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Abstract—This paper presents an industry-ready PVT-robust
12-bit 1 MS/s untrimmed SAR ADC IP operating from 0.5/0.9V
supply voltage for a sub-threshold sensor interface. The ADC
exploits Fujitsu's 55 nm Deeply Depleted Channel (DDC) technology to dynamically regulate the bulk voltage of the NMOS
and PMOS transistors to compensate for the PVT variations.
This dynamic regulation of the the bulk voltage is enabled
by a technology-assisted replica-biasing based design strategy.
This enables a PVT-robust comparator operation up to 14MHz
frequency from a 0.5V supply voltage to allow the ADC to achieve
68 dB ± 1.1 dB SNDR and 88 dB ± 3.5 dB THD over P(SS,TT,FF)
- V(0.45V to 0.55V) - T(-40◦ C to 90◦ C) variations at an average
12fJ/CS efficiency at 1/10th of the sampling frequency.

I. I NTRODUCTION
Over the last decade, capacitive DAC based successive
approximation (SAR) ADCs have demonstrated a tremendous
improvement (>10X) in the power efficiency [1]–[3]. This
improvement has been enabled by a combination of the
following 3 factors: (a) innovative and efficient DAC switching
schemes which reduce the energy loss during charge re-cycling
(b) reduction of supply voltage and current to thermal noise
limited values which results in a highly efficient deep subthreshold operation of transistors and (c) aggressive reduction
in the unit capacitor (Cu ) value which results in a proportional
reduction in the DAC capacitance. However, barring the first
factor, the other two factors often result in very large spread
of SNDR and THD metrics over PVT corners. This is because
sub-threshold operation results in a performance which highly
sensitive to PVT variations due to exponential variation of
the drain-current w.r.t. gate-source voltage. Further, aggressive
reduction of the (Cu ) limits the DAC matching yield and hence
has a detrimental effect on the SNDR and THD performance.
Typically, such performance characterization over a wide range
of PVT corners is often not pursued in the academic works
[1]–[3].
This work reports a 1MS/s PVT-robust, 68 dB ± 1.1
dB SNDR / 88 dB ± 3.5 dB THD and a highly power
efficient industrial grade SAR ADC IP in Fujitsu's 55 nm
Deeply Depleted Channel (DDC) technology. SNDR and THD
robustness over a wide range of P(SS,TT,FF)-V(0.45V to
0.55V)-T(-40◦ C to 90◦ C) corners is guaranteed through a
DDC technology-assisted replica-biasing based bulk voltage
regulation loop and is highlighted next in the Section II.
This bulk voltage regulation is then utilized to mitigate the
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Fig. 1. Dynamic threshold voltage regulation of the PMOS transistors by
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Fig. 2. Architecture of the 1MS/s 12b SAR ADC highlighting the different
building blocks and power domains. VPW and VNW control the bulk voltages
of the transistors in the ADC to enable replica-biasing based bulk voltage
regulation for PVT compensation

impact of PVT variations and hence limit the performance
spread of the proposed SAR ADC. This is discussed in Section
III. Finally, Section IV discusses the PVT robustness of the
measurement results of the proposed SAR ADC IP and is
compared to both academic designs and to industrial SAR
ADC IPs. The paper conclusions are provided in Section V.
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Fig. 3. The dedicated bulk-biasing regulator with on-chip filtering (left) and the Architecture of the 0.5V supply 14MS/s double tail comparator (right)
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Fig. 4. Die micro-graph of the SAR ADC IP highlighting the important
building blocks and the ADC dimensions

II. DDC TECHNOLOGY- ASSISTED REPLICA - BIASING LOOP
DDC transistors (illustrated in the Fig. 1 have two major
advantages over bulk CMOS: (a) A large body-factor (sensitivity of the threshold voltage to the bulk voltage defined as
∆VT H /∆VBB ) up to 375mV/V in the current 55nm technology where VT H and VBB are the threshold voltage and the
bulk voltage of the MOSFET (b) reduced local mismatch due
to lower random dopant fluctuations. The large body-factor
enables to design a VT H regulating loop as shown in Fig.
1. While the Fig. 1 shows the bulk voltage regulation loop
for PMOS transistor only, a similar regulation loop has been
designed for the NMOS transistor as well. This loop dynamically adjusts the VBB to regulate VT H so that, for a given gate
voltage and constant IREF , the drain current ID and gm /ID
of the replica-biasing transistor remain constant with respect
to PVT variations. This PVT robustness is replicated over the
complete ADC design by biasing all PMOS transistors with
the regulated VBB while taking advantage of the reduced local
mismatch. A similar bulk-voltage regulating loop using the
NMOS transistor controls the VT H of the NMOS transistors
in the design to mitigate the impact of PVT variations.

Fig. 5. Measured SNDR and the THD at 1/10th of the sampling frequency

III. B ULK - BIASED SAR ADC ARCHITECTURE AND
IMPLEMENTATION

The architecture of the SAR ADC along with the replicabiasing is shown in Fig. 2. The 12b 1MS/s ADC requires
14 cycles for each sample conversion including the sampling
cycle and a dedicated reset cycle. The ADC operation at
1MS/s necessities the comparator to meet the speed and the
noise specification across PVT corners at 14MHz. Further,
this comparator operates from a reduced supply voltage of
0.5V to improve the ADC's power-efficiency. As it can be
seen from Fig. 3 (right), the speed of the utilized doubletail dynamic comparator, is a function of VT HP (the PMOS
threshold) of the input pair, CP,Q and ICM (the common-mode
current through M1,2), while the input-referred noise depends
on VT HP , the ratio gm1,2 /ICM and CP,Q . Generally, in the
deep sub-threshold operation regime, PVT variations result in
a wide spread on VT HP , gm1,2 and ICM , thus deteriorating
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the SNDR, the THD and the speed of the ADC and hence
limiting the ADC yield.
To mitigate the impact of these PVT variations induced
design spread on the speed and matching performance of the
comparator, a dedicated bulk-biasing regulator is implemented
for the comparator as shown in Fig. 3 (left). The replicabiasing loop generates the bulk voltage of M0-M2, V P WX
to compensate the VT H so that the ratios ICM /IREF and
gm1,2 /ICM remain constant across PVT corners and only
depend on IREF . This implies that, for a fixed IREF , gm1,2
and the discharge current through M0-M2 ICM are PVTinsensitive, thus allowing the ADC to reliably maintain the
desired speed and accuracy across the PVT corners.
Further, as shown in Fig. 2, the SAR ADC uses a split
capacitor DAC array comprising of 8b main and 4b sub DAC
and a unit bridge capacitor. The DAC is implemented based
on a unit MIM capacitor Cu of 33 fF. This relatively large
Cu avoids linearity degradation due to process variations. The
peripheral blocks, including the phase generator and the DAC
run at 0.9V to allow rail-to-rail input swing swing up to
1.8Vpp-d.
IV. M EASUREMENTS
This section details the characterization results for the SAR
ADC IP over a wide range of PVT corners. The die micrograph of the industry-ready SAR ADC IP is shown in Fig. 4
and it occupies an area of 0.27 mm2 . As illustrated in the Fig.
5, at 1/10th of the sampling frequency, the ADC achieves a
measured SNDR and THD performance of 68 dB and -88 dB
respectively in TT corner at 27◦ C. The variation of the SNDR
w.r.t the input signal frequency is shown in Fig. 6. The static
linearity of the ADC is characterized by DNL and the INL
measurements and are shown in Fig. 7 for TT corner at 27◦ C.
It can be seen from the Fig. 7 that DNL is limited to -0.58 to
0.6 LSBs while the INL is limited to -0.81 to 0.58 LSBs.

Fig. 7. Measured DNL (top) and INL (bottom) characteristics of the SAR
ADC IP

To benchmark the SAR ADC IP for industry readiness, the
ADC performance is characterized over all combinations of
process (SS,TT,FF), voltage (0.45V, 0.5V, 0.55V) and temperature (-40◦ C, 0◦ C, 27◦ C, 40◦ C, 90◦ C). The ADC achieves
68 dB ± 1.1 dB SNDR and -88 dB ± 3.5 dB THD over
the complete set PVT variations. A comprehensive box plot
highlighting the SNDR and THD robustness to PVT variations
is illustrated in Fig. 8. The box plot is made for sample
size of 10 chips in each corner. The total measured power
dissipation from 0.5V and 0.9V supply is 30 µW including
the power consumption of all the replica-biasing loops. This
results in a FoM of 24.5 fJ/CS when computed at Nyquist
input frequency and 12 fJ/CS when computed at 1/50th of
the sampling frequency. Comparison of the proposed ADC
IP to the state-of-the-art academic [1]–[3] ADC designs and
industrial [4], [5] SAR ADC IPs is illustrated in Table I. It
can be seen that It can be seen the DDC technology assisted
replica-biasing strategy enables the ADC to achieve a very
high degree of PVT robustness with the best power efficiency
amongst the PVT robust ADC IPs.
V. C ONCLUSIONS
This work introduced a PVT robust 12b 1MS/s untrimmed
SAR ADC IP in Fujitsu's 55 nm Deeply Depleted Channel
CMOS process. The ADC's robustness to PVT variations is
guaranteed through a bulk voltage biasing based threshold
voltage regulation loop. This generated bulk voltage is then
replica biased across the entire ADC to mitigate the impact
of PVT variations. The efficacy of the bulk biasing based
threshold regulation is validated with the ADC SNDR and
THD measurements over a wide range of PVT corners. The
designed SAR ADC achieves the best FoM amongst the
reported SAR ADC IPs with PVT robustness.
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This work VLSI 16 [2] ISSCC 15 [3] ISSCC 14 [1] Industrial IP [4] Industrial IP [5]
Fujitsu 55nm 90 nm
65 nm
40 nm
180 nm
40 nm

Tech.
Area (mm2)
Supply voltage (V)
Sampling rate (kS/s)
SNDR (dB)
THD (dB)
PVT robustness

0.27
0.5/0.9
1000
68
-86
Yes

0.035
0.3
600
57
-73
NA

0.06
0.6
100
57
-75
NA

0.065
0.45
200
54
-73
NA

FoM (fJ/conv-step)
24.5* / 12#
0.44*
1.5*
* fin @ Nyquist,
# f in @ 1/50th of Nyquist,

0.15
1.8
100k
65
-80
Yes

0.11
1.1
15000
63
-75
Yes

0.85*
50#
55##
## includes reference power

TABLE I
C OMPARISON OF THE PROPOSED SAR ADC IP TO THE STATE - OF - THE - ART ACADEMIC DESIGNS AND INDUSTRIAL IP S
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