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Abstract—An analog-to-digital (A/D) conversion technique
suitable to be used with DC-DC converters with digital control
is proposed. A fully asynchronous modular tracking analog-todigital converter (ADC) is described. This type of ADC presents
several characteristics that reduce the power consumption during
DC-DC converter steady state regime. Moreover, the solution
proposed here is fully modular and can be easily adapted
to different DC-DC control laws by changing the number of
output bits and/or by adjusting the quantization levels of the
feedback digital-to-analog converter (DAC). The proposed 4-bit
ADC was designed in AMS0.35µm technology with a steady-state
power consumption of 118µW and a maximum tracking power
consumption of 317µW.
Index Terms—Analog to Digital Conversion, Asynchronous
sampling, Ultra low power, Thermometer-scale tracking ADC

I. I NTRODUCTION
Analog-to-Digital Converters (ADCs) are required in many
applications because they implement the interface between the
real world analog signal and the digital signal processors [1].
In DC-DC applications with digital control, the AD conversion
is a key process that needs to be optimized. ADC specs such as
current consumption, delay and accuracy, present an important
impact on the DC-DC performance.
DC-DC converters are mainly design to convert a DC input
voltage into a DC output voltage with a voltage ripple bellow
a required level, with maximum efficiency. The digital control
adjusts the Buck converter duty cycle [2] between zero and
one, in order to converge the output voltage to the desired
reference voltage. Typically, when the output voltage is far
from the reference, the control order will be to store or release
the energy during the whole switching period, thus being
unnecessary to have a small resolution when the voltage is far
away from the reference. However, high resolution is required
around the reference voltage to calculate the appropriate duty
cycle and limit end cycle oscillation. Moreover, converting
only the error voltage is a way to make the ADC design
independent of the reference voltage. Also, it reduces the
necessary number of bits at the cost of an extra analog
subtraction. This allows the use of non-linear quantization
in the ADC since we do not need a large resolution in the
whole scale, but just around the reference voltage. Therefore,
an analog to digital technique with irregular sampling can be
formulated.
Literature reports many high-speed ADC implementations [3], [4] suitable for DC-DC application. Flash archi-

tectures [5], [6] offer a high sampling frequency and a high
conversion speed, having a power consumption that increases
exponentially with the resolution. Successive approximation
ADCs [7], [8] have also been proposed in order to minimize
complexity and power consumption. Nevertheless, the need
of multiple clock cycles still represents a huge bottleneck
in performance. Solutions such as [9], [10] try to overcome
the performance limitations by parallelizing the architecture
and performing time interleaving, but these topologies do
not reduce significantly the power consumption. Tracking
ADCs [11] have received a great interest since they provide
a single cycle conversion and their complexity is independent
of the resolution.
Another characteristic of ADCs that has been studied in [12]
is the possibility to have an asynchronous control logic instead
of a synchronous one. Although this can significantly increase
the complexity of the system, it can also improve its power
efficiency by performing each conversion only when a significant variation in the input is observed.
These facts lead us to search and design a dedicated ADC
to be used specifically with DC-DC converters with digital
control (see Figure 1) such as the ones proposed in [13].
In particular we propose a thermometer-scale tracking ADC
with asynchronous control. Overall, this type of ADC is best
suited to be used in such converters due to several reasons:
i) the natural tracking characteristics of these systems; ii) its
ability to sustain a fast conversion response; iii) the number of
conversions are maintained to the minimum, thus reducing the
so critical power consumption and increasing the autonomy of
the systems; iv) its modularity and simplicity.
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Typically, the designs of tracking ADCs such as the ones
presented in [11] and [12] are based on two comparators
and a up/down counter. This type of architecture is able to
follow a certain input voltage by tracking the quantization
interval where the voltage is located at conversion time. In
order to do that, the input signal is compared with both the
current quantization level (-LSB), and the next quantization
level (+LSB). While both comparators are at ’0’, the input
signal is in the current quantization level, and the converter
keeps the same output value. When the input moves across
quantization levels, the comparators detect it, and the converter
is updated by incrementing or decrementing the counter.
Although similar to the architectures presented before, the
architecture proposed herein and depicted in Figure 2 incorporates important modifications that suit best digital DC-DC
converters. One of the main differences is that instead of a
up/down counter we opted by a thermometer-scale module.
This module has as output one line per each quantization level.
There are two main reasons for this change: i) firstly it allows
us to design a DAC, which can be easily adapted to match
the amplitude quantization that best fits the DC-DC controller
law and ii) the proposed module is faster and simpler than the
up/down counter, thus allowing us to reduce the total delay of
the conversion loop as will be explained in Section III.
Another important characteristic that was considered during
the design of the proposed architecture is the type of sampling
performed. On the one hand, typical ADCs perform regular
sampling, i.e., controlled by an external clock signal with
a fixed period Tsample , forcing the circuit to perform one
conversion in every clock cycle, even if there is no variation
at the input line (see Figure 3). On the other hand, an
asynchronous design such as the one in [12] applies irregular
sampling, i.e., each sample is triggered only when there is a
significant variation of the input signal that crosses a certain
reference level (see Figure 4). Thus, in this case the number
of conversions performed depends on the input signal slope,
and not on a fixed clock period, allowing the converter to be
more power efficient as it only performs the necessary conversions. Moreover, we can optimize the quantization distribution
adjusting it to the DC-DC digital control law. It is worth to
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Irregular sampling with non-linear quantization

note that the implementation of the asynchronous controller is
more complex than the synchronous one, and a detailed time
analysis was required in order to optimize the control logic to
the minimum delay (see Section IV).
III. I MPLEMENTATION D ETAILS
As shown in Figure 2, the proposed ADC circuit has a
digital part and an analog part. The digital part has two
modules: i) the asynchronous control module, which detects
and performs a new conversion; and ii) the thermometerscale module, which is responsible for generating the output
sequence of bits. The analog part is constituted by: i) A current
DAC that converts the digital word and the input voltage into
a current; and ii) a three Input current comparator is used to
track the input response.
The detailed implementation of the current DAC and comparator could not be present in this article due to the lack of
space required for its analysis. The digital part is considered
the major contribution of this work.
A. Digital Modules
Asynchronous Control Logic: The asynchronous control
module detects and controls each new conversion. In other
words, when the comparators detect a significant change in
the input signal, the circuit triggers a new conversion. The
implementation of this module is based on typical token
arbiters such as the ones used to implement Petri nets [14],
i.e., a request-acknowledge transition state machine where
only one state can be active at a time. Overall, it behaves
according to the transition and state diagrams presented in
Figure 5. Each conversion is triggered by the input signals
LSBP and LSBN. When a new conversion starts a sequence of
transitions is triggered and the system goes trough a group of
states till it reaches a new stable state. There are two possible
sequences for one conversion, either S1 → S3 → S4 or
S2 → S3 → S4, according to the input signal that triggered
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Request-acknowledge state diagram.

the conversion. In particular, a new conversion is started when
all previous conversions where finished and a change in LSBP
or LSBN is sensed by either S1 or S2, the “detection states”.
At this point we have two concurrent actions, the signals
Right and Left are sent to the thermometer-scale module to
update the quantization level, and a signal is sent to transit
to the next state S3, the “processing state”. During the third
state the system resets states S1 and S2 and waits for the
conversion to finish, i.e., waits for the update to propagate till
the comparators. At this point, it is important to note that the
waiting time is defined by a delay block as it will be explained
further down. Finally, the system transits to the fourth state S4,
the “waiting state”. At this point the system is again in a stable
condition and a new conversion can start at any moment.
The control module logic implementation is depicted in
Figure 6. It is divided mainly in three parts: 1) the logic
responsible for the transitions between control states, 2) the
logic responsible for the conversion between the comparators
output and the controller, and 3) a block of logic that detects
when the thermometer-scale saturates.
Part “1” implements the function depicted in the diagrams
in Figure 5. It requires four “C” elements or Arbiters, one for
each state, which behaves according to Table I. Besides the
Arbiters, there is a “Delay” block which is used to adjust
the time between successive conversions. This module is
implemented outside of the control itself, and it can be done
using a digital delay circuit. The function of this block will be
explained in more detail in Section IV. The remaining logic
implements the transitions depicted in Figure 5.
Part “2” was introduced in this work to detach in a simple
way the analog part from the digital part. Namely, what this
module does is a simple translation between the output of the
comparators and the input of the control logic. This modular
structure allows the comparator’s designer to transparently
adapt the controller to his design without knowing how the
controller is actually implemented. The designer must only
be aware and respect the behavior of the controller, which is
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presented in Table II.
Finally, the third part of the circuit detects when the bit
sequence is saturated and disables the “Right” and “Left”
signals accordingly, leaving only the alternative option active
(i.e., “Left” and “Right”, respectively). This was introduced as
a power optimization, as it reduces the number of unnecessary
signal transitions when the output bit sequence is saturated.
Thermometer-scale Module: The second logic block shown
in Figure 2 corresponds to the proposed thermometer-scale
module. This module is built using a chain of token cells as
the one shown in Figure 7. Each token cell has five inputs
(Right, Left, D0, D1, and Reset/Set) and one output (Q),
which behave according to Table III. To guarantee the correct
behavior of the token cells we had to implement the XOR gate
represented in Figure 7 with an extra delay. This adjustment
was necessary because port ’D’ of the flip-flop must be stable
when a rising edge arrives to node ’X’ (“setup time”).
By putting this cells together in a chain as presented
in Figure 8, we are able to create the thermometer code.
According to the input signals “Left” and “Right” the active
part either shrinks towards the LSB or grows towards the
MSB (in this paper we use the terminologies “Left” and
“Right” when referring to “towards the LSB” and “towards the
MSB”, respectively). In detail, the design proposed in Figure 8

Ack
0
0
1
1

TABLE I

TABLE II

A RBITER

C ONTROLLER

Req
0
1
0
1

Q
Q
1
0
Q

Function
Keep
Set
Reset
Keep

wRight
0
0
1
1

wLeft
0
1
0
1

TABLE III

T OKEN C ELL

Function
Keep/Wait for next conversion
Shift left
Shift right
Fobidden state

Right
(01)
0
X

Left
0
(01)
X

Q
D0
D1
Q (Keep)

Right Shift Module - Thermometer-scale
Left
Cells 1 to N/2
b

'1'

b

Right Left
Seq[0]
D0
Q
Token Cell
Q
D1
'1'
Set

b

Cells N/2+1 to N-2

b

Right Left
Seq[1]
D0
Q
Token Cell
Q
D1
Set

Right Left
D0
Q
Token Cell
Q
D1
Set

Seq[N/2]

Cell 0

b

b

Cell N-1

Right Left Seq[N/2+1] Right Left
Seq[N-2]
D0
Q
D0
Q
Token Cell
Token Cell
Q
D1
Q
D1
Reset
Reset

b

b

Right Left Seq[N-1]
D0
Q
Token Cell
Q
D1
Reset

Reset

Fig. 8.

Shift module with thermometer-scale topology

starts at the middle of the thermometer code. It is worth to
note that the number of logic gates needed to implement the
thermometer-scale module increases linearly with the number
of bits N , and is given by N umGates(N ) = 16N .
One issue identified in this module was the fan-out of the
“Left” and “Right” signals coming from the controller. It is
easy to understand from the previous description that the number of logic gates connected to these signals increases linearly
with N . Namely the “Right” signal increases according to the
function N umGatesRight (N ) = 3N and the “Left” signal
according to N umGatesLef t (N ) = 2N . In order solve this
problem without introducing too much delay in the circuitry
we have considered a maximum fan-out of 4. In practice, a
tree of buses with log(N ) levels is deployed just before the
token cells, as shown in Figure 8.
IV. T IMING C ONSIDERATIONS
As explained before, in irregular sampling the maximum
slope of the input signal is not defined by the clock signal but
by the total delay of the conversion loop (i.e., the minimum
time needed for one sample δt). In other words, the slope of
the input signal must respect the following condition:
d(Vin (t))
qmin
≤
dt
δt

(1)

, where qmin is the smallest quantization level. Let us
consider for example an input sine wave with frequency “f ”
and peak-to-peak amplitude “A”:
A
× sin(2πf × t)
(2)
2
We can calculate the maximum frequency “fmax ”, for
which the ADC is able to follow the sine wave, according
to Equation (3). As one can understand from the equation,
optimizing tdelay is of utmost importance, because while on
the one hand we need to increase the delay, and consequently
Vin (t) =

δt, in order to have a valid result between successive conversions, on the other hand, increasing δt reduces the tracking
speed of the circuit.
qmin
A
× 2πf × cos(2πf × t) ≤
2
δt
qmin
max(cos(2πf × t)) ≤
Aπf × δt
qmin
fmax =
Aπδt

(3)

Section III-A described the ADC asynchronous controller.
This module is responsible for guaranteeing that a new conversion doesn’t start before the current one is finished. The
time taken by the sequence of state transitions described
in Section III-A defines the minimum duration δt of each
conversion, as shown in the diagram of Figure 9. δt is then
calculated according to:
δt = tS3 + tS4 + tS1/S2

(4)

where tS1/S2 represents the delays of states S1 or S2, tS3
the delay of state S3, and finally tS4 the delay of state S4 until
the point where a new conversion can start.
While tS1/S2 and tS4 are constant for a given number of
bits, tS3 is a function of the time established by the delay
block shown in Figure 6, namely tS3 = tdelay + t0S3 , where
t0S3 is the constant fraction of S3. Thus, the delay block must
be defined such that the following condition is respected:

tS1/S2 + t0S3 + tdelay + tS4 >
tT hermometer + tDAC + tComp. + tConv.&Sat.
, where tT hermometer , tConv. , tSat. , tConv. , tDAC , and tComp.
are all known delays of the different blocks, which depend
only on the implementation [15].
Finally, in order to optimize δt while respecting the previous
condition, the designer should adjust the delay according to
the following procedure:
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if (tT hermometer + tDAC + tComp. + tConv.&Sat. ≤ tS1/S2 + t0S3 + tS4 )
then
tdelay = 0
else
tdelay = tT hermometer + tDAC + tComp. + tConv.&Sat. −
(tS1/S2 + t0S3 + tS4 )
end

V. S IMULATIONS
In order to evaluate the architecture proposed in this work,
the circuits were design in AMS 0.35µ technology with
CORELIB standard cells and simulated using HSPICE simulator. Figure 10 presents the Analog Vf b voltage and the
equivalent digital thermometer code. The ADC precision is
1.9mV and the delay between the digital value and the analog
input voltage(Vf b ) is 700ns. The sampling rate is 5.5 MS/s.
Several simulations were performed in order to emulate the
DC-DC Buck converter behavior. In steady-state regime, the
DC-DC output voltage must be around the reference voltage,
thus, the ADC converges to the reference voltage (Vref = 1)
with a maximum power consumption of 119µW (during one
DC-DC switching period [13]). An important behavior in the
DC-DC analysis is the Load-Transient effect, which happens
when the output voltage reacts to a variation in the DC-DC
load. In order to contradict this effect, the DC-DC control
must react very quickly for the output to converge to the
reference voltage. The Load-Transient obtained when reducing
the DC-DC Load is shown in Figure 12 and has a power
consumption of 174µW, considering an overshoot of 40mV
and an Equivalent Series Inductor (ESL) effect of 7mV peakto-peak (with constant DC-DC switching frequency [13]). The
Load-Transient obtained when increasing the DC-DC Load
is presented in Figure 13 and has a power consumption of
167µW, considering an undershoot of 40mV with the same
ESL. For both Load-Transients the peak values occur 3µs after

Fig. 11.

Vf b @100kHz sine wave with amplitude of 20mV

the transient starting point. The fact that during the steady-state
regime the ADC value does not change with the ESL generated
signal turns into a low-power consumption (119µW). During
the Load-Transients the total power consumption is 174µW.
The maximum occurs during the output signal tracking by
the ADC, with a consumption of 317µW at the maximum
sampling rate.
The “Tracking Signal” presented in the Figures corresponds
to an internal signal of the comparator that depends on
the ADC output digital thermometer code. The saturation
presented in the Load-Transient corresponds to the limit of
the ADC and is shown intentionally by using an input signal
with larger amplitude than the one supported by the ADC.
Several ADC implementations are evaluated and tested for
performance with input sine waves at different frequencies. A
tracking simulation is presented in Figure 11 with an input
sine wave of frequency 100 kHz, an offset of 1V and an AC
amplitude value of 20mV. The maximum delay of 700ns is
present in the rising edge of the sine wave.
A detailed analysis of the overall ADC power consumption
is shown in Table IV. The Table presents the results for both
the analog and digital blocks of the circuit. The results show
that in any DC-DC regime, the power consumption of the
analog block is almost the same for the regions presented,
while the power consumption of the digital part increases with
the sampling rate. Finally, for comparison purposes, Table V
presents the power consumption and sampling rate obtained
for the ADC proposed in this work and compares it with other
works. It can be seen that for similar sampling rates and ADC
bits, the power consumption in this work is less than the other
presented works.
VI. C ONCLUSION
This work proposes a fully asynchronous modular
thermometer-scale tracking analog-to-digital converter (ADC)
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TABLE IV

P OWER CONSUMPTION OF THE A NALOG AND D IGITAL PARTS OF THE ADC FOR DIFFERENT BEHAVIORS OF THE INPUT VOLTAGE .
Steady-State
Panalog
Pdigital
Ptotal

Power (µW)
118.9023
0.0495
118.9518

% of Total
≈ 100
0
100

Tracking
Power (µW)
124.7631
192.3009
317.064

% of Total
39
61
100

Load-Transient
reducing DC-DC Load
increasing DC-DC Load
Figure 12
Figure 13
Power (µW)
% of Total Power (µW)
% of Total
120.2751
69
120.5061
72
53.9847
31
46.4211
28
174.2598
100
166.9272
100

Panalog - includes all analog current parts; Pdigital - includes all digital parts present in the ADC, even the one used in the delay and comparator.

TABLE V

C OMPARISON ACROSS DIFFERENT ADC S .
Topology
4bit Flash [6]
5bit Flash [5]
8bit SAR [1]
12bit SAR [10]
10bit SAR [9]
4bit ∆Σ tracking [16]
Tacking [11]
Asynchronous tracking [12]
Proposed 4-bit ADC
∗

Sampling rate
100MS/s
3.5GS/s
100kS/s
700 kS/s
5MS/s
5MS/s
130MS/s
10MS/s
5.5MS/s

Power (µW)
3350
227000
3.1
40
18000
18000
1120
898 (1603∗ )
119 (317∗ )

Technology
2µm
90nm
0.25µm
0.18µm CMOS
1.2µm
1.2µm
90nm
0.18µm
AMS 0.35µm

Power consumption when tracking

designed for DC-DC converters with digital control. The
architecture proposed has the advantage of only performing a
conversion when the input signal crosses a given quantization
level, and not at every clock cycle as in typical synchronous
ADC architectures, thus reducing the power consumption.
The power consumption required for the DC-DC steady
state regime is 118µW and during the tracking phase a
maximum power of 317µW for a 4-bit ADC is observed. If the
number of bits increases, only the power related to the digital
part increases since increasing the number of bits has only
an effect on the digital part of the circuitry. In this work we
present the results obtained with linear quantization. The ADC
can be adapted to non-linear quantization by changing only
the analog part. These modifications are currently being done
and we plan to present them in future work. The proposed
ADC was simulated in Open loop, using the state-of-theart load transients presented in [13]. Implementation of the
fully functional closed-loop DC-DC Buck converter with the
proposed ADC is currently under way.
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