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Abstract: Microfluidic impedance sensors play a significant role in point-of-care applications, clinical tests and 
laboratory studies. Instead of the traditional signal process method with the envelope detector, filter banks and 
multistage amplifier, we have reported a new implement using synchronous sampling and orthogonal detecting. 
By studying the intensity and phase modulation in the cell impedance sensing progress, we have calculated the 
SNR of the new method compare with the raw data. Base on the physical model and the calculation, we have 
demonstrated a simulation result which shows a capability to detect the signal of 1um cell in a noisy 
environment. Copyright © 2014 IFSA Publishing, S. L. 
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1. Introduction 

 

Microfluidic cell counters provide us powerful 
implements to point-of-care applications, clinical 
tests and laboratory studies [1, 2]. Compare to other 
cell detecting means with optical, acoustic and 
magnetic sensors, it is widely used since it’s low cost, 
label-free and easy to use [3-6].  

Cell impedance has been studied by the cell 
counter researchers for years because it’s directly 
related to the cell size. By analyzing the response to 
DC/AC motivations, variant physical models and 
detecting methods have been developed [7-11]. For 
example, Gawad group has built an accurate 
microfluidic-electric model by inducing the 
frequency-permittivity bonding and geometric factor 
correction [12, 13]. Plenty of microfluidic impedance 
counters focuses on the signal intensity measurement 
were invented in recent years. Zhe Mei et al. reported 
an electrode design which can produced a uniform 

electric field and detected 7um cell with high 
resolution and low CV [14]. However, those devices 
suffered from the background noise which covered 
the weak signal of small cells. It's difficult, if not 
impossible, to make a post process circuit which can 
filter, amplify and recover the signal from a very 
small cell in the real application since it attenuates 
with the third power of the cell diameter. Also, the 
throughput range of the device is limited because the 
pass window of the filter bank on the PCB board 
cannot automatically fix to the cell signal with 
fluctuant frequency when the flow velocity changes. 

We reported a new signal process method based 
on the physical model of impedance measurement by 
using synchronous sampling and orthogonal 
detecting. The SNR of the signal is largely increased 
for cells with variant diameter without any envelope 
detector, filter banks or multistage amplifier.  
With this method, it gives more probability to 
measure small cells like platelet or bacterial in  
practical environment. 
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Fig. 1. The Device Structure, Operation Principle and Signal Processing Diagram. (a) The demonstration of the sensor 
structure. The yellow rectangle pads are the surface electrodes. The red dash lines are the electric field lines. The green arrow 
shows the flow direction of the cell sample. The green sphere represents a cell entering the sensing area. The Vin_1 and 
Vin_2 indicate two separate motivation waves which are input into Channel 1 and 2. The V_ch1 and V_ch2 are the related 
voltage signal from the I-V convertor 1 and 2. (b) The signal processing flow. The differential amplifier between the I-V 
convertor and the Synchronous Sampler produces the difference of V_ch1 and V_ch2. The output and the reference wave are 
sampled simultaneously, processed and displayed on the screen. 
 
 
2. Results  
 
2.1. System Design and Work Flow 
 

The design and work flow of a dual-channel 
micro Culter counter is shown in Fig. 1. In this 
model, two typical electric impedance [10] sensors 
were integrated into a microfluidic channel  
(Fig. 1(a)). Two sine-wave voltages (Vin_1 and 
Vin_2) were separately applied to each surface 
electrode pairs placed face to face on the channel 
floor and ceiling. When the conductive solution 
fulfilled the sensing area between electrodes, an 
electric field was built to measure the impedance of 
the sample flow. The green arrow indicates the 
direction of cell suspension infused into the micro 
channel. Once a cell passing through the detection 
channel 1 (the left electrode pair), it slightly changed 
the impedance of this sensing area without disturbing 
the channel 2 (the right electrode pair). For a stable 
input voltage, the current of each channel was 
modulated by the target cell obeying Ohm's law. This 
modulation will be received and processed by the 
external electronics after being converted to voltage 
signal.  

Unlike most of the present design which 
enhanced the raw signal from the impedance sensor 
with envelope detectors, filter banks and multistage 
amplifiers [14], a novel method based on the physical 
model is reported here with high resolution and 
sensitivity, especially in small cells or particles. 
Fig. 1(b) indicates the structure of the whole system 

including the post data processing. The signal V_ch1 
and V_ch2 were generated by the inverting amplifier 
circuit when a cell ran through sensors. To raise the 
SNR, a differential amplifier was applied to inhibit 

the common noise. The output signal diffV  was 

sampled by a high speed synchronous sampler and 
turned to a digital signal. Meanwhile, a reference 

wave refV  which was orthogonal to Vin_1 and Vin_2 

was also induced into the sampler. These two data 
streams were multiplied, then accumulated by a 
digital processor which also displayed the data  
on screen. 

 
 

 
 

Fig. 2. The equivalent model of an impedance sensor. 
 
 
2.2. Principle of Methods 
 

In the case of the classic Culter counter, several 
equivalent models were raised up to simplify the 
electric analysis [8, 11, 15]. Fig. 2 is a widely 
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reported structure which sets the double layer 

capacitor dlC  in tandem with an RC parallel-serial 

network. In the network, mediaC  and mediaR  are the 

capacitance and resistance of the environmental 
media. When the cell displaces the same volume of 
highly conductive solution (like cell culture media or 
PBS), it will enlarge the total impedance by inducing 

the cell membrane capacitor membraneC and the cell 

cytoplasm resistance cytoplasmR . Base on this model, 

Gawad group has derived the total impedance totalZ  

of the channel which the cell registered to [12, 13]. 
Considering the geometry factor and the frequency 

modulated permittivity, totalZ  can be expressed  

as [13]: 
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The parameters in equation (1) can be derived by 
using Maxwell’ mixture theory and the Schwarz-
Christoffel mapping. According to the circuit design, 
the output of I-V convertor is: 
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where out1V is the output from channel 1 which 

contains a cell. out2V  is the output from the empty 

channel 2. Fig 3(a) shows the difference of absolute 

value between the cell signal out1V  and the 

environment signal out2V . The curve rises at low 

frequency, reaches the top at around 100 kHz 
to1 MHz depend on the cell size and then goes flat at 
high frequency. The value decays exponentially with 
the cell diameter in a wide frequency range. Fig. 3(b) 

indicates the phase difference between out1V
 

and 

out2V . Similar to the absolute value, it variance a lot 

when cell size changes. The current methods 
generally focused on the signal intensity detection but 
ignored the phase information. Envelope detector, 
filter banks and multi-stage amplifier are used to 
detect the signal envelop, filter the noise and enhance 
the signal. However, it’s too difficult to distinguish 
the small cell since its initial SNR is too low. To 
minimize the environment noise, we added a 
differential circuit which can greatly reduce the 

common noise. The output of this stage is diffV , 

which can be described as: 
 

1 1 | | ( )diff out out diff diffV V V V C os t     (3) 

 
 
 

 
 

Fig. 3. The raw signal characteristics of the cell with 
variant sizes versus the frequency. (a) The difference of 
absolute impedance value between the channels 
with/without a cell versus the frequency. (b) The angular 
difference of impedance value between the channels 
with/without a cell versus the frequency. 

 
 

We got both intensity and phase signal of diffV by 

multiplying it with an orthogonal wave refV , and  
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(4) 

 

The first item in the equation (4) is a second 
harmonic wave which can be removed by 
accumulation for more than one cycle. The second 
item is a DC component which can be largely 
increased while accumulating. Meanwhile, the 

differential-mode noise diffN  which follows the 

Gaussian white noise distribution will be inhibited. 
Here, the data SNR after processing was derived 
compare with the original SNR. 
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where M is the sampling number in each cycle, N is 
the cycle amount to accumulate,   is the standard 

deviation of Gaussian noise diffN  before data 

process. When diff is settled, we can greatly 

enhance the SNR by well setting the factor M and N. 
 
 

2.3. Simulation Results 
 

Base on the physical model, the geometry and 
electric parameters were set as below (See Table 1). 

The double layer capacitance dlC  was 30pF. The 

flow rate was 15 / min L . Artificial cell impedance 

was yielded in channel 1. Channel 2 without any cell 
was kept as the comparison. Two 5 Volts, 500 kHz 
cosine waves were separately added to the channels. 
The noise coupled into each channel followed 
Gaussian distribution 2(0, )N  , where 1 V  . 

Fig. 4 demonstrates the performance of the 
simulation result before and after the digital data 
processing. Here we set M=2000 and N=10.  
Fig. 4(a), Fig. 4(b), Fig. 4(c) and Fig. 4(d) are the 

final output intensity with different cell diameter 
versus the time. The subpanel in each image shows 

the raw diffV signal. In Fig. 4(a), the SNR of the post 

processed data is around 3, while the signal of 1 um 
cell is totally submerged by the noise. Similar results 
occur in Fig. 4(b) and Fig. 4(c). The raw signal of 
2 um cell is still invisible, although the final output is 
obvious. For 3 um cell, the raw SNR is just around 1. 
After the multiply-add operation, the signal looks 
much larger than the background noise. In Fig. 4(d), 
the noise of raw data is about 300 mV. After the 
processing, the noise is almost completely removed. 

 
 
Table 1. Geometry and electric parameters. 

 
Name Value Name Value 

Channel Width 50 um 
Culture media 
permittivity 

90 

Channel Height 50 um 
Cytoplasm 
permittivity 

60 

Electrode Width 20 um 
Culture media 
conductivity 

1.6 S/m 

Thickness of cell 
membrane 

5 nm 
Cytoplasm 

conductivity  
0.6 S/m 

Cell membrane 
permittivity 

11 
Cell membrane 

conductivity 
1e-8 
S/m 

 

 
 

 
 

Fig. 4. The performance of the signal process. The 4 big subpanels show the data after a multiply-add operation. These 4 
small figures in the down left of each subpanel are the raw data before the digital process. (a), (b), (c) and (d) indicate the 

signal of the 1 um, 2 um, 3 um and 7 um cells. 

(5)
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3. Conclusions 
 

We have reported a new processing method 
which can greatly raise the SNR of the single cell 
counting base on the synchronous sampling and 
orthogonal detecting. By taking this approach, it’s 
more probable to capture the cell passing event in a 
noisy environment. Furthermore, it gives a chance to 
measure the small diameter cell, such as platelet or 
bacterial, which is difficult to be detected with the 
traditional post process means. Additionally, this 
method is simple, highly automatic and easy  
to operate. 
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