, the input differential pair acts as an ideal
voltage to current converter, which floats between the tail current source and a
potential close to ground. Since it is only sensitive to the input differential signal,
the CM signal is completely isolated from the rest of the circuit. In reality, however,
circuit non-idealities such as mismatch will significantly decrease the measurement
accuracy. To improve this, the chopping technique can again be applied as shown in
Fig. 1.5. Since the input chopper only modulates the differential input signal, its
contribution to the output voltage is separated from that of the CM signal in the
frequency domain. The offset and 1/f noise are also up-modulated and so are
removed from the base band. However, the maximum CM voltage that can be
handled is determined by the differential pair’s supply. So handling a large CM
voltage requires a large supply voltage and, consequently, high-voltage input
transistors in the input stage. This increases the power consumption considerably
[14, 15]. Moreover, the limited output impedance of the input transistors will reduce
the circuit’s CM immunity, while their offset and 1/f noise will reduce its DC
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precision. Finally, the common-mode voltage range (CMVR) of the circuit shown
in Fig. 1.5 will not cover both the negative and positive rails [14, 15] (Fig. 1.3).

Another approach to isolate the input CM voltage is to use a so-called flying
capacitor [16] to sample and hold the input signal, as shown in Fig. 1.6. The CM
voltage at the input of the succeeding amplifier is set by a feedback resistor network
and so it can be realized with low-voltage circuitry. However, the kT/C noise
associated with the sample-and-hold action of the flying capacitor increases the total
input-referred noise. Moreover, continuous-time operation is not possible. Last but
not least, the input switches must once more be able to handle the large CM signal.

From the above introduction, it seems that none of these approaches is very
satisfactory. Thus, a new approach is required.

1.3 A Promising Solution: Capacitively Coupled
Chopper Amplifier

An intuitively appealing solution to the problem of CM isolation is the use of
capacitive coupling. Capacitors are widely available in most standard CMOS
process and exhibit a natural ability to block DC signals without any extra power
consumption. Thus, a capacitively coupled amplifier will perfectly reject DC CM
voltages, as long as they are smaller than the breakdown voltage of the coupling
capacitors (Fig. 1.7). Although the breakdown voltages of on-chip capacitors is
usually less than 100 V, this is still sufficient for many applications. However, it is
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Fig. 1.7 Schematic of a Vref
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also obvious that the DC input signal is also blocked. One solution is to use the
chopping technique described in the previous sections to up-modulate the input
signal. This has the added advantage of suppressing the offset and low 1/f noise of
the input stage.

However, the concept of capacitively coupled chopper amplifiers is not new! As
early as 1940, the classic capacitively coupled chopper amplifier shown in Fig. 1.8
was invented [6]. The input signal is up-modulated by the input chopper, amplified,
and finally de-modulated by the output chopper. However, the CM voltage is also
modulated and so no CM isolation can be obtained. The differential structure, as
shown in Fig. 1.9, changes the story completely. The input chopper modulates the
DC differential signal to high frequencies, which can then travel through the input
capacitors. The DC CM signal, however, is blocked. As a result, the input CM level
of the succeeding amplifier can be fixed arbitrarily via biasing resistors R; ; and so
the amplifier can be implemented with low-voltage circuitry. At the amplifier’s
output, an output chopper demodulates the signal back to the base band. The offset
and 1/f noise of this amplifier, however, are blocked/filtered by the output capac-
itors. To prevent its output from saturating, the gain of the (transconductance)
amplifier is limited by the output resistors R, ». However, the amplifier cannot be
used as an operational amplifier (opamp) due to its low gain or an instrumentation
amplifier (IA) due to its inaccurate gain (Gm1*Rout1 2)-

Fig. 1.8 Schematic of a
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Fig. 1.10 Block diagram of the first CCIA: from Timothy Denison [18]

In 2007, the first capacitively coupled chopper instrumentation amplifier (CCIA)
was described by Timothy Denison [17]. It is shown in Fig. 1.10. This work
represents a great improvement on Fig. 1.9 topology. By eliminating the need for
Rout1.2 and Coyy1 2, the open-loop gain of the amplifier can be quite large. A chopped
capacitor feedback path ensures that the gain of the IA is accurately defined as
Cin12/Cp1 - Since the amplifier was intended for biomedical applications, a DC
servo loop was employed (an SC integrator and Cyp; ) to give it a high-pass
characteristic. The up-modulated offset and 1/f noise of G,,; was suppressed by a
second stage (not shown) which acts as a low-pass filter. Although not designed for
high input CM voltages, this CCIA demonstrated the feasibility of realizing on-chip
capacitively coupled precision IAs. In this thesis, the design of capacitively coupled
chopper IAs and opamps that can handle large input CM voltages, in some cases
even larger than their supply voltages, will be explored.

1.4 Challenging Issues

Although the use of capacitively coupled chopper amplifiers seems to be a
promising way of obtaining both wide CMVR and high DC precision, there are still
many issues to be solved. The first issue is the robust implementation of the input
chopper, which must handle the high CM voltage present before the input capac-
itors. Otherwise, the maximum input CM will be limited by the input chopper and
not by the breakdown voltage of the input capacitors.

The input impedance of the amplifier is also an issue. Since the input capacitors
are constantly switched between V;,, and Vj,_, they are constantly being charged
and discharged, which requires a certain amount of input current. The resulting
impedance depends on the input capacitance and the chopping frequency, and
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typically ranges from hundreds of kilo-ohms to tens of megaohms, which may not
be high enough for some applications. Thus, techniques to boost the input impe-
dance are required.

Since the input DC CM voltage is blocked, the DC CM level of the amplifier’s
input stage (G,; in Fig. 1.9) must be fixed by something else. This can be done by
using biasing resistors (R;, in Fig. 1.9). However, as will be shown later, these
resistors introduce noise, and so must be rather large (hundreds of megaohms).
Thus, another challenge is that of realizing such large resistors in an area-efficient
and relatively accurate manner.

A fourth issue of capacitively coupled chopper amplifiers is the up-modulated
offset and 1/f noise of the amplifier. Without the AC-coupling output capacitors
shown in Fig. 1.9, the amplifier’s offset will be up-modulated by the output chopper
and result in ripple. This is usually not acceptable and, thus, must be suppressed
effectively. A low-pass filter (Fig. 1.10) is the most straightforward way but it often
involves the use of large passive components. In recent years, more effective
ripple-reduction techniques [18-21] have been developed. However, care must be
taken to minimize the extra area and power required, especially in low power and
cost sensitive applications.

Finally, when a ripple-reduction technique is applied, it is very likely to intro-
duce a notch at the chopping frequency in the amplifier’s transfer function. This
notch limits the amplifier’s useable bandwidth and, moreover, results in a step
response that will exhibit a certain amount of undesirable ringing. Thus, techniques
of dealing with such transfer function notches must be devised.

1.5 Organization

In Chap. 2, the chopping technique, which has been frequently mentioned in the
above, is introduced in detail. Several other commonly used dynamic offset
cancelation techniques are also introduced. Like chopping, these techniques can
also be used to achieve low offset and 1/f noise. As mentioned above, the
up-modulated offset and 1/f noise due to chopping results in ripple, which must be
sufficiently suppressed. Thus, ripple-reduction techniques will also be discussed.

In Chap. 3, the proposed capacitively coupled chopper topology for both
opamps and IAs will be described. Its operating principles will be discussed in
detail as well as its strengths and weaknesses.

As mentioned earlier, input capacitive coupling is not the only prerequisite to
obtaining wide input CMVR. Thus, specially designed input choppers with wide
CMVR are proposed, which will be presented in Chap. 4.

In Chaps. 5, two opamp prototypes employing the capacitively coupled chopper
topology are presented. First, an overview of the state of the art is given. Later, the
design considerations of the prototypes on both system level and transistor level are
described. A single-path capacitively coupled chopper opamp is presented first,
followed by a multipath capacitively coupled chopper opamp that improves the
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high-frequency performance and step response of the single-path opamp.
Measurement results of each opamp will be given.

In Chaps. 6 and 7, two IA prototypes employing the capacitively coupled
chopper topology will be proposed. The first A features a £30 V input CMVR and
high power efficiency and is designed for HV current-sensing applications. The
second IA is wireless sensor node, where power efficiency and small chip area are
critical. It can be operated in two modes: a DC mode for DC and low frequency
signals sensing; and an AC mode for biomedical signals such as ECG sensing. As
in Chap. 5, a state-of-the-art overview will be given at the beginning of each
chapter. The systematic and transistor level designs will be presented as well as
experimental results.

The thesis ends with conclusions and future work, which are presented in
Chap. 8. Two capacitively coupled chopper analog-to-digital converters (ADC) are
proposed as future work, which can directly digitize a signal source with high CM
voltage. The original contributions of the author are listed at the end of the chapters.
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Chapter 2
The Chopping Technique

As briefly explained in Chap. 1, the chopping technique has been applied to convert
DC input signals into AC signals that can then be capacitively coupled to the input
stage of a capacitively coupled amplifier. Since chopping up-modulates offset and
1/f noise away from DC, high precision, i.e., microvolt offset and low 1/f noise, can
be achieved. These characteristics make such amplifiers ideally suited for the
amplification of small low-frequency signals. In this chapter, the basic working
principle of chopping and its application in precision amplifiers will be discussed. It
will be shown that chopping usually results in AC ripple at the chopping frequency,
which must then be suppressed. Thus, the techniques to reduce this ripple will also
be described. After this, the non-idealities of chopping will be discussed, followed
by a summary of its pros and cons. Finally, conclusions will be drawn at the end of
the chapter.

2.1 Basic Working Principle

Chopping involves the use of two synchronized polarity-reversing choppers [1-4]
for precise modulation and demodulation. Each chopper consists of four switches
driven by clock signals with two complementary phases at a certain chopping
frequency (fehop). In CMOS technology, the switches can be simply implemented
by MOSFETs, as shown in Fig. 2.1. In the time domain, as shown in Fig. 2.2, the
input chopper converts an input DC signal into a square wave. After amplification,
the output chopper demodulates this square wave back to DC. In the frequency
domain, the input chopper moves the DC signal to the odd harmonics of fhep, and
the output chopper moves the high-frequency components back to DC.

© Springer International Publishing AG 2017 11
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2.2 Basic Chopper Amplifier Topologies

2.2.1 Basic Chopper Opamp and Instrumentation Amplifier
Topologies

When chopping is applied to an opamp, as shown in Fig. 2.3, the input signal is first
moved to the odd harmonics of fu,op by CHj,, then amplified, and finally moved
back to DC. Meanwhile, the offset and 1/f noise of G,,; are up-modulated by CH,,
to the odd harmonics of foop. Thus, ideally, an offset- and 1/f noise-free opamp is
obtained. It is worth pointing out that in Fig. 2.3, the effective DC gain of the
opamp is equal to the gain of Gy, at fehop, Which is usually much lower than its gain
at DC. Thus, to ensure sufficient gain, multiple gain stages are often employed [5].
In a two-stage opamp, for instance, the output chopper (CH,,) can be located at the
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Fig. 2.3 Voltages in the
frequency domain in a
chopper amplifier

Fig. 2.4 Schematic of a
two-stage chopper opamp
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input of the second stage, as shown in Fig. 2.4. The amplifier’s effective DC gain is
then the gain of Gy, at fohop multiplied by the DC gain of Gpp.

Chopping usually does not introduce extra noise, especially when the choppers
are positioned at low impedance nodes. In the situation of Fig. 2.4, for instance, the
main noise source is the on-resistance of the input chopper. Thus, by making this
low enough, its noise contribution can be made negligible.

To realize a chopper instrumentation amplifier (IA), a resistive feedback network
can be added around a chopper opamp (Fig. 2.5). If high-input impedance is

Fig. 2.5 Schematic of
chopper IA with resistive
feedback network
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required, an extra feedback transconductance G,,; can be employed together with a
resistive divider (Fig. 2.6). The latter topology is known as an indirect current
feedback IA (CFIA) [1, 3]. The high-open-loop gain of the opamp ensures that the
output current of G,,; cancels that of G,,,3, so that V;;, is equal to Vy,. Thus, Vi, will
be equal to Vi, X % X %ﬁ*&. In this case, G35 also introduces offset and

'EI.S<H
g
\/

—_
CHinZT,Cr2

1/f noise; thus, a third chopper CHg, must be employed.

The up-modulated offset and 1/f noise in both chopper opamps and IAs, how-
ever, will appear as output ripple which must then be eliminated. A straightforward
way of doing this is by employing a low-pass filter at the output of the amplifier.
However, the filter itself can introduce extra offset (in the case of an active filter)
and noise (both for active and for passive filters), which are only suppressed by the
closed-loop gain of the previous chopper amplifier and, thus, may not be suffi-
ciently reduced [6]. Moreover, to obtain sufficient filtering, the cutoff frequency of
the filter should be sufficiently low, which also limits the bandwidth of the whole
signal path (chopper amplifier + filter). Thus, alternative ripple-reduction tech-
niques are required.

The chopper stabilization technique is one way to suppress chopper ripple while
not necessarily introducing extra offset and 1/f noise, and affecting the signal
bandwidth. It involves placing a chopper amplifier in an auxiliary signal path,
which then does not limit the bandwidth of a main amplifier. By limiting the
bandwidth of the auxiliary single path, its ripple is reduced. In the following, the
chopper stabilization technique will be discussed in more detail.

2.2.2 Chopper Stabilization

The basic topology of a chopper-stabilized amplifier is shown in Fig. 2.7 [1, 3, 7].
The amplifier consists of two signal paths: a main signal path consisting of A; and
an auxiliary signal path consisting of A, and Aj;. This topology has been used in
several state-of-the-art designs [7-10]. The main signal path provides wide signal
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bandwidth and is thus often referred to as the high-frequency path (HFP), while the
auxiliary path provides low offset and high DC gain, usually has limited bandwidth,
and thus is often called as the low-frequency path (LFP). To achieve low offset, the
offset of the HFP must be taken care of. In the presence of a global negative
feedback as shown in Fig. 2.7, the offset of A; (V) will be amplified and then fed
back to the input of the LFP. Thus, it will be corrected by the high-gain LFP. The
residual offset due to V4 can be expressed as [3]:

Vosl X Al .
A2 X A3

Verror =

(2.1)

Thus, as long as there is sufficient gain in the LFP, the residual offset is negli-
gible. It is worth mentioning that the low-frequency 1/f noise of the HFP is also
suppressed by the LFP in the same manner. The offset of the LFP, however, is
removed by chopping.

The main advantage of chopper stabilization is that it can achieve high band-
width and high DC accuracy at the same time. The chopping ripple generated in the
LFP is suppressed by limiting its bandwidth, e.g., by the deliberate insertion of a
low-pass filter (often an integrator). The disadvantage of this approach, however, is
the reduction in power efficiency associated with the use of two signal paths.
Another potential concern is that when microvolt-level residual ripple is required, a
low-pass filter requiring large passive components may be needed to restrict the
bandwidth of the LFP. This can increase the chip area significantly. Thus, better
methods to sufficiently reduce the chopping ripple without consuming too much
power and chip area are required.
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2.3 Ripple-Reduction Techniques

Consider the case of the CFIA shown in Fig. 2.6, and if its bandwidth is lower than
the chopping frequency, then the ripple voltage Viippie at its output will be a tri-
angular wave and its amplitude can be estimated by:

Vos X Gml

o ml 2.2
2 ><fChop X Cm1,2 ( )

Vripple =

where V, is the offset of G,,. For instance, with Vo3 =5 mV, G,; = 100 puS,
Cmi2 = 10 pF, and fehop = 50 kHz, Viippie 18 0.5 V. Such a large ripple is usually not
tolerable and must be removed. To suppress a 0.5 V ripple to, for instance, 50 puV, a
suppression factor of 10,000 is needed. This cannot be easily achieved by either
employing a low-pass filter at the output of the amplifier or chopper stabilization.

Recently, many highly effective ripple-reduction techniques have been published
[4, 5, 7-15]. Four of these will be discussed here; they are as follows: a
switched-capacitor (SC) notch filter [7, 8]; an AC-coupled ripple-reduction loop
(RRL) [11]; an auto-correction loop [10]; a digitally assist RRL [12]; and the
combination of chopping and auto-zeroing [16, 17]. These techniques will be
discussed in the following sections.

2.3.1 The Switched-capacitor (SC) Notch Filter

A simplified SC notch filter published by Burt [8] is shown in Fig. 2.8, along with
its timing diagram. An SC network is placed at the output of CH,,,,. The switching
frequency f; is chosen to be the same as fuop, but with a 90° phase shift (Fig. 2.8).

fehop fehop SC notch filter _| |Cm1
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Fig. 2.8 Simplified block diagram of an amplifier employing the SC notch filter
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During the first half of the chopping phase ®.;, the ripple is sampled on Cg;.
Assuming that the ripple has a triangular shape, its amplitude will be ideally zero on
the falling edge of the sampling clock f;. At this moment, Cy, is disconnected from
the output of CH,,, and then connected to G,,, until the rising edge of f;. In this
way, the ripple is not seen by G,,. To obtain a quasi-continuous signal, a second
sampling capacitor Cs,, operated in anti-phase, replicates the operation of Cg;. In
the frequency domain, the SC network forms a narrow notch around fehep in the
transfer function of the amplifier. This filters out the ripple while leaving the
low-frequency signal untouched. The noise introduced by the SC notch filter is
mainly kT/C noise. However, since the notch filter is behind the first stage, its noise
should be sufficiently suppressed by the gain of the first stage especially in the
low-frequency range.

This approach is highly power efficient, since the SC network does not consume
any bias current. Moreover, since it operates continuously, it is ideally immune to
offset drift. However, it also has a few drawbacks. One drawback is the phase delay
of the SC notch filter, which is 90° at fehop. Thus, it will cause instability around
Jehops assuming the amplifier’s bandwidth is higher than fo,op. As a result, a chopper
stabilization architecture (Fig. 2.7) is employed by [8] and the SC notch filter is
used in the LFP. In this way, the high-frequency behavior is mostly taken over by
the HFP, which does not suffer from this delay. Secondly, this approach can
potentially consume a large chip area. This is because a ripple voltage is integrated
on Cy », whose peak amplitude should be kept within the output swing of G,;. For
instance, with 10 mV V., 100 uS Gy,;, and 10 kHz fihop, the value of C»
required to limit the peak ripple voltage Vipple Within 2.5 V is:

Voff X Gml 1 08
Coty = _ — 20 pF 2.3
12T 0 % funop X Vepple 2% 10kx25 P (23)

The situation becomes more severe in low noise and low voltage designs, where
Gy must be increased and its output swing will be restricted. Increasing fenop can
help save chip area. However, it also results in more charge injection and clock
feed-through errors, which will be explained later in Sect. 2.4.

2.3.2 AC-Coupled Ripple-Reduction Loop

In 2009, an AC-coupled ripple-reduction loop (RRL) was described by Wu [12].
A simplified block diagram of the RRL is shown in Fig. 2.9. It consists of two
sensing capacitors Cs; », a demodulation chopper CHggy, an integrator built around
Gpn3, and a compensation transconductor Gp,4. Cs; 2 sense the ripple and convert it
into an AC current. Assuming the ripple is a triangular wave, the AC current is then
a square wave as shown in Fig. 2.9. The AC current is then demodulated to DC by
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Fig. 2.9 Block diagram of the AC-coupled ripple-reduction loop

CHggy, and integrated by the integrator built around G,,3. The output DC voltage of
the integrator is then converted into a compensation current /.o, by G4, Which
cancels the offset current I Of G- When Loy, is equal to Ly, the ripple will
completely disappear.

Like the SC notch filter, the RRL creates a notch at fu,op. The effectiveness of the
RRL greatly depends on its loop gain, which in turn depends on the design
parameters such as the DC gain of G,,3. The width of the notch can be designed by
adjusting parameters such as G, Cin 2, and Cp . A complete theoretical anal-
ysis, including the calculation of the notch width, can be found in [12].

The noise of the RRL is injected into the amplifier via G,4. To minimize its
contribution, G4 is often designed to be much smaller than G,,;. However, the tail
current of G,,,4 must then be sufficient to compensate for the maximum /,ge. Thus,
G4 1s often biased in strong inversion or with resistor degeneration.

A problem of the circuit shown in Fig. 2.9 is the offset of the integrator built
around G,,,3. This offset will be up-modulated by CHgg;, and directly coupled to the
output of the amplifier via Cg;,. Thus, in reality, the circuit shown in Fig. 2.9 is
hardly employed. To correct this error, the offset of G,,; must be removed. The
methods of doing so will be introduced in Chaps. 5, 6, and 7.

The RRL is not as power efficient as the SC notch filter. However, it offers more
design flexibility. The width of the notch, thus the phase delay, for instance, can be
designed by adjusting several parameters such as fehops Gma> Cinii,2, and Cryp o [12].
Moreover, it is not located in the main signal path, which makes the frequency
compensation more relaxed when compared to the SC notch filter.
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2.3.3 Auto-Correction Feedback Loop

This technique was first described by Kusuda [11] in 2010. A simplified block
diagram is shown in Fig. 2.10. Unlike the AC-coupled RRL, the auto-correction
feedback loop senses the ripple at the output of CH,,. In this case, a small
square-wave ripple is present at the output of CH,,. This small ripple voltage is
then sensed and converted into a current by G,,,;3 and demodulated to DC by CHgg .
This current is then integrated by the integrator built around G4, which is further
converted into a compensating current Iy, by Gys.

However, not only the ripple but also some of the input signal will be sensed and
suppressed by this loop. For instance, in the presence of a DC input signal, a DC
signal voltage will appear at the input of G,,3, which will then be up-modulated and
filtered by the integrator built around G,,4. A residual AC signal voltage will then
be converted to an AC current by Gy,s, which will compensate the AC signal
current of Gy,;. This can result in a significant gain reduction in the signal band. To
solve this problem, a notch filter is employed which removes the up-modulated
residual signal voltage at the output of G,,4. In this way, the DC signal is ideally not
affected by the auto-correction loop.

Similar to the AC-coupled RRL, the noise of the auto-correction loop is injected
into the main signal path via G,,s. Thus, to limit this noise, G,5 should be much
smaller than G;.

The power efficiency of the auto-correction loop is comparable to that of the
AC-coupled RRL. Sufficient ripple suppression can be guaranteed by increasing the
loop gain, which in turn depends on the parameters such as the DC gain of G 4.

The advantage of the auto-correction loop compared to the AC-coupled RRL
shown in Fig. 2.9 is that it does not sense at the output of the amplifier. This is
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Fig. 2.10 Simplified block diagram of an auto-correction loop
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desired in applications where the amplifier is succeeded by a circuit that generates
extra ripple at the output, such as the charge injection and clock feed-through of the
input switches of a SC circuit. This extra ripple may overload the AC-coupled RRL
and thus ruin its performance. The disadvantage of this approach, however, is also
due to its sensing point, which is at the virtual ground instead of the amplifier’s
output. This means that the ripple signal is often quite small and thus a more
accurate RRL with higher loop gain is required. The need for a notch filter also
increases the complexity of this approach.

2.3.4 Digitally Assisted Trimming

This technique was described by Xu [13] in 2011. A simplified block diagram of
this approach is shown in Fig. 2.11. After start-up, the amplifier’s input is shorted,
and thus, its offset voltage will be converted into an offset current I,; by Gy, and
appears as a ripple at the output. The peak voltage of this ripple is sampled by a
sample-and-hold (S&H) circuit and then converted into digital bits by an ADC. The
digital bits are then converted into a current by a DAC, compensating I Later,
when the RRL is settled, the digital bits will be frozen and the amplifier will be
connected to the signal source.

The RRL will be shut down after it settles; thus, this approach is very power
efficient. The main disadvantage of this approach is that it is vulnerable to offset
drift after the RRL is frozen. Moreover, to correct the offset sufficiently, high
resolution is required for both ADC and DAC, which can be tricky to implement.
Reducing the resolution of the ADC/DAC will thus result in residual ripple [13].

2.3.5 Chopping + Auto-Zeroing

Before explaining the technique of combining chopping and auto-zeroing, an
introduction of auto-zeroing is necessary, which will be given in the following.

Fig. 2.11 Digitally assisted Cm1
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2.3.5.1 The Auto-Zeroing Principle

Auto-zeroing is also a commonly used technique to achieve low offset [1-3]. The
basic principle of auto-zeroing is illustrated in Fig. 2.12. A SC network driven by a
digital clock is built around an opamp G,;. In the first clock phase @, G, is
connected in unity-gain configuration, and its offset is thus sampled on C,,, and
meanwhile appears at its output. In the next clock phase ®,, G,,; amplifies the input
signal, and its offset V,, is canceled by the voltage stored on C,,, in @,. Ideally, the
voltage stored on C,,, should be equal to V,, and thus, G,,; appears to be offset
free. Similarly, the low-frequency 1/f noise components are also stored on Cy, >
and so are canceled. However, the higher frequency 1/f noise components are less
correlated and so cannot be effectively canceled [2].

Auto-zeroing can also be applied in an auxiliary amplifier. This is shown in
Fig. 2.13 [1, 2], where an offset compensation loop is implemented around the
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Fig. 2.12 Basic block diagram of a simplified auto-zeroed amplifier
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Fig. 2.13 Block diagram of an amplifier using auto-zeroing auxiliary loop
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input transconductor G,;,. In @1, G, is disconnected from the signal source. Its
input is shorted so that its offset voltage is converted into an offset current and then
integrated on the integrator built around G,,5z. The output voltage of G,z is then
converted into a current by G, which will cancel the offset current of G,
completely. In @,, G, is connected to the input signal, and the input of G,z is
disconnected from the output of G;,. The integrator built around G,oz, however,
holds the compensation voltage stored in @,, so that the offset of Gy, is also
compensated in @,. The advantage of using an auto-zeroing loop rather than its
simplified counterpart (Fig. 2.13) is that the errors of auto-zeroing (such as the
charge injection and clock feed-through errors of Ssg in Fig. 2.13) are better
suppressed by its high loop gain. Thus, the auto-zeroing loop is more accurate.
Since there is nothing up-modulated, no ripple is expected ideally.

However, auto-zeroing has a major drawback: increased baseband noise. The
sample-and-hold (S&H) action of Cy,;» in Fig. 2.12 will result in noise folding,
which increases the noise level at low frequencies [1-3]. This effect is illustrated in
Fig. 2.14. It can be seen that without auto-zeroing, the low-frequency noise is
dominated by the 1/f noise, while with auto-zeroing, the low-frequency noise is
dominated by the white noise that has been folded back from high frequencies. For
the complete (and rather complicated) theory of noise folding, readers are suggested
to refer to [2, 18]. For amplifiers employing auto-zeroing loop shown in Fig. 2.13,
however, the increased low-frequency noise can have a much smaller bandwidth by
reducing the bandwidth of the auto-zeroing loop as explained in [16]. The price,
however, is that the auto-zeroing loop will require a longer time to settle.

2.3.5.2 Chopping + Auto-Zeroing

From the above introduction, it is clear that auto-zeroing ideally does not introduce
aripple, but suffers from increased baseband noise. When auto-zeroing is combined
with chopping, however, the increased baseband noise can be up-modulated to high
frequencies. Thus, a low baseband noise floor can be obtained. This is shown in
Fig. 2.15 [17] and Fig. 2.16 [16]. In [17], the increased baseband noise bandwidth
is about 2X auto-zeroing frequency. Thus, the chopping frequency is chosen to be
2X auto-zeroing frequency. As a result, low noise is obtained in low frequencies. In
[16], however, the auto-zeroing noise bandwidth is reduced by a slow auto-zeroing
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Fig. 2.15 Block diagram of a two-stage amplifier applying both chopping and auto-zeroing
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Fig. 2.16 Block diagram of an amplifier employing both chopping and auto-zero

loop. Thus, a lower chopping frequency is chosen, which results in less charge
injection and clock feed-through errors.

The advantage of combing chopping and auto-zeroing is that ideally no ripple is
expected and a low baseband noise can be obtained. The drawback, however, is that
it does not provide continuous-time operation. To obtain continuous-time operation,
a ping-pong technique should be employed [19], which involves the use of two
identical input stages. During half of the auto-zeroing cycle, one input stage is being
auto-zeroed, while the other is amplifying the signal. This approach, however,
significantly increases the power consumption of the whole amplifier and thus is
less preferred.



24 2 The Chopping Technique
2.3.5.3 Summary

The presented ripple-reduction techniques all have their own advantages and dis-
advantages. The SC notch filter and the digitally assisted RRL are both very power
efficient. However, the former suffers from a fixed phase delay and a trade-off
between chopping frequency and chip area, while the latter suffers from offset drift
and an accuracy compromised by the limited resolutions of the ADC/DAC. The
AC-coupled RRL and the auto-correction feedback loop are less power efficient, but
offer more design flexibility. Last but not least, chopping combined with
auto-zeroing has a trade-off between continuous-time operation and power
efficiency.

Apart from the digitally assisted RRL, the SC notch filter, the AC-coupled RRL,
the auto-correction loop, and chopping combined with auto-zeroing are immune to
offset drift. The basic concept shared by the SC notch filter, the AC-coupled RRL,
and the auto-correction loop is the implementation of a notch filter. Thus, when they
are applied in a single-path amplifier, they all create a notch in the amplifier’s
transfer function. And like any type of notch filter, this will result in a ringing step
response (Fig. 2.17). The settling time of the ringing is determined by the relative
position of the poles and zeros of the notch filter, as explained in [20]. This is
undesirable in applications where fast settling is required. Thus, better techniques
are required. Although chopping combined with auto-zeroing does not introduce
such as notch, its power efficiency is low when continuous-time operation is
required.

One solution to suppress a notch in the transfer function is to use chopper
stabilization, where the HFP can be used to compensate for the loss of the gain
associated with the notch. Design examples will be presented later in Chap. 5.
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2.4 Chopping Non-idealities

Regardless of the topology employed, the chopper switches’ non-idealities them-
selves can cause extra offset and ripple. In this section, these non-idealities will be
described in detail.

First, a mismatched parasitic capacitance ACp,; (Fig. 2.18) from the clock line to
one of the inputs of CH,,, results in an AC current. This current can be modeled as
an AC voltage at the input of G,,;, which, in turn, can be modeled as a residual
offset Vg at the input of CH;,. This can be roughly estimated as [3]:

Vclk X ACpol X 2fchop .
Gml

Votrt = (2.4)

For instance, with V=3V, AC, =11F, fuop=30kHz, and
G = 100 pS, Vogy is then 1.8 mV. Similarly, a mismatched parasitic capacitance
ACy;; from the clock line to one of the outputs of CHj, again results in an AC
current, which is then demodulated by CHj;, and converted into a voltage by the
source resistance R,. Thus, a second residual input offset Vg, is obtained, which
can be estimated by Witte et al. [3]:

Ve X ACpit X 2fchop
Ron

Vorn = (2.5)

Furthermore, a mismatched parasitic capacitance AC,, (Fig. 2.18) introduces an
AC clock feed-through spike, which is then filtered by the integrator built around
Gyp and appears as an output ripple. The amplitude of this ripple Vi, can be
estimated by:

Vclk X ACpoZ .

Vrip1: C12
ml.

(2.6)
Thus, a residual ripple is obtained. Similarly, the mismatched parasitic capaci-

tance ACp;, again introduces an AC clock feed-through current spike at the input of
the amplifier, which is then converted into a voltage by the source impedance R,

fenop

g - - . Cm1
.-'_\Cplzg l g_-"\CpH :\Cpo]é l ACpo2 _I I_

EoR I oo %
in  Rsiz2 m1 m2 out
i

= e =

CHin CHout

Fig. 2.18 Chopper opamp with mismatched parasitic capacitors
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and then filtered by the whole amplifier and appears as another ripple Vi, at the
output:

Ve X Acpiz X Rg X Gml )
le42

VripZ = (27)

Finally, the mismatch between the chopper switches will result in mismatched
charge injection errors, which have the same effects as mismatched clock
feed-through as explained above. Thus, to ensure low residual errors, the layout of
the choppers, including the chopper switches and the clock lines, must be as
symmetrical as possible.

2.5 Chopping Pros and Cons

Chopping ensures continuous-time operation and does not necessarily introduce
significant noise as explained before. However, the up-modulated offset and
1/f noise will produce a ripple at the output of an amplifier. Thus, ripple-reduction
techniques introduced earlier should be employed. Moreover, in ultra-low noise
applications, the noise of the on-resistor of the input chopper switches may not be
negligible (1 kQ ~ 4nV/A/Hz). To reduce this on-resistance, the overdrive voltage
of the chopper switches or the width of the switches should be increased, which can
result in more charge injection and clock feed-through errors. Last but not least,
chopping can reduce the input impedance of the amplifier as shown in Fig. 2.6. In
the presence of both CHj, and parasitic capacitors Cy» at the input of Gp,; (for
instance, gate capacitance of the input pair, parasitic capacitance due to routing), a
SC resistor is formed. Its DC differential resistance R;, can be calculated by:

1

Rip = ———
f;:hop S Cpl,2

(2.8)

As a result, compared to a non-chopped amplifier, a chopped amplifier’s DC
input impedance is lowered. To obtain a higher input impedance, lower chopping
frequency and smaller Cy,; » should be realized.

2.6 Conclusions

Based on the above, it can be concluded that by employing chopping, capacitively
coupled chopper amplifiers can easily obtain low offset and low 1/f noise. The
ripple due to chopping can also be sufficiently reduced by various ripple-reduction
techniques. Building on this introduction to chopping, the working principles of
capacitively coupled chopper amplifiers will be discussed in detail in Chap. 3.
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Chapter 3
Capacitively Coupled Chopper Amplifiers

As discussed in Chap. 1, capacitively coupled chopper amplifiers can potentially
handle input common-mode voltages far beyond their own supplies. Furthermore,
their inherent use of chopping means that they can also achieve microvolt offset and
low 1/f noise. In this chapter, the operation of capacitively coupled chopper
amplifiers will be described in more detail. The capacitively coupled chopper
opamp (CCOPA) topology will be presented first (Sect. 3.1), followed by the
capacitively coupled chopper IA (CCIA) topology (Sect. 3.2). For both topologies,
an analysis will be made of their offset, input-referred noise, and power efficiency
and also discussed will be their common-mode rejection ratio (CMRR), input CM
voltage range (CMVR), input impedance, and settling and transient issues. For the
CCIA especially, an analysis of gain accuracy and output transient will be added.
Finally, the chapter ends with conclusions.

3.1 Capacitively Coupled Chopper Opamps (CCOPA)

A capacitively coupled chopper opamp (CCOPA) is shown in Fig. 3.1. It consists
of two gain stages G,; and G,», a couple of choppers CH;, and CH,, two input
capacitors Cj,;, and two biasing resistors Ry, and Ry,. The DC signal is first
up-modulated by CHj,, travels to the input of Gy,; through Cj,;», and is then
converted into an AC current. The AC current at the output of G,,,; is demodulated
by CH,, and integrated on the integrator built around G,,.

Unlike the conventional chopper opamps shown in Figs. 2.3 and 2.4, whose
input transconductors are usually variations on a differential pair, the input
transconductor of the CCOPA shown in Fig. 3.1 consists of the combination of
Cin12, Rv12 and G,;. This has consequences for its input characteristics. The
equivalent input transconductance G,,;, can be expressed as follows:
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Fig. 3.1 A block diagram of a capacitively coupled operational amplifier

JORy1 2Cint 2

Gunin = Gy 201250012
e ! 1+ jwRp 2Cini 2

(3.1)

It is obvious that G,,,;, has a high-pass transfer function, with a corner frequency at
1/27Ry1 2Cin1 » Hz. Since the input stage is chopped, it handles signals at the chop-
ping frequency fcnop- And so the high-pass corner of Gy, should be designed well
below fehops SO that the effective input transconductance will be roughly equal to Gp,;.

3.1.1 Offset and 1/f Noise

As explained in Chap. 2, the offset and 1/f noise of G,,,; are up-modulated by CH,,,
filtered by the integrator built around G,,;, and finally appear as ripple at the output
of the amplifier. This ripple can be suppressed by the ripple-reduction techniques
introduced in Chap. 2. Due to the use of chopping, the CCOPA can obtain low
offset and 1/f noise.

3.1.2 Noise and Power Efficiency

To achieve high power efficiency, Gy, is usually biased in weak inversion.
However, the presence of parasitic capacitances Cpn; 2 at the input of G, €.g., the
bottom-plate parasitic capacitances of Cj,;,, layout parasitics, and the input
capacitance of G,,; (Fig. 3.1), means that Eq. (3.1) must be modified as follows:

JORy1 2Cint 2
ml N
1 +joRy 2 (Cinl,2 + Cpinl,z)

Gnin =G (3.2)

It can be seen that the high-pass corner of G, decreases slightly to
1/27Ry1 2 (Cin172+Cpin1,z). But more importantly, at finop, Gmin decreases by a
factor equal to Ciyy o/ (Cinl,z 4 Cpian)- In consequence, the voltage noise of G
will be amplified by (Cinu + Cpinl,z)/ Cin12 when referred to the input of G,
Thus, to minimize noise, Cpin» must be designed to be much smaller than Gy ».
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Apart from G,;, each biasing resistor Ry,» also generates thermal noise, whose
input-referred value can be expressed as follows:

1 [4 kT
Vige = 33
RO 21 X Cin12 X fehop \| Rot2 )

For good power efficiency, this noise source should be much smaller than the
noise contributed by Gy,;. Thus, the resistance of Ry, ; is normally very high (tens
of Mega ohm). Different implementing ways of these resistors in a compact manner
will be described in Chaps. 5, 6, and 7.

A common misunderstanding about a capacitively coupled chopper amplifier is
that it suffers from the same noise-folding problems as an amplifier with a
sample-and-hold (S&H) circuit at its input, e.g., one using the flying capacitor
technique presented in Chap. 1 [1]. In the latter case, large capacitors may be
required to achieve low noise [2]. However, a capacitively coupled chopper
amplifier does not suffer from the same noise-folding problem. This is because the
input capacitors Ci,; » (Fig. 3.1) are always connected to the input source, and thus,
no S&H action is involved. As a result, the noise voltage contributed by the input
capacitors and chopper is equal to the noise voltage of the chopper’s on-resistance,
which is in most cases negligible.

3.1.3 Common-mode Rejection Ratio (CMRR)
and Common-mode Voltage Range (CMVR)

The DC CMRR of a CCOPA should be quite high. Assuming that the CMRR of
CH;, is infinite, then any DC CM input voltage will be completely blocked by
Cin1.2, and so no errors can be created.

With a properly designed input chopper CH;,, the input CMVR of the CCOPA
can be potentially increased to the breakdown voltage of the input capacitors Ciy; ».
And very importantly, this does not cost any extra power. The input CM voltage of
G is set to an arbitrarily low reference voltage via Ry, 5, and thus, it can employ a
simple low-voltage PMOS/NMOS differential pair. This is a big advantage of a
CCOPA compared to other conventional high-voltage opamps, which must employ
high supply voltages to expand their CMVR [3-5], and thus, consume more power.

3.1.4 Input Impedance

The input impedance of the CCOPA is relatively low, since Cj,, are switched
between V;,, and Vj,_ in every clock cycle. This requires charging and discharging
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current from the signal source. Thus, the input chopper and capacitors circuit can be
seen as a resistor connected between V,,. and V;,— terminals. The value of this
resistance can be calculated as follows:

1
* 2fenop (Cpint 2 + Cp12)

in (34)
In an opamp, however, this is not critical because in the presence of an external
feedback network, the CCOPA’s high open-loop gain will make its input a good

virtual ground, at which the signal swing is nearly zero. Thus, a relatively low input
impedance is tolerable.

3.1.5 Settling and Transient Issues

A disadvantage of a CCOPA is that the speed of its CM response is limited by the
time constant formed by Ci,; > and Ry, as follows:

T=Ro12 X Cin1 2 (3.5)

When the CM input signal is a step function, a transient current will be injected
into Ry > via Ciy; 2, and consequently, the voltage at the input of Gy, will rapidly
increase or decrease. Protection diodes should then be added in parallel to Ry, 5 to
limit the maximum CM voltage to V,.; £ 0.7 V at the input of G,,;. For this voltage
to come back to 0.99 V.., a time equal to at least 5t (t = Ry 5 X Cyyy0) is then
needed. During this time, any mismatch between Ry, and Ry, will result in a
temporary offset voltage at the input of G,,;, which will in turn generate output
ripple. When ripple-reduction techniques (Sect. 2.3) are employed, this temporary
offset can be suppressed.

Another situation is that when a continuous CM sine wave with an amplitude of
Agn and frequency of f;;, is fed to the CCOPA, the input of G,,; will only see a
fraction of this sine wave Ay, gmi Which can be calculated by the following:

Ry A Rp12
0 C: | +R — Lsin 2
|Ja) inl,2 b1,2 \/(Zn X fin X Cin12) +R§172

Asinmal - Asin (36)

In order to keep the CCOPA working, A, Ggm1 must be smaller than 1.4 V (p—
p); otherwise, the protection diodes will turn on and clip the input of G,;. As a
result, the maximum amplitude and/or the frequency of the input CM signal are
restricted by Eq. (3.6).
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3.2 Capacitively Coupled Chopper IAs (CCIA)

The first CCIA was published by Denison in 2007 [6] for LV biomedical applica-
tions. However, this had a single-ended output. A simplified block diagram of a
differential CCIA is shown in Fig. 3.2. It consists of a two-stage Miller-compensated
opamp (G, and G,y,), an input chopper (CH;,), an output chopper (CH,,), a
feedback chopper (CHg,), and a capacitive network (Ci,; 2 and Cgyy ). An input DC
signal is first up-modulated by CH;,, and then converted into an AC current by Ci, 2.
This AC current flows through Cp, 5, creating an AC voltage, which is finally
demodulated by CHy,. As a result, a DC signal is obtained at the CCIA’s output. And
the gain of the CCIA is simply Ci,i2/Cs12. To bias Gy, properly, two biasing
resistors Ry » are added at the input of G,,;. At steady state, the input CM voltage of
Gy, thus equals to Vi as shown in Fig. 3.2.

It is possible to make a single-ended CCIA, which is already introduced in
Sect. 1.3. The drawback is reduced peak-to-peak output voltage swing, since a
reference voltage (Vi in Fig. 1.10) equal to about half the supply is usually
employed. Moving CH,,, to the output is also possible. In this case, CHg, is no
longer needed. However, the penalty is the reduced equivalent DC gain as
explained in the case of a CCOPA.

3.2.1 Offset and 1/f Noise

Like the CCOPA, chopping up-modulates the offset and 1/f noise of G, so that
low offset and low 1/f noise are obtained.

3.2.2 Noise and Power Efficiency

To evaluate the power efficiency of the CCIA, the main noise sources must be
analyzed first: the noise of Gy,,; and Ry, ». For high power efficiency, Gy, should be
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Fig. 3.2 A block diagram of a capacitively coupled chopper 1A
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biased in weak inversion. And its input-referred noise voltage Vg1 can be cal-
culated as follows [6]:

Cini2 +Ci12 +Cpi2
Viemi = . =X V; 3.7
om! Cin12 : (3.7)

where C,; » are the parasitic capacitors at the input of G,,;, which includes the gate
capacitances of the input transistors, the parasitic capacitances associated with
Cin12 between the virtual ground (V, in Fig. 3.2) and ground, the layout parasitics.
According to Eq. (3.7), the noise of the CCIA will be almost equal to the noise of
Gmi when Cpyy» is much smaller than Cjy;,, provided Cp;, are also negligible
compared to Cj,; . Thus, the CCIA can be very power efficient with relatively high
closed-loop gain (Cjn1 2/C12 > 5). Like the CCOPA, the biasing resistors Ry »
also generate noise which can be calculated from Eq. (3.3). With a proper design of
Ry 2 and a relatively high closed-loop gain (>5), the CCIA’s power efficiency can
be optimal, i.e., close to that of a simple differential pair biased in weak inversion.
This is a big advantage of the CCIA compared to the conventional topologies such
as a three-opamp or current feedback topologies. In a classic three-opamp IA [7, 8],
the noise is determined by at least two input buffers, while in a current feedback IA
(Fig. 2.6 [9-11]), the noise is determined by an input and a feedback stage.

3.2.3 CMRR and CMVR

The CMRR of the CCIA is also quite high especially at DC as for a CCOPA.
Similarly, with a proper input chopper the CMVR of a CCIA can be potentially
increased to the breakdown voltage of the input capacitors.

3.2.4 Gain Accuracy

A CCIA can achieve high gain accuracy since this depends on the mismatch
between Ciy» and Cy,y . With careful layout and good lithography, a gain error
close to 0.1 % can be achieved. When the voltage coefficient of the capacitors is
low, this gain error becomes relatively independent of the input and output CM
voltage difference of the IA. This is a big advantage of a CCIA compared to some
other traditional IA topologies. For instance, the gain accuracy of a CFIA shown in
Fig. 2.6 is dependent on its input and feedback transconductor mismatch and the
accuracy of the resistor bridge. The transconductor mismatch usually has a strong
dependence on the input and output CM voltage difference of the IA [9], which
means that without special precautions, the gain accuracy will be limited to about 0.
5 % in the presence of large input and output CM differences [10].
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3.2.5 Input Impedance

The input chopper and input capacitors form an equivalent resistor, the DC resis-
tance of which is calculated by the following:

1

_ 3.8
2fchop X Cin1 2 (3:8)

Zin_pc =

Normally, Ciy,; > are in the order of a few Pico farad. And thus, the input impedance
can be in the order of a few Mega Ohm to tens of Mega Ohm. Compared to a chopper
CFIA with the same chopping frequency, the inputimpedance of a CCIA is thus Ciy o/
Cp1 2 times lower than that of the CFIA, where C,,, » is the input parasitic capacitance
of the CFIA’s input stage. This, however, is not a problem in applications where the
source impedance is low. For instance, in the current-sensing applications which will
be presented in Chap. 6, the source impedance will be no larger than a few hundreds of
Ohm. Thus, the input impedance of a normal CCIA will be sufficient. However, in
applications where the source impedance is much higher, the input impedance of the
CCIA must be increased. A solution will be presented later in Chap. 7.

3.2.6 Output Spikes

When an output signal V,,, is present, the feedback capacitors are sampling either
+Vour OF =V due to the feedback chopper. The charging and discharging currents
required by this process thus introduce output spikes, since the output stage nor-
mally has a finite output impedance and current. The larger V,, is, the more
charging and discharging currents are required, and thus, the bigger the output
spikes are. These spikes are not desired in most applications and thus must be
eliminated. Various solutions to this problem will be introduced in Chap. 6.

3.2.7 Settling and Transient Issues

Lastly, just like the CCOPA, the biasing resistors and the input capacitors limit the
CM response at the virtual ground of the CCIA with a time constant calculated by
Eq. (3.5).

3.3 Conclusions

From the above introductions, it is not difficult to conclude that both the CCOPA
and CCIA can achieve microvolt offset and low 1/f noise. With proper design, low
noise and low power consumption can be achieved simultaneously in the case of a
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CCOPA. In the case of a CCIA, the same can be achieved with a closed-loop gain
larger than about 5. Thanks to the input capacitor; high DC CMRR and CMVR can
be expected. However, to withstand the high-input CM voltage, a special input
chopper must be used. This will be discussed in details in Chap. 4. As mentioned
earlier, the transient settling of both the CCOPA and CCIA is limited by the time
constant determined by the biasing resistors Ry, » and input capacitors Cj,; . Thus,
care must be taken when fast signals (both differential and CM) are present. Finally,
for a CCIA especially, high gain accuracy can be expected when capacitors with
low voltage dependence are available. The output spikes, however, should be made
negligible. A solution to this problem will be presented in Chap. 6.
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Chapter 4
Choppers for High Input Common-Mode
Voltages

As described in Chaps. 1 and 3, capacitively coupled chopper amplifiers can
potentially achieve an input CMVR equal to the breakdown voltage of their input
capacitors. However, this cannot be realized without a high-voltage (HV) input
chopper that is also able to handle such voltages. Although an isolation transformer
can be used to drive the MOSFETs of a normal chopper (Sect. 1.2), this technique
is not compatible with standard IC technology. Thus, other realizations must be
found. One solution is to realize the chopper switches with HV transistors.
However, the required gate control signals cannot be provided by standard
low-voltage (LV) digital circuits, and so special level shifters are required. Another
solution is to use a HV amplifier to “boost” the LV clock signal. This, however,
consumes extra power. A better solution is to again employ capacitive coupling.
A LV clock signal (swinging from 0 to 5 V) can then be superimposed on the input
CM voltage and used to drive the gates of the HV switch transistors. In this chapter,
the design of the chopper switches will be discussed. This is followed by a dis-
cussion of a number of HV chopper topologies, some of which are used in the
amplifiers presented later in the thesis. Later, a discussion of circuits to protect the
HV chopper from input transients will be given. The chapter ends in conclusions.

4.1 Choice of Transistors

In the 0.7-um technology used for most of the amplifiers presented in this thesis,
there are two types of HV transistors: DMOS transistors and floating HV NMOS
transistors. In this section, the characteristics of these transistors and their suitability
for use in a HV chopper will be discussed. Although 0.7-um CMOS technology
can be considered as rather old-fashioned, the similar types of transistors to
be discussed in the following can be widely found in many more advanced tech-
nologies, making the discussion still relevant even if the reader is using a different
technology.
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Fig. 4.1 Simplified cross G
section of a non-floating B S D
DMOS transistor o o O

There are two types of DMOS transistors in 0.7-um technology: the standard
DMOS and the floating DMOS. In Fig. 4.1, a simplified cross section of a standard
DMOS transistor is shown. Due to the extra N-well, a large drain—source breakdown
voltage is obtained (up to 100 V). And thanks to a thick gate oxide, a large gate—
source breakdown voltage (12 V) is also obtained. However, both source and drain
terminals cannot be driven more than 0.7 V below the P-substrate. Thus, this type of
transistors cannot be used when a large negative input CM voltage is present.

The cross section of a floating DMOS transistor is shown in Fig. 4.2. The major
difference with the standard DMOS is that the source and bulk terminals are buried
in an N-tub. In this way, they can be driven up to 100 V below the P-substrate. The
isolation can be modeled by two junction diodes connected back-to-back, as shown
in Fig. 4.2. Dy, represents the diode between the N-tub and the ground P-substrate,
and Dy, represents the diode between the local P-well and the N-tub. However, the
drain terminal is directly connected to the N-tub and cannot be driven more than
0.7 V below the P-substrate. Thus, this type of transistor also cannot be used in the
presence of large negative CM voltages. When used in a chopper, the large drain—
source breakdown voltage of a DMOS is not particularly advantageous since the
drain—source voltage is defined by the amplitude of the differential input signal,
which, in precision systems, is usually below 300 mV.

The floating HV NMOS transistor is a LV NMOS transistor that is situated ina HV
N-tub. The cross section of a floating NMOS transistor is shown in Fig. 4.3. It consists
of aLV NMOS transistor, a local P-substrate, and a HV N-tub which is surrounded by
a common P-substrate connected to ground. The N-tub is capable of floating up to
100 V with regard to the P-substrate, and the local P-substrate is capable of floating
down to at least —30 V with regard to the N-tub. Like the floating DMOS transistor,

Fig. 4.2 Simplified cross
section of a floating DMOS
transistor
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Fig. 4.3 Cross section of a S G D B sub
HV floating NMOS transistor

Psubstrate

this isolation can again be modeled by two junction diodes connected back-to-back, as
shown in Fig. 4.3. When used in a chopper, the local P-substrate can be connected to
the input of the chopper and the N-tub is left floating. When the potential of the local
P-substrate rises with the CM input voltage, the potential of the N-tub will follow it;
when the potential of the local P-substrate decreases with the CM input voltage, the
potential of the N-tub will decrease but not further than 0.7 V below ground. In this
way, the chopper switches can safely be operated at CM voltages ranging from —30 V
to 100 V. The voltages between any two terminals (gate, drain, source, and bulk),
however, must be restricted to less than 5 V.

To conclude, both DMOS and floating HV NMOS transistors can be used as HV
chopper switches. However, when large negative CM voltages are expected, only
floating HV NMOS transistors can be used. Another advantage of these transistors
is their low resistance, around 4 kQ/um (@5 V Vg and 0.2 V V), which is much
lower than the 40 kQ/um (@12 V V4 and 0.2 V V) of DMOS transistors. The
threshold voltage of DMOS transistors is also higher than that of the floating
HV NMOS transistors. As a result, the floating HV NMOS transistors are the
preferred switches for a HV chopper. In next section, several HV chopper
topologies will be introduced.

4.2 High-voltage (HV) Chopper Topologies
4.2.1 HYV Chopper with HV Amplifier Level-Shifter

A HV chopper using a HV amplifier level-shifter has been described by C. Birk in
[1]. A simplified schematic of the chopper is shown in Fig. 4.4. Although the
chopper switches in [1] were realized by DMOS transistors, the concept of this
topology can be applied to other types of transistors. With the complementary clock
signal applied to MN; and MN,, an amplified clock signal is obtained at node A.
However, the maximum gate—source voltage of the DMOS transistors used in [1] is
only 5 V. Thus, the clock swing at node A must be limited. By using MN3, the
lowest gate—source voltage of MNs, 5 is limited to —Vy,,3 (threshold voltage of
MN;3); and by employing D;_3 and MP;, the maximum gate—source voltage of
MNs; 5 is limited t0 3Ving + Vinp (Where Vg is the threshold voltage of D;_3, and
Vinp 18 the threshold voltage of MP,).
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Fig. 4.4 Schematic of a HV chopper switch driven by HV amplifier level-shifter by Birk [1]

The main drawback of this approach is that a certain amount of bias current /; must
be drawn from a high supply voltage. Thus, more power consumption and an extra pin
for the high supply voltage are required. To overcome these drawbacks, the HV
amplifier level-shifter should be eliminated, e.g., by using capacitive coupling. In the
following section, a number of capacitively coupled HV choppers will be introduced.

4.2.2 Capacitively Coupled HV Choppers

The basic capacitively coupled chopper is shown in Fig. 4.5. The clock signal is
AC-coupled to the gates of the four chopper switches via four capacitors, Cyy_14.
The DC level of the gates, however, is undefined and so must be fixed properly.
This can be done by adding diodes around the chopper switches as shown in
Fig. 4.6. Two sets of diodes (forward and reverse) are connected to the gates of
every switch. The “reverse” diodes connected from the source to the gate ensure
that the gate voltage is always less than about 0.7 V below the source voltage. And
the “forward” diodes connected from the gate to the drain ensure that the gate
voltage never rises more than 2.1 V above the drain. Different numbers of forward
and reverse diodes can be used. However, it is best to use just one reverse diode,
since more diodes will result in an unnecessary loss of overdrive voltage. The
number of forward diodes depends on the supply voltage and the desired overdrive
voltage.

In the particular case shown in Fig. 4.6, the gate source/drain voltages of the
chopper switches switch between —0.7 V and 2.1 V when the clock signal
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Fig. 4.5 Schematic of a capacitively coupled chopper
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Fig. 4.6 Schematic of a capacitively coupled chopper with diodes

amplitude is greater than 2.8 V. As a result, the overdrive voltage of the chopper
switches is fixed and independent of the input CM voltage. Thus, unlike a standard
chopper (Fig. 2.1), the overdrive voltage of a capacitively coupled chopper is
independent of the input CM voltage, and thus, the chopper is essentially free of
CM-voltage-dependent charge injection and clock feed-through.

However, this circuit still has a problem. When the clock signal amplitude is
lower than 2.8 V, the gate voltages will float somewhere between —0.7 V and
2.1 V with an amplitude almost equal to the clock signal. In this case, the overdrive
voltage of the chopper switches will not be well defined.
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Fig. 4.7 Schematic of a capacitively coupled chopper with latches

To avoid this situation, the diodes can be replaced by latches, which then fix the
DC level of the switches’ gate voltages. This solution is shown in Fig. 4.7 [2].
During one clock transient, MNs and MN; are turned on, and the gate voltages of
MN; and MN, become equal to the CM input voltage (Vinp, and Vi, respectively).
During the next clock transient, MNg and MNg are turned on, and the gate voltages
of MNj; and MN, become equal to Vj,;, and Vi, respectively. Meanwhile, the clock
signal is coupled to the gates of MN,; and MN, via coupling capacitors C;; and Cj3.
After a few cycles, the clock signals at the gates of MN;—-MN, will switch between
Vinp and Vi, with a certain amplitude V. This amplitude V. is determined by
the ratio between the coupling capacitors C;_j4 and the gate parasitic capacitances
C,, of each chopper switch and can be written as:

Cn

Veelk = Velk =———
cclk clk Cll + va

(4.1)

where Vi is the amplitude of the coupled clock signal, which is generally equal to
the supply. It is worth pointing out that this equation is also applicable to other
capacitively coupled choppers, such as the one shown in Fig. 4.6.

With the diodes replaced by the latches, the gate voltage of the chopper switches
is always higher than V;,,/Vi,, and so is not floating. The design can be simplified
by tying the gates of MN; (MNj3) to that of MN, (MNy) as shown in Fig. 4.8 [3].
This, however, introduces asymmetry in the chopper, since the charge injection and
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Fig. 4.8 Schematic of the capacitively coupled chopper with all NMOS transistors

clock feed-through errors of the latch (MNs_g) will be injected only into terminal
Vinp-

pOne drawback of capacitively coupled choppers with latches, however, is that
the input signal must be smaller than roughly 0.3 V. This is because the reference
of the latch is tied to one of the inputs. Thus in Fig. 4.8, for instance, when
Vinp = 1 V and Vi, = 0V, the gate voltages of all the switches will exceed 1 V.
As a result, MN, and MN, will never turn off.

For large signals, the chopper of Fig. 4.8 can be modified as shown in Fig. 4.9
[4]. The added structure is called a minimum selector, as it selects the lowest input
voltage. The reference of the latch is connected to the output of the minimum
selector (point A). Now when Vj,, =1 V and Vj,, = 0 V, MNg will be turned on,
and the voltage at point A will be 0 V, thus setting the reference of the latch to 0 V.
As a result, all the transistor switches can now be turned off.

4.3 Transient Protection

In the presence of large transient signals, the chopper’s NMOS transistors must be
protected, since they are actually LV transistors and so the voltage between any two
of their terminals must be restricted to less than 5 V.

Taking the chopper of Fig. 4.8 as an example, two protection diodes D, , are
added as shown in Fig. 4.10 [3]. In the absence of clock signals, the diodes D, and
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D, ensure that the output of the chopper follows the input when the CM input
voltage decreases rapidly. Furthermore, the bulk—drain diodes of MN,_4 limit the
drain—source voltages of the corresponding transistors to 0.7 V when the CM input
voltage increases rapidly.

To protect the gates of the chopper switch transistors, a model circuit consisting
of MN-_y is added, as shown in Fig. 4.10. As the CM input voltage increases, the
bulk—drain diodes of MNj5 g ensure that the gates of MN;_4 are not more than 0.7 V
lower than Vi, If the input CM decreases, MNp is turned on which increases the
voltage drop across Cy3. This action is then mirrored by MN; g, which force the
gates of MN_4 to follow Vj,,. Moreover, if the clock signals overlap briefly, both
MN5 and MNg will be on for a short moment. During this moment, a relatively
large transient current will occur, which will be injected into the Vj,, terminal
(Fig. 4.10). To limit this current spike, resistors R,;—R;4 can be added.

Similar protection schemes can be applied to all the other choppers introduced
above.

4.4 Conclusions

The capacitively coupled choppers presented in this chapter can be used in a variety
of applications in which the CM input voltage does not exceed the breakdown
voltage of the floating N-tub. If the input signals are small (<300 mV), then the
choppers of Figs. 4.7 and 4.8 can be used, while for larger signals the chopper in
Fig. 4.9 can be used. In both cases, the protection diodes and current limiting
resistors introduced in Sect. 4.3 (Fig. 4.10) can be used to protect the choppers
during large input voltage transients.

Having presented the design of suitable HV choppers, we are now ready to
discuss their application in capacitively coupled chopper amplifiers that are capable
of handling large (beyond-the-rail) CM voltages. This will be the topic of Chaps. 5
and 6.
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Chapter 5
Capacitively-Coupled Chopper
Operational Amplifiers

In Chap. 3, the basic capacitively-coupled chopper topology for operational
amplifiers (opamp) has been described. In this chapter, two capacitively-coupled
chopper opamps (CCOPA) will be presented. They both achieve wide input
common-mode voltage range (CMVR) and high precision. The first opamp employs
a single-path architecture and features high power efficiency and simplicity. The
second opamp is more complex and employs a multipath architecture. Thus, it is less
power efficient, but has a wider bandwidth and a smoother transfer function.

5.1 Introduction

An opamp is a basic building block of analog circuit design and is often used to
implement instrumentation amplifiers (IAs), integrators, filters, comparators, and so
on. To satisfy the needs of such diverse applications, a wide input CMVR is pre-
ferred. Conventional techniques for extending the CMVR of an opamp include the
use of a complementary input stage or the use of a charge pump (or a HV supply) to
power a simple differential pair. These approaches, however, all significantly
increase the opamp’s power consumption. Thus, a more power efficient way of
achieving wide CMVR is required. Moreover, when used in precision measurement
systems, microvolt offset and high common-mode rejection ratio (CMRR) are
required. To simultaneously obtain wide input CMVR, high power efficiency, and
precision, a CCOPA is proposed, whose basic working principle has been introduced
in Chap. 3. This allows the opamp’s CMVR to be extended maximally to the
breakdown voltage of the input capacitors without any extra power dissipation.
When combined with chopping, microvolt offset and high CMRR can be expected as
explained in Chaps. 2 and 3. Chopping introduces ripple which must be suppressed,
and this is done by employing a ripple-reduction loop (RRL). The RRL, however,
creates a notch in the opamp’s transfer function as explained in Chap. 2. Moreover,
an input signal at f.,0p can be demodulated by the input chopper and then blocked by
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the input capacitors (Fig. 3.1). To overcome these problems, a multipath CCOPA is
proposed, which achieves a smooth transfer function, an output step response
without significant chopper ripple, and wider bandwidth.

In Sect. 5.2, the traditional techniques to boost the input CMVR are first intro-
duced. Then, the design of a single-path CCOPA will be described from system level
to transistor level in Sect. 5.3, followed by the measurement results. Later, a mul-
tipath CCOPA will be described in Sect. 5.4, with system-level, transistor-level
design considerations and experimental results. This chapter ends in conclusions.

5.2 Conventional Techniques to Expand the CMVR

Two techniques that are often used to extend CMVR are as follows: the use of a
complementary input stage [1-4] and the use of a charge pump [5-7] or an extra
HV supply. A complementary input stage is shown in Fig. 5.1. It consists of an
NMOS and a PMOS differential pair in parallel. A folded-cascode stage then sums
up the signal currents of the NMOS and PMOS input pairs. The NMOS pair has an
input CMVR from V) to Vdd; where V) is the voltage at which the NMOS pair is
turned on. While the CMVR of the PMOS pair is from GND to Vp; where Vp is the
voltage at which the PMOS pair is active. When Vy < Vp, the input CMVR of the
amplifier will be rail-to-rail. However, when Vy > Vp, a deadband will be formed,
during which neither the NMOS or the PMOS pairs will be turned on.

A charge pump is shown in Fig. 5.2. In ®,, Vdd is converted into a charge and
stored on capacitor C; and in ®,, this charge is redistributed between C and Cy;
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Fig. 5.1 A complementary input stage with a folded-cascode stage
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Fig. 5.2 A basic charge pump with load resistor and a load capacitor

thus, the voltage stored on C; (V) is increased. After several clock cycles, Vi
will be gradually equal to 2Vdd. Thus, when a PMOS differential pair is powered by
Vours its CMVR can extend from GND to a voltage somewhat higher than Vdd.
Rather than implementing a charge pump, whose clock frequency may then leak
into the input signal, an extra HV supply can also be used.

Nowadays, power efficiency is required in most applications, and so the input
stage usually consumes most of the supply current. Both of the techniques
described are rather power inefficient: The use of a complementary input stage
doubles the supply current, while the use of a charge pump or an external HV
supply raises the voltage applied to the input stage and thus its power consumption.

5.3 The Single-Path Capacitively-coupled Operational
Amplifier (CCOPA)

In this section, the design and implementation of the single-path CCOPA will be
given. Later, the experimental results will also be shown.

5.3.1 Design of the Single-Path CCOPA

A simplified schematic of the CCOPA (for the basic operation see Chap. 3) is
shown in Fig. 5.3. It consists of an input chopper CHj,, an output chopper CH,,,
two HV input capacitors Cj,;; and Cj,jp, an input transconductor G, and a
nested-Miller integrator built around G, and G,3. The input differential signal is
first up-modulated by CH;,, converted into a current by the input transconductor
Gn1, then demodulated back to baseband by CH,,, and finally integrated by the
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Fig. 5.3 Schematic of the basic CCOPA

integrator built around G, and G,,,3. With the HV input capacitors and the floating
input chopper, the CMVR of the CCOPA is greatly extended. The input CM DC
level of Gy,1, however, is fixed by the biasing resistors Ry112 t0 Vier. Thus, Gy is
powered by low supply voltage, and no HV transistors are required. To protect Gy,
in the presence of a large CM transient voltage step, four protection diodes are
added in parallel with Ry . In this way, the CM input voltage of G,,; can never
exceed Vi £ 0.7 V.

5.3.1.1 Frequency Compensation of the CCOPA

As shown in Fig. 5.3, the CCOPA employs three gain stages to ensure high DC
gain. Thus, nested-Miller compensation is employed to ensure its stability, which
normally requires the following equation to be fulfilled [1]:

Gm 1 Gy 1Gp
Iml < 2 Jm2 < _Jm3 (5_1)
le 2 Cm2 4 Cl
In this work, the CCOPA is designed to be conditionally stable for a closed-loop
gain higher than 20, since it’s main application is precision amplification. As a
result, Eq. (5.1) can be relaxed and the following equation should be satisfied:

G 16w 16w, (5.2)
Cni — 2Cp — 4 G
One consideration, however, is focused on the position of the dominant pole. Since
the CCOPA is designed for precision applications, its input-referred noise should be
minimized. Thus, the input transconductance G,,,; should be maximized. Meanwhile,
arelatively small G, is preferred to save power consumption. As a result, according
to Eq. (5.2), Cp,; has to be much larger than C,,,», which leads to extra chip area. The
solution to this problem is to swap the positions of the poles associated with Gy,; and
G2, Which means that Eq. (5.2) can be modified as follows:
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Gm2 _ 1Gm _ 1Gm3

oS30, 54 x 20 (5.3)

In this way, the dominant pole is no longer defined by G,,; and C,,;, but rather
by G and C,,,. Thus, a relatively small G, can be employed to save power
consumption, and a relatively small C,; can be used to save chip area. The slew
rate of the circuit, however, may be limited by G, and Cy,»1 2. Thus, to enhance
the slew rate, the output current that G, is able to deliver must be optimized.
However, the same story also applies to Gy,;, since a signal current is required to
charge Cy,; 5 as well.

5.3.1.2 Input Chopper

Several floating choppers with beyond-the-rail CMVR have been introduced in
Chap. 4: two small-signal topologies (Figs. 4.7 and 4.8) and a large signal topology
(Fig. 4.9). For a CCOPA, the input differential signal is always small since its input
will serve as a virtual ground. Thus, one of the small-signal topologies can be used.
The symmetry of the chopper, however, is important. When the CCOPA is used
with a resistive feedback network as shown in Fig. 5.4, any asymmetrical charge
injection and clock feed-through spikes will be transferred to the input of the
amplifier via the input resistors Ri,11,. As the resistance increases, the
input-referred errors increase. To minimize this error, the input chopper should be
as symmetrical as possible. And thus, the fully symmetrical chopper for small
signals shown in Fig. 4.8 is most suitable for a CCOPA.
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Fig. 5.4 Schematic of the basic CCOPA with resistive feedback network
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5.3.1.3 Switched-Capacitor Ripple-Reduction Loop (SC RRL)

In a chopper amplifier, the up-modulated offset and 1/f noise cause ripple. To
suppress this, a ripple-reduction loop (RRL) can be employed. The working prin-
ciple of a RRL has already been introduced in Chap. 2 (Fig. 2.9). However, the
RRL presented in Chap. 2 is not very practical because the offset of the RRL
integrator G,3 will, via Cg;, give rise to large residual ripple. To eliminate this
offset, the integrator can be auto-zeroed. However, a standard auto-zeroed integrator
must be reset within one clock phase so that its offset can be stored on an auto-zero
capacitor. During that phase, the output of the integrator is equal to its offset voltage
and cannot be used to compensate for the offset of the CCOPA’s input stage. To
solve this problem, a modified auto-zeroed integrator is proposed. A block diagram
of the RRL with this integrator is shown in Fig. 5.5. The SC integrator comprises of
sensing capacitors Cs;,; a demodulation chopper CHggy; integration capacitors
Cin1 2; auto-zero capacitors C,, 2; and a single stage opamp G,,5. CHggr is syn-
chronized to fihop. The rest of the switches (S;—S¢) are driven at a switching
frequency f, which is chosen to be half of f.hop. The two half cycles of f serve as an
integration phase ®; and an auto-zero phase ®,, respectively, with each phase
incorporating a complete cycle of fonop. Thus, during @y, a full cycle ripple can be
detected by the RRL. A timing diagram is shown in Fig. 5.5. During @, Cy;,
converts the ripple voltage into an AC current, which is then demodulated by
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Fig. 5.5 CCOPA with a new switched-capacitor ripple-reduction loop
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CHgre and integrated on Cjn . The voltage on Cinq» is then converted into a
current by G4 to compensate for the offset current of Gy,. During ®@,, Cs; 5 is
shorted to ground so that no ripple current is integrated. Gy,s is configured in a
unity-gain configuration so that its offset is sampled and stored on C,,;>. During
this time, Cjy > is disconnected from the output of G,,s, holding the voltage set at
the end of the final @, and then connected to the input of G,4. In this way, the
correct compensating current is steadily injected into G,; during both phases. In the
ideal case, the compensating current fully compensates for the offset current of G,
leaving no output ripple at steady state.

It would also be possible to choose fs equal to 2fu,0p. The difference is then that
instead of a full cycle of ripple, only a quarter cycle of the ripple is detected during
one switching cycle. However, this choice will increase the power consumption of
the integrator opamp, since its bandwidth must be at least 5 X higher than f5. An
even lower fg is also possible, but any switching non-idealities such as charge
injection and clock feed-through associated with S;—S¢ could result in residual
ripple at fs. This residual ripple can only be filtered by the CCOPA itself. Thus,
decreasing fs too much is undesirable.

The noise of the RRL can be designed to be negligible. This can be done by
choosing a much smaller G4 than G,,,; as explained in Sect. 2.3. The SC integrator
built around G,,5 contributes noise, which includes both the noise of G,,5 and the
KT/C noise of the switches. However, this noise can often be neglected. This is
because when referred to the output of the integrator, this noise will be shaped by a
sinc function [8] and thus exhibit much more noise in low frequencies and much
less noise in high frequencies. The noise at low frequencies is then suppressed by a
rather small G4, up-modulated by CH,,,, and then filtered by the integrator built
around G, and G,,3. As a result, the noise of this SC integrator can often be made
quite negligible.

5.3.2 Implementation of the Basic CCOPA

In this session, important implementation details with regard to the input CM
biasing of G,,;, the transistor-level design of G,1, G2, Gin3, input floating chopper,
and the SC RRL will be given.

5.3.2.1 Global Parameters (fchop and Cing,2)

Jenop 18 an important design parameter, which, however, is not always easy to choose.
Several factors should be taken into account. First, f.;.p should be far away from the
signal bandwidth, since the RRL will introduce a notch at fu,op in the CCOPA’s
transfer function (Sect. 2.3). Second, fchop should be higher than the 1/fnoise corner
of G,1, which is in this case ~5 kHz, so as to fully remove the 1/f noise from the
signal band. Third, as explained in Chap. 2, the residual offset depends on the charge
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injection and clock feed-through errors of the chopper switches. Thus, a relatively
low fehop is preferred to achieve a low residual offset. A fourth consideration is the
residual chopper ripple, which is due to the non-idealities of the RRL. With low fchep.
these errors become larger and more difficult to filter. Based on these considerations,
Jfehop 18 chosen to be 25 kHz in this work. Later, measurement results will prove that
this choice results in sufficient 1/fnoise suppression, and a good combination of both
low residual offset and low residual ripple.

The choice of the value of the input capacitors Ciy; » is also not straightforward.
The main function of Cj,;, is to isolate the input CM voltage; thus, theoretically,
any value will do. However, in practice, there are several considerations. First, to
save chip area, Cj,; > should be minimized. Second, a compromise must be made
between the input-referred noise of the biasing resistors Ry, » and the time constant
determined by Ry and Ci,;». This has been explained in detail in Chap. 3. To
reduce the input-referred noise of Ry 2, Cin1 2 should be large. However, for a fast
CM settling at the input of Gy, Cin12 should be small. Last but not least, the input
impedance of the CCOPA is determined by fchop and Ciny . And thus, Ciy » should
be relatively small to obtain a high input impedance. In this work, low noise is very
important since the CCOPA is intended for precision measurements. The input
impedance, however, is not so critical since the input of the CCOPA will serve as a
low-impedance virtual ground, which is guaranteed by its high open-loop gain. As a
result, Cj,;» are chosen to be relatively large: 8 pF. The chip area consumed by
Cin1.2, however, is still acceptable. The CM settling time at the input of G, is also
determined by Ry, >, which will be discussed later.

5.3.2.2 Implementation of the Input Chopper

A schematic of the input chopper is shown in Fig. 5.6. For its implementation, the
following three points were considered: charge injection and clock feed-through
errors, noise contribution, and transient protection during large CM input. Charge
injection and clock feed-through errors are already suppressed by the symmetrical
design of the chopper. This, however, is only guaranteed by careful layout.
Furthermore, the size of the NMOS transistors MN5_;4 should be minimized. To
ensure that the input chopper does not contribute significant voltage noise, MN;_4
are chosen to be relatively large (W/L = 6/0.7) to achieve a low on-resistance. The
overdrive clock signal is determined by Eq. (4.1) and is roughly 2.5 V according to
post-simulation. The resulting on-resistance of MN;_4 is thus ~ 1 kQ, whose noise
contribution is then negligible. Finally, the value of the protection resistors R;1—R 4
is chosen to be 50 kQ.

5.3.2.3 Implementation of the Gain Stages (Gp,1, Gm2, and Gy,3)

The CCOPA is intended for precision measurements and thus its input-referred
noise should be minimized for a given power consumption. As a result, the input


http://dx.doi.org/10.1007/978-3-319-47391-8_3
http://dx.doi.org/10.1007/978-3-319-47391-8_4

5.3 The Single-Path Capacitively-coupled Operational Amplifier (CCOPA) 55

Irﬂ
gJ— D1
L L G2t
20V T
T MN4
| 1—4' (|3in22
CMVR | *7] oLt e [
[]Ral []R32 ~
-0.6V MNs SE@—MNBMN? Pﬁl, o
MN10 MN13!
MM12 MMN14
MNg MM 11
\Yj R11 R13 R12 R21 Rz3|| Raz
2 Cu:[I]: C13 C12:[‘]: 021:[']: Ca3 szz[‘]:
1‘3 r‘E L L

Fig. 5.6 Schematic of the input floating chopper

stage G,; employs a simple PMOS differential pair, which is biased in weak
inversion. G, employs a folded-cascode topology. The schematic of G,; and G,
are shown in Fig. 5.7. It can be seen that the input stage of the common-mode
feedback (CMFB) circuit of G, is taken from the input stage of G, rather than
directly from the output of G,,;. This is because the offset of G, (V,s) will be
chopped by CH,,, and will appear as a square wave over the parasitic capacitor
Cp21-3. The currents required to charge and discharge Cy»;_3 require an AC voltage
at the input of Gy,;. This AC voltage is demodulated to DC by CHj;,, and appears as
a residual offset V5, which can be estimated by [9]

4V052fchop CpZ

V =
osl Gml

(5.4)

where CP2 = Cp22+(Cp21 + Cp23)/2 For V5, = 10 mV,fchop = 25 kHz, Cp2 =1 pF,
and Gy, = 23 pS, Vi is around 43 pV. To reduce this effect, Cp,, must be min-
imized. As a result, the input of the CMFB circuit of G,,; has been shifted from the
output of G, to the input of G,,,. Also, the size of cascoding transistors MN;, c»
and MP., ., has been minimized to reduce Cp,. For improved common-mode
stability, the NMOS current sources have been split into MN¢y1, cm2 and MNyp;, p2
with a ratio of 1:2. Finally, the floor plan was optimized to minimize parasitic
routing capacitances.
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Fig. 5.7 Schematic of G,1, G, and Gy3

As mentioned before, the CCOPA 1is designed to be stable for a closed-loop gain
higher than 20, and Eq. (5.3) should be satisfied. With G,,; = 28 uV, Gy =
32 uV, Gz =23 pV, Cpp = Cp = 13.5 pF, and an expected load capacitance
C) around 70 pF, Eq. (5.3) can be fulfilled. It is not difficult to find that the above
parameters are not only designed to satisfy Eq. (5.3). With G,,; = 28 pV, the
simulated input-referred noise is around 40 nVA/Hz. With Cp; = 13.5 pF, the
bandwidth of the CCOPA is roughly 16.5 kHz (with a closed-loop gain of 20),
which is smaller than fop. As a result, the notch introduced by the RRL at fipop can
be outside the signal band of the CCOPA. Moreover, the total in-band noise voltage
of the CCOPA is ~5 uV, which is comparable to the targeted input-referred
residual offset (<10 pV). G, is made relatively small to save power consumption.
And, G,,3 employs a class-AB output stage to ensure a good driving compatibility.
A schematic of Gy, is shown in Fig. 5.7.

5.3.2.4 Implementation of the Input CM Biasing Resistors

The biasing resistors Ry; » shown in Fig. 5.3 define the input CM voltage of Gy,;.
As explained in Chap. 3, they also contribute input-referred voltage noise and
influence the CM settling time at the input of Gy,;. With fi,0p = 25 kHz and
Cin12 = 8 PF, Ry are chosen to be 50 MQ, whose input-referred noise voltage
can then be calculated by Eq. (3.3) and is 14.4 nV//Hz. This is negligible compared
to the input-referred noise of Gy,; (40 nV/VHz). The CM settling time can then be
calculated from Eq. (3.8) and is ~400 ps. The large resistors are implemented by
two NMOS transistors biased in subthreshold region [10] and are shown in Fig. 5.8.
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5.3.2.5 Implementation of the SC RRL

The block diagram of the RRL is shown in Fig. 5.5. The RRL creates a notch
whose bandwidth is given by [11]:

Gm4 Cs

—_— 5.5
27—5le Cint ’ ( )

ﬁ)RRL =

where forrp is half of the notch width. With G4 = 126 uS, Cs =2 pF,
Cin = 4 pF, and C,,; = 13.5 pF, forry is calculated to be around 7.4 kHz. With a
minimum closed-loop gain of 20, the bandwidth of the CCOPA is ~16.5 kHz.
Thus, the notch generated by the RRL is outside the bandwidth of the CCOPA,
which is at fihop = 25 kHz. To make the noise of the RRL negligible compared to
that of G, G is designed to be 22 X smaller than G,,. C,, is chosen to be
1.4 pF, which is a compromise between the voltage error generated by charge
injection and clock feed-through and chip area.

G5 employs a telescopic topology, which is shown in Fig. 5.9. The ripple
suppression factor F' of the RRL is as follows:

o AGmS Gm4

F =22
2Cm]fch0p

(5.6)

where Agns is the open-loop gain of Gys. The open-loop gain of the G5 is
simulated to be around 80 dB. To determine whether this suppression factor is
enough, the unsuppressed ripple should be calculated assuming the offset of Gy, is
5 mV:

V. _ Vottset * Gm1 _ S5mV - 28uS
Ple = op - Cmt 2~ 25KHz - 15 pF

= 186mV. (5.7)
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As aresult, with F equal to 85 dB, the output-referred residual ripple should then
be less than 17 pV, which is sufficient.

Several parasitic effects can generate residual ripple. First, the output of G5 has
to switch between its own offset and the voltage required to compensate for Gy,,;’s
offset. Due to the finite driving capability of G,s, the charging and discharging of
the parasitic capacitances at its output will result in spikes that will finally turn into
a residual ripple at the output of the CCOPA. To reduce this effect in a power
efficient manner, the output swing of G5 should be reduced. With an offset of G,
equals to 5 mV and G4/Gy,; equals to 1/22, the output voltage swing of the
integrator is limited to 100 mV. Second, the charge injection and clock
feed-through errors will result in a residual ripple as well. One obvious example is
the parasitic capacitance Cp, possibly due to layout, shown in Fig. 5.5. It intro-
duces an AC error charge, which is directly coupled to the output of the CCIA. This
residual ripple is at f;, which is half of f.;,op. To minimize this error, S; and S, are
capacitively driven by a latch (Fig. 5.10), which limits their overdrive voltage to
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about half of the VDD. Thus, the charge injection errors are also reduced by half.
Moreover, symmetrical layout of all the switches is a must.

5.3.3 Experimental Results

The CCOPA was implemented in a HV 0.7 pm CMOS process (Fig. 5.11). It
consumes 10 pA from a 5 V supply. Histograms of the residual ripple and the
residual offset (at fonop = 25 kHz) are shown in Fig. 5.12. Typical PSRR and
CMRR are higher than 114 and 140 dB, respectively. Its CMVR (—0.6 to 20 V) is
not limited by CH;, and Cj,, but rather by the ESD protection diodes of the pads
used. Its noise spectrum is shown in Fig. 5.13 with a 1/f noise corner at around
0.5 Hz.

The transfer function of the CCOPA is shown in Fig. 5.14, and a narrow notch at
Jenop 18 observed. Step responses at different input CM voltages are shown in
Fig. 5.15. It can be seen that the step response contains slowly decaying transient
ripple. This is because the input choppers demodulate signals near fu,op to DC,
where they are blocked by the input capacitors. This problem is exacerbated by the
use of the RRL, since this acts as a notch filter. The net result is an amplifier whose
step response exhibits slow-settling ripple at fchop. This is a major drawback of this
CCOPA.

At a gain of 20 and a 70 pF capacitive load, the CCOPA is stable. The input bias
current is less than 400 pA, and the input offset current is less than 300 pA.
Table 5.1 summarizes the CCOPA’s performance and compares it to the state of the
art. It can be seen that this is the only opamp that achieves a CMVR significantly
higher than its own supply. Compared to the LV opamps, it achieves a much wider
CMVR and a competitive NEF, and compared to a HV opamp, its power con-
sumption is much lower due to the absence of a HV supply.



60 5 Capacitively-Coupled Chopper Operational Amplifiers

(a) A (b) o
wvy S-

K, 8
O 4 -

£ ]

L 3

. 4

8 24

g 2+
=z 1M

0 02 04 06 0 1.0 20 30
Input-referred Ripple (V) Input-referred Offset (uV)

Fig. 5.12 Input-referred ripple @ gain = 100 (a) and offset (b), measured on 10 samples

Fig. 5.13 Output noise
spectrum density '335" i
(gain = 1000) 300u

lAvg  @NOvip ovi

VINHz b
fcorner=0.5Hz

- e e
10.08 156m Log Hz 100

Fig. 5.14 Transfer function v

of the CCOPA (gain = 20) 2%
a0 =20k s
LDg 1T : ¥ AUTOD
Mag fechop=25k
.8
R ST ....

Log Hz

1k Log Hz




5.4 MultiPath CCOPA

Table 5.1 Comparison with state-of-the-art opamps

61

This work | [12] [13] [14] [15] [16]
CMVR (V) |20>Vdd |40=Vdd |1.8=Vdd |18 =Vdd |3 <Vdd |5 =Vdd
Power (W) 50 p 7.2 m 30.6 n 2.65 m 715 p 72
Offset (uV) |3 120 3 0.78 1 1.94
Noise (nV/ 42 5.1 55 59 10.5 37
VHz)
NEF 5.1 8.3 8.7 8.4 4.8 54
GBW (kHz) |400 11,000 350 4000 1800 260 kHz
gain > 20 gain > 10
GBW / Lgyppiy |40 6.1 20.6 2.7 12.6 6.1
Fig. 5.15 Step response of
the CCOPA at different input ol S
CM voltages with 70 pF load “g /‘o‘ﬁ"‘
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54 Multipath CCOPA

In the previous section, a basic CCOPA has been described, which achieved wide input
CMVR with high power efficiency and high precision. However, it has a transfer
function notch around finop, Which is a significant drawback. Moreover, its bandwidth
should be limited such that the RRL notch is beyond the signal band. To solve these
problems, a multipath capacitively-coupled chopper-stabilized operational amplifier
(MCCOPA) is proposed. It employs an AC-coupled high-frequency path (HFP) which
has high gain at the notch frequency, thus effectively “burying” the notch.

5.4.1 Design of the Multipath CCOPA (MCCOPA)

As shown in Fig. 5.16, the MCCOPA consists of an AC-coupled high-frequency
path (HFP) and a chopped low-frequency path (LFP). The HFP consists of a
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Fig. 5.16 Schematic of the MCCOPA

two-stage amplifier: an input stage G, and a Miller integrator output stage built
around G0y As in the basic CCOPA, the DC CM inputs are blocked by HV
poly-poly capacitors Ci,; and Ci,po (8 pF), and so the input CM voltage of Gx;
can be set by two resistors Rpgio. Remip, Which are implemented as NMOS
transistors biased in the subthreshold region (Fig. 5.8) [10]. Dy;—Dg4 are employed
to protect Gy, during large input CM transients. The HFP actually has a band-pass
transfer function. The high-pass corner is theoretically determined by the time

constant of Ciymi 2 and Rymi ! fhighpass m

The LFP consists of a four-stage chopper amplifier: an input stage G,,,; ; (similar
to Gyup1) an integrator built around G, a transconductor G, 3, and an output
stage Gpou (shared with the HFP). As in the HFP, DC CM signals are blocked by
identical input capacitors Cj,;,. However, DC differential signals are
up-modulated by the input chopper CH;, and so can be amplified. As a result, the
MCCOPA’s low-frequency behavior is defined by the LFP.

To ensure a wide CMVR, the input chopper used in the basic CCOPA is again
employed here, and to suppress the chopping ripple, the same SC RRL is also used.
The rest of this section will discuss the amplifier’s frequency compensation, noise,
and residual offset.

5.4.1.1 Frequency Compensation

To smoothly combine the HFP and the LFP, multipath hybrid Miller compensation
is employed [17], with G,g1/Cna12 = GmLt/CmLi2- The frequency at which the
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gain of the HFP is equal to that of the LFP is called the crossover frequency f. oss-
To obtain a smooth transfer function, the high-pass corner of the HFP should be
lower than f,s. Below the crossover frequency f..oss, the LFP dominates; while
above it, the HFP takes over. f...ss can be tuned by adjusting Ci,; > and Gy 3. For
instance, reducing Cj, » reduces the bandwidth of the LFP, thus moving f. to a
lower frequency. Reducing G, 3 also reduces the bandwidth of the LFP, but also
decreases its DC gain. Thanks to the HFP, the LFP does not need to obtain a good
phase margin around the —3 dB bandwidth of the MCCOPA.

5.4.1.2 Noise Considerations

To ensure that the MCCOPA has a flat noise floor, careful design is required, since
there are several noise sources. The noise floor should be determined by thermal
noise: that of G, at low frequencies and that of G,,4; at high frequencies. To
achieve this, f.;.s should be set higher than the 1/f noise corner frequency of Gy,
so that its 1/f noise can be suppressed by the LFP; while the 1/f noise of Gy, is
up-modulated and suppressed by the HFP. The biasing resistors Ry and Rypq 2
also contribute noise. The noise current of Ryy;, is integrated on Ci,g;, and
appears as extra low-frequency noise at the inputs of G,,;y;. When referred to the
input of the HFP, this noise (V,zy) can be calculated by:

1
Virg = 1/4kT | R _ 5.8
e / Roti 2nf Cinmi 2 (5:8)

As aresult, V,zz becomes significant at low frequencies. Fortunately, this noise
will be suppressed by the extra gain of the LFP. However, to ensure that this
suppression is sufficient, Rypy;» must be carefully designed. At feross, Viga 1S cal-

culated to be /4kT / Ryn1 2 ﬁ, and Ry > should be made large enough to

ensure that this noise is negligible compared to the desired noise floor of the whole
MCCOPA. At lower frequencies, V,ry increases, but the LFP also becomes more
and more dominant. Thus, the net result is that the noise contribution of Ry > stays
almost constant. At higher frequencies, V, gy will decrease automatically.

The noise in the LFP also needs to be carefully designed. The noise current of
Ry11» 1s again integrated by Cj,r» and appears to be significant at low frequency.
However, this excessive low-frequency noise is up-modulated to high frequency by
chopping and thus is less significant in signal band. The DC noise contribution of
Ry1» can be calculated by Eq. (3.3).

5.4.1.3 Offset Considerations

Since the HFP is AC-coupled, its offset limits the residual offset of the entire
MCCOPA. This is because the DC input of G,y is set to zero by the AC-coupling
network, and so the HFP’s offset will appear as an offset current at the output of
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Gnai- In the presence of a feedback network around the MCCOPA, this current
will then be canceled by the LFP via G, 3. The HFP’s millivolt-level offset will
thus be suppressed by the ratio of the combined DC gain of G,11, Giro, and Gy 3
on the one hand, and the DC gain of G,,jy; on the other. Meanwhile, the offset of the
LFP itself is largely eliminated by chopping.

5.4.2 Implementation of the Multipath CCOPA

The implementation details of the input chopper, the SC RRL, are the same as those
of the basic CCOPA,; thus, they will not be repeated here. The frequency com-
pensation of the MCCOPA, and the implementation of its HFP and the LFP will be
presented in the following.

5.4.2.1 Frequency Compensation

As mentioned earlier, merging the HFP and the LFP smoothly is critical in the
design of the multipath CCOPA. For this purpose, hybrid Miller compensation
is employed which requires GmHl/CmHl = Gle,Z/Cle,Z' With GmHl,Z = Gle,2 =
14 pS, Cymi2 and Cpyyp 1, are chosen to be 3 pF so that a GBW of 743 kHz is set.
The crossover frequency fi.oss 1S set just above the 1/f noise corner of Gy,
(~5 kHz). The high-pass corner of the HFP, however, must be designed lower than
Jeross- The theoretical high-pass corner of the HFP is determined by Cj,g;, and
Rle’z. With CinHl,Z =8 pF and Rle,Z = 500 MQ, it is 40 HZ, which is much
lower than fioss- The choice of Ryy; » is based on noise considerations and will be
explained in the following.

5.4.2.2 Implementation of the HFP

The HFP is a classic two-stage Miller compensated amplifier. Its input pair is biased
in weak inversion to achieve high noise efficiency. With G,iy; = 14 uS, its white
noise floor is around 50 nV/¥Hz.

The output stage must obtain good driving capability. As a result, G, employs
a class-AB output stage, which is the same as that of the single-path CCOPA
introduced above. The schematic of the HFP is shown in Fig. 5.17.

As explained before, R,y > can generate excessive low-frequency noise and thus
must be carefully designed. In this work, Ry » are chosen to be 500 M€, so that at
fuross» its noise contribution [calculated by Eq. (5.8)] is roughly 22 nV//Hz. This is
not significant compared to the noise of G,,; (50 nV//Hz). As frequency goes
lower, the noise calculated by Eq. (5.8) increases, but it will be suppressed by the
increasing gain of the LFP. The result is a more or less constant noise contribution
in the entire bandwidth.
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5.4.2.3 Implementation of the LFP

Fig. 5.17 Schematic of the HFP

The LFP determines the low-frequency performance such as residual offset and
low-frequency noise floor. To obtain a minimum noise floor, the input stage G, ; is
biased in weak inversion, whose noise floor is also 50 nVA/Hz. Its topology is the
same as Gy in the single-path CCOPA (Fig. 5.7).

To suppress the offset of the HFP, the LFP must obtain sufficient DC gain.
Moreover, it should not have a very wide bandwidth. This is not only for power
saving, but also to suppress the residual ripple generated in the LFP due to chop-
ping. As a result, an integrator built around Gy 5 is used to increase the DC gain of
the LFP and simultaneously suppress the chopping ripple. G,,j » employs a classic
folded-cascode amplifier, which offers ~80 dB DC gain. A compensation
transconductance G, 3 is also often chosen to be relatively small to limit the
bandwidth of the LFP. Moreover, it must provide sufficient current to compensate
for the offset current of G,j;. As a result, it is often designed as a differential pair
biased in strong inversion. The tail current is determined by the maximum expected
offset current of Gy,y;. In this case, a maximum 5 mV offset from G, is expected,
which requires 70 nA compensating current. Thus, the tail current source of Gy, 3 is
chosen to be 90 nA.

Like Ry 2, Ror1,» must be carefully designed to minimize its noise contribution.
Its input-referred noise contribution can be calculated by Eq. (3.3). With fiyop
chosen to be 50 kHz and Ryp; », = 50 MQ, its input-referred noise contribution is 7.
2 nVAHz, which is negligible compared to the noise of Gpy ;.

With a total open-loop DC gain of 200 dB, the LFP can sufficiently suppress the
offset of the HFP. The residual offset V .. can be estimated as follows:
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A A
Viesoft = VOHM; (5.10)

Arpp

where Vg is the offset of Gy and is estimated as 5 mV. With
Agm1 X Acmz =~ 120dB, the residual offset is expected to be no bigger than 0.5 pV

5.4.3 Experimental Results of the MCCOPA

The multipath CCOPA was realized in a HV 0.7 pum CMOS process and has an
active chip area of 1.35 mm? (Fig. 5.18). It has an input CM range of 20 V, which
is limited by the ESD diode of the input bond pads and draws only 8 pA froma5 V
supply. Measurements on 14 samples show that its input offset is less than 3 pV
(Fig. 5.19a). The multipath CCOPA’s DC PSRR is greater than 120 dB, while its
DC CMRR is greater than 148 dB (Fig. 5.19b). The input-referred noise density is
56 nV/Hz, which is flat until at least 100 MHz (Fig. 5.20a). The input offset
current is below 95 pA, and the input bias current is less than 107 pA.

With resistive feedback, the residual ripple was measured at a closed-loop gain
of 100. Only the residual ripple at fpop is significant, which has an input-referred
mean amplitude of 0.125 pV and a maximum of 0.28 uV.

The frequency response of the multipath CCOPA is shown in Fig. 5.20b, where
no significant notch is observed. Differential step responses at 0 and 20 V DC input
CM voltages are shown in Fig. 5.21a. Figure 5.21b shows the transient output
ripple during step response with (above) and without (below) the multipath
architecture, respectively. It is obvious that the multipath architecture greatly sup-
presses the transient output ripple. Moreover, there are no output spikes as observed
in [18]. The CM step response of the multipath CCOPA is shown in Fig. 5.21c.
During a large descending CM step, MN;;_», are shortly turned on at the moment
when their drain voltages reach V0.7 V. This greatly speeds up the settling

Fig. 5.18 Chip micrograph
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Fig. 5.20 Output noise spectrum density (gain = 1000) (a); notch in the transfer function of the
CCOPA (gain = 20) (b)

process. The multipath CCOPA has a GBW of 800 kHz and is stable at a gain of 20
with 50 pF capacitive load. In Table 5.2, the multipath CCOPA’s performance is
summarized and compared with the state of the art. Compared to a classic
rail-to-rail opamp [5], it is able to achieve a CMVR far above its supply. Compared
to a HV opamp [4], it does not require HV supply and thus saves significant power
consumption. Compared to a single-path CCOPA, the step response of a multipath
CCOPA exhibits much less ripple, which also decays much faster. It also achieves
2 X more bandwidth.
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Table 5.2 Comparison with state-of-the-art opamps

MCCOPA | Single-path | [4] [5] [61 (7] [9]
CCOPA
CMVR (V) 20 > Vdd |20 > Vdd 40=Vdd |1.8=Vdd |1.8=Vdd |3 <Vdd |5=Vdd
Power (W) 40 p 50 p 72 m 30.6 2.65 m 715 pn 72 1
Offset (LV) 3 3 120 3 0.78 1 1.94
Noise (nV/ 56 42 5.1 55 59 10.5 37
VHz)
NEF 6.1 5.1 8.3 8.7 8.4 4.8 5.4
GBW (kHz) | 800 400 11,000 350 4000 1800 260 kHz
gain > 20 | gain > 20 gain > 10
GBW / Lyppiy | 100 40 6.1 20.6 2.7 12.6 6.1

5.5 Conclusions

Two CCOPAs have been described and implemented. Both opamps feature wide
input CMVR, high power efficiency, and high DC precision. However, the
single-path CCOPA has a simple architecture and suffers from a notch in the
transfer function. This notch results in a slowly decaying ripple during a step
response. To overcome this problem, the multipath CCOPA can be used. The
AC-coupled HFP buries the notch, and consequently, a much smoother step
response is obtained. Both CCOPAs achieves 3 puV input-referred offset more than
140 dB DC CMRR and good NEF of 5.1 and 6.1, respectively.
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Chapter 6

Capacitively Coupled Chopper
Instrumentation Amplifiers for High-Side
Current Sensing

In Chap. 1, it was mentioned that high-side current sensing is an important appli-
cation for capacitively coupled chopper amplifiers. In this chapter, capacitively
coupled chopper instrumentation amplifiers (CCIA) for this particular application
will be introduced in detail.

In Sect. 6.1, the background of current sensing is briefly introduced. Section 6.2
gives an overview of existing state-of-the-art IAs intended for this application. This
is followed by the system level design of the proposed CCIA in Sect. 6.3. The
realization details of the CCIA will be presented in Sect. 6.4. Experimental results
will be given in Sect. 6.5 and the chapter ends with conclusions.

6.1 Introduction

In power management systems, the supply current of a battery is often monitored
by a small series resistor Rnse Which converts the current into a voltage Vienge
(Fig. 1.1). To minimize the power consumption of Rese, Viense Must be minimized.
However, the CM level of V. is quite high—nearly as high as the battery
voltage. Thus, IAs with low offset and low 1/f noise as well as with high DC CMRR
are required. Since it is capable of meeting all these requirements, the CCIA is a
good candidate for this application.

In practice, the sensing resistor Rg.ns can also be placed between the load R)y.q
and the ground. However, this method cannot detect an accidental short between
the supply and the ground. Moreover, some systems cannot tolerate ground dis-
turbances due to the voltage drop across Rgense €specially in the presence of a high
load current [1]. As a result, high-side current sensing is usually preferred, despite
its difficulties.
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6.2 Opverview of the State of the Art

6.2.1 HYV Chopper-Stabilized Current Feedback
Instrumentation Amplifier

In 2008, a chopper-stabilized current feedback instrumentation amplifier (CFIA) for
high-side current sensing was published by Witte [2]. A simplified block diagram of
this amplifier is shown in Fig. 6.1. The chopper stabilization technique introduced
in Sect. 2.2.2 was adopted, resulting in the use of two signal paths: a
high-frequency path (HFP) (Gn21, G2, and Gy,s) and a low-frequency path
(LFP) (Gmi11, Gmi2> Gm3s Gma and Gy,s). Each path, in turn, consisted of a CFIA
(HFP: G115 Giza, Gus; LFP: G, Gi2, Gmzs Gma and Gp,s5). The gain of the

CFIA is gmgggn;; X R‘+§§+R3, where G,11/Gn12 defines the low-frequency gain,

while Gy»1/G, determines the high-frequency gain. For better matching and
hence high gain accuracy, G,;; was made equal to G2, as were Gp; and Gppo.
The high-gain LFP suppressed the offset of the HFP, while its own offset was
removed by chopping. In this way, the IA achieved microvolt offset and low
1/fnoise, as well as a high CMRR. To suppress the chopping ripple, Gy,11 and Gy
were auto-zeroed, as explained in Sect. 2.3.5. To expand the CMVR, G, and
G were implemented with HV DMOS transistors that were powered from the
input CM voltage (30 V). However, this resulted in increased power consumption.
Moreover, good layout alone was not enough to reduce the mismatch between the
input and feedback transconductors to levels commensurate with the target gain
accuracy of 0.1 %, and thus each transconductor was degenerated by trimmed
resistors. A consequence of this was a further increase in noise and power con-
sumption. In total, the IA consumed 9 mW of power, which is quite significant.

6.2.2 HYV Current-Mode Three-Opamp Instrumentation
Amplifier

In 2009, a current-mode chopper IA based on the three-opamp topology was
published by Schaffer [3]. A simplified block diagram of this TA is shown in
Fig. 6.2. It consisted of two input buffers, which increased the input impedance and
converted the input voltage into current. This current was then mirrored by the two
sets of current mirrors and then converted into an output voltage by R . Each stage
in Fig. 6.2 again employed a multipath chopper-stabilized topology, as shown in
Fig. 6.3. With chopping, this IA achieved microvolt offset, low 1/fnoise, and a high
CMRR. Unlike the topology shown in Fig. 6.1, G.;, (Fig. 6.3) was not
auto-zeroed. Thus, a notch filter was employed to suppress the chopping ripple, as
explained in Sect. 2.3.1. To increase the input CMVR, the input buffers were
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powered from an HV supply which consumed 21 X more power (79 mW) than the
IA’s LV part. Moreover, since the CMVR of a three-opamp IA cannot include the
rail, this HV supply had to be larger than the intended input CM voltage.
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6.2.3 HYV IA with Isolated Transformer

An isolated transformer-based IA was published in 2010 by Rothan [5] (Fig. 6.4).
In this design, an on-chip transformer isolated the CM input voltage. As a result, the
CMVR was extended to 6 kV. Due to the CM isolation provided by the trans-
formers, the readout IC could be implemented by LV transistors. However, the
design was still very power-hungry. To ensure a reasonable transformer size, the
signal was up-modulated to a high frequency (20 MHz), thus requiring the readout
IC to have at least the same bandwidth. This eventually led to a 15.6 mW power
consumption, even with a 1.2 V supply.

6.2.4 Conclusions

In the above state-of-the-art designs, a wide CMVR was achieved at the cost of
considerable power consumption. A CCIA, however, offers both a wide CMVR and
a high power efficiency and is thus should perform better in current-sensing
applications.
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6.3 Design of the CCIA for Current-Sensing Applications

The proposed CCIA is shown in Fig. 6.5 and consists of a floating input chopper
(CH,y), input capacitors (Ciy; »), a feedback chopper (CHy,) and feedback capacitors
(Ctv1.2), an output chopper (CHy,), and a CCIA opamp. The CCIA opamp consists
of an input stage G,,,; and a nested-Miller integrator built around G, and G,,3. To
first order, the gain of the CCIA is Cj,;»/Cp 2 as explained in Sect. 3.2. The DC
CM level of Gy, is fixed by biasing resistors Ry . Like the design presented in
Chap. 5, the input transistors of G,,; must be protected from large input CM voltage
steps by four diodes connected in parallel with Ry;,» (Fig. 6.5). To expand the
CMVR, poly-on-poly capacitors (Ci1 2 and C, ») with a 30 V breakdown voltage
and high linearity (3 ppm) are employed. Thus, any circuitry behind the input
capacitors Cj,; » can be implemented by LV components. Compared to [2], the use
of an LV input differential pair, instead of the HV counterpart which normally
exhibits lower transconductance at the same biasing current, confers better per-
formance such as lower input-referred noise with the same biasing current. To
suppress the chopping ripple, a ripple-reduction loop (RRL) is applied. Unlike the
RRL presented in Sect. 5.3.2, a different realization of a continuous-time (CT) RRL
will be explored in this design.

The rest of the section will focus on the design of the input floating chopper, the
RRL, and the opamps (G,1, Gz and Gy,3) of the CCIA.
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Fig. 6.5 Schematic of the CCIA for current-sensing application
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6.3.1 Input Chopper

In Chap. 4, three choppers with a beyond-the-rail CMVR were proposed: a floating
chopper driven by a single latch for signals smaller than 300 mV (Fig. 4.7); a floating
chopper driven by a double latch for signals smaller than 300 mV (Fig. 4.8); and a
floating chopper driven by a single latch for relatively large signals (~ 1 V) (Fig. 4.9).
Thus, the most suitable solution must be chosen. In current-sensing applications, the
signal amplitude is often smaller than 100 mV, and thus, the choppers shown in Figs.
4.7 and 4.8 are sufficient. Moreover, the source impedance of a current-sensing
amplifier is often in the range of hundreds of milliohm to hundreds of ohm; thus, the
errors due to the asymmetry of the input chopper become negligible. As a result, the
simplest floating chopper (Fig. 4.7) was chosen for this application.

6.3.2 Ripple-Reduction Loop (RRL)

Since the CCIA is chopped, the up-modulated offset and 1/f noise of G,,; will cause
output ripple which should be suppressed by an RRL. In this design, the RRL
employed (Fig. 6.5) is different from the one presented in Chap. 5, which was first
described by Wu in 2009 [7]. Later in Sect. 6.5, a comparison between this real-
ization and the switched-capacitor RRL presented in Chap. 5 will be made.

First, sense capacitors Cy; 5 convert the ripple voltage into an AC current, which
is demodulated by Chj and then integrated into Cj, via a current buffer (CB). G4
converts the integrated voltage into a DC current, which cancels the offset of G,
and thus cancels the ripple. As explained in Sect. 2.3, the RRL creates a notch
which suppresses the AC component of the amplifier’s output signal at fihep.
A systematic analysis of the RRL, including the depth and the width of the notch,
can be found in [7].

However, the analysis given in [7] is based on an active integrator; thus, a very
brief analysis of the passive integrator-based RRL will be given in the following.
First, the RRL is cut open at the output of G4 (Fig. 6.6). The loop gain of the RRL
can then be obtained from the ratio between the output current of G4, I.om and the
offset current of G,1, Lofrser- Due to Iogser, @ ripple will be present at the output of the
CCIA. There are two possible signal paths for the ripple current: via C,,;, or via
Gz and C,,;». Since the ripple is a relatively high-frequency signal, it will follow
the high-frequency path (C,,;). For simplicity, we will assume that the ripple is
integrated into a triangular waveform, and its amplitude (peak-to-peak) at the output

of G,z is given by |Vripple’%Mﬁ%. This ripple will be converted into an AC

current by C;. The amplitude of this current (Lppie) is given by:

|Iripple’ = |Vripple’ x 2Cy Xﬂhop« (61)
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Fig. 6.6 Schematic of the RRL for ripple suppression factor analysis

Lippie is then demodulated to DC by Chs. The amplitude of the DC current is
equal to that given by Eq. (6.1). The output voltage of CB Vg o then equals:

VCB_out = ‘Iripple‘ X Rcp, (62)

where Rcp is the output impedance of CB. If Egs. (6.1) and (6.2) are combined, the
current at the output of G4 (Icom) can be given by:

I
Lom = (‘):ffset X Rep X Cs X Gpa. (6.3)
ml

Thus, the ripple suppression factor F, or the loop gain of the RRL, is given by:

F = Icom :RCB X Cs X Gm4

6.4
I offset le ( )

It can be seen that to increase F, the DC output impedance of the CB must be
increased. Moreover, increasing G4 should also help. However, as the impedance
cannot be too high, since it is also used to limit the noise of the RRL, it is usually
chosen to be much smaller than G, as explained in Chap. 5. Decreasing C,,; helps
to increase F, but it also increases the original ripple amplitude. Increasing C, seems
to be the most favorable way to increase F, but a closer look at an actual imple-
mentation shows that Rcp is also related to C, therefore canceling the effect of
varying Cs. This will be revisited later in Sect. 6.4 with the help of a detailed circuit
schematic.
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6.3.3 CCIA Opamp

Ideally, the CCIA’s opamp is the only active block that consumes significant
amounts of DC supply current. Thus, the CCIA’s power efficiency is highly
determined by the design of this opamp. To achieve high power efficiency, the input
differential pair of G,,,; (Fig. 6.5) should be biased in weak inversion. Although this
is a simple and straightforward approach, it cannot easily be done in a CFIA [2] due
to the large CM-dependent mismatch between the input and feedback transcon-
ductances. However, due to the CM-blocking effect of the input capacitors, it can be
easily done in a CCIA.

To guarantee enough loop gain, three gain stages are employed (Fig. 6.5). Thus,
nested-Miller compensation is employed [4]. To ensure stability, the same Miller
compensation scheme explained in Sect. 5.3.1 is used. Compared to the conven-
tional nested-Miller compensation, where the dominant pole is determined by G,
and C,,;, the dominant pole of this CCIA is determined by G, and C,,. The
purpose of doing so is to avoid the use of a large Cy,;, since Gy, is usually very
large to achieve low noise.

To ensure good driving capability, a class-AB output stage is employed. Further
implementation details such as the dimension of critical components and the full
opamp schematics will be given in Sect. 6.4.

6.3.4 Output Spikes

As discussed in Chap. 3, a CCIA produces output spikes when an output voltage
Vout 18 present. Since the feedback capacitors Cg,; > have to be charged and dis-
charged to either +V,,, or =V, in every clock cycle, the output stage must supply
this current instantly. Due to the finite output impedance and the limited current
capacity, spikes are generated. However, in current-sensing applications, an ADC is
often employed after the preamplifier. Thus, with proper timing, the ADC only
samples the CCIA’s output when it has settled. To showcase this possibility, a
sample-and-hold (S&H) switch together with two hold capacitors (Cy;,) are
employed at the output of the CCIA. The timing diagram is shown in Fig. 6.7. The

Fig. 6.7 Timing diagram of

the sample-and-hold (S&H) ;E Cu1
switch
Vout Q _-g
Vout_SH
7]
fehop if Che
fs
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duty cycle of the S&H clock can be customized with regard to the width of the
spikes. With the S&H switch, the CCIA can also be used as a stand-alone IA,
provided that it does not have to drive heavy loads.

6.4 Realization

In this section, implementation details of the CCIA are given. First, the design of
the global parameters including the chopping frequency and the capacitor network
is given. Then, the critical dimensions of the input chopper and CM biasing circuit,
along with important design parameters of the RRL and the CCIA opamp, will be
presented.

6.4.1 Global Parameters (Chopping Frequency
and Capacitor Bridge)

The choice of the chopping frequency (fnop) is not straightforward because several
factors must be taken into account. First, fonop should be far away from the signal
bandwidth, since the RRL will result in a notch in the CCIA’s transfer function
around fehop. Thus, in this case, fonop should be at least higher than 1 kHz. Second,
Jenop should be higher than the 1/f noise corner of the CCIA, so as to fully remove
the 1/f noise from the signal band. Third, the residual offset depends on the charge
injection and clock feed-through errors of the chopper switches as explained in
Sect. 2.4. Thus, a relatively slow fuop is preferred to achieve the lowest possible
residual offset, especially for technologies with a relatively large feature size
(consequently more parasitics) and poorer matching. A fourth consideration is the
residual ripple, which is due to chopping. Although the RRL suppresses the ripple,
its circuit non-idealities still result in a residual ripple. This residual ripple at fohop OF
the harmonics of fehop, as will be explained in detail in Sect. 6.4.5, may only be
filtered by the integrators in the CCIA. Thus, with low fehop, these errors will
become significant. Based on these considerations, fchop 1S chosen to be 50 kHz in
this work. Later, measurement results will prove that this choice results in a good
combination with both low residual offset and low residual ripple.

The design of the capacitor network involves several considerations. First, since
the gain accuracy of the CCIA depends on the matching between Cj,;» and Cpyy 2,
their capacitance should be relatively large. However, from the cost point of view,
these capacitors should be as small as possible to save chip area. In this work, Ciy 2
is chosen to be 4 pF and for a gain of 20, Cg,;» is thus 200 fF, which results in
about 0.1-0.2 % mismatch. It should be pointed out that the bottom plates of Ci,; »
and Cp, » should be connected to the input and the output, respectively, rather than
the virtual ground of the CCIA, as shown in Fig. (6.5). This is because the
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excessive parasitic capacitance associated with the bottom plates will increase the
noise of the CCIA according to Eq. (3.10).

With fe,op = 50 kHz and Ci,;, = 4 pF, the input impedance of the CCIA is
theoretically 2.5 MQ, which is sufficient for the current-sensing application.

6.4.2 Implementation of the Input Chopper

As explained in Chap. 4, the input floating chopper is implemented by HV floating
NMOS transistors. The on-resistance of these transistors must be low enough to
ensure that their noise is much lower than the input-referred noise of the CCIA’s
opamp. In this design, the noise of the CCIA’s opamp is set to around 30 nV//Hz so
that the total noise voltage of the CCIA in the signal band (1 kHz) is around 1 pV,
which is comparable to the targeted residual offset (a few microvolts). Thus, the
on-resistance of the chopper switches is designed to be around 1 kQ, which gen-
erates only 4 nVAHz noise and, thus, is completely negligible. To achieve this
on-resistance, switches with a W/L = 6/0.7 um are employed which are driven by
2 V clock signals. This low overdrive voltage helps to reduce the clock
feed-through error, especially in the presence of a parasitic capacitance, from the
gate to the source/drain of the chopper switches due to layout. This clock signal is
realized by using 0.1 pF coupling capacitors (Cy; and C,) with around 50 fF total
parasitic capacitances at the gate of a chopper switch transistor, which is in
accordance with Eq. (6.1). The minimum sizes of the latch transistors and the
model circuit are chosen to reduce charge injection and clock feed-through errors.
The resistors to limit the current spikes are chosen to be 50 kQ. A smaller resistance
will result in more current spikes, while a larger resistance will occupy more chip
area and lead to a slower transient response due to the larger RC time constant
formed at the input of the chopper.

6.4.3 Implementation of the CM Biasing Circuit

The biasing resistor can be implemented in several ways. The simplest approach is
to use an on-chip resistor. However, to ensure that the noise of the CCIA is
dominated by the noise of the CCIA’s opamp (30 nV/YHz), the noise generated by
Ryi1/2 should not be more than 15 nVAHz. With fu0, = 50 kHz and Cj, = 4 pF,
Ry 2 should be at least 50 MQ, according to Eq. (3.3). Too much chip area would
be taken up with on-chip resistors. An alternative is to use MOS transistors biased
in the subthreshold region [8], as shown in Fig. 6.8b. MN] is biased by MN,, which
is connected in diode fashion. The W/L (60/10) ratio of MN, is much larger than
that of MN; (1.5/10), so that the output resistance of MNj is sufficiently large and
can thus be used to implement the biasing resistor. The resistance, however, is
highly nonlinear with process spread, corner, and temperature. More importantly, it
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Fig. 6.8 Schematic of a the biasing resistor implemented with an on-chip resistor; b NMOS in the
subthreshold region; ¢ and with a switch-capacitor circuit

is highly dependent on the drain—source voltage of MN,. This has a dramatic
influence on the CM settling of the CCIA. In particular after a CM step transient,
the virtual ground is charged to either Vref + 0.7 V or Vref — 0.7 V. In the first
case, the output resistance of MN; will significantly increase, which results in a
much slower settling time calculated by Eq. (3.5); in the second case, MN; will be
turned on, dramatically reducing the time constant. The latter can be considered an
advantage. To take advantage of this effect also in the first case, two biasing
resistors implemented with PMOS transistors can also be added, which will then be
turned on to reduce the settling time drastically.

To overcome the nonlinear settling behavior and large process spread while
saving chip area, an SC biasing circuit can be used, which is shown in Fig. 6.8c. It
forms an equivalent resistor between the virtual ground of the CCIA and V.. This
resistance can be calculated as C..%xfs’ where fs is the switching frequency.

Theoretically, there are an infinite number of combinations of C,, and f; which
would result in a 50 MQ equivalent resistance. However, to prevent the virtual
ground of the CCIA from drifting away slowly, fs should not be too slow.
Moreover, C, should be smaller than Ci,; »; otherwise, it will increase the equiv-
alent parasitic capacitance at the input of Gy,;, which in turn will increase the
input-referred noise of G,,;, according to Eq. (3.7). Nevertheless, it should not be
so small as to increase the equivalent biasing resistance, which in turn leads to a
long settling time. In this work, fs is chosen to be equal to fhop, and Cy, is chosen to
be 1 pF. This results in a CM settling time of 200 ps. With an SC biasing circuit,
the presence of parasitic capacitances can lead to residual errors. Consider a mis-
matched parasitic capacitance C,, between the clock line and the signal line as
shown in Fig. 6.9a which is possibly due to layout. A net AC current I, is injected
into the virtual ground. If f; is synchronized with fihop, Icp is also synchronized with
Jehop as shown in the timing diagram of Fig. 6.9b. This error must be compensated
by an AC current I,. To generate I,, a square wave at V,, is required which is also
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Fig. 6.9 a Schematic with the parasitic capacitance (C,) associated with the SC biasing circuit;
b timing diagram when f; is synchronized with fonqp; € timing diagram when f; is 90-degree phase
shifted with regard to fehop With fenop

synchronized with fi,op (Fig. 6.9b). This consequently requires an equivalent input
DC offset Vo which can be estimated by:

Qmis _ Vclk X Cp
2% Cyy 2xCy '

Vot = (6.5)

where Qs is the net charge injected into the virtual ground node due to C,,. With
Cin =4 pFand V, =3 V,al {F C, would result in a 375 pV input-referred offset.
This is highly undesirable. To avoid this problem, f; is chosen to be 90-degree
phase shifted with regard to fihop. A timing diagram of this situation is shown in
Fig. 6.9c. In order to generate ., to compensate for I, a square wave at V;, is
required which is synchronized with f;. Since f; is 90-degree phase shifted with
regard 0 foop, the result is an input-referred ripple at 2fcnop, rather than an
input-referred offset. This ripple can then be filtered by the integrator built around
Gpy3. Table 6.1 compares the three biasing methods. It can be seen that the resistor
offers a clean, linear solution (free from clock spikes), but this solution could be

Table 6.1 Summary of the

Ot Resistor MOS in Switched-cap
three biasing schemes subthreshold
Area Large Small Small
Residual NA NA Ripple-oftset
error
Linearity High Low High
Accuracy Medium | Low Medium
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impractical due to its large chip area. The transistors in the subthreshold offer
area-efficient clean biasing, but they exhibit nonlinear behavior during large CM
transients and suffer from wide process spread. SC biasing, on the other hand,
provides an area-efficient linear solution, but can produce residual ripple due to the
layout parasitic. In this design, the second and third biasing methods have been
implemented and can be turned on and off separately. The residual ripple introduced
by the SC biasing scheme is minimized by careful layout.

6.4.4 Implementation of the CCIA Opamp

A block diagram of the CCIA opamp is shown in Fig. 6.5. It consists of three
stages. To achieve high power efficiency, the input stage of G,,; is biased in weak
inversion. A schematic of the input stage is shown in Fig. 6.10. With an 8 pA bias
current, Gy, is 70 pS. The input-referred noise of Gy,; is around 30 nV//Hz. The
second-stage G, is used to provide more loop gain and to suppress the errors of
the third stage. It employs a folded-cascode topology and is shown in Fig. 6.11. The
third-stage G,,3 employs a class-AB output stage to drive the feedback network and
the load. Its schematic is shown in Fig. 6.11. Compared to its class-A counterpart,
the class-AB output stage helps to sharpen the output spikes since it can provide a
much larger transient current than its quiescent current. This helps to charge the
feedback capacitors quickly during clock transients.

With three gain stages, nested-Miller compensation is employed to ensure sta-
bility, as explained in Sect. 6.3.4. Similar to the design presented in Chap. 5, to
increase power efficiency, the pole at the output of Gy, is designed to be the
dominant pole, and thus can be small to save power (20 uS), according to Eq. (5.2).
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: | VDD |
| 1

: BUA 1 |—-|| Vo1 ||.J I ' | 3HA|
! H : MPst [ "M MPs2 | | !
] ! :
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1y, MPs MP2 : — i
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Fig. 6.10 Schematic of the input stage Gy,
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Fig. 6.11 Schematic of the second-stage G,,, and the output class-AB stage

Gy3 1s designed to be 70 uS to drive a maximum 40 pF capacitive load, and C,,,
and C,,; are 4.3 pF. With a closed-loop gain of 20, Eq. (5.2) is thus satisfied:

20><70u>2><70u>4><20u
2nd0p — 2m43p T 27m4.3p

(6.6)

Although chopping and RRL eliminate most of the offsets and ripples, care must
be taken to ensure low residual errors due to various circuit non-idealities of the
CCIA’s opamp. The offset of G,,,; has been up-modulated by chopping. However, it
is still useful to reduce the offset of G,,;, since this causes output ripple. Although
the offset would be reduced by the RRL, a proportionally large residual ripple can
be expected due to the limited loop gain of the RRL. Moreover, with a large offset,
the RRL must produce more compensating current, which could result in a large
G4 This in turn could lead to an increase in the noise contributed by the RRL
integrator. In this work, the dimension of the input transistors of G, is chosen to be
400/1. This helps to restrict the offset. The offset of Gy, is suppressed by the gain of
G at the chopping frequency. Thus, the offset of G,,,, must not be too high either.

In this work, input transistors with a W/L ratio of 300/1 ensure good matching.
Besides these, extra care must be taken to minimize the effect of parasitic capaci-
tances. This is illustrated in Fig. 6.12. First, parasitic capacitance Cp,; at the output
chopper CH,,, introduces an AC clock feed-through error. This AC current requires
an AC voltage at the input of G,,,;. Thus, a residual offset must appear at the input of
the CCIA. This residual offset V4 can be estimated by [9]:
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Fig. 6.12 Schematic of the CCIA opamp with critical parasitic capacitances

2 X Vclk ><f;hop X Cpl

Vost = Gl

(6.7)

To reduce this error, the layout of CH,,,, must be as symmetrical as possible [9].
Secondly, the offset of Gy, Visz, 1S up-modulated by CH,,, forcing this AC
voltage upon Cp,, which requests an AC current. This current again requires a
residual offset at the input of the CCIA. This residual offset can be calculated by [9]:

4V0s2 Xf;:hop X Cp2

Vos1 = Gt

(6.8)

To reduce this effect, either the offset of Gy, or the parasitic capacitances Cp,
must be minimized. In [10], efforts have been made to reduce the offset of G, with
an extra offset reduction loop. In this work, attention has been paid to reduce the
parasitic capacitances. As shown in Fig. 6.12, the critical parasitic capacitors are
located at the input of CH,,;. To minimize these, the dimension of the cascode
transistors MP,; , and MN_, , has been minimized. Moreover, the input stage of the
common-mode feedback (CMFB) circuit of G,,; has been moved to the output of
CH,,. In this way, the parasitic capacitances can be kept within tens of
femto-Farad. Thus, the resulting residual offset is negligible. In this case, the input
stage of Gy, also functions as a part of the CMFB circuit. When the CM input
voltage of G, becomes higher than V., MPs draws more current, which is mir-
rored to MN¢y1 2. Since the current of MPg; , stays unchanged, the drain—source
voltage of MNjy; » must decrease. This in turn reduces the output CM voltage.
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6.4.5 Implementation of the Output S&H Switch

A schematic of the S&H switches is shown in Fig. 6.13. The switches are capac-
itively driven by two latches. In this way, the overdrive voltage of each switch is
constant regardless of the output voltage. This minimizes the charge injection and
clock feed-through errors even in the presence of a large output signal. The hold
time is chosen to be 1/8 of a chopping clock cycle, which is enough to cover the
spike.

6.4.6 Implementation of the RRL

A block diagram of the RRL is shown in Fig. 6.5; the ripple suppression factor was
calculated in Sect. 6.3. Clearly, to increase the ripple-reduction factor F, the DC
output impedance of the CB must be increased. A schematic of a basic CB together
with Cs and Cj,, is shown in Fig. 6.14a. With this implementation, the output
impedance of CB Rcg can be estimated as:

(@)
ClkSHp  CIkSHn

il 4L

Csw4

(b)

Vout_SH

MNsws MNsws

MNsw1

% = R |
Vout Vout_SH Vout

&

MNsw2
fchop
MNsw3 MNsw4
fsH
CSW‘I—[ ICswz —‘F
CIkSHp CIkSHn Hold Sample

Fig. 6.13 Schematic of the S&H switch (a) and its timing diagram (b)
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A

Rep = o777,
2Cs Xfchop

(6.9)

where A is the DC gain of the NMOS cascode transistors. Substituting Eq. (6.9)
with Eq. (6.4) where Gy =4 uS, fohop = 50 kHz, A =100, and C,,; = 4.3 pF,
F would equal 1300. Whether this suppression factor is enough or not depends on
the uncompensated ripple. The uncompensated output ripple can be estimated by:

Vottset X Gm1 2mV x 70 ,US
Viipple - — 0326V, 6.10
PP 2 % fanop X Gt 2 X 50kHz x 4.3 pF (6.10)

where Vg 1S the offset of G, and is estimated to be around 2 mV with
W/L = 400/1 in this particular process. The resulting residual output ripple is about
250 pV, which may be too large for this application. Therefore, the suppression
factor should still be increased by at least 10x. This can be easily achieved by
employing two gain-boosting amplifiers around the cascode transistors (Fig. 6.14b).
The effective gain of these cascode transistors is increased by the gain of the
boosters. The boosters, however, have offset which introduces asymmetry into the
CB and produces DC error output current. To overcome this problem, the boosters
are chopped, as shown in Fig. 6.14b. This CB topology was first published by
Kashmiri in 2009 [11].

Although gain-boosting increases the ripple suppression factor sufficiently, low
residual ripple cannot be obtained without dealing with several circuit non-idealities
and parasitic effects. First, the offset current of MN| , and MP, ; is up-modulated,

(a) yDo (b) VDD

Vb2
! MPz | 31004
310nA | 4180 4/80
] Cha

Cls‘z

I|—O Va-
MNz

2.4/100

GND

Fig. 6.14 Schematic of the basic CB (a) and the gain-boosted CB in the RRL (b)
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which creates a triangular ripple at fchop across Ciy.. The ripple amplitude Vi, ; can
be calculated by:

I offset

Vri R
P— 2 x .ﬁlhop X Cint ’

(6.11)

where I, 1S the offset current of the current sources. This ripple can easily be
hundreds of microvolts. It will be fed to the CCIA, up-modulated and finally turned
into a second-harmonic ripple. To minimize this ripple, I,gse; must be minimized.
This can be done by choosing relatively large transistors to reduce the offset
voltage, biasing the transistors in strong inversion, and decreasing the bias current
to reduce its transconductance (Fig. 6.14b). A relatively large Cj,, is also employed
(50 pF in this work). Second, the clock feed-through error introduced by the par-
asitic capacitance Cj, cn3 shown in Fig. 6.14b can result in ripple which is directly
coupled via C,. This error V4, » can be estimated by:

Ve X Cp_ch3

c (6.12)

Vrip o=

If Cp_chzis 1 fF, with Cs = 3 pFand Vi = 3 V, V4, 3 is already 300 pV. Thus,
the layout of Ch; is very critical and must be as symmetrical as possible.

Third, the offset of the gain boosters is up-modulated and appears at the sources
of the cascode transistors. To charge and discharge the parasitic capacitors at these
nodes, AC currents result which also create a ripple voltage across Ciy. This ripple
voltage Vi, 3 can be calculated by:

Voffset_b X Cp_cas

, 6.13
Cinl ( )

Vrip 3=

where Ve p is the offset of the boosters. C,, ¢, is the total parasitic capacitance at
the sources of the cascode transistors. This ripple is then fed back to the CCIA
opamp and up-modulated again by CH,,,. The result is another second-harmonic
ripple. To reduce this ripple, the parasitic capacitances at the sources of the cascode
transistors should be minimized. In this design, the parasitic capacitors are kept at
tens of femto-Farad; thus, this parasitic effect is negligible.

In total, the RRL consumes less than 6 pA, whereas the CB consumes 4 pA, and
G4 consumes 1 pA.

6.5 Experimental Results

The CCIA was realized in an HV 0.7 um CMOS process and has an active chip area
of 1.4 mm?. The chip micrograph is shown in Fig. 6.15. It has an input CM range
of £30 V, while drawing 26 pA from a 3 to 5 V supply. Measurements with 12
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Fig. 6.15 Chip micrograph

samples show that its input offset is less than 5 pV (Fig. 6.16) with NMOS biasing,
which increases by 0.25 pV with SC biasing. The DC PSRR of the CCIA is greater
than 120 dB, while its DC CMRR is greater than 160 dB (Fig. 6.16), mainly
because of the CM-independent drive voltages applied to CH;,, and because the input
capacitors isolate G,,; from CM voltage changes. The measured input-referred ripple
at the chopping frequency (fi, = 50 kHz) has a mean amplitude of 1.35 pV and a
maximum of 3.9 uV with NMOS biasing, which translates into a 73 dB
ripple-reduction factor. Compared to the SC RRL presented in Chap. 5, this RRL is
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Fig. 6.16 Offset (a) and DC CMRR (b) histograms of the CCIA
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Fig. 6.17 Measured step response of the CCIA with a 100 mV differential DC input signal step
at +30 V CM voltage (a); with a 50 mV DC input signal and a 10 V negative CM step (b); with a
50 mV DC input signal and a 10 V positive CM step (c)

less area-efficient since the up-modulated offset of the current buffer CB must be well
filtered by a relatively large integration capacitor Cj,, (50 pF) (Fig. 6.14), as men-
tioned in Sect. 6.4.5. The advantage, however, is that this approach suffers less from
the charge injection and clock feed-through errors simply because it is a
continuous-time solution and requires no switches other than those in the choppers.
With SC biasing, the maximum ripple amplitude increases to 4 uV. Thanks to a
good layout, the input-referred second-harmonic ripple is less than 8 pV with SC
biasing. The input-referred noise density is 36 nV//Hz and 31 nV//Hz, respectively,
with and without the use of the output S&H switches. Step responses with a 100 mV
differential signal at +30 and —30 V CM input voltages are shown in Fig. 6.17a. It
can be seen that the S&H switches significantly suppress the output spikes. The
amplifier’s response to large positive and negative CM steps is shown in Fig. 6.17b,
c. With a 40 pF capacitive load and the output S&H switches, the CCIA achieves a
GBW of 1 MHz and a gain accuracy of 0.13 %. A frequency response of the CCIA
is shown in Fig. 6.18.

In Table 6.2, the performance of the CCIA is summarized and compared with
the state of the art. Its DC CM current draw is negligible, as it mainly consists of the
leakage current of Dp; and Dp,, which is less than 3 nA (430 pA with the chopper
clock on) within the £30 V CM range. Also, its differential input impedance is
1.6 MQ, which is sufficient for current-sensing applications. Finally, it achieves the
best NEF and GBW/I,p1y factor among the listed state of the art.
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Fig. 6.18 Measured frequency response of the CCIA with a gain of 20 and 40 pF capacitive load

Table 6.2 Comparison of the proposed CCIA with several state-of-the-art designs

This work [2] [3] [12]
Technology 0.7 pm 0.8 um 0.35 pm CMOS
CMOS BiCMOS
CMVR —30to+30V |1.9-30V 10-60 V —20to +75 V
Input DF range +150 mV +150 mV +20 mVto+1l V | £50 mV
Input offset (V) 5 5 20 400
DC CMRR (dB) 160 143 120 80
DC PSRR(dB) 120 121 123 103
HVDC power 90 nW 6 mW 79.2 mW >5 mW
VHDD = 3 VHDD = 30 VHDD = 36
LVDC power 78 pW 3.25 mW 3.75 mW
VLDD =3 VLDD =5 VLDD =5
Input noise (nV/ 31 136 19 60
VHz)
Gain accuracy (%) 0.13 0.1 0.058 0.6
GBW (MHz) 1 1 8 6.75

6.6 Conclusions

A CCIA has been implemented for high-side current sensing. Due to the use of
capacitive coupling at its input, the DC CM input currents are eliminated. No active
blocks need to be powered by the HV supply, which saves considerable power
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consumption compared to many other state-of-the-art designs [2, 3, 12]. With the
proposed floating input chopper, the input CMVR is 30 V, which is the break-
down voltage of the input high-voltage capacitors. Chopping helps to obtain low
offset and low 1/f noise. Moreover, the chopping ripple is suppressed effectively by
an RRL. The CCIA achieves a significant power reduction compared to IAs
employing other topologies. At the same time, it obtains a competitive
microvolt-level offset, high PSRR and CMRR, and good gain accuracy.
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Chapter 7

Capacitively Coupled Chopper
Instrumentation Amplifiers
for Low-Voltage Applications

Chapter 6 has explored the use of a CCIA for high-side current sensing applications,
where its wide CMVR and high power efficiency can be optimally leveraged. In
Low-voltage (LV) applications, despite the much smaller CMVR, these advantages,
together with the CCIA’s high gain accuracy, are still quite useful. Therefore, in this
chapter, a CCIA for LV applications, e.g., sensor readout, will be presented.

This chapter starts with an introduction in which the targeted applications and
requirements for the proposed CCIA are presented. Section 7.2 provides a brief
overview of the state of the art, which is followed by the design of the proposed
CCIA in Sect. 7.3. Section 7.4 discusses critical implementation details.
Experimental results will be given in Sect. 7.5. Conclusions will be drawn in
Sect. 7.6.

7.1 Introduction

One major application of LV precision IAs is in sensor readout. A first class of
sensors, e.g., thermocouples and strain gauges, output small signals with band-
widths ranging from DC up to a few hundreds of Hertz, [1]. To accurately acquire
such signals, precision IAs with microvolt offset and low 1/f noise are required.
The CM level of such signals depends on the sensor’s biasing condition and may
vary from 0 V to the supply of the readout IC. Thus, a rail-to-rail CMVR is desired.
A second class of sensors is used to acquire biomedical signals, e.g., the electrodes
of ECG (electrocardiography) systems. Unlike the first class of sensors, such
electrodes output small AC signals (tens of microvolts to a few millivolts) over
bandwidths ranging from subHertz to hundreds of Hertz [1]. Normally, two elec-
trodes are used to extract a differential signal. Due to the mismatch between the two
electrochemical skin-electrode interfaces, a DC offset voltage (in the order of tens to
hundreds of millivolts) is expected. Thus, the readout IA must suppress this
“electrode offset” while amplifying the AC signals of interest. This requires a
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band-pass transfer function with a high-pass corner lower than 1 Hz. In the rest of
the chapter, for simplicity, the first class of sensors will be referred to as DC sensors
while the second class will be referred to as AC (biomedical) sensors.

Up to now, many state-of-the-art designs have been designed specifically to meet
the requirements of one class of sensor. The proposed CCIA [2], however, aims to
meet the requirements of both classes with the help of a minor reconfiguration
which can be done at the PCB level. This minimizes the required hardware and
facilitates its use in a cost-effective, general purpose readout system. Such a readout
system can be used to monitor not only the health of patients (ECG and EEG), but
also the environment around them, with the help of sensors that detect ambient
temperature, humidity, etc.

To go one step further, the system can be converted into a wireless sensor node,
as shown in Fig. 7.1. It consists of a sensor (a resistive bridge in this case), a
readout IA, an ADC, a DSP unit, and an RF front-end to transmit the signal to the
outside world. A wireless sensor node is typically powered by energy harvesters or
by batteries and so should consume ultra-low power (K1 mW). It must also occupy
a very small die area. These two specifications facilitate the cost-effective
deployment of tens or even thousands of such nodes in medical diagnostics, and in
heating, ventilation, and air conditioning (HVAC) systems [3-5].

As stated above, to be employed in such a sensor node, the CCIA should
consume minimum power (a few micro-watts) and occupy a small chip area
(<1 mm?). Moreover, to save cost, the whole wireless sensor node should be
eventually integrated on one die. Since the RF front-end is usually the most
power-hungry block in a node, its efficient implementation determines the choice of
the technology in which the entire node is realized. In practice, this means the use of
deep submicron CMOS processes, as these result in RF front-ends with the least
amount of area and the greatest power efficiency [6-8], while also being favorable
for the implementation of ADCs and digital circuitry [9—-11]. As a result, for full
integration, the CCIA must then be realized in the same technology. Table 7.1
summarizes the requirements for the proposed CCIA, which has two modes: a DC
mode for DC sensors (thermocouples, resistive bridges) and an AC mode for

Wireless sensor node

DsSP RF

Fig. 7.1 Simplified block diagram of a wireless sensor node
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Table 7.1 Requirements of the CCIA for wireless sensor nodes

DC mode AC mode
Offset A few microvolts N/A
Band-pass N/A 0.5 Hz-100 Hz
Power (uW) <10 <10
Area (mm?) «1 «1
CMVR 0 V-Vpp 0 V-Vpp
CMRR (up to 50 Hz) (dB) >100 >100
Technology Deep submicron Deep submicron
Input impedance High (>10 M ohm) High (>10 M ohm)
Gain 100 100

biomedical sensors. It must meet both requirements and will be implemented in a
standard 65 nm CMOS technology.

In the following section, several state-of-the-art designs for both DC and AC
measurements will be briefly introduced. After that the design of the multi-purpose
CCIA will be given.

7.2 Overview of the State of the Art

As most precision IAs are intended for either DC or AC measurements, the over-
view of the state of the art is divided into two parts: one about DC-sensing IAs and
the other about AC-sensing IAs.

7.2.1 State-of-the-Art Precision IAs for DC Sensing

A number of state-of-the-art precision IAs can be found in the literature [12—15].
They feature low offset and 1/f noise, and a high DC CMRR and PSRR, which are
essential for measuring small signal DC sensors. Recently, the current feedback
topology has become very popular due to its high CMRR, input impedance, and the
easily obtained rail sensing capability (either ground or supply). Thus, it is shown as
an example in the following section.

7.2.1.1 A Current Feedback Instrumentation Amplifier (CFIA)

A recently published CFIA for sensor readout is shown in Fig. 7.2 [12]. It employs
the chopper stabilization technique to achieve low offset and consists of two signal
paths: a high-frequency path (HFP) and a low-frequency path (LFP). Each signal
path consists of a CFIA. The LFP suppresses the offset of the HFP with its sufficient
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Fig. 7.2 Schematic of a multipath current feedback instrumentation amplifier (CFIA)

DC gain while its own offset is reduced by chopping. Both the chopper stabilization
technique and the current feedback topology have been described in Chap. 2.
A ripple reduction loop (RRL) is employed to suppress the chopping ripple of the
LFP, as also explained in Chap. 2, and thus, a notch is formed [15]. However, this
notch is buried by the HFP, so that a smooth transfer function can be obtained [12].
The CFIA achieves state-of-the-art performance in terms of precision. However, its
715 pW power consumption is too high for wireless sensor nodes. The use of four
input and feedback transconductances also limits its noise efficiency. To increase
this, the HFP can be removed at the cost of decreased bandwidth and a notch in the
transfer function, as presented by Wu in [15]. Even so, the optimal noise efficiency
will still be limited by the need for two input and feedback transconductances.

To improve gain accuracy, which is limited by the mismatch between G,,3; and
Gn32 as explained also in Chap. 6 (typically 0.5 %), the transconductor swapping
technique [15] and resistive degeneration can be applied. However, the first tech-
nique is limited by the CM biasing condition of G,,3; and G,3,, and the second
technique results in lower power efficiency.
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7.2.2 State-of-the-Art IAs for AC Biomedical Sensing

Many IAs for biomedical sensing can be found in the literature [16-20]. In this
section, several of the most recently published designs will be briefly introduced.

7.2.2.1 Capacitively Coupled Instrumentation Amplifiers

A capacitively coupled IA (CIA) was published by Harrison in 2006 [16]. The
topology is shown in Fig. 7.3. With the input capacitive coupling, the electrode
offset was completely blocked. This was a huge advantage especially for dry
electrodes, whose offset can be larger than a few hundreds of millivolts. The
high-pass corner of the IA was determined by the input capacitor and the biasing
resistor Ry, which was implemented as a pseudo-resistor [16]. Due to its sim-
plicity, the power efficiency was very high. The drawbacks of the work included a
relatively low CMRR which was determined by capacitor mismatch and the
unsuppressed 1/f noise in the signal bandwidth.

To improve the low-frequency noise of the above design, choppers were added
around G,,,; in [17] by Verma in 2010 (Fig. 7.4). However, the charge injection and
clock feed-through of the input chopper switches resulted in an input current with a
DC value [;,, which is normally in the order of tens of Pico Amp to hundreds of
Pico Amp. This input current then flowed through R, resulting an output offset
voltage. Since Ry, are usually very large (tens to hundreds of Giga Ohm), the
resulting output offset voltage was not negligible. To overcome this issue, a DC
servo loop was employed, as shown in Fig. 7.4. This loop integrated the output
offset voltage, converted it into a DC current via Ry, and then fed it back to cancel
the input current caused by CH;,. Apart from the input current, chopping caused
another problem which was due to the shot noise of the CH;,,. A detailed analysis of
this noise by Xu can be found in [18]. When referred to the input, this shot noise (a
current noise) was converted into voltage by the input capacitors Ci,; 5. To reduce
this voltage noise, the value of Cj,;, must be sufficiently large. In this case [17],
Cin12 were chosen to be InF. These capacitors are too big to be integrated on
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chip. Also they degrade the AC input impedance of the amplifier significantly. For
instance, the bandwidth of the biosignals can be 100 Hz; with 1 nF input capaci-
tors, the input impedance at 100 Hz is only 1.7 MQ.

To further increase the input impedance and also improve the limited CMRR due
to the capacitor mismatch, a third paper was published by Xu in 2011 [18]; the
schematic is shown in Fig. 7.5. The amplifier employed an impedance boosting
technique, the principle of which was based on an impedance boosting loop, which
will be presented in the next section. This loop produced a signal current which was
ideally equal to the signal current drawn by Cj,. Thus, the signal source did not
need to supply any current, which means the input impedance of the amplifier was
ideally infinite. To improve the CMRR, this work employed the back-end CMFB
circuit shown in Fig. 7.5. The CM sense block produced an output voltage equal to
the input CM voltage of V;, and fed it back to the positive terminal of G,,; to cancel
the AC—-CM interference. This amplifier also suffered from the shot noise of CHj,,,
and thus, a relatively large C;, (300 pF) was used.
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Fig. 7.6 Simplified block diagram of a chopper instrumentation amplifier for biomedical readout

7.2.2.2 Chopper Instrumentation Amplifier

A chopper instrumentation amplifier was published by Yazicioglu in 2011 [19].
A simplified block diagram of this amplifier is shown in Fig. 7.6. It consisted of an
external high-pass filter, an IA, and a DC servo loop. To reduce the 1/f noise,
chopping was employed. The chopping ripple was first demodulated and then
sensed by a DC servo loop (DSL) which corrected the offset of the amplifier. This
work obtained a high CMRR (100 dB). Due to the input high-pass filter, large
electrode offset (>300 mV) was tolerated; thus, it can be used for both dry and wet
electrodes. However, the input differential impedance was limited by the high-pass
filter. Moreover, the use of large external components is not favorable for highly
integrated low-cost wireless sensor nodes.

7.2.2.3 Capacitively Coupled Chopper Instrumentation Amplifier

In 2007, Denison published the first CCIA, as mentioned in Chap. 6 [1]. A simplified
block diagram of this CCIA is shown in Fig. 7.7, which consisted of a single-ended
CCIA and an output buffer which also served as a second-order low-pass filter. The
basic working principle of a CCIA has been explained in Chap. 3. To suppress the
electrode offset, a DC servo loop was employed which consisted of a
switched-capacitor (SC) integrator and two feedback capacitors (Cypy ). The elec-
trode offset was first amplified by the CCIA, integrated by the SC integrator, and then
fed back through Cy,,; . The SCintegrator continued integrating until the output of the
CCIA was DC-free. In this way, a high-pass transfer function was realized. In this
work, the maximum acceptable electrode offset was limited to around 50 mV, since an
amplified version of this offset would appear at the output of the SC integrator, which
had to be lower than the supply. However, this was still sufficient for wet electrodes.
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Fig. 7.7 Block diagram of the capacitively coupled instrumentation amplifier by Denison [1]

Due to chopping, the up-modulated offset and 1/f noise of G,,; resulted in ripple. To
suppress this, an output buffer, which was also a low-pass filter, was employed at the
output of the CCIA. However, the drawbacks of this have been explained in Chap. 2,
which include the need for large passive components and the existence of residual
offset. Other drawbacks of this work included relatively low input impedance, which
was determined by the SC resistor formed by the input chopper and the capacitor; and
arelatively large chip area, which was occupied by the SC integrator (100 pF) and the
output buffer (200 pF and 90 MQ).

7.2.3 Conclusions

From the above introduction, it evident that for DC measurement, the power effi-
ciency, and the gain accuracy of the state-of-the-art IAs can still be improved. For AC
biomedical measurement, although input capacitive coupling is very popular since it
can completely block the DC electrode offset, the input capacitors are often too big
(hundreds of picofarad to tens of nanofarad) especially for wireless sensor nodes. In
the following section, a CCIA aimed at coping with both problems will be presented.

7.3 Design of a CCIA for Wireless Sensor Nodes

A block diagram of the basic structure of the proposed CCIA is shown in Fig. 7.8,
which is similar to that has been introduced in Chap. 6. It consists of a two-stage
Miller-compensated opamp (Gy,; and Gyy,2), a capacitive bridge (Cip 2 and Cypy 2),
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Fig. 7.8 Block diagram of the basic structure of the proposed CCIA

and three choppers (CH;,, CH,,; and CHg,). The basic working principle of a CCIA
can be found in Chap. 3. As mentioned in Chap. 1, a disadvantage of the CCIA for
both DC and AC measurements is the relatively low input impedance, which is
determined by the SC resistance formed by the input chopper and capacitors. To
solve this problem, an input impedance boosting loop is proposed which consists of
a positive feedback path connected between the input and the output of the CCIA
(Sect. 7.3.1). It converts the output voltage into current which is injected back into
the signal source. This current partially compensates for the current drawn from the
signal source by the SC resistor formed by CH;, and C;y; », thus increasing the input
impedance of the CCIA.

To suppress the chopping ripple, an RRL is employed. Based on the comparison
between the two RRL implementations presented in Chaps. 5 and 6, the
switched-capacitor (SC) RRL is preferred for wireless sensor nodes since it is more
area-efficient.

To measure biomedical AC signals, a band-pass transfer function is required to
reject the electrode offset. Thus, a DC servo loop (DSL) is added which shares the
same working principle as that employed in [1]. This loop can be turned off when
the CCIA is used in DC mode. However, the DSL presented in [1] consumes a large
chip area. In the proposed CCIA, this will be reduced significantly by employing an
area-efficient SC integrator (Sect. 7.3.3).

7.3.1 Input Impedance Boosting Loop

A block diagram of the CCIA with the impedance boosting loop, also known as a
positive feedback loop (PFL), is shown in Fig. 7.9. The loop comprises a chopper
CH,¢ and two feedback capacitors Cpe; » which provide positive feedback to the
input of the CCIA. In the ideal situation, the loop generates a current I » which is
equal to Iy, », SO that no input current is drawn from the signal source and the input
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Fig. 7.9 Schematic of the CCIA with the input impedance boost loop

impedance of the CCIA is infinite. The value of Cyy » for infinite input impedance
can be calculated by making I, » and I, » equal:

Lot12 = 2(Vout — Vin) X fenop X Cp12 = 2Vour X fenop X Cpo12 = Iv1 2
Cini 2 (7.1)

= Cpr12 = .
pfl1,2 G—1

The loop loads the CCIA, since the current flowing through it has to be supplied

by the CCIA. The equivalent loading resistance is around m This loading is

equal to that of the negative feedback path (Cgyy 2).

7.3.2 SC Ripple Reduction Loop (SC RRL)

A schematic of the SC RRL is shown in Fig. 7.10 with a timing diagram. Since the
working principle of the SC RRL has already been explained in detail in Chap. 5,
only a brief explanation will be given here. The loop consists of an SC integrator, a
compensation transconductance (G,4), and an integrator built around G,,. The SC
integrator comprises sensing capacitors Cg;,, a demodulation chopper CHggp,
integration capacitors Cj, », auto-zero capacitors C,,; », and a single-stage opamp
Gz The switching clock frequency f is chosen to be half of fopop. Thus, during @,
a full cycle ripple can be detected by the RRL. Cj; » converts the ripple voltage into
an AC current which is then demodulated by CHggy, and integrated on Cjy; ». The
voltage on Cjy» is then converted into a current by G4 to compensate for the
offset current of Gy,;. During @,, C, » is shorted to ground so that no ripple current
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Fig. 7.10 Schematic of the switch-capacitor RRL and its timing diagram

is integrated. Gy,; is configured in a unity-gain configuration so that its offset is
sampled and stored on C,,; ». During this time, Ci, > is first disconnected from the
output of G, 3;—holding the voltage set at the end of the final ®,, and then con-
nected to the input of G 4.

In this way, the correct compensating current is steadily injected into G,,,; during
both phases. In the ideal case, the compensating current fully compensates for the
offset current of G,,;, leaving no output ripple at the steady state.

As explained in Chaps. 2 and 5, the noise of the RRL can be designed negligible
by choosing a much smaller G4 than G,,;. The kT/C noise associated with the
auto-zeroing of G3 is also negligible since it will be eventually up-modulated and
filtered by the integrator built around Gy3.

7.3.3 DC Servo Loop (DSL)

As mentioned above, in biomedical applications, an electrode offset that is much
larger than the AC signals is present and should be suppressed by the CCIA.
Although a high-pass transfer function can be easily obtained by disabling the
choppers around the CCIA, the degraded CMRR due to capacitor mismatch is
undesirable, as in [18]. To obtain a high CMRR, chopping is maintained, and a
high-pass transfer function is realized by implementing a DSL, as in [1]. The
low-pass characteristic is automatically conferred by the limited bandwidth of the
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Fig. 7.11 Schematic of the CCIA with the DC servo loop (DSL)

CCIA, which should be larger than the maximum ECG/EEG signal bandwidth
(around 100 Hz). A block diagram of the CCIA with this DSL is shown in
Fig. 7.11. The DSL comprises an integrator which amplifies the DC signal at the
output of the CCIA; a chopper CHy,, which up-modulates the amplified DC signal;
and capacitors Cyp1, which feed the up-modulated signal to the CCIA virtual
ground. The integrator will continue integrating until the signal at the output of the
CCIA is DC-free. The DSL creates a high-pass corner f,, which is given by [1]:

Chpi2
Chvi1

B

Jop = X fopst, (7.2)

where fypsy. is the unity-gain frequency of the integrator in the DSL. In ECG and
EEG applications, fi, is usually required to be around 0.5 Hz. If Cyp12/Cip1 2 is
unity, fopsp. must then be equal to 0.5 Hz. This usually requires large capacitors
and/or resistors which can occupy a large chip area and are thus not suitable for
wireless sensor nodes. For instance, if a first-order RC integrator is employed, an
input resistor of 10 MQ will require an integration capacitor of 33 nF. Moreover,
due to process variation, the unity-gain frequency of this integrator will not be
accurate without trimming. An SC integrator is more accurate, but still requires the
use of large capacitors. If the conventional SC integrator shown in Fig. 7.12 is
employed, its unity-gain frequency fy can be estimated by [21]:
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Fig. 7.12 Block diagram of a Cint1
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where fi; is the switching frequency for switches S;—S4. Thus, if fi; = 2.5 kHz
and Cs;, = 100 fF, Cj, > must be 83 pF. This means the total capacitance of the
fully differential implementation of such an integrator is 166 pF. However, the
above estimation has been made is under the assumption that Cp; »/Cp; 2 is unity,
which may not be valid in actual design situations. The reasons are that the DSL
amplifies the input electrode offset, which will appear at the output of the DSL
(Vou_psL) and can be expressed by:

Chp1 2
Veomax = % X VoutvDSLv (74)
inl,2

where Veomax 18 the maximum accepted electrode offset (typically SO mV for wet
electrodes), and V. ps. is maximally equal to the supply voltage (1 V in this
design). Thus, in this design, Cyp12/Cin12 should be 1/20. According to the spec-
ification shown in Table 7.1, the CCIA should provide a gain of 100, which is
determined by Cin12/Crpip. As a result, Cpp2/Cpip must be equal to 5.
Consequently, according to Eq. (7.2), the unity-gain frequency of the integrator in
the DSL must be 0.1 Hz. To meet this challenge, a very large time constant
(VLT) SC integrator [22] is employed in this work with minimum chip area. Its
working principle is introduced in the following section.

7.3.3.1 A very large time constant SC integrator (VLT SC integrator)

The VLT SC integrator was first published by Nagaraj in [22]. Its block diagram is
shown in Fig. 7.13. The integrator comprises an opamp and a surrounding capacitor
network (C,1 2, Ca12, Ca12, and S1—S5). All switches in the capacitor network are
driven at a switching frequency f;y 1. The integrator is operated as follows. First, an
integration cycle is divided into two phases: ®; and @,. In the time domain, @, is
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Fig. 7.13 Schematic of the very large time constant integrator

defined from (n) to (n + 1/2) where n the number of clock cycles; while @, is defined
from (n + 1/2) to (n + 1). In @y, the input signal is first sampled on C,; ». At the end
of @y, a charge equal to V;,(n + 1/2) C,; 5 is pushed into C,; 5, where Vi(n + 1/2) is
the signal at the end of ®;. As a consequence, the charge on Ca;, changes
accordingly, resulting in an output voltage step AV, (n + 1/2) given by [23]:

1 Vin(n+ 1) x C
q’sl : AVout(}'l-f- 7) = — n(l’l 2) al,2 )

: (7.5)

Cai2

Meanwhile, C,;," samples this output voltage, acquiring a charge equal to
AVou(n + 1/2) Cy1 5. In @y Cyy 5 is discharged. The charge pushed into Cy; 5 in @
is now completely pulled out, leaving an output voltage step equal to exactly
—AVyu(n + 1/2), thus canceling the voltage step obtained in ®;. However, a tiny
difference is made by C,;,’, which is now connected as a feedback capacitor in
parallel with Ca;,. Thus, the charge stored on C,;," in ®; must now be redis-
tributed between C,; " and Ca; . This results in a small output voltage step cal-
culated by:

AVou(n+1/2)Cyy >
By : AVou(n+1) = ‘Et:lﬁél)z/“@ : (7.6)
, al,

Where AV, (n + 1) is the total output voltage change after one clock cycle.
Substituting Eq. (7.5) into Eq. (7.6), AV u(n + 1) can be calculated by:

_ Vin(n+ %)Cal,ZCal,Z’
Ca12(Carp+ Cary)’

AVou(n+1) = (7.7)
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Usually, C,;,' is equal to C,; > and is chosen to be much smaller than Ca . thus,
the integrator only integrates a fraction of the input signal per clock cycle. As a
result, the time constant of the integrator is greatly increased. Its unity-gain fre-
quency fyvpt is obtained by calculating its transfer function in the z domain, where
(n + x) can be substituted by z * and C,;, = Cy10' [23]:

Cap\’ 272
H(z) ~ — e 7.8
@~-(c2) = m 73)
By making H(z) equal to unity, foyi can be computed as [23]:
fovrC2
fovir = ——p 2 (7.9)

2 b
2nCy, 5

where fiypr is the switching frequency of the VLT integrator. This offers a sig-
nificant advantage over a normal SC integrator. To achieve the 0.1 Hz unity-gain
frequency, with a switching frequency  fovir = 2.5 kHz, and
Ca12 = C51 = 100 fF, a standard integrator requires a Ciy > of 415 pF according
to Eq. (7.3), while a VLT integrator only needs 2.8 pF (Ca;») according to
Eq. (7.9).However, this area efficiency comes at a price. When taking the offset of
the integrator opamp Vg into account, the output of the VLT integrator is calcu-
lated by Nagaraj [23]:

Cauz\’ C z-1n
Vout_DSL (Z) = — (ﬁ) <Vout(Z) + Votr CA_1122) 1=z 1 (7. 10)

According to this, the offset of the integrator opamp is amplified by Ca;2/Cai 2,
which is generally much larger than one. The same factor is expected for
low-frequency 1/f noise as well. Also, charge injection and clock feed-through
errors would result in residual offset, so this offset is again amplified. Thus, the VLT
integrator is rather inaccurate and is sensitive to all sorts of errors. A fully differ-
ential structure is recommended to limit the charge injection and clock feed-through
errors. A symmetrical layout of all the switches is also necessary (see Appendix A).
To suppress the amplified offset and 1/f noise of the integrator opamp, chopping is
employed, which is shown in Fig. 7.14. CHpg; and CHpg, are synchronized with
all the other choppers in the CCIA. A timing diagram is also shown in Fig. 7.14.
JSsvir 18 chosen to be 2f.,op, and the sampling point is at the zero-crossing point of
any residual ripple that can be expected at the output of the CCIA (Fig. 7.14). The
up-modulated offset and 1/f noise of G,,,5 again result in ripple. Thus, another RRL
is employed which is identical to that introduced in Sect. 7.3.2. The complete CCIA
is shown in Fig. 7.15.
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7.4 Realization

This section gives implementation details to achieve the specifications listed in
Table 7.1. First, the global parameters such as the chopping frequency fonop and the
capacitive bridge are presented. Also, in 65 nm CMOS technologies, two types of
transistors are available. Thus, choosing the appropriate type is of critical impor-
tance. Later, the implementation details of the CCIA’s opamp, the biasing resistors
Ry1 2, the PFL, the RRL, and the DSL will be given.

7.4.1 Global Parameters (Chopping Frequency, Capacitive
Bridge, and Transistor Type)

As explained in Chap. 6, several considerations should be taken into account when
choosing fchep: it should be far away from the signal band; it should not be too high
as it could result in excessive residual offset due to charge injection and clock
feed-through errors; and it should not be too low as it could lead to insufficient
filtering of the residual ripple due to the circuit non-ideality in the RRL. In this
design, fehop for DC mode is chosen to be 5 kHz. This is sufficiently far away from
the 100 Hz signal band. However, this is much lower than that in the previous
design. The main consideration is that due to the ultra-low bias current of the CCIA,
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the whole CCIA is much slower than the one presented in Chap. 4, especially G,
which is between the input and output choppers. As a consequence, fehop should
also be low to ensure sufficient gain of Gy, at fopop. In AC mode, fonop is further
reduced to 1.25 kHz. This mainly lowers the switching frequency of the DSL
integrator, which should be 2X f..p,, as explained in Sect. 7.3. A slow switching
frequency eases the design of the DSL integrator according to Eq. (7.9).

The capacitors used to implement the feedback network are metal-metal
capacitors. For matching purposes (0.1 ~ 0.2 %), Ci, 2 is chosen to be 12 pF, and
Cpp1 2 1s 120 fF for a fixed gain of 100, as required for the application (Table 7.1).
Exactly as in the CCIA presented in Chap. 4, the bottom plates of Ci,;, and Cpy 2
should be connected to the input and output, respectively, rather than the virtual
ground of the CCIA. Otherwise, the heavy parasitic capacitances at the bottom
plates will increase the noise of the CCIA according to Eq. (3.10).

The whole CCIA was implemented in a standard 65 nm CMOS technology with
a supply voltage of 1 V. There are two types of transistors in the 65 nm CMOS
process: the thin-oxide transistors and the thick-oxide transistors. Although some
benefit is gained from their low threshold voltages and small minimum feature size,
the thin-oxide transistors suffer from gate leakage current and low intrinsic gain,
which limit their use in precision analog designs. For instance, due to noise con-
siderations, the resistance of the bias resistors Ry, is calculated to be around 10
GQ (Fig. 7.15). Thus, a 100 pA gate leakage from the input transistors of Gy, is
enough to cause its input CM voltage to clip. Even if this current can be reduced by
decreasing the area of the input transistors, for instance, the mismatched gate
leakage current can still cause offset. Moreover, when used to implement the
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Fig. 7.15 Schematic of the complete CCIA
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switches in the VLT integrator, the leakage current will result in voltage drift
(especially with a low switching frequency) and residual offset (in a similar manner
as mismatched charge injection and clock feed-through). These could cause serious
problems and degrade the accuracy of the circuit. Lastly, the low intrinsic gain rules
out the use of the thin-oxide transistors, since the effectiveness of several structures
(such as the RRL and the DSL) rely on a high open-loop gain. In the end, the
thick-oxide transistors were employed throughout the CCIA despite their relatively
high threshold voltage (~0.6 V).

7.4.2 Opamp of the CCIA

The opamp of the CCIA is a simple two-stage Miller-compensated amplifier (G,
G and Cy). Its schematic is shown in Fig. 7.16.

The DC gain of the CCIA opamp must be large enough not to cause any
significant gain error. This can be estimated by:

Ag

G= , 7.11
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Fig. 7.16 Schematic of the CCIA opamp
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where Ay is the DC open-loop gain of the CCIA, and G is the closed-loop gain of
the CCIA. The simulated DC gain of the two-stage Miller-compensated CCIA
opamp is around 100 dB, which according to Eq. (7.11) corresponds to an absolute
gain error of <0.1 % for G = 100. Meanwhile, the layout parasitic, process spread,
and variation of Cj,; »/Cpy > also determines the gain accuracy, which is expected to
be around 0.1 %. The noise of the CCIA is dominated by the noise of the input
stage of G,;. The input PMOS differential pair is biased in weak inversion. It
consumes 1.1 pA, 61 % of the total supply current, and, consequently, a 55 nV/
YHz simulated noise voltage density Vyopamp Of the input stage is obtained. Thus,
the CCIA’s rms noise within the signal band (100 Hz) is 0.55 pV, which should be
less significant compared to the expected residual offset (a few microvolts). The
bias currents of other stages are shown in Fig. 7.16. With Ci,; 2/Cg12 = 100 and
neglecting parasitic effects, the input-referred noise of the CCIA is essentially equal
t0 Vyopamps according to Eq. (3.7). The Miller capacitors Cy, are chosen to be 30 pF,
with G,; = 13 uS, and the unity-gain frequency of the CCIA is about 70 kHz.

7.4.3 Biasing Resistor R,

The biasing resistor Ry, shown in Fig. 7.15 is required to fix the input CM DC
level of G,,; As indicated in Chaps. 5 and 6, NMOS transistors biased in the
subthreshold region can be used as area-efficient and transient-free biasing resistors.
Although they are nonlinear during large CM transients, they are suitable for
low-frequency small-signal sensor readout, where the CM level of the signal is
mostly constant. As mentioned at the beginning of Sect. 7.4, the chopping fre-
quency in AC and DC modes is different. With fhop = 1.25 kHz in AC mode, Ry, »
must be approximately 10 GQ to obtain an input noise contribution of about 14 nV/
YHz, according to Eq. (3.3), which is negligible compared to that of the whole
CCIA (~55 nV/Hz). This becomes even more negligible (3.5 nV//Hz) with
Sehop = 2.5 kHz in DC mode.

7.4.4 Impedance Boosting Loop or Positive Feedback
Loop (PFL)

With the CCIA configured with a fixed gain of 100, Cj,;, =12 pF and
Cip12 = 120 fF, Cyp 2 has to be 121.21 {F to reach an infinite input impedance,
according to Eq. (7.1). Since this is difficult to layout exactly, in this work, Cp 5 is
chosen to be equal to Cpy; . The compromised boosted input impedance of the
CCIA is then given by:
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Vo G
Lin_pt 2fehop X Cin12

Zin_pf = = 1OOZin, (712)

where Z;, is the original input impedance, Z;, p is the boosted input impedance, and
ILin_pr is the net current drawn from the signal source. However, in practice, the
parasitic capacitance Cp;, located between the bottom plate and ground of Ciy»
shown in Fig. 7.17 will further limit the input impedance. CHj, and Cp, » act as an

equivalent parasitic resistor with a resistance of %—'Xclz The current drawn by this
chop pl,

resistor will not be compensated by a PFL dimensioned according to Eq. (7.1). As a
result, this parasitic resistor limits the maximum input impedance. In a standard
CMOS process, Cp; » varies between 10 to 40 % of Cjy,; ». This means that a PFL
dimensioned according to Eq. (7.1) will only boost the input impedance by a factor
between 2.5X to 10X. To overcome this, the PFL can be designed also to com-
pensate for the extra current flowing through the parasitic resistor. As a result,
Eq. (7.1) can be modified as follows:

Iot_modi12 = 2(Vour — Vin) - fehop = Cpf_modil 2
= Iip12 +2Vin - fehop - Cp12
=Ip1p+ 12 (7.13)
Cinio +GCpi2

= Cpf_modil2 = G—1

where I¢ modi12 1S the modified compensating current provided by the PFL, and
Coi_modil 2 is the optimal value for Cyy . In practice, however, the exact value of
Cp12 will be uncertain, and so Cpe» can be made adjustable in order to obtain
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maximum input impedance. With trimmable Cyy, », an effective boost factor of 10X
was achieved [20].

7.4.5 SC RRL

The block diagram of the RRL is shown in Fig. 7.19. As explained in Chap2, the
RRL creates a notch in the transfer function of the CCIA. The values of Cj,,
Cint1 2, and the transconductance of G4 determine the width of the notch, which is
calculated by [23]:

GmaCs1 2

—_— 7.14
2ncmciml,2 ( )

f ORRL —

With Gy = 0.65 puS, Cs 5 = 240 fF, Cip 2 = 2.5 pF, and Cy,,1» = 30 pF, forre 1S
calculated to be around 330 Hz. With either a 5 kHz chopping frequency in DC
mode or 1.25 kHz in AC mode, the notch introduced by the RRL is well outside the
signal bandwidth. To make the noise of the RRL negligible compared to that of
G, Gma (Fig. 7.10) is designed to be 0.65 uS, which is 20X smaller than G,;.
C.z12 1s chosen to be 1.4 pF with the considerations of suppressing charge injection
errors from switch S; 4 and saving chip area.

G3 employs a telescopic topology to obtain enough DC open-loop gain; its
schematic is shown in Fig. 7.18. The ripple suppression factor F of the RRL is
[Chap. 5, Eq. (5.6)]:
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_ Agmz X Gy

F=r—,
2Cm1,2 X fehop

(7.15)

where Agns is the open-loop gain of G,,3 (Fig. 7.10). The open-loop gain of the
Gz is simulated to be around 76 dB. Moreover, with fo,op = 5 kHz in DC mode
and fehop = 1.25 kHz in AC mode, F is 82 and 94 dB, respectively. To determine
whether this suppression factor is sufficient, the unsuppressed ripple should be
calculated assuming the offset of G,; is 5 mV:

Votset * Gm1 S5mV - 13 }lS
DC mode : Vi = - —216mV. (716
oge = Tripple = 5 oo Cmiz 2 - (SkHzZ) - 30 pF o (7.16)
offset * Um V-1
ACmode : Vigppie = Yottt Gt SV 13U _ o) v (7.17)

2fnop - Cm12 2 - (1.25kHz) - 30 pF

As a result, with F equal to 82 and 94 dB in DC and AC mode, respectively, the
residual ripple should then be within 17 pV in both modes, which is sufficient for
the applications.

As explained in Chap. 5, although the offset of the integrator is auto-zeroed,
several parasitic error sources remain. First, a voltage spike at the switching fre-
quency at the input of G4 results from the switching between the offset voltage of
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G and the correct compensation voltage. This spike will eventually turn into a
residual ripple at the output of the CCIA. To reduce this effect, the output voltage
swing of G,z is limited within only 100 mV by choosing G,4/G ., to equal 1/20,
assuming that a maximum Gy, offset equals 5 mV. Second, to minimize the charge
injection and clock feed-through errors of S;—Sg, a careful, symmetrical layout is
required.

In total, the SC RRL consumes a total capacitance of only 8.5 pF and only
100 nA of current, which is negligible compared to the total current consumption of
the CCIA (1.8 pA).

7.4.6 DC Servo Loop (DSL)

A block diagram of the DSL is shown in Fig. 7.15. As explained above, the DSL
forms the high-pass transfer function, which is used to null the electrode offset for
biomedical sensor readout. According to Eq. (7.4), with Vegmax = 50 mV,
Cin = 12 pF, and Vpp = 1 V, Cy, must be 600 fF. The rest of the design will thus
focus on the VLT integrator.

Very large time constant (VLT) integrator A block diagram of the VLT integrator
is shown in Fig. 7.14. According to Eq. (7.5), to achieve a 0.5 Hz high-pass corner,
with G = 100, Veomax = 50 mV, and Vpp = 1 V, the unity-gain frequency of the
VLT integrator should be 0.1 Hz. Since the VLT integrator is sensitive to errors, the
sampling capacitor C,;, (Fig. 7.14) is chosen to be relatively large (240 fF) to
reduce the error voltage due to the mismatched charge injection and clock
feed-through errors of the switches. With fehop = 1.25 kHz in AC mode, fovir
should be 2.5 kHz, as explained in Sect. 7.2. Thus, according to Eq. (7.7), the
integration capacitor Ca;, must be 15 pF. All the capacitors used in the VLT
integrator are metal-metal capacitors.

To ensure that the output of the VLT integrator can swing rail-to-rail, as assumed
in Eq. (7.5), the VLT integrator opamp employs a two-stage amplifier with a
class-A output stage, as shown in Fig. 7.20. A common-mode feedback (CMFB)
circuit regulates the output CM level, which is equal to 0.5 V (half Vpp). Due to the
ultra-low bias current at the output stage (50 nA), the output impedance is high
(hundreds of Mega ohm), and the CM output voltage therefore cannot be sensed by
an on-chip resistor as is usually the case [24]. Thus, an SC CMFB is employed [24].

Chopping up-modulates the offset and 1/f noise of the integrator’s first stage.
However, it also brings with it a huge drawback in terms of noise. The shot noise of
the chopper switches results in a current noise [20]. When referred to the input of
the integrator, this current noise is converted into a voltage by the input sampling
capacitors. As the impedance of the capacitors is frequency dependent, this noise
voltage is also frequency dependent and becomes more dominant at low frequen-
cies. This will be shown and discussed in the measurement results.
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regulation circuit

7.5 Experimental Results

The circuit was implemented in a 65 nm CMOS technology. The CCIA operated
froma 1 V supply from which it drew 1.8 pA without the DSL and 2.1 pA with the
DSL. The active chip area was 0.1 mm? without the DSL and 0.2 mm? with the
DSL. A photograph of this is shown in Fig. 7.21, which includes the DSL. With the
DSL off, the measured DC CMRR was greater than 134 dB, while the DC PSRR
was greater than 120 dB for 20 samples. The worst-case measured offset was 1 uV.
A histogram of the offset is shown in Fig. 7.22. The relative DC gain accuracy of
the CCIA was better than 0.16 %. A histogram of the gain variation is shown in
Fig. 7.23. As shown in Fig. 7.24, the measured output noise spectrum density was
6 uVAHz, which is equivalent to an input-referred noise of 60 nVA/Hz. This
confirms that the noise was mostly determined by the input stage. Furthermore, the
noise floor was flat until 100 MHz, which proves that the 1/f noise was effectively
removed by chopping. The noise efficiency factor (NEF [18]) was 3.6. After acti-
vating the PFL, the measured input impedance increased from 6 to 30 MQ. The
boost factor was only 5 instead of the 100 calculated by Eq. (7.10), due to the
presence of parasitic input capacitors, which were not compensated. As has been
explained in Sect. 7.4.3, this can be improved by trimming Cy¢ (Fig. 7.17), as in
[26]. The RRL reduced the amplitude of the input-referred ripple to less than 3 pV
at all the harmonics, which is comparable to the residual offset. This residual ripple,
however, is larger than what was presented in Chap. 5. This is mainly due to the
layout, which was not as optimized as the layout used in Chap. 5. The transient
response of the CCIA to a 500 mV output step is shown in Fig. 7.25. The spikes
due to the various switching events are also shown. It can be seen that the output
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7.5 Experimental Results

Fig. 7.21 Chip
microphotograph

Fig. 7.22 Histogram of the
residual offset

Fig. 7.23 Histogram of the
relative gain accuracy
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settled well before the end of the clock phase so that a succeeding ADC could avoid
the spikes by sampling just before the next clock transition.

For biopotential measurements, the DSL was turned on, resulting in the
high-pass frequency response shown in Fig. 7.26. The high-pass corner frequency
was located at 0.5 Hz. At frequencies below 100 Hz, the measured AC CMRR was
larger than 110 dB, which is at least 30 dB higher than [17, 18]. The chip area with
the DSL is 7X smaller than that of the fully differential version of its prior art [1].
However, the noise of the CCIA with the DSL increased to 6.7 uVrms in a
bandwidth of 0.5-100 Hz for biosignals. The noise spectrum is shown in Fig. 7.27.
It can be seen that the low-frequency noise dominates. This noise, which although it
looks like 1/f noise, is the noise caused by the shot current noise of the input
chopper in the VLT integrator. This current noise is converted into voltage by the
input capacitors, and thus increases as the frequency decreases. A similar effect has
been observed in several other biomedical IAs. A detailed explanation of this effect
can be found in [25]. The key specifications of the CCIA are summarized by
Table 7.2.
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Fig. 7.26 High-pass
response of the capacitively
coupled instrumentation
amplifier with the DC servo
loop. (Y axis log format; 10—
100; X axis log format;

100 MHz-500 Hz)

Fig. 7.27 Output noise
spectrum of the CCIA in AC
mode with a gain of 100 (Y
axis log format; 8 pVAHz—
2 mVAHz; X axis log format;
500 MHz-500 Hz)

Table 7.2 Performance summary
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DC mode AC mode
Chopping frequency (kHz) 5 1.25
Offset 1upv N/A
Band-pass N/A 0.5 Hz-700 Hz
Power (uW) 1.8 2.1
Area (mm?) 0.1 0.2
CMVR 0 V-Vpp 0 V=Vpp
CMRR >134 dB (DC) >110 dB (100 Hz)

Technology (nm)

65

65

Input impedance

30 M ohm (DC)

80 M ohm (AC)

Input-referred noise

600 nVrms

6.7 uv

7.6 Conclusion

A precision CCIA has been implemented in a 65 nm CMOS technology. For DC
measurements, it achieves state-of-the-art performance in terms of NEF, offset,
CMRR, PSRR, and gain accuracy. The CCIA’s power efficiency is high due to the
use of a capacitively coupled chopper topology. It has a rail-to-rail DC CM input
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range without using a rail-to-rail input stage. Since it operates from a 1 V supply,

the power consumption of the amplifier is 1.8 pW with a chip area of 0.1 mm?.

With an additional DSL for AC measurements, the CCIA can be used for biopo-
tential sensing, for which it consumes 2.1 pW power consumption and occupies a
chip area of 0.2 mm”. The deep submicron technology, low supply voltage, low
power consumption, and small area make the CCIA suitable for a variety of
wireless sensor applications.
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Chapter 8
Conclusions

In the previous chapters, the design and realization of prototype capacitively cou-
pled chopper operational amplifiers (CCOPAs) and capacitively coupled chopper
instrumentation amplifiers (CCIAs) have been described. In this chapter, conclu-
sions will be drawn based on the experimental results obtained with these proto-
types. The original contributions of the author are listed.

8.1 Conclusions

The theory and realizations presented in this thesis show that the combination of
capacitive coupling and chopping can be successfully used to build both opamps
(Chap. 5) and IAs (Chaps. 6 and 7) with a wide input common-mode voltage range
(CMVR). In combination with the floating input chopper (Chap. 4), an input
CMVR equal to the breakdown voltage of the input capacitors can be achieved,
without any extra power consumption or a high voltage supply. Compared to other
methods of expanding CM VR, this approach is not only much simpler, but is more
power efficient. In particular, in the case of an IA, the capacitively coupled chopper
topology confers not only low offset, low 1/f noise, and a high CMRR, but also
higher power efficiency than the classic current-feedback and three-opamp
topologies because it only requires one input differential pair. This makes such
amplifiers especially well suited for use in precision wireless sensor nodes, where
low power and low noise are both of critical importance. Due to the excellent
matching of on-chip capacitors, high gain accuracy can also be obtained without the
need for extra techniques such as dynamic element matching. The relatively low
input impedance of a CCIA can be significantly increased by impedance boosting
loops such as the one discussed in Chap. 7, while chopping ripple can be effectively
suppressed by the area-efficient SC RRLs presented in Chaps. 5 and 7. Below is a
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124 8 Conclusions

Table 8.1 Performance summary of the capacitively coupled chopper amplifiers presented in
Chaps. 5, 6, and 7

Chapter 5: CCOPA Chapter 6: HV CCIA | Chapter 7: LV CCIA (DC
Multipath [1] | Single [3] mode) [4]
path [2]
CMVR (V) 0 to 20 0 to 20 =30 to 30 Otol
CMRR (dB) 140 140 160 134
Power (uW) | 40 50 78 2.1
Offset (LV) 3 3 5 1
Noise (nV/ 56 42 31 60
VHz)
GBW 800 kHz 400 kHz 1M 70 kHz
Gain NA NA 0.13 % 0.16 %
accuracy

table showing the key performance of the designs presented in earlier chapters
(Table 8.1).

Apart from the advantages such as wide CMVR, high DC CMRR, high power
efficiency, and gain accuracy, capacitively coupled chopper amplifiers also have
some drawbacks. As explained in Sect. 6.3.4, one major drawback of CCIAs is the
presence of chopping spikes at their outputs. These can be reduced by reducing the
value of the feedback capacitors, implementing a strong output stage, or by
employing S&H filter at the output of the amplifier as explained in Sect. 6.3.4.

8.2 Original Contributions

The invention of the capacitively coupled floating choppers (Chap. 4).
The analysis and realization of the two above-the-rail CCOPA prototypes are
described (Chap. 5).

e The analysis and realization of a beyond-the-rail CCIA for high/low-side current
sensing are given (Chap. 6).

e The realization of a multipurpose low-voltage CCIA for wireless sensor nodes
(Chap. 7).

e The demonstration of an input impedance boosting technique for CCIAs
(Chap. 7).

e Two potential CCADC architectures have been suggested as a basis for future
work (Chap. 8).
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