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Abstract— Low power consumption per channel and data rate
minimization are two key challenges which need to be addressed
in future generations of neural recording systems (NRS). Power
consumption can be reduced by avoiding unnecessary processing
whereas data rate is greatly decreased by sending spike time-
stamps along with spike features as opposed to raw digitized
data. Dynamic range in NRS can vary with time due to change in
electrode-neuron distance or background noise, which demands
adaptability. An analog-to-digital converter (ADC) is one of
the most important blocks in a NRS. This paper presents an
8-bit SAR ADC in 0.13-µm CMOS technology along with input
and reference buffer. A novel energy efficient digital-to-analog
converter switching scheme is proposed, which consumes 37%
less energy than the present state-of-the-art. The use of a ping-
pong input sampling scheme is emphasized for multichannel
input to alleviate the bandwidth requirement of the input buffer.
To reduce the data rate, the A/D process is only enabled through
the in-built background noise rejection logic to ensure that the
noise is not processed. The ADC resolution can be adjusted from
8 to 1 bit in 1-bit step based on the input dynamic range. The
ADC consumes 8.8 µW from 1 V supply at 1 MS/s speed.
It achieves effective number of bits of 7.7 bits and FoM of
42.3 fJ/conversion-step.

Index Terms— Asynchronous, biomedical, digital-to-analog
converter (DAC) switching, multichannel, neural, preamplifier,
ping-pong, successive approximation register (SAR), threshold,
variable gain amplifier, variable resolution.

I. INTRODUCTION

NEURAL recording and stimulation are two indispensable
entities in designing efficient brain machine interfaces

(BMI). Many previous works have shown progress toward
designing a low power NRS [1]–[5]. However, these works
were largely focused on integrating multiple functionality,
such as low noise amplifiers (LNA), analog-to-digital con-
verters (ADC), and telemetry, on a single chip. Although
researchers have worked extensively toward designing an
energy efficient neural LNA [6] and [7], other blocks have fol-
lowed conventional design techniques. Power consumption per
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Fig. 1. Typical N-channel NRS employing a K-bit ADC.

channel [8] and output data rate (ODR) are two key challenges
currently faced by the second generation NRS. The continuous
increase in demand for data from more number of neurons
is further exacerbating the problem. Dynamic range in NRSs
can vary with time due to change in electrode-neuron distance
or background noise [4]. This requires intelligent blocks to
mitigate unnecessary signal processing, thus reducing power
consumption. The constraint on the implant size necessitates
low area solution for each block. Motivated by the need for
energy efficient solutions for each block in NRS, we present
a solution for ADC and input buffer (VGA) in this paper.
However, many of the presented design techniques can be
equally useful in analog front-ends for other applications as
well.

Fig. 1 represents an N-channel NRS employing a sin-
gle k-bit ADC is to digitize N-channels in a time-division-
multiplexed fashion. The VGA and ADC need to support
larger bandwidth than other blocks. NRS typically utilizes
a SAR ADC [9], [10] due to its high energy efficiency and
moderate resolution requirement (8–10 bits) in the application.
One of the reason for the popularity of SAR ADC is its
highly digital nature, which is benefited from CMOS scal-
ing. However, the digital-to-analog converter (DAC) power
consumption does not scale as well as the logic. In this
paper, we propose a novel energy-efficient DAC switching
technique [11]–[13], FlipDAC switching, which makes energy
consumption in DAC small compared to digital switching
energy. The resolution of the ADC can be configured as per
the dynamic range to prevent wastage of energy.

Typically, the VGA (Fig. 1) needs to track the input on
the capacitive DAC (CDAC) in a small time (2–3 bit cycles),
which demands large bandwidth in the VGA. In this paper,
we emphasize on the use of dedicated sampling capacitors
in analog front ends to reduce the power consumption of
the system, rather than using CDAC for the input sampling.

1063-8210 © 2013 IEEE
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Fig. 2. Block diagram of the proposed SAR ADC with an on-chip voltage
reference buffer (REFBFR).

We also recommend employing a ping-pong input sampling
architecture [14] to alleviate the bandwidth requirement of the
VGA. It is explained in more detail in Section II-B. The ampli-
tude of the maximum detectable signal varies with neuron-
electrode distance and probe impedance, which is frequency
dependent. A fixed gain in NRS will either under-utilize the
ADC dynamic range or causes clipping of the peaks. Hence,
we emphasize a large programmable range in voltage gain of
the VGA. The designed VGA has voltage gain programmable
from 8 to 35 dB in eight steps.

NRS generate tremendous amount of data due to chronic
recording from a large number of neurons [3]. The trans-
mission of this large amount of data through a wireless link
poses serious threat to the scalability and power efficiency
of BMI. Spike feature extraction [1] and simple thresholding
[2] are two popular ways through which researchers have
tried to reduce output data rate. However, the former needs
extra hardware and power whereas the latter can cause loss
of information for spike sorting. The present low ODR NRSs
typically need an extra spike detection block, e.g., one DAC
per channel [2], which consumes large area. In this paper,
we merge spike detection logic into the ADC, reusing the
CDAC in it. This scheme not only mitigates the processing of
the background noise to reduce the ODR but also preserves
important spike features, which are required for the spike
sorting [15]. It also helps in reducing power consumption and
area of NRS.

This paper is organized as follows. Section II presents the
architecture of the ADC, ping-pong input sampling scheme to
relax VGA specification and activity-dependent A/D scheme
to reduce ODR. Section II also explains the energy efficient
DAC switching technique, FlipDAC. Section III discusses the
circuit implementation of various blocks. Section IV presents
the measured results from a chip fabricated in UMC 0.13-μm
CMOS technology. Section V concludes this paper.

II. ADC ARCHITECTURE

The block diagram of the proposed SAR ADC is shown in
Fig. 2. Fully differential input and reference voltages are used.
The reference DAC and sampling capacitors are segregated
to gain advantages explained in Section II-B. A four-input
preamplifier is used in the comparator to mitigate the effect of
kickback noise on sampling capacitors (Cin0,1). A master clock
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Fig. 4. Input digitization through the proposed FlipDAC switching technique.
In the second case, output 1001 is resolved indirectly by tracking 1110 by
Vdacp − Vdacm.

of only half the sampling speed is used due to the ping-pong
input sampling architecture. It reduces the power consumption
in clock buffers by 2× and decreases the total system power
consumption. To reduce output data rate, the detection of the
neural spikes is achieved using spike threshold STH, which
is calculated based on the background noise and is stored in
registers. This is explained more in Section II-C. The dynamic
range (DR) decides the resolution setting (N) of the ADC. An
on-chip voltage reference buffer is implemented to provide
clean and stable voltage reference to the ADC.

A. FlipDAC Switching

Of late, there has been a lot of interest in energy efficient
DAC switching techniques for CDAC [11]–[13]. It has been
shown that the DOWN transitions take more energy than
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Fig. 5. Proposed FlipDAC switching scheme for a 4-bit SAR ADC and energy cost comparison with [11] for each step in the binary search tree.

UP transitions in the digitization process [16]. This is the
reason that the energy consumption for a code near the center
of the ADC dynamic range is greater than that of a code
toward extremes. For a 10-bit ADC, code 511 and code 512
require maximum energy, whereas code 0 and code 1023 take
minimum energy [11]. The energy drawn from the reference
can be reduced if it is possible to resolve an input through
fewer DOWN transitions. Even if the number of DOWN
transitions is not smaller than that of UP transitions, the energy
consumption can be lowered by pushing DOWN transitions
toward LSBs.

Fig. 3(a) shows the switching scheme proposed in [11]
for a 3-bit SAR ADC. The DOWN transition draws 5 times
more energy from the reference compared to the UP transition.
Fig. 3(b) presents the proposed switching technique. For the
DOWN transition step, the energy drawn from the reference is
5 times smaller than that in Fig. 3(a). This step is performed
by switching C and re-arranging DAC reference rails so as
not to degrade digital switching energy and is explained in
detail in Section III-B. The proposed scheme is overall 33%
more energy efficient than Fig. 3(a). Note that the DAC
voltage achieved in the DOWN transition is negative of the
desired value (Vdac = −V/4). The sign of the DAC voltage
is corrected by either interchanging the two DAC inputs to

the comparator or by comparing this negative DAC voltage
with the negative of the sampled input voltage. The former
approach is preferred as the latter will flip the offset of the
comparator, which can affect the linearity of the ADC.

This reduction in the energy consumption is achieved by
mapping the input voltage to a digital code, which is more
energy efficient than the actual code for the input. Fig. 4
explains this for a 4-bit SAR ADC. If b2 is detected as logic
HIGH, Vdacp-Vdacm tracks Vip − Vin in the conventional way.
However, if b2 is detected as logic LOW, Flip goes high and,
Vdacp and Vdacm interchange their roles. The remaining track-
ing of the input Vip−Vin is then carried out by Vdacm−Vdacp. It
is equivalent to resolving Vref −(Vip −Vin) by Vdacp −Vdacm in
remaining bit cycles. This maps the input to a higher digital
code and helps in reducing the number of times CDAC is
discharged, especially during MSBs. As shown in Fig. 4,
output code 1001 is resolved indirectly by tracking code 1110
by the CDAC. This results in fewer discharging steps than the
case when CDAC resolves 1001 directly.

Fig. 5 represents the switching scheme for a 4-bit ADC for
Vip > Vin. Note that 2nd MSB capacitor (2C) is the replica
of remaining two LSB capacitors. First, DOWN transition
in Fig. 5 again illustrates the concept of FlipDAC switching
technique. The FlipDAC step does not take any extra clock
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TABLE I

DAC SWITCHING ENERGY COMPARISON FOR A 10-b SAR ADC

Spec. [17] [18] [11] This Scheme
Avg. Energy (C.V 2

ref ) 142 255.5 170 106
Energy Saving 25.3 % 58.6 % 37.5 % –

cycle and hence speed is not compromised. The flipping of
the CDAC is done only for the first DOWN transition by
making use of the symmetric structure of the CDAC, for both
UP and DOWN transitions, from this node. The splitting of
(MSB − 1)th capacitor helps in implementing binary search
algorithm, after flipping, without incurring extra time and
switching. The energy consumption during various steps for
a 4-bit ADC is also compared with [11, Fig. 5]. The number
in the circle represents the total number of unit capacitors
connected to Vref . The relative energy costs are shown on the
arrows.

Fig. 6 depicts the comparison of the energy drawn from
the reference for each code in a 10-bit SAR ADC in [11]
and [17], and FlipDAC switching scheme. Note that the
proposed switching technique achieves minima at code 511
and 512 compared to maxima in [11]. This happens because
code 511 and code 512 are resolved by tracking code 0 and
code 1023, respectively, which have no DOWN transitions.
Table I compares the proposed scheme with the present state-
of-the-art CDAC switching schemes for a 10-bit ADC, and
shows energy savings achieved by the proposed scheme over
them. This scheme necessitates the use of separate sampling
capacitors which upon investigation is found favorable in
reducing the power consumption in the VGA and is explained
in Section II-B.

B. Ping-Pong Input Sampling

Fig. 7(a) depicts the timing diagram in a conventional
8-bit SAR ADC. Typically, 2-3 bit cycles or equivalent delay
(Tvga) is dedicated to the tracking of the input on the CDAC
(CDAC). It is then followed by 8-bit cycles for the digitization
of the sample. It demands large bandwidth (current) in the
VGA. The power consumption in the VGA can be reduced
by giving more time for the input tracking but it contradicts

1 2 3 4 5 6 7

Tracking

8 9 10

8 bit cycles

Tracking odd sample and

Sampling Sampling
Instant Instant

(a)

(b)

Instant
Sampling

Ts

Tvga Tref

Ts

Sampling
Instant

Ts

 Digitizing even sample  Digitizing odd sample
Tracking even sample and

Fig. 7. Input sampling in a SAR ADC. (a) Conventional sampling.
(b) Ping-pong input sampling.

Cin0

Cin0

Cin1

Cin1

ADCp

ADCm

Vin,cm VcmVGA

0

1

00

0

0

01

1 1

1
1

1

1

0 0

ADC

clk0 clk1

TsTs

Vip

Vim

Fig. 8. Architecture of the ping-pong input sampling scheme to relax the
bandwidth requirement of VGA and reference buffer. Vin,cm is the output
common mode voltage of the VGA.

with the design of the reference buffer. In this ADC, separate
sampling and DAC capacitance is used to decouple the design
of two blocks and employ ping-pong input sampling [14].

Figs. 7(b) and 8 illustrate the sampling scheme employed
in the ADC. In this scheme, inputs are sampled on capacitors
(Cin0 and Cin1) rather than CDAC. There are two sets of
sampling capacitors of which when one tracks the input, the
other is used to digitize the previous sample. This enables
the use of the complete sample period [TS in Fig. 7(b)] for
the input tracking, which relaxes the bandwidth requirement of
the VGA. It also reduces the power consumption in the
reference buffer as comparatively more time is available for
bit cycling. Ping-pong sampling in the ADC enables the use
of two half rate clocks for even- and odd-numbered channels.
It alleviates the clock requirement by 2X, over asynchronous
schemes employing clocks equal to that of the sampling
rate, which reduces power consumption in clock buffers.
The following section quantitatively shows the advantage due
to the sampling scheme. The settling mechanism is assumed
to be of first order and the analysis is done for settling error
of 1 LSB = Vref/2N .
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1) Power Saving in VGA: If Tvga = αvga · TS , N-bit settling
error is given by

Verr1 = Vref

2N
= Vref · exp

( −Tvga

Req · CDAC

)
. (1)

Assuming output resistance Req = β/ID where β is a
constant dependent on the architecture of the driver and ID

is the current consumed in the driver

ID,vga,1 = N · ln(2) · βvga · CDAC

αvga · TS
. (2)

Now for ping-pong input sampling αvga = 1

ID,vga,2 = N · ln(2) · βvga · CDAC

TS
. (3)

The percentage power saving can be calculated as

ID,vga,1 − ID,vga,2

ID,vga,1
= (1 − αvga) · 100%. (4)

2) Power Saving in Reference Buffer: If Tref = αref · TS ,
N-bit settling error due to the reference buffer is given by

Verr2 = Vref

2N
= Vref · exp

(−(Tref)/2N

Req · Ceq

)
(5)

where Ceq is the equivalent capacitance seen by the reference
buffer and 50 % of each bit cycle (Tref/N) is given for CDAC
settling

ID,ref,1 = N · ln(2) · βref · Ceq

αref .TS
· 2N. (6)

For ping-pong input sampling αref = 1

ID,ref,2 = N · ln(2) · βref · Ceq

TS
· 2N. (7)

The percentage power saving can be calculated as

ID,ref,1 − ID,ref,2

ID,ref,1
= (1 − αref ) · 100%. (8)

Hence, for an 8-bit ADC, with 2 cycles given for sampling
in the conventional approach, αvga = 0.2 and αref = 0.8.
Hence, 80% power can be saved in the VGA and 20% power
can be saved in the reference buffer by using ping-pong
sampling scheme. Actually the power saving in the VGA is
larger as the sampling capacitors (Cin0 and Cin1 in Fig. 8)
are much smaller than CDAC (which is used as the sampling
capacitor in the conventional sampling approach).

The drawback of this architecture is the need for extra
sampling capacitors. But as their sizes are determined by
thermal noise and leakage at the top plate switch but not
matching, the area penalty is not significant for moderate reso-
lution (8–10 b) ADCs. The leakage from sampling capacitors
becomes more important consideration for higher resolution
ADCs in technologies with larger leakage. This architecture
also requires good matching between two sampling paths for
a single channel application and may need calibration [19].
But no such requirement is imposed for multichannel input,
as in NRS, where each channel (even or odd) traverses a
fixed path every time. It also alleviates the concern of duty
cycle distortion due to the half-rate clocking as even- and
odd-numbered channels are sampled by two different non-
overlapping clocks.

−
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Fig. 9. Data-rate reduction in NRS through the proposed activity-dependent
A/D scheme.
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Fig. 10. Effective activity factor. (a) Spike approximated as a triangular
waveform. (b) Important spike features for spike-sorting [15], [21].

C. Activity-Dependent A/D

There is a great need to reduce the amount of data to be
transmitted to enable chronic recording from more number
of channels. The information in extracellular action potential
(EAP) is essentially encoded in spike time-stamps but the
amplitude information in EAPs is also important for spike
sorting [3]. Simple thresholding is found to be equally effective
as other complex spike detection algorithms [20]. However,
representing a spike as a point event causes loss of information
required for spike sorting. Another way to reduce the ODR is
the transmission of important spike features [1], [3]. Fig. 10(b)
shows important spike features, Amax (the maximum positive
spike amplitude), Amin (the minimum negative spike ampli-
tude) and Tpp (the time between Amax and Amin), that should
be kept intact in the output of the ADC in a low ODR NRS
[15], [21].

In this paper, we propose an activity-dependent A/D con-
version scheme to obviate the processing of background noise
but preserve important spike features. Figs. 9 and 10(a) illus-
trate the proposed scheme. In this, the digitization process
is enabled only when the input is larger than the spike
detection threshold STH. The spike detection threshold STH is
decided based on the magnitude of the background noise (σn),
STH = μsig + k.σn where μsig is the mean of the input and
k = 3 − 4 so that the probability of the false detection of
the noise as a spike is small [22]. Note that this scheme
is exclusively for the neural recording application where the
information is in spike time-stamps.

Fig. 10(a) depicts the concept of the activity-dependent
A/D. The spike is approximated as a triangular waveform with
maximum amplitude Amax and spike duration Tspike. Referring
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to Fig. 10(a), the slope the spike can be calculated as

m = dV

dt
= Amax

Tspike/2
= STH

x
. (9)

Hence

x = STH.Tspike

2.Amax
(10)

which is the duration of a spike for which the ADC does not
digitize the input [Fig. 10(a)].

If the total number of spikes in time Texp is α = SR · Texp
where SR is the spike rate in spikes/s, the effective time (Teff )
for which the N bit ADC operates is given by

Teff = α(Tspike − 2.x) + [Texp − α(Tspike − 2.x)]
N + 1

. (11)

The first term indicates the time for which the ADC behaves
as a free running ADC. The second term in the above equation
indicates that the ADC operates only for one cycle for spike
detection and is idle for remaining N bit cycles if the spike is
not detected. The effective activity factor (EAF) of an N-bit
ADC working on activity-based A/D scheme is given by

EAF= Teff

Texp
= N

N + 1

(
1

N
+SR · Tspike ·

(
1 − STH

Amax

))
. (12)

Equation (12) represents the effective time for which an
activity-dependent ADC will be working when compared to a
free running ADC. It represents the reduction in both power
consumption in the ADC and ODR of the system. The typical
values of Tspike and SR are 1 ms and 100 spikes/s, respectively.
Assuming STH/Amax = 0.2, EAF for an 8-bit ADC can be
calculated from 12 as ∼0.18, which saves 82% energy and
ODR over a free running ADC.

As shown in Fig. 9, the logic is in-built in the ADC. CDAC
is reused for spike thresholding purpose, which obviates the
use of separate DAC for each channel [2]. Equation (12) tells
that STH can be increased to reduce EAF and to provide more
immunity against the background noise but may cause loss
of information by missing a spike. Hence, the value of STH
should be decided based on spike sorter’s requirement [23] in
addition to the background noise. The proposed SAR ADC is
designed to be programmable to operate either in this mode
or free running mode to transmit raw data.

III. CIRCUIT BLOCKS

A. Comparator

Unlike many of the previous publications on SAR ADC
where preamplifier is not used before the clocked latch, the
use of a preamplifier is preferred by us for offset and kickback
noise mitigation. Kickback noise is an important concern in
this architecture due to the use of small sampling capacitors
for reducing power consumption in the VGA. The preamplifier
in SAR ADC is subjected to step input only and needs to
amplify the error just enough for the detection of the sign by
the clocked latch. It relaxes the settling requirement in the
preamplifier.

The schematic diagram of the preamplifier is shown in
Fig. 11. A partial positive feedback is employed to reduce
the effective output conductance. The load transistors are

Vinp Adacp Vinm

W1 W2 W1W2

Adacm

VopVom

I0 I0

Fig. 11. Schematic diagram of the four-input preamplifier. The preamplifier
is employed to mitigate the effect of kickback noise on small sampling
capacitors.

sized (W2 < W1) to prevent the effective output conductance
from becoming negative, even in presence of mismatch. If
W2 = η · W1, the dc voltage gain Av0 and the bandwidth ωp ,
for a load capacitance CL , can be calculated as

Av0 = gm,in

gm,w1

1

1 − η
ωp = gm,w1 · (1 − η)

CL
.

By increasing η toward unity, more voltage gain can be
achieved but this makes the preamplifier more sluggish. We
have chosen η = 0.8 as a tradeoff between voltage gain, speed,
and stability. The simulated values are Av0 = 14 V/V and
ωP = 8 MHz. The inputs Adacp and Adacm are interchangeable
to correct the error in the sign of DAC voltage caused during
the flip step and is explained in Section III-B. Individual input-
referred offsets of two differential pairs in the preamplifier vary
with the dynamic operating point of each input pair [24], [25].
This variation is desensitized by the current source I0 [18],
especially when effective input to the preamplifier is close to
1 LSB. The latch employed in the comparator is a conventional
sense amplifier-based latch as in [16].

B. CDAC Manipulation and Sign Correction

The FlipDAC switching scheme is explained in
Section II-A. During the first DOWN transition, flipping of
the CDAC is found to reduce energy consumption in it. The
flip step comprises of two parts: switching of (MSB − 1)th
capacitor and manipulating DAC reference rails. This keeps
the DAC capacitance switched in each bit cycle same as
in [11]. During the flip step, voltage reference rails in CDAC
are manipulated to achieve the desired magnitude of the DAC
voltage and the logic for this is shown in Fig. 12. When
Flip signal (Fig. 4) goes HIGH, rails V and G are shorted
together to Vcm input. Based on the sign of the input, Vcm1
and Vcm2 rail is shorted to either REFP or REFM, which
are outputs of the reference buffer. The proposed ADC only
has an overhead in digital switching energy over [11] due
to the manipulation of DAC reference rails otherwise equal
capacitances are switched in every bit-cycle. However, as this
manipulation requires a single driver (FLIP), which switches
only once in a sample period when 1st MSB is logic LOW,
the overhead is small.
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Fig. 12. Energy-efficient implementation of the FlipDac step by manip-
ulating DAC reference rails. The sign of the DAC voltage is corrected by
interchanging DAC inputs to the preamplifier.

As discussed in Section II-A, the flip step causes the
effective DAC voltage (Vdacp − Vdacm) to become negative of
the desired value. This is compensated by interchanging Vdacp
and Vdacm inputs to the preamplifier when Flip signal goes
HIGH. Charge sharing between the input parasitic capacitance
of the comparator and CDAC occurs during the flip step and
introduces an error. The error caused by this charge sharing is
∼2 · (Cp,cmp)/(Cdac) · (REFP − REFM)/4 differential. With
Cox ∼ 10 fF/μm2 and W/L of input transistor as 1 μm/
0.2 μm, Cp,cmp is approximately 2 fF. The error comes out
to be ∼0.26 mV, which is quite smaller than the LSB of
the ADC. During layout, care was taken to keep the input
parasitic capacitance of the comparator as small as possible.
The matching of parasitic capacitance of two paths to the
comparator is also important to keep the gain error constant.

C. Asynchronous Logic and CDAC

The asynchronous scheme employed is shown in Fig. 13.
The individual bit cycling phases are generated once a decision
is made by the comparator after STB and is detected by a
NAND gate, which generates NEXT signal. A shift register of
depth = 11 is used to progress a pulse, after each decision, to
enable the extraction of the next bit. The first flip-flop in the
shift register is preset by start-of-conversion (SOC) to generate
the pulse, which is propagated to next flip-flop on each rising
edge of NEXT signal. Programmable delay line (PDL) is used
to generate RST and PST signals to, respectively, reset and
preset STB by introducing delays tRST and tPST (tPST > tRST).
The input HS controls the PDL to modulate delays for the
operation at higher speeds.

Once the pulse reaches the final flip-flop, OVER signal halts
the conversion until the next SOC. The number of bit cycles
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Fig. 13. Block diagram of the employed asynchronous scheme.
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Fig. 14. Architecture of the 8-bit capacitive DAC.

is decided based on the resolution requirement (N) through
a digital MUX. It implements variable resolution without
complicating the layout and logic. As the resolution is reduced
by simply halting the binary search algorithm in-between, it
enables the resolution reconfiguration from 8 to 1 bit in 1-bit
steps. This scheme of variable resolution saves power linearly
with the resolution, and is finally limited by the static power
consumption in the ADC. Two extra bit cycles are used to
include the logic for STH, and are controlled by the signal
sthen (Fig. 13). This state can be bypassed for the free running
mode of the ADC.

Fig. 14 depicts the architecture of the 8-bit CDAC used in
the ADC. Separate sub-DACs for DOWN and UP transitions
are used. As the linearity of a binary weighted CDAC is
determined by the total capacitance switched to the reference,
indifferent of its position [16], this structure does not compro-
mise the linearity of the CDAC.

D. VGA and Reference Buffer

The architecture of the VGA block is shown in Fig. 15. The
iOTA is shared between two sets of capacitors for employing
ping-pong input sampling (Section II-B). Gm block in Fig. 15
is a two-stage Miller-compensated transconductance amplifier,
which consumes only 3 μA when driving a 1 MS/s 8-bit SAR
ADC. The load to the VGA is 300 fF, which was chosen as the
size of sampling capacitors. Simulation of the VGA achieved
a THD of 0.035% for 1 Vp−p output swing.

For large programmable range in voltage gain, two stages
of the VGA block are used. One of these stages can be put
into the sleep mode if the amplitude of the detectable signal
is large. Each VGA uses CS = 300 fF and C f = 40 fF
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Fig. 16. Die photograph of the chip designed in UMC 0.13-μm CMOS
technology.

(fixed) + 80 fF (programmable in four steps). Voltage gains
that can be achieved with one VGA stage are 2.5, 3.75,
5, and 7.5 V/V. The programmable voltage gain range is
2.5–56.25 V/V in eight steps. We have also designed
an on-chip voltage reference buffer for the ADC. The
OTA designed for the reference buffer is a two-stage
trans-conductance amplifier consuming 4 μA and is load
compensated.
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IV. EXPERIMENTAL RESULTS

A. ADC Characterization

Fig. 16 shows a die photo of the chip fabricated in UMC
0.13-μm CMOS technology. The ADC occupies an area of
390 μm × 420 μm. The charge redistribution DAC employs
custom made unit capacitor ∼15 fF using metal-oxide-metal
(MOM) technology with six metal layers. This value of the
unit capacitance is larger than the required unit capacitance
size for an 8-bit ADC with σC/C0 = 0.5%. The total DAC
capacitance is 3.84 pF. The full scale range (FSR) of the ADC
is 1 Vpp differential.

The maximum measured INL and DNL (Fig. 17) are found
to be 0.6 LSB/−0.7 LSB and 0.26 LSB/−0.67 LSB. These
are at 0.25 FSR and 0.75 FSR due to a mismatch between the
two paths (Fig. 12) meant for interchanging two DAC inputs to
the preamplifier once they are flipped. Fig. 19 shows 16 384
point FFT of the ADC output for −1 dBFS input at Fin =
62.439 kHz. Fig. 18 presents the measured signal-to-noise-
and-distortion ratio (SNDR) for different input frequencies at
−1 dBFS input. The ADC achieves a SNDR of 48.1 dB for a
near Nyquist input (499.939 kHz), which translates to effective
number of bits (ENOB) of 7.7 bits.

The ADC consumes total power of 8.8 μW with VD D = 1 V
at 8-bit setting. Based on parasitic extracted simulations,
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Fig. 20. Relative power dissipation versus resolution (Pmax = 8.8 μW).

CDAC consumes only 0.4 μW and preamp consumes 1.5 μW,
which is ∼5% and 17% of the total power consumption.
The power consumption is dominated by the digital switching
(∼78%). The power consumption in the digital logic is
found to be larger than for a normal SAR ADC logic
primarily due to the in-built logic for spike thresholding in
the ADC.

As the power consumption is dominated by digital switch-
ing, it reduces linearly with decrease in the resolution and
is shown in Fig. 20. The FoM of the ADC is found to be
42.3 fJ/conversion-step for the free running mode at 8-bit
setting. The FoM would be even smaller (∼35.1 fJ/conversion-
step) if the ADC were not to employ the preamplifier to miti-
gate the effect of kickback noise on small sampling capacitors.
Bigger sampling capacitors could have been used to obviate
the preamplifier but it defeats the whole purpose of ping-pong
sampling to reduce power consumption in the VGA. Table III
compares this work with the state-of-the-art SAR ADCs with
similar speed of operation.

B. Activity-Dependent A/D

Fig. 21 shows the measured output of the ADC work-
ing under activity-dependent A/D scheme at 1 MS/s speed.
For this experiment, neural data recorded in vitro from the
Hippocampal culture of a Wistar rat is fed to the ADC using
Agilent 81150A pulse function generator. The values of STH
and EAF are shown in Fig. 21 where the first bit S is the
sign bit. Based on the value of input noise σn , a proper value

TABLE II

VGA COMPARISON

Spec. [1] [8] [26] This Paper

ADC 9 b, 640 KS/s 10 b, 16 KS/s 8 b, 31.25 KS/s 8 b, 1 MS/s

IB 40.6 μA 0.55 μA 1.45 μA 3 μA

Keff,vga 49.5 m 91.4 m 67.7 m 1.05

TABLE III

SAR ADC COMPARISON

[27] [28] [13] [23] [29] This
Paper

Technology
0.25
μm

0.18
μm

0.18
μm

0.13
μm

65 nm 0.13
μm

Supply 1 V 1 V 1 V 1 V 0.4–1 V 1 V

Power
Consumption (μW)

3.1 25 7.75 0.9 0.2 @
0.55 V

8.8

Speed 100
KS/s

100
KS/s

500
KS/s

100
KS/s

20 KS/s 1
MS/s

ENOB 7.0 10.55 7.5 7.55 8.84 7.7

FoM (fJ/conv) 310 165 86 48 22.4 42.3

of STH can be found, which reduces power consumption and
ODR but preserves the three important features of a spike,
Amax, Amin, and Tpp [Fig. 10(b)].

Another experiment was performed to find the reduction
in power consumption and ODR as a function of STH. For
this experiment, the spike input to the ADC is approximated
by a triangular waveform with noise and is generated using
Agilent 81150A Pulse Function Generator. Fig. 22(a) and (b)
shows the relative reduction in power consumption and ODR
as a function of STH under different noise (σn) conditions.
When configured in this mode, the ADC takes two extra
cycles for the spike detection and purging of the CDAC. If
STH is set as 0 in this mode, the ADC runs freely with no
thresholding and two extra cycles, and hence consumes larger
power (=10.7 μW). The power savings become evident once
STH is increased to the desired value.

C. VGA

VGA can only be characterized at low frequencies
(∼1 kHz) as it is not designed to drive large capacitance
(∼5 pF for I/O pads) at higher frequencies. The low fre-
quency voltage gain matches the expected 8–35 dB. Also for
testing the ADC, inputs at different frequencies (till Nyquist
frequency) are given to the ADC, both directly and through the
VGA. Similar performance is achieved for both these cases,
which indirectly indicates that the proper functioning of the
VGA till the Nyquist frequency.

To evaluate the power efficiency of the VGA, we have used
the metric Keff,vga defined by

Keff,vga = 2 · π · FN · Vsw

IB
· 10−12 pF−1 (13)

where Vsw is the output swing, FN is the Nyquist frequency
of the ADC, and IB is the current consumption in the VGA.
Keff,vga is a measure of how efficiently the current is utilized in
the VGA for a slew rate requirement, and is the inverse of the
effective load capacitance that has to be charged by the VGA.
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Fig. 22. Relative reduction in power consumption (Pmax = 10.7 μW ) and
ODR with different σn and STH.

Higher is the Keff,vga, more power efficient is the VGA.
Table II presents the comparison of the VGA with that in
three state-of-the-art NRSs.

V. CONCLUSION

We presented an 8-to-1 bit, 1 MS/s SAR ADC in UMC
0.13-μm CMOS technology. An energy efficient DAC switch-
ing scheme was proposed, which consumes the lowest power
to date without using extra capacitors or clock cycles. The
DAC switching scheme consumes 37% less energy than the
present state-of-the-art. For multichannel input, use of ping-
pong input sampling was emphasized to save power in VGA
and reference buffer. The proposed ADC also consumes lower
power in clock buffers as we employ clock of half of the
sampling speed. Also the resolution of the ADC can be varied
based on the dynamic range to avoid unnecessary processing
and save power.

For neural recording application, the ODR was reduced
using the proposed activity-dependent A/D scheme, which
keeps important spike features preserved in the ADC output.
This scheme saves both power and area when compared to
spike feature extraction schemes, which employ complicated
on-chip DSP. The savings in power consumption of the ADC
and ODR due to the scheme are calculated and expressed
in term of EAF. An experiment with the real neural data
was carried out to show the usefulness of the scheme for
the application. An emphasis was put on the requirement of
large programmable voltage gain in the VGA for NRS. The
presented VGA provides a voltage gain of 8 dB-35 dB in
eight steps.

The presented SAR ADC consumes 8.8 μW from 1 V
supply and achieves ENOB of 7.7 bit for a near Nyquist
input at 1 MS/s speed. FlipDAC switching technique makes
energy consumption in the DAC small compared to digital
switching energy. The DAC switching scheme will prove to
be more beneficial in higher resolution and higher speed SAR
ADCs where the DAC switching energy is more comparable
to the digital switching energy. The ADC achieves a FoM of
42.3 fJ/conversion. The power consumption in the ADC is



2044 IEEE TRANSACTIONS ON VERY LARGE SCALE INTEGRATION (VLSI) SYSTEMS, VOL. 21, NO. 11, NOVEMBER 2013

dominated by digital switching, which will only improve with
voltage and technology scaling.
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