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Indonesia 2University of the West of England, United Kingdom Jl. AP Pettarani, 

Makassar, Indonesia, telp:0411-865894 *Corresponding author, e-mail: 

yasser.djawad@unm.ac.id Abstract A measuring instrument plays important role in the 

biomedical measurement since the biological process in living organism generates very 

weak signal. Therefore, a reliable and sensitive measuring in- strument is needed.  

 

In this study, a lock-in ampli?er was analysed and tested. This paper presents an 

experiment to investigate the lock-in ampli?er for biomedical measurement. An 

experiment using RC (re- sistor capacitor) tissue model to measure the voltage change 

related to impedance change was performed using a lock-in ampli?er to evaluate the 

accuracy of the lock-in ampli?er. Three different values of the capac- itor in the RC tissue 

model were applied regarding to simulate small impedance changes. The measurement 

results were compared with the theoretical calculation and an impedance measurement 

system.  

 

An error analysis was conducted to investigate the accuracy of the measurement. The 

comparison result showed that impedance measurement using lock-in ampli?er is an 

effective technique, which could able to measure very small voltage regarding 

impedance change in the RC tissue model. Keywords: biomedical, RC tissue model, 

impedance measurement, lock-in ampli?er Copyright c 2014 Institute of Advanced 

Engineering and Science . All rights reser ved. 1.  

 



Introduction A Lock-in Ampli?er (LIA) is a measuring instrument that measures a signal 

which has similar frequency and phase as the reference signal. The LIA can be used to 

measure a very small signal (nano volts) and is able to ignore any signals that are not 

synchronized with it, which may be a thousand times larger. The LIA consists of 5 blocks; 

a signal ampli?er, a phase shifter to provide a reference signal, a phase sensitive 

detector (PSD) or multiplier, a low pass ?lter (LPF) and a DC ampli?er, as shown in Figure 

1. An input signal is connected to the ampli?er.  

 

A second signal is connected to the phase shifter as a reference signal. The output is a 

DC voltage which is proportional to the amplitude of the signal being measured. The 

reference signal must be similar to the source signal to ‖lock‖ the signal to the 

frequency of interest. The LIA has been used in many applications such as measurement 

of signal to noise ratio of photothermal signals [1], chem- istry experiments using diode 

laser [2], in a ring laser gyroscope [3] and nanoelectromechanical systems [4].  

 

In biomedical research, the LIA is usually used in Impedance spectroscopy (IS) technique. 

IS is a characterization method of materials to obtain its electrical properties using 

electrodes [5]. IS can be divided into two categories, electrochemical impedance 

spectroscopy (EIS) and other techniques. EIS engages measurement and analysis of ionic 

conduction in the material. EIS is used also to study of fuel cells, rechargeable batteries, 

and corrosion. The resting category of impedance spectroscopy is applied to study 

electrical characteristic of dielectric material, solid or liquid non conductors, in which 

electronic conduction strongly in the majority[6].  

 

IS has been also applied in biomedical research areas [7, 8, 9, 10, 11]. IS normally 

involves two electrodes, counter electrode (CE) and detecting electrode (DE). The sensor 

detects the change of resistance Received June 19, 2014; Revised August 3, 2014; 

Accepted August 18, 2014 TELKOMNIKA ISSN: 2302-4046 _ 7215 Figure 1. Block 

diagram of lock-in ampli?er that consists of signal ampli?er, phase shifter, PSD and low 

pass ?lter and capacitance of the material above or between the sensor. The basic idea is 

to apply an input signal via CE and gather the result on DE.  

 

These two electrodes with certain distance behaves like a capacitor when small AC 

voltage applied to the sensor. Signals with a range frequency are applied to the circuit 

to analyse the characteristics of the material. An example of developed of IS technique is 

Electric Cell-substrate Impedance Sensing (ECIS). The technique provides a very useful 

and elegant approach for the study of cell spreading, morphology and micromotion. 

Thefore, ECIS could be used for drug screening and toxicology studies in the animal 

testing [12]. The principle of ECIS is based on Ohm’s law that the adhered cell can be 

treated as an equivalent of an RC circuit.  



 

ECIS uses electrodes that are coated by protein to provide a surface for cell attachment 

and spreading. When the cells begin to spread on the electrode surface, the cell layer 

starts to affect the electromagnetic ?eld between the two electrodes since the adhered 

cells behave like insulating particles due to their plasma membrane [13]. This small 

electromagnetic ?eld change on the electrode surface modi?es the impedance of the 

capacitance component.  

 

Therefore, several researchers [12, 14, 15] have used ECIS to predict the impedance of 

the cells and enable direct monitoring of impedance changing of the cells using the LIA 

as measuring instrument. In this study the LIA has been choosen since it has some 

advantages like it can be build with low cost, very sensitive and can remove noise. A RC 

tissue model was used to replace the original cell tissue. The measurement was 

performed by connecting the LIA parallel with the RC tissue model. This RC tissue model 

is based on an approximation of RC values of human ery- throcyte [16]. Rd characterizes 

the dielectric of the electrode/electrolyte.  

 

Rc is the cell resistance and the capacitor C in this circuit represents the cell tissue. The 

LIA output was read by a PC Oscilloscope and the manual impedance calculation was 

conducted based on the LIA voltage output. 2. Research Methodology 2.1. A 

trigonometry perspective of the LIA Presumably a signal with a frequencyf 1 and phase 

of? 1 is applied to input channel. It is assumed that signal has a very low amplitude and 

it must be ampli?ed with gainG ac. The output of the ampli?er is a signal with a speci?c 

gain,namely : V ac (t ) =G acV ocos (w 1t +? 1 ) (1) In addition, a reference signal that 

has a frequencyf 2 and? 2 is given as a multiplicand of the output signal from ampli?er, 

the signal is : V r ef (t ) =E ocos (w 2t +? 2 ) (2) The product result of the ampli?er output 

signal and the reference signal is an identity product of these two signals and can be 

expressed as : Title of manuscript is short and clear, implies research results (First 

Author) 7216 _ ISSN: 2302-4046 V psd (t ) = 1 2G acV oE o (cos [(w 1 +w 2 )t + (? 1 +? 2 

)]+ cos [(w 1-w 2 )t + (? 1-? 2 )]) (3) Equation 3 shows that the product of two sinusoidal 

signals, which have different frequen- cies, produces two sinusoidal signals with 

different frequencies.  

 

V psd 1 (t ) = 1 2G acV oE o (cos [(w 1 +w 2 )t + (? 1 +? 2 )]) (4) V psd 2 (t ) = 1 2G acV 

oE o (cos [(w 1-w 2 )t + (? 1-? 2 )]) (5) If Equation 3 is applied to a LPF that has a 

frequency cut off smaller than (w 1 +w 2 ), the high frequency component (Equation 4) 

is attenuated and the low frequency component (Equation 5) is passed the LPF and the 

?nal result is sum of two sinusoidal signals with different frequencies. When the 

frequency and phase of the input signal and the reference signal are similar, the 

Equation 3 becomes : V psd (t ) = 1 2G acV oE o [1 +cos (2wt + 2? )] (6) From Equation 



6, it reveals that there are two signal components, AC and DC.  

 

The ampli- tude of the output signal is a half of the input signal and the frequency of AC 

component is twice of the ampli?ed input signal. When a LPF which has frequency cut 

off smaller than frequency of AC signal is applied to the Equation 6, the AC signal is 

attenuated by the LPF. The result is the sum of the DC signal and the attenuated AC 

signal which is a ripple DC signal. Equation 3 demonstrates that if the frequencies and 

the phases of the input and refer- ence signal are equal, the DC component is maximum 

since it produces zero phase different.  

 

If the input signal and the reference signal have different phase, the output signal does 

not reach maximum output which half of the ampli?ed input signal. It concludes that the 

LIA only measures signals that have same frequency and phase as reference signal. 2.2. 

Instrumentation For testing the LIA, a RC tissue model was used as shown in Figure 2. 

The RC tissue model consists of two ?xed carbon resistors 22 Ohm and a ceramic 

capacitor as a cell tissue which has three values 0.01 µF, 0.1 µF and 1 µF.  

 

These values of capacitor were chosen to analyse the accuracy of the LIA when small 

impedance of the RC tissue model is changed. To conduct the impedance measurement, 

the LIA was used. The high-pass ?lter (HPF) was set to have a frequency cut off 0.7 Hz 

and the low pass ?lter (LPF) was set to have a frequency cut off 16 Hz. The HPF was used 

to remove the DC offset of the sensor. This avoids DC offset driving the chip into 

saturation mode. while the LPF was used to remove the noise and suppressed the AC 

component of the output signal. The frequency cut-off was chosen based on the interest 

of the signal. A frequency cut-off of 0.7  

 

Hz was selected as this is suf?ciently high to remove the DC component of the input 

signal. A frequency cut-off of 16 Hz was chosen based on the observation during 

experiment, since it provides smoothest output of DC signal. To construct a voltage 

divider, the RC tissue model was connected in series with a 1.5 KOhm resistor. The 1.5 

KOhm resistor was designated to allow the majority of the voltage to be dropped across 

it and leave only very small portion of voltage to be dropped across the RC tissue 

model.  

 

An AC voltage with amplitude of 250 mV, from PICOScope (PICOScope is a real time 

PC-based digital oscilloscope, which has function of digital storage oscilloscope, meter 

and data logger, spectrum analyser and signal generator), and reference signal of the 

LIA with frequency range from 10 Hz - 1 MHz were applied to the circuit. The LIA was 

connected parallel with the RC tissue model to detect small voltage drop across the RC 

tissue model. LIA output was measured by PicoScope. At a speci?c frequency value, the 



output amplitude of the LIA was recorded and the impedance TELKOMNIKA Vol. 12, No.  

 

10, Octoberl 2014 : 7214~ 7222 TELKOMNIKA ISSN: 2302-4046 _ 7217 was calculated to 

allow a comparison between theoretical values and C60 (impedance measuring 

instrument made by Cypher instruments Ltd) output. Figure 2. The circuit diagram of 

measurement system with the RC tissue model 3. Result and Analysis 3.1. Experimental 

Results Theoretically, the cell impedance can be de?ned by following equations : Z eq 

=R d + _ R c 1 +j?R cC _ Z eq =R d + _ R c 1 +j?R cC. 1-j?R cC 1-j?R cC _ Z eq =R d + _R 

c-j?R 2 cC 1 +? 2R 2 cC 2 _ (7) and can be represented in the rectangular form as : Z eq 

= _ R d + R c 1 + (?CR c ) 2 _ -j ?CR 2 c 1 + (?CR c ) 2 (8) in the polar form can be 

represented as follow : Magnitude : 





Z eq 





 = p (R d +R c +? 2R 2 cR dC 2 ) 2 + (?R 2 cC ) 2 1 + (?CR c ) 2 (9) Phase: ? =-arctan _ 

?CR 2 c R d +R c +? 2R 2 cR dC 2 _ (10) When the frequency is very low, the imaginary 

part of Equation 8 is relatively low.  

 

As the imaginary part of cell impedances retains only a minor value, the impedance of 

the cell model is approximately equal to Rc+Rd. When the frequency gradually 

increases, the imaginary part also slowly increases until reaching a maximum at a speci?c 

frequency and then steadily decreases to zero again. Thus, the values of the RC tissue 

model provide very small effect to the whole impedance as shown in Figure 3. Figure 4 

shows the impedance change when the capacitor is changed. It shows that the 

impedance change is relatively small.  

 

The graph revealed that the impedance change between Title of manuscript is short and 

clear, implies research results (First Author) 7218 _ ISSN: 2302-4046 Figure 3. 

Contribution of imaginary part to the impedance of the RC tissue model with the capac- 

itor of 1µF capacitor 0.01 µF and 0.1 µF is very small which is less than 0.1 Ohm. While 

the impedance change for capacitors 0.1 µF and 1 µF is exponentially increased. Similar 

result is happened with capacitor values of 0.01 µF and 1 µF. The comparison of 

impedance change was limited until frequency around 3.3 kHz since this is the smallest 

frequency cut off among three values of capacitor.  

 

Above this frequency, the impedance change increased because the smaller the 

capacitor value the bigger the frequency cut off. Figure 4. Impedance change as the 

capacitor values change until frequency cut off around 3.3 kHz Using the LIA voltage 

output, the impedance calculation is performed across a voltage divider as follows : 

TELKOMNIKA Vol. 12, No. 10, Octoberl 2014 : 7214~ 7222 TELKOMNIKA ISSN: 

2302-4046 _ 7219 (a) (b) (c) Figure 5. Comparison of the impedance measurement of the 

RC tissue model with capacitor of (a) 0.01µF (b) 0.1µF (c) 1µF Title of manuscript is short 

and clear, implies research results (First Author) 7220 _ ISSN: 2302-4046 Z eq = V oR o V 

i-V o (11) From Figure 5, it shows that the LIA performs adequate measurement 

compared with theoretical calculation and measurement using the C60 impedance 

measuring instrument. It also demonstrates that the LIA has limited measurement of 

approximately 210 KHz, as beyond this frequency the voltage decreases rapidly and 

provides less accurate results.  

 

The ?gures illustrate that the measurement of the LIA provides results close to the 

theoretical and the C60 output in the frequency range from 10 Hz - 100 Hz. Above this 

frequency, the impedance is slightly increased. Meanwhile at the slope, the 

measurements from the LIA provides improved outcome. It also can be observed that 

when the capacitor values are increase 10 times, the frequency cut off decreased 



approximately 10 times compared with previous frequency cut-off. 3.2. Error analysis In 

this study, an error analysis was performed. The error analysis was conducted in the 

range frequency of 0 - 210 kHz since this range is the limited frequency range of the LIA.  

 

Beyond this frequency range the measurement provide unacceptable results. In the 

error analysis, the relative error and standard error were used and de?ned as follows : d 

= x o-x x (12) s = SD vN (13) Wherex o is the measurement value,x is the theoretical 

value,SD is the standard devia- tion of measurement andN is the number of data in the 

measurement. Figure 6a illustrates the relative error graph of the LIA. It shows that 

relative errors of measurement using capacitor 0.01 µF are linearly increased from 4% 

until 100 kHz and steadily decreases until frequency 210 kHz.  

 

While measurement using capacitor 0.1 µF, the graph shows that the relative errors are 

almost constant until frequency 30 kHz and at this point the values are decreased 

linearly until frequency 100 kHz and almost constant above 100 kHz. Different result 

showed by the measurement of 1 µF. A spike of relative error showed at frequency 1.5 

kHz. Above this frequency, the measurement showed constant values and increased 

until 210 kHz. While, Figure 6b depicted the relative er- ror graph of C60 measurement. 

The graph shows constant relative error for measurement using capacitor 0.01µF until 

around 60 kHz.  

 

The error rises above 60 kHz and almost constant above 100 kHz which is around 2%. 

The measurement using capacitor 0.1µF provided better relative error which around 2% 

below 50 kHz and constantly 0.5% above 50 kHz. Similar with the LIA measurement, the 

result of using capacitor 1µF provides a spike of relative error showed at 1.5 kHz and 

decreased slowly until 50 kHz and after this frequency the result slowly rises until 210 

kHz. The relative errors of both measurements presented varying relative error. The 

graphs depicted that relative error mean of C60 is slightly better than the LIA, where the 

differences about 1-3%. However, Table 1 describes the standard error of two 

measurements.  

 

It can be seen from Table 1, that both measurement results provide similar trend which 

as the capacitor value is increased the standard error is also rise. The error rises with 

margin about 1.5 as the capacitor value increases 10 times. Table 1. Standard error of 

measurement s 0.01uF 0.1uF 1uF LIA 0.34 1.85 3.01 C60 0.10 1.61 3.00 TELKOMNIKA Vol. 

12, No. 10, Octoberl 2014 : 7214~ 7222 TELKOMNIKA ISSN: 2302-4046 _ 7221 (a) (b) 

Figure 6. Standard error of measurement using (a) the LIA (b) C60. Dotted lines are 

mean of the standard error 4. Conclusion The theory of lock-in ampli?er has been 

reviewed and an experiment to measure the RC tissuel model using the LIA has been 

performed.  



 

The main idea of the LIA was described mathe- matically to gain deep understanding 

about how the LIA works and to observe the characteristics of the circuit. An experiment 

of impedance measurement of RC tissue model using difference values of capacitor has 

been performed. The experiment revealed that the LIA was able to detect small voltage 

change in the RC tissue model as the impedance change. The comparison of the LIA 

with theoretical calculation and impedance measurement (C60) showed that 

measurement using the LIA provides an accurate measurement result which able to 

detect small impedance change.  

 

This ability is shown by the error analysis, where the relative error of the LIA measure- 

ment is relatively small. Therefore, this study showed that LIA can be used as an 

alternative low cost and an effective measuring instrument for biomedical measurement. 
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