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Abstract—This paper reports an adaptive positive 
feedback bias control technique for operational 
transconductance amplifiers to adjust the bias 
current based on the output current monitored by a 
current replica circuit. This technique enables 
operational transconductance amplifiers to quickly 
adapt their power consumption to various analog 
workloads when they are configured with negative 
feedback. To prove the concept, a test voltage follower 
is fabricated in 0.5-μm CMOS technology. 
Measurement result shows that the power 
consumption of the test voltage follower is 
approximately linearly proportional to the load 
capacitance, the signal frequency, and the signal 
amplitude for sinusoidal inputs as well as square 
pulses.    
 
Index Terms—Analog circuits, bias adaption, low 
power circuits, operational trans-conductance 
amplifier, positive feedback bias control   

I. INTRODUCTION 

Bio-medical devices [1] have large demand for low-
power operational trans-conductance amplifiers (OTAs) 
because OTAs are typically the most power-consuming 
blocks in these applications. However, conventional 
OTAs are not power-efficient because their bias currents 
are fixed for the expected worst workloads (load 
capacitance, signal frequency, and signal amplitude) even 

though workloads are usually time-varying [2, 3]. For 
example, electrocardiography (EKG) pulses sparsely 
occur and also the workloads do [4]. In a switched-
capacitor circuit, load capacitance varies when 
connection changes [5, 6]. Therefore, OTAs designed for 
the peak workload without adaptive bias control waste 
unnecessary power.  

To improve OTAs’ power efficiency, various bias 
control techniques were proposed [7-10]. Bias control 
based-on input motoring [7, 8] improved slew rate with 
little additional power, and thus achieved the same 
performance consuming less power. Load adaptation also 
improved slew rate by 400%-500% with only additional 
5% power and 20% chip area [9]. A positive feedback 
bias control technique [10] adapted OTA’s power 
consumption proportional to various workloads.  

However, the previous research [7-10] did not 
demonstrate subtle power adaption to sophisticated 
analog signals. Some previous articles [7-9] focused 
mostly on OTAs’ slew rate improvement in driving 
square pulses. The report on positive feedback bias 
control [10] discussed power adaption only to square 
pulse signals. For square pulses, the bias adaption is 
similar to simple digital bias programming [11] or simple 
bias switching [12]: the bias current either 1) stays 
constant while input stays constant or 2) abruptly peaks 
during transition period. This control is different from 
sophisticated power adaption required for other analog 
signals such as sinusoids. 

This paper shows that the positive feedback technique 
can subtly adapt power consumption of an OTA to 
sinusoidal signals as well as square pulse signals. In 
experiment, a test voltage follower adaptively consumed 
power roughly proportional to the signal frequency, the 
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signal swing, and the load capacitance not only for 
square pulses but also for sinusoidal inputs, showing that 
OTA-based analog circuits can adapt to sophisticated 
analog signals using the concept. 

This paper is organized as follows. Section II explains 
power waste in a typical OTA usage. Section III 
describes the mechanism and circuit implementation of 
the positive feedback bias control technique for OTAs. 
Section IV shows the experimental results. Finally, 
Section V concludes this paper. 

II. POWER WASTED BY AN OTA 

Conventional OTAs, which always provide large 
driving ability, waste unnecessary power because large 
driving strength is only occasionally required in typical 
bio-applications [1]. Fig. 1 shows an example OTA 
operation in a voltage follower driving a square pulse or 
a sinusoid. For a square pulse in Fig. 1(b), the OTA does 
not have to conduct large current to the load while the 
input and output (Vin and Vout) stay constant, but must 
have large gain to maintain negative feedback. Therefore, 
during this phase, the OTA needs only small power just 
enough to maintain the large gain. In contrast, at signal 
transition (during the rise time Tr), the OTA’s differential 
input becomes abruptly large and the OTA must conduct 
large current to the load, burning large instantaneous 
power. Once the output voltage follows to the input 
voltage, the OTA does not have to conduct large current 
to the load capacitor anymore consuming little 
instantaneous power. 

For a square wave with amplitude of Vsw, the power 
drawn from the supply to charge the load capacitor is  

 C dd swP CV V f= ,  (1) 
 

where PC, Vdd, C, Vsw, f (= 1/T), and T are the power 
drawn from the supply to charge the load capacitor, the 
supply voltage, the load capacitance, the voltage swing, 
the switching frequency, and the clock period, 
respectively. Similarly, when the voltage follower drives 
a sinusoid as shown in Fig. 1(c), the ideal power 
dissipation can be expressed by Eq. (1) too.  

Since a conventional OTA always prepares for the 
peak workload, we can find the minimum bound of the 
OTA power consumption as 

 

 max _ ax max _ ax max/ 2OTA dd sw m r dd sw mP V C V T V C V f> > ,  (2) 
 

where POTA, Cmax, Vsw_max, and fmax are the minimum 
bound of the OTA power consumption, the maximum 
load capacitance, the largest voltage swing, and the 
maximum signal frequency, respectively. Conventional 
OTAs burn unnecessary power most of the time since the 
peaking times of C, Vsw, and f are generally short in bio-
medical applications.  

III. A POSITIVE FEEDBACK BIAS CONTROL 

FOR OTA 

Fig. 2 shows a schematic diagram of an OTA with the 
positive feedback bias controller. The OTA core has 
three bias control transistors: M1, M2, and M3. The 
transistor M1 controls most of OTA’s the bias current 
(i1(t)) through positive feedback. The transistor M2 sets 
the maximum current limitation (imax) flowing through 
M1 by the bias voltage Vb1. The transistor M3 provides 
the small minimum bias current imin when M1 transistor 
completely turns off. Therefore, the OTA’s bias current 
can be approximated as ibias(t) = i1(t)+imin≈i1(t). The 
current replica duplicates the output current iout(t) of the 
OTA and feed it to the current rectifier which produces 
|4iout(t)| by current mirroring. The current comparator 
compares |4iout(t)| with i1(t)/5+ib, where ib is the 
minimum current provided by M6 transistor to prevent 
the comparator to turn off completely. Because imin and ib 

are small, i1(t)/5+ib ≈ i1(t)/5 ≈ (i1(t)+imin)/5 ≈ ibias(t)/5. 
Therefore, the current comparator approximately 
compares |4iout(t)| with the scaled bias current ibias(t)/5 to 
determine adaption direction. If |4iout(t)| is approximately 
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Fig. 1. An example of OTA operation in a voltage follower (a) 
driving a square pulse (b) and driving a sinusoid (c). Vin is the 
input voltage. Vout and Iout are the voltage follower’s output 
voltage and current. PC is the power drawn from the supply to 
charge the load capacitor. PC_avg is the average of PC. 
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larger than ibias(t)/5, i.e. |iout(t)| > 0.05ibias(t), then the 
controller increases the bias current considering that it is 
too small. Otherwise, the controller reduces the bias 
current.  

This bias control algorithm forms a positive feedback 
because increasing the output current increases the 
OTA’s trans-conductance by increasing the bias current, 
and thus further raises the output current. Similarly, 
decreasing the output current also eventually further 
decreases the output current. By the nature of positive 
feedback, the bias controller quickly responds to small 
change of the output current.  

Divergence of the bias current from the proper range 
due to the positive feedback is prevented 1) by the 
overall negative feedback and also 2) by the bias current 
limitations. OTAs are typically configured with negative 
feedback as shown in Fig. 1(a). Even though the positive 
feedback changes the bias current and the OTA’s gain, 
the output voltage will eventually converge to the input 
voltage making the OTA’s output current small due to 
the negative feedback. For a small output current, the 
positive feedback will eventually decrease the bias 
current. Therefore, the negative feedback prevents the 
positive feedback to keep increasing the bias current. 
Another mechanism to prevent the bias current from 
diverging is maximum/minimum bias current limitations. 

The positive feedback may keep increasing/reducing the 
bias current until it becomes infinity/zero causing circuit 
problems. For example, if the rise time Tr is too long in 
Fig. 1(b), then the positive feedback may increase the 
bias current too much and transistors may not stay in the 
saturation region. In contrast, if the input in Fig. 1(b) 
stays settled too long, then the positive feedback will 
make the bias current too small for the OTA to response 
to input quickly. Current limiters constraining the 
maximum/minimum bias current can easily fix these 
problems. To guarantee that the two mechanisms 
collaboratively maintain stability, the OTA is designed to 
be stable for any fixed bias value within the range 
between the minimum and the maximum bias currents. 
When the OTA is stabilized well by these mechanisms, 
the OTA’s bias current decreases from the maximum 
current to the minimum current for a step input [10]. The 
settling time can be approximated by taking into account 
the slew time, exponential transition time, and bias 
changing time as discussed in [10].  

IV. EXPERIMENT 

A test voltage follower in Fig. 1(a) using the OTA in 
Fig. 2 was fabricated in 0.5-μm CMOS technology and 
operated with a 3 V supply. To test the adaptation to 
various loads, three load capacitors (1 pF, 10 pF, and 100 
pF) were selectively connected during the test with 
various input signals.  

 
1. DC Characteristics  

 
Table 1 summarizes the dc characteristics of the test 

voltage follower measured for a dc 1.5 V (half-rail 
voltage) input. The idle power including the OTA core, 
the controller, and the bias voltage generator is 1.38 μW. 
Within the measured input range (0.37 V-2.66 V), the 
measured differential error input (Vin - Vout) is less than 
15 mV showing that the output tracks the input well.    

Due to the positive feedback, the bias current has two 
stable states for dc inputs. Fig. 3 shows the output 
voltage and the supply current versus the input voltage 
measured at dc. The output tracks the input well within 
the operating range because the OTA maintains large 
gain for negative feedback in this region. As explained in 
Section III, as long as the negative feedback works, for 

 

Fig. 2. An OTA with positive feedback bias control [7]. 
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dc input, the positive feedback keeps decreasing the bias 
current to the minimum value resulting in the minimum 
supply current within this region as shown in Fig. 3. 
However, because the OTA loses large gain outside this 
region, the negative feedback may not work, resulting in 
large differential input which may flip the direction of 
the positive feedback toward increasing the bias current 
up to the maximum limit. In Fig. 3, by this mechanism, 
the supply current below operating range is the 
maximum value.  

The two stable the bias current values (the minimum 
and maximum limitations) cause the hysteresis in Fig. 3. 
Because the bias current determines the operating input 
voltage range, different initial bias currents result in 
different flipping points for the positive feedback 
direction. For example, when Vin is increasing from Vin = 
0, the initial bias current is the maximum value causing 
the maximum supply current (94 μA) when Vin = 0 as Fig. 
3 shows. The minimum operating input voltage for this 
bias current is 0.37 V, and thus the OTA does not 
properly work for Vin < 0.37 V. As Vin slowly increases, 
the OTA starts working around at Vin = 0.37 V, and thus 
the bias current as well as the supply current decreases to 

the minimum as shown in Fig. 3. On the other hand, 
when Vin is decreasing, the initial bias current is the 
minimum value and the minimum operating input 
voltage is about 0.08 V. As Fig. 3 shows, the supply 
current suddenly increases to its maximum value around 
0.08 V due to the sudden increase of the bias current as 
Vin increases.  

Since the hysteresis occurs outside the operating 
ranges of two cases, restricting the operating range as the 
intersection of the both regions makes the dc 
characteristic of the voltage follower similar to the one of 
a normal voltage follower with the minimum bias current.  

 
2. Adaptation to Square Wave Inputs  

 
Various square pulses are applied to the voltage 

follower with various load capacitors to test the 
adaptation. The measured power dissipation is 
approximately proportional to the frequency, the load 
capacitance, and the signal swing. 

Fig. 4(a) shows the measured power consumption 
versus the input frequency for various load capacitors. 
The power consumption is linearly proportional to the 
frequency within the adaptation range. The power 
consumption saturates at around 30 μW due to the 
maximum bias limit with a 100-pF load, but does not 
saturate with 10-pF and 1-pF loads because the required 
current is not large. The slopes of plots in Fig. 4(a) are 
also proportional to the load capacitance as Fig. 4(b) 
shows. The measured power consumption change per 
signal frequency and per load capacitance is 
approximately 0.0438 μW/kHz/pF.   

As expected by Fig. 4(b), the measured power 

Table 1. Measured DC characteristics of the voltage follower 
using the OTA with positive feedback bias control 

Supply voltage 3 V 
Reference voltage  1.5 V 

Idle power (1.5 V DC input) 1.38 μW 
Operating input voltage range 0.37 V - 2.66 V 

Vin - Vout < 15 mV 
The measured power consumption includes the op-amp core, the bias 
controller, and the bias voltage generator. 
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Fig. 3. The measured output voltage and supply current versus 
the input voltage: The measurement was done twice with a 1-pF 
load capacitor increasing and decreasing Vin. 
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Fig. 4. Measured power consumption of the voltage follower 
versus input frequency [7] (a), and power consumption 
increment per frequency increment versus the load capacitance 
(b). The input signal was a 0.5Vpp square wave. 
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consumption is also linearly proportional to the load 
capacitance. Fig 5(a) shows this relationship more 
explicitly. Since larger load capacitors require larger 
driving currents, the linear relationship between power 
consumption and load capacitance implies that the bias 
current is adjusted well based on the needed driving 
current. The extracted slope of each plot in Fig. 5(a) is 
also linearly proportional to the frequency as Fig. 5(b) 
shows. The rate of power consumption increment per 
load capacitance increment and per signal frequency 
increment is 0.0498 μW/kHz/pF which is similar to the 
value in Fig. 4(b). 

Fig. 6(a) shows the measured power consumption 
versus the input voltage swing. The power consumption 
linearly increases as the voltage swing increases around 
0.5 V. However, for a small swing, the power 
consumption does not fit in the linear curve because the 
bias voltage generator consumes significant power. 
Although not exactly linear, Fig. 6(a) shows that the 
power consumption is roughly proportional to the voltage 
swing within the preferred input range. The slope of each 
curve is also roughly proportional to the frequency as Fig. 

6(b) shows.  
Fig. 7 shows the measured input and output 

waveforms of the voltage follower driving a 10-pF 
capacitor at 40 kHz and a 100-pF capacitor at 25 kHz. To 
demonstrate the maximum speed, the operating 
frequency had been increased until the output hardly 
followed the input. The ringing in Fig. 7 might be the 
result of unexpected parasitic in the feedback path and 
the variation in the on-chip bias generator because the 
OTA did not have the ringing behavior in the simulation. 
Unlike conventional OTAs, the maximum frequency 
decreased only by 37.5% when the load capacitance 
increased by ten times. This implies that the bias current 
level is properly increased for higher speed as the load 
capacitance increased.  

 
3. Adaptation to Sinusoidal Wave Inputs  

 
The positive feedback bias controller can adapt not 

only to square pulses but also to sinusoids. To test the 
adaptation to sinusoids, various sinusoidal inputs are 
applied. The measured power consumption is also 
approximately proportional to the frequency, the load 
capacitance, and the signal swing showing dynamic 
adaptation to a sophisticated analog signal.  

Fig. 8(a) shows the measured power consumption 
versus the signal frequency for a sinusoidal input. With 
1-pF and 10-pF loads, the power consumption almost 
linearly increases as the frequency increases. The 100-pF 
plot is linear at low frequencies but saturates at high 
frequencies due to the maximum bias current limitation. 
The slope of the 10-pF curve is almost ten times as large 
as the one of the 1-pF curve, implying that the power 
consumption is proportional to the load capacitance too. 
However, the slope of the 100-pF curve is not exactly 

0

5

10

15

20

25

30

0 20 40 60 80 100

1kHz

2kHz

3kHz

4kHz

5kHz

y = 0.0498x
-0.0242

0

0.05

0.1

0.15

0.2

0.25

0 1 2 3 4 5 6

 

Fig. 5. Measured power consumption versus load capacitance 
[7] (a) and power consumption increment per load capacitance 
increment (b). The input signal was a 0.5 Vpp square wave.  
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Fig. 6. Measured power consumption versus input voltage 
swing driving a 10-pF capacitor [7] (a) and power consumption 
increment per input frequency increment extracted within a 
linear region (b).  
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Fig. 7. Measured 0.5-V peak-to-peak square pulse input and 
output waveforms of the test voltage follower driving a 10-pF 
load at 40 kHz (a) and (b) a 100-pF load at 25 kHz [7]. 
 



JOURNAL OF SEMICONDUCTOR TECHNOLOGY AND SCIENCE, VOL.15, NO.3, JUNE, 2015 331 

 

proportional to the load capacitance due to the peak bias 
current limit.  

The measured power consumption of the voltage 
follower increases with the load capacitance for 
sinusoidal inputs as well. Fig. 8(b) shows the measured 
power consumption versus the load capacitance. The 
power consumption increases as the load capacitance 
increases, but it is not exactly proportional to the load 
capacitance due to the maximum current limit.  

The power consumption is linearly proportional to the 
input voltage swing too. Fig. 9(a) shows the measured 
power consumption versus the peak-to-peak voltage 
swing for sinusoidal inputs while the voltage follower 
drives 1-pF, 10-pF, and 100-pF capacitors at 10 kHz, 1 
kHz, and 1 kHz, respectively. For 1-pF, and 10-pF loads, 
the power consumption is approximately linearly 
proportional to the voltage swing. With a 100-pF load, 
the power consumption is linear for small voltage swing 
and saturates for large voltage swing due to the 
maximum bias current limitation. Note that the 1-pF-and-

10-kHz plot and the 10-pF-and-1-kHz plot are close each 
other in Fig. 9(a), indicating that the power consumption 
profile is proportional to the product of the load 
capacitance and the input frequency. Fig. 9(b) shows the 
power consumption normalized to the load capacitance 
and the operating frequency versus the voltage swing. 
The normalized power consumption curves are similar to 
each other. The slope of the 10-pF and 1-kHz curve is 
0.4954 μW/pF/kHz/V.  

Fig. 10 shows the measured input and output waves of 
the voltage follower driving a 1-pF capacitor. The input 
was a 0.5 V peak-to-peak 20-kHz sinusoid. Similar to the 
previous experiment, the frequency had been increased 
until the output hardly tracked the input. The measured 
peak error is about 50 mV as Fig. 10 shows. Even though 
little ringing behavior is observed, the output closely 
tracked the input sinusoidal wave well, indicating that the 
voltage follower can work as an analog buffer for various 
sophisticated analog signals.  

V. CONCLUSIONS 

This paper reports a positive feedback bias control 
technique for OTAs configured with negative feedback. 
The bias current is adjusted based on monitoring of the 
OTA’s output current forming a positive feedback loop 
that boosts the adaptation speed. The unstable behavior 
of the positive feedback is controlled by the outer 
negative feedback as well as the minimum and maximum 
bias current limitations. The basic concept of the reported 
technique is demonstrated by experiment using a test 
voltage follower circuit fabricated in 0.5-μm CMOS 
technology. The voltage follower could quickly adapt its 
power consumption roughly linearly proportional to the 
frequency, the load capacitance, and the signal swing for 
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Fig. 8. Measured power consumption versus frequency (a) and 
load capacitance (b). A 0.5-V peak-to-peak sinusoidal waves 
with various frequency is fed to the voltage follower driving 1-
pF, 10-pF, and 100-pF capacitors. 
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Fig. 9. Power consumption (a) and normalized power 
consumption (b) versus the voltage swing of a sinusoidal input. 
The voltage follower drove a 1-pF, 10-pF, and 100-pF 
capacitors at 10 kHz, 1 kHz, and 1 kHz, respectively. 
 

 

Fig. 10. Measured input and output waves of the voltage 
follower driving a 1-pF load capacitor. The input was a 0.5 V 
peak-to-peak 20-kHz sinusoid.  
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both square and sinusoidal inputs. Therefore, the reported 
technique has potential to adaptively and quickly reduce 
the power consumption of various OTA applications 
handling various sophisticated analog signals.  
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