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Abstract—Chronoamperometric gas sensor arrays show 

great promise for ultra-low power consumption and low cost 
for wearable gas sensing devices for human safety and health 
monitoring. This paper presents a novel power efficient 
instrumentation circuit with high sensitivity and large dynamic 
range for wearable chronoamperometric gas sensor arrays. This 
instrumentation combines an input digital modulation 
technique and a semi-synchronous incremental Σ∆ ADC 
structure to achieve very high power efficiency over a large 
dynamic range with high sensitivity.  The proposed 
instrumentation was implemented in 0.5 µm CMOS 
technology. Measurement results demonstrate that 164dB 
cross-scale dynamic range and 100 fA sensitivity are achieved 
with a high power efficiency.  
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I. INTRODUCTION  

Air pollution from industrial toxic gas byproducts is a 
major global contributor to illness and mortality [1], and 
explosive gases are an increasing threat to occupational and 
personal safety as energy demands rise. Airborne pollutants 
and explosive gases vary in both time and space. For example, 
CO and CH4 can be released from boilers and stoves in homes, 
and dangerous levels of CH4 and SO2 can be found in 
underground coal mines [2]. To improve scientific 
understanding of the health impacts of personal exposure to 
these pollutants and effectively protect workers throughout the 
vast underground mine environment, individual wearable 
devices are desperately needed. Such devices should be of 
small size, low power, low cost, high sensitivity and able to 
detect concentrations of multiple gas species.  

For the wearable gas sensing application, electrochemical 
sensor technology possesses several desirable qualities 
compared with other gas sensor technologies, namely ultra-low 
power consumption, low cost, good selectivity, and sensitivity 
to a wide range of gases [3]. Most electrochemical gas sensors 
are operated in chronoamperometry mode [4, 5]. This 
electrochemical mode is widely used in commercial gas 
sensors, to measure gases including O2, H2, and toxic 
compounds such as CO, NOx, SO2, etc. The versatility of this 
technology suggests that an array of electrochemical sensors 
can simultaneously measure concentration of multiple analyte 
gases in a wearable device. The low cost, size, and power 
consumption of modern CMOS technology enables 
development of suitable instrumentation circuitry for such a 
wearable gas sensing device, and noise performance would be 

dramatically improved by integrating sensors directly with the 
CMOS instrumentation. Substantial research effort has focused 
on CMOS instrumentations of multi-channel 
chronoamperometry sensor arrays. Different structures were 
developed for this purpose, including a sigma-delta (Σ∆) 
analog-to-digital convertor (ADC) [6, 7], integration ADC [8], 
current-to-frequency ADC [9], and hybrid ADC topology [10]. 
However, none of these existing instruments targeted on 
amperometric gas sensing array. A wearable amperometric gas 
sensing array requires instrumentations that simultaneously 
achieve several performance factors namely: high power 
efficiency, high sensitivity, and high cross-scale dynamic range 
from sub-pA to tens of µA. Existing amperometric CMOS 
instruments cannot meet these requirements simultaneously. As 
a result, a new amperometric instrumentation approach for 
wearable amperometric gas sensor arrays is urgently needed.  

This paper presents a power-efficient instrumentation with 
high sensitivity and wide cross-scale dynamic range for 
wearable amperometric gas sensor arrays. By combining an 

input current modulation method and high-performanceΣ∆ 

conversion techniques, this circuit achieves 100fA sensitivity 
and 164 dB cross-scale dynamic range with high power 
efficiency.  

II. APPROACHES AND CIRCUIT ARCHTECTURE 

Amperometric gas sensors are biased by a constant DC 
voltage and generate a DC current at steady state. A wearable 
amperometric gas sensing array with miniaturized sensors and 
a ppb-level detection limit requires instrumentation to have 
sub-pA sensitivity. The gas sensors in the target sensor array 
generate current levels ranging from sub-pA to several tens of 
µA. A low-power instrumentation would greatly increase the 
lifetime of a sensor array system. The compact size of 
instrumentation is also desired to enable development of multi-
channel system. Therefore, a wearable amperometric gas 
sensing array requires instrumentation designed for compact 
size, high power efficiency, high sensitivity, and high dynamic 
range from sub-pA to tens of µA.  

A. Analysis of ADC Structures  

In a wearable amperometric gas sensing array, the CMOS 
instrumentation acts to condition and digitize the sensor output 
current. Among the existing CMOS instrumentations for multi-
channel amperometric sensor arrays [6-10], the first-order Σ∆ 
ADC structure achieves compact size, low (µW) power, and 
the best sensitivity (fA range) among the techniques surveyed. 
These structures are promising candidates for wearable gas 
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sensor arrays. However, the existing micro-watt Σ∆ ADC 
structures for amperometric sensor arrays only have high 
power efficiency for low input current. The digital components 
consume only 2.4 μA in ref. [6]. For a large input current, the 
power consumed by digital components does not change 
substantially, but the analog power consumption increases, 

largely because the reference current in the Σ∆ structure has to 

be larger than the input current. When the input current is 
much larger than 2.4 μA, the reference current of the Σ∆ ADC 

becomes one of the dominant power dissipation sources and 
limits the power efficiency. By scaling down a large input 
current before digitizing it with a Σ∆ ADC, the reference 
current should be kept small, improving system power 
efficiency.  

B. Current Scaling Approaches and Circuit Architecture 

Two approaches show promise for scaling down the input 
current, namely adjusting the reference current with a current 
mirror and digital modulation. The current mirror technique is 
less precise than digital modulation due to device mismatch[7], 
especially for a scaling ratio much smaller than 1. An analog 
solution is also less physically compact. As a result, the digital 
modulation technique was chosen to scale down the input 
current.  

In the digital modulation approach, a precise scaling factor 
M is obtained by modulating the current with digital pulses of a 
duty cycle equal to 1/M. Assuming that the input current is Iin, 
the equivalent average current becomes Iin/M after modulation. 
Because the final stage of a first-order incremental Σ∆ ADC is 
a counter averaging the frequency modulated signal, this ADC 
structure is inherently compatible with digital modulation. The 
effective reference current of such an ADC would be decreased 
by M times, compared to an unmodulated design. The system 
level blocks of a Σ∆ ADC employing this modulation 
technique for current scaling are shown in Fig. 1.  

III. CIRCUIT IMPLEMENTATION AND PERFORMANCE 

ANALYSIS 

A. Circuit Implementation  

Amperometric sensor output current is delivered from the 
electrochemical sensor’s working electrode (WE) to the 
instrumentation circuit. The voltage on this electrode must be 
constant during measurement because the electrochemical 
sensor has a long settling time (up to several hours) after the 
DC bias on the WE is changed [3].  

The instrumentation with semi-synchronous incremental 
Σ∆ ADC structure described in [6] achieves fA sensitivity and 
µW power consumption with a very compact structure. 
Mismatch between such a circuit’s two reference current 
sources affects the resolution and requires additional 

calibration [11]. Output current from amperometric gas sensors 
is a unidirectional signal, generated by either a reduction or an 
oxidation reaction. As a result, only one reference current 
source is necessary and was used to complete the circuit’s 
negative feedback. This simplification addresses the reference 
current mismatch issue. This solution also reduces the current 
feedback activity and thus reduces total noise and power 
consumption. 

A switch controlled by a modulation waveform was used to 
modulate the sensor output current before it flows to the ADC. 
The current is passed for a single clock cycle and turned off for 
the followed M-1 clock periods. If the sensor is directly 
connected to the modulation switch, the sensor’s working 
electrode will float to an indeterminate potential when the 
modulation switch is turned off. Therefore, a current conveyor 
was used to maintain a constant voltage on the WE. The 
current conveyor’s transistors are operated in sub-threshold 
region for sub-µA current consumption, and the power 
efficiency of this circuit is not compromised when the input 
current is much larger than 1 µA. For input current at the sub-
µA level, the current conveyor is powered of and the input 
current is directly fed into the unmodulated Σ∆ ADC.  

The final implemented circuit is shown in Fig. 2. This 
circuit is designed for sensors in which current flows out of the 
working electrode. A cascaded PMOS current mirror with a 
mirror ratio of 1 was used to maximize current ratio accuracy. 
For sensors which draw current into the WE, a current 
conveyor with NMOS current mirror may be used. A bypass 
signal (BYP) selects between current-modulated and 
unmodulated operation modes depending on the current levels. 
All switches are protected from charge injection and clock feed 
through noise by dummy transistors. Timing diagrams of the 
clocks controlling circuit operation are shown in Fig. 3. In a 
modulation cycle, the modulation signal is held high for only 
one sample cycle to avoid integrator output saturation when Iin 

 
Fig. 1. System architecture of the proposed input modulated 

instrumentation for wearable amperometric gas sensor arrays. 

 

Fig. 2. Simplified blocks of the proposed instrumentation. Switch K is 

controlled by the modulation signal. Iin is the sensor’s DC output current. 
WE is the working electrode of the sensor. Vwe determines the bias potential 

held on the WE. fs is the sampling frequency. The signal BYP* is active for 

input current above 1 µA and BYP is active when the input current is lower 
than 1 µA. Only one reference current Iref is active at any time. 

 
Fig. 3. Control clocks of the input current modulated instrumentation. The 
reset cycle of the incremental Σ∆ ADC is Tt. The modulator factor is M. 
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is large. 

Let Iin be the DC input current and Iin
'
(t) the modulated 

current. The modulation factor M is equal to the reciprocal of 
the modulation signal’s duty cycle. Iin

'
(t) is expressed by: 

 𝐼𝑖𝑛
′(𝑡) = {

𝐼𝑖𝑛 , 𝑛 ∙ 𝑀 ∙ 𝑇𝑠 ≤ 𝑡 < 𝑛 ∙ 𝑀 ∙ 𝑇𝑠 + 𝑇𝑠

0, 𝑒𝑙𝑠𝑒                                              
 (1) 

where n = 0, 1, 2, …; Ts is the sampling signal’s cycle. When 
BYP

*
 is active in Fig. 2, the current is modulated by the 

modulation stage. The incremental Σ∆ ADC is then governed 
by: 

 ∫ Iin
′(t)

Tt

0
dt = IrefTs ∑ Di

∗N
i=1  (2) 

where Di
* 

is the modulated digital output of ADC in Fig. 2, 
controlling reference feedback current Iref; Tt is the reset cycle 
of the incremental Σ∆ ADC; N is the total digital samples in a 
reset cycle of the ADC, and Tt = N·Ts is the reset cycle of the 
ADC. 

Substituting (1) into (2) yields 

 Iin ∙ L ∙ Ts = IrefTs ∑ Di
∗N

i=1  (3) 

where L is the total pulse ‘1’ number of the modulation signal, 
as identified in Fig. 3. L·Ts equals to the total turned-on time of 
the modulation stage. Therefore, the transfer function of the 
current-modulated Σ∆ ADC for a DC input current Iin is  

 Iin =
Iref

L
∑ Di

∗N
i=1   (4) 

B. Performance Analysis 

In (4), 

 ∑ Di
∗N

i=1 ≤ N (5) 

and substituting (5) to (4), we have 

 Iref ≥
Iin

M
 (6) 

When M=1, (6) is applied to the unmodulated Σ∆ ADC. 
Therefore, the reference current source is scaled down M times 
by the input current modulated Σ∆ ADC. 

For a DC input current Iin, the minimum power dissipation 
Pm of the current modulated Σ∆ ADC is approximated by  

 𝑃𝑚 = [𝛼 ∙ min (𝐼𝑟𝑒𝑓) +
𝐼𝑖𝑛

𝑀
+ 𝐼𝑏1 + 𝐼𝑏2 + 𝐼𝑏3 + 𝐼𝑑𝑖𝑔𝑖𝑡𝑎𝑙]𝑉𝑑𝑑 

 = [(α + 1)Iin/M + Ib1 + Ib2 + Ib3 + Idigital]Vdd (7) 

where Ib1, Ib2, Ib3 are the static currents of OTA1, OTA2 and 

comparator, respectively; Idigital represents the total current 

consumption of digital components; α represents the average 

duty cycle of D
*
 and satisfies 0≤α≤1. When Iin=Iref/M, α =1. 

By biasing transistors in the subthreshold region, Ib2 and Ib3 

can be operated at sub-µA currents.  

To evaluate the power efficiency of the proposed work, the 
power consumption of modulated and unmodulated Σ∆ ADCs 
is compared for an equal input current Iin. The unmodulated Σ∆ 
ADCs refers to a semi-synchronous Σ∆ ADC with two 
reference current sources, same to that in [6]. These two 

topologies have the same integrator, comparator, D flip-flop 
and counter/shifter. 

Define the reference current in the unmodulated Σ∆ ADC 
as Iref'.The total power dissipation Pr of the unmodulated 
design is approximated by  

 𝑃𝑟 = [min (𝐼 𝑟𝑒𝑓
′ ) + 𝐼𝑏1 + 𝐼𝑑𝑖𝑔𝑖𝑡𝑎𝑙

′ ]𝑉𝑑𝑑  

 = (Iin + Ib1 + Idigital
′ )Vdd (8) 

where I
'
digital represents the total current consumption of the 

ADC’s digital components and is approximately 2.4 μA as in 
[6].  

Let Iε equal I
'
digital minus Idigital. Define the power efficiency 

η as the maximum input current divided by the 
instrumentation’s total current consumption. Compared to the 
unmodulated Σ∆ ADC, the improved power efficiency ηimproved 
with input modulation is equal to (Pr-Pm)/Pm. When Iin 
>>|Ib2|,|Ib3|,|Iε| and M >> α+1 (i.e. Iin>>Iref),  we have 

 ηimprove ≈
 Iin

Pm
  (9) 

IV. RESULTS 

The input current-modulated Σ∆ ADC for a wearable 
amperometric gas sensing array system was fabricated in a 0.5 
µm CMOS process and is shown in Fig. 4. The capacitor array 
is controlled by a 4-bit command to maximum circuit 
performance in different input current ranges. The 
instrumentation’s active area is 0.157 mm

2
, allowing 

integration over 16 channels on a 3×3 mm
2
 chip. In test 

experiments, a GPIB-connected high resolution current source 
(model 6430 SourceMeter, Keithley Instruments) was used to 
generate a constant DC current to mimic the sensor output 
current. A data acquisition card (PCI-6259, National 
Instruments) was used to provide DC bias voltages to the chip, 
control the Keithley current source and acquire the digital 
output of the instrumentation. A FPGA board (Spartan 3E 
Starter Board, Digilent Inc.) was used to generate control 
clocks. The whole chip was powered by 5V. 

To demonstrate the input current modulated Σ∆ ADC 
response, the modulation factor M was tested at 1, 2, 4, 8, 16 
and 32 to measure the input current ranges. The sampling 
frequency was set at 100 kHz for all M values except for M=32. 
When M=32, the sampling frequency was set at 500 kHz to 
avoid integrator output saturation. Fig. 5 shows a log-linear 
plot of the normalized digital outputs as a function of input 
current. The ADC can only measure current from 6 nA to 420 
nA with M = 1, which corresponds to no modulation. The 

 
Fig. 4. Chip photograph of the input modulated instrumentation. The output 

buffer is only for test purpose. After removing this buffer, the 

instrumentation’s active area is 0.157mm2. 

487



modulation technique expands the Σ∆ ADC maximum input 
current to 16 µA. As a result, the input current range is 
improved by 31.7 dB. The maximum input current of the input 
current-modulated Σ∆ ADC is limited by OTA1’s current drive 
ability and the integrator’s output swing. Note that larger M 
shifts the calibration curve to the right, permitting a larger 
input current level while sacrificing the current detection limit. 
Increasing the ADC reset cycle time can improve the detection 
limit for a fixed M value. Fig. 6 shows that the sensitivity is as 
low as 100 fA. As a result, the cross-scale dynamic range of 
the proposed circuit is 164 dB.  

The comparison between this work and other 
chronoamperometric sensor instrumentations is illustrated in 
Table I. It shows this work achieves the largest dynamic range, 
the second best sensitivity and second best power efficiency 
among designs surveyed. 

V. CONCLUSION 

An input current modulated Σ∆ ADC architecture was 
introduced for wearable chronoamperometric gas sensor arrays. 
Fabricated in a 0.5 µm technology, the proposed circuit was 
measured to achieve 100 fA sensitivity and 164 dB cross-scale 
dynamic range with high power efficiency. These figures were 
achieved by a novel technique combining digital input current 
modulation technique and a semi-synchronous incremental Σ∆ 
ADC structure. By varying the current modulation factor 
between 1 and 32, the input current range of the 
instrumentation can be improved by 31.7 dB, compared to 
unmodulated Σ∆ ADC. The circuit’s active area is 0.16 mm

2
, 

allowing over 16 channels on a 3×3 mm
2
 chip. This 

architecture is compatible with more advanced CMOS process 
technology.  
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TABLE I.  COMPARISON BETWEEN THIS WORK AND OTHER PUBLISHED INSTRUMENTATIONS FOR CHRONOAMPEROMERIC SENSOR ARRAYS 

 Max. 

Current  

Sensitivity Dynamic 

Range 

Power/Chan. Power 

Efficiency1  

Process ADC structure 

TCAS I ’06 [7] 100 nA 50 fA 126 dB 11 µW 0.033 0.5 µm Semi-synchronous sigma-delta 

TbioCAS’07 [8]2 0.5 µA 100 fA 140 dB 1300 µW 0.001 0.5 µm Feedback modulation sigma-delta 

TCAS I ’06 [9] 50 µA 46 pA 120 dB 781 µW 0.578 1.2 µm Integration  

TCAS I ’09 [10] 1 µA 1 nA 60 dB 70 µW 0.026 0.18 µm Current to frequency 

TbioCAS’13 [11] 350nA 24 pA 95 dB 188 µW 0.006 0.35 µm Current to frequency + Single slope 

This work 16 µA 100 fA 164dB 241 µW 0.331 0.5 µm Input modulation sigma-delta 
1 Power efficiency is defined as max. input current divided by circuit’s overall consumed current. 
2 For this ref., the circuit’s overall consumed current for max. input current was used to calculate power efficiency. 

 
Fig. 5. Calibration curve of the proposed circuit’s normalized digitized 

output for different input currents with different modulation factors M. The 

reference current Iref was fixed at a value in nA range.  

 
Fig. 6. Calibration curve of the proposed circuit’s normalized digitized 

output for different input currents to evaluate the instrumentation 

sensitivity. Modulation factor M was set at 1. The reference current Iref 

was set at a value in pA range. 
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