
 
 

Delft University of Technology

Versatile DAC-less successive approximation ADC architecture for medium speed data
acquisition

Pourahmad, Ali ; Dehghani, Rasoul ; Ahmadi-Mehr, Seyed Amir-Reza ; Lotfi, Reza

DOI
10.1016/j.mejo.2022.105585
Publication date
2022
Document Version
Final published version
Published in
Microelectronics Journal

Citation (APA)
Pourahmad, A., Dehghani, R., Ahmadi-Mehr, S. A.-R., & Lotfi, R. (2022). Versatile DAC-less successive
approximation ADC architecture for medium speed data acquisition. Microelectronics Journal, 129, Article
105585. https://doi.org/10.1016/j.mejo.2022.105585

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.

This work is downloaded from Delft University of Technology.
For technical reasons the number of authors shown on this cover page is limited to a maximum of 10.

https://doi.org/10.1016/j.mejo.2022.105585
https://doi.org/10.1016/j.mejo.2022.105585


Green Open Access added to TU Delft Institutional Repository 

'You share, we take care!' - Taverne project  
 

https://www.openaccess.nl/en/you-share-we-take-care 

Otherwise as indicated in the copyright section: the publisher 
is the copyright holder of this work and the author uses the 
Dutch legislation to make this work public. 

 
 



Microelectronics Journal 129 (2022) 105585

A
0

Contents lists available at ScienceDirect

Microelectronics Journal

journal homepage: www.elsevier.com/locate/mejo

Versatile DAC-less successive approximation ADC architecture for medium
speed data acquisition
Ali Pourahmad a, Rasoul Dehghani a,∗, Seyed Amir-Reza Ahmadi-Mehr a, Reza Lotfi b,c

a Department of Electrical and Computer Engineering, Isfahan University of Technology, Isfahan 84156-83111, Iran
b Department of Electrical Engineering, Ferdowsi University of Mashhad, Mashhad, Iran
c Microelectronics Department, Bioelectronics Section, Delft University of Technology, Delft, the Netherlands

A R T I C L E I N F O

Keywords:
Analog-to-digital converter (ADC)
Successive approximation register (SAR)
Digital-to-analog converter (DAC)
Binary search algorithm
Asynchronous control logic
DAC-less SAR (DLSAR)

A B S T R A C T

Implementation of the DAC is usually the bottleneck in designing a SAR ADC. Here an innovative DAC-less SAR
(DLSAR) ADC architecture is presented which alleviates some drawbacks of the conventional SAR counterpart.
The proposed DLSAR binary search algorithm is comprised of two arithmetic operations of division-by-two
and subtraction to emulate the DAC function. The hardware of the DLSAR ADC is implemented using ordinary
circuit building blocks of a SAR ADC but with less complexity and more robustness against PVT variations as
DAC is removed. The developed DLSAR architecture is versatile so that the converter hardware could be readily
reconfigured for different sampling rates and resolutions. Based on post-layout simulations in 0.18 μm CMOS
process, the designed 8-bit DLSAR ADC consumes 150 μW of power at 2 MS∕s including the asynchronous
control logic circuit. The SFDR of the converter is up to 62 dB and the ENOB reaches 7.8 bits while it remains
above 7.5 bits across most PVT corners without calibration. Also, by reconfiguring the DLSAR ADC to 9-bit
resolution at 1 MS∕s, the ENOB is generally around 8.2 bits achieving a scaled figure-of-merit (SFoM) better
than 3.0 Ç∕c-s.
1. Introduction

One of the main circuit blocks in almost every electronic device
is the analog-to-digital converter (ADC) which is responsible for gen-
erating digitized codes to represent an analog signal. Based on the
application requirements, several types of ADCs have been developed
pushing to improve the converter performance in aspects of linearity,
speed, area and power. Successive approximation register (SAR) is
proven to be a common and efficient ADC topology for low to medium
range sampling rates and resolutions. Modern SAR ADC designs are fre-
quently being used in various applications such as radio receivers [1],
internet of things (IoT) sensor nodes [2], low-power biomedical instru-
mentations [3] and fully synthesizable system-on-chips (SoC) [4].

The conventional SAR ADC is comprised of four main building
blocks, i.e. sample and hold circuit (S/H), comparator, digital-to-analog
converter (DAC) and control logic circuit as shown in Fig. 1. In this
structure, on every clock transition one bit of the digital output code
(DOC) is generated. Hence, for an 𝑁-bit ADC, a conversion cycle
at least takes 𝑁 + 1 clocks to finish, including the initial sampling
phase. It is evident that the bottleneck in a SAR ADC is designing its
DAC circuit which mainly determines the converter performance [5,6].
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In integrated circuits, capacitive DAC topologies are employed that
embody the S/H circuit as well.

Capacitive DACs are commonly implemented using charge redis-
tribution (CR) or charge sharing (CS) structures where each one has
its own pros and cons [6]. Nonetheless, the CR-DACs are usually
preferred for their superior linearity, insensitivity to parasitics and
simpler switching scheme. Regarding the large number of capacitors
and switches, capacitive DACs suffer from various circuit parasitics and
non-idealities that eventually leads to performance degradation of the
SAR ADCs. Therefore, designing a flawless DAC requires rather exten-
sive care in drawing the layout and complex circuitry to implement a
proper switching scheme [7–9].

In a conventional SAR ADC, linearity characteristic deteriorates
as input/reference voltage reaches the supply rail due to imperfect
switching of the DAC circuit. This will confine full-scale and dynamic
range of the converter [10,11]. On the other hand, mismatches of
capacitor bank and process, voltage and temperature (PVT) sensitivity
of DAC should be compensated by hard or soft calibration [12–14].
Utilizing calibration circuits increase area and power consumption of
the converter. The on-chip reference voltage generator/buffer circuit
vailable online 29 September 2022
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Fig. 1. Basic circuit building blocks of a conventional SAR ADC.

is also another problematic design aspect, especially in CR-DACs that
usually leads to increasing the power dissipation and chip area [15–17].

This work introduces an innovative DAC-less SAR (DLSAR) ADC
architecture in 0.18 μm CMOS process which brings some advantages in
terms of linearity, robustness within PVT corners and hardware recon-
figurability. By eliminating DAC completely, the proposed DLSAR ADC
has achieved excellent performance with process/parasitics insensitiv-
ity without any calibration. Furthermore, the implemented circuit can
be easily reconfigured for different sets of sampling rate and resolution
just by modifying the controller. The cyclic ADC [11,18,19] and more
especially the two-capacitor (2C-DAC) SAR [20,21] can be regarded
as the analogous topologies to the DLSAR architecture. However, all
these topologies employ analog circuitry while the proposed DLSAR
ADC is implemented by default building blocks of the conventional SAR
architecture, that will be discussed shortly.

The remainder of the paper is organized as follows. Architecture and
operation of the proposed DLSAR ADC is illustrated in Section 2. Circuit
implementation at transistor level is studied in Section 3 in depth. Next,
Section 4 elaborates error propagation model of the designed hard-
ware. Asynchronous control scheme of the DLSAR ADC is described in
Section 5. Comprehensive simulation results of the designed converter
are provided in Section 6, and eventually Section 7 summarizes and
concludes the paper.

2. DLSAR ADC architecture

In order to remove the DAC from a SAR ADC, the converter binary
search method must be altered. Here a new DAC-less binary search
algorithm is illustrated that still works in accordance to the successive
approximation principle. Afterwards, two possible circuit realizations
are studied that can be used to implement the proposed DLSAR ADC.

2.1. Binary search algorithm

The binary search flowcharts of the proposed DAC-less SAR ADC
architectures is demonstrated in Fig. 2. Here 𝑉𝑖𝑛 is the analog input
signal, 𝑉𝑟𝑒𝑓 is the reference voltage and the 𝑁-bit DOC is denoted
by 𝐷𝑜𝑢𝑡 = (𝑏𝑁−1 ⋯ 𝑏1𝑏0)2. Each conversion cycle consists of N-steps
of successive approximation. Binary search algorithm in the proposed
DLSAR architecture replaces DAC function by combining two arith-
metic operations of division-by-two and subtraction. In addition to the
input voltage, the reference voltage is also to be sampled in the DLSAR
binary search which will be halved consecutively within each step of a
conversion cycle. The conventional SAR binary search keeps the input
voltage intact and scales the reference voltage via DAC for comparison
phase. Yet, in the proposed DLSAR binary search algorithm the input
voltage is scaled using subtractor if it is greater than the corresponding
1∕2𝑘 ratio of the reference voltage. Hence, the comparison phase can
be carried out to ascertain the next bit.

As mentioned before, the DLSAR binary search is partially similar
to that of the pipelined or cyclic ADCs. However, the subtraction result
(residue) is not here amplified (doubled) which requires high-speed op-
amp for implementation. As it will be clarified later, the voltage halving
block is here realized by switched-capacitor (SC) circuit with good
2

Fig. 2. Binary search algorithm in the proposed DLSAR ADC architecture.

Fig. 3. Conceptual circuit implementation for the proposed DLSAR ADC based on
operational amplifier (op-amp).

enough precision. Moreover, the developed DLSAR circuit performs the
subtraction by just one comparator in discrete-time without any analog
circuitry. This would alleviate the error due to the amplifier offset
and noise comparing to these topologies as long as the comparator
inaccuracy can be tolerated. Besides, in pipelined SAR or cyclic ADCs,
op-amps dissipate a considerable amount of power to meet the circuit
requirements that is eliminated in the DLSAR architecture.

The 2C-DAC architecture with inherent first-order noise shaping
(NS) characteristic uses the exact DLSAR binary search algorithm yet
the division-by-two and subtraction operations are there realized by an
op-amp-based SC amplifier. As a result, the converter bandwidth would
be typically limited to a few kilohertz. In addition to consuming more
power, the SAR ADC utilizing 2C-DAC is proven to be more vulnerable
to process/parasitics than the designed DLSAR hardware, and thus it
needs to be calibrated [21].

2.2. Abstract hardware design

By inspecting the DLSAR binary search of Fig. 2 we see that each
approximation step has two separate arithmetic phases, i.e. division-by-
two and subtraction. Consequently, time budget in the proposed DLSAR
architecture is twice that of the conventional SAR ADC.

2.2.1. Op-amp-based hardware
Fig. 3 shows a straightforward hardware design for the DLSAR

binary search algorithm. This conceptual circuit employs two identical
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Fig. 4. Abstract circuit model of the proposed DLSAR ADC utilizing default building
blocks of the conventional SAR architecture.

pairs of input/reference capacitors for voltage sampling and performing
the division-by-two and subtraction operations. The arithmetic opera-
tions are realized via SC circuits while the op-amp is used as a buffer to
store the subtraction result on the input capacitors, and also it functions
as a comparator in open-loop configuration. Here, the subtraction
operation is fulfilled by placing the input and reference capacitors in
series with reversed polarity, and division-by-two is accomplished by
paralleling the reference capacitors pair in each approximation step.
Power dissipation of the voltage halving circuit and reference voltage
ratio generator equals 𝐶𝑟𝑎𝑉 2

𝑟𝑒𝑓𝑓𝑠 with 𝑓𝑠 being the converter sampling
frequency.

Operation of the circuit can be illustrated as follows. First at phase
zero 𝛷0, the input and reference voltages are sampled on capacitors
𝐶𝑖𝑎 and 𝐶𝑟𝑎, respectively. Then at phase one 𝛷1, secondary reference
capacitor 𝐶𝑟𝑏 with zero initial charge is placed in parallel with 𝐶𝑟𝑎. As a
result, the voltage of the reference capacitor is halved and by activating
𝛷1𝑎, the first comparison of the conversion cycle is executed to compute
the MSB. At phase two 𝛷2, capacitor 𝐶𝑟𝑏 is discharged and if MSB is 1,
by activating 𝛷2𝑎 the subtraction result of 𝑉𝑖−𝑉𝑟 = 𝑉𝑖𝑛−𝑉𝑟𝑒𝑓∕2 is stored
on secondary input capacitor 𝐶𝑖𝑏. For the subsequent approximation
steps, the procedure is repeated and the subtraction result would be
swapped among the input capacitors pair by enabling 𝛷2𝑎 or 𝛷2𝑏, while
it is read in comparison phase by enabling 𝛷1𝑎 or 𝛷1𝑏, correspondingly.

2.2.2. Comparator-based hardware
The DLSAR hardware designed in Fig. 2 can accurately perform

the subtraction operation, however the op-amp requirements may rise
some difficulties in practical implementation. For higher sampling
rates, the op-amp must satisfy a relatively small settling time and high
slew rate that will lead to a power hungry or perhaps infeasible design.
Thus, another hardware will be introduced in the following which
can perform all the arithmetic operations using SC circuits and one
comparator.

As depicted in Fig. 4, operation of the new circuit is analogous
to the op-amp-based implementation for phases zero and one. During
phase two by closing the associated switches, the input capacitor
begins to discharge into 𝐶𝑟𝑏 until the voltage across 𝐶𝑟𝑏 becomes zero.
Then, the comparator output changes its state, and by opening the
switch controlled via the NOT gate, the two capacitors disconnect from
each other. Since an equivalent discharge current passes through the
identical capacitors of 𝐶𝑖𝑛 and 𝐶𝑟𝑏, regardless of its waveform, the
secondary reference capacitor voltage is exactly subtracted from that of
the input capacitor. Based on the comparison result at phase one, if the
subtraction operation is not to be executed in the next step (𝑉𝑖 < 𝑉𝑟),
phase 𝛷3 is activated instead of 𝛷2 for discharging 𝐶𝑟𝑏 to zero.

There are some practical issues regarding the comparator-based
DLSAR hardware that need to be taken into account. Dynamic com-
parators usually employ positive feedback in form of a latch circuit
3

Fig. 5. Simplified transistor-level circuit implementation of the comparator-based
DLSAR ADC architecture.

to enhance their response time during the evaluation phase [22]. As
a result, the comparator output will be locked after initial power-on
based on the current state of its input signal and it no longer responses
to the ongoing input signal changes. Therefore, the circuit is incapable
to detect the right moment for halting the subtraction phase as the
voltage of 𝐶𝑟𝑏 goes down to zero, unless the comparator is to be
consecutively reset and turned on in oscillation mode. On the other
hand, at phase one, the voltage halving circuit requires some time to
reach the steady state so the comparison operation could be correctly
performed afterwards.

3. Transistor-level implementation

For compensating non-idealities of the comparator circuitry and
the MOS switches, the abstract comparator-based DLSAR hardware is
implemented as the transistor-level circuit of Fig. 5. In the designed
DLSAR hardware, MOS switched are rearranged symmetrically so that
error due to the clock feedthrough and channel charge injection would
be minimized. Nevertheless, dummy switches S1’ and S2’ are required
to further mitigate these effects. Control signals 𝛷1𝑑 and 𝛷2𝑑 are
delayed version of phases one and two which are used to enable the
comparator via active low signal 𝐶𝐸.

3.1. Subtractor circuit operation

The designed circuit for the DLSAR ADC employs two identical pairs
for input/reference capacitors. Here an auxiliary capacitor, i.e. 𝐶𝑖𝑥, is
also added that enables the circuit to execute the subtraction phase
more accurately and with less power dissipation. The subtraction oper-
ation is carried out within two passive and active stages as explained
below. At the beginning of phase two, the input capacitor starts to
discharge into the floating (secondary) reference capacitor 𝐶𝑟𝑏 while
its top plate is connected to the auxiliary capacitor 𝐶𝑖𝑥 with zero initial
charge, rather than ground in the abstract hardware. Accordingly, the
subtraction operation is partially performed in passive mode before the
comparator turns on.

3.1.1. Passive subtraction
Passive subtraction will continue while the auxiliary capacitor volt-

age reaches the total voltage drop across 𝐶𝑖𝑛 and 𝐶𝑟𝑏. This can be
expressed as

𝑉𝑖 + 𝑉𝑟 −
(

𝑄𝑥
𝐶𝑖𝑛

+
𝑄𝑥
𝐶𝑟𝑏

)

=
𝑄𝑥
𝐶𝑖𝑥

(1)

such that 𝑉𝑖 and 𝑉𝑟 are the initial voltage of the input and reference
capacitors and 𝑄𝑥 = 𝐶𝑖𝑥𝑉𝑥 is the total transferred charge creating a
voltage of 𝑉 across the auxiliary capacitor. By setting 𝑄 = 𝐶 𝑉 ,
𝑥 𝑥 𝑟𝑏 𝑟
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Fig. 6. Circuit realization of the phase delay line associated with the comparator
enabling signal generator.

the optimum value of the auxiliary capacitor which leads to perfect
realization of subtracting the input capacitor by 𝑉𝑟, can be found as

𝐶𝑖𝑥,𝑜𝑝𝑡 = 𝐶𝑖𝑛
𝑉𝑟

𝑉𝑖 − 𝑉𝑟
. (2)

By selecting all the capacitors equally, the voltage drop across the input
capacitor and final voltage of 𝐶𝑖𝑥 would be the same. Subsequently,
the maximum voltage drop does not exceed 𝑉𝑥,max = 𝑉𝑟, noting that at
subtraction phase always 𝑉𝑟 < 𝑉𝑖 ⩽ 2𝑉𝑟. Thereby, passive subtraction
will not cause any error by over-discharging the input capacitor.

3.1.2. Active subtraction
In the rest of phase two, the comparator will be enabled after a

specified delay (as passive subtraction is finished) and the subtraction
operation continues in active mode if 𝑉𝑖 ≠ 2𝑉𝑟. As mentioned earlier, at
active subtraction the comparator should function in oscillation mode
in order for detecting the exact moment to halt the subtractor circuit.
The latter is established through the positive feedback loop involving
inverters A and B, the NOR gate and the comparator. The comparator
must be designed such that its output in the reset state (𝐶𝐸 = 1) is
high. Consequently, by closing switch S5, the enabling signal 𝐶𝐸 =
not

(

𝑉𝑐𝑜𝑚
)

goes low and the comparator turns on.
While the voltage across the floating reference capacitor, i.e. 𝑉𝑟𝑏𝑡 −

𝑉𝑟𝑏𝑏, is positive, the comparator output becomes low as it has been
enabled. This results in discrete-time and step-like discharging of the
input capacitor consecutively as the comparator output begins to os-
cillate until the comparison result of 𝑉𝑐𝑖𝑛 vs 𝑉𝑟𝑏𝑡 becomes zero. It is
worth noting that the subtractor circuit inherently opposes with over-
discharging the input capacitor because 𝑉𝑐𝑖𝑛 maintains a higher voltage
level than the bottom plate of 𝐶𝑟𝑏, i.e. 𝑉𝑟𝑏𝑏.

3.2. Detailed circuit structure

3.2.1. Phase delay line
Fig. 6 depicts the circuit schematic of the phase delay line utilized

for generating the comparator enabling signal by adding an appropriate
delay after phase one/two is activated. Here the NOR gate is realized
using inverter C and five MOS switches to boost up the circuit speed.
This will increase the oscillation frequency of the comparator at active
subtraction which in turn amends the accuracy of the subtractor circuit.
Since in the first approximation step (computing the MSB), the voltage
level of input/reference capacitors is larger, the circuit takes more time
for halving the reference voltage or discharging the input capacitor
during the passive subtraction phase. Thus, the amount of delay should
4

Fig. 7. Detailed structure of the driver circuit for the auxiliary capacitor discharge
switch S6 embedding break and acceleration mechanism.

be adjusted accordingly for each step of the conversion cycle to improve
the time budget and attain the maximum sampling rate in the DLSAR
ADC architecture.

The circuit employs two similar delay lines, for phases one and two
consisting of two PMOS transistors in series and inverter C. Control
signal 𝛷′

1,2 is enabled by the asynchronous control logic circuit after
phases one and two has been activated, by adding an proper amount of
delay. Additionally, combination of the resistance of the PMOS switches
and the input capacitance of inverter C will create a small delay before
setting 𝐶𝐸 to zero in order for soft starting the comparator. To further
enlarge this extra delay, inverter C could be designed with hi-skewed
characteristic curve. As phase one or two is activated, enabling 𝛷′

1,2 is
postponed so that in the first/second approximation step a large delay is
produced prior to begin the comparison/active subtraction phase. For
the subsequent approximation steps, control signal 𝛷′

1,2 is set to one
faster that results in reducing the amount of delay.

To ensure that the voltage comparison is accurately fulfilled at
phases one and two, PMOS switches S9a,b are placed between the input
and output terminals of inverter C. In addition to guaranteeing that the
comparator is turned on if the delay line is too slow, this also prevents
the enabling signal 𝐶𝐸 from becoming absolutely zero which in turn
reduces the positive feedback intensity in the comparator circuit. As a
result, the comparator functions as an amplifier to some extent leading
to a better robustness against PVT variations of the phase delay line
circuit. Along with soft starting the comparator, this will also alleviate
input offset voltage of the comparator due to the kickback noise.

3.2.2. Break and acceleration mechanism
Although the oscillation frequency of the comparator is rather high

and thus step size of the voltage reduction across the input capacitor
is small within the active subtraction phase, it is still possible that
in the last subtraction step, the input capacitor is over-discharged. To
address this issue, a break mechanism have to be devised for controlling
switch S6 to discharge 𝐶𝑖𝑥 in the proposed DLSAR ADC hardware of
Fig. 5. Furthermore, when the input capacitor voltage and the reference
voltage ratio on 𝐶𝑟𝑏 are close to each other, they reduce to almost
zero as the subtraction operation is being executed. As discussed later
and according to (13), this would decrease the discharge current to
a very small amount. Hence, the subtraction operation will continue
too slowly towards the end of phase two. Under this condition, an
acceleration mechanism is also needed to be embedded into the driver
circuit in order to increase the speed of performing the subtraction
operation.

The driver circuit schematic of the discharge switch S6 via inverter
A is depicted in Fig. 7. The operation of break mechanism can be
explained as follows. At the beginning of phase two, control signal 𝛷′

2 is
zero and by closing switches S8a,b the comparator oscillation frequency
is increased while the fall time of inverter A output signal, i.e. 𝑉𝑐𝑜𝑚,
is decreased. Besides, inverter C in Fig. 6 must be hi-skewed while
inverter B should be designed with an over low-skewed characteristic.
This will enhance the comparator’s recovery time and lower the step
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Fig. 8. Circuit schematic of the high-speed two-stage dynamic comparator designed
for the DLSAR ADC architecture.

size of discharging the auxiliary capacitor, leading to improve the
subtractor circuit accuracy.

By S8b being open and activating 𝛷′
2, acceleration mechanism is

nabled that results in enlarging the discharge current of the input
apacitor through series switches S7a,b. More precisely, while 𝑉𝑐𝑜𝑚
oes down to zero, switch S7a remains closed for a small amount
f time since it is derived via the delayed version of 𝑉𝑐𝑜𝑚 through
MOS transistor M0. Subsequently, the auxiliary capacitor is partially
ischarged even with 𝑉𝑐𝑜𝑚 being low. After the subtraction operation
s completed, 𝑉𝑐𝑜𝑚 stays low and thus S7a will turn off momentarily
ecuring that the input capacitor would not be over-discharged. The
cceleration mechanism is activated by the asynchronous controller
nly if subtraction phase persists more than a defined time period.

.3. High-speed comparator design

The comparator is to be designed based on circuit requirements
f the DLSAR ADC hardware regarding its operation. Hence, the two-
tage topology shown in Fig. 8 is devised to implement the comparator.
he first stage is a fully differential preamplifier utilizing NMOS latch
o build up positive feedback and boost the comparator speed and
esponse time. Here PMOS input transistors are used since the input
ommon-mode voltage is always below 75% of the supply voltage. The
econd stage is a self-biased differential amplifier with both NMOS and
MOS driver where the upper tail transistor is removed to decrease the
utput rise time [23]. This structure is also capable of driving rather
arge capacitive loads.

The comparator must be designed so that its low-to-high output
ransition takes place very fast while fall time is kept low enough. In
hat way, resetting the comparator can be quickly carried out which
revents over-discharging of the input capacitor during the active sub-
raction. The NMOS cross-coupled M2a,b will reduce the propagation
elay as the first/second stage output goes low/high by creating posi-
ive feedback. Moreover, adding transistor M0 between the first stage
utput terminals will significantly improve the comparator’s recovery
ime [24]. It is easy to check that the small-signal voltage gain of the
omparator’s first stage is

𝑉𝑜𝑑
𝑉𝑖𝑛

=
𝑔𝑚1

(

𝑟𝑜1 ∥ 𝑟𝑜2
)

1 − 𝑔𝑚2
(

𝑟𝑜1 ∥ 𝑟𝑜2
) . (3)

In practice, unequal capacitive loads seen from two outputs of the
comparator’s second stage may impose systematical offset error. To
remedy this, dummy transistors could be connected to the left output.
The designed high-speed comparator dissipates 120 μW of power with
an operating frequency of 1 GHz and its output propagation delay with
respect to the enabling signal 𝐸𝑁 is less than 0.3 ns and 0.4 ns, during
the recovery and evaluation phases, respectively.
5

4. Error model and analysis

Here error sources associated with the DLSAR ADC circuit of Fig. 5
will be investigated. A conventional SAR ADC might produce a total
unadjusted error (TUE) of more than 1 LSB if it diverges from the
correct binary search path [5]. Yet, in the proposed DLSAR binary
search algorithm, the TUE is confined below 1 LSB if the converter
hardware meets the required conditions, as it is proven shortly. The
error model is studied for three operations of comparison, division-
by-two and subtraction as well as mismatches of the input/reference
capacitors pair. For the sake of simplicity, in each part, the effect of
error due to the other sources is ignored.

4.1. Comparator input offset

During the comparison phase, offset voltage of the comparator,
its loading effect and MOS switches non-idealities could result in an
incorrect decision. All these factors could be integrated into the com-
parator input offset for calculating their associated error in the final
DOC. Obviously, the comparator only makes a wrong decision when
the scaled input voltage 𝑉𝑖 is close the reference voltage ratio 𝑉𝑟.

If in the 𝑘th approximation step of the conversion cycle, the voltage
of the input and reference capacitors are nearly equal, e.g. 𝑉𝑖[𝑘] = 𝑉0+𝜀
and 𝑉𝑟[𝑘] = 𝑉0 such as |𝜀| ≪ 𝑉0, even a small offset voltage 𝑉𝑜𝑓𝑓 at
the comparator input can cause the corresponding comparison result
of 𝑉𝑖[𝑘] > 𝑉𝑟[𝑘] ≡

⟨(

𝑉0 + 𝜀
)

− 𝑉0 > −𝑉𝑜𝑓𝑓
⟩

and the value of bit 𝑏𝑁−𝑘
to be asserted one for 𝜀 < 0 while 𝑉𝑜𝑓𝑓 > 0, or zero for 𝜀 > 0 while
𝑉𝑜𝑓𝑓 < 0, incorrectly.

For the first case as 𝑏𝑁−𝑘 = 1, the subtraction phase is also
performed in the current approximation step. Consequently, because of
existing an offset error at the comparator input, the input and floating
reference capacitors would be discharged to voltage of 𝜀 + 𝑉𝑜𝑓𝑓 and
𝑉𝑜𝑓𝑓 , respectively. The comparison operation for the next step can be
expressed as

𝑉𝑖[𝑘 + 1] > 𝑉𝑟[𝑘 + 1]

≡
⟨

(

𝑉𝑜𝑓𝑓 + 𝜀
)

−
(

𝑉0
2

+
𝑉𝑜𝑓𝑓
2

)

> −𝑉𝑜𝑓𝑓

⟩

≅
⟨ 3𝑉𝑜𝑓𝑓

2
−

𝑉0
2

> 0
⟩

.

(4)

Thereby, it is straightforward to check that the comparison result will
be asserted zero until the (𝑘 + 𝑛)-th step if |

|

|

𝑉𝑜𝑓𝑓
|

|

|

< 𝑉0∕2𝑛+1. For the
econd case as 𝑏𝑁−𝑘 = 0, in the next step, the reference voltage ratio is
alved and now the comparison operation is to be fulfilled for

𝑖[𝑘 + 1] > 𝑉𝑟[𝑘 + 1] ≡
⟨

(

𝑉0 + 𝜀
)

−
𝑉0
2

> −𝑉𝑜𝑓𝑓

⟩

≅
⟨

𝑉0
2

+ 𝑉𝑜𝑓𝑓 > 0
⟩ (5)

which most likely its result will be asserted one. Then, in the rest of
the current approximation step, subtraction phase is executed and while
the offset error is positive/negative, both capacitors would under/over-
discharge by amount of 𝑉𝑜𝑓𝑓 . Hence, voltages of the input and reference
capacitors in the next step can be written as 𝑉𝑖[𝑘+ 2] = 𝑉0∕2 + 𝜀+ 𝑉𝑜𝑓𝑓
and 𝑉𝑟[𝑘 + 2] = 𝑉0∕4 + 𝑉𝑜𝑓𝑓∕2, repetitively.

By repeating the same procedure, for comparison phase in the (𝑘 +
𝑛)-th step we get

𝑉𝑖[𝑘 + 𝑛] > 𝑉𝑟[𝑘 + 𝑛]

≡

⟨

(

𝑉0
2𝑛−1

+ 𝜀 +

(

2𝑛−1 − 1
)

𝑉𝑜𝑓𝑓
2𝑛−2

)

−

(

𝑉0
2𝑛

+

(

2𝑛−1 − 1
)

𝑉𝑜𝑓𝑓
2𝑛−1

)

> −𝑉𝑜𝑓𝑓

⟩

≅

⟨

𝑉0
𝑛 +

(

2𝑛−1 − 1
)

𝑉𝑜𝑓𝑓
𝑛−1

+ 𝑉𝑜𝑓𝑓 > 0

⟩

.

(6)
2 2
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Fig. 9. Error model of the voltage halving circuit including (a) channel charge
injection, (b) switches resistance and parasitic capacitance.

The latter indicates that the comparator offset error is not unre-
strainedly propagated through the subsequent approximation steps and
it is always below 2𝑉𝑜𝑓𝑓 . To keep the converter TUE below 1 LSB under
the first/second scenario, all the comparison results and output bits
ahead of the 𝑘th step must be asserted zero/one to the end of the
conversion cycle. According to (6), this can be guaranteed by design
provided that magnitude of the input offset voltage 𝑉𝑜𝑓𝑓 is kept smaller
than the equivalent voltage of 0.5 LSB.

Assuming perfect matching, the designed DLSAR hardware only
imposes systematical negative offset at the comparator input where it
is effectively compensated via two dummy switches S1’ and S2’. The
comparator offset error varies within each step of a conversion cycle
and it is ideally mitigated for smaller amounts of the input common-
mode voltage, as the PMOS input transistors goes to the moderate
inversion region where their transconductance enlarges. Hence, the
offset error is smaller in determining the lower bits that will improve
the converter accuracy.

4.2. SC voltage halving circuit

In the proposed DLSAR circuit, the division-by-two operation is
realized by paralleling the reference capacitor 𝐶𝑟𝑎 with the floating
reference capacitor 𝐶𝑟𝑏 holding an initial zero charge. Noting that the
comparison operation is executed during switches S1 being closed, the
channel charge of the upper NMOS switch is sunk from the reference
capacitors altering their voltage. This phenomenon is demonstrated in
Fig. 9-a while it is assumed that the total channel charge of the upper
switch would pass through 𝐶𝑟𝑏 as channel charge of an NMOS transistor
is negative and the initial voltage of 𝐶𝑟𝑏 is zero. It must be noted that
the PMOS S1 switch will cancel out some of the injected channel charge
yet it is here omitted for the sake of simplicity. The channel charge of
the upper switch in the 𝑘th approximation step, and after the circuit is
stabilized, can be written as

𝑄𝑐ℎ[𝑘] = −𝑊𝐿𝐶𝑜𝑥

(

𝑉𝐷𝐷 −
𝑉𝑟[𝑘 − 1]

2
− 𝑉𝑇 𝑛

)

. (7)

Thereby, the excess voltage error created due to the channel charge
injection is computed as 𝛥𝑉𝑑𝑖𝑣 ≈ −𝑄𝑐ℎ[𝑘]∕𝐶𝑟𝑏 which will be halved in
the next approximation step.

From (7) it is concluded that the channel charge error enlarges
within the last approximation steps in which the reference voltage ratio
𝑉𝑟 is reduced to a few LSBs. If the maximum channel charge is presumed
to be 𝑄𝑐ℎ,max = −𝑊𝐿𝐶𝑜𝑥(𝑉𝐷𝐷 −𝑉𝑇 𝑛), the total error associated with the
reference voltage is always smaller than

𝐸𝑑𝑖𝑣[𝑘] <

(

2𝑘−1 − 1
)

𝛥𝑉𝑑𝑖𝑣,max

2𝑘−1
+ 𝛥𝑉𝑑𝑖𝑣,max (8)

in the worst case. Ultimately, the errors due to the channel charge
injection and clock feedthrough of S1 switches in the voltage halving
circuit appear as negative offset voltage at the comparator input that is
suppressed by the dummy switch S1’ and can be controlled, as justified
earlier.
6

Fig. 10. Circuit model of the subtraction operation within one step as the input
capacitor discharges into 𝐶𝑟𝑏 by discharging 𝐶𝑖𝑥.

To study the effect of switches resistance and bottom plate parasitic
capacitance of the floating reference capacitor 𝐶𝑟𝑏, the circuit model
shown in Fig. 9-b can be used. The voltage of the reference capacitor
in s-domain, by assuming an initial zero charge for 𝐶𝑟𝑏, is obtained as

𝑉𝑐𝑟𝑓 (𝑠) =
𝑉𝑟0
𝑠

⎡

⎢

⎢

⎢

⎢

⎣

1 −
𝜏𝑝

(

𝑠 + 1
𝜏𝑝

)

∕𝜏𝑑𝑖𝑣

𝑠 + 𝜏𝑝

(

𝑠 + 1
𝜏𝑝

)

(

𝑠 + 1+𝐶𝑟𝑎∕𝐶𝑟𝑏
𝜏𝑑𝑖𝑣

)

⎤

⎥

⎥

⎥

⎥

⎦

+
𝑉𝑝0
𝑠

⎡

⎢

⎢

⎢

⎣

𝑠∕𝜏𝑑𝑖𝑣

𝑠
(

𝑠 + 2
𝜏𝑑𝑖𝑣

)

+ 2
𝜏𝑝

(

𝑠 + 1
𝜏𝑑𝑖𝑣

)

⎤

⎥

⎥

⎥

⎦

(9)

where 𝑉𝑟0 and 𝑉𝑝0 are the initial voltage of 𝐶𝑟𝑎 and 𝐶𝑝, 𝜏𝑑𝑖𝑣 = 𝑅𝑆1𝐶𝑟𝑎,𝑏 is
the time constant of the voltage halving circuit and 𝜏𝑝 = 𝑅𝑆1𝐶𝑝 ≪ 𝜏𝑑𝑖𝑣.
Using the final value theorem, 𝑉𝑐𝑟𝑓 can be calculated at the steady state
as follows

lim
𝑡→∞

𝑉𝑐𝑟𝑓 (𝑡) = lim
𝑠→0

𝑠𝑉𝑐𝑟𝑓 (𝑠) = 𝑉𝑟0

(

𝐶𝑟𝑎
𝐶𝑟𝑎 + 𝐶𝑟𝑏

)

. (10)

Thereby, the final value of the reference capacitor voltage equals 𝑉𝑟0∕2
independent of resistance of the switches and 𝑉𝑝0 provided that the
reference capacitors are perfectly matched. In summary, any error from
the voltage halving circuit can be adequately eliminated by applying
the proper amount of delay prior to executing the comparison phase so
that the reference voltage ratio reaches the steady state beforehand.

4.3. Discrete-time subtractor circuit

In the DLSAR ADC architecture, the subtractor emulates the DAC
function and thus it is sensible that it would be the main error source of
the converter. Since continues-time and perfect realization of the sub-
traction operation is infeasible using comparator, the devised discrete-
time subtractor circuit might over or under discharge the input capac-
itor and cause the converter TUE to be further magnified. This can
be perceived by regarding step-like decreasing of the input capacitor
voltage as the auxiliary capacitor discharge switch is closed and opened
during the active subtraction phase. Moreover, the parasitic capaci-
tance associated with the floating reference capacitor bottom plate can
deteriorate the subtractor circuit accuracy and need to be compensated.

4.3.1. Parasitic capacitance suppression
At the beginning of phase two, the input, floating reference and

auxiliary capacitors are placed in series as shown in Fig. 10. In the
presence of the parasitic capacitance 𝐶𝑝, the input capacitor would not
entirely discharge into 𝐶𝑟𝑏 especially during the passive subtraction
phase. The corresponding error propagates through the next compar-
ison phase as 𝐶𝑖𝑛 and 𝐶𝑟𝑏 get over and under discharged, respectively.
It can be verified that the final voltage of the input capacitor, after
passive subtraction is fulfilled and prior to closing switch S6, equals

𝑉𝑐𝑖𝑛 =
2𝑉𝑖 − 𝑉𝑟 (11)
3 + 2𝐶𝑝∕𝐶𝑖𝑛
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Fig. 11. Shielding technique for cancellation of the bottom plate parasitic capacitance
of the floating reference capacitor at phase two.

that will approximately produce an under/over-discharge error of
0.22(𝐶𝑝∕𝐶𝑖𝑛)(2𝑉𝑖 −𝑉𝑟) on 𝐶𝑖𝑛/𝐶𝑟𝑏 voltage. Although perfect cancellation
of the bottom plate capacitance is not feasible in practice, it can be
mitigated by shielding.

Fig. 11 demonstrates the devised shielding technique that employs
two planes in metal 3 and polysilicon layer guarded by an N-well
under the metal–insulator–metal (MIM) capacitor 𝐶𝑟𝑏 formed among
metal 6 and 5, i.e. nodes 𝑉𝑟𝑏𝑡 and 𝑉𝑟𝑏𝑏 in the DLSAR ADC circuit. At
subtraction phase, the M3 shield plane is connected to the top plate
of 𝐶𝑟𝑏 so that the parasitic capacitance 𝐶𝑝 is isolated and the coupling
capacitance between its bottom plate and the substrate is minimized.
On the other hand, the P1 shield plane and N-well is directly tied to
the top plate of 𝐶𝑖𝑥, i.e. node 𝑉𝑐𝑖𝑥. Under this situation, the capacitor
formed between the two M3 and P1 shield planes becomes parallel
with switch 𝑆2 and the surplus coupling capacitance to the substrate,
i.e. 𝐶𝑠𝑢𝑏, would be absorbed by the auxiliary capacitor where it could
be compensated by reducing 𝐶𝑖𝑥. It is worth noting that 𝐶𝑝 does not
alter the total charge of 𝐶𝑟𝑏 and create more error since it has an initial
zero voltage. Therefore, the final charge of the input capacitor is equal
to 𝐶𝑖𝑛𝑉𝑖 − 𝐶𝑟𝑏𝑉𝑟 = 𝐶𝑖𝑛(𝑉𝑖 − 𝑉𝑟) when the floating reference capacitor is
entirely discharged and the subtraction operation is completed.

4.3.2. Active subtraction error
The error due to the subtraction operation can be studied using

circuit model of Fig. 10 such that all the capacitors are assumed to
be equal and 𝐶𝑝 = 0. If in a conversion cycle, the first subtraction
operation takes place in the 𝑘th approximation step, we presume that
after finishing the passive subtraction, the voltage of the input, floating
reference and auxiliary capacitors is 𝑉𝑖[𝑘] = 𝑉𝑖0, 𝑉𝑟[𝑘] = 𝑉𝑟0 and
𝑉𝑥[𝑘] = 𝑉𝑥0. The active subtraction phase begins by closing switch
S6. Subsequently, the input capacitor discharge current in s-domain is
computed as

𝐼𝑠𝑢𝑏(𝑠) =

𝑠𝐶𝑖𝑥

(

𝑠 + 1
𝜏2

)

(

𝑉𝑖0+𝑉𝑟0
𝑠 − 𝑉𝑥0

𝑠+ 1
𝜏2

)

𝑠 + 2𝑅𝑆2𝐶𝑖𝑥

(

𝑠 + 1
𝜏1

)(

𝑠 + 1
𝜏2

)

=
𝜏−12

(

𝑉𝑖0 + 𝑉𝑟0
)

2𝑅𝑆2 (𝑠 + 𝛼) (𝑠 + 𝛽)
+

𝑠
(

𝑉𝑖0 + 𝑉𝑟0 − 𝑉𝑥0
)

2𝑅𝑆2 (𝑠 + 𝛼) (𝑠 + 𝛽)

(12)

where 𝜏1 = 𝑅𝑆2𝐶𝑖𝑛, 𝜏2 = 𝑅𝑆6𝐶𝑖𝑥, and 𝛼 and 𝛽 are the roots of the
transfer function denominator.

As clarified earlier, after completing the passive subtraction is fin-
ished, the voltage of the auxiliary capacitor 𝐶𝑖𝑥 is equal to the sum
of the input and reference capacitor voltages. As a result, the second
term in (12) could be omitted and the discharge current in time domain
equals

𝐼𝑠𝑢𝑏(𝑡) =
𝑉𝑖0 + 𝑉𝑟0 ⋅

1 (

𝑒−𝛼𝑡 − 𝑒−𝛽𝑡
)

. (13)
7

2𝑅𝑆2𝑅𝑆6𝐶𝑖𝑥 𝛽 − 𝛼
Provided that the comparator oscillation frequency is high enough,
the time interval in which switch S6 is closed is much smaller than
the subtractor circuit time constant. Then, using the approximation of
𝑒−𝑥 ≈ 1 − 𝑥 we get

𝛥𝐼𝑠𝑢𝑏 = lim
𝛥𝑡→0

𝐼𝑠𝑢𝑏(𝛥𝑡) =
𝑉𝑖0 + 𝑉𝑟0

2𝑅𝑆2𝑅𝑆6𝐶𝑖𝑥
𝛥𝑡. (14)

The latter implies that the step size of the input capacitor voltage
reduction is proportional to its initial voltage and also that of 𝐶𝑟𝑏 and
it can be written as

𝛥𝑉𝑠𝑢𝑏 ≈
𝛥𝐼𝑠𝑢𝑏𝛥𝑡
𝐶𝑖𝑛

=
𝑉𝑖0 + 𝑉𝑟0

2
⋅
𝛥𝑡2

𝜏1𝜏2
. (15)

According to (15), the subtraction error in the 𝑘th approximation
step in the worst case is

𝐸𝑠𝑢𝑏[𝑘] = ±𝛿
(

𝑉𝑖[𝑘] + 𝑉𝑟[𝑘]
)

≜ 𝑉𝑒𝑟𝑟 (16)

such that factor 𝛿 = 0.5𝛥𝑡2∕(𝜏1𝜏2) is very small because the comparator
oscillation frequency is high and the circuit works with the break
mechanism. Now the voltage of the input and reference capacitors by
including the subtractor circuit error in the next step can be computed
as 𝑉𝑖[𝑘+ 1] = 𝑉𝑖0 − 𝑉𝑟0 − 𝑉𝑒𝑟𝑟 and 𝑉𝑟[𝑘+ 1] = (𝑉𝑟0 − 𝑉𝑒𝑟𝑟)∕2. Thereby, the
subtraction error in this step (by assuming 𝑉𝑒𝑟𝑟 ≪ 𝑉𝑟0) is obtained as

𝐸𝑠𝑢𝑏[𝑘 + 1] = ±𝛿
(

𝑉𝑖[𝑘 + 1] + 𝑉𝑟[𝑘 + 1]
)

≈ ±
|

|

|

|

𝑉𝑒𝑟𝑟
2

|

|

|

|

∓ 𝛿
(

𝑉𝑟0 −
𝑉𝑖0
2

) (17)

which is always less than 𝐸𝑠𝑢𝑏[𝑘]∕2.
If the subtraction operation is not to be performed from the current

step ahead, by substituting 𝐸𝑠𝑢𝑏[𝑘+ 𝑛] = 𝑉𝑒𝑟𝑟∕2𝑛, the comparison of the
scaled input voltage and reference voltage ratio in the (𝑘 + 𝑛)-th step
can be expressed as

𝑉𝑖[𝑘 + 𝑛] > 𝑉𝑟[𝑘 + 𝑛]

≡

⟨

(

𝑉𝑖0 −
(2𝑛 − 1)𝑉𝑟0

2𝑛−1
−

(2𝑛 − 1)𝑉𝑒𝑟𝑟
2𝑛−1

)

−
(

𝑉𝑟0
2𝑛

−
𝑉𝑒𝑟𝑟
2𝑛

)

> 0

⟩

≡

⟨

𝑉𝑖0 −

(

2𝑛+1 − 1
)

𝑉𝑟0
2𝑛

−

(

2𝑛+1 − 3
)

𝑉𝑒𝑟𝑟
2𝑛

> 0

⟩

.

(18)

From (18) it is evident that the under/over-discharge error due to
the discrete-time subtraction could be referred to input offset voltage
of the comparator with a magnitude lower than 2𝑉𝑒𝑟𝑟. Hence, the
subtraction error will not unrestrainedly propagate. In another case, if
the subtraction operation should be executed until step (𝑘+ 𝑛−1)-th, it
can be verified that comparison phase in the next step is corresponding
to
𝑉𝑖[𝑘 + 𝑛] > 𝑉𝑟[𝑘 + 𝑛]

≡

⟨

(

𝑉𝑖0 −
(2𝑛 − 1)𝑉𝑟0

2𝑛−1
−

𝑛𝑉𝑒𝑟𝑟
2𝑛−1

)

−
(

𝑉𝑟0
2𝑛

−
𝑛𝑉𝑒𝑟𝑟
2𝑛

)

> 0

⟩

≡

⟨

𝑉𝑖0 −

(

2𝑛+1 − 1
)

𝑉𝑟0
2𝑛

−
𝑛𝑉𝑒𝑟𝑟
2𝑛

> 0

⟩

.

(19)

This time, the subtractor circuit error is not magnified through the
subsequent approximation steps and instead it is ideally suppressed in
which lower bits are being determined.

4.4. Capacitors mismatch

So far it was assumed that the input/reference capacitors are equal
and perfectly matched. In the DLSAR ADC, the mismatch error of capac-
itors is not crucial as much as binary capacitor bank in the conventional
SAR ADC since the proposed architecture only employs four identical
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Fig. 12. Abstract schematic of the asynchronous control logic circuit developed for the
DLSAR ADC showing its three building blocks.

and rather large capacitors. If the discrepancy between the reference
capacitors pair equates to ±𝛥𝐶, in the division-by-two operation, an
error of 0.5(𝛥𝐶∕𝐶0)𝑉𝑟 is produced compared to the ideal amount of 𝑉𝑟
where 𝐶0 corresponds to the average value of the capacitors. On the
other hand, the discrepancy between the input and reference capacitors
will impose an under/over-discharge error of (𝛥𝐶∕𝐶0)𝛥𝑉𝑠𝑢𝑏 within the
subtraction operation. Ultimately, the capacitors mismatch error can be
again attributed to the comparator offset or the subtraction circuit error
that have been already elaborated.

The theoretical analysis carried out in this section proves that the
DLSAR architecture is fairly robust against various error sources of
the implemented circuit. In summary, the SC voltage halving circuit
is almost error free and the error due to the subtractor circuit would
be mitigated if the subtraction operation is to be executed repeatedly in
several approximation steps. Channel charge injection of MOS switches,
capacitance loading, offset voltage of the comparator and single-step
subtraction phase are the main causes for magnifying the DLSAR ADC
TUE. However, these errors can be controlled in a well-designed circuit
implementation.

5. Control logic circuit

As clarified earlier, in the DLSAR binary search, each step of a
conversion cycle is comprised of two consecutive operational phases.
During the first phase, the reference voltage ratio is halved and com-
pared with the scaled input voltage and at the second phase, subtraction
operation or discharging the floating reference capacitor would be
performed. Accordingly, in a synchronous control scheme the clock
frequency of the DLSAR ADC must be at least twice the conventional
SAR counterpart, i.e. 2𝑁𝑓𝑠, where 𝑁 is the number of bits and 𝑓𝑠 is the
sampling frequency of the converter. Synchronous control is preferred
for lower sampling rates and its logic circuit may be simply realized
using a counter that generates the phase control signals, i.e. 𝛷0 to 𝛷3,
in the right order.

5.1. Asynchronous control scheme

While achieving high sampling rates is desired, synchronous con-
trol scheme is not an optimum choice for SAR ADCs [25,26]. In the
designed DLSAR hardware, that is because the time period required for
executing the division-by-two and especially the subtraction operations
differ from one approximation step to another as the analog input signal
varies. Therefore, an asynchronous control scheme is devised which
adaptively schedules and retimes each step within a conversion cycle.
In order to guarantee that the controller could properly determine the
beginning and final time instants of phases one and two fast enough, the
time budget of the asynchronous control logic circuit must be doubled
once more.

To reduce the power dissipation, the asynchronous DLSAR control
logic is realized via three circuit blocks as depicted in Fig. 12, namely
the fast, asynchronous and synchronous logic circuits. The 8𝑁𝑓𝑠 high
clock frequency is only needed for the fast logic block which is a
8

Table 1
Hardware utilization report of the asynchronous DLSAR control logic synthesis by
digital standard cells.

Fast logic Asyn logic Sync logic Total

Cell count 14 62 89 165
Area (%) 9.2 38.7 52.1 3e3 μm2

Fig. 13. Layout of the designed DLSAR hardware excluding the asynchronous control
logic circuit. The circuit area is about 175 μm × 100 μm.

small circuit responsible for generating the control signal 𝛷′
1,2 for the

phase delay lines. The fast logic circuit also produces the asynchronous
logic clock 𝛷𝐶𝐿𝐾,𝑎𝑠 with a duty cycle of 75% to decrease the time
interval in which all the phases are deactivated and the converter is
idle. As a result, the time budget and sampling rate of the converter
is enhanced. The clock of the synchronous logic 𝛷𝐶𝐿𝐾,𝑠𝑐 is provided
by the asynchronous logic circuit that is adaptively scheduled for each
comparison/subtraction phase within a conversation cycle.

Obviously, the asynchronous controller for the DLSAR architecture
is more complicated than the synchronous one or the SAR counterpart.
Nonetheless, the proposed DLSAR ADC would not require any hard/soft
calibration which may be regarded as an advantage in return. In the
proposed asynchronous DLSAR control logic, time duration of each
phase is controlled via the corresponding threshold parameters with
respect to the number of passed clock pulses within the activated phase.
Also, a parameter defines the threshold number for enabling the accel-
eration mechanism. The optimum values of the threshold parameters
and the main clock duty cycle could be found under various PVT
working condition as a low cost soft calibration method. Nevertheless,
the proposed DLSAR ADC would achieve the desired performance even
though the controller is to be set permanently.

5.2. Logic circuit implementation

The asynchronous control logic circuit of the DLSAR ADC is imple-
mented using the standard cell library in 0.18 μm CMOS process with
the synthesis report given in Table 1. The average power dissipation
of the DLSAR logic circuit is about 65 μW at the clock frequency of
128 MHz, that is corresponding to a sampling rate of 2 MS∕s for 8-
bit resolution. If the DLSAR ADC is to be utilized for lower sampling
rates, the synchronous control scheme may be employed that will
substantially reduce the complexity and power consumption of the logic
circuit.

One main feature of the proposed DLSAR architecture is its versatil-
ity in a sense that the DLSAR hardware is not dependent on the number
of bits. Hence, the converter can be easily reconfigured for other sets of
sampling rate and resolution only by reprogramming the controller, as
long as 4𝑁𝑓𝑠 is lower than its maximum operating frequency. In many
applications, the ADC works next to a digital processor, e.g. an ARM
Cortex-M core. Subsequently, the digital processors can directly control
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Table 2
Optimal Design Set for Transistors Aspect Ratio (𝐿 = 0.18 μm) of the Developed 8-bit
2 MS∕s DLSAR ADC.

Switch S0 S1,2 S3,4 S5 S6,7 S8

W (μm) N:2
P:4

N:2
P:2

1.5 N:0.5
P:0.25

0.5 0.25

Inverter A B C

W (μm) N:0.25
P:0.5

N:0.5
P:0.25

N:0.25
P:1

Delay line M0 S9 SxN SxP

W (μm) 0.5 0.25 0.5 0.25

Comp. M0 M1 M2 M3 M4 M5,6

W (μm) 0.5 2 1 1 1 1

Fig. 14. Power breakdown associated with the different circuit blocks of the developed
8-bit 2 MS∕s DLSAR ADC at 1.8 V supply voltage.

the DLSAR ADC by generating the phase control signals and compute
the converter DOC by reading the comparator output. This approach
would enhance the system flexibility and adaptability as the converter
control procedure is integrated with the software.

6. Results and discussion

As the clock frequency in the DLSAR architecture is four times larger
than that of the SAR counterpart, it might be inefficient to design the
DLSAR ADC for very high sampling rates. Thus, we have designed and
optimized the DLSAR ADC for 8-bit resolution and 2 MS∕s sampling
rate, based on Table 2. Size of the input/reference capacitors pair
is chosen as 2.5 pF each implemented via the MIM structure. The
capacitors size must be selected large enough to ensure that 𝑘𝑇 ∕𝐶 noise
from the S/H circuit, and also the error due to the division-by-two and
subtractor circuits will remain below the quantization noise, based on
the theoretical analyses in Section 4.

Fig. 13 shows the designed layout of the DLSAR ADC hardware. It
can be seen that the MIM input/reference capacitors have occupied
around 80% of the total circuit area. At 1.8 V supply voltage, the
developed DLSAR ADC consumes 85 μW of power while it attains a
figure-of-merit (FoM) of 0.19 pJ∕c-s, without including the logic circuit.
The decomposed power consumption of the converter’s main building
blocks is depicted in Fig. 14. As expected, the amount of power is
mostly determined by the asynchronous controller and the comparator
within the subtraction phase.

6.1. DLSAR waveforms and operation

As an example, the waveforms of the internal and control signals of
the designed DLSAR ADC are plotted in Fig. 15 for one conversation
cycle for 1.4 V analog input. The converter’s final DOC equates to 199
which is updated right after the latest comparison phase leaving the
converter in the idle state for the next six clock pulses. The voltage
9

Fig. 15. Phase control, comparator output and input/reference capacitors voltage
signals within a conversion cycle for 1.4 V analog input.

halving circuit operation could be observed from the reference capaci-
tor voltage waveform, and passive and active stages of the subtraction
phase can be easily distinguished regarding the input capacitor voltage
waveform. At active subtraction, the comparator oscillation frequency
is up to 1.4 GHz while the step size of discharging the input capacitor
is averagely 6.7 mV and 0.2 mV at the first and last subtraction,
respectively. The latter is depicted with more details in Fig. 16.

6.2. Performance metrics simulation

In the following, performance of the designed DLSAR ADC is in-
vestigated based on post-layout simulations. The corresponding metrics
have been extracted by conservative transient analysis with including
noise from the MOS devices to ensure getting reliable results.

6.2.1. Static error
The differential non-linearity (DNL) and integral non-linearity (INL)

of the designed DLSAR ADC are plotted in Fig. 17. Here the full-
scale range of the converter is swept by a ramp signal with a half
period of 0.9 ms. Therefore, the voltage resolution of the test is 1 mV
corresponding to about 0.14 LSB. Absolute value of the DNL is less
than 0.5 LSB and 0.25 LSB for 97% and 75% of DOCs, respectively.
As proven earlier in Section 4-C, the DNL has mostly peaked around
the DOCs in which the subtraction operation is performed only once
or twice. Yet, the DNL magnitude is relatively smaller for DOCs below
128 that would enhance the converter performance since the ratio of
error-to-DOC determines the overall linearity.

The offset and gain error of the converter is equal to 0.57 and
0.13 LSB. The TUE can be approximated by [27]

𝑇𝑈𝐸 =
√

𝐸2
𝑂𝑆 + 𝐸2

𝐺 + 𝐼𝑁𝐿2 (20)

which gives 𝑇𝑈𝐸 ≈ 0.81 LSB over full-scale range of the DLSAR ADC,
i.e. 0–1.8 V.
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s

Fig. 16. Magnified view of the input capacitor voltage waveform as the first and last subtraction operation is being executed.
Fig. 17. Differential and integral non-linearity profiles of the developed DLSAR ADC obtained by applying a full-scale input ramp signal.
Fig. 18. Power spectral density of the DLSAR ADC digitized output for a full-scale
inusoidal input signal with 𝑂𝑆𝑅 = 10.24.
10
Fig. 19. SFDR and SNDR of the DLSAR ADC for different input frequencies with 8-bit
resolution at 2 MS∕s.
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Table 3
Simulated DLSAR ADC characteristics across various process corners and temperatures.
𝑇 (℃) TT FF FS SF SS

−40 +27 +85 −40 +27 +85 −40 +27 +85 −40 +27 +85 −40 +27 +85

SFDR (dB) 63.1 62.3 62.8 62.5 62.9 62.0 61.7 62.2 62.1 63.1 63.1 61.4 57.0 59.8 61.3
SNDR (dB) 49.0 48.7 49.2 49.2 49.2 48.9 48.7 48.5 48.8 49.0 49.0 48.5 45.4 47.6 47.6
FoM (fJ∕c-s) 181 192 187 211 221 239 163 171 170 217 224 254 243 187 192
Power (μW) 82.9 85.4 88.7 99.1 104 109 72.8 74.6 76.6 101 104 110 71.8 73.5 75.0

* Calculated by excluding power consumption of the control logic circuit.
I
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Fig. 20. The DLSAR ADC effective number of bits with 97.65625 kHz input frequency
s various process corners and temperatures.

.2.2. Dynamic behavior
In order for computing the dynamically related metrics of the

esigned DLSAR ADC, a full-scale sinusoidal input signal is employed.
or the input frequency of 97.65625 kHz and equivalent oversampling
atio (OSR) of 10.24, the power spectral density (PDS) of the converter
utput is shown in Fig. 18. Thereby, the spurious-free dynamic range
SFDR) and signal-to-noise-and-distortion ratio (SNDR) are calculated
s 62.3 dB and 48.7 dB, respectively. Accordingly, the optimum value
f effective number of bits (ENOB) of the DLSAR ADC is up to 7.8 bits.

Fig. 19 plots the SFDR and SNDR versus the input frequency for
he designed 8-bit DLSAR ADC. If the input frequency is doubled
𝑂𝑆𝑅 = 5.12), SFDR and SNDR are obtained as 61.1 dB and 48.6 dB,
espectively, that is corresponding to an ENOB of 7.7 bits. It can
e observed that the effective resolution bandwidth (ERBW) of the
onverter extents to 𝑓𝑠∕2 where the low frequency SNDR would be
ropped by −3 dB, corresponding to an ENOB of 7.3 bits. The SFDR
s also up to 62 dB within lower frequencies and it is reduced to 51 dB
ear the Nyquist input.

.3. Corner and mismatch analysis

.3.1. Process and temperature
The characteristics of the designed DLSAR ADC have been evaluated

ithin several process corners and temperatures as given in Table 3.
11

he results clarify that the proposed DLSAR architecture maintains a
Fig. 21. Monte Carlo histogram for the DLSAR ADC effective number of bits obtained
with 𝑂𝑆𝑅 = 5.12 and 9-bit resolution.

good robustness against PVT variations with no need for calibration.
According to Fig. 20(a), the DLSAR ADC holds its optimal operating
condition in all the process corners over the temperature interval of
−40 to +125 ℃, excluding the SS corner. Nevertheless, the ENOB is
always preserved above 7.5 bits for temperatures lower than +85 ℃.
n the DLSAR ADC architecture, if the comparison or subtraction oper-
tion could not be fulfilled in the specified time period, the converter
ay fail to function properly. This is the reason that in slow corners

nd at high temperatures the ENOB might be degraded considerably.
To address the latter issue, the converter clock frequency or its

umber of bits can be reduced to enlarge the evaluation time for each
hase and improve the converter time budget. Besides, with 1.8 V
eference voltage and a TUE of 6 mV, the affordable resolution of the
esigned DLSAR ADC is not greater than 8-bit. Obviously, the number
f bits can be further increased for larger amounts of reference voltage,
nd the sampling rate can be boosted up using the pipelined topology
s well as interleaving two or more converters. The resolution could
e also enhanced if the DLSAR ADC is combined with pipelined SAR
opology. For instance, two 6-bit DLSAR converters can be placed in
eries while the amplified error of the first stage is fed to the second
ne. Hence, the resolution would be increased to 12 bits readily,
owever this requires analog circuitry for amplification.

If the converter resolution increments by 1-bit and the clock fre-
uency decreases from 128 MHz to 72 MHz, a sampling rate of 1 MS∕s

would be attained. It must be noted that these adjustments are only ap-
plied to the controller and the DLSAR hardware is remained untouched.
By enlarging the time budget and adding one extra bit, the DLSAR ADC
performance is expected to be partially improved. The ENOB under the
aforesaid situation is plotted in Fig. 20(b) where it is around 8.2 bits
across the majority of PVT corners.

6.3.2. Mismatches
As justified before, mismatch error due to the input/reference ca-

pacitors pair and also the comparator circuitry can degrade the DL-
SAR ADC performance to some extent. Fig. 21 demonstrates Monte
Carlo simulation result of the ENOB obtained by applying a full-
scale 97.65625 kHz sinusoidal input signal while the converter is
reconfigured to 9-bit resolution at 1 MS∕s. Also, the mean SFDR is
correspondingly obtained as 62.5 dB with a standard deviation of

0.8 dB. Thereby, it can be observed that the DLSAR ADC ENOB has
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Table 4
Performance summary of the proposed DLSAR ADC and comparison with state-of-the-art SAR ADCs.

Specs 𝑓CLK,as This worka MEJ’22a TVLSI’21a TCASI’21 MEJ’20a JSSC’19 TVLSI’19 MEJ’18 MEJ’17 Unit

64 MHz 36 MHz [11] [28]b [21]b [29] [12]b [30]b [31] [32]

Technology 0.18 μm 0.11 μm 0.13 μm 0.13 μm 0.13 μm 40 nm 0.18 μm 0.18 μm 0.18 μm
SAR type DLSAR Asyn. Cyclic NS Syn. 2C-DAC NS Syn. Asyn. Cyclic Asyn. Syn.
Resolution 8 9 10 9 10 8 12 12 10 10 bit
Sampling rate 2M 1M 333k 2M 128k 1M 1M 1.67M 100M 1M S∕s
OSRc 10.24 5.12 83.3 8 32 8 5 4.18 1.25 1.01
[DNL/INL]pp 1.1/1.2 2.2/2.3 0.8/2.1 N/A N/A N/A ?/2.8 1.0/1.7 1.4/1.5 1.2/1.6 LSB
SFDR 62.3 62.5 69.6 92.9 90.9 97.3 88.0 55.0 62.9 67.3 dB
SNDR 48.7 51.2 60.6 78.7 82.6 76.9 68.1 60.1 53.7 56.7 dB
ENOB 7.80 8.21 9.77 12.8 13.4 12.5 11.0 9.69 8.62 9.12 bits
VDD/VFS 1.8/1.8 1.5/1.2 1.2/1.13 1.6/1.26 1.2/1.2 1.1/1.1 1.8/1.8 1.8/1.7 3.0/2.0 V
FoM 337 340 370 34.1 925 134 15.0 579 123 106 fJ∕c-s
SFoM 3.02 2.93 16.8 1.40 26.7 5.16 6.97 4.95 0.95 0.40 Ç∕c-s
Power 150𝜇 100𝜇 107𝜇 59.9𝜇 40.8𝜇 96𝜇 31.1𝜇 0.8m 5.23m 59𝜇 W
Circuit area 0.020 N/A 0.202 0.20 0.259 0.073 0.045 0.216 0.327 mm2

aPapers that have presented simulation results.
bEmployed hard/soft calibration.
cFor Nyquist rate converters 𝑂𝑆𝑅 = 𝑓𝑠∕(2𝑓𝑖𝑛), and for noise shaping converters 𝑂𝑆𝑅 = 𝑓𝑠∕(2𝐵𝑊 ).
remained up to 8.2 bits and 8.15 bits for 67% and 96% of samples,
respectively, while the SFDR is greater than 61.0 dB for 98% of samples.
These results imply that the DLSAR architecture is highly robust against
the process mismatches with no need for calibration.

6.4. Scaled figure-of-merit

The common definition for ADC FoM is given by

FoM = 𝑃𝑜𝑤𝑒𝑟
2𝐸𝑁𝑂𝐵 ⋅min

{

𝑓𝑠, 2 × 𝐸𝑅𝐵𝑊
} . (21)

n the latter definition, some important metrics of an ADC are not
aken into account, such as the supply and full-scale input voltage, OSR
n which the ENOB is obtained and the technology scaling factor. To
ddress the aforesaid shortcomings, a range of modified FoMs have
een utilized in the literatures that can be reviewed in [33]. Here
scaled FoM (SFoM) is introduced that includes all these factors
entioned above. Denoting the converter full-scale input voltage by
𝐹𝑆 and the technology feature size (minimum length) by 𝐿, SFoM can
e computed by

SFoM = FoM
𝑉𝐷𝐷𝑉𝐹𝑆 ⋅ 𝐿2 ⋅ 2𝛽

(22)

where 𝛽 = 𝐸𝑁𝑂𝐵∕𝑁𝑏(𝑂𝑆𝑅 + 1) < 0.5 represents the ENOB efficiency
uantifying that how much the converter was able to reach the perfor-
ance of a counterpart ideal ADC. The 2𝛽 term then compensates for

he ENOB dependency to the input frequency (∝ 𝑂𝑆𝑅) since the ENOB
sually degrades near the converter bandwidth. For Nyquist rate ADCs,
𝑏 is equal to the physical number of bits (𝑁), and for the noise shaping

ones, it is the sum of 𝑁 and the theoretical maximum extra bits which
can be gained by oversampling.

The SFoM metric roughly normalizes ADC power consumption re-
gardless of the technology node as dynamic power is proportional to
𝑉 2
𝐷𝐷 and gate area of MOS switches, that can be expressed by 𝐿2. Also,

we have used the term 𝑉𝐷𝐷𝑉𝐹𝑆 instead to further involve the converter
ull-scale range. The dimension of SFoM can be written as Ç∕c-s where

Ç is the normalized capacitance per area in the unit of F∕m2.
Table 4 summarizes characteristics of the designed DLSAR ADC

and compares them to recent state-of-the-art SAR ADCs. As the power
dissipation of the asynchronous control logic and subtractor circuit is
rather high in the DLSAR architecture, the converter FoM is relatively
larger than other conventional SAR counterparts. Nonetheless, some
papers does not include the power consumption of the calibration or
reference voltage generator/buffer circuits in their total power report.
Yet, inspecting the SFoM reveals that the DLSAR ADC performance
12

is superior compared to most of the relevant designs regarding its
higher ENOB efficiency and extended full-scale range. Consequently,
we can claim that the DLSAR architecture is highly scalable to smaller
technology nodes. Furthermore, the circuit area of the DLSAR ADC
is much smaller as it does not require the formal reference voltage
generator/buffer with large on-chip decoupling capacitors.

7. Conclusion

The DAC block realization is usually challenging in SAR ADCs and
confines the converter’s overall performance in terms of linearity and
dynamic range. Because of embedding lots of switches and capacitors,
capacitive DACs are difficult to tune within all PVT corners and thus
they must be calibrated in general. In this work, a versatile DAC-
less SAR ADC architecture has been introduced which eliminates some
drawbacks of the SAR counterpart rising from the DAC limitations.
The DLSAR ADC employs an alternative binary search algorithm em-
ulating the DAC function by combining two arithmetic operations of
division-by-two and subtraction. The DLSAR hardware is implemented
in 0.18 μm CMOS process using the default circuit building blocks of a
SAR ADC, i.e. one comparator, four capacitors and switches.

We have designed the DLSAR ADC for 8-bit resolution and the
sampling rate of 2 MS∕s. The average power of the DLSAR hardware
is 85 μW and the asynchronous controller has a power consumption
of 65 μW at the clock frequency of 128 MHz. Based on extensive post-
layout simulations, the designed converter achieves a SFDR up to 62 dB
and ENOB of 7.8 bits in the typical corner, showing low sensitivity
to temperature changes as well. Furthermore, the ENOB is generally
maintained above 7.5 bits across various PVT corners without any
calibration. The FoM of the DLSAR ADC is equal to 0.34 pJ∕c-s while its
SFoM metric reaches 3.0 Ç∕c-s, indicating that the DLSAR architecture
would work more efficiently in smaller technology nodes.

Comparing to the state-of-the-art SAR ADCs, the designed DLSAR
ADC dissipates more power but it occupies smaller circuit area. This
relatively large power firstly stems from the asynchronous controller
and secondly by performing the discrete-time subtraction phase above
the speed of 1 GHz. Yet, speed and power efficiency of the proposed
DLSAR architecture is superior next to the analogous topologies of
cyclic and 2C-DAC as analog circuits have been omitted. Although it
might seem inefficient, noting that the DLSAR ADC shows excellent
static and dynamic performance with negligible sensitivity to PVT vari-
ations without calibration, this surplus power overhead will become
justifiable. Besides, at lower sampling rates, simple synchronous control
scheme can be employed which in turn leads to a significant reduction

in total power consumption.
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