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a Dynamic Bandgap Reference
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Xiao-Peng Yu™, Member, IEEE, Kofi A. A. Makinwa ™, Fellow, IEEE,
and Nick Nianxiong Tan, Senior Member, IEEE

Abstract— This article presents a 14-bit fully dynamic sensor
interface that consists of a switched-capacitor (SC) AX mod-
ulator and a dynamic bandgap reference (BGR). The BGR is
implemented by summing the proportional to absolute tem-
perature (PTAT) and complementary to absolute temperature
(CTAT) outputs of two PNP-based capacitive DACs. At the
sampling rate, the DAC capacitors are pre-charged to the supply
and then discharged for a fixed period via PNPs, thus biasing
them and simultaneously sampling their base—emitter voltages.
By using the modulator’s first integrator to sum the DAC outputs,
a dynamic BGR can be realized, which does not need additional
reference buffers or decoupling capacitors. To make the system
fully dynamic, the modulator itself is based on capacitively
biased (CB) floating inverter amplifiers (FIAs). Implemented in
a standard 130-nm CMOS process, the sensor interface occupies
an area of 0.2 mm”. It achieves an SNDR of >84.5 dB over
a scalable bandwidth (BW) ranging from 98 Hz to 5.9 kHz
while consuming 1.7-50.8 pW. Furthermore, by employing a
time-domain temperature-compensation scheme, it achieves a
batch-trimmed gain error of £0.26% from —40 °C to 125 °C.

Index Terms— AX ADC, analog-to-digital converter, bandgap
reference (BGR), capacitively biased (CB) BJT, floating inverter
amplifier (FIA), poly-phase filter (PPF).

I. INTRODUCTION

oT applications employ a wide range of sensors. To accom-

modate different use cases, the bandwidth (BW) and
power dissipation of the associated sensor interfaces should
be scalable. For example, in battery management applica-
tions, Coulomb counting is often used to estimate the battery
state of charge. This requires always-on current sensors with
low BW, high resolution, and microwatt power consumption
for extended battery life [1]. On the other hand, the ac
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Fig. 1. Block diagram of the conventional ADC with an external reference
and reference buffer.

impedance measurements used to monitor battery state of
health require current sensors with much wider BW but less
demanding power requirements [2]. There is, thus, a need for
high-resolution sensor interfaces that are BW/power scalable.

Since they are key components, the ADCs used in such
interfaces should themselves be BW/power scalable. Although
successive-approximation-register (SAR) ADCs can be eas-
ily scaled by changing their sampling frequencies, they
typically only have a moderate resolution (<14 bits) [3].
High-resolution BW/power scalable AX ADCs have also
been reported [4], [5]. However, as shown in Fig. 1, such
ADC:s typically employ external bandgap references (BGRs),
which then require power-hungry reference buffers and/or
large decoupling capacitors.

Conventional BGRs are based on BJTs biased at fixed cur-
rents to generate proportional to absolute temperature (PTAT)
and complementary to absolute temperature (CTAT) signals,
which can then be combined to generate a temperature-
independent output [6]. To achieve a low-temperature coef-
ficient (TC < 20 ppm/°C), they typically consume tens
of microwatts of static power [6], [7]. Although nanowatt
BGRs have been reported, they typically have larger TCs
(>20 ppm/°C) and limited driving capacity [8], [9].

To achieve both low power dissipation and good accuracy,
dynamic BGRs based on the capacitively biased (CB) “diode”
technique have been proposed [10]. This involves discharging
a pre-charged capacitor across a diode for a fixed period and
then sampling the resulting voltage. By combining the outputs
of a number of CB diodes, a bandgap voltage can be generated.
Although this approach only consumes dynamic power, it also
has limited driving capacity because the output voltage is
stored on a capacitor. To drive an ADC, a reference buffer is
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Fig. 2. Operating principle of the CBD structure.

required, which will then consume static power. In both cases,
either the BGRs or the reference buffers will limit the power
scalability of the overall system. Moreover, to supply dynamic
currents and filter noise, external decoupling capacitors are
often needed, thus increasing the system’s bill of materials [3].

In this article, which is an extended version of [11], the
design of a fully dynamic sensor interface with a dynamic
BGR and ADC is presented. The BGR is realized by using
the first integrator of a switched-capacitor (SC) AX modulator
to sum the outputs of a number of CB PNPs, thus avoiding
the need for extra reference buffers. The modulator itself
is based on CB floating inverter amplifiers (FIAs). As a
result, the sensor interface is fully dynamic and achieves an
SNDR of greater than 84.5 dB over a scalable BW ranging
from 98 Hz to 5.9 kHz while consuming 1.7-50.8 uW.
Furthermore, by employing a time-domain temperature-
compensation scheme, it achieves a batch-trimmed gain error
of £0.26% from —40 °C to 125 °C.

The rest of this article is organized as follows. Section II
describes the proposed dynamic BGR and how it can be
merged with the first integrator of an SC AX modulator.
A detailed circuit implementation of the sensor interface is
then described in Section III. In Section IV, the measurement
results of the sensor interface are presented and compared to
the state-of-the-art. Finally, conclusions are drawn.

II. PROPOSED DYNAMIC BGR

In this section, the detailed design of the proposed dynamic
BGR is presented.

A. CB Diode

As shown in Fig. 2, the CB “diode” technique involves
pre-charging a capacitor Cs to the supply voltage Vpp and then
discharging it via a diode. After a short time (tens of nanosec-
onds), the voltage Vp on Cs will be fully determined by the
diode’s I/V characteristic and will be a supply-independent
logarithmic function of time [12]. For a certain discharge time
t, the diode’s bias current Iy, is given by

kT Cs

Ibias X — " —

; (D

where k is Boltzmann’s constant, 7 is the absolute tempera-
ture, g is the charge of an electron, and Cs is the sampling
capacitor in Fig. 2. If the discharge time ¢ is constant, the
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Fig. 3. (a) Separate dynamic BGR and SC integrator. (b) Embedded dynamic
BGR in an SC integrator.

Crer2

resulting Vp will be CTAT. A PTAT voltage AVp can then
be generated by subtracting the outputs of two CB diodes
operated at different current densities, which can be done by
adjusting either the discharge time or the area ratio of the
two diodes. As in [13], the diode can also be replaced by a
diode-connected BJT.

B. Dynamic BGR in an SC Integrator

Fig. 3(a) shows one way of combining a fully dynamic BGR
with an SC AY¥ modulator. The outputs of two CB-PNP-based
PTAT and CTAT DACs can be summed by an SC amplifier,
generating an output voltage Vrgr

VRer & VB + @A Vg )

where o« = Crgri/Crer. To the first order, the TC of the
resulting reference voltage Vrgr can be balanced by choosing
an appropriate DAC capacitance ratio «. Controlled by the
feedback bitstream (BS), the output of the amplifier can
then be used to drive the sampling capacitor of the SC AX
modulator with the proper polarity. To achieve fully dynamic
operation, the amplifiers can be implemented by FIAs. In this
approach, the amplifier in the BGR must have low offset
and high gain to make Vggr accurate, which increases design
complexity.

Alternatively, the outputs of the PTAT and CTAT DACs can
be directly summed by dumping the charge on their sampling

Authorized licensed use limited to: TU Delft Library. Downloaded on December 12,2024 at 07:35:49 UTC from IEEE Xplore. Restrictions apply.
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Fig. 4. Block and timing diagrams of the PTAT DAC.
capacitors into the virtual ground of the AX modulator’s SC
integrator, as shown in Fig. 3(b) [14], [15]. Compared to
Fig. 3(a), this approach only requires one amplifier, resulting
in a smaller area and higher accuracy. Vor
——o
C. PTAT and CTAT DACs
Fig. 4 shows the block and timing diagrams of the PTAT
DAC and how it is combined with the SC integrator. At the T
start of the sampling phase ®; (Reset), the capacitors Crgr;

are pre-charged to Vpp by closing the S » switches. During the
discharging phase ®pc, they are separately discharged through
two diode-connected PNPs with a fixed area ratio p by turning
off the S, switches and turning on the S3 switches. Compared
to the use of a time ratio [10], [13], [15], the use of an area
ratio to define AVpg allows the same timing control signals
to be used for all the CB PNPs, thus simplifying the on-chip
timing generation logic. At the end of ®pc, AVgg (=Veg1 —
VBE2) is sampled by turning off the S 3 switches.

During the succeeding integration phase ®,, the PNPs are
completely off by connecting their bases to Vpp. Simul-
taneously, the left plates of Cgrgp; are connected to Vpp
via the S, switches, thus transferring a differential charge
proportional to AVgg to the SC integrator. The associated
common-mode charge shifts the common-mode voltage (Voum)
of the integrator’s virtual ground from zero to Vpp-Vgg. With
the standard 1.2-V supply of the target 130-nm CMOS, Vpp-
Vg is close to Vpp/2, which can be readily handled by the
integrator’s FIA.

The block diagram of the CTAT DAC is shown in Fig. 5.
Here, Vpg is generated in one branch, while the other branch
samples ground, thus generating a differential charge pro-
portional to Vgg. As in the PTAT DAC, this charge is also
transferred to the SC integrator during the integration phase
®,. Depending on the BS state, the Ss5¢ switches transfer the
outputs of the PTAT and CTAT DACs to the integrator with
the appropriate polarity.

BSI,Oz

Fig. 5. Block diagram of the CTAT DAC.

D. Time-Domain Temperature Compensation

To realize a temperature-independent bandgap voltage Vrgr,
the TCs of the PTAT and CTAT DACs must cancel each
other out exactly. To first order, this is achieved by setting
the BJT’s emitter area ratio p (=15) and the capacitor ratio
o (:CREFI/CREFZ = 8, with CREFI =64 pF and CREFZ =
0.8 pF). These choices facilitate the use of common-centroid
layouts for good matching. To mitigate the effect of process
spread, however, the TC of Vggr should be tunable. Doing
this in the analog domain, e.g., by trimming the sampling
capacitors, would require extra switches, whose on-resistance
would then cause errors in the sampled voltages. In this work,
a time-domain compensation scheme is proposed.

From (1), adjusting the discharge time ¢ (the pulsewidth of
®pc in Fig. 4) will change the bias current of the BJTs, thus
changing their emitter-base voltage Vg according to

kT

[4
VBE - bias
q

Is

3)
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Fig. 6. (a) Simulated Vggr at different temperatures and corners without

trimming. (b) Simulated Vrgr at different temperatures and corners after batch
calibration (¢ is 200 ns at the TT corner, 140 ns at the FF corner, and 300 ns
at the SS corner).

Note that adjusting the discharge time will have a negligible
effect on AVpg since this is mainly determined by the BIT’s
emitter area ratio. The same discharge time can then be used
in both the PTAT and CTAT CDAC:Ss. In this work, instead of
setting this time with an external sampling clock [10], [13],
[15], an on-chip RC delay generator is used. This ensures
that the bias currents of the BJTs and the resulting Vrgr do
not depend on the ADC’s scalable sampling clock. Moreover,
the logarithmic relationship between Iy, and Vgg makes the
BGR insensitive to PVT variations in the RC delay. From
simulations, the BGR can be tuned in steps of 1 mV (~0.1%)
by tuning the discharge time in steps of 5 ns (~2.5%) around
a nominal value of 200 ns.

E. Simulated Results

Fig. 6(a) shows simulations of the ideally summed outputs
of the PTAT and CTAT DACs over corners and over temper-
ature. The simulated Vrgr has a TC of 9 ppm/°C at the TT
corner, increasing to 36 ppm/°C at the FF and SS corners
without trimming. This corresponds to an absolute inaccuracy
of about 2.2%. Adjusting the discharge time reduces the TC to
less than 10 ppm/°C over corners [see Fig. 6(b)]. The residual
error (~0.7%) in the nominal value can then be mitigated by
digitally trimming the ADC’s gain.

Fig. 7 shows the simulated Vgrgp at different supply voltages.
Thanks to the intrinsic supply rejection of the CBD technique,
the Vggp variation is less than 0.06% as the supply changes
from 1.1 to 1.4 V, corresponding to a supply sensitivity of
0.2%/V.

F. Noise Analysis

Similar to other SC circuitry, the proposed dynamic BGR
suffers from kT/C noise. Since the on-resistance of the various
switches is much smaller than the impendence of the BJTs, the
BITs are the major noise contributors during the discharging
phase ®pc. In addition, since their bias currents are quite small
(nAs) at the sampling moment, their short noise is much higher
than the thermal noise contributed by their base resistances.
Therefore, the noise power spectral density (PSD) expression

IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 59, NO. 12, DECEMBER 2024
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S(f) of the output voltage Vg can be simplified as follows:

Inz,c 2kT
Sy = e = 2L @)
8m 8m

where Inz’c (=2ql.) is the BJT’s shot noise density and

8&m (=q1./kT) is the BJT’s transconductance. The noise power
of VBEI,Z is then

kT

2CREF1,2

) 2kT
Uy BE — g_mBn =
where B, is the noise BW. In the differential implementation,
the noise power in the PTAT DAC is given as
kT
2
Uy, ABE —

&)

(6)

CRrer1
In the CTAT DAC, since one branch samples ground during the
sampling phase, its noise is the same as that of a conventional
SC circuit. Therefore, the noise power in the differential CTAT
DAC is
VnBE = il
’ 2CRreR2

Including the input sampling noise, the total noise charge of
the SC integrator during the sampling phase is expressed as
follows:

kT 3kT

Crerz 2CRep2

)

3
g2 = 2kT Cix + kT Crer1 + EkTCREFZ- ®
The input referred noise power in the sampling phase is
2kT C 3C
- _(1 4 Srent REFZ). ©)
: Cin 2CN 4Cn

To achieve an input swing around +1.2 V, the input capacitor
Cin (=0.64 pF in this work) is about the same size as Crgra
and is much smaller than Cgrgp;. Therefore, compared to a
single AX modulator, the presence of the PTAT and CTAT
DACs results in a noise penalty. In other words, there is a
tradeoff between power/BW scalability and energy efficiency.
A similar noise penalty also occurs in the architecture in
Fig. 3(a), in which a separate dynamic BGR is realized.
However, the proposed combination of an SC integrator with
an embedded BGR is much simpler.

IITI. CIRCUIT IMPLEMENTATION

The circuit design of the proposed dynamic BGR and the
SC AX modulator is presented in this section.

Authorized licensed use limited to: TU Delft Library. Downloaded on December 12,2024 at 07:35:49 UTC from IEEE Xplore. Restrictions apply.
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A. 1-Bit Third-Order AY Modulator

As shown in Fig. 8, the sensor interface in this work
employs a 1-bit third-order SC AX modulator with a feed-
forward topology. The choice of a 1-bit DAC minimizes the
number of switches in the CB PNP pairs, thus maximizing
their accuracy. As shown in the timing diagram of Fig. 4, the
minimum period of the AX cycle must be larger than the
required discharge time 7 (~200 ns). This limits the maxi-
mum sampling frequency Fs of the AX modulator to about
1.5 MHz. With a third-order loop filter and an oversampling
ratio (OSR) of 128, its BW can be scaled up to 5.9 kHz and
its SQNR is about 100 dB, which are both sufficient for many
sensors used in IoT applications.

B. On-Chip RC Delay Generator

As discussed in Section II-C, the discharge time ¢ is set
by an on-chip delay generator. This can be implemented by
detecting the zero-crossing of an RC poly-phase filter (PPF),
as shown in Fig. 9(a) [16], [17]. The PPF is driven by
anti-phase clocks CLKI and CLKI. As shown in Fig. 9(b),
a comparator is then used to detect when its RC delayed
outputs Vp and Vy cross, which defines the delay . Due to the
PPF’s differential structure, ¢ is supply-independent. However,
the fact that Vp and Vy periodically exceed the supply rails
poses reliability issues for the input pair of the comparator.

To solve this issue, a modified RC PPF is proposed in
this work. As shown in Fig. 10(a), two extra capacitors C,
(=C; = 500 {F) are added in parallel with the resistors. These
capacitors limit the output swing of the PPF and prevent the
occurrence of beyond-the-rail spikes. This allows the input pair
of the comparator to be implemented by core devices without
any reliability issues.

In this work, to achieve fully dynamic operation, an inverter-
based comparator with a latched output is employed, as shown
in Fig. 10(a) (right). The delay of the comparator should be
minimized to ensure that ¢ is defined by the RC PPF. Due
to its inverter, the comparator’s supply current peaks when
its inputs Vp and Vy are close to Vpp/2, which reduces its
switching delay (<5 ns), at the expense of power dissipation.
To reduce power, an extra pair of reset switches are used to pull
Vp/VN up/down to Vpp/ground, respectively, shortly after the
comparator switches. This quickly reduces the supply current
after an output transition. Moreover, since the comparator is
not used when CLKI is low, Vp and Vy are directly tied
to ground or Vpp in this state. This further reduces the
comparator’s dynamic power consumption and ensures that the
initial voltages of the next cycle, and thus the RC delay, are
independent of the input clock frequency. The p-poly resistors
R (190 kS2) are 6-bit tunable to adjust ¢ from 100 to 350 ns
in steps of 5 ns. This compensates for RC spread and also
fine-tunes the BGR’s TC.

Fig. 11 shows the simulated delay time ¢ at different supply
voltages and temperatures after normalization. Thanks to the
differential structure, the variation of 7 is less than 2% when
the supply changes from 1.1 to 1.4 V, corresponding to a
Vrer error of less than 40.1%. Due to the negative TC of
the p-poly resistor, ¢ decreases over temperatures. Thanks to
the logarithmic relationship between Iy,s and Vgg, this 5%
temperature dependence only has a small systematic impact
on the curvature of VRgr.

C. Cascoded FIAs

To achieve BW/power scalability, all the integrators are
based on FIAs [18]. As shown in Fig. 12, during the sam-
pling phase ®;, a reservoir capacitor Cgrgs is pre-charged
to the supply voltage Vpp. In the amplification phase @,
the differential inverter is powered by the reservoir capacitor
Crgs, and differential charges are transferred to the load
capacitors. Thanks to the floating reservoir capacitor Cggs,
only a differential path exists for the currents to flow in
or out from Cgrgs. Therefore, the FIA provides excellent
common-mode rejection without any common-mode feedback
(CMFB) circuitry [18]. To suppress the offset of the following
stages, a cascoded FIA with a dc gain >60 dB is employed.
To simplify the bias network, the input pair is implemented
with IO devices, while the cascode transistors are core devices

Authorized licensed use limited to: TU Delft Library. Downloaded on December 12,2024 at 07:35:49 UTC from IEEE Xplore. Restrictions apply.
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and so can share the common mode voltage as the gate bias
voltage (Vem = Vpp/2) [19]. However, due to the added
cascode transistors, more intermediate nodes are involved.
All of them have their parasitic capacitances Cp,r, as shown
in Fig. 12, which will hold the residual charge from the

previous cycle, causing a signal-dependent error. Compared to
the conventional cascoded FIA [19], extra switches are added
to reset these floating nodes to Vv during the sampling phase
®,, thus mitigating signal-dependent errors. Compared to a
self-cascoded FIA [20], this topology reduces the parasitic
capacitance at the virtual ground, thus improving energy
efficiency. For flexibility, Vcoy is provided off-chip in this
prototype. However, it can be readily generated by an on-chip
SC divider, which is also all-dynamic. The value of Cgrgs
(=32 pF) and the transistor sizes used in the first stage FIA
are shown in Fig. 12. The rest of the stages are the scaled
versions of this with reduced loading capacitors.

D. Top-Level Implementation

Fig. 13 shows the block diagram of the proposed sensor
interface. All the building blocks consume only dynamic
power, allowing their operating frequency and power to be
scaled flexibly. To reduce the 1/f noise and offset of the
amplifiers, the amplifier of the first integrator is chopped at
half of the sampling frequency Fs/2. Residual offset is further
suppressed by applying nested low-frequency chopping (CHL)
to the first and second integrators at Fs/128 (not shown).
The CHL frequency is chosen such that the ripple is out-of-
band and can be suppressed by the notches of the decimation
sinc? filter. To compensate for the reduced maximum stable
signal amplitude of a third-order AY modulator, the input
sampling capacitor Cy (0.64 pF) is set to 0.8Crgp; (in the
CTAT DAC). Bootstrapped switches are employed for the
input voltage sampling, thus achieving a rail-to-rail input range
while maintaining good linearity.

IV. MEASUREMENT RESULTS

The proposed sensor interface was fabricated in a standard
130-nm CMOS process with a core area of 0.2 mm?. No exter-
nal decoupling capacitor is needed for the on-chip reference.
Fig. 14 shows the die photograph of this sensor interface. From
a 1.2-V supply voltage, it realizes an equivalent BGR voltage
(~1.22 V) and can tolerate a maximum input voltage of 1.5 V.
For flexibility, the sinc® decimation filter was implemented
off-chip.

A. Dynamic BGR and Gain Error

Since the ADC digitizes the ratio between the input voltage
and the reference voltage, with a fixed 1-V dc input, the
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equivalent BGR voltage Vgrer (=« Vpg+ Vig) can be extracted
from the ADC’s decimated output. In Fig. 15, the measured
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Fig. 16. Measured Vrgr of ten samples over temperatures with a fixed 1-V
dc input and identical trimming code obtained from batch calibration.

equivalent Vggr of one exemplary sample is plotted as the
6-bit resistor in the RC PPF is adjusted. It shows a tuning
step of about 1 mV atroom temperature. Fig. 15(b) shows the
measured Vggr over temperature with an optimal trimming
code. Using the box method, it shows a residual TC of
about 16 ppm/°C. The residual TC is mainly limited by the
high-order TC of the BJTs.

To verify the gain accuracy of the sensor interface, ten
samples from one batch were measured from —40 °C to
125 °C. All the samples used the same RC trimming code
obtained from batch calibration. With a fixed 1-V dc input, the
extracted Vggr from the ADC’s decimated output also reflects
the gain accuracy of the entire interface. As shown in Fig. 16,
the interface achieves a gain error of £0.26% from —40 °C to
125 °C using the box method. The residual TC of ten samples
varies from 16 ppm/°C to 29 ppm/°C after batch calibration.
The error sources are the high order TC of Vrgr due to the
base—emitter voltage Vg curvature, the spread of Vrgr caused
by the BJT emitter area mismatch, and the mismatch between
the input sampling capacitor Cyy and the reference capacitors
CREF1,2-

B. FFTs and Dynamic Range

Fig. 17(a) shows the measured output spectra when the AX
modulator operates at Fs = 1 MHz. Chopping significantly
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suppresses its in-band 1/ f noise and offset. Measurements on
ten samples show that the latter is reduced from 25 mV to
100 pV. With a 500-Hz 1.2-V-Vp sinusoid input signal and
an OSR of 128, the modulator achieves 84.9-dB SNDR and
105.8-dB SFDR in a 3.9-kHz BW. As shown in Fig. 17(b),
the modulator achieves a dynamic range (DR) of 87.1 dB.
Operating at Fs = 1 MHz, it consumes 35.8 uW (including
the BGR), which corresponds to a Schreier FoMgnprpr Of
165.3/167.5 dB. Compared to a stand-alone SC A¥ modula-
tor [4], the energy efficiency of this work is moderate due to
the kT /C noise penalty of the embedded dynamic BGR.

To verify its robustness over samples, Fig. 18(a) shows the
measured SNDR/SNR of ten samples. The variation (o) is
only about 0.13 and 0.1 dB, respectively. With Fs =1 MHz,
V, = 1.2V, OSR = 128, and the SNDRs of different signal
frequencies are also measured, as shown in Fig. 18(b), whose
variation is less than 0.5 dB.
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C. Power and BW Scalability

Fig. 19(a) shows the measured power dissipation over
temperature as the sampling frequency Fs varies from 25 kHz
to 1.5 MHz. With a fixed OSR of 128, the scalable Fy
corresponds to a tunable BW from 98 Hz to 5.9 kHz. Thanks to
the all-dynamic design, the power consumption of the sensor
interface can be scaled from 1.7 to 50.8 uW and from 1 to
40.8 uW at 25 °C and —40 °C, respectively. Due to the
PTAT bias current and the leakage current, the scalable power
increases at 125 °C (from 23.7 to 89.5 uW). Fig. 19(b)
shows the power breakdown of the sensor interface at room
temperature. More than half of the power is dissipated by the
on-chip delay and clock generator.

Fig. 20 shows the measured SNDR and gain error of the
sensor interface as the sampling frequency Fg varies from
25 kHz to 1.5 MHz. It keeps a consistent SNDR of larger
than 84.5 dB as Fg varies. Owing to the on-chip RC delay
generator, the proposed dynamic BGR is independent of the
variable Fs. The measured gain variation is less than +0.01%
as Fs changes by 60 times.

D. PSRR and CMRR

The sensor interface is also measured at different dc supply
voltages, as shown in Fig. 21. With a supply ranging from
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1.1to 1.4 V and a fixed 500-Hz 1.2-V-Vp input, it consistently
achieves 14-bit linearity (SNDR > 84.5 dB). Thanks to the
stable BGR, the measured gain variation is less than +0.1%
when both the analog supply (AVDD) and the digital supply
(DVDD) change from 1.1 to 1.4 V. Similar to [13], the
residual analog supply sensitivity is mainly limited by the CB
PNPs, while the digital supply sensitivity is mainly limited
by the residual supply dependence of the on-chip RC delay
generator.

Fig. 22 shows the measured ac power supply rejection
ratio (PSRR) and common mode rejection ratio (CMRR)
of the sensor interface when working with Fs = 1 MHz.
A 100-mVpp sinusoid wave is added to the 1.2-V supply
and 0.6-V common mode voltage, respectively. It achieves a
PSRR of 78 dB at low frequencies and is larger than 70 dB
in the 3.9-kHz BW without external decoupling capacitors.
The CMRR is larger than 75 dB, thanks to the nested
CHL.

E. Comparison With the State-of-the-Art

Table I summarizes the performance of this work and
compares it to state-of-the-art sensor interfaces/ADCs with
a similar BW. Compared to the low-TC sensor interface
in [21], this work achieves 60 times BW/power scalability
and 7.5-dB better FoMpgr. Compared to an SAR ADC that
includes a BGR [3], it achieves >10 times better accuracy
without external decoupling capacitors.
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TABLE I
PERFORMANCE SUMMARY AND COMPARISON TO PREVIOUS WORK
This work JSS[E] 21 JSS[S] 16 ISS[SIC] 23
Technology 130nm 180nm 65nm 180nm
Architecture 2£ﬁi¥ DTDSM +§7?2I]§,F S—r{/IIDZSEI\I;I
Area (mm?) 0.20 0.75 0.26 0.38
B;Z ﬁ?[:‘]/:r Yes Yes Yes No
Rlet;celrlele(rllie Yes No Yes Yes
%X;;f:;l Yes - No Yes
Supply (V) 1.1-14 1.5 0.8 1.8
Fs (Hz) 25k-1.5M | 100k-400k 80k 5.12M
Power (W) 1.7-50.8 2.2-7 0.106 477
BW (Hz) 98-5.9k 400-1.6k 40k 10k
SNDR (dB) 84.92 89.3 56.6 -
DR (dB) 87.12 94.1 - 75.3
Y A B
T:;:‘g’zr?fge -40-125 - 25110 | -40-125
TC (ppm/°C) | 16-29 3 - 44248 3 -
Inaccuracy +0.26% 3 - +3% 3 +0.2% 4
Samples 10 1 15 10

' FoMsnpr =SNDR + 10 log(BW/Power), FoMpr= DR + 10
, log(BW/Power);

measured at Fs=1MHz, OSR=128, and room temperature
3
. Batch calibrated, max-min error

1-point individual trim

V. CONCLUSION

A 14-bit fully dynamic sensor interface including a dynamic
BGR and AY modulator is proposed in this work. It employs
CB PNP-based PTAT and CTAT DACs, which are summed by
the first integrator of the modulator, thus realizing a dynamic
BGR with additional reference buffers. To achieve fully
dynamic operation, the integrators are built around cascoded
FIAs. A time-domain temperature-compensation scheme is
also proposed to minimize the temperature dependence of the
sensor interface. Implemented in a 0.13-um CMOS process,
the sensor interface achieves an SNDR of greater than 84.5 dB
over a scalable BW from 98 Hz to 5.9 kHz with a dynamic
power ranging from 1.7 to 50.8 uW. It shows a batch-trimmed
gain error of £0.26% from —40 °C to 125 °C. Due to its easy
scalability and high accuracy, it is suitable for sensors in IoT
applications.
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