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Abstract 
This paper describes the design of an ultra 
low-frequency, dc-blocked, differential low-
noise amplifier (LNA) used for 
electromyogram and cortical signal detection 
in an implantable FES or neural prosthetic 
device. The LNA detects bioelectric signals in 
the frequency range of 0.035 Hz to 5000 Hz 
and amplitude range of 10 uV to 100 mV. 
Large dc voltages of up to 14V can exist across 
the two sensing electrodes when used for 
stimulation, requiring the LNA to be dc-
blocked. A pair of 50 pF dc-blocking 
capacitors, PFET inputs and a positive 
feedback mechanism to cancel the parasitic 
capacitance of the large input PFETs  ensure 
that the low ‘1/f’ noise traits of the LNA are 
maintained and ultra low-frequency high-pass 
response is achieved.   The LNA, designed and 
fabricated in a 0.5um CMOS process, occupies 
an area of 0.36 mm2, most of which is due to 
the two 50 pF capacitors. It operates at 2.7V 
and draws 2.7uA, providing programmable 
differential gains between 4 and 120, a 
maximum bandwidth of 0.035 Hz to 5kHz and 
an input referred noise voltage of 5.6 uVrms 
in the frequency range of 10 Hz to 5 kHz. 
 

1. INTRODUCTION 
 
The requirement for implantable neural 
prosthetic devices necessitates the need for 
integrated circuit implementation of bioelectric 
stimulators and bio-potential sense amplifiers. 
Work on functional electrical stimulation (FES) 
has now expanded to include Brain-Computer 
Interface (BCI) controls for FES devices. In 
order to use the same low-noise amplifier 
(LNA) for both operations, one requires that the 
LNA be able to detect electromyogram (EMG) 
and cortical signals such as neuronal action 
potentials or low-field potential (LFP) signals 
[1]. Each of these signal types possesses very 
different amplitude and frequency traits as 

shown in Table 1. In addition, for FES 
applications, the electrodes used for sensing 
bio-potential signals may also be used for 
stimulation. Since the stimulation voltage can 
be as high as 14V, capacitive isolation is 
needed between the low-voltage LNA 
electronics and the large stimulus-voltage 
present on an external stimulus storage 
capacitor, CT, as illustrated in Figure 1.  

 
 
 
 
 
 
 
 

 
 
Figure 1: Implantable Device for Stimulation 
and Bio-potential Sensing 
 
The requirement for the device to be 
implantable requires that the sensing electronics 
occupy minimal area and consume little power. 
Satisfying detection capability at the lower 
frequency ranges for LFPs or even EMG 
signals, hence, becomes very challenging as 
only a minimally sized dc- blocking capacitor 
can be integrated on chip. The low-power 
requirement restricts the open-loop gain of the 
amplifier for noise reduction and the presence 
of low-frequency signals necessitates the use of 
large-area input devices to lower the ‘1/f’ noise 
of the LNA.  Typical ‘1/f’ noise reduction 
techniques using chopper-modulation as in [2, 

Signal 
Type 

Amplitude 
Range 

Frequency 
Range 

EMG 10 uV -10 mV 10 Hz – 3 kHz 
Neural 
Potentials

10 uV – 500 uV 100 Hz – 5 kHz 

LFP 100 uV – 1 mV 0.5 Hz – 50 Hz 
 

Table 1: Signal Types and their Electrical Traits 
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3] are highly beneficial for reducing low-
frequency noise and circuit area. Unfortunately, 
the presence of the large stimulus voltage and 
the associated dc-blocking capacitor in our 
situation makes this approach less suitable. This 
paper therefore describes a method used to 
achieve an ultra low-frequency, dc-blocked, 
high-pass frequency response for a bio-potential 
LNA that uses relatively minimal area and 
power. The LNA was designed and fabricated 
in a 0.5um CMOS process and was the front-
end stage to the overall bio-potential amplifier 
that was developed.  

 
2. METHOD OF IMPLEMENTATION 
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Figure 2: Differential LNA Circuit Core 
 
A standard differential amplifier topology with 
large-area input PFETs is used to reduce the 
‘1/f’ noise contribution. Figure 2 shows the 
circuit configuration where load resistors, RL, 
and capacitors, CL, set the low-pass gain, 
frequency response and common-mode output 
voltage. Open-loop gain implementation with 
the input PFETs biased at zero volts or signal 
ground during a period of no sensing allows 
one to use the topology shown in Figure 3. 
 

Figure 3: LNA Implementation for Ultra Low- 
Frequency, Bio-potential Sensing Application 

The LNA input in Figure 3 is pre-biased at zero 
volts and floated during a sensing operation.  
Since the device is floating within the body, one 
electrode is used as the reference or signal 
ground and true differential sensing is achieved 
by simply detecting the potential across the two 
electrodes. Typical implementations require 
gigantic capacitor and resistor values to achieve 
a very low-frequency, high-pass filter response 
that can still block dc. The large valued          
dc-blocking capacitor can even restrict the 
circuit integration to a single-ended input 
implementation due to practical size constraints. 
Using the topology of Figure 3, however, the 
inherently large input impedance of the PFET 
gate and its floating input during a differential 
sensing operation can be used to advantage to 
obtain an ultra low-frequency high-pass 
response with a very small dc-blocking 
capacitor, Chpf.  
 
The size of the input PFETs is determined by 
two factors, namely ‘1/f’ noise and operation in 
the subthreshold region. ‘1/f’ noise power 
decreases linearly with gate area while 
subthreshold operation is based on the current 
density of the LNA’s input PFETs. The 
operation of FETs in the subthreshold or weak-
inversion region is widely used at present for 
low-power applications. This is due to the 
linear increase of the transconductance, Gm, 
with bias current in this region (in contrast to a 
square-root increase of Gm with bias current in 
the deep-inversion region).  Lower current 
density of the LNA’s input PFETs, however, 
comes at the expense of larger aspect ratios and 
hence parasitic capacitance from the gate-to-
source and gate-to-drain nodes of the PFET. 
The Miller effect makes the gate-drain 
capacitance dominate, as it is increased by a 
factor equal to the open-loop gain, Ao, of the 
LNA.   This capacitance, Ao*Cgd, in effect goes 
in series with the blocking capacitor, Chpf, as 
shown in Figure 3.  For small values of Chpf, 
this results in a large attenuation of the bio-
potential signal at the LNA’s input due to a 
capacitive voltage divider action.   
 
The parasitic capacitance of Ao*Cgd can be 
lowered or cancelled by using a capacitor of 
similar size to Cgd, in positive feedback. This is 
done by Cpos and is shown in Figure 3. Since 
Cpos is subject to the same Miller effect as Cgd, 
its cancellation of the parasitic input 
capacitance tracks that of the LNA gain. By 
designing Cpos to be as close as possible to Cgd, 
one can dramatically reduce the voltage-divider 
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action at the LNA input and in essence increase 
the signal-to-noise ratio (SNR) of the LNA 
without using any active devices that would 
otherwise only inject more noise.  The open-
loop gain, Ao, is also fairly well controlled since 
the LNA operates in the subthreshold region 
where the Gm is proportional to the bias current 
and the bias current and the load resistor values 
can track each other.  Temperature effects can 
be mitigated by designing a PTAT 
(proportional to absolute temperature) current 
bias circuit to compensate for the CTAT 
(complementary to absolute temperature) 
behavior of the LNA’s Gm.  Finally, an 80 dB 
input dynamic range is achieved by appropriate 
gain degeneration set by programmable gains. 
 
3. RESULTS 

 

 
Table 2: Measured Test Results for the Bio-
potential Amplifier 
 
The LNA and subsequent amplification stages 
along with the biasing and housekeeping 
circuits were designed and implemented in a 
triple-metal 0.5um CMOS process.  The LNA 
with its programmable low-pass filter occupied 
an area of 0.25 mm2 and the two dc-blocking 
capacitors, Chpf, were implemented using a 50 
pF value that occupied 0.11 mm2. The LNA’s 
gain was programmable from 4 to 120 and the 
overall bio-potential amplifier, operating at    
2.7 V, was capable of being programmed for 
differential gains ranging from 4 to 1200. A 
maximum bandwidth of 0.035 Hz to 5 kHz was 
attained and could be adjusted with 
programmable high-pass and low-pass filter 
corners in the stages following the LNA.   
Table 2 summarizes the measured test results 

for the power consumption and noise floor over 
various bandwidths using the entire bio-
potential amplifier where the LNA determined 
the noise floor and lowest high-pass frequency 
corner. 
 
4. DISCUSSION AND CONCLUSIONS 
 
A low-noise amplifier for detecting EMG and 
cortical signals, such as neuronal action 
potentials or low-field potentials, was designed 
for integration within an implantable neural 
prosthetic device. The topology implemented 
allows for the LNA to be used in conjunction 
with a high-voltage tissue stimulator so that 
FES or deep-brain stimulation applications can 
be supported. The dc-blocking capacitors used 
for LNA isolation and possible safety 
requirements, are almost three orders of 
magnitude smaller than when implemented 
using conventional techniques.  To conserve 
power, the current consumption was optimized 
to meet the minimum signal detection target, 
rather than increasing current for the best 
possible noise performance. By the 
programmable tailoring of the bandwidth and 
gain, an appropriate noise floor can be attained 
for the various applications indicated in        
Table 1. 
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  Parameter Measured 
Results 

  Overall Power dissipation 30 uW 

LNA Power dissipation 7.3 uW 

Input referred noise density 
between 10 Hz and 5 kHz           

~ 64 nV/√Hz 

Input referred noise  between 
10 Hz and 5 kHz ~  5.6 uVrms 

Input referred noise  between 
10 Hz and 1 kHz ~  2.4 uVrms 

Input referred noise  between 
0.035 Hz and 300 Hz ~  12 uVrms 


