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Abstract—This paper presents a continuous-time zoom ADC
for audio applications. It combines a 4-bit noise-shaping coarse
SAR ADC and a fine delta-sigma modulator with a tail-resistor
linearized OTA for improved linearity, energy efficiency, and
handling of out-of-band interferers compared to previous
designs. In 160 nm CMOS, the prototype chip occupies 0.36
mm?, achieves 107.2 dB SNR, 106.6 dB SNDR, and 107.3 dB
dynamic range in a 24 kHz bandwidth while consuming 590 pW
from a 1.8 V supply. This translates into a Schreier figure-of-

merit (FoMs) of 183.4 dB and a FoMsnpr of 182.7 dB.

Keywords—A/D conversion, audio analog to digital converter
(ADC), continuous-time delta-sigma ADC, dynamic zoom ADC,
low-power circuits, noise-shaping SAR ADC, high linearity
operational transconductance amplifier (OTA)

1. INTRODUCTION

ADCs for audio applications such as battery-powered
CODEC:s often require high linearity, dynamic range (DR),
and energy efficiency. Zoom ADCs meet these requirements
by using a low-power coarse SAR ADC to update the
references of a fine delta-sigma modulator (AXM). However,
previous discrete-time (DT) zoom ADCs [1, 2] place stringent
requirements on the linearity of the input and reference drivers
needed to charge their sampling capacitors with large signal-
dependent peak currents. The resistive input of a continuous-
time (CT) zoom ADC [3] is easier to drive but a power-hungry
OTA is needed to ensure that its first integrator achieves
sufficiently high linearity. Another limit on the linearity of
zoom ADCs is the non-unity STF of their fine AMs which
causes in-band leakage of the SAR ADC’s quantization noise
(also referred to as “fuzz”). This can be mitigated, at the
expense of complexity, by adding a digital filter after the SAR
ADC [2], or by using a feedforward path in the fine AXM to
enforce a unity STF [1]. However, the effectiveness of both
techniques is limited by analog spread.

To address these limitations, this work presents a CT zoom
ADC that employs passive noise-shaping in its coarse SAR
ADC to robustly and efficiently shape its fuzz out of band
(OOB). Furthermore, the 1% integrator of the fine AXM
employs a tail-resistor linearized (TRL) OTA, allowing it to
be designed solely for noise, rather than for linearity, thus
reducing power dissipation. Together, these techniques result
in high energy efficiency (FOMsnpr = 182.7 dB), and the
lowest in-band noise and distortion spectral density (NDSD =
—150.4 dBFS/Hz) amongst state-of-the-art audio ADCs.
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Fig. 1. Proposed CT zoom ADC architecture.

II. PROPOSED CT ZooM ADC

A. Architecture

Fig. 1 shows the simplified architecture of the proposed
zoom ADC. It consists of a 4-bit asynchronous SAR ADC and
a 2-bit CT AZM running concurrently at a sampling frequency
(Fs)=5.12 MHz. The SAR output (k) updates the references
of AX DAC with 1 LSB of over-ranging such that Vrgr—= (k—
D.Viss < Vin < (k+2).Viss = Vrer+, wWhere Visg is the
quantization step-size of the fine AX DAC. As in [1], the
resulting 3 LSB range can then be well matched to the steps
of the 2-bit AZM.

In a zoom ADC, OOB interferer tracking is limited by the
conversion speed of the SAR ADC and F, making the AAM
susceptible to overload in the presence of fast OOB
interferers. Although these interferer signals can be easily
removed by using a low pass filter at the input, a sharp cut-off
filter is undesirable in a CT AXM that should benefit from
relaxed anti-aliasing filter requirements. For improved
robustness to OOB interferers, this work uses a 4-bit SAR
ADC as a coarse quantizer rather than the 5-bit SAR of
previous designs [1, 2, 3], thereby relaxing the anti-
overloading filter requirements. However, this introduces
more quantization noise and fuzz in the zoom ADC’s output
spectrum. Apart from limiting its in-band linearity, the
presence of OOB fuzz increases the requirements on the
digital decimation filter. In this work, this is addressed by
implementing noise-shaping in the 4-bit SAR ADC, which
effectively decorrelates and shapes the quantization noise of
the SAR ADC OOB, and thus reduces the fuzz significantly.
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Fig. 2. Simplified schematic of the proposed CT zoom ADC.

To maintain energy efficiency, the noise shaping (NS) in the
SAR ADC is realized with a passive integrator [4].

B.  Circuit Implementation

Fig. 2 shows a simplified schematic of the proposed zoom
ADC. The AXM employs a 3" order CIFF loop filter. In
contrast to [3], the loop filter employs a local feedback loop
(via Rirs) which creates an NTF notch for better noise
shaping. Furthermore, the linearity of OTA; is improved by
the tail-resistor linearization technique [5]. The resulting OTA
(Fig. 3) is >17x more linear than the one used in [3], allowing
it to be biased at half the tail current (Jtii = 56 PA, Ruit = 167
Q) to meet noise requirements while achieving a DC gain of
60 dB over PVT. The improved linearity also facilitates the
use of noise shaping in the SAR ADC, despite this producing
~3x more virtual ground swing than a conventional 4-bit SAR
(Fig. 4). OTA, is chopped at Fi, which mitigates its 1/f noise,
and also improves its CMRR and PSRR. As in [3], OTA,3are
implemented as current-reuse amplifiers, while the feedback
DAC consists of a 4-bit unary NRZ R-DAC. The 2-bit flash
quantizer has a conversion time of <8 ns over PVT, which
even with the added delay of the DWA logic, is well within
the fixed loop delay of Ty/8 =24 ns.
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Fig. 3. Tail-Resistor-Linearized OTA,.

As shown in Fig. 5, the SAR ADC consists of a 4-bit C-
DAC (Cy = 1.8 fF), a comparator, asynchronous digital logic,
and a passive noise shaper. At the end of the SAR conversion,
the residue signal is sampled on one of two pairs of capacitors
(CiresNy Or Corep,ny). These are then used in a ping-pong
scheme to sample the residue during a conversion cycle
(Ciree,Ny In @nst and Corep,ny In @ns2) and then transfer it to a
pair of integration capacitors (Cip and Ciy) during the next
cycle [4]. The aggressiveness of this passive noise-shaping
scheme is determined by the ratio Ci2rp/Cip, which is set to
0.6 to ensure that the output swing of the SAR ADC does not
exceed the range of the fine AXM.
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Fig. 4. SAR ADC (k) and AX DAC (Vpac) output (a) w/o NS in SAR
ADC (b) w/i NS in SAR ADC.
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Fig. 5. Simplified schematic of the 4-bit NS-SAR ADC.

III. MEASUREMENT RESULTS

The fabricated prototype chip occupies an active area of
0.36 mm? (Fig. 6) and draws a current of 327.7 pA froma 1.8
V supply. The analog, digital, and reference blocks account
for 40.1%, 26.4%, and 33.5% of the total power consumption,
respectively. For a 1 kHz, —0.35 dBFS input signal, the
measured SNDR and THD of the 4-bit SAR ADC with NS
“OFF” is 30.3 dB and —30.4 dB, respectively, (Fig. 7). With
NS “ON”, its in-band quantization noise is suppressed by
about 9.5 dB, while its SNDR and THD improve by 14.5 dB
and 14.6 dB, respectively. With NS “OFF”, the measured
peak SNR, SNDR, and THD of the zoom ADC are 107.2 dB,
105.4 dB, and —110.5 dB, respectively (Fig. 8). Turning NS
“ON” effectively suppresses in-band fuzz and improves the
SNDR, and THD of the zoom ADC by 1.2 dB and 5.5 dB,
respectively. The tone at F/2 with NS “ON” comes from the
SAR ADC as it toggles predominately between 2 levels while
resolving the residue. The design achieves a DR of 107.3 dB
(Fig. 9) with NS “ON”, which is mainly limited by residual
DWA tones. Fig. 10 shows the integrated in-band noise of the
ADC (20 Hz to 24 kHz) when a —1.5 dBFS input signal is
swept over frequency. The integrated noise is unaffected for
input frequencies < 95 kHz, which is higher than that reported
for previous zoom ADCs. Over the entire audio band, the
measured CMRR and PSRR of the ADC are greater than > 66
dB (Fig. 11). For -6 dBFS input signals around Fj, the
measured alias rejection of the zoom ADC is > 80 dB in the
audio band (Fig. 12). As in [3], a relaxed 800 kHz RC low-
pass filter (Rrit =20 kQ, Crir =5 pF) is enough to suppress
the effects of aliasing in the SAR ADC itself.
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Fig. 6. Die Micrograph of the CT zoom ADC.

255

—NS "OFF"
_20 | _NS “ON"

10" 102 10> 10* 10° 10°
Frequency[HZz]
Fig. 7. Measured PSD of SAR ADC.

oal —NS "OFF"] |
20 _NS IIONII

£-100 t

-120 ¢

-140

-160 : : : : :

10" 102 10® 10* 10°  10°
Frequency [HZ]
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Fig. 9. Measured SN(D)R of zoom ADC across input amplitude.
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signal.

Authorized licensed use limited to: TU Delft Library. Downloaded on November 24,2022 at 07:42:48 UTC from IEEE Xplore. Restrictions apply.



Table 1. Performance summary and comparison

This Work ISSCC’22 | ISSCC’21 ISSCC’21 JSSC’21 ISSCC 20 JSSC’20
[9] [6] [7] [1] [8] [3]
Architecture CT Zoom DT PPD CT CT FIR DAC DT Zoom | CT 3-level CT Zoom
Tech (nm) 160 180 28 65 160 65 160
Area (mm?) 0.36 0.03 0.07 0.39 0.27 0.28 0.27
Supply (V) 1.8 1.8/1.1 1.8/1.0 1.2 1.8 1.2 1.8
Power (uW) 590 203.5 116 139 440 134 618
Fs (MHz) 5.12 5.80 6.144 7.2 3.5 8 5.12
BW (kHz) 24 20 24 24 20 24 20
SNRmax (dB) 107.2 106.7 100.7 102.0 107.5 101.0 108.1
SNDRmax (dB) 106.6 105.4 100.6 100.9 106.5 99.4 106.4
DR (dB) 107.3 108.8 104.4 104.8 109.8 103.5 108.5
NDSD*(dBFS/Hz) -150.4 -148.4 -144.4 -144.7 -149.5 -143.2 -149.4
FoMsnor” (dB) 182.7 185.3 183.7 183.3 183.1 181.9 181.5
FoMs"" (dB) 183.4 188.7 187.5 187.2 186.4 186.0 183.6
“Noise+Distortion Spectral Density (NDSD) = —(SNDR .+ 10 logo (BW))dBFS/Hz
*FoMsnpr = SNDR + 10log;o(BW/Power) **FoM;s = DR + 10log;o(BW/Power)
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Fig. 11. Measured CMRR & PSRR across input/supply frequency.
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Fig. 12. Alias rejection of the CT zoom ADC (input: -6 dBFS).

Table I summarizes the performance of the designed CT
zoom ADC and compares it with that of other state-of-the-art
audio ADCs. When compared to the previous CT zoom ADC
[3], this design achieves higher energy efficiency (FoMsnpr)
over a somewhat wider bandwidth (24 kHz versus 20 kHz),
demonstrating the effectiveness of the techniques used in this
work. The ADCs in [1, 9] have better FoM but are DT and
require high-power input buffers to drive their switched-
capacitor front ends, resulting in overall higher system power.
The ADCs in [6, 7, 8] have higher energy efficiency but are
realized in more advanced technologies resulting in
significantly lower digital power and area, especially for
clock generation and the DWA logic. It should be noted that
the designs in [6, 7, 8] also target significantly lower (~6 dB)
SNDRmax specifications.
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IV. CONCLUSIONS

This paper describes a CT zoom ADC for audio
applications. Through the use of analog techniques such as
passive noise shaping in the coarse SAR ADC and tail-
resistor-linearization in the OTA/, high linearity is achieved
without compromising the energy efficiency. The proposed
ADC achieves a competitive Schreier figure-of-merit (FOMs)
of 183.4 dB and FOMgnpr of 182.7 dB, together with the
lowest in-band noise and distortion spectral density (NDSD =
—150.4 dBFS/Hz) amongst state-of-the-art audio ADCs.
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