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Abstract With the advancement of brain science in recent years, the non-invasive brain-computer interfaces
(BCISs) based on electroencephalogram (EEG) acquisition have been widely adopted in various brain-inspired
applications. The acquisition of multi-channel microvolts EEG signals corrupted by the motion artifacts
(MAs) of up to several volts poses enormous challenges to the design of analog front-end (AFE), especially
the analog-to-digital converter (ADC), which is necessary to achieve low noise, wide dynamic range (DR),
high accuracy as well as low power. In this paper, a wide DR XA modulator with chopper-modulated input-
scaling-down (CM-ISD) technique has been proposed to deal with large input offset while extending dynamic
range. Fabricated in 180 nm CMOS technology, the prototype occupies a core area of 0.32 mm?. With a
40 Hz input signal and 125 Hz Nyquist bandwidth, the measured signal-to-noise ratio (SNR) and signal-
to-noise and distortion ratio (SNDR) are 117 and 110 dB, respectively. Thanks to the proposed CM-ISD
technique, the modulator is capable of withstanding a full-scale (4.5 Vpp) input whereas the measured DR
has been extended from 99 to 124 dB. The power consumption is 2.75 mW under 5 V supply voltage,
corresponding to 170.6 dB Schreier figure-of-merit (FoMg). The multi-channel EEG acquisition has been
demonstrated based on the proposed modulator, showing its potential in advanced non-invasive BCI systems.

Keywords analog-to-digital converter (ADC), ¥A modulator, brain computer interface (BCI), electroen-
cephalogram (EEG), dynamic range (DR), motion artifacts (MA)
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1 Introduction

With the acceleration of brain research in recent years, brain-computer interfaces (BCIs) have attracted
much attention due to their capability in the diagnosis and treatment of brain diseases as well as brain-
inspired applications [1-5]. According to the way of brain signal acquisition, BCIs can be divided into
two independent technical paths: invasive and non-invasive. Non-invasive BCI based on the electroen-
cephalography (EEG) signal is preferred for most applications due to its low cost and good user accep-
tance. However, the low-frequency (0.5-50 Hz) EEG is the weakest bio-potential signal with extremely
low amplitude (1-100 puV) [6], which is inevitably affected by the circuit noise as well as external envi-
ronmental interference, such as powerline interference at 50/60 Hz. Meanwhile, during the non-invasive
EEG acquisition through dry electrodes, the recorded EEG signal is susceptible to the motion artifacts
(MAs) caused by relative movements between the skull and the electrodes. The amplitude of the MA
is normally much (over 5-6 orders of magnitude) larger than that of the EEG signal [7-10]. Therefore,
in order to amplify the weak EEG signal while enabling the back-end digital-signal-processing (DSP) to
practically remove the MA [11], the EEG acquisition circuit, e.g., the analog front-end, should be built
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with low noise, high accuracy, high linearity, and wide dynamic range (DR). Furthermore, to improve the
spatial resolution of the non-invasive BCI, multi-channel EEG acquisition is preferred, which introduces
additional restrictions on power consumption, especially for wearable devices. These requirements pose
enormous challenges to the design of analog-to-digital converter (ADC), which is necessary to have ultra-
high resolution (up to 24-bit), wide DR (> 120 dB) as well as low power for multi-channel non-invasive
EEG acquisition.

In the past decades, high-performance ADCs applied in EEG acquisition have been widely investigated.
The Nyquist-rate successive-approximation-register (SAR) ADC is the most popular one due to its high
power efficiency and small area [12]. The additional digital calibration technique is usually required
to achieve high resolution. In [13], a 14-bit SAR ADC has been implemented with digital calibration
to improve the signal-to-noise ratio (SNR). However, even with the most advanced digital calibration
technique, the noise of the internal comparator fundamentally limits its resolution to 16 bits [14]. Incre-
mental ADC (TADC) provides another way of Nyquist-like conversion, which has been widely adopted
in high-resolution applications because of its low latency, easy multiplexing, and simple digital filtering
properties. Nevertheless, TADC is normally applied to convert signals with extremely low frequency,
or even DC signal, thereby impeding its application in multi-channel EEG acquisition, which requires
higher signal bandwidth. Oversampling XA ADC is another widely adopted architecture, which can be
divided into two categories of continuous-time (CT) and discrete-time (DT). A CT YA modulator with
300 mV,,, linear input range and 80.4 dB signal-to-noise and distortion ratio (SNDR) is presented in [15],
while a 3rd-order G,,-C CT YA modulator with a 5-bit SAR quantizer which improves the DR to
92.3 dB is proposed in [16]. Although the intrinsic anti-aliasing feature of the CT XA ADC reduces the
power consumption [17], the sensitivity to the variation of the process, voltage and temperature makes it
less attractive to be applied to robust and long-term non-invasive EEG acquisition [18]. Voltage-controlled
oscillator (VCO)-based ADC appeared in recent years, which has benefits in elevating SNR because of
the intrinsic noise shaping [19,20]. A scalable 2nd-order VCO-only YA ADC achieving 92.3 dB DR,
110.3 dB spurious-free dynamic range (SFDR) in a 1 kHz bandwidth has been implemented in [21]. A
distortion-free VCO-based front-end achieving 128 dB SFDR and 95.1 dB DR with a differential pulse
code modulation (DPCM) technique has been exploited in [22]. However, the noise is the fundamental
problem that limits its DR [23]. Considering all the aforementioned aspects, DT YA ADC [24] is the
best candidate to achieve low noise, high resolution and DR [25] in robust non-invasive EEG acquisition
applications. As the most critical block in the DT XA ADC, the performance of the XA modulator usu-
ally dominants the final performance of the whole ADC. Nevertheless, it is still the most challenging task
up to date to realize a ©A modulator over 120 dB DR while consuming no more than several milliwatts
power within a Nyquist bandwidth of hundreds of Hertz.

In this study, we propose a DT YA modulator suitable for non-invasive EEG acquisition based on
the cascade of integrators feedforward and feedback (CIFF-B) architecture [26,27]. High DR of 124
dB has been achieved at the power consumption of 2.75 mW by involving the following techniques.
Firstly, an innovative chopper-modulated input-scaling-down (CM-ISD) technique has been proposed to
attenuate the input amplitude by a factor of 5/8, which makes the maximum input of the modulator
extend to full-scale without inducing saturation or instability of the loop. Furthermore, the scaling-down
factor is compensated in the decimation filter without reducing the signal gain. Secondly, the mismatch
of the feedback digital-to-analog converter (DAC) is reduced by the dynamic-weighted-averaging (DWA)
technique [28]. Finally, a cross-coupling positive feedback technique has been employed in the feedforward
Miller compensation (FFMC) transconductance amplifier (OTA) so that the excessive harmonic distortion
and integration leakage due to the effect of the parasitic capacitance of input transistors can be effectively
eliminated. The prototype has been fabricated with 180 nm CMOS technology, occupying an area of
0.32 mm?. With a 40 Hz input signal frequency and 125 Hz Nyquist bandwidth, the measured SNR. and
SNDR are 117 and 110 dB, respectively. Thanks to the input CM-ISD technique, the modulator is capable
of withstanding full-scale differential input of 4.5 V,;, whereas the measured DR has been improved by
25 dB. The current consumption is 550 pA, corresponding to 170.6 dB Schreier figure-of-merit (FoMg).
The real EEG signal measurement has been carried out to demonstrate its capability in non-invasive BCI
systems.

The rest of the paper is organized as follows: Section 2 introduces the architecture of the proposed XA
modulator; Section 3 illustrates the detailed circuit implementation; Section 4 shows the experimental
results; and the conclusion is drawn in Section 5.
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Figure 1 (Color online) (a) CIFB architecture; (b) CIFF-B architecture; (c) transient simulation results of the output swing of
the first stage integrator with/without feedforward path.

2 Architecture of the proposed modulator

2.1 Architecture overview and feedforward path

The proposed modulator utilizes a 2nd-order 3-bit architecture with a sampling frequency of 1.024 MHz,
corresponding to an over-sampling ratio (OSR) of 4096 within 125 Hz Nyquist bandwidth. The behavior
simulation shows that over 159.3 dB signal-to-quantization-noise ratio (SQNR) can be achieved. There-
fore, the keys to extending the DR are to minimize the circuit noise (i.e., thermal and flicker noise) and
to avoid harmonic distortion with large input amplitude.

In order to reduce the harmonic distortion, it is critical to limit the output swing of the first integrator.
Since the input of the first integrator cannot be shaped by the modulator loop, it probably leads to
a large output swing when the input amplitude is large. In the conventional cascade of integrators
feedback (CIFB) architecture (Figure 1(a)), the output of the modulator (Node Y') can be expressed by
the following equation:

Y =Xz"2+eg(l—2712 (1)
Therefore, the output of the first integrator (Node P) can be expressed as
(X —Y)zt 27N 14271 271 - 271
P= =X _ 2
2(1—2z71) 2 TeqQ ) (2)

The first item is equal to the average of two consecutive sampled inputs, while the second item is equal
to the high-pass filtered counterpart of the quantization error. With a multilevel quantizer, the amplitude
of node P is mainly determined by the first item. As a result, the output swing will be high with a large
input amplitude, which might lead to large harmonic distortion.

The feedforward path is an effective way to reduce the output swing of the first integrator. Figure 1(b)
shows the modulator with the feedforward path. If the input average value of the second integrator is
zero, its output is bounded. With the feedforward path, the input of the second integrator consists of
three parts: (—=Y), P and X, so it must be ensured that (—=Y) 4+ P+ X = 0. Therefore, P is close to the
quantization error, which can be very small with a multilevel quantizer. Nodes Y and P can be expressed
as

Y = X[z 2+ 22711 — 27 )] 4 eg(1 — 2712, (3)
X -Y) ! 21—zt 21— 271
P= (2(12)1) -y 2 )+EQ ( 2 : @

Comparing (2) and (4), it can be shown that the swing at node P is significantly reduced with
an additional feedforward path. Figure 1(c) shows the comparison of the transient simulation results
with/without the feedforward path. The output swing of the first integrator is reduced by 38% with
the feedforward path. It is noteworthy that the additional feedforward path changes the signal transfer
function (STF) from a simple double delay to the following equation:

STF(z) = 22+ 22711 — 27 1). (5)



Chen K Q, et al. Sci China Inf Sci  April 2022 Vol. 65 140402:4

Feedforward path
Fy
{ |5
! Zfl Y
X—> gu » CM-ISD G—» —>
3-bit
2™ integrator
DWA
7 3

Figure 2 (Color online) Detailed architecture of the proposed ¥A modulator.
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Figure 3 (Color online) Impacts of circuit non-idealities to SNDR including (a) finite gain, (b) unity-gain-bandwidth, (c) input-
referred-noise, (d) slew-rate, (e) KT/C noise and (f) accuracy of the feedback DACs.

The introduced error due to the second item can be compensated in the digital decimation filter.
2.2 Analysis of circuit non-ideality

Figure 2 shows the block-level architecture of the proposed modulator. The analog input is sampled and
then scaled-down with the CM-ISD block preceding the loop filter. The loop filter consists of two stages of
switched-capacitor (SC) integrators and a 3-bit quantizer (QTZ). The coefficients of the first and second
stages are 1/2 and 2, respectively. An additional path with unity-coefficient-value is feedforward to the
output of the first stage. A 3-bit quantizer is adopted, with two DACs feedbacking to each stage of the
integrator. DWA technique is employed to reduce the mismatch of the DAC capacitor array. To form
a complete XA ADC, a 3-order cascaded-integrator-comb (CIC) decimation filter following modulator
should be added, which downsamples the data and eliminates the quantization noise beyond the Nyquist
bandwidth.

The behavior simulation is conducted to evaluate the impacts of the circuit non-idealities on the SNDR.
These non-idealities include finite gain and unity-gain-bandwidth (UGB) of the OTA, input-referred-noise
(IRN) and slew-rate (SR) of the OTA, KT/C noise of the sampling switches and mismatch of the feedback
DACs.

Figure 3 shows the simulation results, from which the circuit-level design specifications can be worked
out. Among these non-idealities, we found that the noise (KT/C noise as well as the OTA’s IRN) and
DAC mismatch have a dominant impact on the SNDR. As a result, the value of the sampling capacitance
should be sufficiently large (>4 pF) whereas the OTA’s IRN should be minimized (<30 nV/Hz!/?). The
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Table 1 The impact of circuit non-idealities to SNDR

Non-ideality Design specifications Unit
KT/C noise >4 pF
IRN <30 nV/Hz'/?
UGB >5 MHz
Finite gain >55 dB
SR >10° V/s
DAC mismatch <100 ppm
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Figure 4 (Color online) Top-level schematic of the A modulator.

flicker noise of the OTA should also be carefully treated to prevent dominating the IRN. Meanwhile, the
DAC mismatch should be less than 100 ppm, which is not a practical value for the on-chip capacitor
with an acceptable area. Therefore, the DWA technique is employed to reduce the mismatch of the DAC
capacitor array. Table 1 lists these specifications to ensure 120 dB SNDR.

3 Circuit implementation

Figure 4 shows the top-level schematic of the proposed XA modulator. The two stages of SC integrators
are coordinated by the clock from the non-overlapping clock generator, with the coefficients determined by
the capacitance ratio of C's/C1. The two feedback DACs are realized with the capacitor array controlled
by the thermometer codes from the 3-bit quantizer as well as the DWA. All the reference voltages are
from the on-chip low-noise reference generator.

3.1 Chopper-modulated input-scaling-down

Figure 5 shows the schematic and timing diagram of the proposed CM-ISD. The scaling down factor of 5/8
is introduced to optimize the STF. The simplest implementation is to share the 8 capacitors for sampling
and feedback DAC, respectively, while using 5 capacitors for sampling to generate the scaling down factor
of 5/8 and 8 capacitors for feedback DAC. The sampling capacitors have been divided into two groups
(each group with 5 capacitors) to eliminate the coefficient mismatch: the first group includes Cs1—Clgs,
whereas the second group includes Cg4—Cgg. The chopper modulation is introduced to alternatively
switch the two groups (each group with 5 capacitors) to eliminate the coefficient mismatch. Each time
the input is sampled, one group of the sampling capacitors is connected to the input and stores the charge.
Then the charge is transferred to the output through C7 in the following integration phase. Since the
capacitance value of Cyg is equal to 1/8 of Cy, the integration coefficient is equal to 5/8(146,+05), where
0, is the standard deviation of random mismatch between C's and C7 dependent on the area of the unit
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Figure 5 (Color online) Schematic and timing diagram of the proposed CM-ISD.

capacitor, and ;s is the standard deviation of the systematic mismatch dependent on the layout matching
degree between C's and Cy. In the subsequent sampling phase, with the control of the CM, the other
group of the sampling capacitors is connected to the input, and the stored charge is transferred to the
output in the same way. The integration coefficient in this phase is equal to 5/8(1+4, — d5), where the §,
remains the same but the systematic mismatch has the opposite sign because of the adopted common-
centroid layout of C7 with regard to the two groups of Cs. Therefore, through the alternative connection
of both capacitor groups, the integration coefficient will be averaged to around 5/8(1+ 9,/ \/5), where the
random mismatch is reduced while the systematic mismatch is first-orderly cancelled. In this manner,
the coefficient sensitivity to the capacitance mismatch is reduced.

Furthermore, the scaling down factor of 5/8 introduced by the CM-ISD allows the modulator to
withstand full-scale input without loop saturation or instability, leading to extended DR. In addition, the
coefficient mismatch is averaged to narrow the standard deviation, which minimizes the mismatch-induced
error for improved accuracy. The drawback of the scaling down is an increase in the input-referred noise
of the modulator by a factor of 3/5. This can be addressed by the precedent IA.

3.2 SC integrator and OTA

Figure 6 shows the schematic of the SC integrator and its small signal equivalent model. For simplicity,
we hereby draw the single-ended version instead of the fully-differential one in real implementation. The
integrator works as follows: in ¢, the input voltage is sampled onto the bottom plate of Cg and the
charge is stored. While in ¢, the charge is transferred to Cy for the integration. The bottom plate of Cg
is disconnected in advance to ¢ and ¢, so that the charge injection effect could be effectively reduced.
Since the non-linearity due to the sampling error cannot be shaped by the modulator loop, it is critical to
improve the linearity of the sampling switch. By adopting the bootstrap switch [29] and carefully sizing
the switch, the settling-error-induced non-linearity can be well minimized. As shown in Figure 7, the
bootstrap switch can obtain 122.0 dB SNDR (fin = 40 Hz@BW = 125 Hz).
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Figure 6 (a) Schematic of the SC integrator and (b) its small signal equivalent model.
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Figure 8 (Color online) Schematic of the OTA in the integrator.

Figure 8 shows the detailed schematic of the OTA based on FFMC architecture [30]. Compared with
the conventional Miller compensation, the additional feedforward path formed by transistors Mg and Mg
introduces a left-half-plane (LHP) zero; thereby the phase lag can be effectively compensated with less
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power consumption overhead. The position of the introduced LHP zero can be expressed as

Im19m2

I
Scc(gmB - gml)

(6)

9gm2

=—fugB—,
where g,,1 and g,,2 denote the equivalent transconductance of the first and second stage of the operational
amplifier, g,,3 is the transconductance of the feedforward path and C. is the compensation capacitance.
Therefore the zero frequency can be exactly fixed by relative sizing of the transistors. In contrast to the
FFMC OTA proposed in [30], we add two source followers (Mg and M7) from the input to the feedforward
stage (Mg and Myg) to extend the output swing. Without Mg and My, to ensure the saturation of Mg
and Mg, the maxim output swing is given by

V;ut,max - V;n,DC + |‘/thp|; (7)

where Vi, pc is the input DC bias voltage and Vi, is the threshold voltage of the Mg and My. With
the added Mg and M7, the maxim output swing is extended to

Vout,max = Vin,DC + ‘VGS(S,?‘ + |‘/thp| E‘/in,DC + VDSATG,?‘ +2 |‘/thp|7 (8)

where Vpgare,7 is the overdrive voltage of Mg and M7. The distortion of Mg and Mg will be effectively
avoided with an increased maximum output swing so that the linearity of the SC integrator can be
improved as well. To avoid the non-linearity of integrator induced by the input parasitic capacitance of
OTA, positive feedback composed of two cross-coupled transistors Mp; and Mps has been added. The
positive feedback presents a ‘negative’ capacitance that partially cancels the parasitic capacitance C'p
mainly formed by the gate-to-drain capacitance (Cgp) of M3 and My. As given in [31], the HD3 of the
modulator can be expressed by

ks A2 ks A2 1
2 INTF(z)| = = : 9)
1

HD3 = —n

3 _ 2 _
kT 11 2K (225) + 2(5)

1—2-1

where kq and k3 are coefficients of the first and third items in the Taylor expansion and K71; is reciprocal
of the integration coefficient which can be expressed by

K = CI/(CS + CP). (10)

It is obvious from (9) and (10) that Cp reduces K11, leading to larger HD3. With the introduction of
‘negative’ capacitance Cpy formed by Mp; and Mps, K11’ can now be expressed by

Ky = CI/(CS +Cp — CPN)- (11)

As a result, HD3 can be reduced, e.g., 10-time reduction in C'p improves HD3 by 13 dB.

Figure 9 shows the simulation results of OTA. The specification of Gain, UGB, PM, IRN has been
simulated under 27 conditions including different process corners (ss/tt/ff), voltage (4.8/5/5.2 V) and
temperature (—40/40/85 °C). When driving 4 pF load capacitance, the OTA achieved 119.7-dB gain,
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Figure 11 Schematic of (a) the SC comparator and (b) the dynamic comparator.

18.95-MHz unity-gain-bandwidth and 74.6° phase-margin with 20.7-nV/ Hz'/2@10 MHz input-referenced-
noise, dissipating 750.5-uW power under 5 V supply voltage. The worst-case performance should be
guaranteed to meet the requirements listed in Table 1. In addition to minimizing the IRN, the flicker
noise of the OTA is well controlled by increasing the gate area of the M3 and My, as well as by the insertion
of source degeneration resistors Rp; and Rps. The simulation results show the input referred RMS noise
integrating from 0.5 to 100 Hz is 1.5 uV. Figure 10 shows the simulated total-harmonic-distortion (THD)
without/with Mp; and Mps, which indicates the 1% THD linear-input-range is increased from 100 mV,,
to 1 Vpp. In summary, the SC integrator based on the OTA achieves an optimized performance in
terms of noise, accuracy, linearity and DR through an elaborate circuit design without sacrificing other
specifications of the OTA.

3.3 Multi-bit SC quantizer

Figure 11(a) shows the schematic and timing diagram of the SC comparator. It works as follows: When ¢,
is high, the top plates of the sampling capacitors are connected to Vep,, while the reference voltage (Vyefp
and Ve ) are sampled to the bottom plates. Therefore, the stored differential charge is C+(Vyetp — Viyetn)-
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DAC cells (3-bit thermometric structure)

DAC input value

-
-«

Figure 12 (Color online) Illustration of the DWA algorithm. The left-most column is the input data sequence, the right-most
column is the ‘pointer’ sequence.

When ¢, is high, the input voltages Vi, and Vi, are sampled to the top plates. Due to the law of charge
conservation, the differential inputs of the comparator are equal to (Vip — Vin) — (Vietp — Viretn). By
setting different reference voltage levels for eight parallel SC comparators, a 3-bit quantizer is formed.
Since the offset of the comparator is high-pass filtered by the modulator loop, it does not introduce
significant errors in the final results. In other words, offset cancellation is not required. However, to
prevent the error due to offset-induced ‘bubble’ in the thermometer code, a ‘bubble’ removal circuitry
has been added.

Figure 11(b) shows the detailed schematic of the dynamic comparator. When ¢, is low, the comparator
is in the ‘Reset’ phase by turning off the M7 while turning on M¢; and Mce. In this phase, nodes OP
and ON are pulled up to Vpp. When ¢; is high, the comparator is in the ‘Comparison’ phase, i.e., nodes
OP and ON begin discharging. The discharging rate is dependent on the differential inputs level. For
example, assume (Vi, — Vin) > (Viefp — Viem), and then the discharging rate of ON will be faster than
OP. As long as the voltage difference between ON and OP surpasses the threshold of the dynamic latch
formed by Mas—Mci4, the comparison result will be latched.

3.4 Dynamic-weighted-averaging

DWA [32] has been employed to reduce the mismatch of the feedback DAC capacitance to be less than
100 ppm. In the DWA algorithm, the selection of the eight DAC cells (3-bits) is based on the input data
sequence and the currently used cells. For example, we assume that the input sequence is ‘2, 5, 4, 7, 5,
2, 3, 4’ as shown in Figure 12. The colored grids represent the currently used DAC cells, while the white
grids represent the unused ones. The elements are selected in a round-robin manner so that each element
has the same probability to use. Therefore, the mismatch in the case of multiple cells can be quickly
averaged, and the DAC mismatch can be effectively 1st-ordered shaped and pushed to high frequency.
The DAC matching error [33,34] can now be expressed as

2 1/2
s ﬁ'u_%)'M> (12)

DACerror = :
(3.OSR3 12

where OSR is the oversampling ratio and M is the number of cells in the DAC. o, is the standard
deviation of the random mismatch error of the unit cell. With OSR = 4096, M = 8, o, = 0.25%, the
DAC matching error can be improved to be less than 1.24e~2 ppm in theory, which provides sufficient
safety margin according to Table 1.

Figure 13 shows the block diagram of the DWA circuit. The 3-bit full adder sums the kth and (k + 1)th
binary codes from the 3-bit quantizer, where the carry C, of the lower adder is given to the Cj, of the
upper adder. If the summation result is larger than 8, the Modulo operation is implemented so that
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Figure 13 Block diagram of the proposed DWA.
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Figure 14
measurement platform.

a ‘pointer’, which indicates the starting point of the subsentence input data sequence can be formed
accordingly. The ‘pointer’ value is then decoded as ‘one-hot-key’ and controls the barrel shifter, which
consists of an eight-by-eight switch array. In this way, the DAC cells can be selected according to the
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Figure 15 (Color online) Measurement of the reconstructed output with sine-wave input.
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Figure 16 (Color online) Measured 524188-point FFT of the ¥A modulator at peak SNDR at 1.024 MS/s (a) fin = 4.5 V,;
@100 Hz, BW = 125 Hz; (b) fin = 4.5 V,,@40 Hz, BW = 125 Hz.

subsentence input data sequence and the currently used cells. The output of DAC is feedback to the
input of both integrators to close the modulator loop.

4 Experimental results

The prototype has been fabricated with 5 V 180 nm CMOS technology, occupying a core area of 0.32 mm?
(449 pmx710 pm). Figure 14(a) shows the photograph of the chip. Figure 14(b) and (c) show the
validation PCB and the measurement platform, respectively. In our measurement, the analog input
signal is generated by the low-frequency high-precision ultra-low distortion signal generator (SRS DS360),
whereas the outputs of the ¥A modulator are recorded by the FPGA (DE2-115) and subsequently
processed by the Matlab (the MathWorks, Inc.) to perform FFT analysis. The power spectrum can be
displayed on the host computer in real-time.

Figure 15 shows the measurement of the reconstructed output with sine-wave input. The prototype
outputs 4-bit digital codes with pulse-density-modulation (PDM) that include the information of the
original input, which can be faithfully recovered through a subsequent decimation filter. Figure 16 shows
the measured power spectrum of the modulator with 40 and 100 Hz full-scale analog input, respectively.
With 40 Hz input, the measured SNDR and SFDR are 110 and 115 dB within 125 Hz Nyquist band-
width, respectively. The quantization noise rolls up in 40 dB/decade beyond the Nyquist bandwidth,
correspondent to the adopted 2nd-order modulator loop.

Figure 17(a) shows the SNDR versus the input amplitude with/without the CM-ISD. The proposed
CM-ISD improves the DR from 99 to 124 dB. The 124 dB dynamic range meets the requirements in most
non-invasive EEG acquisition applications. Figure 17(b) shows the total power consumption breakdown
of the modulator. The total power consumption is 2.75 mW, dominant by the OTAs, leading to an
FoMg of 170.6 dB. The real 8-channel EEG acquisition has been implemented based on the proposed
modulator. Figure 18(a) shows the on-filed measurement setup. In the measurement, the subject wears
a multi-channel electrode cap, with the reference electrode on the top of the skull and the bias electrode
on the left ear. Figure 18(b) shows the measurement results. When the subject closes the eyes in the
rest state, the a-wave can be clearly acquired. The controlling instruction set can be constructed based
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Figure 17 (Color online) (a) Measured SNDR versus input amplitude with/without CM-ISD; (b) total power consumption
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Figure 18 (Color online) (a) On-field EEG measurement platform; (b) measured a-wave with the proposed XA modulator.

on the acquired EEG with a bandwidth of lower than 100 Hz [35] from the prototype, demonstrating its
potential capability to be used in advanced non-invasive BCI systems. Table 2 [36-39]") compares the
performance to the state-of-the-art study.

Among the listed references, our design achieves the highest DR (124 dB). This is mainly benefiting
from the 5 V supply voltage as well as all the aforementioned circuit innovations. It achieves competitive
FoMg (170.6 dB) compared with other studies, particularly among the XA architectures. As the current
consumption of the two OTAs is kept the same for simple layout in our design, the FoMg could therefore
be further improved by cutting down the current of the OTA in the 2nd stage as well as by lowering the
supply voltage of the OTAs.

5 Conclusion
In this paper, we propose a DT YA modulator fabricated with 180 nm CMOS technology, which can be

applied to EEG acquisition in a non-invasive BCI. The proposed XA modulator consumes 550 pA from
a 5 V power supply and occupies a core area of 0.32 mm?. Measurement results show that the proposed

1) Texas Instruments. ADS1299-x Low-Noise, 4-, 6-, 8-Channel, 24-Bit, Analog-to-Digital Converter for EEG and
Biopotential Measurements.  2012.  https://www.ti.com.cn/tool/zh-cn/ADS1299EEGFE-PDK?7keyMatch=tisearch=search-
everythingusecase=hardware
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Table 2 Performance comparison with state-of-the-art studies

X Technology Supply Fs BW SNDR DR Power Chip area FOM;)
Reference Architecture 5

(nm) voltage (V) (MHz) (Hz) (dB) (dB) (LW) (mm?) (dB)

JSSC-2006 [36] IADC 600 5 0.03 7.5 — 120 300 2.08 164

ADS1299-2012 DT £A - 5 1.024 125-8000 99  98-119.59  — - -
ISSCC-2015 [37] DT XA 180 5 0.15 100 100.6 107 505 0.8 160.0
ISSCC-2016 [14] OS-SAR 55 1.2 1 1000 101 101.7 15.7 0.072 179.7
CICC-2017 [38] IADC 180 1.5 0.642 1200 96.6 100.2 33.2 0.27 175.8
JSSC-2018 [39] ZOOM 160 1.8 2 1000 118 120 280 0.25 185.8
TBioCAS-2021 [18] Hybrid-XA 180 1.8 3.2 100 66.2 108.3 73.8 0.48 169.6
ISSCC-2021 [21] VCO-based 65 1.2 0.2 1000 92.3 92.3 5.8 0.075 174.7
This work DT XA 180 5 1.024 125 110 124 2750 0.32 170.6

a) FoMs = DR + 10 - log(BW/POWER).
b) Including the TA.
¢) Including the IA at max gain.

modulator obtains 124 dB DR, 117 dB SNR, and 110 dB SNDR while achieving a competitive FoMg of
170.6 dB. The real multi-channel EEG measurements demonstrate its potential capability to be applied
in advanced non-invasive BCI systems.
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