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Abstract—This paper describes a full system-on-chip to
automatically detect sleep spindle events from scalp EEG signals.
These events, which are known to play an important role on
memory consolidation during sleep, are also characteristic of a
number of neurological diseases. The operation of the system
is based on a previously reported algorithm which used the
Teager Energy Operator (TEO), together with the Spectral Edge
Frequency (SEF50) achieving over 70% sensitivity and 98%
specificity. The algorithm is now converted into a hardware
analog based customized implementation in order to achieve
extremely low levels of power. Experimental results prove that
the system, which is fabricated in a 0.18 µm technology, is able to
operate from a 1.25 V power supply consuming only 515 nW, with
an accuracy which is comparable to its software counterpart.

I. INTRODUCTION

Human sleep is a dynamic process that can be divided into

the two distinct states of Nonrapid Eye Movement (NREM)

and Rapid Eye Movement (REM). The NREM stage consists

of three separate stages (N1, N2 and N3). Sleep Spindles

are micro-events within the sleep electroencephalogram (EEG)

and are considered as the hallmark of the N2 sleep stage. Sleep

spindles are defined as trains of distinct waves with frequency

11-16 Hz (most commonly 12-14 Hz) with a duration larger

than 0.5 seconds [1]. There are typically 200-1000 spindles

during an all-night sleep recording.

Sleep spindles are known to to play an important role

in memory consolidation during sleep. However, the impor-

tance of sleep spindles is not limited to the study of sleep.

Sleep spindles are also clinically important because changes

in spindle density and frequency are observed in disorders

such as epilepsy, sleep disorders (e.g. sleep walking and

sleep terrors), schizophrenia, autism, mental retardation and

neurodegenerative diseases [2].

Traditionally, sleep spindles have been identified in sleep

clinics by inspection of EEG traces by a specialist. This is a

very laborious and financially costly task which is also subject

to human error. Because of this it would be very useful to have

a system for automatic detection of sleep spindles, without

requiring a human expert. Furthermore, a hardware implemen-

tation of a low complexity automatic detection system may

prove to be appealing since the system, as a whole, could be
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used to avoid the costly and time consuming setup required

for clinical recordings of spindles.

A number of software approaches to develop automated

sleep spindle detection algorithms have been recently reported.

As an illustration, in [3], a two stage method based on artificial

neural networks has been proposed. Utilizing the Short Time

Fourier Transform to detect spindles has also proven to be a

popular approach and has been used in [4,5] and Matching

pursuit (MP) has been suggested in [6]. Direct comparison

of performance from software based approaches is however

difficult due to the different datasets and metrics used in

the reported implementations. Furthermore, the suitability of

different reported software based methods for hardware based

implementation has not been discussed.

Discrete hardware based approaches for spindle detection

have been introduced by [7], [8] and [9]. They all use

low complexity algorithms implemented using off-the-shelf

components. Out of those, the only system that had power con-

sumption as a target was the one in [9]. This system was based

on the implementation of a low complexity line-length feature

based algorithm on a TI MSP40 microcontroller. The reported

power consumption was 56.7 µW, achieving sensitivity and

specificity values of 83.6% and 87.9% respectively.

This work presents for the first time a hardware implemen-

tation of a sleep spindle detection system in the form of an

Application Specific Integrated Circuit (ASIC). The system

is based on the algorithm previously reported in [10] which

utilizes the Teager Energy Operator (TEO) together with the

Spectral Edge Frequency - 50% (SEF50). The mathematical

characteristics of the original algorithm allow for an analog

approach to be followed in the design, which results in very

low levels of power consumption. The ASIC was also designed

to operate with a low power supply voltage (1.25 V). The

resulting system could be used either on its own in the form

of a battery operated wearable solution, to report the frequency

of spindles during sleep; or as part of a different SoC in

combination with other reported low complexity algorithms

[11] incorporating further detection of additional sleep, or

disease related features.

The remainder of this paper has been organised as fol-

lows. The overall system architecture has been revisited in

Section II. Subsequently, the different sub-blocks used in the

system have been explained in detail in Section III. Finally,

results of the fabricated chip together with the performance

evaluation have been reported in Section IV.
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BPF Teager Energy 

Operator

LPF3
Amplifier

x(2.2)

Comparator

Counter 1

Enable

Counter 2

Enable

Q0-Q5

Q0-Q5

AND

AND

Reset

Reset

Comparator

AND

AND

OR

Pre-Amplified 

EEG

TEO and post 

processing block

Median frequency 

comparison block

Decision making 

block

Spindle 

detection

BPF2

(8-16 Hz)
Squarer

(x
2
)

x(0.5) Integrator

BPF1 

(8-11.3 Hz)
Squarer

(x
2
)

Integrator

Wide-band 

route output

Narrow-band 

route output

Fig. 2. Proposed system architecture.

II. SYSTEM ARCHITECTURE

The Sleep spindle detection algorithm previously reported

in [10] has been shown in Fig. 1. Fig. 2 represents the

corresponding hardware mapping. This section briefly revisits

the algorithm and describes the modifications carried out in

the hardware mapping. The algorithm has been partitioned

into three separate sub-sections named as ’TEO and post

processing block’, ’median frequency comparison block’ and

’decision making block’.

The single channel EEG input signal is initially amplified

and filtered using a front-end amplification stage with highpass

and lowpass cutoff frequencies of 0.3 Hz and 1 KHz respec-

tively. This input signal is then fed to a second-order bandpass

filter with lower and upper cutoff frequencies of 11 Hz and

16 Hz. This filter is used to attenuate frequency content that

is not within the spindle frequency range.

The Bandpass filter is followed by a Teager Energy Operator

(TEO) which estimates the instantaneous signal energy. Since

the input signal to the TEO is already within the spindle

frequency range, rising in signal energy levels resulting from

the spindles will be seen at the output of this stage. Details

on the hardware implementation of the TEO are given in

Section III-A.

The TEO stage is followed by a thresholding stage, to

identify when the value of the TEO is larger than the mean

value of the Teager energy over 60 previous epochs. The

mapping into hardware has been done by using a lowpass

filter with an ultra-low cutoff frequency together with a gain

stage of 2.2, and by comparing the output of the TEO with

the output of the mentioned stage. This multiplication factor

has been determined empirically.

In the original work of [10], the TEO output should be larger

than the averaged and amplified output for the duration of an

entire epoch to be considered as a spindle candidate. In the



hardware implementation however, two six bit digital counters

(clocked at 256 Hz) at the output of the comparator count the

number of samples for which the comparator output is ’high’.

The two counters are also responsible for data segmentation,

using reset triggers occurring at every 250 ms. This creates

results based on the 250 ms long epochs. Furthermore, the

two periodic reset signals are separated by 125 ms to allow the

counters to perform the counting operations in an overlapping

fashion. An ’OR’ operation on the output of the two counters

allows for a valid ’1’ (after the duration of the epoch) at the

output of any of the two counters to be counted as a valid

output.

At this point, if the duration of the candidate spindle was

found to be greater than 3 seconds or less than 500 ms, the

candidate is discarded and not subject to any further analysis.

If the candidate spindle is not discarded, the following

stage of the algorithm is the Spectral Edge Frequency - 50 %

(SEF50), also known as the median frequency (fmed), calcu-

lation. In [10], the SEF50 was obtained with the help of an

FFT. The signal power at different frequency components was

calculated and the SEF50 was compared to a preset threshold

(fth) of 10.7 Hz (chosen empirically). This approach is how-

ever not suitable for a low power implementation due to the

power hungry nature of the FFT. Therefore, a novel low-power

consuming circuit has been proposed in order to determine if

SEF50>fth. The circuit output consists of two distinct routes,

the wide-band (8 Hz to 16 Hz) and narrow-band (8 Hz to

11.3 Hz) routes, which would be consequently compared at

the end of each epoch. This stage is highly specific and helps

in removing false spindles and alpha rhythms that may have

been mistakenly detected by the first stage. A final ’AND’

operation is performed between the output of the first stage and

the median frequency comparison output, prior to recognizing

a true detection at the output of the system.

It should be noted that although the outputs of the two

low pass filters at the end of the narrow-band and wide-

band power bands are constantly applied to the inputs of the

subsequent comparator, the comparator output is periodically

sampled to effectively create overlapping epochs. Therefore,

the duration of the two epochs and the overlapping period in-

between, is set by the period of the control signals applied to

the comparator. It is also possible to create the effect of the

overlapping epochs either by placing two comparator circuits

after the two low pass filters and to periodically sample the

output of one of the comparators while the other comparator

circuit is not sampling. An alternative approach would have

been to have resettable filters and to reset them periodically

using two control trigger signals with a delay of 125 ms.

III. SYSTEM SUB-BLOCKS

A. TEO And Post-Processing Block

The Teager energy operator (TEO) is a non-linear time

domain operator used to estimate the instantaneous energy of

a signal. The TEO is defined in continuous and discrete time

forms as (1a) and (1b) respectively [12].
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Fig. 3. Block diagram of the Teager energy operator.

Ψ[x(t)]=

(

dx(t)

dt

)2

−x(t)
d2x(t)

dt2
(1a)

Ψ[x(n)]=x2(n)− x(n− 1)x(n+ 1) (1b)

Analog circuit-level implementations of the TEO have

mostly been based on the continuous time derivation using

high-pass filtering stages as differentiators, multiplier blocks

and summing circuitry [13,14]. In the case of using a high

pass filter to approximate an ideal differentiator, the filter has

to be designed to have a corner frequency much larger than the

input signal bandwidth. This results in an attenuating effect on

the input signal and a reduced Signal-to-Noise Ratio (SNR)

at the filter output. Because of this, equation (1b) is chosen

in this work instead. A block diagram of the TEO circuit

is shown in Fig. 3. Similar to the approach in [15], each

of the delay elements in (1b) has been modeled by a low

pass filter (LPF1 and LPF2 in Fig. 3). The low pass filters

are created by cascading two first order GmC low pass filters

with cutoff frequencies of 65 Hz, achieved by setting a biasing

current of 250 pA for each of the filter OTAs together with

an integrated capacitor (C) of 8.5 pF. An added advantage

of using this approach is that the low-pass filter attenuates

the high frequency components remaining on the signal at the

input of the TEO circuit.

Furthermore, since the input signal to the TEO circuit is

fairly band-limited (11-16 Hz) to the Sleep spindle frequency

range, the low pass filter nearly constant group delay of 4

ms with a 1% variation across the mentioned bandwidth is

acceptable.

The multipliers in Fig. 3 have been implemented using the

standard Gilbert cell topology biased with a 10 nA current

source. Fig. 4 shows the multiplier schematic together with

the following Operational Transconductance Amplifier (OTA).

The inputs to the multiplier have been ac coupled using 10 pF

capacitors (C1 and C2) and (0.5 µm/0.5 µm) PMOS transistors

(MR1 and MR2) acting as Quasi Infinite Resistors (QIR). This

stage removes any DC offsets created by the low pass filters

prior to the multiplication. The PMOS input stage within the

Gilbert cell multiplier helps to reduce the low frequency noise



on top of the already attenuated output signal of this circuit.

Due to the low current operation of the multiplier, a cascoded

load (M8−M11) is used in order to maintain the DC operating

point.

The summing circuit is the final processing stage of

the TEO calculator and it consists of three single stage

OTAs (Gm1 −Gm3).

The running average in the original algorithm shown in

Fig. 1 is approximated with an analog low pass filter with

a cutoff frequency of 5 mHz for the purpose of this work.

The cutoff frequency of the low pass filter is set based on

the clocking of a transconductor output and is proportional to

the clock signal (φ) duty cycle. As can be seen in the filter

schematic of Fig. 5, the transconductor output current (I1)

can only flow into the capacitor when the switch is closed.

Assuming the clock duty cycle to be δ, the effective current

flowing into the capacitor (I2) is defined using (2) [16].

I2 = δ × I1 (2)

A 256 Hz clock signal with a duty cycle of 1.8%, generated

by the control circuitry, is used to set the filter cutoff frequency.

The clock frequency proves to be high enough to avoid aliasing

at the output of the TEO calculator.

Two non-inverting amplifiers placed after the lowpass filter

and the TEO calculator output help to scale the outputs

while isolating the two mentioned routes from the switching

inputs of the comparator (Fig. 2). The comparator effectively

detects the time periods for which the TEO output is greater

than the amplified version of the low pass filtered signal.

As can be seen in Fig. 6, the comparator utilizes an Output

Offset Cancellation scheme (OOS), implemented with three

pre-amplifiers (A1 −A3) [17].

Two six bit digital counters clocked at a rate of 256 Hz

follow the comparator as shown in Fig. 2. By connecting the
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Fig. 4. Design of the Gilbert cell multiplier together with following OTA in
this work.

comparator output to the counter ’ENABLE’ pins, together

with a reset pulse occurring at 250 ms intervals, the counter

output detects epochs in which the TEO calculator output is

larger than the amplified low pass filter output for the entire

duration of the epoch. A delay of 125 ms has been added

between the two reset pulse signals to effectively create 250 ms

long epochs with 50 % overlap between consecetive epochs,

inline with the operation of the original algorithm.

B. Median Frequency Comparison Block

The Median Frequency (fmed) is defined as the frequency

component at which the signal power spectrum is split into

two equal halves [18]. In the case of a bandlimited signal with

lower and upper frequency limits of fl and fh respectively, fmed

should satisfy the following equation.

∫ fmed

fl

P (f)df =

∫ fh

fmed

P (f)df =
1

2

∫ fh

fl

P (f)df (3)

Traditionally, on-chip implementations of the Median Fre-

quency calculator have used digital computations on the signal

spectrum by utilizing a Fast Fourier Transform (FFT) [19].

Using the FFT to calculate the median frequency is the

most accurate method and the calculated values using it are

considered as a benchmark for other implementations to be

compared against. However, the main drawback of this method

in terms of the implemented circuit is the power hungry nature

of the FFT. For example, the 512-point FFT engine utilized

in the recently reported sleep stating SoC of [20] consumes

299 µW and would clearly dominate the power consumed by

all previously described blocks in our system. Low power

consuming analog FFTs have been recently proposed [21],

however, as currents are scaled down in order to reduce

the power consumption, component matching will become an

issue in such implementations.

Another proposed analog approach is based on changing

the cutoff frequency of a voltage controlled filter and having

a feedback loop through which the input signal power content

below and above the filter cutoff frequency is compared.

The filter cutoff frequency is then re-adjusted to mirror the

changes in the Median frequency. Due to the direct relationship

between the filter cutoff frequency and the median frequency,

this method has been very popular in analysing Myoelectric

(ME) signals to detect ME spectral shifts resulting from

muscle fatigue [22,23].

The large power requirements of the mentioned methods

make them unattractive however for use in this implementa-

tion. Furthermore, the error associated with calculation of the
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median frequency in all previous work is generally larger than

the entire bandwidth available for operation here, resulting in

new design requirements with stringent specifications.

As previously mentioned, the median frequency of the

signal over the duration of an epoch is compared to a pre-

set threshold (fth) in the proposed system, to reject falsely

detected spindles. Since the value of fth is known to be 10.7

Hz in this work it would be sufficient to determine whether

fmed is larger than the threshold value fth at any point, rather

than calculating the instantaneous value of fmed. Theoretically,

the equation below can be derived from (3) for the case of

fmed>fth :

∫ fth

fl

P (f)df +

∫ fmed

fth

P (f)df =
1

2

∫ fh

fl

P (f)df (4)

Therefore, the following will hold true if fmed>fth:

∫ fth

fl

P (f)df 6
1

2

∫ fh

fl

P (f)df (5)

Since the two integrals on both sides of (5) represent the

signal power of the fl − fth and fl − fh bands respectively,

it is possible to estimate the signal power within each of the

mentioned bands using a combination of a bandpass filter,

squarer and an integrator as shown in Fig. 7. The input signal

is initially passed through the bandpass filters in the top and

bottom routes which limit the input signal frequency content

to the fl − fth and fl − fh bands respectively. The power of

the signals in both routes is then calculated using the squarer

circuits. The output of the squarer signal in the bottom route

is then multiplied by a factor of 0.5, inline with the right hand

side of (5). The following integrators provide an average of

the signal powers. A following comparator will subsequently

compare the outputs of the two routes and determine if a

spindle has been correctly detected (fmed>fth) or if the detected

spindle should be rejected (fmed<fth).

A second order structure has been chosen for the filters

in this work due to the reduced complexity of the circuit-

level implementation. Furthermore, the larger group delay

associated with higher order filters would have resulted in

delayed outputs which is not attractive considering the short

epoch duration (250 ms) in this work. The value of fth has

also been modified to 11.3 Hz in this work to compensate for

the signal power loss at the filter cutoff points.

The median frequency comparison circuit was initially

modelled in Matlab and tested using data made available

by the DREAMS sleep spindle database of University of

MONS - TCTS laboratory and Universite Libre de Bruxelles -

CHU de Charleroi Sleep laboratory [24]. Six 30-minute EEG

excerpts belonging to six subjects was used. The EEG data was

segmented into 250 ms long epochs. The median frequency of

each epoch was computed by an FFT and further compared

to fth. The results, for each epoch, were compared against the

results of the proposed model. The proposed model achieves

an overall accuracy of 82.5%. This value was obtained by

dividing the number of epochs that match interms of the

detection result by the total number of epochs available in

the data.

The bandpass filters used in this work were designed based

on the work reported in [25]. The top-level schematic of the

second order bandpass filters (BPF1 and BPF2) is shown in

Fig. 8a. Both Operational Transconductance amplifiers (OTAs)

Gm1 and Gm2 are identical in terms of their circuit level

implementation, which has been shown in Fig. 8b.

If values of C1 and C3 are chosen to be much larger than

C2, the bandpass filter transfer function can be defined as:

H(s) =−

C1

C2

Gm1

Gm2

β
.

1− s
w0β

s
w0

+
C3

C2
+

Gm1

Gm2

β
+ w0

s

(6)

where the filter center frequency (w0) and β are defined

using (7) and (8) respectively.

w0=
Gm1

βC2

(7)

β=

√

Gm1

Gm2

C1

C2

C3

C2

(8)

Since both OTAs operate in the weak-inversion region, their

respective transconductance is proportional to their biasing

currents. Therefore, a current scaling circuit, shown in Fig. 8c

was utilized to create the biasing currents for Gm1 and Gm2

(Gm1 having a biasing current 2.5 larger than that of Gm2).

Biasing currents (Ibias) of 40 pA and 70 pA were chosen

for BPF1 and BPF2 respectively. The capacitor values were

predistorted during the layout process to compensate for the

parasitic capacitors associated to the transistors within the two

OTAs as well as the tie down diodes required by the design

rules of the process used. Hence, the final values of C1, C2

and C3 were chosen as 11 pF/6.5 pF, 800 fF/800 fF and 2.5

pF/10 pF for BPF1/BPF2.

As can be seen in (6), the filter mid-band gain is dependent

on the ratio of the circuit capacitors and transconductances,

i.e C1

C2

, C3

C2

and gm1

gm2

. As mentioned above, different capacitor

ratios were used to implement the two bandpass filters and

this results in different mid-band gains for the two filters, as

shown in the measurement results of Section IV-B. Therefore,
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Fig. 7. Median frequency detector block diagram.
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two non-inverting amplifiers were placed after the two filters in

order to scale the outputs to reach the same mid-band gain. A

factor of (-1) is also present in the filter mid-band gain as seen

in (6), however, this will not affect the system performance

due to the squaring operation of the Gilbert cells following

the filters.

A Gilbert cell multiplier equivalent to the one used in

Section III-A was used here again as a squarer circuit. As

shown in Fig. 7, the output of the squarer in the bottom route

should be attenuated by a factor of 2 to satisfy the right hand

side of (3). The approach chosen here is to instead amplify

the squarer output in the top route by a factor of two using

the non-inverting amplifier placed after the multiplier, since at

this point the signal amplitude has already been weakened by

the squaring operation.

A lossy integrator implemented as a single stage GmC filter

with a time constant of 160 ms was used to provide a running

average of the squared signals in both routes.

Finally, A comparator identical to one shown in Fig. 6 is

used to compare the outputs of the upper and bottom routes

of the median frequency comparison circuit.

C. Decision Making Block

As the final stage of the system, the decision making block

combines the results of the TEO processing stage and the

median frequency comparison stage to detect sleep spindles

available in the subject EEG traces. The outputs of the two

counters in the TEO processing stage are initially fed to an OR

gate. The output of the mentioned OR gate is then combined

with the outputs of the median frequency comparison circuit

by using an AND gate. Finally, outputs of the AND gate

which are ’high’ represent epochs which contain part of a

sleep spindle.

Timing constraints required by the system have been main-

tained in the system backend. During this stage, which is

implemented in Matlab, events detected by the system with

durations shorter than 0.5s (3 consecutive epochs) or longer

than 3s (23 consecutive epochs), have been discarded.

D. Biasing And Clock Generation Circuitry

A Proportional To Absolute Temperature (PTAT) current

generation circuit was used to draw a 10 nA current from

the 1.25 V main power supply. Current scaling was used to

provide the necessary current required by all the circuits in

the system.

An eight bit counter created using JK flip-flops followed by

D flip-flops and combinational logic is used to divide-down a

32.6 KHz clock provided by an off-chip crystal oscillator and

to generate the low duty cycled pulses required for the circuits

within the system.

IV. FABRICATION AND TESTING

A. Layout And Fabrication

The chip was fabricated in a 0.18 µm, triple well, 6 metal

AMS CMOS process. All on-chip capacitors larger than 1 pF

were implemented using dense dual-MIM capacitors available

in the process in order to reduce the overall chip area. By

splitting the chip padring into two seperate padrings, the

analog and digital portions of the chip have been set apart

to isolate the sensitive analog circuitry from the noisy digital

signals. The analog and digital connections to the pads have

been restricted to the left/bottom side and the bottom/right

sides. The chip micrograph is shown in Fig. 9. The overall

system occupies 1.63 mm2.

B. Test Setup And Measurements

A National Instruments USB-6259 data acquisition (DAQ)

board was used to generate the input signals to the system and

to collect the output results from the decision making block

together with the analog intermediate testpoint signals within

the system. Due to the low current consuming nature and weak

driving capability of the circuits within the system, buffering

stages were required to drive the 15 pF load present at the data

acquisition board inputs. Hence, analog single stage buffering

stages consuming 1 µA from a seperate 1.8 V supply were

implemented on-chip and placed between the testpoints and

the output pads. Digital buffers were implemented and placed

after the decision making block outputs.
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Six 30-minute long EEG traces belonging to six subjects

from the DREAMS database [24] were used to validate

the system accuracy. Reference markings from two different

experts were also provided together with the database. Similar

to [10], the union of the two reference markings was used as

the reference marking in this work for system performance

evaluation purposes. Artefacts are present in the test database

and no effort has been made to select artefact free sections of

the database during the testing process.

Matlab is also used to feed the inputs to the chip through

the DAQ board and to store the output signals collected by

the board.

The signals in the database were sampled at different

sampling frequencies and all signals were resampled to have

a uniform sampling rate of 256 Hz.

The integrated noise at the input of our system is 70 µVrms.

The contribution of the sleep spindle detection system to the

equivalent input noise of the full EEG system (including an

EEG amplifier) will be reduced as a function of the gain

chosen for the amplifier stage. Hence, by considering a typical

amplifier gain of 100 and noise performance of state-of-the-

art EEG amplifiers such as [26] and [27], the minimum input

signal that the full system would be able to process will be

in the order of 1 µVrms. During our measurement process the

signals were pre-amplified with a gain of 100 and added to a

625 mV DC voltage prior to being passed to the chip.

A 30 s long section of the EEG input signal fed to the

system is shown in Fig. 10. Measured and Matlab simulation

outputs of the TEO circuit corresponding to the EEG input are

shown in Fig. 11.

The measured frequency responses of the 8 Hz to 11.3

Hz and 8 Hz to 16 Hz bandpass filters used in the median

frequency comparison circuit has been shown in Fig. 12. As
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Fig. 10. A 30 s section of the system EEG input.
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Fig. 11. Simulated and measured outputs of the TEO circuit corresponding
to the EEG input signal.

can be seen, a difference of 13 dB is present between the mid-

band gains of the two filters and this has been corrected for

using the non-inverting amplifiers mentioned in Section III-B.

The effect of a zero present in the transfer function of both

filters on the measured frequency response can also be seen in

Fig. 12, resulting from the filter topology chosen in this work

[25]. This has proven not to affect the performance due to the

integrator following the filters which significantly attenuates

the higher frequency content present in the system at this point.
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Fig. 12. Measured frequency response of the 8 Hz to 11.3 Hz and 8 Hz to
16 Hz bandpass filters used in the median frequency comparison circuit.

Subsequently, the outputs of the two filters to the mentioned

input EEG signal are shown in Fig. 13 and Fig. 14 respectively.



TABLE I
SUMMARY OF SYSTEM DETECTION RESULTS

Matlab simulation results of [10] Measurement results of this work

Subject Total spindles True Positives Sensitivity (%) Specificity (%) True Positives Sensitivity (%) Specificity (%)

1 134 111 82.8 96.7 105 78.3 98.1
2 77 58 75.3 98.3 51 66 98.6
3 44 39 88.6 97.7 32 72.7 99.1
4 63 38 60.3 97.8 21 33 98.7
5 103 87 84.5 97.1 82 79.6 97.5
6 117 99 84.6 98.1 92 80.7 98.2
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Fig. 13. Simulated and measured outputs of the 8 Hz to 11.3 Hz bandpass
filter used in the median frequency comparison circuit.
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Fig. 14. Simulated and measured outputs of the 8 Hz to 16 Hz bandpass
filter used in the median frequency comparison circuit.

The final system output has been shown in Fig. 15. It can

be seen that a false detection by the system at the 641 s time

mark has effectively been eliminated by the median frequency

comparison circuit.

The system performance has been further evaluated by cal-

culating the sensitivity and specificity values using equations

(9) and (10) respectively.

Sensitivity=
TP

TP + FN
(9)

Specificity=
TN

TN + FP
(10)
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Fig. 15. System outputs with and without using the median frequency
comparison circuit.

A spindle detected by the system is marked as a True

Positive (TP) if it overlaps at any point with an expert marked

spindle and marked as a False Positive (FP) if this condition

is not satisfied. Spindles not detected by the system are

considered False Negatives (FN) while True Negative (TN)

values have been calculated using (11), which is based on the

general assessment method reported in [28].

TN=
Total duration of record

Average detected spindle duration
− TP − FP − FN

(11)

During the pre-fabrication testing of the system performance

with respect to process and mismatch variations using the test

database, the worse cases of system sensitivity and specificity

were found to be 67% and 91.5% respectively. A careful layout

design process was carried out to ensure robust performance.

However, even though it is not necessary, it is worth noting that

should it be needed the transconductors can be tuned through

their tail current.

The fabricated system detection results corresponding to the

test database EEG inputs have been summarized in Table I,

including the total positive values together with sensitivity and

specificity values individually for each of the six subjects. As

mentioned previously, the same test database has been fed

to the ideal system which has been modelled in Matlab and

simulated. The simulation results have also been included in

the table for comparison. Out of the total number of 535

spindles present in the database, 383 spindles are correctly

detected by the system. As can be seen in Table I, the sensi-

tivity of the system has been degraded in the case of subject



TABLE II
SUMMARY OF SYSTEM PERFORMANCE

CMOS Process 0.18 µm

Area 1.63 mm2

Supply Voltage 1.25 V
Sensitivity 71.5%
Specificity 98%

Current consumption (nA) BPF 0.22
LPF1-2 (×2) 1

TEO and post Multiplier (×2) 88
processing block Summer 86

Amplifier 3.5
LPF3 3

Comparator (static) 4.5

BPF1 0.11
Median frequency BPF2 0.2
comparison block Scaling amplifier 35.6

Squarer (×2) 88
Amplifier (×2) 93
Integrator (×2) 0.04

Comparator (static) 4.5

Digital circuitry (averaged) 4

Total 412

four. Comparison of the marked events with the hypnogram

provided with the database verifies that 31 of the 63 marked

spindles in this record belong to the Wake stage as opposed to

the NREM stages. The fabricated system incorectly detected

3 out of the 31 spindles in the Wake stage while the matlab

model detected 14 of such events. The other TP detections

made by both the fabricated system and the matlab model are

part of the NREM stages.

The system achieves an overall sensitivity and specificity

of 71.5% and 98% as opposed to 80.3% and 97.6% which

is achieved by the ideal Matlab model reported in [10]. A

summary of system performance including a breakdown of

the total power consumed by the hardware blocks has been

shown in Table II. The system consumes an averaged 412 nA

of current from the 1.25 V power supply which translates to

a power consumption of 515 nW.

V. CONCLUSION

This paper discussed the design and results for a prototype

low power consuming ASIC to automatically detect sleep

spindles using EEG input signals. The system is partitioned

into three separate blocks, i.e. the ’TEO and post-processing

block, ’median frequency comparison block’ and the ’decision

making block’. A novel TEO calculating circuit operating

based on lowpass filters to replace delay elements and a

median frequency comparison circuit using bandpass filters,

multipliers and integrators have been introduced. The design

process of the TEO and median frequency comparison circuits,

required in order to make them suitable for a low power system

solution, have been explained in detail. Measurement results

have verified that the overall system achieves a sensitivity and

specificity of 71.5% and 98% respectively, which is very close

to the original performance of the ideal algorithm. The chip

has been fabricated using a 0.18 µm AMS CMOS process.

Due to the analog customized implementation in this work,

extremely low levels of power consumption are achieved. The

entire system consumes 515 nW from a 1.25 V power supply.
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