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The lock-in method is one of the most frequently used methods for reconstruction of measured signals and as such frequently
applied in the (bio)impedance method to determine the modulus and phase of the (bio)impedance. In implementation of the
method in a (bio)impedance measurement device one has to consider possible non synchronized frequencies of the reference and
the analyzed signals as well as potential sources of noise. In this work we analyzed these errors theoretically and experimentally.
We show that both amplitude and phase errors depend on the relative difference of the frequencies of the reference and
investigated signal as well as the number of integration periods. Theoretically, these errors vanish during the determination of the
(bio)impedance modulus and phase. In practical implementation the inaccuracies appear at points of very low determined signal
amplitudes due to the limited accuracy of analog to digital converters and are distributed around these points due to other sources

of noise inherent in implementation of the measurement device.
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1. INTRODUCTION

N PHYSICAL EXPERIMENTS we often analyze

periodic signals of small amplitudes that are buried in

noise and other signal disturbances with amplitudes
(energy) that might be significantly larger than the analyzed
signal itself. Because conventional filtering techniques do
not provide satisfactory results in such cases, special
filtering techniques are required in order to differentiate
signal from noise. One of the most frequently used methods
uses the so called lock-in approach (also known as phase
sensitive detection) [1], [7]. Phase sensitive detectors require
(pre) knowledge of a period of analyzed periodic signal. A
reference signal is created in accordance with an expected
measured signal and is compared with it. Depending on the
implementation of the lock-in method there are several
possibilities of generation of a reference signal as well as its
synchronization with the measured signal [11]. In this
investigation we will analyze the problems of
synchronization or rather non-synchronization of the
external reference signal and the measured signal in
particular in the frame of its usage in the (bio)impedance
measurement method. In cases where a signal is
accompanied by broad band noise it is feasible to generate
reference signal externally instead of using excitation signal
as reference. In this case the phase sensitive detector
responds also to harmonic components of the excitation
signal even though the fundamental component is well
defined [11]. Bioimpedance as defined in the electrical
circuit theory is essentially a transfer impedance, determined
as a ratio of a voltage and a current complexor which are not
necessarily related to the same nodes [5]. However, the
technique assumes that the same current flows through all
the nodes. This method is particularly of interest in studies
of impedance methods in biological systems in order to
reduce or even eliminate the difficulties related to the
complex electrode-tissue electrical phenomena [10].

The discussed topics will be analyzed theoretically as well
as experimentally using a portable battery powered
bioimpedance measuring device that is currently under
development [8]. Depending on the required application
bioimpedance measuring devices can vary significantly.
Here our goal was to develop a low cost portable device
with a frequency range from 1 Hz to 40 kHz to be used in

BIA analysis. The device is based on usage of a low cost
microcontroller with built-in AD/DA converters, which are
used to generate the sinusoidal driving (input) signal and to
perform acquisition of the system response. The data is
transferred using a WiFi protocol to the laptop computer on
which the digital lock-in method is performed and the
bioimpedance is determined [8]. Several problems might
arise from using low-cost, low-resolution AD/DA converters
not optimized for real-time data acquisition. For example
sinusoidal driving signal is limited by the 10 bit resolution
where the data acquisition is prone to jitter and other sources
of noise. Internal or intrinsic sources of noise are inherent in
a circuit while external sources refer to the noise present in
the signals applied or to the noise introduced into the circuit
by some other means [2], [17]. Another problem is the
prerequisite for signal generation based on exact whole
number of points in a period [14]. Also, a clock frequency of
a microcontroller may vary in time [6], which in our case
results in slight adjustment of a frequency of the driving
signal. Frequency drift describes the change in accuracy of a
given frequency to environmental changes such as
temperature, humidity, pressure or simply changes over long
periods of time [18]. These circumstances together with
sources of noise inherent in the electronic design and device
realization require detailed analysis of the error related to
not precisely tuned frequencies of the reference and the
driving signal.

Here we will first briefly describe the fundamental
principle of the lock-in method that is based on the
properties of the correlation function. Then we will show
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how this is implemented in the (bio)impedance method.
Next, non-synchronization is analyzed mathematically and
experimentally. Finally, we demonstrate how the non-
synchronization  influences  determination of  the
(bio)impedance.

2. THEORETICAL INVESTIGATION

Correlation between two signals can be used as a measure
for similarities between the two signals [15]. In case two
signals have the same period 7; the average cross-

correlation is determined as

T,/2

1
Ry (9, Ty)=— _[
Ty
~T,/2

Hh(@D L+ p)dt )

Signals f,(t) and f,(#+¢) may differ but are related by

having the same shape and the frequency (period) of the
input signal. They are shifted in time, which is denoted
through a phase difference @. A schematic description of

the lock-in method based on correlation techniques is
presented in Fig.1. Clearly, if the signals are not correlated
the cross-correlation function is zero and is non-zero
otherwise. Signal response depends on the degree of
correlation between the measured signal and reference [11].

Lock - in
system
A

Fig.1. Basic principle of the lock-in method.

Excitation
source

.| Measurement
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2.1. (Single) phase sensitive detection

Phase sensitive detection is based on two operations:
synchronous demodulation and integration. First, the input
signal is multiplied with the reference one and then it is
integrated (low pass filtered) resulting in a DC signal v(¢)

as shown in Fig.2.

u(t) u(H)r(r)

4,( Multiplier ’—,‘ LPF }—» v(1)

(@)

Input signal
at @, @5

Reference signal

at @,

Fig.2. Schematic description of the phase sensitive detection.

Due to the properties of the correlation functions, the
phase sensitive detection behaves as a band pass filter with
respect to its reference frequency [12]. The bandwidth of the
filter depends on the integration time (number of integrated
cycles N). If the integration is carried out over N periods
of the sinusoidal perturbation, the equivalent filter
selectivity is given by [4]

Aw

1
-~ )
w, N
where w, is the center frequency and Aw is the bandwidth.

In case the measured (and the reference) signals are
sinusoidal — as they are in the (bio)impedance method — the
input signal can be written as

u(t) =Ug sin(agt + @) (3)

where Ug,w; and ¢ are the amplitude, frequency and

the phase of the signal, respectively. Likewise, the reference
signal is written as

r(t) =U, sin(apt + @) 4)

Multiplication of the two signals yields

1
u(t)r(t) :EUSUR cos([a)s — o, |1+ —qu)—
Q)
1
—EUSUR cos([a)S + gt + g +(/JR)

The first term with [, —w,] is attributed to the low

frequencies and the second term with [wy +@,] to high

frequencies of the multiplied signal.
In case of equal frequencies of the reference and input
signal (@, = @ ),the multiplication result is simplified to

V(O] om0, = U1 (1) =

1 1 (6)
=5USUR cos(¢)—EUSUR cos (24t + @ + @y )

where ¢ =@, —¢@,. A well-known result is obtained when

the result is averaged over all measured periods

1Y i
N _[ v(t)dt yielding only a DC component
0

()

=%USUR cos(¢) @)

W =0g

The output expresses two properties: linearity and
sensitivity. The output is maximal when the reference and
the input signals are in phase. If the amplitudes of the
signals are fixed, the output depends on the cosine of the
phase difference ¢ = ¢, — @, . This is named phase detection

[1].
In case the term cos(¢) is constant the output is linear and
depends only on the amplitudes U, and Ug which is

known as amplitude detection.
In case the frequencies of the reference and input signals
differ, the multiplication yields
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with @, = o; + Aw, . Integration of both parts does not

result in a DC component proportional to COS(¢) but in a

. . A
much more complex term depending on the ratio Os
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Non-synchronization between the reference and the input
signal thus yields phase and amplitude determination errors.
For instance, the phase determination errors (due to solely
non-synchronized frequencies of the signals) can be

calculated as n[°]=

—arccos (2\/l (?)

. ) and are

R =,

presented in Fig.3 for several different phase differences.

Phase error is dependent on term arccos(2vl(t) a)R<>zuS)’

which approaches limit value of 90° with increasing ratio
Aw,
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N =50 and phase differences ¢=0°, 45°, 90° .

2.2. Two phase sensitive detection

The two phase technique of the lock-in method in the
(bio)impedance method is most often implemented as shown
in Fig.4. This method eliminates the difficulties of phase
dependency in phase sensitive detection. The response is
therefore maximal when the input and reference signals are
brought in-phase at the phase sensitive detector input. This
incorporates adjusting the setting of the phase shifter very
carefully to ¢ =¢, —¢p, =0°, which is in particular sensitive
in case of the noisy input signal with a low amplitude. This
phase sensitivity is reduced by the usage of a pair of phase
sensitive detectors operated in quadrature. This arrangement
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enables both the in-phase and quadrature components of a
coherent signal to be measured simultaneously [11].
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Fig.4. Schematic presentation of the two phase lock-in system.

For synchronized input and reference signals (@, = w;)
the outputs are

u (1)

:%USUR cos(¢) (10)

Wp =g

and

10,(1)

on=a an

:%USUR sin(¢)

where u,(?)
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magnitude of the input signal can be determined from

U wWp=) :\/(171

eliminating the phase dependence. The phase is then
determined as

denotes the 'in phase' or real and

Wp=Wg

op—0, the 'quadrature’ or imaginary component. The

(12)
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In case the amplitude and the phase of the input signal is
determined using the same procedure as for synchronized
signals ((12) and (13)), this results in phase and amplitude
determination errors.
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The relative amplitude error is determined as

O =Wg W <>

-100% .

£[%]=

It is presented in Fig.5 for N =50 (chosen purely for
figure clarity reasons). Clearly, the error is zero at w, = @y
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and non-zero in other cases.

ST

60

%)

40

201

| _ |

4]
02 015 01 0,05 0 0.05 01 015 02
Ao/e (no units)

. . . o . A
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g
for N=50.
The phase determination error is determined as
AN S PR P = tan” (22 —gan () (14)
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and is shown in Fig.6. It expresses a linear increase with
Aw, . . . _
—35, repeated in accordance with amplitude minima
wS
shown in Fig.5.

300r

/
200§
|

=)
S

A (degrees)

<

-100

_208 _ i i i I I
<02 -0.15 -0.1 -0.05 0 0.05 0.1 0.15 0.2
Awo/o (no units)

. . L . A
Fig.6. Relative phase determination error depending on 29 for
S

N=50.

The phase determination error is different in case of the
two-phase lock-in method where the in-phase and the
quadrature component are used for phase determination. In
case @, = w;,, the real component of the two-phase system

is proportional to cos(¢) and imaginary to sin(@) and
arccos(Zul(t)|wR:wS ) = arcsin (2u2(t) {UR:MS) .

In case w, # @, we analyze the term

op<>5

) —arcsin (2@

5[0] =4

= arccos(2ul (1)

op<>0; ¢2

(15)

Wp <>y )

g <> g

representing the difference between the in-phase and the
quadrature component. Fig.7 demonstrates this difference

Aws and on the number of
Wg

periods and the phase difference between the input and the
reference signals. The difference is zero only in one case —
when the frequencies are synchronized. This principle can
be used to accurately synchronize the signals.
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Fig.7. Phase difference between real and imaginary component of a
two phase lock-in system.

3. IMPEDANCE DETERMINATION
3.1. Theoretical analysis and numerical results

In the previous chapter we described the use of a lock-in
method for a single input signal. In the present chapter we
analyze the impedance method for which we analyze two
signals: the input signal in the (bio)impedance method is the
current i(¢), while the output signal is voltage u(z) in

accordance with the measurement scheme shown in Fig.10.
For theoretical analysis we assume both signals are ideal
sinusoidal, having the same frequency, but differ in phase
and amplitude. Both signals are analyzed using the lock-in
method as described, to obtain the amplitude /¢ and Uy as

well as the phase ¢, and ¢,. As shown in the previous

chapter both amplitude and phase depend on the frequency
of the reference signal and the number of periods of the
signals used. However, in case both signals are compared to
the same reference signal (as they are), then the shape of the
amplitude variation with the reference signal is the same for
both signals as presented in Fig.8. The discrepancies occur
only in points with very small amplitudes (in theory at
amplitude zeros) that are due to rounding errors.

Fig.9 presents phase dependence on the frequency of the
reference signals for both signals as well as its difference.
The phase difference is equal, disregarding the frequency of
the reference signal except in points of zero amplitudes.
Numerical analysis was carried out at
N=20,U,=1V,Ug=1V ,I;=1A and phase difference

é=4¢, —¢, =0,27 ° for better presentation.
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3.2. Experimental analysis and measurement results

Experimental verification was performed on previously
described prototype device using several test impedances
(Fig.10). Device design is based on physical separation of
the measurement and the data parts shown in Fig.10. The
measurement component is used for acquiring voltage and
current wave forms from device under test and is based on
usage of a low cost microcontroller with built-in AD/DA
converters [9]. Data are sent to the computer for further
reconstruction, analysis and  presentation. The
communication between the data part (computer) and
measurement part (device) is established through an Ad-Hoc
WiFi connection [17]. Data part uses a digital lock-in
method (algorithm) for reconstruction of the amplitude and
phase of the excitation and output signals and further
determination of the magnitude and phase of the
(bio)impedance. The frequency of the excitation and output
signals is determined more exactly in a post-processing step
from digitized signals. Frequency of the reference sine
signal used in digital lock-in method should in theory be
equal to the frequency of the excitation signal in order to
avoid errors in determination of the amplitude and phase of
the excitation and output signals [3].

Data part - computer Measurement part - device

R2

Digital lock-in
implementation for
reconstruction of

H

Hie

[, g and @,

=
g VH
S ey ] %
Reference signal (@, ) s 5 VL
e g 0
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Impedance determination
[

Fig.10. Measurement scheme for (bio)impedance determination
and impedance under test.

The synchronization test was performed on the RC circuit
with nominal values of R =33Q, C=100nF in R, =1kQ
at signal frequency f; =1kHz. Frequency f, of reference

sine signal used in digital lock-in was generated in the range
from 800 Hz to 1200 Hz ( f,, = f, + Af).

Signal reconstruction and impedance determination was
analyzed in the reference frequency range and presented in

A(DS. Results of impedance
Og

dependency on the ratio

magnitude and phase determination are shown in Fig.11 and
Fig.12.
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4. DISCUSSION

Although the general idea behind phase sensitive detection
or lock-in method is straightforward, additional issues
should be considered when it comes to the actual
implementation. These include frequency synchronization,
limited accuracy of AC/DC converters, frequency drift,
jitter, extrinsic/intrinsic noise, etc. Frequency drift and jitter
are two different sources of error for a timing device. Jitter
refers to variation in the output signal or its precision. A
timing source with low jitter will output a relatively
consistent frequency. Drift, in contrast, describes the change
in accuracy of a given frequency over environmental
changes such as temperature, humidity, pressure or simply
changes over long periods of time. Low DAC-resolution,
jitter and stochastic noise will affect signal-to-noise ratio of
each measured signal, which can be improved by averaging.
However, in case fast impedance measurements are
required, this is possible only by reducing the number of
sampled periods per frequency. In this case the influence of
jitter cannot be canceled completely.

The lock-in method is typically used to improve the
signal-to-noise ratio; in (bio)impedance the technique is
used to perform signal reconstruction — determination of
impedance phase and modulus. Several modern
bioimpedance systems separate the measurement and data
processing parts. In such cases the input and the reference
signals are not generated from the same clock source so
their frequencies may differ. Hence, a method of
synchronization of a reference and input signal may be
required to avoid the potential emergence of digital phase
locked loops. In order to test the frequency synchronization,
the best method seems to be to compare the in-phase and the
quadrature component of the input signal as shown in Fig.7.
Only when the frequencies are synchronized the phase
difference is zero.

Significant errors in phase and amplitude of a signal can
occur in case the reference and input signal are not
synchronized. Such errors depend on the relative frequency
difference and number of integration cycles.

From the viewpoint of rejecting asynchronous noise and
achieving better signal-to-noise ratio in signal reconstruction
it is crucial to reduce signal bandwidth (2). The price to be
paid, however, is an excessively long data acquisition time,
during which the stability condition might be violated. If we
look from the viewpoint of error determination due to non-
synchronized frequency of the reference and the analyzed
signal, we notice that error sensitivity (slope) is increased
with the number of integrated periods. The synchronization
accuracy is thus more important at longer integration times.

If we want to avoid the errors due to non-integer number
of integration cycles, care must be taken to fulfill the

equation k=N %, where k& is number of samples, N is

number of sampled periods, f is signal frequency and f

is the sampling frequency. If the values of the variables are
whole numbers, each sample has its opposite pair and the
average value of alternate components will be zero.
Otherwise an error is entered into the measurement system

that is more pronounced for small number of integrated
periods.

The impedance modulus is obtained by determination of
the quotient of the amplitudes of both signals while the
impedance phase is determined from the phase difference.
The ratio of amplitudes yields the same results regardless of
the frequency of the reference signal. In theory it is thus not
important to have absolutely equal frequency of the
reference and analyzed signals because the ratio between the
amplitudes is the same. The same holds for the phase
difference between the signals which (in theory) does not
depend on the frequency of the reference signal. In both
cases, however, the results are incorrect in points of zero or
very small determined signal amplitudes (in theory at
amplitude zeros) that are due to rounding errors. These
deviations are dependent on the number of integrated
periods and the phase difference between the signals. In
numerical analysis using pure sine signals, deviations are
seen as error spikes (Fig.8 and Fig9). If, however, we
included in analysis a quantization (number of bits) error
and asynchronous noise (not shown in figures), the errors
are dispersed around the spikes (Krizaj D, data not shown).
The same outcome was observed in experimental analysis,
where the signal was created with only 10 bit resolution and
the data acquisition was prone to jitter and other sources of
noise.

Experimental analysis was carried out in the frequency

Awyg

range from 1kHz to 40 kHz . Variable was varied in

O
the same ratio regardless of the analyzed signal frequency so
impedance modulus and phase determination had a similar
course at higher frequencies, but different values. Clock
frequency of a microcontroller may vary in time and
introduce frequency deviations in signal reconstruction,
which in turn also affect the form of the determination error.
In theory amplitude zeros of both signals appear in exactly
the same points, which is not the case in experimental
analysis where the errors are becoming more pronounced at

A
higher values of s
O‘)S

The averaging method might be interesting to increase the
accuracy of magnitude and phase determination or to verify
the correctness of the method.

5. CONCLUSION

Synchronization errors of the lock-in method, also known
as phase sensitive detection, were analyzed by theoretical
investigation, experimentally using an approach based on
comparison of the investigated signal to a reference signal
by correlation. When the frequency of the reference signal is
equal to the frequency of the investigated signal, the
amplitude and phase of the investigated signal can be
determined simply from the result of integration of the
product of the reference and the investigated signal
(correlation). The output is proportional to the amplitude
and cosine of the phase difference between the signals. If the
frequencies of the signals differ, which can occur in case the
frequency of the investigated signal is not exactly known, an
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error in amplitude and phase determination occurs. The
amount of this error depends on the relative difference
between the frequencies of the signals and the number of
periods used in integration. The phase error is zero only at
synchronized frequencies when the correlation function is
maximal. In search for frequency synchronization we do not
know in advance the expected maximal value of correlation
so phase error is a better sign of non-synchronization
between the signals.

When the lock-in method is used in the (bio)impedance
measurement method, two (current and voltage) signals are
concomitantly analyzed using the in-phase and the
quadrature components. The impedance modulus is obtained
by determination of the quotient of the amplitudes of both
signals while the impedance phase is determined from the
phase difference. It is shown that in this case the frequency
synchronization is not mandatory so the impedance phase
and modulus are correctly determined whilst disregarding
signals that are not frequency synchronized. Experimental
verification (a numerical investigation) shows that due to
limited accuracy of the AC/DC converters and other sources
of noise, a determination error necessarily exists in points of
very small convolution amplitudes.

In summary, our study may aid in understanding the
sources of impedance determination error when the lock-in
method is utilized. In particular, our approach highlights the
errors caused by the non-synchronized frequencies of the
reference and the analyzed signals.
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