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Abstract: This paper presents a low-power, energy-efficient, 12-bit incremental zoom analog-to-
digital converter (ADC) for multi-channel bio-signal acquisitions. The ADC consists of a 7-stage
ring voltage-controlled oscillator (VCO)-based incremental AY. modulator (I-AXM) and an 8-bit
successive approximation register (SAR) ADC. The proposed VCO-based I-AXM can provide fast
phase-alignment of the ring-VCO to reduce the interval settling time; thereby, the I-AXM can ac-
commodate time-division-multiplexed input signals without phase leakage between consecutive
measurements. The SAR ADC also adopts splitting unit capacitors that can support Vy-free tri-level
switching and prevent invalid states from the phase frequency detector with minimal logic gates
and switches. The proposed ADC has been fabricated in a standard 180 nm standard 1P6M CMOS
process, exhibiting a 67-dB peak signal-to-noise ratio, a 74-dB dynamic range, and a Walden figure of
merit of 19.12 {]/c-s, while consuming a power of 3.51 uW with a sampling rate of 100 kS/s.

Keywords: biomedical devices; fast phase-reset; successive approximation register (SAR); incremental
delta-sigma modulator (I-AXM); voltage-controlled oscillator (VCO)

1. Introduction

Over the past few decades, there has been a growing research interest in low-power
circuit designs for battery-powered sensing devices for portable, wearable, or implantable
biomedical applications [1-5]. These devices for biomedical applications are usually used to
detect and monitor neural signals such as electrocardiogram (ECG), electroencephalogram
(EEG), electromyogram (EMG), local field and action potentials, and other bio-signals
like body temperature and impedance, and epidermal activity (EDA). Most bio-signals
are characterized by small amplitude but relatively large dynamic range [6,7]. Thus,
frontend circuits are typically composed of low-noise amplifiers and filters for signal pre-
conditioning, followed by analog-to-digital converters (ADCs) for digital signal processing
(DSP) [8-12]. Of these components, the ADCs are known to be one of the most power-
hungry blocks due to relatively high dynamic range (>11-bit) and wide sampling rate
(>1-30 kS/s) requirements for high integrity of the signals.

Successive approximation register (SAR) ADCs have long been recognized as a strong
candidate for such low-power ADC design because of their zero static power consump-
tion [13,14]. In addition, recent research on advanced switching techniques in SAR ADCs
has reinforced the high energy efficiency of the SAR ADCs [15]. However, to achieve a high
resolution in SAR ADCs (>11-bit), they should be equipped with pre-amplification before
bit decision, which often requires calibration and correction techniques, consequently re-
sulting in higher power consumption overhead. Recently, hybrid ADCs, where different
types of ADC are combined, have been proposed to complementarily achieve low-power
and high-resolution performance. Among them, an incremental zoom ADC, which merges

Electronics 2024, 13, 1754. https:/ /doi.org/10.3390/ electronics13091754

https://www.mdpi.com/journal/electronics


https://doi.org/10.3390/electronics13091754
https://doi.org/10.3390/electronics13091754
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/electronics
https://www.mdpi.com
https://orcid.org/0009-0009-0854-9261
https://doi.org/10.3390/electronics13091754
https://www.mdpi.com/journal/electronics
https://www.mdpi.com/article/10.3390/electronics13091754?type=check_update&version=1

Electronics 2024, 13, 1754

2 of 14

SAR ADC with high power efficiency and incremental delta-sigma modulator (I-AXM)
with high accuracy, has the advantage of high energy efficiency [16].

An I-AXM typically consists of an analog filter, quantizer, and a digital-to-analog
converter (DAC). The analog filter requires an operational transconductance amplifier
(OTA), which is one of the most power-hungry circuit blocks for converting small residual
voltages by coarse feedback to digital outputs. In recent years, the AX operation assisted by
a VCO-based quantization in the time domain has been researched [17-21]. Since the VCO
can be regarded as an integrator in the time domain, it acts as an integrator when embedded
in the AX loop and viewed from a different time axis [17]. Thus, constructing a AX loop with
ring-VCOs can replace the power-hungry OTAs, and the inner ADC on the time domain
can be designed at the semi-digital level, favoring the advanced CMOS technologies.

However, there is a limitation when using it in I-AXM for multi-channel signal ac-
quisitions. Unlike AYXM dedicated to a single channel measurement where VCO-based
quantizers do not explicitly reset the integrator (VCO) [22], I-AZM for multichannel data
acquisition needs to periodically reset the history of data for processing new samples
without errors [23]. Otherwise, dynamic phase offset leaks into the consecutive conversion,
resulting in performance degradation. Particularly for the incremental mode with limited
oversampling ratio (OSR), i.e., for low cycles, the resolution of I-AX. ADC can be further
negatively affected due to such voltage-referred phase offset.

In this article, we propose a zoom ADC combining an SAR ADC and a VCO-based
I-AXM with a simple and fast phase-alignment scheme, so that it can be used for multi-
channel bio-signal acquisitions without power and area overheads. To further reduce area
and power consumptions, we adopt the Vcy-free splitting unit capacitors [24] for the
SAR ADC while using the merged capacitor switching (MCS) scheme [14]. The tri-level
capacitive feedback scheme has also been adopted to eliminate error states caused by
low voltage logics with minimal switches. For better matching between the SAR and
the I-AX, we merged the capacitor digital-to-analog converter (CDAC) and shared the
transconductance (G ) stage. The fabricated ADC performs a low power of 3.6 pW at a
100 kS/s sampling rate for 12-bit resolution. This paper is organized as follows: Section 2
briefly describes the overall proposed incremental zoom ADC architecture. Section 3
represents overall circuit implementations. The measurement results are presented in
Section 4. Finally, Section 5 provides the conclusions.

2. Zoom ADC Architecture
2.1. Coarse and Fine Operation

Figure 1a shows the overall architecture of the proposed zoom ADC, consisting of
an 8-bit SAR ADC and a 1st order I-AXM as coarse and fine converters, respectively. The
input voltage (Vi) is sampled by the CDAC via a pair of bootstrap sample-and-hold (S/H)
circuits, and the sampled input is converted to d; by the SAR operation. The residual
voltage is generated by feeding back the corresponding value of d;. The remaining small
residual voltage is then processed to dy by the I-AXM and the decimation filter, and these
two digital values are added through the off-chip FPGA with the respective gains of G;
and G, to get Doyr of the ADC. The final code, Doyr, can be calculated according to (1)

Csar Ciax
Dout = Gid; + GadaGy = » G2 = !
OUT = T T2l = Copr + Ciax +Cp” > Csar + Ciax + Cp g

where Cgar, Ciax, and Cp are the total capacitance assigned for the SAR, AX operations,
and parasitic capacitance, respectively. Increasing the resolution of the SAR ADC increases
the energy efficiency and, conversely, increases the impact of the CDAC mismatch and
increases the power consumption of the comparator. Since the noise of the comparator is
compensated by the fine converter in the zoom ADC architecture, it is necessary to consider
the mismatch of the CDAC to improve energy efficiency. In this work, the 8-bit SAR with the
MCS scheme was chosen to provide higher energy efficiency because the mismatch (<0.5%)
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in unit capacitance ensures linearity over 12-bit. Additionally, the 8-bit CDAC produces a
low residual voltage, which mitigates the nonlinearity issues of VCO-based ADCs.
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Figure 1. (a) Overall architecture of the proposed incremental zoom ADC, (b) timing diagram of the
proposed ADC.

In this work, the two ADCs that are combined to form the presented ADC are designed
as follows: the 8-bit synchronous SAR is designed to reduce the complexity of the reference
voltage buffer and to employ the MCS technique, which is tri-level switching; the I-AXM
is presented with a 7-stage ring voltage-controlled-oscillator (VCO)-based loop filter and
time-splitting multi-bit quantizer to maximize energy efficiency with the proposed phase-
synchronization scheme. The timing diagram for the operation of the proposed ADC is
shown in Figure 1b. The main clock (Fs) runs at 2.5 MHz and consists of a total of 25 cycles
for one sample. The input voltage of the ADC is sampled into the merged CDAC using
the top-plate sampling for the first cycle, indicated as ®samprLg. The 8-bit synchronous
SAR starts conversion on the falling of @sappLe and outputs the corresponding digital
outputs through the binary search for a total of eight cycles (Psar) and feeds back the
information about the value to build up a residual voltage for fine conversion. Finally, the
I-AXM performs a fine conversion of the residual voltage with an oversampling ratio of 16
for the rest of the cycles. The merged CDAC consists of total of 519-unit capacitors (512-
and 7-unit capacitors are allocated for SAR operation and for the feedback operation of
the I-AXM, respectively). Since the two groups of unit capacitors have exactly the same
structure and share their top plates, the gain function of G; and G, are greatly simplified:
G1/Gy =7/512. In addition, the unit capacitor is split into two parallel-connected half-size
capacitors of 4-fF to easily perform tri-level DAC operation. This is covered in more detail
in Section 3. The total capacitance of the merged CDAC is 4.152-pF, excluding the parasitic.

2.2. Ring-VCO-Based Time-Domain I-AXM with Fast Phase-Reset

Since the VCO outputs a frequency proportional to the input voltage, it serves as
a functional block of voltage to phase integrator in the phase domain. Using a ring-
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VCO as this VCO loop filter, the phase domain loop filter also has the characteristics of
a multi-bit quantizer thanks to the ring-VCO’s multistage properties. When configured
as a 7-stage ring-VCO, different 7-phases are generated by the phase difference (271/7)
from the reference phases. Furthermore, the ring-VCO modulates the mismatch of the unit
capacitors in the feedback path to twice the center frequency of the VCO, since the basis of
the 7-phases is changed every sampling phase by the frequency of the ring-VCO, which is
known as the intrinsic clock level averaging (ICLA) [18]. Thanks to this inherent feature of
the ring-VCO, no explicit dynamic element matching (DEM) or data weighted averaging
(DWA) is required.

Figure 2a depicts a block diagram of an AX loop using a ring-VCO as a loop filter,
a phase-frequency detector (PFD) used as a phase detector (PD), and D-flip flop (DFF)
arrays as a sampler. The inherent ICLA of the ring-VCO is indicated as a dashed rectangle
in Figure 2a. The ring-VCO makes the 7-phases relative to the reference phases, and the
PFD arrays calculate the relative phase differences between them. The DFFs sample these
phase differences. The sampled data are passed through the logic arrays to the output and
feedback loop. When they are transferred to the feedback loop, they have the retiming
latches to compensate for excess loop delay (ELD). The feedback path consists of the tri-
level DACs with 4-bit output (not indicated in Figure 2a), all of which blocks make up the
continuous time 1st-order AXM. For the derivation of the mathematical descriptions of
the given I-AXM, each functional block can be redrawn with its own gain, as shown in
Figure 2b. According to this, the loop filter of the AXM can be given as:
_ N-Kyco-Kpp 1
a Ts S

where Kyco, Kprp, N, and Tg are the gains of the VCO and PFD, the number of consisting
stages of the VCO, and sampling time, respectively. In our design, the Kyco, N, and
Fg (1/Tg) are set as 163 MHz/V (Kyco = Kcco-Gm, where Kcco = 10.78 THz/A and
Gm =14 uS), 7, and 2.5 MHz, respectively. The Kppp is set as 1/27 since we have selected
the PFDs as a quantizer. The loop gain is composed of the result of L(s) and the feedback
factor, § = 1/512. The noise transfer function (NTF(z)) of the given 1st-order AXM can be
derived as:

L(s) (2)

1—z71

NTF = 3
=) 1-(1-N-Kyco-p-Ts)z7! ©)
V- @-V  Sampler(+Retimer)
(] "4 Vs (z
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Figure 2. (a) Block diagram of 1st-order VCO-based AXM, (b) mathematical description of (a) for
coefficient extractions.
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The out-of-band-gain (OBG) according to these values is designed to be a value of 1.5
to satisfy the stabilities due to the PVT variation of the VCO and the additional delay of the
retiming latches.

To make the VCO-based AXM work in the incremental mode, it is necessary to pe-
riodically reset the memory blocks, such as the VCO and PFDs, since the I-AYX.M strictly
requires no memory from its former inputs. Conventionally, there are two ways to reset the
loop filter of VCOs: (1) break the loop and enforce a common mode (CM) voltage of the
Gm cell (VreseT) [19], (2) apply a weak bias to the VCO (Ir) [20], as shown in Figure 3a,b,
respectively. In [19], when breaking the loop and enforcing the CM voltage (VRrgsgr) of
the Gy, cell, an unintended offset may occur due to the difference between the enforcing
voltage and the output CM voltage of the Gy, cell by the PVT variation. It is also nec-
essary to generate the CM voltage. The phase reset by applying a weak bias current to
the VCO [20] consumes static current because it operates as a free-running VCO. This
method can cause unintended phase noise at the beginning of the conversion since the
initial phase is randomized. Thus, we enforce “1” and “0” logic states into the input of the
differential ring-VCO in the reset phase, employing the low-side digital supply voltage
(VppL) instead of the additional reference voltage as shown in Figure 3¢, making P [7:0]
always be [10101010] within the round-trip time of the ring-VCO. This phase-alignment
happens sufficiently fast, and at the same time the VCO does not consume any static
power during the reset period of the fine converter. This is particularly useful for such a
two-step incremental ADC as the coarse conversion usually occupies long duty. Figure 3c
also depicts the conceptual transient waveforms. The fast phase-alignment has been done
within only ~350 ns in post-simulation, which is less than 1Ts. Since the alignment speed is
proportional to the propagation delay of the 7-stage unit delay cell in Vppy, alignment is
achieved at a faster rate by applying higher voltage than the swing of the CCO. One minor
concern is the initialization time of the G, cell when the VCO has to be out of the reset
state. According to the SPECTRE simulation, the Gy, recovers within ~150 ns, causing no
performance degradation.
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.
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Preser ]| PI7] M‘ 1
oa L 5% NARA
= i
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Figure 3. Conventional ring-VCO reset mechanisms (a) [19], (b) [20] and, (c) proposed phase-
alignment of ring-VCO (left) and conceptual operation (right).
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2.3. Noise Analysis

Since the inherent noise of the ADCs is the quantization noise, this has to be set
sufficiently low when compared to other noise sources from sampling and active circuits.
Accurately summing the coarse and fine outputs gives the quantization noise (vn,q) of
the fine ADC as the value of the overall ADC. Due to the two-step architecture, vy q is
dependent on the LSB of the fine converter. The oversampling ratio of the I-AXM is 16,
so the value of the LSB is ~1/(519 x-16). Consequently, vp q in this design has been set as
34.76 uVms by allocating 8-bit for coarse and 4-bit (effectively, 6-bit) for fine conversions.
This value is reasonable when aiming for 12-bit resolution, considering the full swing of the
signals of 2 Vp_p. Then, the sampling noise initially generated for the coarse conversion must
also be considered. With a unit capacitance of 8-fF, a total of 519 capacitors in the CDAC
sum up ~4.2-pF with parasitic capacitance, resulting in ~44.41 uVgys of the sampling noise.
Next, the noise from the active circuit in the incremental mode should be considered. In
this case, the major noise source is the VCO that consists of the transconductance (Gm) cell
and the current-controlled-oscillator (CCO). The thermal noise of the VCO is given as:

8kTy 17 P
On, thermal = \l ( T + n,CCO> fS A% (4)

Gn = Gn2 ) 2-OSR ®rorar

where k, T, v, @px, and ProraL are Boltzmann constant, absolute temperature, thermal
noise coefficient of FET, AY, and entire conversion time, respectively. The current noise
spectral density of the input-referred-noise of the 7-stage CCO according to SPECTRE
simulation is 342 fA/\/Hz [25] and Gy, with the bias current of 1 pA is 14 uS. This results
in the voltage noise spectrum density of 48.65 nV//Hz by the 7-stage VCO. Since the
sampling frequency is 2.5 MHz and fine mode operates 16 cycles out of a total of 25 cycles,
the active cut-off frequency of thermal noises in incremental operation is assumed to be
80-kHz processed by decimation filters. This yields thermal noise value of 15.40 pV s
with @1oraL = 25 and @y = 16 according to (4). In addition, the low frequency noise (1/f)
generated by the active device has a cut-off frequency of ~900 Hz through SPECTRE noise
simulation. The integrated noise value of 1/f noise from 1 Hz to 50 kHz is ~4 1V nys. The
overall noise induced by the active circuit is 15.91 puVyms.

The digital output of the presented ADC is the sum of the SAR and [-AXM outputs. A
gain mismatch between these two digital outputs can cause spectral leakages [26,27]. To
mitigate this issue, the design incorporates a DAC configured with identical unit capacitors,
while employing a shared Gm for integration. Furthermore, the input range of the fine
ADC has been set 3.5 times the LSB of the coarse quantizer for redundancy. In addition, to
simplify the processing of the two values, the CDACs of coarse-fine are constructed via
a ratio in a unit capacitance design, as described in Section 2.1. The incremental ADC is
configured in continuous-time, which introduces STF leakage by gain mismatch due to the
initial settling time and the finite OSR. The first sample by initial settling time has an error
value. This error is mitigated by the OSR, which is calculated as a ~2.3% gain error in G,
for the specified gain by the ratio of CDAC in (1). The gain mismatch results in a ~0.1 dB
SNDR degradation when targeting 12-bit resolution, so it is not the issue.

3. Circuit Implementations

The proposed ADC comprises circuit blocks including a bootstrapped S/H circuit,
an 8-bit synchronous SAR ADC, and an I-AXM consisting of loop filter with Gp,-CCO
(VCO), phase quantizer with PFD, and DFF. The SAR ADC and I-AYXM are organized in a
two-step ADC with each sharing input G, and CDAC. The CDAC consists of 512C of SAR
for feedback to configure 8-bit conversion and 8-bit resolution coarse residual voltage and
7C of 7-stage ring-VCO for tri-level switching. The unit capacitance of SAR CDAC has 2C
consisting of two unit capacitors (C) and is configured as an 8-bit CDAC to provide an 8-bit
top-plate residual voltage. Each unit capacitor (C) is split into two 4-fF finger-type custom
MOM capacitors [28], each with a digital code for tri-level switching. The MOM capacitor
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is configured using a metal 5 layer to minimize the parasitic capacitance and maximize the
effective coupling capacitance between the top plate and bottom plate in the 1P6M 180 nm
process, and the MOM capacitance was verified by CALIBRE parasitic extraction. The
overall parasitic capacitance and effective coupling capacitance of the top plate are 0.291-pF
and 4.15-pF, respectively. A simplified schematic block diagram is shown in Figure 4. In
the sample-phase, the input is sampled to the CDAC. After that, a comparator consisting
of Gi and the current latch synchronously converts the top-plate voltage of the CDAC
to the digital bit, depending on the clock, to operate the SAR ADC. Once the SAR has
processed 8-bit conversion, the G, stage disconnects from the latch and connects to the
7-stage ring-CCO to form the closed loop filter. The I-AXM, in incremental mode with
the loop filter composed of G-CCO, performs fine conversion on the residual voltage
after SAR conversion. The phase outputs of each 7-stage ring-CCO are converted to 14-bit
thermometer codes for up/down through the PFD arrays for phase quantizer. Each code
is then sampled by the DFF arrays and passed through the encoder arrays for tri-level
switching and propagation delay error suppression. The processed digital codes are fed
back through the retiming latch equal to the delay of z~1/8 to effectively handle excess
loop delay.

SAR CDAC AX CDAC
. B-bit Binary Cusas :2C ,...T:Ft‘?..L:'!!'?ff_"..‘?'.—'-.ﬂ_t:_{??...,-T—

i

........... 1 ;
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Vin | 1% upfa i
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----------- : J— Tyl LYY i ¢2'CLK> T :
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| Ring CCO (PFD + D FIF)

——]—
S
-

;f,

1 | t = d, |
= S PR I L.
d; z N *n .
i SARFSM Retiming Latch  iLevel Shifter i

Figure 4. Top-level schematic block diagram of the proposed incremental zoom ADC.

The circuits that process the phase outputs of the ring-CCO behave like digital circuits.
In a digital circuit, power consumption is proportional to the square of the supply voltage,
and the operating speed decreases rapidly below a threshold voltage. While energy effi-
ciency can be increased by reducing the supply voltage, the operation can be limited by
the reduced operating speed. For high energy efficiency, the low supply voltage of Vppy, is
used for processing the phase outputs for feedback latch, and the additional supply voltage
of Vpp is used for the dynamic range of the proposed incremental zoom ADC. The entire
system consists of the dual supply of Vpp, 1 V and Vppy, 0.55 V. The frequency of main
clock source (Fs) is 2.5 MHz. For one analog input, eight cycles are allocated for the SAR
conversion, one cycle for top-plate sampling, and 16 cycles for delta-sigma operation, for a
total of 25 cycles. The presented ADC has a sampling rate of 100-kS/s and a bandwidth
of 50-kHz.

3.1. Voltage-Controlled Oscillator

The VCO is implemented by a G-stage-driven current-controlled oscillator (CCO).
The schematic of the VCO is shown in Figure 5a. During the ®saR, the VCO is configured
into a latched comparator consisting of Gy, and the current latch, disabling the CCOs.
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After that, it is reconfigured into a VCO and used as the loop filter of I-AXM in the ®psx..
The schematics of its internal dual ring CCO are shown in Figure 5b. Instead of using
the current reusing topology for the Gy, stage that provides higher gm /14 efficiency and
accompanies the compensation circuit for low-supply usages, a single PMOS input has
been used to reduce circuit design complexity. The CCO blocks consist of 7-stage unit delay
cells and several switches for the fast phase-alignment. The unit cell has been implemented
as pseudo-differential with PMOS cross-coupled pair for lower phase noise and higher gain
of current to frequency (Kcco) with unit delay cell [19]. The output swing of each node
is 0.45 V, which is sufficient for the Vppy, of 0.55 V. Instead of a level shifter for driving
the PFD arrays, a differential buffer is used to output the digital signal for each phase. As
mentioned in the previous section, with just four switches on the dual ring-CCOs, the fast
phase-alignment of the VCO-based I-AXM is effectively completed.

Vb Unit delay cell

ATES

| .
\}_' : leco Reset \Eﬂ-
v - — oot
— ‘, oﬁo-a-o/o—
> LU 307 ¢ "
» | ___________ |
Ppsp —
Y Y Y Y @, 5 : AX Phase
Onp] PN PN DN D455 Reset
(a) (b)

Figure 5. (a) Schematics of the current comparator (blue dashed) and the VCO consisting of G, stage
and CCOs (red dashed), and (b) 7-stage dual ring-CCO with unit delay cell (gray).

3.2. Phase Frequency Dectector-Based Phase Quantizer and V cpy-Free Tri-Level Unit Capacitor

For the initial developments of the quantizer for the VCO-based ADCs, the XOR
gates and the phase extended quantizer (PEQ) have been widely adopted [29]. However,
their limited resolvable phase range and implementation complexity called for the phase-
frequency detector (PFD)-based phase quantizer. The PFD-based quantizer can ensure
full range (—27 to 2m) detection of the VCO phase information. In addition to that, a
double PFD (DPFD) quantizer was recently introduced which is able to cover 2x wider
range of phase (—4m to 4m) by detecting both of rising and falling edges, providing the
same amount of less quantization noise [30]. However, the duty ratio of the DPFD may
cause a non-linearity effect in the quantizer of the A-X loop, which causes additional
noise since it heavily counts on the exact timings of the rising and falling edges of D-flip
flops (D-FFs), stumbling its wide usage for the applications where the aggressive voltage
scaling for the digital circuits is highly required. For the proposed ADC, the PFD has been
adopted because near-threshold supply of 0.55 V in the given 180 nm process was used to
aggressively squeeze the power consumption.

The digital circuit facilitates the feedforward and feedback paths of the proposed A-X.
As shown in Figure 6a, this block consists of PFD arrays for phase quantization, D-FF arrays
for sampling of phase information, and logics for tri-level switching in the forward path,
level shifters to drive feedback path, and retiming. The schematic of the PFD is also shown
in Figure 6b. Since the PFD has memory, it stores the previous value. For this reason, ®xx.p
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is added to reset the PFD. In the proposed design, a low power supply of 0.55 V(Vppr) for
the phase quantization and a higher supply of 1.0 V (Vpp) for retiming of the acquired
phase information are used to minimize the dynamic power consumption. As a result,
the propagation delay (fp) of the DN signal can generate an error state of [1, 1] when
synchronized with the sampling clock (Fs) as shown in Figure 6¢. Rather than ignoring
such intermittently generated errors and leaving an open state, the [1, 1] state has been
assigned to activate the common mode voltage (VM) by using a tri-level DAC in this work.
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Figure 6. (a) Overall logic implementations, (b) operation behavior of PFD, (c) positive input phase
waveforms, (d) logic mapping.

The tri-level DAC can double the resolution, however it requires an additional feed-
back path driven by the well-defined common mode voltage (V) of the other two feed-
back references, such as Vpp and ground (Vsg), as shown in Figure 7a. In this implementa-
tion, the Vcpi-free tri-level unit DAC, where the two same parallel connected capacitors are
driven by Dy and DL, can generate the well-defined V¢, without any explicit reference
generation circuit (Figure 7b), in other words, without any static power and area consump-
tions. The error of the Vs can only be caused by the mismatch of the two capacitors of
8-fF (<0.5%) [31]. In [32], a pair of JK flip flop has been added to attenuate the capacitor
mismatch in the unit capacitor DAC, but the SNDR degradation has been found to be very
minute according to our extensive simulations.
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Figure 7. Conventional tri-level switching DAC (a), and Vy-free, tri-level switching DAC used in
this work (b).

4. Measurement Results

The prototype zoom ADC has been fabricated using the standard 180 nm 1P6M CMOS
process. The die microphotograph of the fabricated ADC is depicted in Figure 8a. It
occupies 0.196 mm? of active area. The area of the active circuit without the merged CDAC
is relatively small due to the simplicity of implementation. The digital bit outputs are
processed by the off-chip FPGA that combines the output of the SAR ADC and the output
of the I-AX. modulator as explained in Figure 1.

Bootstrap switches

1.4 mm

Merged CDACp
Merged CDACy

DECAP

3.51uW

(b)

Figure 8. (a) A die photograph of the presented incremental zoom ADC, (b) power breakdown.

The measurement setup is depicted in Figure 9. The measurement equipment is a
function generator (DS360, SRS) to apply the differential input signals, a power supply
(2231A, KEITHLEY), a source meter (2450, KEITHLEY) to estimate power consumption by
measuring current, and LabVIEW DAQ (NI) to process the data from the FPGA on a PC.
The power supply powers the LDO board and the FPGA board, as shown in Figure 9(right).
The LDO board provides 1 V (Vpp), 0.55 V (Vppr), and 1.8 V for transmitting the ADC
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digital output to the FPGA and driving electrostatic discharge (ESD) protection diode,
respectively. The power measurement is measured by disconnecting Vppy, and measuring
the average current with the source meter to estimate the power consumed by Vppy,, as
shown in Figure 9(left). The same method is used for the power dissipated by Vpp.

Power supply
KEITHLEY2231A

0.55V 1V DDD/_LA Q - ;%L.q,.,,

LDO
Sourcemeter
KEITHLEY 2450 L e o
VI Isen e
= B
Yy v e
Jr— it
- /:VWTEST board :CTRL FPGA[—» I; --------
Function generator MAX-II PC-LabView
SRS DS360

Figure 9. Measurement setup (left) and photograph of measurement setup (right).

The presented ADC uses the main frequency of 2.5 MHz and has the highest sampling
rate of 100 kS/s with a total of 25 phases. The analog supply is 1.0 V (Vpp), while the digital
supply for operation with logic of the I-AY. is 0.55 V (VppL) to enhance the power-efficiency.
No other external supply voltage has been used except these two. The overall power
consumption was measured as 3.51 uW. The detailed power consumption breakdown is
shown in Figure 8b. The SAR ADC consumes 1.98 pW of power, while the I-AX consumes
0.56 W from Vppy, the level shifter, retiming latch, and switching power from Vpp
consume 0.30 uW, and the G, operation consumes 0.67 uW of power from Vpp. These
values were estimated by measuring the power consumed by each supply and dividing by
the portion of power it accounts for in the post-simulation result.

The digital outputs of the presented ADC for analog inputs were passed through the
FPGA to LabVIEW and stored in the PC, and the dynamic performance of the ADC was
processed using MATLAB. The FFT plots for two extreme input frequencies of 1.005 kHz
and 49.005 kHz are shown in Figure 10a,b. For this measurement, 20,000 samples have been
collected with a 1.0 V., input sinusoidal amplitude. The SNDRs for the two cases were
calculated as 67.03-dB and 66.58-dB, respectively. Based on those, the maximum effective
number of bits (ENOB = (SNDR—1.76)/6.02) has been calculated as 10.84. In addition
to those, other input frequencies from 100 Hz to 49 kHz with 1.0 V., inputs were also
measured and are summarized in Figure 10c. All SNDR are distributed over 66.5-dB. It
indicates that the performance of the ADC is nearly independent of the input frequency.
Since the fine ADC converts the residual voltage of the coarse ADC as a DC voltage when

operating it, if it can be sampled appropriately, the SNDR of the output doesn’t dependent
on the variation of the input frequency. The SNDR measurement with respect to the input
voltage amplitude has also been performed as shown in Figure 10d. A dynamic range of
74-dB and 67-dB in terms of SNR and SNDR, respectively, has been obtained at —6-dB
input (1.0 V,.p). A bit early saturation of the SNDR may come from the non-linear body
effect of the implemented bootstrapped S/H.

Table 1 summarizes the performance of the fabricated ADC and compares it with
other state-of-the-art ADCs. The presented ADC used in this work is a two-step ADC with
the I-AX. based on multi-bit quantizer with VCO and SAR ADC. Compared to other ADCs
with similar ENOB and SNDR, this ADC has the best figure of merit (FoM). Also, this
digital-friendly ADC can exhibit higher performance through enhanced process in addition
to improvements in the modified sampling switch.
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Figure 10. Measured ADC output spectrum at (a) 1.005 kHz, (b) 49.005 kHz, (c) input frequency to
SNDR plot with 1Vp_p sine wave input, (d) signal to SNR/SNDR plot.

Table 1. ADC performance summary and comparison with state-of-the-art works.

[21] [33] [34] [35] [36] This Work
Process (nm) 40 180 28 130 180 180
Architecture SAR + VCO NS-SAR SAR-SS TS SS SAR SAR + I-AZM
Supply (V) 1.8 1 1 33/1.2 1 1.0(A)/0.55(D)
Power (uW) 4100 0.09 34 62 4.45 3.51
SNDR (dB) 75.7 65 66.8 * 60.78 61.77 67
BW (kHz) 3500 0.625 20 50 100 50
ENOB (bits) 12.28 10.5 10.81 9.8 9.97 10.84
FoMy ! (f]/conv.) 382 50 53 696 222 19.12
FoMg 2 (dB) 165 * 163 * 164 * 150 * 165 * 168.5
* Calculated. ! Walden Figure-of-Merits (FoMy) = Power/(Fs x 2FNOB) - 2 Schreier FoMg = SNDR + 10log
(BW/Power).

5. Conclusions

In this work, we present an energy-efficient 12-bit, 100 kS/s zoom ADC consisting
of the coarse SAR and the fine VCO-based incremental AXM for battery-operated multi-
channel biomedical devices. To accommodate multichannel biomedical signals without
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channel-to-channel phase leakage, the fast phase-alignment scheme in the VCO is proposed
and designed with the zoom ADC. In addition, the Vcy-free unit DAC is adopted for high
energy efficiency and simple implementation. The proposed ADC has been fabricated in
the standard 180 nm CMOS process, exhibiting 67-dB peak SNDR, 19.12 ]/ c-s of Walden,
and 168.5-dB of Schrier FoM, respectively. Those performance metrics are the best FoM
when compared with other state-of-the-art two-step ADCs.
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