
See discussions, stats, and author profiles for this publication at: https://www.researchgate.net/publication/224615713

10-channel very low noise ENG amplifier system using CMOS technology

Conference Paper · June 2005

DOI: 10.1109/ISCAS.2005.1464696 · Source: IEEE Xplore

CITATIONS

12
READS

89

6 authors, including:

Some of the authors of this publication are also working on these related projects:

Study on Multiplier Circuit View project

Camptocormia monitoring with wearable sensor system View project

Robert Rieger

Christian-Albrechts-Universität zu Kiel

82 PUBLICATIONS   708 CITATIONS   

SEE PROFILE

Dipankar Pal

BITS Pilani, K K Birla Goa

48 PUBLICATIONS   390 CITATIONS   

SEE PROFILE

John Taylor

University of Bath

193 PUBLICATIONS   2,798 CITATIONS   

SEE PROFILE

C.T. Clarke

University of Bath

56 PUBLICATIONS   604 CITATIONS   

SEE PROFILE

All content following this page was uploaded by Robert Rieger on 06 November 2015.

The user has requested enhancement of the downloaded file.

https://www.researchgate.net/publication/224615713_10-channel_very_low_noise_ENG_amplifier_system_using_CMOS_technology?enrichId=rgreq-7d011e55dc3451dfeb8708f2e84eeac4-XXX&enrichSource=Y292ZXJQYWdlOzIyNDYxNTcxMztBUzoyOTI3OTkwOTExMDE2OTdAMTQ0NjgyMDE1MTI5NQ%3D%3D&el=1_x_2&_esc=publicationCoverPdf
https://www.researchgate.net/publication/224615713_10-channel_very_low_noise_ENG_amplifier_system_using_CMOS_technology?enrichId=rgreq-7d011e55dc3451dfeb8708f2e84eeac4-XXX&enrichSource=Y292ZXJQYWdlOzIyNDYxNTcxMztBUzoyOTI3OTkwOTExMDE2OTdAMTQ0NjgyMDE1MTI5NQ%3D%3D&el=1_x_3&_esc=publicationCoverPdf
https://www.researchgate.net/project/Study-on-Multiplier-Circuit?enrichId=rgreq-7d011e55dc3451dfeb8708f2e84eeac4-XXX&enrichSource=Y292ZXJQYWdlOzIyNDYxNTcxMztBUzoyOTI3OTkwOTExMDE2OTdAMTQ0NjgyMDE1MTI5NQ%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/project/Camptocormia-monitoring-with-wearable-sensor-system?enrichId=rgreq-7d011e55dc3451dfeb8708f2e84eeac4-XXX&enrichSource=Y292ZXJQYWdlOzIyNDYxNTcxMztBUzoyOTI3OTkwOTExMDE2OTdAMTQ0NjgyMDE1MTI5NQ%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/?enrichId=rgreq-7d011e55dc3451dfeb8708f2e84eeac4-XXX&enrichSource=Y292ZXJQYWdlOzIyNDYxNTcxMztBUzoyOTI3OTkwOTExMDE2OTdAMTQ0NjgyMDE1MTI5NQ%3D%3D&el=1_x_1&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Robert-Rieger-4?enrichId=rgreq-7d011e55dc3451dfeb8708f2e84eeac4-XXX&enrichSource=Y292ZXJQYWdlOzIyNDYxNTcxMztBUzoyOTI3OTkwOTExMDE2OTdAMTQ0NjgyMDE1MTI5NQ%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Robert-Rieger-4?enrichId=rgreq-7d011e55dc3451dfeb8708f2e84eeac4-XXX&enrichSource=Y292ZXJQYWdlOzIyNDYxNTcxMztBUzoyOTI3OTkwOTExMDE2OTdAMTQ0NjgyMDE1MTI5NQ%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Christian-Albrechts-Universitaet_zu_Kiel?enrichId=rgreq-7d011e55dc3451dfeb8708f2e84eeac4-XXX&enrichSource=Y292ZXJQYWdlOzIyNDYxNTcxMztBUzoyOTI3OTkwOTExMDE2OTdAMTQ0NjgyMDE1MTI5NQ%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Robert-Rieger-4?enrichId=rgreq-7d011e55dc3451dfeb8708f2e84eeac4-XXX&enrichSource=Y292ZXJQYWdlOzIyNDYxNTcxMztBUzoyOTI3OTkwOTExMDE2OTdAMTQ0NjgyMDE1MTI5NQ%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Dipankar-Pal-2?enrichId=rgreq-7d011e55dc3451dfeb8708f2e84eeac4-XXX&enrichSource=Y292ZXJQYWdlOzIyNDYxNTcxMztBUzoyOTI3OTkwOTExMDE2OTdAMTQ0NjgyMDE1MTI5NQ%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Dipankar-Pal-2?enrichId=rgreq-7d011e55dc3451dfeb8708f2e84eeac4-XXX&enrichSource=Y292ZXJQYWdlOzIyNDYxNTcxMztBUzoyOTI3OTkwOTExMDE2OTdAMTQ0NjgyMDE1MTI5NQ%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/BITS_Pilani_K_K_Birla_Goa?enrichId=rgreq-7d011e55dc3451dfeb8708f2e84eeac4-XXX&enrichSource=Y292ZXJQYWdlOzIyNDYxNTcxMztBUzoyOTI3OTkwOTExMDE2OTdAMTQ0NjgyMDE1MTI5NQ%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Dipankar-Pal-2?enrichId=rgreq-7d011e55dc3451dfeb8708f2e84eeac4-XXX&enrichSource=Y292ZXJQYWdlOzIyNDYxNTcxMztBUzoyOTI3OTkwOTExMDE2OTdAMTQ0NjgyMDE1MTI5NQ%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/John-Taylor-20?enrichId=rgreq-7d011e55dc3451dfeb8708f2e84eeac4-XXX&enrichSource=Y292ZXJQYWdlOzIyNDYxNTcxMztBUzoyOTI3OTkwOTExMDE2OTdAMTQ0NjgyMDE1MTI5NQ%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/John-Taylor-20?enrichId=rgreq-7d011e55dc3451dfeb8708f2e84eeac4-XXX&enrichSource=Y292ZXJQYWdlOzIyNDYxNTcxMztBUzoyOTI3OTkwOTExMDE2OTdAMTQ0NjgyMDE1MTI5NQ%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/University_of_Bath?enrichId=rgreq-7d011e55dc3451dfeb8708f2e84eeac4-XXX&enrichSource=Y292ZXJQYWdlOzIyNDYxNTcxMztBUzoyOTI3OTkwOTExMDE2OTdAMTQ0NjgyMDE1MTI5NQ%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/John-Taylor-20?enrichId=rgreq-7d011e55dc3451dfeb8708f2e84eeac4-XXX&enrichSource=Y292ZXJQYWdlOzIyNDYxNTcxMztBUzoyOTI3OTkwOTExMDE2OTdAMTQ0NjgyMDE1MTI5NQ%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Ct-Clarke?enrichId=rgreq-7d011e55dc3451dfeb8708f2e84eeac4-XXX&enrichSource=Y292ZXJQYWdlOzIyNDYxNTcxMztBUzoyOTI3OTkwOTExMDE2OTdAMTQ0NjgyMDE1MTI5NQ%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Ct-Clarke?enrichId=rgreq-7d011e55dc3451dfeb8708f2e84eeac4-XXX&enrichSource=Y292ZXJQYWdlOzIyNDYxNTcxMztBUzoyOTI3OTkwOTExMDE2OTdAMTQ0NjgyMDE1MTI5NQ%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/University_of_Bath?enrichId=rgreq-7d011e55dc3451dfeb8708f2e84eeac4-XXX&enrichSource=Y292ZXJQYWdlOzIyNDYxNTcxMztBUzoyOTI3OTkwOTExMDE2OTdAMTQ0NjgyMDE1MTI5NQ%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Ct-Clarke?enrichId=rgreq-7d011e55dc3451dfeb8708f2e84eeac4-XXX&enrichSource=Y292ZXJQYWdlOzIyNDYxNTcxMztBUzoyOTI3OTkwOTExMDE2OTdAMTQ0NjgyMDE1MTI5NQ%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Robert-Rieger-4?enrichId=rgreq-7d011e55dc3451dfeb8708f2e84eeac4-XXX&enrichSource=Y292ZXJQYWdlOzIyNDYxNTcxMztBUzoyOTI3OTkwOTExMDE2OTdAMTQ0NjgyMDE1MTI5NQ%3D%3D&el=1_x_10&_esc=publicationCoverPdf


10-CHANNEL VERY LOW NOISE ENG AMPLIFIER SYSTEM USING CMOS 
TECHNOLOGY 

 
Robert Rieger 3, Dipankar Pal1, John Taylor1, Chris Clarke1, Peter Langlois3 and Nick Donaldson2 

 
1University of Bath, Department of Electronic & Electrical Engineering, UK 

2University College London, Department of Medical Physics and Bioengineering, UK 
3University College London, Department of Electronic & Electrical Engineering, UK 

email: eesjtt@bath.ac.uk 
 

ABSTRACT 

In this paper the design, fabrication and testing of a 10-
channel array of identical amplifiers suitable for velocity 
selective electroneurogram (ENG) recording is described. 
The overall gain per channel is 10,000 and the total input-
referred rms noise in a bandwidth 1 Hz - 5 KHz is 290 nV 
per channel. The active area is 12 mm2 and the power 
consumption is 24 mW from ±2.5 V power supplies. 

1. INTRODUCTION 

Neural afferent signals generated by natural sensors within 
the body can be used to obtain information such as skin 
contact, force, and position [1], [2], which may be used to 
provide feedback in closed-loop neuroprostheses. These 
applications require stable responses from chronically 
implanted electrodes. Nerve cuff electrodes are currently 
the most well established nerve interfaces with safe 
implantation being reported for as long as 15 years [3].  

 In a typical nerve cuff electrode system, three electrodes 
are employed in a tripolar arrangement and only one 
signal output is available. As a result, the information that 
can be obtained is limited, representing a huge loss of 
information. However, where fibres of different diameter 
carry various types of neural signal, it should be possible 
to extract more information from one cuff if fibre 
diameter-selective recording were possible. This is 
equivalent to measuring the level of activity in the velocity 
domain, because of the linear relationship between axon 
diameter and action potential (AP) velocity [4]. A method 
for velocity-selective recording has been described 
recently [5]: it relies on the use of a multi-electrode cuff 
(MEC). An MEC is an extension to N tripoles of the 
single tripole arrangement, where N is typically about 10. 
As a result, more than one ENG signal is available and the 
delay between successive MEC outputs is inversely 
proportional to the ENG propagation velocity. If artificial 
delays are placed in cascade with the MEC outputs so as 
to cancel the naturally occurring delays, when the outputs 
are added, the sum will be a maximum for one particular 
velocity. From knowledge of this delay and the inter-
electrode spacing of the MEC, the ENG velocity can be 
found [5]. The process is complicated, however, because 

the amplitude of the ENG recorded using the nerve cuff 
method is very small, on the order of a few microvolts, 
with most of the signal power in a bandwidth between 
about 300 Hz and 5 KHz. Therefore, ENG recording 
systems rely critically on the availability of very low-
noise, high-gain amplifiers [6], [7]. In this paper we 
describe the design, fabrication and testing of the analogue 
signal-capture sections of an implantable 10-channel 
amplifier system suitable for connection to an MEC. The 
system has an overall gain of 10,000 and a total input-
referred rms noise per channel of less than 300 nV in a 
bandwidth of 1Hz – 5 KHz. In addition, a general 
description of the digital signal processing required to 
perform velocity selective recording is given.  

 The system block diagram is shown in Fig 1. This 
consists of the interface to the MEC followed by two 
stages of amplification and a signal-processing block. The 
first rank amplifiers are low noise, low power units 
(preamplifiers) each with a nominal voltage gain of 100. 
Each of these is followed by an AC coupling stage that, in 
addition to removing DC offsets, sets the lower cut-off 
frequency of the passband at 300Hz. This stage is 
followed by a second rank of much less tightly specified 
amplifiers, each also having a gain of 100 and an upper 
(lowpass) cutoff frequency of 4 KHz. The outputs of the 
second rank amplifiers are called dipole signals and form 
the inputs to the signal-processing block (SPB), which is 
shown in the box on the right of Fig 1 but is not dealt with 
in this paper. The SPB contains elements that are common 
to each chosen velocity band and some which are 
duplicated for each band. This consists of an A/D 
converter, followed by delay, summation and filtering and 
implements the velocity spectral analysis algorithm 
outlined above [5]. A complete set of these stages is 
required for each velocity band. An outline of the system 
specification is given in Table I. 

II. PREAMPLIFIER STAGE 

The noise in the recording channel is dominated by the 
preamplifiers, making very low-noise design essential. 
After preamplification, the signal level is high enough that 
noise is not a major concern in subsequent stages.   
Absolute amplifier gain and linearity are not critical in 
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biopotential recording, so that the feedforward 
arrangement shown in Fig. 2 was chosen to eliminate the 
added complexity and noise of feedback networks. 
Resistor R2 and the capacitor C define the high-frequency 
cut-off at about 35kHz, to reduce high-frequency 
interference. 

 Bipolar transistors achieve very low-noise on reasonable 
silicon area with low power consumption and so are well 
suited to use in the input stages of ENG preamplifiers [7]. 
Unfortunately, the ideal choice of an optimised BiCMOS 
process is significantly more expensive than a pure CMOS 
realization. Although a more cost effective CMOS process 
does not provide dedicated (vertical) BJTs, it has been 
suggested that lateral bipolar transistors can be used in 
low frequency applications with no significant loss in 
circuit performance [8]. Nevertheless, in a typical lateral 
device up to 50% (but more typically about 25%) of the 
emitter current is diverted into the substrate so that this 
approach comes at the expense of some increased power 
consumption. Assuming a worst-case efficiency of 50%, a 
tail current of 260µA is required to meet the system 
specification. A current of this order is still within the 
given power budget, so that lateral devices can be used in 
this application to minimise noise and chip cost. 

 In order to maintain a current gain of about 100, a 
parallel combination of 24 standard cells was employed in 
each half of the long tailed pair differential amplifier at a 
tail current of 260µA. In spite of this requirement, the area 
of the amplifier is comparable to an implementation using 
vertical bipolar transistors [7]. A complete circuit 
schematic is shown in Fig. 2, including additional 
transistors M5-M12 and Q3 to cancel the input bias 
currents. 

III AC COUPLING STAGE 

To remove the offset voltage at the preamplifier output, 
AC coupling is required. This has a high-pass filtering 
action and, ideally, eliminates low frequencies below the 
ENG pass-band without increasing the noise in the 
recording channel. In practice, although eliminating the 
low frequency noise tail of the preamplifier (i.e. the 
residual 1/f noise) increases the dynamic range of the 
system, the filter components will introduce some noise in 
the passband. In the design of this system we chose to 
match the filter to the preamplifier in the sense that the 
noise power added by the filter in-band was equal to that 
eliminated in the low frequency tail. Simulation of the 
preamplifier predicts that the total rms noise power below 
the cut-off frequency fc = 300Hz is around 50pV2. 
Choosing a matching filter noise contribution of the same 
value allows the value of C to be calculated (65 pF) and 
the value of R2 follows immediately (8.2MΩ). 

 A physical resistor R2 of the required magnitude would 
consume excessive chip area and so the use of an MOS 
transistor biased in the ohmic region was considered. For 

improved dynamic range and linearity, in the system 
described in this paper, a second possibility, consisting of 
two complementary devices in series connection, was 
explored (see Fig 3). The design is based on the SPICE 
Level 1 model. Although approximate, it is adequate for 
this purpose: 
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 For Vdd = 2.5V, Vss = -2.5V, VTN = 0.9V and VTP = -
0.7V, the calculated transistor aspect ratios are shown in 
Fig 3. 

IV MEASURED RESULTS 

A photograph of the complete die, mounted in a PGA IC 
package is shown in Fig 4. The following sets of 
measurements were carried out and the preliminary results 
are summarised in Table 1. 
A. Frequency Response 
Five chips were selected at random for test from the 
fabricated batch of 15. The frequency response of the ten 
channels on each chip was measured in response to an 
input signal of amplitude 10 µV and the results averaged 
(i.e. 50 measurements in all). This response is shown in 
Fig 5 together with the simulation of the nominal system. 
The measured values show close agreement with the 
simulation. 

B. Input-Referred Noise 
The input referred voltage and current noises of the 
system were measured as output voltages with the input 
shorted to ground (for the voltage noise) or connected to 
ground by a 100 KΩ resistor (for the current noise). For 
these measurements, two channels were chosen at random 
from each of the five chips used in the frequency response 
measurement (total 10 measurements each for voltage and 
current noise). Fig 6 shows the input referred voltage 
noise density as a function of frequency, together with the 
nominal simulation curves, indicating good agreement 
between the two. The rms voltage (square root of power) 
noise in a bandwidth 1 Hz - 5 KHz was calculated 
assuming a source resistance of 1 KΩ. The resulting value 
was 290 nV, which falls within the specification. 
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C. Residual input current 
Five chips were selected at random and the residual input 
currents were measured. The average currents were 15.5 
nA for the +ve. inputs and 20.25 nA for the -ve. inputs. 
These are highly satisfactory results, well within the 
accepted limit of about 100nA. 

TABLE I 
Outline System Specification 

Parameter Specification Measured 
No. of channels (dipoles) 10 10 
Power supply ±2.5 V ±2.5 V 
Power consumption <50 mW 24 mW 
Circuit area 15 mm2 12 mm2 
Midband gain 10,000 10,100 
Lower cut-off frequency 
Upper cut-off frequency 

300Hz 
3.5KHz 

310Hz     
3.3K Hz 

CMRR @ 1KHz 100 dB 82 dB 
Total input-referred 
voltage noise density 
          @ 1Hz 
          @ 1kHz 

 
< 20 nV/√Hz 
< 4 nV/√Hz  

 
11.5 nV/√Hz 
3.3 nV/√Hz 

Total input-referred rms 
voltage noise 1 Hz-5 KHz 

<300 nV 290 nV 

Residual input DC current 100 nA 15.5 nA (+ve.) 
20.25 nA (-ve.) 
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Fig 1: Multielectrode Cuff (MEC), an array of tripole amplifiers and the signal processing unit for selecting one velocity. 
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Fig 2: Preamplifier schematic (Q1-Q3 are lateral pnp transistors) 

 
 

 
Fig 3: High value active resistor for AC coupling stage 
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Fig 4: Die mounted in PGA IC package 

 
Fig 5: Averaged measured frequency response 

 

 
Fig 6: Average measured input-referred voltage noise 

751
View publication stats

https://www.researchgate.net/publication/224615713

