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Abstract— Method of time domain impedance spectroscopy using 
of rectangular wave chirp excitation is presented in the paper. 
Effectiveness of the excitation is high – more than 85% of 
the generated energy lies in the useful excitation bandwidth, 
which can cover several decades of frequency. Fast measurement 
and joint time-frequency analysis of dynamic impedances is 
envisaged. Implementations in impedance spectroscopy for cell 
detection and characterizing in different lab-on-a-chip type  
high-throughput microfluidic devices can be one recommended 
area for the proposed method. This method offers important 
diagnostic information about the dynamic and structural 
properties of biological cells, organs like beating heart, and 
the whole cardiovascular system. 
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I. INTRODUCTION 
Frequency domain impedance measurement is still 

a common approach in assessing passive electrical properties 
of cells and tissues [1]. However, sweeping or hopping of 
a sine wave excitation over a wide frequency range is too slow 
for performing impedance spectroscopy to recover fast 
impedance changes in biological objects as single cells and cell 
cultures moving in high throughput microfluidic devices [2-5]. 
The use of short-time but broadband pulse excitation and 
monitoring the response as a function of time will greatly 
reduce the measurement interval. The sine wave based chirp 
excitation – a non-periodic one-shot signal with continuously 
changing frequency – has been found to be the most promising 
in terms of its well defined frequency range, acceptable crest 
factor, and achievable signal-to-noise ratio [6]. 

Signal processing is much simpler when the rectangular 
wave excitation with only +1 and −1 value is used. Moreover, 
the rectangular wave forms have the minimal crest factor 
(equal to 1). A known method is to generate a pseudo-random 
maximum length sequence (MLS) of rectangular pulses [4, 5]. 
In the paper, there is proposed another method – generation of 
a sequence of regularly shortening or widening rectangular 
pulses. In this case we have a rectangular chirp excitation, 
which can be described as a signum-chirp function instead of 
the sine chirp [7, 8]. Besides the simplest rectangular chirp 
having non-return-to-zero (NRZ) pulses (zero-states are 
absent), some versions of return-to-zero (RZ) rectangular chirp 
function (has +1, 0, and −1 values) are considered [9] and 
compared. 

 
Figure 1. Basic structure of the measurement system. 

Fig. 1 depicts a simplified impedance analyzer, in which 
the rectangular wave excitation is generated during the 
excitation time interval Texc from t1 to t2, which covers a pre-
selected excitation bandwidth Bexc from f1 to f2. The excitation 
passes the impedance Ż and gives a response, which will be 
cross-correlated with a reference pulses (the same signal as 
excitation, typically). The result is a time domain correlation 
function representing an impulse response g(t) of the complex 
impedance Ż. Performing the Fourier transform, we will obtain 
a complex impedance spectrum S(jω) or frequency responses 
of magnitude M(ω) and phase φ(ω) separately. 

II. RECTANGULAR WAVE SIGNALS 
Four types of rectangular excitation signals, being under the 

analysis, are shown in Fig. 2, and characterized below. The 
signals were generated with duration Texc=10 ms, but for better 
visualization only the initial segments of pulses are shown. 

 

Figure 2. Excitation waveforms (V(t)): (a) signum-chirp, NRZ pulses, 
zero-state is absent; (b) 7-stage MLS; (c) rectangular chirp, 

18° zero-state RZ pulses; (d) rectangular chirp, 30° zero-state RZ pulses. 

• signum-chirp (pseudo chirp) with initial and final 
frequencies of f1=1 Hz, and f2=100 kHz (useful 
excitation bandwidth Bexc= f1−f2 =105 Hz). The signal is 
generated at a sampling rate fs=1.5 Msamp/s (Fig. 2a). 
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• 7-stage maximum length sequence (MLS) with a clock 
rate fc= fs /15=100 kHz and sequence period 
Tseq= TMLS= (27−1) /fc = 1.27 ms. The MLS spectrum 
reaches zero level at f = BMLS =100 kHz (see Fig. 2b 
and Fig. 4). 

• rectangular chirp with return-to-zero (RZ) pulse 
waveform: zero-state 18° per a quarter of “period” 
(in fact, chirp is not periodic). The same parameters are 
used as in case 1, only fs= 5 Msamp/s (Fig. 2c). 

• rectangular chirp, the same parameters as in previous 
case, only the zero-state is widened to 30° (Fig. 2d). 

III. EXCITATION ENERGY OF SIGNALS 
The Fast Fourier transform (FFT) up to max f =750 kHz 

with frequency resolution Δf =100 Hz was used for energy 
analysis. The results and following illustrations are obtained 
by means of a specially developed PC simulator, which bases 
on the structure, shown in Fig. 1. 

A. Signum-chirp 
The waveform of a linear signum-chirp is shown 

in Fig. 2a, and the amplitude spectrum of the respective 
pulse is shown in Fig. 3. 

Energy of the rectangular chirp signal Vch(t) with 
amplitude A can be expressed in time domain as follows: 
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According to Parseval’s theorem, the total energy in the 
frequency domain must be the same as calculated from (1)  
in time domain. Due to the rectangular waveform which 
contains higher frequency harmonic components [10], 
certain part of the signal energy Eout falls outside  
the excitation bandwidth Bexc. 

The fundamental harmonic with the amplitude 
A0 = (4/π)A, RMS value ( )AA 2/42/0 π= , energy 
E1 = (A0

2/2) Texc = (8/π2) A2Texc, and power W1= E1/Texc= 
(8/π2) A2, creates a constant value power spectral density 
(PSD) w1 =W1/Bexc , V2/Hz, within the bandwidth Bexc: 
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The power of every k-th higher odd harmonic 
(k =3, 5, 7, …) is equal to W1 /k2, being spread over the range 
kf2 − kf1 =kBexc. The PSD for higher harmonics can be expressed 
as wk= (w1/k2)/k = w1/k3. 

The total power of the signal Vch(t) is gradually distributed 
over the whole frequency range – see Fig. 3. The PSD pL of 
every gradual L-th level (L= 1, 2, 3, 4, 5, …) of the spectrum, 
beginning from the first one p1, is the sum of power spectral 
densities of the fundamental w1 and higher harmonics wk 
contributing into the given level L. Into the PSD p1 contribute 
all the signal components p1= w1+ w3+ w5+ w7+  …, but into the 

next level mere the higher harmonics (k = 3, 5, 7, …), 
p2 = w3+ w5+ w7+ …, into the third level only the harmonics 
beginning from k = 5, p3=w5+ w7+ …, etc. 

Generally 
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with maxL→∞ in the theoretical consideration (i= 1, 2, 3, …). 

The partial power P1=p1Bexc of the main bandwidth of chirp 
(useful power) is Pexc, while the power falling outside of it, 
Pout, is the summed up power of the next stage 
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As the minimal frequency for every level is kf1, then the 
equations (3) and (4) are approximate ones and the equalities 
are exact only for f1=0. When the excitation bandwidth Bexc 
exceeds one decade (f2 / f1 > 10), these equations are exact 
enough for engineering calculations. 

The chirp energy Ech= Eexc + Eout =( Pexc+Pout ) Texc and the 
useful excitation energy Eexc= Pexc Texc . From (3) and (4) 
follows the role of useful energy δE = Eexc /Ech, and 
considering f1=0, it can be derived from (3) and (4) as 
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For maxL→∞, the sums in (5) can be expressed via 

Riemann zeta function ∑
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i , where ζ(3)≈1.202 is termed as 

the Apéry’s constant [11]. Now, using these equalities, we 
can express the percentage of useful energy in the linear 
NRZ signum-chirp pulse as 

2
E /)3(7 πζ=δ     (6) 

At maxL >>1, the δE ≈ 0.85 and the spectrum has almost 
uniform energy distribution over the Bexc. In simulations 
δE =(0.84…0.88) was obtained depending on the simulation 
methods and parameters used. The relative decrement of 
every L-th step of magnitude can be calculated from (3) as 
δL=(Eexc /EL)1/2=A1/AL. The values for some lower order 
levels are δ2≈4.51, δ3≈8.44, and δ4≈12.47 − see 
approximation in Fig. 3. For the next levels, the values of 
δL ≈ 4(L−1)+1 are roughly valid. 
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Figure 3. Amplitude spectrum of signum-chirp: (a) without averaging; 
(b) with 4-tap moving averaging; (c) with 32-tap moving averaging. 

B. Maximum Length Sequence 
The spectrum of MLS has a sinc-function type envelope 

(Fig. 4), about 90% of total energy EMLS lies in the 0 to 
100 kHz range (BMLS=fs) [4]. We cannot use all the BMLS range 
for excitation, because the spectral density goes down with 
frequency and reaches zero at the end of BMLS (100 kHz).  
A reasonable frequency limit is 44 kHz, at which the RMS 
spectral density reduces to –3 dB level (density of power 
spectrum reduces to 0.5 level). In this case we can use about 
70% of the BMLS range energy for excitation. It means that 
about 63% of total energy generated by the MLS signal (EMLS), 
can be used for excitation, EBW ≈ 0.7(0.9EMLS) = 0.63EMLS. 

 

Figure 4. Amplitude spectrum of 7-stage MLS. 

C. Shortened pulse rectangular chirps  
The waveforms of shortened pulse rectangular chirps 

(three-level RZ chirp pulses) are shown in Figs. 2c and 2d. 
To follow the Nyquist rule, the sampling rate for generation RZ 
pulses must be higher than for the respective NRZ pulse. 
The results in Fig. 5 are obtained with fs= 5 Msamp/s, which 
yields max f =2500 kHz and Δf =100 Hz at the direct FFT 
processing of signals. Two cases, with 18° and 30° shortening 
modifications are considered. 

a) 18° zero-level state (the 5th “harmonic” is removed 
[9]). Minimal sampling rate is min fs=2·(360/18) f2=40f2. 
The total generated energy E18 = 0.8Ech, and Eexc > 0.9E18.  

This is still the best result – less than 10% of energy falls 
outside the excitation BW. 

b) 30° zero-level state (the 3rd “harmonic” is removed 
[9]). Minimal sampling rate is min fs=2⋅(360/30) f2=24f2. 
The total energy is E30 = 0.67Ech, and the part of useful 
excitation energy is about 90% (Eexc ≤ 0.9E30). The result is 
acceptable, but slightly worse than in previous case (a), related 
to 18° zero-level state. 

 

Figure 5. Amplitude spectra of the three-level RZ rectangular chirps (32-taps 
moving averaging has been applied). 

D. Bidirectional signum-chirp 
To eliminate the impact of the unavoidable DC component 

of chirp pulses, the bidirectional chirps can be used, i.e., two 
sequental mirrored chirp pulses with frequency sweep from 
f1 to f2, and f2 to f1 , respectively, are generated (see the next 
chapter). In this case, the energy distribution is similar to 
the corresponding unidirectional chirp. 

IV. SIMULATION EXAMPLES 

A. Time domain 
In Fig. 6, examples of bidirectional signum-chirp 

excitation chirp at sweep rate of ±40 kHz/s are shown. Let us 
pay attention to the trailing ends of response signal Vrsp, which 
must be considered to gain perfect results at selection of  
the observation time for the following cross-corrrelation. 

 

Figure 6. Bidirectional chirp excitation and response : (a) up chirping f1=0, 
f2=200 kHz; (b) down chirping f1=200 kHz, f2=0. 
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Figure 7. Cross-correlation between bidirectional chirp excitation: up 
chirping ( f1 < f2) and down chirping ( f1 > f2) correlation products.  

B. Cross-correlation 
In Fig. 7, cross-correlation functions (CCF) between 

the bidirectional signum-chirp excitation with Texc=1 ms and 
the respective response are shown (see previous example). 
The CCF is evaluated from lag τ = −1.25 ms to +1.25 ms  
with minimal possible lag step Δτ =1/fs and it includes all 
the information about impedance vector under study over 
the whole excitation bandwidth. 

C. Spectral analysis 
In the proposed solution for wideband (bio)impedance 

spectroscopy the array of CCF values is used as the input 
sequence for the FFT processing. It bases on the fact that  
in accordance with the cross-correlation theorem (generalized 
Wiener-Khinchin theorem), the correlation function is 
equivalent to the inverse Fourier transform 
of the cross-power spectral density [12]. 

As the result, we obtain the real and imaginary parts of 
the impedance, from which obtaining of the amplitude and 
phase response is an ordinary procedure. Thereby, 
for interpreting the results, the phase response should be 
preferred because of its minor dependence on all kind 
of fluctuations. The phase response φ(ω)=arctg [Im(ω)/Re(ω)] 
characterizes relative variations of the relationship between 
imaginary Im(ω) and real part Re(ω). The phase response is 
of great diagnostic value – it does not depend on magnitude 
and common disturbances. The phase curves in Fig.8 can be 
interpreted as reducing of ischemia connected with decreasing 
of the extracellular resistance from its initial value Rext, e.g., 
as a result of reperfusion after transplantation of a muscle flap. 

 

Figure 8. Phase spectrum at different values of extracellular resistance Rext 
(frequency resolution Δf = 400 Hz). 

V. CONCLUSION 
Rectangular wave signum-chirps are rather effective  

in wideband impedance spectroscopy. More than 85% of  
the generated energy becomes useful for excitation when 
using NRZ pulses. Modifications like introducing of RZ 
pulses can enhance the percentage of effectiveness over 90%. 
In comparison, the MLS contains only 63% of energy usable 
for excitation. 

Bidirectional chirp excitation (up- and down-chirping) 
avoids the DC component. Furthermore, first down- and then 
up-chirping has a clear advantage – the transient response is 
much shorter than in opposite case. 
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