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Abstract— An ultra-low voltage and ultra-low power Digital-

Based Operational Transconductance Amplifier (DB-OTA) is 
presented and demonstrated on silicon in 180 nm CMOS. The DB-
OTA is designed using digital standard cells, hence benefitting 
from technology scaling as much as digital circuits, while also 
being technology- and design-portable, and requiring minimal 
design and integration effort compared to conventional analog-
intensive OTAs. 

The fabricated DB-OTA testchip occupies a compact area of 
1,426 μm2, operates at supply voltages down to 300 mV, and 
consumes only 590 pW while driving a capacitive load of 80pF. Its 
measured Total Harmonic Distortion (THD) is lower than 5% at 
a 100-mV input signal swing. Based on these results, the proposed 
DB-OTA achieves 2,101 V-1 small-signal figure of merit (FOMS) 
and 1,070 large-signal figure of merit (FOML). To the best of the 
authors’ knowledge, the power is the lowest reported to date in an 
OTA, and the achieved figures of merit are the best in sub-500 mV 
OTAs reported to date. The low cost, the low design effort and the 
high power efficiency of DB-OTA make it well suited for purely 
harvested low-frequency analog interfaces in sensor nodes. 

 
Index Terms— Ultra-Low Voltage (ULV), Operational 
Transconductance Amplifier (OTA), Digital-Based Analog 
Processing, Internet  of  Things  (IoT). 

I. INTRODUCTION 

Energy-autonomous integrated systems generally target 
aggressively low power to meet the usually very tight cost and 
form factor requirements, as well as to function at ultra-low 
supply voltages to enable direct powering from energy 
harvesters and/or micro-batteries [1]-[2]. These requirements 
are particularly challenging to be met in analog sub-systems, in 
view of their large constant power associated with bias currents. 
Also, the adoption of low supply voltages degrades the analog 
characteristics of transistors and limits the achievable signal-to-
noise ratio [3]. For this reason, analog interfaces and mixed-
signal circuits based on digital standard cells have been recently 
explored to push the minimum supply voltage down to deep 
sub-threshold, the minimum power down to the nW range, and 
to reduce both the silicon area and the human design effort for 
both design and system-on-chip integration [4]-[6].  

Focusing on operational transconductance amplifiers (OTAs) 
as fundamental building blocks of sensor interfaces, ultra-low 
voltage operation has been achieved in prior analog-intensive 
designs by using gate-driven differential pairs (DPs) [7], bulk-
driven DPs [8], and inverter-based designs [9], [10]. However, 
these solutions are power- and area-hungry, and their 
performance does not benefit from technology scaling in view 
of their analog nature. On the other hand, prior digital-intensive 
OTA designs, based on ring oscillators [11] and dynamic  
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Fig. 1 a) Ultra-low voltage OTA taxonomy, b) state-of-the-art OTA summary 
including gate-driven [7], bulk-driven [8], inverter-based [9][10], DIGOTA 
[14], and VCO-based [13] designs. 

 
amplifiers [12], have been shown to be competitive over analog-
intensive OTAs in the considered applications. Moreover, their 
digital standard cell implementation  eliminates any fixed bias 
current, as was shown in VCO-based [13], digital (DIGOTA) 
[14] and digital-based OTA (DB-OTA) [15] -[16]. Their area 
and power consumption are equivalent or better than the analog-
intensive counterparts, when relatively small bandwidths are 
targeted as shown in Fig. 1. Compared to the DIGOTA solution 
proposed in [14], the DB-OTA circuit uses standard inverters in 
the input stage and a passive voltage divider implemented by 
MOS pseudo-resistors [15]-[16], and does not require Muller C-
element gates in the input stage. To date, no DB-OTA silicon 
demonstration has been presented. 
 In this paper, the first silicon demonstration of the DB-OTA 
circuit with ultra-low voltage down to 0.3 V and sub-nW power 
is reported. The rest of the paper is organized as follows. In 
Section II, the DB-OTA circuit operation is described along with 
novel ultra-low voltage design methodology. In Section III, a  
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Fig. 2. a) DB-OTA schematic [15], b) traditional gate-driven counterpart with 
NMOS differential pair, c) pseudo-resistor for the summing network in a, d) 
calibration network within the differential-mode amplifier (DM amplifier in a). 

180-nm testchip is introduced. Its experimental characterization 
is presented and compared to simulations. Section IV concludes 
the work. 

 

II. DB-OTA CIRCUIT ANALYSIS AND DESIGN 

In this section, the operating principle of the DB-OTA is 
presented in Subsection A, whereas detailed design aspects are 
discussed in Subsection B. 

A. DB-OTA Circuit Analysis 

The DB-OTA schematic is depicted in Figs. 2a. From this 
figure, the DB-OTA generates an output voltage 𝑣୓୙୘ that is 
proportional to the differential mode (DM) component of the 
input voltage 𝑣ୈ ൌ 𝑉୒ା െ 𝑉୒ି. Instead, the DB-OTA is 
insensitive to its common mode (CM) component 𝑣ୡ୫ ൌ
ሺ𝑉ூேା ൅ 𝑉୒ିሻ 2⁄ , as in the traditional CMOS differential pair 
depicted in Fig. 2b. Indeed, from Fig. 2a the DB-OTA input 
signals 𝑉′୍୒ା, 𝑉′୍୒ି are applied to two digital buffers (DM 
amplifier in Fig. 2a). Their digital outputs (OUT+, OUT-) are 
determined by the relative magnitude of 𝑉′୍୒ା and 𝑉′୍୒ି 
compared to the trip point (VT) of the two digital buffers in Fig. 
2a, as summarized in Fig. 3a. In particular, when 𝑣ୈ>0 (𝑣ୈ<0) 
the outputs of the DM amplifier are (OUT+,OUT-)=(1,0) 
((OUT+,OUT-)=(0,1)), which turns the pull-up transistor M1 
(pull-down transistor M2) of the DB-OTA output stage in Fig. 
2a on, thus in turn increasing (decreasing) the DB-OTA output 
voltage, as expected from any OTA. 

Regarding the effect of the common-mode input, when 𝑣ୡ୫ ൏
𝑉  (𝑣ୡ୫ ൐ 𝑉 ) the outputs of the DM amplifier are 
(OUT+,OUT-)=(0,0) ((OUT+,OUT)=(1,1)). As a consequence 
(Fig. 2a), the output stage transistors are both kept off, keeping 
the output stage in high-impedance mode and hence maintaining 
the previous output voltage 𝑣୓୙୘. From the same figure, the 
pull-up transistor M3 (pull-down M4) of the CM Extractor block 
is turned on to increase (to decrease) the 𝑣େ୑୔ compensation 
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Fig. 3. DB-OTA operation: a) relation between the digital output of the DM 
amplifier and the DM and CM input signal components, b) DB-OTA state 
transition graph, c) time-domain DB-OTA waveforms, from top to bottom: 
buffer input signals 𝑉ூேା

ᇱ , 𝑉ூேି
ᇱ , digital buffers digital outputs OUT+, OUT-, 

DB-OTA output current, and DB-OTA output voltage. 

signal, which is added to the external input signals 𝑉ூேାሺିሻ  via a 
summing network so that the buffer inputs 

𝑉ᇱூேାሺିሻൌ
௩಴ಾುା௏಺ಿశሺషሻ

ଶ
                         (1) 

are simultaneously increased (decreased) and their CM 
component approaches 𝑉  , as required to make the digital 
buffers sensitive to their DM component. This behavior 
suppresses the common-mode input component, similarly to a 
traditional differential pair in Fig. 2b. From this figure, the 
common-mode input signal is tracked by 𝑣ୗ, and is then 
subtracted from the external inputs in the gate-source voltages 
𝑣ୋୗ of NMOS transistor, so that the input devices control 
voltages are independent of the common-mode voltage, and 
their small-signal drain currents are proportional to the 
differential mode input 𝑣ୈ. 

Combining the differential and the common-mode input 
components, the DB-OTA behavior is well described by a digital 
finite-state machine (FSM) whose state transition graph is 
shown in Fig. 3b. Such FSM continuously oscillates through 
states (1,1), (0,0), in which the common-mode input signal is 
compensated, passing through states (1,0) and (0,1) whenever 
𝑣ୈ ് 0. In these states, the differential input is detected and the 
output stage amplifies it as discussed above by charging 
(discharging) the capacitive load 𝐶௅ through M1 (M2). This self-
oscillating behavior is further illustrated in Fig. 3c, where the 
waveforms of the buffer input signals  𝑉′ூேା  and 𝑉′ூேି , their 
digital outputs (OUT+,OUT-)  and the DB-OTA output current 
and voltage are shown both for 𝑣ୈ ൌ 0  and for 𝑣ୈ ് 0. 

The DB-OTA output voltage variation in states (1,0) and (0,1) 
can be expressed as 

𝛥𝑣ை௎் ൌ
ூೀೆ೅
஼ಽ

𝛥𝑡′஽                             (2) 

where 𝐼୓୙୘ is the constant current (dis)charging the load 
capacitor 𝐶௅, 𝛥𝑡′஽ is the time interval in which the DB-OTA is 
in the (OUT+,OUT)=(0,1),(1,0) states.  
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Fig. 4. a) Layout view of the DB-OTA, b) micrograph of the 180-nm test-chip, 
c) power breakdown, and d) area breakdown. 

In detail, 𝛥𝑡′஽ can be expressed as: 

𝛥𝑡′஽ ൌ
஼಴ಾ
ூ಴ಾು

𝑣஽                                  (3) 

where 𝐶஼ெ and 𝐼஼ெ௉ are the output capacitance and the ON 
current of CM extractor, respectively [16]. Based on (2) and (3), 
the DB-OTA output voltage 𝑣ை௎் in Fig. 3c turns out to be 
insensitive to the common-mode input component at first-order. 
From the same equations, 𝑣ை௎் is also proportional to the 
integral of the input differential voltage as in any OTA with an 
integrative differential amplification [16]. 
 

B. DB-OTA Design Considerations 

The DB-OTA was designed in a 180-nm testchip using 
standard cells available from a commercial design kit, as shown 
in Fig. 4a. As usually targeted in energy-efficient digital designs 
and as demonstrated in [17], the supply voltage 𝑉ୈୈ was set to 
the minimum energy point (MEP) [1]. The MEP voltage turned 
out to be approximately 𝑉ୈୈ=300 mV for the targeted 
technology and the switching activity determined by the above 
self-oscillation [15]. 

From a transistor sizing viewpoint, the output stage strength 
(transistors M1-M2 in Fig. 2a) was set to limit the distortion. 
Minimum-sized devices were adopted in the CM extractor stage 
for minimum power consumption. The strength of the remaining 
standard cells was set based on their fan-out, as routinely done 
in digital designs. The capacitance 𝐶େ୑ in Fig. 2a was 
implemented as a Metal-insulator-Metal (MiM) capacitor and 
set to 250fF to achieve closed-loop stability based on the 
requirements derived in [16], and to keep the Total Harmonic 
Distortion (THD) within bounds. As 𝐶େ୑ uses only the top metal 
layers, it was placed above the other logic gates to use area 
efficiently. 

From a design standpoint, the summing network and the DM 
amplifier design were sized as in [15] to ensure robust operation 
in the presence of process variations and make transistor 
mismatch insignificant [18]. Voltage dividers based on inverter-
based pseudo-resistors (Fig. 2c) were used to implement the 
summing network with large-area PMOS devices to achieve 
adequate matching while keeping a reasonable phase margin 
(>50°). 

 

Fig. 5. a) 𝑉୒ and  𝑉୓୙୘ sine waves for 𝐶୐ ൌ80pF, input amplitude 𝑉ୟ୫୮=50mV 
and frequency 𝑓୧୬=3Hz, b) transient response for a square wave input, 
𝐶୐ ൌ80pF, 𝑉ୟ୫୮=50mV and 𝑓୧୬= 50Hz. The settling time measured at the rising 
(falling) edge is 1.15 (0.9) ms. 

The mismatch in the trip point of the two buffers in the DM 
amplifier in Fig. 2a was mitigated via the calibration network in 
Fig. 2d. To ensure adequate robustness under process variations 
and mismatch, a calibration network including four auxiliary 
pull-up (pull-down) branches was designed. In this network, 
pMOS (nMOS) devices have minimum length and binary-
weighted minimum width (𝑊௞ ൌ 2௞𝑊௠௜௡,𝑘 ൌ 0 … 3). These 
devices are driven by the same input signal, and can be 
individually enabled/disabled depending on an 8-bit digital 
calibration word. The layout of the circuit was optimized to 
match the non-inverting and the inverting signal paths delays 
(see Fig. 4a). 

III. MEASUREMENTS RESULTS 

The DB-OTA testchip occupies a silicon area of 1,426 μmଶ, 
as shown in the layout view and micrograph in Figs. 4a-b. Fig. 
4c and d respectively show the power and the area breakdown 
among the DB-OTA blocks. The DB-OTA operation and the 
performance of three DB-OTA samples in the voltage follower 
configuration were calibrated for minimum THD at maximum 
signal swing. The samples were tested and then compared with 
state-of-the-art OTAs. 

A. DB-OTA Operation 

 The measured input and output waveforms of the DB-OTA 
are reported in Fig. 5a for the sample #3, which exhibits the most 
pronounced non-linearity and hence the highest THD. In this 
figure, the measurements are taken at a supply voltage of 
𝑉ୈୈ=300mV under a 3-Hz input sine wave with 50-mV 
amplitude, and a significant capacitive load of 𝐶୐=80pF. The 
measurements in Fig. 5a reveal that a THD of 1.26% and power 
consumption of 591 pW are achieved under the above 
conditions. For the same die sample, the input offset voltage was 
measured to be 1.1 mV and the r.m.s. input noise integrated over 
the 500 Hz input bandwidth is 2.9 mV. 
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Fig. 6. THD (%) versus peak Vamp for 3Hz frequency. 
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Fig. 7. ULV DIGOTA frequency response. 
 

  To the best of the authors' knowledge, DB-OTA is the first 
OTA operating in a sub-nW power regime. Fig. 4c shows the 
power breakdown among the DB-OTA sub-blocks, in which the 
most significant contribution is associated with the output stage 
(55%) followed by the DM amplifier (35%), whereas the CM 
extractor is expectedly less important due to the small size of 
transistors and capacitor. 
 The slew rate was evaluated from the response to a square 
wave input, as shown in in Fig. 5b. In particular, for the same 
above input amplitude and load, a positive slew rate ሺ𝑆𝑅ାሻ of 
0.278 V/ms and a negative ሺ𝑆𝑅ି) of 0.25 V/ms were measured.  

 Fig. 6 compares the measured THD to the simulation results 
in [15]. The measured common-mode input range of DB-OTA 
was found to be lower than 100 mV in the measured samples. 
The increased distortion at higher input amplitudes is mainly 
induced by the mismatch in the input inverters, due to their 
operation in the sub-threshold region. Such dominant mismatch 
contribution ultimately gives rise to a reduction in the input 
swing even after calibration. 
 The DB-GOTA was tested in the closed-loop voltage 
follower configuration with 50-mV amplitude sine wave input 
at different frequencies 𝑓. The differential voltage gain 
frequency response was measured in magnitude and phase by 
taking the ratio of the Fast Fourier Transform (FFT) at each 𝑓 of 
the output, and the differential input voltage. The DB-OTA 
frequency response of the measured samples is reported in Figs. 
7a-b, and exhibits a 29-dB DC gain in the considered sample #3, 
whereas all other die samples have larger DC gain up to 31 dB. 
Also, a Gain Bandwidth Product 𝐺𝐵𝑊 of 518 Hz was measured, 
along with a phase margin of 57.3o (51.4o-57.3o over the three 
dice). The highest measured 𝐺𝐵𝑊 of 518 Hz across dice is 200 
Hz and is below the minimum value presented in [15] based on 
Monte Carlo simulations over 100 runs, which showed a  
𝜇ீ஻ௐ ൌ 865 Hz and 𝜎ீ஻ௐ ൌ 63 Hz. The self-oscillation 
frequency was measured to be 10 kHz. 
 The power consumption for a 3-Hz sine wave input with 50-
mV amplitude under 𝐶୐=80pF was found to be 590 pW , and 
always lower than 1 nW across all die samples (from 407 pW 
to  697 pW). The usual small-signal figure of merit in (4) was 
adopted to evaluate the power efficiency at small inputs: 

𝐹𝑂𝑀ௌൌ100 ீ஻ௐ⋅஼ಽ
ூವವ

,            (4) 

where 𝐼஽஽ ൌ 𝑝𝑜𝑤𝑒𝑟/𝑉஽஽, evaluates to 2,101 𝑉ିଵ (from 1,352 
𝑉ିଵ to 2,101 𝑉ିଵ across the three dice). Analogously, the usual 
large-signal figure of merit in (5) was evaluated to quantify the 
power efficiency at large inputs: 

𝐹𝑂𝑀௅ൌ100 ௌோ⋅஼ಽ
ூವವ

                 (5) 

where 𝑆𝑅 is the average between 𝑆𝑅ା and 𝑆𝑅ି. The figures of 
merit in (5) evaluates to 1,071 (from 468 to 1071 across the 
three dice). Both figures of merit reveal a highly-efficient 
operation of the DB-OTA circuit, as discussed in Subsection B. 

 
TABLE I. PERFORMANCE COMPARISON WITH THE STATE OF THE ART (BEST PERFORMANCE IN BOLD)  

Performance This work+ [8]+ [18]+ [19]+ [20]+ [9] MC-OTA* [9] FFC- OTA* [14]+ 

 Min Max        
Architecture Digital Bulk-driven Bulk-driven Bulk-driven Bulk-driven Inverter-based Inverter-based Digital 
technology 180 130 65 180 350 130 130 180 

Vୈୈ [V] 0.3 0.25 0.25 0.5 0.6 0.3 0.3 0.3 
C୐ [pF] 80 15 15 20 15 2 2 150 

area [μmଶ] 1,426 83,000 2,000 26,000 60,000 - - 982 
DC Gain [dB] 31 29 60 70 52 69 46.2 49.8 30 
GBW [kHz] 0.229 0.518 1.88 9.5 1,200 11.4 2,450 9,100 0.25 

Slew Rate [V/ms] 0.097 0.264 0.7 0.2 2,890 14.6 2,400 3,800 0.085 
THD [%] 1.26++ 2.82++ 0.2 - 1 0.08 - - 2 

Phase Margin [o] 51.4 57.3 52.5 89.5 - 65 57 76 90 
Power [nW] 0.407++ 0.591++ 18 26 110,000 550 1,800 1,800 2.4 
FOMS [V-1] 1352 2,101 29 137 0.11 0.18 81 303 468 
FOML [-] 573 1,071 14.6 3 22.27 23.9 80 140 159 

+experimental  *simulation  ++Measured for 𝐶௅ ൌ 80 pF, peak amplitude 𝑉௔௠௣ = 50 mV and 𝑓௜௡ = 3 Hz 
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B. Comparison with the State of the Art 

Compared to prior OTAs proposed in the recent literature in 
Table I, the DB-OTA drives the second largest output 
capacitance 𝐶୐=80pF at the  lowest power consumption. In 
detail, the DB-OTA power is 4X lower than DIGOTA in [14], 
in spite of the area penalty of the calibration network and the 
pseudo-resistors, and a more pronounced distortion. 
Interestingly, the proposed DB-OTA is the most power-efficient 
OTA reported to date, and in particular has a 4.5X improved 
𝐹𝑂𝑀ୗ metric compared to the previous best-in-class [14]. The 
comparison in terms of both 𝐹𝑂𝑀ୗ and 𝐹𝑂𝑀୐ is also  illustrated 
in Fig. 8, which shows the power efficiency improvement 
enabled by DB-OTA over prior art.  

As done in [15], the results of preliminary transistor-level 
simulations performed on the circuit ported to 40nm CMOS are 
also shown in Fig. 8, demonstrating the potential benefits 
brought by technology scaling, based on the digital nature of 
DB-OTA compared to traditional analog OTAs. 

IV. CONCLUSION 

In this work, silicon demonstration, measurement results and 
a qualitative circuit analysis have been presented for a highly-
digital, ultra-low voltage and ultra-low power OTA. By  
processing  the  analog  input  signal  digitally  via conventional 
digital standard cells, the measured power efficiency achieved 
at 𝑉ୈୈ=300 mV is quantified by the classical figure of merit 
𝐹𝑂𝑀ௌ ൌ 2,101 V-1, which outperforms the state of the art 
thanks to the lowest power of 591 pW. Its area of 1,426 μm2 is 
also close to best-in-class. To the best of the authors’ 
knowledge, DB-OTA is the first and only sub-nW OTA to date. 

Thanks to its low cost, low design effort, and high power 
efficiency, DB-OTA is well suited for low-frequency analog 
interfaces in always-on energy-autonomous sensor nodes (e.g., 
light, humidity, temperature, capacitive) for direct powering 
from harvesters. Ultimately, this suppresses batteries and any 
intermediate circuit between the harvester and the system. 
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Fig. 8. State-of-art of ultra-low voltage OTAs. #1,#2 and #3 are the three die 
samples measured in this work. The remaining points within the cloud are 
results from the Monte Carlo simulations from [15]. 
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