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Abstract:

This paper presents a third-order single-loop delta—sigma modulator of a biomedical micro-system for

portable electroencephalogram (EEG) monitoring applications. To reduce the power consumption, the loop filter of
the proposed modulator is implemented by applying a switched-capacitor structure. The modulator is designed in a
0.35-pm 2P4M standard CMOS process, with an active area of 365 x 290 um?. Experimental results show that this
modulator achieves a 68 dB dynamic range with an input sinusoidal signal of 100 Hz signal bandwidth under a 64
over-sampling ratio. The whole circuit consumes 515 u'W under a 2.5 V power supply, which is suitable for portable

EEG monitoring.
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1. Introduction

There is an increasing trend of using portable or even
wearable low-power equipments to sense the biophysiologi-
cal signals, such as EEG, ECG and EMG!!-2!. Some proto-
type integrated circuits with the capability of capturing bio-
potentials have been used in clinical monitor and physiologi-
cal researchl®]. As the interface between analog front-end and
digital back-end in these integrated systems, analog-to-digital
converter (ADC) plays a critical role for bio-signals’ further
analysis and transmission. A robust ADC with the properties of
low power consumption and high resolution is quite required.

A wide variety of ADCs with low power consumption and
high resolution have been previously reported*->]. However,
most of them are not EEG oriented. Therefore, it is not power
efficient when using them in EEG monitoring systems. The
EEG signals have a small dynamic range (0.1-20 V) and low
signal frequency (0.5-100 Hz)[%l. If we use traditional ADC
to handle EEG signals, a sampling & holding (S & H) cir-
cuit with high performances is needed. This will increase the
power consumption of the EEG monitoring system. In addi-
tion, we need an anti-aliasing filter with high performances
to avoid aliasing noise or out-of-band signals into the signal
bandwidth during the sampling operation. This will further in-
crease the power consumption of the EEG monitoring system.
In this paper, we use a delta—sigma ADC to replace the tra-
ditional ADC. The delta—sigma ADC consists of a front-end
modulator and a back-end digital filter. The front-end modu-
lator is integrated into the EEG monitoring system. While the
back-end digital filter is implemented by software. In addition,
as the delta—sigma modulator adopts over-sampling technology
and quantization noise repressing technology, the requirements
of the anti-aliasing filter and S & H circuit are greatly released.
The power consumption of the whole system is reduced.

analog-to-digital converter; delta—sigma modulator; EEG; switched-capacitor circuit
EEACC: 2570

This paper is organized as follows. Section 2 introduces
the system design of the EEG front-end system. Section 3 de-
scribes the implementation of the modulator including the de-
sign of each sub-module. In section 4, the experimental results
are given. The conclusions are drawn in section 5.

2. System design

The EEG signals usually suffer from some unwanted sig-
nals, which include the power line interference and the DC drift
from the electrode-electrolyte interface. These issues compli-
cate the task of designing an EEG monitoring system. One so-
lution is to digitize the EEG signals and the unwanted signals
together, and then remove the unwanted signals digitally. This
solution requires ADCs with resolutions of over 20 bits, which
would complicate the design of ADCs and lead to high power
consumption. Another strategy is to filter out the unwanted sig-
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Fig. 2. Third-order single-loop discrete time DSM.
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Fig. 3. Switched-capacitor implementation of third-order single-loop DSM.

nals with a bandpass pre-amplifier before digitizing[?!. This
method will relax the requirements of the ADCs, although a
robust preamplifier with low-frequency poles is difficult to
realize on-chip. Preamplifier has been reported in previous
paper!”l.

Figure 1 shows the basic block diagram of the front-end
for an EEG monitoring system. The pre-amplifier provides a
gain of 40 dB to amplify the weak EEG signal and filters out
the unwanted signals. The anti-aliasing filter is used to avoid
aliasing noise or out-of-band signals into the signal bandwidth
during the sampling operation. If the sampling frequency of
the following ADC is set high, the anti-aliasing filter is not
necessary. In order to improve the power efficiency, switched-
capacitor (SC) technology is adopted.

The block diagram of the third-order single-loop modulator
is shown in Fig. 2. The advantages of this topology are simplic-
ity and low sensitivity to device mismatch.

The noise transfer function of L-th order delta—sigma mod-
ulator is expressed by

1
L L Z_l L—i+1
1+ > J1 ajk ( _1)

i=1j=1 -z

He(z) =

12"
= [He(s)] ~ E—1 . (1)

From Eq. (1), the larger product of the integrator param-
eters can decrease in-band noise power, which leads to a high
signal-to-noise ratio (SNR). However, increasing the integrator
parameters deteriorates the stability of the modulator. There-
fore, the combination of the parameters should be optimized to
obtain a maximal dynamic range (DR).

In order to improve DR, fully-differential circuits and dou-
ble polarity reference voltages are chosenl®!. Optimization of
the integrator parameters has been made in previous work[®l.
However, the actual integrator parameters may be larger or
smaller than the designed value due to capacitor mismatch.
A larger actual value could improve the in-band noise power
but degrade the stability, or vice versa. Assuming 1% capacitor
mismatch which is modest in modern technology, system sim-
ulations have been performed using MATLAB/SIMULINK
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Fig. 4. SC integrator.

based on models in Refs. [9, 10]. Integrator parameters have
been chosenasa = 0.25,b = ¢ = 0.5.

3. Modulator implementation

Figure 3 shows the implementation of the modulator in Fig.
2. The architecture is composed of three SC integrators, a 1-bit
ADC and a 1-bit DAC. Fully differential topology with double
polarity reference voltages are chosen to increase the signal to
white noise ratio (SNRg /¢ ) by 6 dBI8].

3.1. Integrators

As shown in Fig. 4, integrator is implemented by SC struc-
ture in order to lower power consumption. S; and S, are two
non-overlapped clocks. S;, and S, are advanced than S; and
S, respectively. As the desired signal bandwidth is only 100
Hz, flicker noise is the dominant noise source. Correlated dou-
ble sampling (CDS) integrators can be used to shape the flicker
noise out of the signal band'!1. Increasing the transistors’ di-
mension of the amplifier is another method to reduce the effect
of flicker noise. In this paper, the later one is adopted.

In order to reduce the effects caused by the non-ideal
behaviors of switches such as charge injection and clock
feedthrough, several technologies have been adopted'!1. Ad-
vanced falling of S, and S,, can reduce the effect of charge
injection. Switches of Sy, S and S, are implemented by
complementary PMOS and NMOS which can reduce the ef-
fect of charge injection and the loss of signal passing through
switches. Switch S, is compensated by a dummy switch with
the same gate length and half gate width to reduce the charge in-
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Table 1. Capacitor value for each integrator.

Integrator Cs/Cy

Integrator 1 500 fF/2 pF
Integrator 2 500 fF/1 pF
Integrator 3 500 fF/1 pF

jection and clock feedthrough. In addition, “bottom-plate sam-
pling”'!] technology is adopted to minimize parasitic capaci-
tance which deteriorates the performance of integrator.

Using small sampling and integrating capacitor can reduce
power consumption and improve the frequency characteristic
of amplifier. However, the minimum capacitor size in SC cir-
cuit is limited by either K7 /C noise or the capacitor mis-
match.

: T]he input-referred noise of the circuit in Fig. 4 is expressed
by 12

Nin 2]\]in 4]Vin
Nyp= il 2oz T3 (g
M a?-3M3  a?b?.5M5
4KT
Nin,i = , =123, 3)
Csi

where Ny, 1, Nin,2 and Njy, 3 are the input-referred noise power
of the first, second and third integrator, respectively. M is the
over-sampling ratio. When M = 64,a = 0.25and b = 0.5,
the background noise over the bandwidth of the second and
third integrators is attenuated by 2 x 10™* and 1.16 x 1079,
respectively. Therefore, the noise floor is mainly determined
by the first integrator sampling capacitance.

For the first integrator of this modulator, the SNR due to
K T/C noise can be written as[®]

(2-OL - Vier)® CsR
, 4
2 4kT “)

where OL represents the overload level of the modulator, and
Vier 1s limited by the output swing of the integrator. Since the
circuit operates from a 2.5 V supply, Vieris 0.5 V with an output
swing of 2 V (differentially) for the integrator. From Eq. (4),
using a 125 fF sampling capacitor, SNRx /¢ canreach to 83.8
dB theoretically enough for the required resolution of 10-bit. In
order to provide an enough margin, the first sampling capacitor
is set to be 500 fF. The second and third sampling capacitances
are determined by matching considerations. In this paper, they
are the same as the first sampling capacitance to simplify the
layout design. The integrating capacitances of the first, second
and third integrators are calculated by their integrating param-
eters. The chosen value of each capacitance is listed in Table 1.

SNRKT/C =

3.2. Amplifier

Amplifier is the most important component in SC integra-
tor. Considering the influences of finite gain of the amplifier,

transfer function of the integrator is approximated as[® 13!
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Fig. 5. Amplifier used in SC integrator. (a) Amplifier. (b) CMFB.

= - , ™)
1+ A+ Cs/Ci+ Cp/Cy

where Cp is the parasitic capacitance at the input, A is the open-
loop gain of the amplifier. Using Eqgs. (5)—(7), simulations are
performed using SIMULINK/MATLAB based on models in
Ref. [14]. A gain of 60 dB is sufficient. In order to provide

a safety margin, 70 dB is selected.
Considering the influences of the finite gain-bandwidth

product (GBW) of the amplifier, transfer function is written
[8,13]
as

_ Gs (1 —k)z™1
H( ) C[ 1—7‘1(1—]((1—7’1))2_1 (8)
k = exp —&mt2 )

(Cs+ Cp+ (Cs + Cp + C) CL/CDra’

where 1, represents the time available for settling during the
integrating phase. For clock frequency of 16 kHz used in this
modulator, GBW of 100 kHz is enough. We selected 200 kHz
in order to provide an enough margin.

In order to associate high gain and low power consump-
tion, a fully differential folded-cascode topology is selected.
The schematic is shown in Fig. 5(a). The circuit of common
feed-back (CMFB) is implemented by SC circuit in order to
reduce power consumptiont'®). However, it affects the fre-
quency characteristic of the amplifier. Considering the effect
of CMFB, the load capacitance of the amplifier is C; + Cs + Cy,
at the sampling stage. While at the integrating stage, the load
capacitance is C; + Cs + C, + C,. Details about the design
of the amplifier have been presented in Refs. [11, 13]. Con-
sider an amplifier in the feedback configuration shown in Fig. 6
which corresponds the charge transfer phase of the SC integra-
tor. Cp is the parasitic input capacitor. The response of an OPA
includes a slew rate limited region g followed a linear re-
sponse region T1j,. Using the method in Ref. [12], we can get
the expression of /5.

_ 2M iNCi(Cs + Cp) [ ]
I = — (Vow — Vier) — (V 1%
1 C 1 GG (Vsw — Veer) — (Vas1 — V1)

+ M fN(In2 + 1In DR)(Cs + Cp) (Vasi — Vi),

(10)
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Fig. 6. OPA with capacitive feedback.

where Vg is the final value of the output. In order to minimize
7, Cp should be approximately equal to Cs['2]. Therefore,

1% Vi = 2Li _ h (1)
a1 = Vn =3 e e
(Vast = VrD)min < Vaos1 — Vi < (Vast — Vi )max,  (12)

where Cy represents wiring parasitic. In order to find the min-
imum current /; we can first choose an arbitrary value for /;.
Then compute Vgs; — Vry through Eq. (11) which should be
satisfied with Eq. (12). Through Eq. (10), we can compute the
value of I; which should be consistent with the chosen value
of I,. Otherwise, we increase the value of /; and repeat the
steps above.
From Ref. [12], we know that

< (Cs + C)(Vgst — V1)

13
I (13)
C Co(Vgsr — V;
= 2 (Vas2 TZ), (14)
gm2 21
212, I 2L1,
C = > Copr
Bup, Voo —Vro upCox(Vasia — Vria)
211 Ly
Cpet + Cy2, (15)

up,Cox (Vast — Vr1)?

where Cyw, represents the wiring parasitic at the source of the
transistor M, . In order to find the minimum value of I, we
can first set I, = I;/2. Then compute the value of ;. If the
constraint of Eq. (13) is satisfied, the iteration is completed.
Otherwise, the value of I, is increased and steps above are
repeated.

When all the iterations are completed, the power consump-
tion of the amplifier P = (21; + 21,) Vpp is optimized. In this
design, the achieved output swing is 2 V (differentially) with
a gain of 72 dB. The GBW of this amplifier is approximately
1 MHz. The power consumption is 44.2 uW.

3.3. 1-bit ADC and 1-bit DAC

The 1-bit ADC has been implemented using the architec-
ture illustrated in Fig. 7(a). This is a latched comparator with
power consumption of 1 wW. Each output of the comparator
is followed by an inverter to enhance the driving ability. The
schematic of DAC is shown in Fig. 7(b).
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Fig. 7. ADC and DAC. (a) Latched comparator. (b) DAC.

Fig. 8. Schematic of clock driver.
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Fig. 9. Output spectral with a sinusoidal input.

3.4. Clock driver

The schematic of the clock driver is depicted in Fig. 8[8]. S;
and S, have a non-overlapping interval of 8 ns. The clock for
the latched comparator is obtained by delaying the S,. During
the delay, integrators can get stable

4. Experimental results and discussions

The modulator was driven by a 16 kHz clock. The output
bit stream was recorded by FPGA and then processed off-line
by MATLAB. The fast Fourier transformation with 8192 points
and the Hanning window were applied. Figure 9 shows the out-
put spectrum density of the modulator for a sinusoidal input
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Fig. 10. SNR & SNDR versus the normalized input.

Fig. 11. Chip microphotograph.

signal of 100 Hz and 210 mV amplitude. The sampling fre-
quency is 16 kHz. Figure 10 shows the SNDR and signal-to-
noise ratio (SNR) versus the input amplitude normalized by
2.5 V. It can be seen that the modulator achieves a dynamic
range (DR) of 67.5 dB, a peak SNR of 55.03 dB and a peak
SNDR 0f'49.01 dB. The effective number of bits (ENOB) is 8.

Figure 11 shows the microphotograph of the chip of the
front-end system for EEG monitoring applications. The anno-
tated part contains the active area of the delta—sigma modulator
and the area of circuits used to generate biasing voltages and
reference voltages shared by each system module. The whole
area of the modulator and the biasing circuits is 365 x 290
pum?2. The whole power consumption is 515 W in which 250
MW is consumed by delta—sigma modulator and 265 uW is
consumed by biasing circuits. Table 2 summarizes the overall
experimental results.

The figure of merit (FOM) is used to evaluate the power
efficiency of this modulator.

FOM (16)

= 7 b
2n fsample

where 7 is the number of bits, P is the power consumption in

Table 2. Modulator performance.

Parameter Value
Technology 0.35-um CMOS
DR 67.5 dB

ENOB 8 bit

SNR (peak) 55.03 dB
SNDR (peak) 49.01 dB
Over-sampling ratio 64

Sampling rate 16 kHz

Signal bandwidth 100 Hz

Supply voltage 25V

Power consumption 250 uW (By modulator)

265 W (By biasing)

Active die area 365 x 290 um?

Table 3. Comparative study.

P N Tech. Vop FOM

(LW) (bit) (V) (1071 )/state)
Ref [16] 400 11 0.18umCMOS 18 24
Ref [17] 180 8  0.18umCMOS 08 3.7
This work 8 0.35umCMOS 2.5 6.0

watts and fiample is the sampling frequency in hertz. The FOM
is 6.0 x 10711 J/state.

5. Conclusions and discussions

A low power 8-bit delta—sigma modulator which is to be
integrated in the front-end system for EEG monitoring appli-
cations is presented in this paper. This ADC reaches a FOM of
6.0 x 10711 J/state. The active area of this ADC is less than
0.1 mm?. These advantages make this ADC suitable to be in-
tegrated in the EEG monitoring system.

Table 3 shows the comparative study of some recently pub-
lished ADC:s for biomedical applications. The modulator in this
paper is fabricated by less advanced technology. But the power
efficiency of our modulator reaches the same level of the listed
references.
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