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A Single-Bit 2nd-Order Delta-Sigma Modulator with 10-gm
Column-Pitch for a Low Noise CMOS Image Sensor
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Abstract In this paper, a single-bit 2nd-order delta-sigma modulator with the architecture of
cascaded-of-integrator feedforward (CIFF) is proposed for column-parallel analog-to-digital
converter (ADC) array used in a low noise CMOS image sensor. The proposed modulator
implements two switched capacitor integrators and a single-bit comparator within only 10-gm
column-pitch for column-parallel ADC array. Also, peripheral circuits for driving all column
modulators include a non-overlapping clock generator and a bias circuit. The proposed
delta-sigma modulator has been implemented in a 110-nm CMOS process. It achieves 88.1-dB
signal-to-noise-and-distortion ratio (SNDR), 88.6-dB spurious-free dynamic range (SFDR), and
14.3-bit effective-number-of-bits (ENOB) with an oversampling ratio (OSR) of 418 for 12-kHz
bandwidth. The area and power consumption of the delta-sigma modulator are 970 x10 xm?2
and 248 uW, respectively.
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1. Introduction accurately diagnoses genetic diseases or

pathogenic diseases at the molecular level,
Recently, molecular diagnosis, which
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is revolutionizing the field of medical
technology. There are many techniques
used for molecular diagnosis, but the
representative one is polymerase chain
reaction (PCR) [1, 2I.

The optical PCR biosensor is a

measurement technology capable of
real-time detection of a target material
based on high selectivity and sensitivity [3].
The optical PCR biosensor includes a light
source for generating light and a light
detector for detecting spectro-chemical
characteristics of the material.

In particular, a low noise CMOS image
sensor (CIS) used as an optical detector is
needed because it must be able to detect
extremely dim light. Since the analog-to-digital
converter (ADC) for the low noise CIS requires
more than 13-bit resolution [4], a commercial
CIS implemented with  column-parallel
single-slope ADC array with 10~12 bits of
resolution cannot be used for the PCR
application. Typically, a low noise, high
resolution ADC are implemented with a
delta-sigma ADC. The delta-sigma ADC can
achieve high signal to noise ratio (SNR) within
the signal band by effectively suppressing
quantization noise with oversampling and noise
shaping techniques [5].

When the delta-sigma ADC structure are
employed in a CIS with a column-parallel
ADC array, the most difficult thing is to
place the comparator and switched capacitor
integrators that make up the high-resolution
delta-sigma modulator in the same
column-pitch as the pixel-pitch [6].

In this paper, we propose a delta-sigma
modulator with 10-pm column-pitch for low

noise CIS with column-parallel ADC

structure used in PCR applications. In
particular, we propose a design that can be
implemented as a column parallel
delta-sigma modulator structure so that the
analog signal detected by the photodiode
can be converted into a high resolution

digital signal and read out more quickly.

2. Proposed Single-Bit 2nd-Order

Delta-Sigma Modulator

2.1 Architecture

In the general feedback delta-sigma
modulator, since both the input signal and
the output signal of the integrator are
functions of the input signal, the slew occurs
in the amplifier when a large input signal is
applied, and the signal is distorted due to
the large integrator output signal. Therefore,
to avoid these, accepting only a small input
signal increases the power consumption
because the SNR is reduced and the noise of
the amplifier must be reduced. When the
integrator output range is increased, the rate
of change of the voltage gain according to
the signal magnitude increases, which
causes distortion of the signal. To avoid this,
high voltage gain of the amplifiers in the
integrator is required. In design conditions
where low supply voltage and low power
dissipation must be met, it is very difficult to
design the amplifier to satisfy both the high
voltage gain and the wide output range of
the amplifier. Therefore, the feedforward
delta-sigma modulator structure is used
instead of the feedback delta-sigma
modulator structure to solve these problems

at low power supply conditions [7-9].
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Fig. 1. Block diagram for the behavioral simulation of the single—bit 2nd-order CIFF delta-sigma modulator

|1/3
|

X(z) ol
-4

11(2)

Fig. 2. Block diagram for the behavioral simulation of the proposed single—bit 2nd-order CIFF delta-sigma modulator
with the loop filter's coefficients adjusted to meet stability and operation voltage range of the integrators

The single-bit structure of the delta-sigma
modulator structure is simpler than the
multi-bit structure, thereby reducing the
design burden of the entire circuit. In
addition, the single-bit architecture has the
advantage of minimizing the non-ideal
characteristics of the fully differential
amplifier, switches, and capacitors used in
the integrator [10, 11].

Fig. 1 shows the block diagram for the
behavioral simulation of the proposed
single-bit 2nd-order delta-sigma modulator
using cascaded of integrator feedfoward
(CIFF) structure. The transfer function of
the 2nd-order structure can be expressed

as follows.

Y=X+0—21)’F 1)

Note that z is a complex number for
z-transform. At the output Y, the input X
appears without delay, and the quantization
noise E is represented as passing through
the 2nd-order high pass filter. In this case,
the outputs of the integrators I1 and I2 are

derived as follows.

“1-2YHE )
L, =—2'F 3)

From equation (2) and equation (3), it
can be known that I1 and 12 are
independent of the magnitude of X, so if E
is kept at a low level, they can generate
stable outputs regardless of the magnitude
of X.

When the single-bit quantizer is used, the



A Single-Bit 2nd-Order Delta-Sigma Modulator with 10-um Column-Pitch for a Low Noise CMOS Image Sensor

output range of the integrators must be
reduced to satisfy the loop filter stability
and to be implemented within the power
supply range [8]. Fig. 2 shows the block
diagram of the single-bit 2nd-order CIFF
delta-sigma modulator with the loop filter's
adjusted to meet these
When the

adjusted as shown in Fig. 2, the histogram

coefficients

conditions. coefficients are
of the output of the first integrator, which

is obtained by the behavioral simulation,

11

In addition, the DC voltage gain of the

operational transconductance amplifier

(OTA) used
obtained as shown

integrator can be
in Table 1 through
behavioral simulation. According to Table
1, it can be seen that when the OTAs of all

in each

integrators have a DC voltage gain of 60 dB
or more, the SNR can be similar to that of
using ideal OTAs.

Table 1. SNR and ENOB according to DC voltage gain of

each stage in the proposed delta-sigma modulator

can be seen that it is maintained within qst ond SNR ENOB
about 33% of the power supply voltage as Ideal Ideal 108.7 dB 17.76-bit
shown in Fig. 3. This characteristic is 80 dB 80 dB 108.4 dB 17.71-bit
maintained even when the input signal is 80 dB 60 dB 111.1 dB 18.16-bit
increased by -6 dB relative to the power 80dB | 40dB | 101.2 dB 16.5-bit
supply voltage. 80dB | 20dB | 87.26 dB | 14.2-bit
60 dB 80 dB 109.9 dB 17.96-bit
“ 60 dB 60 dB 108.5 dB 17.73-bit
s 60 dB 40 dB 101.8 dB 16.62-bit
%‘J?a 60 dB 20 dB 81.84 dB 13.3-Dbit
Eﬁm; 40 dB 40 dB 94 dB 15.32-bit
L 40 dB 20 dB 76.32 dB 12.38-bit
MR R ey 20 dB | 20 dB | 66.78 dB 10.8-bit
Fig. 3. Histogram of the output of the first integrator
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Fig. 4. Circuit diagram of the proposed single-bit 2nd-order CIFF delta—sigma modulator
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2.2 Circuit Implementation

The proposed delta-sigma modulator has a
single-bit 2nd-order CIFF structure as shown in
Fig. 4 to achieve high resolution. The proposed
circuit consists of two switched-capacitor
integrators using OTAs, a clock generator that
generates non-overlapping clocks for stable
sample-and-hold operation and integration
operation, a single bit comparator, and other

logic for control and digital signal output.

2.2.1 OTA for integrators of 1st/2nd-stage

Due to the characteristics of the CIFF
structure, the output swing range of the
integrators is small, so the folded cascode
OTA structure is used to easily obtain DC

voltage gain of 60 dB or more while
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Fig. 5. OTA for the integrators of 1st-/2nd-stage (a)
PMOS input folded cascode OTA circuit (b) dynamic
CMFB circuit

INP | INM

securing phase margin for stability [12].
The OTA used in the integrators shown in
Fig. 5(a) is a fully differential structure and
uses a PMOS input to reduce noise. Fig.
5(b) shows a common mode feedback
(CMFB) circuit used to stabilize the output
common mode of a fully differential OTA.

75.36 dB
TT (1.8V, 50°C) |

Fig. 6. Frequency response obtained by performing the
post-simulation with parasitic effects on the OTA
for the integrators

Fig. 6 shows the frequency response
obtained by performing the post-simulation
with parasitic effects on the OTA for the
integrators. The simulation was performed
under normal process (TT), temperature (5
0t), and voltage conditions (1.8-V power
supply), with 75.36-dB DC voltage gain,
87-degree phase margin, and 39.21-MHz
unity gain frequency. Table 2 shows the

corner post-simulation results of the OTA.
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Table 2. Corner post-simulation results of the OTA

TT FF SS
Power Supply (V) 1.80 | 1.98 | 1.62
Temperature (TC) 50 -30 120
Static Current (uA) 84.75 | 80.00 | 87.00

DC Voltage Gain (dB) | 75.36 | 80.80 | 58.00

Phase Margin (%) 87 86 88
Unity Gain Frequency
(MHz2) 39.21 | 53.63 | 21.54
Load Capacitance (pF) | 1.013 | 1.016 | 1.003
Slew Rate (V/us) 39.00 | 45.10 | 23.36

2.2.2 Single-bit comparator

Fig. 7. Dynamic regenerative comparator

Operating characteristics of the
comparator used in this paper may be
relatively less precise. This is because the
nonlinearities of the comparators are
already noise-shaped by the loop filter.
Therefore, instead of using the comparator
including the pre-amplifier and offset
cancellation circuit of [13], a simple
dynamic regenerative comparator is used as
shown in Fig. 7. The comparator consists of
a dynamic latch that consumes low power

and operates as follows. When the clock

CLK goes logically low, the latch is reset,
and both the VOP and VON outputs of the
comparator go logically high. When the
clock CLK becomes logically high, the latch

will perform a regeneration operation.

2.2.3 Non-overlapping clock generator

Fig. 8 shows a clock generator for
generating non-overlapping clocks [14]. The
clock generator basically forms a feedback
circuit with two NAND gates, and a delay
circuit consisting of multiple inverters is
connected to each NAND output. The
inverters in the feedback loop can be used
to adjust clock delay and non-overlapping
intervals. The clock generator uses the input
clock (CLK) to generate clock signals P1 and
P2. In addition, the delayed clock signals
P1D and P2D are generated from P1 and P2
to implement the bottom-plate sampling
technique that can avoid charge injection

from the switches [15].
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Fig. 8 Circuit diagram of the dock generator for non—overlapping
clocks

3. Experimental Results

Fig. 9 shows the microphotograph of the
fabricated chip with 4 delta-sigma

modulators. The proposed single-bit
2nd-order CIFF delta-sigma modulator uses
1.8V supply voltage and is fabricated in

1-poly 8-metal 110-nm CMOS process. A
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delta-sigma modulator has an area of 970x

10 ym2 and power consumption of 248 ;W.

970 pym

40 pm. t 4 Single-Bit 2nd-Order CIFF Delta-Sigma Modulators
y

ok Jommn{ 5as |

Fig. 9. Microphotograph of the proposed delta—sigma modulator
chip

Fig. 10 shows the spectral analysis of the
output signal of the proposed delta-sigma
modulator obtained with pre-simulation on
a circuit whose parasitic components are
not considered and post-simulation on a
circuit whose parasitic components are
extracted from the layout, respectively.
With an oversampling ratio (OSR) of 418
and an input signal of 4 kHz for 12-kHz
bandwidth, the
show 88.1-dB signal to noise and distortion
ratio (SNDR), 88.6-dB spurious free
dynamic range (SFDR), and 14.3-bit
effective number of bits (ENOB), while the
pre-simulation results show 95.0-dB SNDR,
93.8-dB SFDR, and 15.3-bit ENOB. This is a

performance degradation due to the layout

post-simulation results

of the modulator on a 10-ym column-pitch.

Layout of the «circuit in a 10-m

column-pitch introduces difficulties in

circuit placement and signal connection,

which

transistors and capacitors. In addition,

increases  mismatch  between
since each device is laid out in close
proximity, parasitic components increase
and crosstalks between signals increase.
Table 3 shows the characteristics of the

implemented single-bit 2nd-order delta-sigma

modulator.
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Fig. 10. Spectral analysis of the output signal of the

proposed delta—sigma modulator (a) pre-simulation
result (b) post-simulation result
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Table 3. Characteristics of the implemented single—bit
2nd-order delta—sigma modulator

Parameters Contents
Process 110-nm CMOS

Power Supply (V) 1.8
OSR 418
Sampling Frequency (MHz) 10
SNDR (dB) 88.1
SFDR (dB) 88.6

Area (um?) 970 x 10
Power Consumption (uW) 248
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4. Conclusion

We proposed the delta-sigma modulator
with 10-pm column-pitch for low noise CIS
with column-parallel ADC structure used in
PCR applications. It implements two
switched capacitor integrators and a
single-bit comparator within only 10-ym
column-pitch for column-parallel ADC
array. The proposed delta-sigma modulator
has been implemented in a 110-nm CMOS
process. It achieves 88.1-dB SNDR, 88.6-dB
SFDR, and 14.3-bit ENOB with OSR of 418
for 12-kHz bandwidth. The area and power
consumption of the delta-sigma modulator

are 97010 ym2 and 248 ;W, respectively.
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