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Abstract: This article presents a high speed third-order continuous-time
(CT) sigma-delta analog-to-digital converter (SDADC) based on voltage-
controlled oscillator (VCO), featuring a digital programmable quantizer struc-
ture. To improve the overall performance, not only oversampling technique
but also noise-shaping enhancing technique is used to suppress in-band
noise. Due to the intrinsic first-order noise-shaping of the VCO quantizer,
the proposed third-order SDADC can realize forth-order noise-shaping ide-
ally. As a bright advantage, the proposed programmable VCO quantizer
is digital-friendly, which can simplify the design process and improve anti-
interference capability of the circuit. A 4-bit programmable VCO quantizer
clocked at 2.5 GHz, which is proposed in a 40nm complementary metal-
oxide semiconductor (CMOS) technology, consists of an analog VCO cir-
cuit and a digital programmable quantizer, achieving 50.7 dB signal-to-noise
ratio (SNR) and 26.9 dB signal-to-noise-and-distortion ration (SNDR) for
a 19 MHz — 3.5 dBFS input signal in 78 MHz bandwidth (BW). The digital
quantizer, which is programmed in the Verilog hardware description language
(HDL), consists of two-stage D-flip-flop (DFF) based registers, XOR gates
and an adder. The presented SDADC adopts the cascade of integrators
with feed-forward summation (CIFF) structure with a third-order loop filter,
operating at 2.5GHz and showing behavioral simulation performance of
92.9 dB SNR over 78 MHz bandwidth.

Keywords: Sigma-delta ADC; oversampling converter; VCO; noise-shaping;
programmable quantizer

1 Introduction

The analog-to-digital converter (ADC), as an interface circuit connecting physical signals and
digital signals that can process information, is of great importance to promote information technology.
In particular, with the rapid development of artificial intelligence [1], the Internet of Things [2], cloud
computing and 6 G communication technologies [3], high-bandwidth and low-power ADC has become
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a research hotspot [4,5]. Sigma-delta ADC is widely recognized for its unique oversampling and
noise-shaping techniques, achieving lower cost and higher performance. The sigma-delta architecture
consists of more digital circuits, which is more conducive to integration with digital systems and meets
the requirements of CMOS technology. Compared with discrete-time sigma-delta ADC, continuous-
time sigma-delta ADC (CT-SDADC) has an implicit anti-aliasing filter [6], which reduces power
consumption and increases signal bandwidth to 100 MHz [7]. In order to further improve the
performance of SDADC, the order of sigma-delta modulator or the number of quantizer bit is usually
increased, but this inevitably leads to complex structure, high energy consumption and stability issues.

Due to the technology scaling, the operating voltage is getting lower and lower, which challenges
the design of traditional analog voltage-based ADC [8] but benefits the time-based digital circuits
[9,10]. As a voltage-to-frequency converter, VCO quantizer (VCOQ) can realize phase-based quantiza-
tion, avoid the restriction of reduced power supply voltage [1 1], and becomes one of the representatives
of time-based quantizer [12-14].

CT-SDADC based on VCOQ becomes popular, which not only simplifies the structure of sigma-
delta ADC but also shows excellent performance. VCOQ has the desirable properties of multi-bit
quantization, high sampling frequency and intrinsic first-order noise-shaping [15], which suppress in-
band noise and further improve resolution [16]. As an added advantage, dynamic element matching
(DEM) can be automatically realized to reduce the nonlinearity introduced by digital-to-analog
converter (DAC) element mismatch [17]. Moreover, as the VCO output is a binary signal, it can be
directly integrated with the digital circuit to facilitate the subsequent digital calibration and digital
filtering [18]. SDADC usually adopts ring voltage-controlled oscillator (RVCO), which makes use
of negative feedback of gate delays to generate oscillation. Generally, RVCO is composed of an odd
number of inverters connected end to end. Each inverter outputs periodic signals of the same frequency
but with different phases, that is, the phases can be quantized to represent the input voltage [19].

However, the conventional VCOQ-SDADCs mentioned above are always composed of opera-
tional transconductance amplifiers, which brings difficulties to design circuits. In this paper, the digital
programmable technique is used to simplify the design process and enhance performance. The analog
VCO is designed in 40 nm CMOS technology, and the digital programmable quantizer is implemented
using Verilog HDL. The proposed programmable VCOQ-SDADC (PVCOQ-SDADC) provides a
compact design with high speed by using digital programmable structure instead of analog blocks
of conventional architectures.

The rest of this article is organized as follows. In Section 2, the proposed PVCOQ-SDADC
architecture is introduced. Section 3 presents a 4-bit programmable VCOQ (PVCOQ) circuit details.
Section 4 describes the PYCOQ-SDADC model details and shows behavioral simulation results, while
Section 5 includes concluding remarks for this article.

2 PVCOQ-SDADC Architecture

The proposed PYCOQ-SDADC adopts one-stage third-order structure based on PYCOQ instead
of the conventional flash quantizer, as shown in Fig. 1. For this analysis, SDADC is considered to be
discrete-time and represented by the loop transfer function L(z), the signal transfer function (STF)
and the noise transfer function (NTF). The input analog signal V', passes through the loop filter L(z)
and becomes the signal V,,, to control PVCOQ. Then, the signal V,, is transformed through VCO
by integral operation and quantized to the phase signal P. Noise ¢ is introduced during quantization.
Finally, the digital output D, is obtained through differential operation (1 — z™"). Since the integral
operation and the differential operation are mutually inverse operation, the STF is equal to unity
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ideally. The output of PVCOQ-SDADC can be described as

L(z) - Ay, 1—z!
Dout = I/in + q
1 + L(Z) : Aw'oq 1 + L(Z) : Avcoq 1
1 -z @
~V, _—
"TIO A

where 4., is the quantizer gain. The NTF of the third-order SDADC is (1 — z7')%, so Eq. (1) is given
by

po~y, s L2 )

out ™ in A\,mq q

showing that the NTF of PVCOQ-SDADC is (1 —z7')*/A,., Then, the in-band low-frequency
quantization noise is suppressed by fourth-order noise-shaping, which is the desirable property
of VCOQ-SDADC. Therefore,third-order PVCOQ-SDADC can achieve fourth-order noise-shaping
ideally.

ctrl P
Vin : ? L(Z) E _'_I"_ I_Zil Dou[

Figure 1: Block diagram of the proposed PVCOQ-SDADC

3 Programmable VCOQ Circuit

The proposed PVCOQ consists of an analog VCO and a digital programmable quantizer, shown
in Fig. 2. The analog VCO is implemented with transistor-level circuits in 40 nm CMOS technology,
including delay cells and buffers. The digital quantizer, which is programmed in Verilog HDL, consists
of two-stage DFF based registers, XOR gates and an adder. The output of each delay cell is buffered
and then sampled by the clock Clk_s, transferred to discrete phase signals P[k] and P[k—1]. Through
XOR gates, the difference of the phase signals is obtained, and the absolute value is added to get the
quantized number D,,,.

A 4-bit PVCOQ model is built in Simulink, requiring 15-delay stage VCO with the input signal
Viw = Asin(2m - 19.53125 x 10° - ). The simulated waveforms and power spectral density (PSD)
are shown in Fig. 3. As the amplitude of input sinusoidal signal changes, VCOQ outputs full-scale
digital numbers (0~15), realizing the function of quantizer. Fig. 3b shows that most of the noise is
pushed to the high frequency outside the 78 MHz signal band, and has an obvious slope 420 dB/decade
noise-shaping effect. The proposed quantizer achieves 55.01 dB SNR, 54.98 dB SNDR and 61.0dB
spurious free dynamic range (SFDR), which are very close to the ideal SNR (56.2 dB) of the first-
order conventional SDADC.
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Figure 2: Block diagram of the proposed PVCOQ

0 Fin=19.53MHz, Fs=2500MHz, 4096-point FFT
SNR=55.01dB
20L& SNDR=54.96dB
ENOB=8.8bits
SFDR=61.0dB
— 40
m
i L L i i 1 T
1 1.02 1.04 1.06 1.08 1.1 112 %
time(us) 3 60r
T T E
£
< -80
-100 [
. ! . ! : ; -120 :
1 1.02 1.04 1.08. 1.08 11 112 108 107 108 109
time(us) Frequency(Hz)
(@) (b)

Figure 3: Simulated waveforms (a) and PSD (b) for the ideal open-loop PVCOQ

3.1 Analog VCO Circuit

The proposed analog VCO circuit consists of 15-delay stage ring oscillator and buffers, shown in
Fig. 4. The input voltage V.,, controls the current of every delay cell and decides the frequency of the

output, described as
1 Cox z V - Vctr - V
« _ My (L )2 (Voo 1 = | Vrupl) 3)
301, 30C,

where ¢, is the gate delay time, pu, is the electron mobility, W/L is the width to length ratio of the

channel, V', — | Vsl is the gate overdrive voltage, and C, is the total capacitance of the output node
to earth.

/
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Figure 4: Schematic of the proposed analog VCO

The tuning characteristic is simulated at 27 °C and TT process angle, showing the frequency range
from 1.285 GHz to 140 MHz in Fig. 5. This structure supports a high clock rate since the minimum
delay is only around 26 ps. The average slope of the tuning curve is the oscillation gain K.

Frequency (GHz)
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Figure 5: Tuning characteristic of the proposed VCO

As the tuning curve is not an ideal straight line, polynomial fitting is performed and the curve can
be represented by

£ =275x10V,, +1.5455x10°V,,,* —1.3754x10°V,,;> —1.4491x10°V,,” —1.2338x10°V,,, +1.285x 10°

According to the nonlinearity formula [20]

A max 1

(Bl _ 1 @
fFS ZN

where [ is the full-scale frequency, Af ., is the maximum frequency difference between the ideal line

and the actual tuning curve, and N is the number of bits in the quantizer. The nonlinearity of the

proposed VCO is 0.0381, less than 1/2¢, which meets the requirements of Eq. (4). The tuning curve of

the proposed VCO compared with the ideal line is shown in Fig. 6.

nonlinearity =

3.2 Digital Programmable Quantizer

The essence of time-based VCOQ is to accumulate the number of delay cells flipped during one
sample period T,. The greater the gate delay time, the fewer delay cells can flip in a sample period, and
the smaller the quantizer output. The ideal output of the 4-bit quantizer is
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Figure 6: Tuning curve of the proposed VCO compared with the ideal line

)

According to Egs. (3) and (5), there is a defined relationship between the delay time 7, and the
input voltage V,,,, so the delay time can represent the input voltage.

The digital quantizer is programmed in Verilog HDL, saving much design time and showing
good portability compared with analog circuits. The outputs of the proposed digital programmable
quantizer under various conditions are shown in Fig. 7, where p[14:0] represents the output of 15
delay cells in VCO, and XOR_out [14:0] is the result after differential and absolute value operations.
As the input voltage V,,, changes, that is, the delay time #, decreases, the digital output D, scales up
accordingly, realizing the correct quantization.
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Figure 7: Simulation waveforms of the programmable quantizer at sampling frequency 1.7 GHz when
(a) t=300ps, (b) ,=200ps, (¢c) ts=120ps, (d) t,=50ps
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Tab. 1 lists the output data of the digital quantizer in any five consecutive sampling periods
shown in Fig. 8, where Clk represents the number of sampling periods. Between adjacent samples,
VCO always oscillates from the unstable inverter corresponding to the red italic in Tab. 1, and the
number of inverters flipped in each sampling period is the digital output. As shown in Tab. 1, take the
first sampling Clk = 1 for example, the oscillation starts from the unstable inverter P[10] in the zeroth
sample, and 11 inverters followed from P[11] to P[6] are flipped consecutively, resulting in the output
D, = 12. In the same way, when Clk = 3, the oscillation starts from the unstable inverter P[4] in the 2™
sample, and 11 inverters followed are flipped, with the same output D, = 12. Therefore, regardless of
which inverter starts the flip, the quantizer output D,,, is determined only by the delay time #, at the
same sampling frequency, that is, controlled only by the input voltage.

Table 1: Simulation data corresponding to Fig. 8
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Figure 8: Simulation waveform details of the programmable quantizer when Fs=1.7 GHz and
ts=>50ps

3.3 PVCOQ Simulations
The transient simulation of the proposed PVCOQ is implemented in AMS, with 2.5 GHz sampling
frequency in 40 nm CMOS technology. The simulation results for a full-scale input signal are shown
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in Fig. 9. As the output frequency of the proposed VCO is inversely proportional to the input
voltage, the phase between the output D, and the input V., is different from 7, showing the
quantized digital outputs from 1 to 15. Due to the nonlinear degradation of VCO analog circuit, the
introduced harmonics reduce the SNDR of the quantizer to 21.1 dB, but the PVCOQ still achieves the
quantization function for the 78 MHz bandwidth at low oversampling ratio (OSR).
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Figure 9: Simulated waveforms (a) and PSD (b) of the proposed PVCOQ for a 19 MHz full-scale input
signal

When the input swing reduced to —3.5 dBFS, the waveforms and spectrum diagram of the PVCOQ
are shown in Fig. 10. The proposed PVCOQ has a peak SNR/SNDR of 50.7dB/26.9 dB and a 27.4 dB
SFDR for a 78 MHz signal bandwidth. Fig. 11 exhibits the power spectral density for —9.5 dBFS and
—15.6 dBFS input signal, achieving 31.8 and 34.9 dB SNDR respectively. It can be seen that, when the
output swing requirements are not very strict, the negative effect of VCO nonlinearity can be mitigated
by decreasing the input amplitude.

4 PVCOQ-SDADC Implementation and Results

The Cascade of Integrators with Feed-Forward Summation (CIFF) structure with a third-order
loop filter is adopted, and a 4-bit PVCOQ is used instead of conventional flash quantizer to form
PVCOQ-SDADC with an OSR of 16, as shown in Fig. 12. Local resonance is formed by feedback
between two integrators, introducing zeros for the noise transfer function, so the noise in-band can be
better suppressed.
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Figure 10: Simulated waveforms (a) and PSD (b) of the proposed PVCOQ for a 19 MHz — 3.5 dBFS
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The loop filter coefficients are shown in Tab. 2, calculated by impulse invariance transformation
and Matlab SDToolbox [21]. The quantization gain of VCOQ is taken into particular account in the
calculation. Note that the coefficients need to be scaled so as not to overload the loop filter.

Table 2: PVYCOQ-SDADC specifications with loop filter coefficients

Specifications Loop filter coefficients

Loop filter order =3 al=bl=b2=Db3=1

BW =78.125 MHz k1=0.04016, k2=0.01124, k3 =0.00109
Fs=2.5 GHz, OSR =16 g=0.02313

Excess loop delay =Ts kd =0.03473

Out-of-band gain=1.5

PVCOQ and flash quantizer are used into SDADC respectively, and the simulated power spectral
density is shown in Fig. 13. For the bandwidth of 78.1 MHz, PVCOQ-SDADC suppressed in-band
noise more strongly due to its implicit first-order noise-shaping, achieving 92.9 dB SNR and 17.3dB
higher than that of conventional SDADC with flash quantizer.
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Figure 13: Simulated PSD for a 19 MHz — 2 dBFS input signal for the proposed PVCOQ-SDADC and
the conventional SDADC

Tab. 3 compares this work with other published VCOQ-SDADC operating at an OSR around 16,
where VCOQ-SNDR are the simulation results of VCOQ for —3 dBFS input signal of [15], —7.7 dBFS
input signal of [22] and —3.5dBFS input signal of this work, respectively. The proposed PVCOQ-
SDADC shows the similar performance, but has the obvious advantage of digital programmable
technique for wider bandwidth.
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Table 3: Comparison with published VCO-SDADC

Ref. Fs (GHz) BW (MHz) OSR VCOQ-  SDADC- Tech. (nm) Quantizer
SNDR SNR

8] 1.6 40 20 - 68.7 40 VCOQ

[11] 1.2 50 12 - 71.7 40 VCOQ

[15] 1.5 50 15 34.7° 81.8* 65 VCOQ

[22 0.64 20 16 29.9° 83.5° 65 VCOQ

This work 2.5 78 16 26.9° 92.9" 40 PVCOQ

Note: *Simulation results.

5 Conclusion

A high-speed SDADC based on programmable VCOQ is proposed. Due to the intrinsic first-
order noise-shaping of the VCO quantizer, the proposed third-order VCOQ-SDADC can realize forth-
order noise-shaping ideally. A 4-bit PVCOQ is modeled in Simulink, achieving simulated SNR 55.0 dB
very close to the ideal SNR of the first-order conventional SDADC. The proposed PVCOQ, which is
designed by analog-digital mixed circuits in 40nm CMOS technology, consists of an analog VCO
circuit and a digital quantizer programmed in Verilog HDL, achieving 50.7dB SNR, 26.9dB SNDR
and 27.4dB SFDR for a 19 MHz — 3.5dBFS input signal in 78 MHz BW. The presented PVCOQ-
SDADC operates at 2.5 GHz and achieves behavioral simulation performance of 92.9dB SNR over
78 MHz BW. The digital programmable structure of the proposed PVCOQ-SDADC can not only
greatly shorten the design cycle, but also improve the anti-interference ability, easy to integrate digital
circuits.
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