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A 440-μW, 109.8-dB DR, 106.5-dB SNDR
Discrete-Time Zoom ADC With a 20-kHz BW

Efraïm Eland , Graduate Student Member, IEEE, Shoubhik Karmakar , Graduate Student Member, IEEE,
Burak Gönen , Member, IEEE, Robert van Veldhoven , Senior Member, IEEE,

and Kofi A. A. Makinwa , Fellow, IEEE

Abstract— This article describes a discrete-time zoom analog-
to-digital converter (ADC) intended for audio applications. It uses
a coarse 5-bit SAR ADC in tandem with a fine third-order
delta–sigma modulator (��M) to efficiently obtain a high
dynamic range. To minimize its over-sampling ratio (OSR) and,
thus, its digital power consumption, the modulator employs a
2-bit quantizer and a loop filter notch. In addition, an extra
feed-forward path minimizes the leakage of the SAR ADC’s
quantization noise into the audio band. The prototype ADC
occupies 0.27 mm2 in a 0.16-μm technology. It achieves 109.8-dB
DR, 106.5-dB SNDR, and 107.5-dB SNR in a 20-kHz bandwidth
while dissipating 440 μW. It also achieves state-of-the-art energy
efficiency, as demonstrated by a Schreier FoM of 186.4 dB and
an SNDR FoM of 183.6 dB.

Index Terms— A/D conversion, asynchronous SAR analog-
to-digital converter (ADC), audio ADC, delta–sigma ADC,
discrete-time (DT) delta–sigma, dynamic zoom ADC,
inverter-based operational transconductance amplifier (OTA),
low-power circuits, multi-bit quantizer.

I. INTRODUCTION

AUDIO applications often require analog-to-digital con-
verters (ADCs) with high dynamic range (DR), high

energy efficiency, and low area [1]–[3]. By combining a low-
power successive-approximation register (SAR) ADC with a
high-resolution delta–sigma modulator (��M), zoom ADCs
can meet all these requirements [4], [5]. The SAR ADC
determines the coarse references of the fine ��M, drasti-
cally reducing loop filter swing and enabling energy-efficient
design. The overall digital output is then obtained by simply
summing the outputs of both converters.

Recently proposed ��Ms with finite impulse response
(FIR) DACs and negative-R-assisted integrators are
also capable of satisfying the requirements of audio
applications [2], [3], [6], [7]. An FIR DAC essentially filters
out the fed back quantization noise and, thereby, also relaxes
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loop filter swing. However, it introduces an extra delay in
the feedback path, which requires an additional compensation
path to maintain stability [2], [7]. This delay also limits
the extent to which the loop filter’s input swing can be
reduced. Similarly, the swing at the virtual ground of an
active integrator can be reduced by connecting it to a negative
resistance [3], [6]. This effectively increases the integrator’s
gain and linearity. However, since the negative resistance
is realized by an active circuit, it also produces noise and
consumes power. Furthermore, foreground calibration is
required to ensure good matching between the negative
resistance and the integrator’s equivalent input resistance.
In comparison, zoom ADCs seem to present a good tradeoff
between design complexity, energy efficiency, and resolution.

However, zoom ADCs also have drawbacks. In order to
absorb SAR ADC non-idealities, their fine ��Ms are usually
designed to provide at least ±1 LSB of over-ranging [4],
[5], [8], [9]. In the case of a 1-bit ��M, this means that the
modulator’s DAC must span at least three SAR LSBs, leading
to a significant loss of SQNR. Another issue is the leakage of
the SAR ADC’s quantization noise, to which zoom ADCs, like
other MASH ADCs, are susceptible. This is because summing
the outputs of the SAR ADC and the ��M tacitly assumes
that the signal transfer function (STF) of the latter is exactly
unity, which will usually not be the case, especially at high
frequencies [4]. These issues can be mitigated by increasing
the modulator’s over-sampling ratio (OSR) or by using a
digital noise cancellation filter. However, both approaches
inevitably increase power consumption [3], [5]. Previous zoom
ADCs also suffered from limited robustness to out-of-band
interferers.

This article, an extended version of [10], describes a
discrete-time (DT) zoom ADC architecture that mitigates
SQNR loss and quantization noise leakage, without
compromising energy efficiency. Although a continuous-time
(CT) loop filter enables the use of low-power ADC drivers
and confers inherent anti-aliasing, a DT loop filter is more
robust to component mismatch and, thus, does not require
calibration. By employing a ��M with a 2-bit quantizer,
which fully exploits the existing DAC levels, its SQNR can be
improved by ∼9.5 dB. An analog feed-forward path ensures
a unity STF, which significantly reduces quantization noise
leakage. Taken together, these techniques enable a significant
(40%) reduction in OSR, while also increasing the ADC’s
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Fig. 1. Simplified block diagram of a zoom ADC employing an asynchronous
SAR ADC, a ��M with a conventional 1-bit quantizer, a DAC, and a DWA
algorithm.

robustness to out-of-band interferers. They also confer state-
of-the-art energy efficiency, resulting in a Schreier DR FoM
of 186.4 dB and an SNDR FoM of 183.6 dB. In a 20-kHz
bandwidth (BW), the proposed ADC achieves 109.8-dB DR,
107.5-dB signal-to-noise ratio, (SNR) and 106.5-dB
signal-to-noise-and-distortion ratio (SNDR) while only
consuming 440 μW.

This article is organized as follows. Section II briefly
introduces the zoom ADC’s working principle and its lim-
itations. Section III describes the methods used to improve
its performance and efficiency. Section IV explains some
key circuit-level details. Measurement results are presented in
Section V, followed by a conclusion.

II. DYNAMIC ZOOM ADC

Fig. 1 shows a simplified block diagram of a zoom ADC.
It employs a coarse N-bit asynchronous SAR ADC, operating
at a sampling frequency fS, which provides an N-bit output
code k. The fine ��M, also operating at fS, then uses this
output to set its references as

Vref+ = (k + M + 1) · VLSB,C (1)

Vref− = (k-M) · VLSB,C (2)

where VLSB,C is the quantization step of the N-bit DAC and
M is the over-ranging factor needed to accommodate SAR
ADC non-idealities and quantization noise and to ensure that
the modulator remains in its stable operating region. The SAR
ADC is a mid-tread quantizer, and so the nominal input level
is (k + 0.5)VLSB,C. If the fine references VREF+ and VREF− are
updated at the sampling rate, the situation for M = 1 (mini-
mum over-ranging) is shown in Fig. 2(a). However, the DAC
of a 1-bit ��M will then span 3-VLSB,C. This “zooming-out”
effectively increases the modulator’s quantization error by 3×,
reducing the SQNR by ∼9.5 dB compared with the case with
no over-ranging. Although this can be restored by increasing
the OSR, it comes at the expense of power consumption.

A. 2-Bit Quantizer

As shown in Fig. 2(b), although the 1-bit ��M has
a 3.VLSB,C range, it does not use the two intermediate

Fig. 2. SAR output (k) and ��M DAC swings with M = 1 for (a) 1- and
(b) 2-bit quantizers.

DAC levels. These levels can be accessed by using a 2-bit
quantizer. It should be noted that the DAC itself remains
unchanged, as does the data weighted averaging (DWA)
scheme required to obtain high linearity. The resulting increase
in SQNR enables a corresponding decrease in OSR, which,
in turn, leads to reduced analog and digital power consump-
tion, more than making up for the increased power consump-
tion of the 2-bit quantizer.

B. Loop Filter Order, Coarse Resolution, and OSR

As in previous work [5], [9], the zoom ADC’s target SQNR
is set to about 120 dB to ensure that it achieves a thermal-noise
limited DR of 110 dB. Similarly, it uses an energy-efficient
feed-forward loop filter. Fig. 3 shows the SQNR across OSR
for different loop filter orders (L) and coarse ADC resolutions
(N). To keep the OSR and, therefore, the digital power
consumption low, a third-order loop filter is preferred over a
second-order filter. A 5-bit SAR ADC was chosen as a good
tradeoff between digital complexity and OSR [5]. A third-
order loop filter with optimally placed NTF zeros (see Fig. 4)
then achieves an SQNR of ∼118 dB over the audio band. The
sampling frequency is 3.5 MHz (OSR = 87.5), which is 30%
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Fig. 3. SQNR across OSR for different loop filter orders (L) and coarse
resolution (N) while employing a 2-bit quantizer.

Fig. 4. STF and NTF of the ��M loop filter, for an OSR of 87.5 in a
20-kHz BW, without the use of fuzz reduction techniques.

lower than that of a previous zoom ADC with comparable
specs [5]. Even at this low OSR, the 1st order mismatch
shaping provided by DWA is still enough to support the target
SQNR. Simulations show that an SQNR of 116dB can be
achieved even in the presence of a 1% mismatch in the unit
DAC elements.

C. Residue Feed-Forward “Fuzz” Cancellation

As shown in Fig. 5, a zoom ADC can be modeled as a
0-N MASH ADC by splitting its DAC into two halves, one
driven by the SAR ADC and the other driven by the ��M.
The overall digital output YOUT = k + Y��M , can then be
expressed as [4]

Yout = VIN(z)+QSAR(z) · (STF − 1)+Q2−bit(z) · NTF (3)

where QSAR and Q2−bit represent the quantization noise of
the SAR and the 2-bit quantizer, respectively. As expected,
Q2−bit is shaped by the NTF. However, the cancellation of
QSAR is limited by STF-1, which is equal to -NTF for a
feed-forward loop filter. As shown in Fig. 4, the cancellation
of QSAR degrades rapidly outside the audio band. In fact,
at 20 kHz, QSAR will only be suppressed by about 60 dB.

Fig. 5. Intuitive block diagram of the coarse-fine operation of the N-bit
DAC.

Fig. 6. Simplified block diagram of a zoom ADC employing an asynchronous
SAR ADC, ��M with a 2-bit flash quantizer, DAC, DWA algorithm, and
residue feedforward.

Since the quantization “noise” of a 5-bit ADC is quite tonal,
the result is increased distortion at high frequencies, referred
to as “fuzz” in the literature [4].

SAR ADC quantization noise leakage can be mitigated by
increasing OSR, at the expense of higher power consumption,
especially in a switched-capacitor implementation. Alterna-
tively, a digital noise cancellation filter can be used to process
k before combining it with Y��M [4], but this will again be
at the expense of higher digital power consumption.

In this work, we propose a low-power “fuzz” cancellation
technique. It is based on the observation that, from (3), QSAR

leakage can be prevented by ensuring that the modulator has a
unity STF. One way of doing this is by implementing an input
feed-forward path [11]. As shown in Fig. 5, the modulator’s
input is actually the residue of the SAR ADC. Thus, this
should be extracted and added to the input of the modulator’s
quantizer. Rather than extracting the small residue at the input
of the SAR ADC’s comparator, which would require complex
circuitry, a simpler approach is to generate a replica. This can
be done by subtracting the output of a replica of the SAR
DAC from the input signal, as shown in Fig. 6. Since the
quantizer of the modulator has a fixed gain (Kq), that relates
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Fig. 7. Zoom ADC output spectrum for a −1.5-dB FS input at 1 kHz with
residue feedforward turned “on” and “off” with G = 1/Kq.

its input swing to the output swing of its 2-bit DAC, the output
of the residue feed-forward path should be scaled by a factor
G = 1/Kq for optimal fuzz suppression.

D. Out-of-Band Interferers

The high slew rates of out-of-band interferers may exceed
the fine reference values predicted by the SAR ADC and
overload the modulator [3], [5]. Although this problem can be
solved by using a simple first-order LPF to limit the amplitude
of such interferers, i.e., as an anti-overload filter, it does
add to system complexity. The proposed residue feed-forward
path eliminates STF peaking and, thus, naturally increases the
modulator’s resistance to such interferers. The proposed 2-bit
quantizer also helps because it reduces the swing in the loop
filter. As a result, the overload-free BW of the proposed zoom
ADC is about 2× higher than that of previous designs.

Fig. 7 shows the simulated effect of the proposed residue
feed-forward technique for a −0.5-dB FS input signal at
1 kHz. A significant reduction in the “fuzz” can be seen,
resulting in an overall SQNR of ∼118 dB, an improvement of
∼7 dB. Fig. 8 shows the effect of variations in G on the overall
SQNR. For a 20% variation, it can be seen that the SQNR
degradation is <1 dB, indicating that the proposed technique
is robust to variations (PVT).

III. CIRCUIT IMPLEMENTATION

A simplified schematic of the proposed zoom ADC is
shown in Fig. 9(a). It consists of a 5-bit asynchronous SAR,
a DT third-order CIFF loop filter with local feedback, a 2-bit
quantizer, and a residue feed-forward stage.

A. Loop Filter

The loop filter consists of three switched-capacitor inte-
grators. The input sampling capacitor (CS = 13.6 pF),
which also serves as the feedback DAC, is sized for
thermal noise and consists of 31 unit elements (C0 =
438 fF). The sampling capacitors of the second and third
stages are significantly smaller, and their size is limited by

Fig. 8. Peak SQNR across variations in residue feedforward gain G compared
with the optimal value 1/Kq .

matching requirements. The integration capacitors of all three
stages are sized to ensure that the output swing of their opera-
tional transconductance amplifiers (OTAs) remains within their
linear ranges.

The NTF zeros are implemented by configuring two inte-
grators as a resonator. Since the required local feedback
factor (βlocalFB = 0.07) is quite small, the local feedback was
implemented between the first and second integrators to enable
the use of a reasonably sized capacitor (Cnotch = 64 fF),
ensuring better matching between Cnotch and the other loop
filter capacitors.

B. Differential Sampling and Chopping

The input is sampled using a fully differential sampling net-
work. The sampling switches Si [1, . . . , 31] are bootstrapped
to maintain high linearity [12], and thick-oxide switches
are used in the bootstrapping circuitry, thereby reducing
complexity.

While the input is being tracked during phase-ϕ1, OTA1

is configured in unity feedback and is disconnected from
the loop filter. At the end of ϕ1, the input gets sampled
onto CS , whereas OTA1, having had enough time to settle,
is chopped [13], as illustrated in Fig. 9(b). Chopping OTA1

while it is disconnected from the loop filter prevents chopping
artifacts from coupling to the input signal. Since the chopper
switches are connected to the input pairs of OTA1, they are
quite large (31× minimum size) to minimize their impact on
OTA settling time and noise. The noise contributed by the
output chopper switches is significantly lower, and so these
are minimum-size devices.

The SAR ADC is clocked using ϕ1, at the rising edge,
after which it samples the input and enters the conver-
sion phase. Within a few nanoseconds, it provides the 5-bit
output k [4], [5] and resumes tracking, thereafter, until the
next cycle. The digital backend uses k along with the 2-bit
��M quantizer output to pre-calculate the 5-bit output of the
zoom ADC. At the onset of ϕ2, this 5-bit value is thermometer
encoded, processed by a DWA algorithm [14], and, finally,
passed on to the 31 unit elements of the capacitive DAC.
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Fig. 9. Simplified circuit diagram of (a) proposed DT zoom ADC, with the corresponding timing diagram and simplified visualization of the virtual ground
of OTA1 due to (b) switching activities.

Fig. 10. Simplified schematic of the 2-bit flash quantizer.

C. Multibit Quantizer

Fig. 10 shows the schematic of the 2-bit flash quantizer
comprising of a resistive reference ladder along with three
comparators. To relax the specifications of the individual
comparator offset, noise, and kickback, thus ensuring a low-
power quantizer, a relatively large VREF for the references is
required. This translates into a low quantizer gain.

The top and bottom comparators make use of
dual-difference comparators [15], [16] since they compare
a differential input with a differential reference voltage.
To minimize kickback on the reference ladder, the top
and bottom comparators use a CT pre-amplifier, as shown
in Fig. 11(a). This enables the use of large resistors
(Ru = 72 k�, R1 = 10·Ru, and R2 = 3·Ru), limiting overall
current in the ladder to ∼1 μA.

The middle comparator, as shown in Fig. 11(b), is a con-
ventional design that employs a simple dynamic pre-amplifier
to minimize kickback and maintain low power [16].

D. Residue Feed-Forward Path

To implement the residue feed-forward path, a replica
of QSAR is generated by subtracting VIN and VDAC.

Fig. 11. Schematic circuit of the top and bottom comparators with (a) CT
pre-amplifier and (b) middle comparator with dynamic per-amplifier.

To simultaneously generate QSAR and add it to the loop filter
with a gain G, a summation is created at the virtual ground
of OTA3 by using a feed-forward capacitor from the input to
the virtual ground of OTA3 and by using a binary cap-DAC
that is driven by k. Combined with the integration capacitor
of OTA3, the residue feedforward gain G is established as
follows:

G = CinFF

Cint3
= CresDAC

Cint3
. (4)

To ensure that the input feedforward capacitor and the DAC
capacitors are well matched, they are both realized from unit
capacitors (C0 = 6 fF).
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Fig. 12. Schematic of the differential current-starved OTA.

Fig. 13. Die micrograph of the prototype DT zoom ADC.

E. Current-Reuse OTAs

The combination of a coarse SAR ADC and a fine 2-bit
��M results in a very low internal swing. This enables the
use of energy-efficient current-reuse OTAs [4], as shown in
Fig. 12. The OTA employs head and tail current source for
its excellent rejection of supply variations and uses cascode
transistors to achieve 60-dB dc gain. A constant gm-biasing
ensures that the NMOS and PMOS input pair remains in
the saturation region over PVT. The common-mode feedback
is implemented with a conventional switched-capacitor cir-
cuit [17], [18]. OTA1 consumes 48 μA, while OTA2 and OTA3

are 8× scaled versions of OTA1 and consume 6 μA each.

F. 5-Bit Asynchronous SAR

The 5-bit asynchronous SAR ADC is similar to the one used
in [4] and [5]. It employs 1.8-fF unit sampling capacitors with
a total capacitance of 55 fF. The digital 5-bit binary output,
after being latched, is sent to both the digital of the ��M and
the residue feedforward DAC.

IV. MEASUREMENT RESULTS

The prototype zoom ADC occupies an active area
of 0.27 mm2 in standard 160-nm CMOS technology, as shown
in Fig. 13. It consumes 440 μW from a 1.8-V supply,
of which the analog, DAC, and digital logic consume 46%,
19%, and 35%, respectively, as shown in Fig. 14. Low-noise

Fig. 14. Power breakdown.

Fig. 15. SNR and SNDR across input amplitude for a 1-kHz sine-wave
input.

Fig. 16. Output spectrum with residue feedforward turned “off” and “on”
for a −0.5-dB FS input signal at 1 kHz.

reference buffers supply the 1.8-V references of the ��M and
SAR DAC.

For a 1-kHz sine-wave signal, the measured SNR and SNDR
across input amplitude are shown in Fig. 15, where 0-dB
FS corresponds to 3.6 VPP,diff . The peak SNR and SNDR
are 107.5 and 106.5 dB, respectively. Around −30-dB FS,
the SAR ADC starts to toggle between more than two levels,
which increases the residual fuzz, causing the modulator’s
SNDR to drop slightly.

Fig. 16 shows the PSD for a −0.5-dB FS input signal
at 1 kHz with the residue feedforward circuit turned “off”
and “on.” The peak THD and SNDR improve by 7.4 and
2.9 dB, respectively. The remaining fuzz is mainly due to the
mismatch between the outputs of the main and residue DACs.
Fig. 17 shows the PSD for a −0.5-dB FS input signal at 1 kHz
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Fig. 17. Output spectrum with DWA turned “off” and “on” for a −0.5-dB
FS input signal at 1 kHz.

Fig. 18. Power spectral density with inputs shorted and chopping turned
“off” and “on” at fs/2.

with DWA turned “on” and “off.” Even at this low OSR,
it can be seen that the use of DWA improves the SNDR by
nearly 30 dB.

The output spectrum with shorted inputs is shown in Fig. 18.
Without chopping, the 1/ f -noise corner is around 10 kHz, and
chopping the first-stage OTA at fchop = fs /2 reduces this to
less than 10 Hz without affecting the modulator’s noise floor.

Fig. 19 shows the power-supply rejection ratio (PSRR) for
a 100-mV test signal on top of the 1.8-V supply voltage
across frequency. The ADC reaches a PSRR of 99.2 dB at
50 Hz and stays above 97 dB over the entire audio band.
Fig. 19 also shows the common-mode rejection ratio (CMRR)
for full-swing common-mode inputs across frequency. Over
the entire audio band, the CMRR remains above 89 dB.

As discussed in Section II, fast-changing out-of-band
interferers can cause the ��M to overload due to the
limited tracking capability of the SAR ADC. As shown
in Fig. 20, the ADC’s noise floor remains stable in the
presence of −1.5-dB FS interferers at frequencies <80 kHz.
Compared with a previous zoom ADC [5], this represents a
2× improvement in interferer robustness and is mainly due to
the use of a 2-bit ��M.

Fig. 21 shows the SNR and SNDR for −1.5-dB FS input
signals at 1 kHz for 25 different samples. It can be seen that

Fig. 19. PSRR and CMRR across input frequency.

Fig. 20. Total integrated noise in a 20-kHz BW for different input frequencies
with a −1.5-dB input amplitude.

Fig. 21. SNR and SNDR across different samples for a −1.5-dB FS input
amplitude at 1 kHz with a 3.5-MHz fS .

the variation in their peak SNR and SNDR is around 3–4 dB,
which demonstrates the robustness of a switched-capacitor
zoom ADC to process variation.

Table I summarizes the performance of the zoom ADC and
compares its performance to that of other state-of-the-art audio
ADCs and previous zoom ADCs. Compared with a recent
zoom ADC [5], its energy efficiency (FoMS) is nearly 3 dB
better even though its OSR is 30% lower. Compared with a
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TABLE I

TABLE OF COMPARISON

recent DT zoom ADC [4], this design achieves similar energy
efficiency and area while achieving 20× more BW. Although
the FoMS of the negative-R CT ��M in [3] is nearly the
same, this work achieves 7 dB more SNDR and occupies about
the same area in an older technology node. To summarize,
compared with the other audio ADCs, this design uses one of
the lowest sampling frequencies to achieve the highest energy
efficiency and the highest DR.

V. CONCLUSION

A DT zoom ADC for audio applications has been pre-
sented. A low-power analog feed-forward technique reduces
the leakage of the SAR ADC quantization noise and improves
the overall SNDR. The combination of a 5-bit asynchronous
SAR ADC, a third-order loop filter with a notch, and a
2-bit quantizer results in a thermal noise limited system with
high DR (109.8 dB) at low OSR (87.5). Furthermore, the low
internal swing of the zoom ADC’s loop filter enables the use
of energy-efficient current-starved OTAs with high gain and
high PSRR. The use of fully differential sampling confers
high CMRR, while chopping the first-stage OTA only when
it is disconnected from the loop filter results in low offset
and 1/f noise without introducing chopping artifacts. These
advances lead to an ADC with a state-of-the-art Schreier FoM
(186.4 dB) and SNDR FoM (183.1 dB).
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