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A 331)/Step SAR Capacitance-to-Digital Converter
Using a Chain of Inverter-Based Amplifiers

Hesham Omran, Abdulaziz Alhoshany, Hamzah Alahmadi, and Khaled N. Salama, Senior Member, IEEE

Abstract— A 12 — bit energy-efficient capacitive sensor inter-
face circuit that fully relies on capacitance-domain successive
approximation (SAR) technique is presented. Analysis shows
that for SAR capacitance-to-digital converter (CDC) compara-
tor offset voltage will result in parasitic-dependent conversion
errors, which necessitates using an offset cancellation technique.
Based on the presented analysis, a SAR CDC that uses a
chain of cascode inverter-based amplifiers with near-threshold
biasing is proposed to provide robust, energy-efficient, and
fast operation. A hybrid coarse-fine capacitive digital-to-analog
converter (CapDAC) achieves 11.7 — bit effective resolution,
and provides 83% area saving compared to a conventional
binary weighted implementation. The prototype fabricated in
a 0.18um CMOS technology is experimentally verified using
MEMS capacitive pressure sensor. Experimental results show
an energy efficiency figure-of-merit (FoM) of 33 fJ/Step which
outperforms the state-of-the-art. The CDC output is insensitive
to analog references; thus, a very low temperature sensitivity
of 2.3ppm/°C is achieved without the need for calibration.

Index Terms— Capacitance-to-digital converter (CDC), capac-
itive sensor interface circuit, capacitor array, CMOS, energy-
efficient, low-power, MEMS pressure sensor readout circuit,
successive-approximation (SAR).

I. INTRODUCTION

NERGY efficiency is a key requirement for wire-

less sensor nodes, biomedical implants, and wearable
devices [1], [2]. The energy consumption of the sensor node
needs to be minimized to avoid battery replacement, or even
better, to enable the device to survive on energy harvested
from the ambient. Capacitive sensors do not consume static
power; thus, they are attractive from an energy efficiency
perspective. In addition, they can be used in a wide range
of applications, such as pressure sensing [3], displacement
sensing [4], flow sensing [5], humidity sensing [6], and chem-
ical sensing of volatile organic compounds (VOCs) [7], [8],
which can be used as biomarkers for non-invasive lung cancer
detection [9].
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Typically, the wireless transceiver is the most power-hungry
block in a sensor node; however, it is only operated for a short
time at distant intermittent time intervals to transmit aggregate
data. On the other hand, the sensor readout circuit is more
frequently operated for a longer time to acquire and digitize
measurements; thus, its energy consumption can be signifi-
cantly larger. For instance, an implantable intraocular pressure
monitoring system for glaucoma patients is reported in [2],
where the capacitive pressure sensor readout circuit, i.e., the
capacitance-to-digital converter (CDC), consumes 93% of the
active energy consumption. Thus, optimizing the CDC energy
efficiency is crucial to optimizing the energy consumption of
capacitive sensor nodes.

Conventionally, a CDC is implemented by converting the
sensor capacitance to an analog voltage and then digitizing
the voltage using an analog-to-digital converter (ADC). The
ADC can be implemented with minimal analog components
and very low power dissipation [10], [11]. However, signal
conditioning and buffering stages preceding the ADC typi-
cally use OTAs; thus, they can be more complex and more
power-consuming than the ADC itself [12]-[15]. On the other
hand, recent implementations favor direct digitization of the
sensor capacitance, where the sensor is integrated in the ADC
architecture to perform direct capacitance-to-digital conver-
sion [6], [16]—-[24]. In a semi-digital CDC approach, the capac-
itance is converted to a time-domain parameter of a digital sig-
nal [16]-[18], e.g., period modulation [16]. However, the time-
modulated signal needs to be digitized using a time-to-digital
converter, e.g., a fast digital counter and a high frequency
stable reference clock, which results in increased power con-
sumption. Another approach is to use XA CDCs, which can
provide fine absolute resolution [4], [6]; however, XA CDCs
suffer from limited capacitance range and use power-hungry
OTAs running at a relatively fast oversampling clock.

ADCs that employ successive approximation register (SAR)
technique are well known for their excellent energy
efficiency [10], [11]. A SAR CDC that resembles a
conventional low-power SAR ADC was proposed in [25];
however, the comparator offset voltage results in parasitic-
dependent conversion errors, as will be shown in Section II.
A SAR CDC architecture that addresses the offset error
limitation was proposed in [21]; however, it uses an OTA
that dominates the power consumption, and degrades the
energy efficiency. An energy-efficient SAR CDC that uses
an inverter-based OTA was proposed in [24]; however, it
requires the use of two matched capacitive sensing elements,
suffers from static power consumption, and does not fully
address the offset error limitation.
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Fig. 1. (a) Schematic of conventional SAR CDC. Cyg is the sensor capacitor,
Cpac is a binary weighted CapDAC, and Cp is a parasitic capacitor.
(b) Timing and operation phases of SAR CDC.

In this work, we propose an energy-efficient CDC that fully
relies on SAR algorithm while providing both robust operation
and excellent energy efficiency. The proposed CDC employs
a chain of energy-efficient cascode inverter-based amplifiers
to fully overcome offset-induced errors with a minimum
impact on power consumption. Near-threshold biasing and
a dynamic comparator are used to minimize static power
consumption. The CDC is optimized and implemented in
a 0.18um CMOS technology and achieves an energy effi-
ciency figure-of-merit (FoM) of 33 fJ/Step, which is the best
reported FoM to the best of the authors’ knowledge. The CDC
output is insensitive to analog references, resulting in a very
low temperature sensitivity of 2.3ppm/°C without the need
for calibration. In addition, we analyze the contributions of
different noise sources, and discuss the resolution limitations
due to both thermal noise and mismatch.

The rest of the paper is organized as follows. Section II dis-
cusses the operation and the limitations of a conventional SAR
CDC. Section III describes and analyzes the proposed SAR
CDC. Section IV discusses the mismatch-limited resolution
and the implementation of the CapDAC. Section V presents
measurement results. Finally, Section VI concludes the paper.

II. SUCCESSIVE APPROXIMATION CDC

A. Circuit Operation

The schematic of a conventional SAR CDC is shown
in Fig. 1 a, where Cy is the unknown sensor capacitor, Cpc
is a reference capacitor implemented as an N — bit binary
weighted CapDAC, and Cp models the parasitic capacitance.
Cs, Cpac, and Cp are typically in the picofarad range.
The circuit operation is divided into two phases as shown
in Fig. 1 b. During the reset phase, the charge stored is given by

01 =Cs(Vem — Vpp) + CpacVem +CpVemu. (1)

Next, in the conversion phase, Vy is floating, the bottom plate
of Cg is connected to Vsg, and the bottom plates of Cpac
elements are either connected to Vpp or Vsg depending on
the SAR logic output (By_1.0). The equivalent capacitance
of the elements connected to Vpp and Vsg are denoted as
Cpac,on and Cpac,oFF, respectively. The charge stored in
this phase is given by

02 =CsVx + Cpac,on (Vx — Vbp)
+Cpac,orrVx +CpVx. 2)
Since charge is conserved, from (1) and (2), the differen-

tial voltage at the comparator input terminals (AV) can be
written as

_ Cs—Cpac,on

B Cin

where Vi cmp 18 the comparator offset voltage, and Cyy is

the total input capacitance connected to Vy, i.e., C;y = Cs+

Cpac + Cp. Equation (3) can be rewritten as

(Cs + Cerr) — Cpac,on
Cin

where C,, is the capacitance conversion error due to offset
voltage and is given by

AV N VDD + Vos,cmp (3)

AV =

-Vpb, @

Cerr - Vos,cmp : C1N~ (5)
Vbp
Based on the comparator output (Vcap), the logic in the
feedback loop uses SAR algorithm to change Cpac till AV is
minimized—that is, until Cpac,on is matched to (Cs + Cerr)
within the resolution of the smallest unit capacitor in the
CapDAC (Cprsp), i.e., the least significant bit (LSB).

B. Offset Error Limitation

As given by (5), the comparator offset voltage manifests
itself as a conversion error that is a function of Cg, Cp, and
Vpp. In order to limit the conversion error to one LSB, the
peak-to-peak value of C,,, needs to be less than Crsp. Hence,
noting that Vi cmp is a statistical variable, for a three-sigma
yield of 99.73%, the condition satisfying this requirement is

6Vos,rms
DD

Crsp > -CIN, (6)
where Vi rms 18 the rms offset voltage.

Generally, Cy is an off-chip capacitive sensor; thus, node Vy
is associated with a large parasitic capacitance due to the pads
and the bondwire [26], in addition to the parasitic capacitance
of the CapDAC elements. Assuming that the interface is
required to handle a parasitic capacitance as large as the full-
scale sensor capacitor (Crg), the maximum input capacitance
iS CiN,max =~ 3Crps. Thus, substituting in (6), the offset-
limited achievable resolution (R) in bits can be written as

Vop

C
R = log, CLFS SB < log, —4.17, 7)

os,rms

where it can be noticed that the achievable resolution is very
poor especially for low supply voltage, e.g., only ~ 4.8 — bit
resolution is achievable for Vi, s =2mV and Vpp =1V.
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Fig. 2. Schematic of the two-point calibration circuit used to cancel gain
and offset errors.

Another way to handle the conversion error given by (5) is
to divide it into three components: the component proportional
to Cg is then treated as a gain error, and the component
proportional to Cpyc is treated as an offset error. In order to
cancel these gain and offset errors, a two-point auto-calibration
scheme can be used as shown in Fig. 2 [16]. On-chip switches
are used to facilitate the performance of the following three
measurements: (Cs + Cp), (Cr + Cp), and Cp, where Cg
and Co are on-chip reference capacitors. The ideal ratiometric
output (f;geqr) is then given by

(Cs+Cop)—Co :ﬁ
(CR+Co)—Co Cr

When Vi cmp is considered, the ratiometric output (u) is
approximately given by

C V, Cp1—C Cpr—C
u%—s(l—i— os,cmp( Pl p3  Cp PS))’
Cr
)

Cg Cr
where Cpy, Cp2, and Cp3 are the parasitic capacitors asso-
ciated with the three aforementioned measurements, respec-
tively.

Equation (9) reveals that the gain and offset errors due
to Cs and Cpac will be canceled; however, the third error
component due to Cp will not be canceled, because the
parasitic capacitance associated with each measurement is
different. Moreover, Cp constitutes parasitic capacitances of
the switches, 10 pad, and ESD circuitry, which are not stable.
In addition, the off-chip parasitic capacitance can drift due to
humidity, mechanical stress, and temperature [27]. Besides, the
price paid for the calibration is tripling the conversion time:
i.e., a three-fold degradation in energy efficiency.

Digital offset compensation techniques can be used to
reduce the offset of a low-power dynamic comparator; how-
ever, the residual offset voltage can still be as large as several
millivolts [28], [29]. In order to overcome this offset error
limitation, it is necessary to use an analog offset cancellation
technique [30]. Since a large input capacitance already exists,
input offset storage can be used where the offset voltage is
stored on the input capacitance during the reset phase (i.e.,
auto-zeroing), as will be discussed in the following section.

®)

Hideal =

Vbp

III. SAR CDC USING INVERTER-BASED AMPLIFIER

A. Circuit Operation

The schematic of the proposed 12 —bit SAR CDC is shown
in Fig. 3 and the timing diagram is shown in Fig. 4. The circuit
uses a chain of identical inverters, where the first inverter (I1)

acts as a preamplifier with offset cancellation, and the remain-
ing inverters (I2 to I5) act as open-loop preamplifiers for
a dynamic latch comparator. An inverter-based amplifier is
inherently energy-efficient because both the PMOS and NMOS
transistors contribute to the transconductance; thus, for the
same bias current, the transconductance of the amplifier, and
consequently the energy efficiency, is doubled [6], [31], [32].

During the reset phase, only the first inverter stage (I1) is
enabled, ®; is HIGH (i.e., the feedback switch is closed),
and both Vx and Voyr are equal to the switching threshold
of 11(Vy1), not to be confused with the transistor threshold
voltage. The inverter switching threshold (Vjy) is the trip-point
voltage at the middle of the inverter transfer characteristics.
The inverter built-in Vj; replaces the common mode volt-
age (Vcyr) that is used in Fig. 1(a). The switching threshold
of 11(Vyy1) is stored on the input capacitance; thus, the
offset voltage of the first inverter stage is canceled (i.e., auto-
zeroing).

During the conversion phase, the remaining inverter stages
(I2 to I5) are enabled, the feedback switch is open, and the
stored charge is redistributed according to the CapDAC digital
input. Applying charge conservation, the output of I1 is

Cs — Cpac,on
Cin/Ao

where A, is the open-loop gain of the inverter-based amplifier.
The delta input of 12 is the deviation of Voyr from the
switching threshold of 12(Vj2); thus, it is given by

_ (Cs + Cerr) — Cpac,on

Vouri = Vmi + -Vbbp, (10)

AV - Vbb, (11)
CIN/Ao
where the capacitance conversion error (Ce,) is given by
Vos CIN
Corr = . , 12
err VDD AO ( )

where in this case the offset voltage (V,s) is equal to
(Va1 — Vo), i.e., the residual offset voltage is the mismatch
between the switching thresholds of I1 and 12. The mismatch
in the switching thresholds of subsequent inverter stages is
not important as the signal will be already amplified by I1
and I2. In contrast to (5), the conversion error given by (12)
is a function of the gain of the inverter; thus, the inverter gain
is the design knob that can be used to achieve the required
resolution.

Equation (12) shows that the conversion error is still depen-
dent on the sensor and parasitic capacitance. However, by
properly selecting the inverter gain, the required conditions
on C.- can be satisfied. To limit the peak-to-peak value of
Cerr to one LSB, the condition on the amplifier open-loop
gain for a three-sigma yield is given by

18Vos,rms

2R, (13)
Vbp

Ay >
Monte Carlo simulation of the switching threshold mismatch
is shown in Fig. 5(a), where the rms offset voltage (Vos,rms)
is #2mV. For R = 12 — bit, Vpp = 0.8V, and Vs s =
2mV, the minimum required gain is &~ 185. In order to
satisfy this requirement, the gain of the inverter is increased
by implementing each inverter in the chain as a cascode stage
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Fig. 5. (a) Histogram of 500 MC simulation runs of inverter switching
threshold mismatch, i.e., Vos. The standard deviation (Vos,rms) is & 2mV.
(b) Histogram of 500 MC simulation runs of inverter open-loop DC gain (A,).
The mean value is &~ 471 and the standard deviation is ~ 70.

as shown in the inset in Fig. 3. Monte Carlo simulation of the
inverter gain is shown in Fig. 5(b), where the nominal gain
is ~471 and the standard deviation is ~ 70; thus, the minimum
gain requirement is achieved with a sufficient margin under
process variations.

B. Noise Analysis

For the purpose of noise analysis, the inverter-based ampli-
fier is modeled as a single transconductance stage, with a
trans'cond.uctance of G,,', ar.ld an output-pole w, = m.
To simplify the analysis, it is assumed that C;y > Cour,
Ay, = GuRour > 1, and Rouyr > Ron, where Ron is
the switch ON resistance. Several noise sources contribute to
the total noise, namely, (1) the feedback reset switch, (2) the
switches associated with Cg, (3) the switches associated with
the CapDAC, and (4) the amplifier. First, noise power from

the reset switch ON resistance is sampled and stored in Cyy

when the switch is opened. Using nodal analysis to solve for
vx (s) yields

. M
inRon -5
vy (5) ~ . (14)
GmRout (1 _ L) (1 _ L)
Spl Sp2
D0y AT ~__ 1 ~ _ Gum
where i (f) = Ron 52 N T RoprCour: Spl o and

, k is the Boltzmann constant, and T is the
temperature in Kelvin. The input-referred mean-square (MS)
noise voltage due to the feedback switch ON resistance is then
given by

5)

Second, the noise due to Cg switches is divided into two
components, where the first component is the sampled noise
when the reset switch is opened and the second component
is the voltage noise generated during the conversion phase.
By assuming that C;y > Cg, it can be shown that a
pessimistic estimate of the MS noise voltage is given by

5 kTC3
Z)nZ,rms C4
IN

Third, the MS noise voltage due to the CapDAC switches is
similarly given by

kTC3
2 FS
U3, rms N Z (231)
i=1

kTRONa)p kTRon®pClg
2
CIN

(16)

(221) a7
where the two summations converge to 1/ 7 and 1/3, respec-
tively, for N — oo. Fourth, the amplifier noise is sampled and
stored in Cyy when the reset switch is opened. An additional
noise component is generated during the conversion phase.
The MS output noise voltage due to these two components is

given by
1
Vg, ms ~ KTy (a + G_)
m

where y is a noise parameter equal to 2/3 for a long channel
device.

(18)
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The previous analytical expressions were verified using
Cadence Spectre transient noise simulations. The noise
can be transferred to the capacitance-domain noting that

AV = % - Vpp; thus the total MS capacitance noise is
given by

N AR T 19

Cnt,rms ~ E ;vni,rms 19)

The maximum noise occurs at Cs = Cps and C;jy =
CiN,max ~ 3CFs. Thus, the maximum MS noise is given by

kT Crs 4 9y
Cl%t,rms,max ~ VT |:3)’ +w17CFS (gRON + G_
DD m

(20)

For an energy efficient design, the noise is dominated by
the amplifier rather than the switch ON resistance [33], i.e.,
‘3—‘R0 N K g—’r’n. Thus, C? is approximately given by

nt,rms,max
2 N 3kTy Crs 1+ 3wpCFs
G ’

nt,rms,max "> V2
DD

Substituting in (21) with the parameters of the implemented
prototype (Vpp = 0.8V, Crs = 12.66pF, Crsp = 3.75fF,
wp = 1Mr/s, and G, = 150uS) yields Cus rmsmax =
0.45f Frms. The total noise from Spectre transient noise
simulation results is 0.47 f Frms which is quite close to the
analytical value given the approximations put forward. The
rms quantization noise is equal to Crsp rms = CL—\/% =
1.1 f Frms; thus, the thermal noise is less than the quantization
noise, i.e., the design is quantization noise-limited. This result
was experimentally verified as will be shown in Section V.
In order to avoid performance loss due to supply noise, the
inverter-chain needs to be powered by a low-noise LDO.
The sensitivity to supply noise can be mitigated by using a
differential architecture.

21

C. Design Trade-Offs and Details

The inverter-based amplifier determines the noise, power
consumption, and speed of the proposed CDC. The design
of the amplifier is affected by several trade-offs. Minimum
channel length (L) offers best energy efficiency and highest
speed; however, it is not possible to achieve the gain require-
ment with minimum L, even while using cascode. In addition,
the flicker noise of the NMOS transistor is excessive for
small L. Increasing the width (W) improves the performance
at the expense of increased power consumption and parasitics.
Lower supply voltage gives better energy efficiency; however,
it results in sharp degradation in speed [34]. Although the
physical signals of interest are typically slowly varying, e.g.,
intraocular pressure, operation at a very low speed—i.e., long
conversion time—has several drawbacks. First, the circuit
operation relies on the charge stored at Vy; thus, it can
be affected by leakage currents. Second, slow conversion
time can result in conversion errors if the capacitive sensor
(Cs) changes during conversion. Third, the circuit will be
more prone to the effects of low-frequency noise, drifts,
and variations. In addition, lower supply voltage will make
the circuit more sensitive to offset voltage and noise. For a
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Fig. 6. (a) Energy consumed in I1 to IS as a percent of the total energy
consumption of the inverter chain, calculated from Spectre transient simulation
results. The first four clock cycles are dedicated to the reset phase, followed by
twelve clock cycles in the conversion phase. (b) Percent of energy consumed
in I1 at different simulation corners.

compromise between energy efficiency and speed, the inverters
should be biased at Vpp =~ 0.8V, such that each transistor
is biased near its threshold voltage [31], [34], where the
transistors are sized such that Vj; ~ Vpp/2 and the transistor
threshold voltage is &~ 0.4V. In order to address these design
trade-offs, transistor sizing and Vpp were determined using
Cadence ADE GXL global optimization with the following
criteria: (1) achieving the gain requirement, (2) circuit noise
less than the quantization noise, (3) clock period of 1us,
and (4) maximum energy efficiency (minimum FoM). The
optimization results confirmed the selection of Vpp = 0.8V.

Conceptually, only one inverter stage (I1) can be used,
where the two inputs of the dynamic comparator are connected
to the input and output of I1. However, the voltage change at
the input and output of Il is quite small (few millivolts or
less); thus, it can be disturbed by the kickback noise of the
dynamic comparator which can be as large as 10s of millivolts.
Therefore, in order to protect these sensitive nodes, at least
three inverter stages are required. A total of five inverter
stages were used in the implemented prototype to provide
more gain and reduce the probability of metastability, where
the additional stages (I2 to I5) have minor impact on energy
consumption and speed. As illustrated in Fig. 6(a), during the
reset phase (first four clock cycles), the energy consumed in
11 increases at its maximum rate, while 72 to 15 are disabled.
Next, in the conversion phase, /1 energy gradually increases
at an accelerating rate, as Vyx is successively approximated
towards Vys1. By virtue of near-threshold biasing, either the
pull-up or the pull-down transistors in /2 and the subsequent
stages will be biased in the subthreshold region and thus
dissipate negligible current. The energy consumed in /1 is
2 90% of the total energy consumed in the inverter-chain at
different simulation corners as shown in Fig. 6(b).

Fig. 7(a) shows the worst case delay in the inverter chain
when the output of Il changes from zero to Vi + #,
where it is clear that the effect of 12 to I5 on speed is neg-
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ligible because they are biased by a larger overdrive voltage.
Fig. 7 compares the non-linear settling behavior of the inverter
with the linear settling of an ideal transconductance stage
that has the same gain and bandwidth, where it can be seen
that the inverter-based amplifier offers ~ 5x improvement
in speed. The output of IS5 is strong enough to drive digital
logic. However, a higher digital supply voltage is used (1.2V)
in order to decrease the ON resistance of the switches; thus,
a dynamic comparator (shown in Fig. 8) is still used to act as
a level-shifter (as seen in Fig. 3).

The comparator decision depends only on the sign of AV
as given by (11); thus, it is independent of the absolute value
of V. Therefore, as long as V), remains constant throughout
the conversion cycle, the temperature dependence of Vj; will
not affect the conversion result. Fig. 9 shows that for the
temperature range from 0°C to 70°C the variation of Vjs is
quite small (< 2mV) at different process corners; thus, even
if the temperature changes by few degrees Celsius during the
conversion cycle, the conversion result will not be affected.
Since ACjax < Crs/2, the maximum deviation of Vy around
Vi is < Vpp/4; thus, Vx will not approach the supply rails.
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Fig. 10. (a) Standard deviation of unit capacitor mismatch and (b) maxi-
mum achievable mismatch-limited resolution vs. capacitance of unit capaci-
tor (Cpsp)- The dotted lines indicate the points used in the proposed design.

The robustness of the proposed interface against temperature
variations was experimentally verified as will be shown in
Section V.

IV. CAPACITIVE DIGITAL-TO-ANALOG CONVERTER
A. Mismatch-Limited Resolution

As discussed in Section III-B, the resolution is limited by
the quantization noise, i.e., the mismatch of the CapDAC.
The CapDAC unit capacitor (Crsp) sets the absolute res-
olution of the readout circuit, while the number of bits of
the CapDAC sets the dynamic range. For the 0.18 um CMOS
technology used to implement the proposed prototype, three
types of capacitors are available: parallel-plate metal-insulator-
metal (MIM) capacitor; dual MIM (DMIM) capacitor (built
by vertically stacking two MIM capacitors); and metal-oxide-
metal (MOM) capacitor that utilizes the lateral electric field
between standard interconnect metal layers.

A binary-weighted array implementation is considered, as
it is more energy-efficient compared to an array that uses
an attenuation capacitor, when linearity is taken into con-
sideration [35]. In order to achieve fine absolute resolution
and wide dynamic range, Cysp needs to be minimized while
the number of bits needs to be maximized. However, these
two requirements are conflicting, because the smaller the unit
capacitor the worse the matching and consequently the smaller
the number of bits. Using the mismatch models provided by
the foundry, the standard deviation of unit capacitor mismatch
for each type of the aforementioned capacitors is shown
in Fig. 10(a) vs. Crsp. For a binary weighted CapDAC, the
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worst-case differential non-linearity (DNL) occurs at the mid-
scale transition, where all the unit capacitors in the array
are switched. Thus, assuming a three-sigma worst-case DNL
specification equal to half LSB, the maximum achievable
mismatch-limited resolution is given by [36]

1
Rmax = 10g2 (m + 1) (22)
which is plotted in Fig. 10(b).

Several conclusions can be drawn from Fig. 10. First,
DMIM shows the worst mismatch behavior, which is expected
because it has the highest capacitance density. Second, for a
fine absolute resolution (Crsp < 5f F), both MOM and MIM
show similar mismatch characteristics. Third, for a 12 — bit
resolution, the finest possible absolute resolution is &~ 3.7 f F.
For the employed technology, the capacitance density of an
MIM capacitor is about 15 times that of an MOM capacitor;
however, the strict layout design rules of MIM capacitors
impose a limit on the smallest MIM capacitor to be 31 fF.
On the other hand, an MOM capacitor can be customly crafted
as a layout parasitic element. Hence, it can be arbitrarily small,
where the observed design rules are simply the metal width
and spacing of the interconnect layer.

B. CapDAC Implementation

In order to achieve a compromise between absolute res-
olution and silicon area, a coarse-fine implementation for
the 12 — bit CapDAC is employed. An 8 — bit MOM fine
CapDAC is combined with a 4 — bit MIM coarse CapDAC.
The fine CapDAC has Cuyis, fine = CrLsp = 3.75fF and
full-scale capacitance of 0.96pF. The coarse CapDAC has
Cunit,coarse = 0.78 pF, which is smaller than the fine Cap-
DAC full-scale to ensure continuous capacitance range under
process variations. The overall full-scale capacitance (Crs)
of the interface is 12.66pF; thus, the effective resolution
is ~11.7—bit. The silicon area occupied by the fine and coarse
CapDAC:s is only 17% of the area of a 12—bit binary weighted
MOM implementation. In addition to the 83% area-saving, the
coarse-fine implementation reduces the array parasitics and
decreases the routing complexity. A common-centroid layout
and dummy structures are used for both CapDACsSs to minimize
systematic mismatch.

In order to reconstruct the binary digital output from the
coarse and fine parts one calibration point is required. The
coarse output is multiplied by a scaling factor and then added
to the fine output to yield the final conversion result. This
operation can be implemented with a simple digital circuit
or can be integrated in the post-processing routine that maps
the capacitance of the sensor to the physical quantity being
measured (e.g., pressure). The scaling factor can be determined
by detecting when the coarse output is incremented (or decre-
mented) by one, and storing the fine output of the preceding
(or current) conversion cycle. This process is done only once
and can be triggered by the capacitive sensor itself (which
is typically slowly varying). For the implemented prototype,
the MOM capacitor is implemented in Metal4 layer to reduce
the parasitics. Since MOM and MIM capacitors have different

Coarse

Inverters

340um
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; ¥ =
_A) 5 il
Fine
CapDAC

580um

Fig. 11. Die micrograph of the fabricated SAR CDC.

temperature coefficients, the scaling factor will have a peak-
to-peak variation of 0.29% in the temperature range from
0°C to 70°C, which may result in increased non-linearity and
missing codes, and necessitates the use of multiple calibration
points. This problem can be eliminated while maintaining the
area efficiency by implementing the coarse CapDAC using
multilevel MOM capacitors.

It should be noted that the worst-case absolute DNL of a
12 — bit array with a unit capacitor Cypis, fine is the same as
the worst-case absolute DNL of a 4 — bit array with a unit
capacitor Cypit,coarse = 28. Cunit, fine» 1.€., if the number of
bits is reduced by k — bit and the unit capacitor is multiplied
by a factor of 2k the mid-scale transition worst-case absolute
DNL remains unchanged. Hence, the matching considerations
discussed in the previous subsection are properly observed
in the proposed coarse-fine implementation. For the chosen
Cunit,coarse, the standard deviation of mismatch is 0.023%
as shown in Fig. 10 a. This translates to opy;, = 0.49fF
for the 4 — bit coarse CapDAC [10], [36]; thus, 3opnL
is less than half-LSB of the fine CapDAC. Therefore, by
observing the mismatch-limited resolution discussed in the
previous subsection, only one calibration point is required for
the whole coarse-fine capacitance range. The linearity of the
coarse and fine CapDACs was experimentally verified as will
be presented in the next section.

V. MEASUREMENT RESULTS
A. Die Micrograph

Fig. 11 shows a die photo of the proposed SAR CDC
fabricated in a 0.18um CMOS technology. The area of a
rectangle enclosing the design is 0.2mm?, while the sili-
con area occupied by the design blocks is only 0.055mm?,
where ~ 82% of the area is occupied by the CapDACs.
A digital serial peripheral interface (SPI) is implemented
on-chip to facilitate reading/writing of control signals and
reading conversion result. A LabVIEW interface is designed
for test equipment control, measurement automation, and data
acquisition.

B. CapDAC Characterization

The fine and coarse CapDACs were characterized using
direct capacitance measurement [37], [38]. The input code
is swept and the capacitance is measured using an LCR
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Fig. 13. Measured DNL and INL of two coarse CapDACsS vs. coarse CapDAC
input code.

meter (Agilent E4980A). The average measured values for
Cunit, fine and Cypir,coarse are 3.73fF and 781 f F, respec-
tively. Fig. 12 shows the measured DNL and INL of the
fine CapDAC, where they have an absolute maximum of
0.75fF and 0.38 f F, respectively (i.e., 0.2LSB and 0.1LSB,
respectively). The measured DNL and INL of the coarse
CapDAC are shown in Fig. 13, where they have an absolute
maximum of 1.36 f F and 1.42 f F, respectively (i.e., 0.36 LS B
and 0.38LS B, respectively, where the LSB is Cyyis, fine). The
maximum linearity error of the coarse CapDAC is less than
half-LSB; thus, only one calibration point is sufficient for the
complete coarse-fine capacitance range.

C. CDC Characterization

In order to test the functionality and performance of CDCs,
designers typically resort to three techniques. First, applying
a varying reference voltage to emulate a varying sensor
capacitance [4], [6], [13], [22], [39], [40]. Second, using
discrete capacitors or an on-chip capacitor array as a dummy
sensor [16], [17], [19]-[21]. Third, using a real capacitive
sensor where the capacitance of the sensor changes with a
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Fig. 14. Measured DNL and INL of the SAR CDC vs. equivalent sensor

capacitance. The measurement is performed at once over the complete coarse-
fine range and a single calibration point is used to reconstruct the output.

physical parameter, e.g., pressure, displacement, and humid-
ity [4], [6], [13], [17], [19]-[22], [39]. In this work, all the
three aforementioned techniques were employed.

The DNL and INL of the CDC were measured using stan-
dard histogram (code density) test. An Agilent B2962A low-
noise source is used to generate a low-noise ramp waveform
with >14 — bit linearity. The ramp waveform is applied in
place of the reference voltage of the capacitive sensor (Cs).
Setting Cs = Crs and sweeping the reference voltage from
zero to Vpp emulate sweeping the sensor capacitance from
zero to Cpg [13]. Fig. 14 shows the results of the CDC
DNL/INL measurement performed at once for the complete
coarse-fine capacitance range. The coarse-fine scaling factor
was determined off-chip for flexibility. The DNL is limited
between 0.67LSB and —0.98LSB, while the INL is limited
between 0.71LSB and —0.86LSB. The transitions of the
coarse output are clearly visible in the INL plot.

To further evaluate the linearity of the interface, the four-
point linearity measurement described in [16] was used. Two
sets of capacitors were characterized, where the four-point
measurement of each set showed better than 12 — bit linearity.
In order to verify the functionality of the interface over its
full dynamic range, a dummy capacitive sensor was integrated
on-chip. The measured SAR CDC output vs. dummy sensor
capacitance is shown in Fig. 15, where it has excellent linearity
(R% = 1.0000).

The operation of the fabricated prototype was further
verified using a MEMS capacitive pressure sensor [41].
A schematic of the pressure sensing test setup is shown
in Fig. 16 [19]. The MEMS sensor is placed inside a hermetic
test that is equipped with gas ports and electrical ports. The test
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sensor characteristics, where the pressure sensor is operated in (a) barometric
pressure mode and (b) high pressure mode.

cell is evacuated using a vacuum pump and then compressed
Nitrogen is allowed to flow in through a micrometric valve
to gradually increase the pressure. The pressure sensor is
first characterized using an Agilent E4980A LCR meter.
Fig. 17 shows measured SAR CDC output vs. pressure of the
test cell, where the CDC output follows the non-linear sensor
characteristics.

Measured total power consumption for the SAR CDC is
shown in Fig. 18. Power consumption increases with increas-
ing the sensor capacitance (Cs). The power breakdown is
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Fig. 18. Measured total power consumption for the SAR CDC vs. sensor
capacitance (Cy).

TABLE I
MEASURED POWER BREAK-DOWN AND TOTAL POWER CONSUMPTION

Power Consumption (pW) ‘ Percentage

Inverter chain 3.34 52%
CapDAC and Cg 1.25 19%
Digital 1.85 29%
Total 6.44 100%
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Fig. 19. Measured rms noise of the SAR CDC conversion output vs. sensor
capacitance (Cy).

shown in Table I, where more than 50% of the power is
consumed in the inverter chain. The power consumed in both
the CapDAC and Cg is only 19% of the total power. Thus,
using non-conventional switching schemes for the CapDAC
will have minor impact on the overall power consumption [42],
especially when noting that this usually adds more complexity
to the logic.

Fig. 19 shows the measured SAR CDC output code standard
deviation (rms noise) at different sensor capacitances. The
measurement of the rms noise is limited by the quantization
noise of the CDC where the conversion output varies by a
single LSB when a fixed sensor capacitor is measured. This
verifies that the resolution of the readout circuit is limited by
the CapDAC quantization noise rather than the thermal noise.
The rms quantization noise is 1.1 fFrms and the estimated
thermal noise from simulations is 0.47 f Frms; thus, the total
rms noise is v/1.12 +0.472 = 1.2 f Frms.

The proposed design has inherently low temperature sen-
sitivity because it does not depend on analog references.
The sensor capacitor is directly compared to the reference
capacitors in the CapDAC, where the conversion output is only
a function of the capacitance comparison result, rather than a
reference clock, current, or voltage. In order to demonstrate the
low temperature sensitivity of the proposed CDC, the conver-
sion output variation was characterized vs. temperature using
a temperature test chamber (espec SU-221). Fig. 20 shows
that the peak-to-peak output code deviation in the temperature
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TABLE 11
PERFORMANCE SUMMARY AND COMPARISON
AD7153|JSSC TCAS-II |JSSC ISSCC ISSCC S&A ISSCC VLSI This
[43] 2013 [6] | 2015 [40]| 2015 [23] |2015 [17]]2015 [20] | 2016 [24]|2014 [13] | 2014 [22] | Work
Architecture SA YA C/T C/T C/T C/T SAR C/V+SAR | SAR+XA | SAR
Output format Digital | Bit Digital Digital PM® Digital Digital Digital Digital Digital
code stream® | code code code code code code code
Technology (um) N/R 160 90 180 160 40 180 180 180 180
Area (mm?) N/R 0.28* |03 0.1 0.05>° |N/R? 0.1 0.49 0.46 0.2"
Supply Voltage (V) 33 1.2 06&1 |06&12 |1 045&1|09&1 [09& 12|14 0.8 & 1.2
Power (puW) 330 10.3% 55 0.11 14° 1.84 3.84 0.16 33.7 6.44
Conv. Time (ps) 5000 800 640 6400 210¢ 19¢ 425 4000 230 16
Cap. Range’ (pF) 4 0.52 4 4 8 10.69 16.14 10 24 12.66
Abs. Resolution (fFrms)|0.28 0.07 4.5 8.7 14 12.3 1.3 6 0.16 1.2
Resolution (bit) 12 11.1 8 7 10.6 8 11.8 8.9 15.4 11.6
FoM (fJ/step) 403,000 | 3,760* | 13,800 5,300 1,870° 141 46 1,330 179 33
*C/T: Capacitance-to-time, PM: Period modulation, N/R: Not reported.
¢ Power consumption and area of digital decimation filter are not included. b Power consumption and area of time-to-digital converter are not included.
© Off-chip reference capacitor is employed. ¢ Area of on-chip reference capacitor is not reported.
© Multiple measurement cycles are required to cancel the effect of parasitics/references. Conversion time and FoM are reported for a single cycle only.
f Only the capacitance range that is covered by the reported conversion time is considered.
9 The capacitance range can be extended but with degraded energy efficiency.
" The area of a rectangle enclosing the design is 0.2mm?, while the silicon area occupied by the design blocks is 0.055mm?.
50 — calculated as [17], [20], [22], [44]
2 R Y SNR —1.76
R m. = (24)
58 - 6.02
&% 50 it Y . . . ..
3% - where the signal-to-noise ratio (SNR) is given by
2 ‘ ‘ ~
o 0 0 20 30 40 50 60 SNR = 201og ( Capacitance Range/Z\/E) 25)
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Fig. 20. Deviation of SAR CDC output code vs. temperature.

range from 0°C to 60°C is only 139ppm, i.e., 0.47LSB. This
translates to a temperature sensitivity of 2.3 ppm /°C, which is
three orders of magnitude better than the design in [20]. Even
after the design in [20] undergoes calibration, the proposed
design still has 6.7 x better temperature sensitivity without the
need for calibration.

D. Comparison and Discussion

Table II shows a summary of the performance of the pro-
posed interface and a comparison with state-of-the-art CDCs
with resolution > 7 — bit. The energy efficiency of different
CDCs can be evaluated by using the energy efficiency figure-
of-merit (FoM) which is calculated as [17], [20]

P x Teony

FoM = R s

(23)

where P is the power consumption, T, is the conversion
time, and R is the effective resolution in bits, which is

where the absolute resolution is the rms capacitance resolution.
It should be noted that SNR and not SNDR is used for
CDC FoM calculation, i.e., linearity errors are not taken into
account [16], [17], [20], [22], [44]. The energy efficiency FoM
is a function of the CDC conversion time; thus, the capacitance
range considered in Table II corresponds to the range that is
covered by the reported conversion time for each CDC.

The proposed CDC achieves an effective resolution of
11.6—bit and a FoM of 33 ' J /step, which is the best reported
CDC energy efficiency FoM. The achieved FoM is more than
two orders of magnitude better than the best reported X A
CDC FoM [6], and 77% better than the best reported C/T CDC
FoM [20]. Compared to [22] which employs a hybrid SAR +
> A technique, the proposed CDC has 82% better FoM, 14.5 x
faster conversion time, and 8.3x smaller area. Compared to
previous SAR CDC implementation [24], the proposed CDC
has 28% better FoM, and 62% higher speed.

Energy efficiency can be improved by biasing transistors in
the sub-threshold region; however, the circuit speed is sacri-
ficed. Therefore, for a fair comparison, the energy efficiency
should be compared at a given performance point. Thus, the
energy efficiency FoM of state-of-the-art CDCs is plotted
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Fig. 21. Energy efficiency FoM vs. conversion sample rate for state-of-the-
art CDCs.

vs. conversion sample rate in Fig. 21. The proposed CDC
achieves both the highest sample rate and the best energy
efficiency. Compared to the nearest design in the FoM vs
sample rate chart [20], the proposed CDC has 11.2x better
absolute resolution. In addition, the design in [20] requires
four measurement cycles in order to cancel the sensitivity to
analog references, temperature, and parasitics; thus, the sample
rate of the proposed CDC is effectively 4.8 x higher.

VI. CONCLUSION

Conventional SAR CDC has poor resolution that is limited
by comparator offset error. A SAR CDC that uses an inverter-
based amplifier is proposed to address this problem while
maintaining excellent energy efficiency. The inverter-based
amplifier doubles the transconductance for the same current,
has fast non-linear settling, and uses near-threshold biasing to
achieve excellent energy efficiency and fast operation. Direct
capacitance domain comparison is employed which results in
a very low temperature sensitivity of 2.3ppm/°C. A hybrid
CapDAC using MIM and MOM capacitors is implemented
allowing covering wide dynamic range in a compact area.
An energy efficiency FoM of 33 fJ/Step is achieved, which
is the best CDC FoM reported to date.
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