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Abstract. This paper analyses a key tradeoff behind miniature devices intended 
to monitor cognition-related parameters.  These devices are supposed to be 
worn by people that would otherwise be carrying on a normal life and this 
factor imposes important constraints in the design. They have to be wireless, 
wearable, discrete, low maintenance and reliable. In order to reduce power 
intelligence will be built into the sensors aiming to reduce the data transmission 
to only that information that it is strictly necessary. This intelligence will be in 
the form of an algorithm which will be required to be implemented in electronic 
circuits as part of the system. The complexity of the algorithm affects the 
complexity of the electronics and hence the power consumption. This, in turn 
affects the size of the battery and the overall size of the device. For the sensor to 
be low maintenance the device must operate for extended periods from the 
battery, adding more constraints to the power consumption of the electronic 
circuits. The battery must be kept small so that the overall size of the device is 
small and lightweight enough to be worn on the body and the more discrete the 
device the higher consumer compliance. A tradeoff has to be met between the 
algorithm complexity, the power consumption of the electronics required to 
realize the latter, the power consumption required to transmit data and the 
battery size and lifetime. 
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1   Introduction 

Augmented cognition aims to improve human performance by modifying an 
operator’s interaction with a machine depending on their mental state. Central to this 
vision is the development of wearable psychophysiological sensors, capable of both 
monitoring and transmitting data to be used in a closed-loop system. User 
acceptability requires that the presence of such technologies causes minimum 
inconvenience. This places stringent limits on both the size and weight of these 
devices and makes wireless operation highly desirable [1]. It is envisioned that a 
variety of sensor technologies would be combined in order to recognise a more 
complete set of cognitive states [2]. A short battery lifetime for the nodes of a dense 
network of wireless body sensors is impractical for the user, yet the battery capacity is 
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limited by the size restrictions. Particularly challenging are mobile environments in 
which size and weight limitations are more acute [2]. Moreover, there are important 
augmented cognition scenarios, such as the dismounted soldier, where the user may 
be expected to operate for extended periods of time with an extremely limited supply 
of power [3]. Energy efficient circuits and systems will thus be required to maximise 
the ratio of battery lifetime to battery size.   

Electroencephalography (EEG) is a key enabling technology for augmented 
cognition [1]. It has been successfully employed to measure a number of cognitive 
states including workload [1], alertness [4], working memory [5], and selective 
attention [6]. Ambulatory EEG (AEEG) is currently widely used in the context of 
healthcare [7]. The patient is either monitored in-house or at home but very rarely in a 
more challenging environment. In order to apply this technology to the field of 
augmented cognition the EEG headset must be made less bulky, lighter, wireless, 
lower power and the electrodes must be easy to position. This paper focuses on the 
first four of these requirements by identifying and analyzing a key trade-off in the 
design of AEEG headsets. This trade-off enables us to maximize the battery lifetime 
to battery size ratio.  

2   System Power Consumption 

Table 1 details three groups of batteries, classified according to the total energy 
available, and which have been named AA, the large coin cell (LCC) and the small 
coin cell (SCC). The table includes off-the-shelf examples of each group and primary 
and secondary cells are denoted by (P) and (S) respectively. To give a brief indication 
of the energy available for each group, operation for one working week (5 days) 
would require a power consumption of 29 mW for the AA battery, 3 mW for the LCC 
and 250 µW for the SCC. 

Table 1. Specifications for batteries of various sizes 

Group Energy / 
mWh 

Examples 

  Make Type Voltage Capacity 
/mAh 

Size /mm 
(diam.×height)   

AA 3500  Sanyo HR-
3U-4BP 

NiMH (S) 1.2 V 2500  15 × 51 

AA 3500  Duracell Ultra 
MX1500 

Alkaline 
MnO2 (P) 

1.5 V 2500 15 × 51 

LCC 400  VARTA NiMH (S) 1.2 V 250 25.1 × 6.7 
LCC 400  Panasonic LiMnO2 (P) 3 V 165 20 × 2.5 
SCC 30 RS RX364-

2C5 
AgO2 (P) 1.5 V 23 6.8 × 2.15 

SCC 30 Power Paper 
STD-1 

ZnMnO2 
(P) 

1.5 V 15 39 × 0.6 

 
A number of groups have designed wireless headsets based on off-the-shelf 

components. One representative prototype, developed by IMEC [8] achieves 3 day 
operation from 4 AA batteries. It is likely that successful AEEG wireless headsets 
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suitable for augmented cognition would have to operate for longer off a smaller power 
supply.  

The electronics in a wireless AEEG headset consists of at least an amplifier, an 
ADC and a radio transmitter. Recently ultra low power amplifiers for EEG systems 
have been reported which achieve the required performance whilst dissipating only 
around 1 µW [9, 10]. The noise performance of these circuits, designed for 
monitoring neurological illnesses, is based on a bandwidth of 30 Hz, whereas 
monitoring cognitive states often requires a slightly larger bandwidth of 44 Hz [11]. 
To achieve a similar noise performance with a larger bandwidth requires a higher 
power consumption. Hence, this analysis assumes that a suitable amplifier will 
consume 2 µW. A sub-microwatt ADC suitable for the application is presented in 
[12]. Based on a number of publications [1, 5, 11] this work conservatively assumes 
that 9 EEG/EOG channels will be required. Considering that each channel will need 
one amplifier and one ADC, the total power consumed by these two circuit blocks 
will be no more than about 30µW.  

Table 2 shows the power consumption and data rates of various `state-of-the-art' 
low power transceivers. Where the required data rate is significantly less than the 
achievable data rate the transmitter can be operated at a low duty cycle, considerably 
reducing the average power dissipation. The energy used per bit transmitted, also 
given in table 2, is therefore a useful metric. Two energy per bit values are used in the 
remainder of this paper. Based on the performance of the nRF2401 [13] and the 
BRF6150 [14], 50 nJ/b is taken as a conservative value, definitely achievable in most 
environments for short range communications, whereas 5 nJ/b is taken as a more 
speculative but still realistic figure, based on the reported performance of UWB 
devices such as the XS110 [15] or on cutting edge narrowband device such as 
Zarlink's ZL70100 [16].   

Table 2. Low power off-the-shelf transceivers 

 nRF2401 
[13] 

BRF6150 
[14] 

XS110 
[15] 

ZL70100 
[16] 

Type GFSK Bluetooth UWB MICS 
Data rate (b/s) 1 M 1 M 110 M 800 k 

TX power (mW) 21 75 750 5 
Energy/bit (nJ/b) 21 75 6.8 6.25 

 
Based on 9 channels, a sampling rate of 256 Hz and a resolution of 16 bits, the 

required data rate of the AEEG systems is approximately 37 kb/s. This can be reduced 
to only 23 kb/s by removing the large DC offset at the scalp-electrode interface, 
which is almost 1000 times the signal amplitude [17]. This corresponds to a 
transmitter power consumption of 1.15 mW in the conservative case and 115 µW in 
the speculative case. It can thus be clearly seen that the transmitter will dominate the 
system power consumption in both cases, and this is neglecting the power needed to 
control the transmitter or store the data to be transmitted. 
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3   Data Compression 

In order to reduce the power consumption of the system it is necessary to dissipate 
less power in the transceiver. One way to achieve this is to reduce the amount of data 
to be transmitted. Duty-cycling the transmitter according to the ratio of the required 
data rate to the maximum  possible data rate results in the following average 
transmitter power consumption, PTX,u: 

max,
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where br,u is the required data rate before compression, br,max is the maximum possible 
data rate and PTX, max is the transmitter power consumption at that maximum data rate. 
Using the same argument, compressing the data to give a data rate of br,c will result in 
an average transmitter power dissipation, PTX,c, which is given by:  
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The compression technique will consume a certain amount of power, Pcomp, which 
includes any extra short term data storage and duty cycle control of the transceiver. 
The total system power consumption, Psys, is thus given by:  

  uTXcompADCampsys PCPPPP ,⋅+++=     .     (3) 

where Pamp are PADC are the power consumption of the amplifiers and ADC(s) 
respectively; C is the compression ratio, which is equal to br,c/br,u. If 

uTXuTXcomp PPCP ,, <⋅+  then the total system power is reduced. Reducing C will 

generally require an increase in Pcomp. The remainder of this paper analyses this key 
design trade-off by detailing the combinations of C and Pcomp which will improve the 
lifetime to battery size ratio.  

4   Improving Battery Lifetime 

For a battery powered system with battery capacity, Ccell and voltage, Vcell, designed to 
operate for a lifetime, tl the total system power, Psys, is given by: 

      
l

cellcell
sys t

VC
P

⋅=     .                          (4) 

Figures 1 and 2 show the system designer which combinations of Pcomp and C will 
be required to achieve a certain lifetime for a given amount of available energy. Both 
graphs assume a total amplifier and ADC power consumption of 30 µW and that the  
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Fig. 1. Maximum power for compression against compression ratio and normalised lifetime for 
a transmitter which consumes 50 nJ/b 

 
Fig. 2. Maximum power for compression against compression ratio and normalised lifetime for 
a transmitter which consumes 5 nJ/b 

uncompressed data rate is 23 kb/s. The lifetime is normalised with respect to the 
available energy of the battery given by Ccell·Vcell. Table 3 shows the lifetime for the 
different battery groups of table 1 with and without compression. The table gives 
specific values of a realistic compression ratio and Pcomp combination which would 
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result in a useful but reasonable increase in lifetime. tl,c and tl,u represent the battery 
lifetime with and without compression respectively. 

The figures of table 3 are promising in that even for the conservative estimate of 
transmitter power, if compression ratios of around 0.25 can be achieved for no more 
than 200 µW then the SCC battery class could operate for 3 days, and the LCC 
battery class could operate for 2 weeks, the latter being much longer than current 
medical AEEG devices, where the headset is wired to a belt or an over-the-shoulder 
battery and data storage pack.    

Table 3. Comparison of battery lifetime with and without data compression 

TX Energy/bit Group tl,u tl,c C Pcomp /mW 

50 nJ/b SCC  25 hrs 72 hrs 0.2 0.16 
50 nJ/b LCC  2 weeks 1 month 0.3 0.17 

50 nJ/b AA  17 weeks 6 months 0.4 0.3 
5 nJ/b SCC 8 days 2 weeks 0.3 0.025 

5 nJ/b LCC 3.8 months 6 months 0.4 0.015 
5 nJ/b AA 33 months 5 years 0.2 0.027 

5   Reducing Battery Volume 

The advantages of data compression can also be quantified in terms of the reduction 
in battery volume for a given lifetime. Figures 3 and 4 show the combinations of Pcomp  
 

 

Fig. 3. Maximum power for compression against compression ratio and battery volume 
normalised to lifetime for a battery with energy density equal to 1100 J/cc, and a transmitter 
which consumes 50 nJ/b 
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Fig. 4. Maximum power for compression against compression ratio and battery volume 
normalised to lifetime for a battery with energy density equal to 1100 J/cc, and a transmitter 
which consumes 5 nJ/b 

and C required for a particular battery volume based on the energy density of a 
lithium secondary cell, which is 1100 J/cc [18]. Battery volume has been normalised 
to lifetime measured in hours. It can be seen from figure 4 that to achieve a volume to 
lifetime ratio of less than 0.004 cm3/h, data compression is needed for a transmitter 
which consumes 50 nJ/b. For the 5 nJ/b transmitter no compression is needed until the 
desired volume to lifetime ratio drops below about 0.0006 cm3/h.  

6   Data Reduction Mechanisms 

Three principle methods of data reduction are discussed here, with some results 
summarised in table 4. 

6.1   Reduce the Quality of the Recording 

Modern AEEG systems record digitally allowing the sampling resolution and rate to 
be varied. Reducing these will reduce the data to be transmitted, but also reduce the 
recording quality. Clearly minimum values will be required to accurately represent 
the EEG signal. [19] notes that most EEG signals studied are in the range 0.5–60Hz, 
although there is also some higher frequency content. A minimum sampling 
frequency of 120Hz is thus required. Most EEG systems use between eight and 16 
sampling bits, and using the lower end of this range would produce the least amount 
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of data. The data could also be reduced by simply monitoring fewer channels; 
recording only two EEG channels is enough to monitor alertness [4] and three EEG 
channels are enough to determine cognitive workload [1]. These methods, however, 
reduce the quality of the EEG recording and the quality of the cognitive state 
assessment [5] .  

6.2   Use Compression Algorithms on the Raw Data 

There has been interest in recent years in using compression algorithms on raw EEG 
streams. This has shown good results with a compression ratio of approximately 0.5 
being achievable using a lossless compression techniques [20], which can reduced to 
a compression ratio of approximately 0.15 when lossy compression is deemed 
acceptable [21]. These levels are impressive and the schemes should certainly be used 
where possible. The major barrier to their use is their implementation in suitably low 
power hardware. 

6.3   Do Not Transmit a Continuous Data Set 

Transmission of the complete data set is not necessary if some form of cognitive state 
assessment can be performed locally. There are essentially three methods which could 
be used individually or in some combination to reduce the transmitted data. 

 
1 Implement an algorithm which detects any significant changes of state, 

without determining that change of state. The relevant data could then be 
transmitted for more detailed analysis at a node with more data processing 
capability. 

2 Detect the cognitive state locally and simply transmit the new cognitive state 
each time it changes. 

3 It may be the case that particular cognitive state can only be determined in 
conjunction with other sensors, in which case no local decision about the 
change of state can be made. In such a case the cognitive state could be 
monitored only when some action needs to be taken (for instance the 
communication of some new information to a dismounted soldier). 

 

The first of the three methods has been researched in detail by the authors to aid in the 
diagnosis and treatment of people suffering from epilepsy. In this case data that is 
potentially important is recorded for closer analysis by the neurologist. Epileptic EEG 
traces can be broken down into two phases: ictal (seizure activity) and interictal 
(spikes and spike-and-waves) [22]. Interictal activity usually contains isolated events 
along with normal background signals. By recording only the ictal and interesting 
interictal activity it is estimated that a compression ratio of 0.1 can be achieved [23]. 
For comparison, table 4 illustrates preliminary results for a wavelet transform based 
interictal detection algorithm developed from [24] and [25] (labelled ‘example CWT 
method’ in table 4) and analysed with new data as part of this work. Similar 
algorithms can be used to detect cognitive states [26]. 

Figures 1, 2, 3 and 4 indicate that the challenge for the designer is to implement 
such algorithms at sub-milliwatt power levels. 
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Table 4. Performance comparison of data reduction schemes 

Method Notes Lossy C 
Reduced quality 3 channels, 8 

bits, 120 Hz 
Yes 0.12 

Lossless compression See [20] No 0.4 
Lossy compression See [21] Yes 0.1-0.2 
Discontinuous (Gotman) See [23] Yes 0.05-0.1 
Example CWT method 140 ms window Yes 0.06 
Example CWT method 5 s window Yes 0.5 

7   Conclusion 

Graphs have been presented which aid the designer in determining when it is 
advantageous to employ data compression. These graphs show the improvement in 
lifetime or battery volume possible for varying compression ratios, and give the 
corresponding power available to perform this compression. It is shown that data 
compression ratios of between 0.2 and 0.4 using only a few hundred microwatts can 
significantly improve the lifetime for a given battery size in the case of a 50 nJ/b 
transmitter. Such compression would make it feasible to operate a wireless headset 
from a small coin cell for about 3 days and from a large coin cell for up to 1 month. 
For the 5 nJ/b transmitter compression algorithms could consume no more than a few 
tens of microwatts to significantly increase the ratio of lifetime to battery size. 
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