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Abstract

An implemented impedance measuring instrument serilged in this pape The device uses a dsPIC (Dig
Signal Peripheral Interface Controller) as a precgsunit, and a DDS (Direct Digital Synthesizar)stimulat
the measurement circuit composed by the referempedance and the unknown impedance. The vo
acrossthe impedances are amplified by programmable gaitrumentation amplifiers and then digitized
analog to digital converters. The impedance is mmeaksby applying a seven-parameter dittarg algorithm tc
estimate the sine signal parameters. The dsPIC cmicates through R332 or USB with a computer, whi
the measurement results can be analyzed. The dagiwdas an LCD to display the measurement results
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1. Introduction

Impedance measurement systems are used to testorieccomponents, circuits and
materials. They can also be used to measure ssradputs that translate physical quantities
into electrical impedance [1].

The technological advances of the past few years maproved the performance of data
acquisition systems making it possible to implemeheaper ways to make the same
measurements as dedicated equipment, without rélelegradation of the system accuracy.

The continuous improvement in performance of newia#s such as analog to digital
converters (ADCs), combined with more powerful sigprocessing techniques, are some of
the factors that have contributed to this trend.

Typically, impedance measurement systems operader@auced frequency range or have
a very high price. The 4294A Precision Impedancalyzer from Agilent Technologies [2],
one of the leading companies that sell impedancesorement systems, performs
measurements from 40 Hz up to 110 MHz with a basauracy of 0.08 % and costs around
30.000 €, which makes it understandable why mamgpeamies and research institutes may
have some difficulties acquiring such an expendesce.

To cope with this issue, it is important to pursiternative solutions to make impedance
measurements with a comparable accuracy to thabplfiisticated commercially available
impedance measurement systems.

The instrument developed in this work strives tbieee this objective. It is based on a
dsPIC (Digital Signal Peripheral Interface Cont&o)) which is responsible for controlling all
the hardware and performing the necessary sigradepsing. The most important signal
processing techniques used are the sine-fittingrighgns, which allow the estimation of the
impedance under measurement.

Sine-fitting algorithms are used to estimate adcdgbarameters that best fit a given sine
signal. The existing sine-fitting algorithms encasp the three and four-parameter
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sine-fitting algorithms, which were standardized[3h, and the seven-parameter sine-fitting
algorithm [4]. The algorithms are similar in natuteut the three-parameter algorithm is
non-iterative while the four- and seven-parametdgorghms are iterative. The
seven-parameter algorithm differs from the fourapagter algorithm in the sense that it uses
the data from two acquisition channels with a comrfrequency to obtain a better resolution
of the estimated sine signals parameters.

The implemented instrument in this work has cersamilarities to that of [5], but instead
of a function generator to stimulate the measurémgouit it uses a DDS (Direct Digital
Synthesizer), and rather than using a DSP (Didtghal Processor) it uses a dsPIC as the
processing unit. The instrument is capable of maagumpedances ranging from 1QQrto
10 kQ at frequencies between 200 Hz and 200 kHz.

2. Implemented Architecture
2.1. Measurement Circuit and Method

The measurement method used to determine the impedsnder measurement is based in
the volt-ampere method [6]. The amplitude of th&nawn impedance can be calculated
based on the values of the amplitude of the reéerempedance and the amplitudes of the
sine signals across each impedance. The phasdamei using the phase of the reference
impedance and the phase difference between theiginals across the impedances.

The circuit used for the measurement of the unkniompedance is represented in Fig. 1.

Signal
Zr Ur | PGIAL Conditioning < ADC1 <:>

L] ::::::>»_
AD9833 f\/ . dsPIC
. RS-232/
Signal usB
z U; | PGIAZ Conditioning { ADC2 <:>
L T~ ]l
— — |
ADB250 AD7980 dsPIC33F1256GP 710

Fig. 1. Measurement circuil.is the impedance to be measured Zgis the reference impedance.

The implemented instrument has the ability to gelfitferent reference impedances
according to the amplitude of the impedance undsasurement in order to maximize the use
of the ADCs dynamic range. For this purpose, slays are used to choose the reference
impedance among a fixed set of six resistors. Esestors have a £ 5 % tolerance and their
nominal values are 10Q, 200 Q, 500 Q, 1000 Q, 2000 Q and 5000Q. They were
characterized using the 3532-50 LCR HITESTER froh®K [7], which determines the
values of the reference impedances with 0.08 %racygu

The relays used are the ASBW-K from Takamisawa aeg &ire connected according to the
setup presented in Fig. 2. Using this setup we asand measuring the impedance of the
relays itself, thus minimizing the errors assodatdth the impedance measurement.

With the lowest reference resistor of 100 10 mQ was the minimum impedance
amplitude that the system could measure, becausheofow signal amplitude across the
impedance under measurement. The maximum impedanpétude possible to measure is
10 kQ due to the values of the reference impedancedabl@i Nevertheless, a larger
measurement range can be obtained if the refeiemmadance values are changed to cover a
wider range.
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Fig. 2. Setup used for the relays to select differeference impedances.

The signal conditioning blocks represented in Figand Fig. 2 are composed by a
differential amplifier circuit used to add a DC s#t to the signals to be acquired. This circuit
IS necessary because the ADCs used in the insttura@nonly acquire positive signals and
the signals across the impedances are bipolar.

The input structure of the used ADCs incorporatetowa-pass filter which reduces
undesirable aliasing effects.

The instrument follows the following procedure &t&mine the unknown impedance:

1. The dsPIC controls the DDS to generate a sgatiwith the user-defined measurement
frequency using the SPI (Serial Peripheral Intexfgcotocol.

2. The gains of the PGIAs (Programmable Gain Imséntation Amplifiers) are set and the
reference impedance is chosen. This is done acgprdi the amplitude of the unknown
impedance and the amplitude of the sine signatssaaach impedance.

3. The ADCs acquire simultaneously 1024 sampleschannel. The sampling rate used is
selected based on the measurement frequency. FH€ demmunicates with the ADCs also
with the SPI protocol.

4. The dsPIC processes the acquired samples arigsapipe three- and seven-parameter

sine-fitting algorithms to determine the amplitL(4jE|) of the unknown impedance using

Y|
Ul

2] =[x @)

and its phased, ) using
% =@ (@, ~a,) 2
|Z| and @ _are the amplitude and phase of the reference inmgedat the measurement

frequency,|Uz| and ¢, represent the amplitude and phase of the sigmassithe unknown

impedance, WhiI¢LJR| and g, are the amplitude and phase of the signal acheseeference

impedance.
5. The measurement results are displayed in the B6® can be sent to a PC (Personal
Computer) using a RS-232 or USB connection, whesauser can interpret and save them.
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2.2. Description of the hardware

Table 1 describes the devices used in the implesdentpedance measuring instrument.

Table 1. Description of the devices used in th&umsent.

Devices Description
Successive approximation ADC; 16 bit resolutiof®/s maximum

conversion speed; SPI compatible.

Capable of generating sine, triangle and squarefeaws; 28 bit resolution;
THD (Total Harmonic Distortion) of 51 dB for a sis@gnal; SPI compatible.
dsPIC | 40 MIPS maximum throughput; 256 kB flash paog memory; 30 kB RAM.
PGIAs | 4 digitally controlled programmable gains215 and 10.

Relays | 2 poles; nominal voltage of 5 V.

ADCs

DDS

Although the ADCs have a maximum conversion spdetl [dS/s, it was not possible to
use the full capabilities of the ADCs due to liidas introduced by the SPI module of the
dsPIC used to control them. To read the samplésibf ADCs (32 bits) and use a conversion
speed of 1 MS/s an SPI module operating at 32 Mldg wecessary. However, the SPI
module only operates at a maximum frequency of 18zMwhich limited the maximum
conversion speed of the ADCs to 178 kS/s.

3. Algorithms
3.1. Sampling Frequency

As stated before, the implemented instrument hasthlity to measure impedances up to
200 kHz. Because the maximum usable sampling frexyuef the ADCs is 178 kS/$§may),
it was necessary to take into account two situatiwwhen acquiring the signals: the situation
of undersampling and the situation of no undersargpln the case of no undersampling the
sampling frequency is chosen in a way that guaesriteat at least eight periods of the signals
are acquired. In the case of undersampling, th@kagnfrequency is set considering

f
= ——], 3
rnreal \\ FSmax /ZJ ( )
n]d(—:‘al = rT‘]'eal +O'5’ (4)
and
2x f
Fo=—, (5)
rndeal

wheref is the measurement frequencgea is the full number of folds of the frequency
spectrummgea IS the desired number of folds of the frequenagctium so that the acquired
signal's apparent frequency will be in the midafithe frequency spectrum (which is the best
case) andrs is the selected sampling frequency.

It is possible to determine the number of foldstlé signal spectrum because the
measurement frequency is known in advance, sinsesét by the user.
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3.2. Three-Parameter Sine-Fitting

The three-parameter sine-fitting algorithm is ntardtive and with prior knowledge of the
signal frequency, it is capable of estimating tihepktude, phase and DC component of a
given sine signal [3].

The acquired sine signals can be modeled by

u(t) = Dcos(27ft+ @)+ C, (6)
or
u(t) = Acos(2r ft )+ Bsin(zr ft » C (7)
considering
D=VA2+B?, (8)
and

@=-atan2@ A) 9)

whereD and gare the amplitude and phase of the sine signdlCats DC componentA and
B are the in-phase amplitude and the in-quadratug@itudes of the sine signal, respectively.
The parameter vector estimated by the algorithm is

x=[A B d"=My, (10)

wherey is the acquired samples vector

T

y=[u u, ... ul, (11)
and the matrixM is defined by
cos(2rft, ) sin(arft, )
M = : 5 ;. (12)
cos(zrft, ) sin(zrft, )

N is the number of acquired samples per charMél.is the pseudo-inverse matrix \df.
The frequency used in the three-parameter algonshestimated using both the FFT (Fast
Fourier Transform) and IpDFT (Interpolated Discretirier Transform) algorithms [8].

3.3. Seven-Parameter Sine-Fitting

Unlike the three-parameter sine-fitting algorithtihe seven-parameter algorithm is
iterative and it estimates the common signal fraqyeof both acquisition channels, along
with the amplitudes, phases and DC componentsabf elaannel [4].

To ensure that the algorithm converges, it is irapee to provide the best possible initial
estimates to the algorithm. For this reason, thieetiparameter and IpDFT algorithms are

used. Convergence is achieved when the absolaéveefrequency adjustmedﬂf O/t ‘”‘,

is below the preset threshold of 5¥10Af @ is the frequency correction that updates the
estimated common frequency in each iteration otgerithm.

When the algorithm converges, it is then possiblelitain an estimate for the amplitude
and phase of the impedance under measurement(d$iagd (2) respectively.



www.czasopisma.pan.pl P@ N www.journals.pan.pl
=

J. Santos, P.M. Ramos: DSPIC — B; D-IMPEDANCE MEASG INSTRUMENT

Instead of using the seven-parameter sine-fittiggrahm, it is possible to use the four-
parameter sine-fitting algorithm and apply it tcee teamples of each acquisition channel
individually. However, in [9], it was shown thatethseven-parameter algorithm is more
effective when compared to the application of tworfparameter algorithms.

The output frequency of the DDS is expressed amaidn of a master clock which is
provided by a DDS external oscillator. The accuratcthe output frequency of the DDS will
depend on this oscillator whose frequency is natuestely known. So, the frequency
programmed for the measurement may differ fromfitaguency that is actually generated by
the DDS. Also, the sampling rate of the ADCs, whishcontrolled by the dsPIC, has an
inherent uncertainty associated with it. This méga the convergence time of the seven-
parameter sine-fitting algorithm when estimating #ignal frequency since these algorithms
actually estimate the ratio between the signaldeagy and the sampling rate. By estimating
the signal frequency with the IpDFT algorithm ifpgssible to obtain a very close estimate of
the real frequency of the signal that is being igpoplo the measurement circuit. With a good-
enough initial estimate of the signal frequency iterations of the seven-parameter sine-
fitting algorithm are reduced, which reduces thepatational time of the measurement.

4. Compensation Techniques

Sophisticated impedance measurement systems ergNaynced compensation techniques
in order to improve the accuracy of the measuresaéfiese techniques aim to account for
any residual parasitic components present at gidix¢ures or test cables used to measure the
impedance, thus minimizing the errors associated the impedance measurement.

The most widely applied compensation techniquesnpedance measurements are the
OPEN, SHORT and LOAD compensations [6], althougmesystems only make use of the
OPEN and SHORT compensations [7].

For the purposes of this work only the OPEN and BRi@ompensations were considered.
This compensation technique assumes that the adsidtithe test fixtures or test cables can
be modeled using an L/R/C/G circuit, as represemiédg. 3.

Residual Stray
Impedance (Zs) Admittance (Yo)
+C r RS LS AN N\
+V o— e
Zy Co — Go Zyy
-V o—
-C o—!

Fig. 3. Test fixture / Test cables residudlgy, is the impedance under measurementZnid the impedance
that is actually measured.

As presented in Fig. 3 the measurement is dong @sfour-terminal configuration, where
+C and -C represent the current connections andnrd/-V the voltage connections to the
impedanceZyy is the impedance under measurement, while thedamme that is actually
measured is representedfy.

To measure the stray admittanég represented by

Y, =G, + jwC,, (13)

the terminals connected to the impedance under urezagnt are left open as shown in
Fig. 4(a). This way the value of the residual imgoezkZs is negligible.
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+C o— Rs Lg +C o— Rs Lg
+V o—- +V o—-
Yo Co —— Go Zs Co = Go
-V o— -V o—
-C o— -C o—

@ (b)

Fig. 4. (a) Measurement circuit for OPEN compemsat{b) Measurement circuit for SHORT compensation.

To determine the residual impedagerepresented by
Z. =R+ jwl, (14)

the stray admittance is bypassed by shorteningtdiminals connected to the impedance
under measurement as shown in Fig. 4(b).

After the OPEN and SHORT compensation proceduresfiaished and all the residual
parameters are determined, we can use the valu¥g ahd Zs to correctly determine the
impedance under measurement based on the impedi@aseired value(;) by using

_ ZM_ZS
ZUM_l zZ -7 '
_( M s)xYo

(15)

The OPEN and SHORT compensations are done by perigra frequency sweep in the
measurement frequencies range. A frequency sweggeée 200 Hz and 200 kHz with one
thousand points was done. The impedance amplimdehase were recorded and then used
to correct the measurements done from that poinif éime measurement set-up (measurement
cables) changes, it is necessary to repeat the GIPENSHORT compensations to correctly
compensate the new set-up.

The imperfections of the measurement channels vedse taken into account by
performing a calibration procedure. The same sigraa applied to both acquisition channels
(which includes the PGIA, the signal conditioningcait and the ADC) and the amplitude of
each channel and the phase difference betweenwleeenmeasured and stored, and then used
to correct the measurements. During the measuremérg gains of the PGIAs are not
necessarily the same, so this procedure was doradl flmmbinations of the PGIA gains.

The mismatch of both ADCs (magnitude and phasa)sis taken into account, given that
this procedure is done by applying the signal oehtire acquisition channel.

5. Control Software

A software application, running on a PC, which ised to control the developed
instrument, was implemented. The program acts asternface between the user and the
device enabling him to select the measurement é&mecyiand monitor the device. The user
can view the acquired samples of the signals adhesgnpedances and can choose whether
he wants to save the measurement results or netad@duired samples are only transferred to
the PC if the user requests them. This softwardiagton is useful but also necessary
because the device is not a standalone instrunibatcontrol software was developed in the
LabVIEW environment, which offers simple and initwgt programming tools, thus
facilitating the implementation of the software kpgtion for the impedance measurement
instrument.
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6. Experimental Results

Two impedances were tested with a frequency swédp/@ hundred points performed
between 200 Hz and 200 kHz. The results were cosdpaith a commercially available
impedance measurement system, the 3532-50 LCR HIiERSfrom HIOKI, and with the
results obtained when no compensation techniquesised in the implemented instrument.
One of the impedances was composed by & 38sistor in series with a 2 mH inductance,
while the other by a 2 resistor in series with a 180 nF capacitor.

Fig. 5 shows the amplitude and phase of the fimgpedance. Fig. 7 represents the
amplitude and phase of the second one. Fig. 6 and8Fshow the relative measurement
errors of the first and second impedance, respaygtiusing as a reference the measurement
results obtained with HIOKI, for both the compershand not compensated instrument. Z
represents the complex value of the measured itmpedwith the instrument andyzZhe
equivalent measured results with HIOKI.
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Fig. 5. Amplitude (a) and phase (b) of an impedanoeposed by a 38 resistor in series with a 2 mH
inductance.
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Fig. 6. Relative measurement errors for the impeda@omposed by a 38 resistor in series with a 2 mH
inductance using HIOKI's measurements as a refereés for the not compensated instrument andrBhe
compensated.
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Fig. 7. Amplitude (a) and phase (b) of an impedanoeposed by a Xkresistor in series with a 180 nF
capacitor.
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Fig. 8. Relative measurement errors for the impedaomposed by a ZXkresistor in series with a 180 nF
capacitor using HIOKI's measurements as a referghncefor the not compensated instrument and Btier
compensated.

The results presented in Fig. 5, 6, 7 and 8 prdwg it is of utmost importance to
compensate for the residuals introduced by thefbesire or test cables connected to the
impedance under measurement. The influence of msitiuals becomes more relevant as the
measurement frequency increases, as demonstratad pyesented results.

Table 2 presents the measurement results obtatnkdkldz for three resistors of 100
100 nmQ and 10 K, a 180 nF capacitor and a 15 mH inductance.

Table 2. Measurement results obtained with the H86B2-50 and the implemented instrument at 1 kHz.

Impedance R=10w | R=100m | L=15mH| C=180nF R =10k
o |Z @) 10.03 m 99.22 n 106.0P 858.38 9897/50
Hioki 3532-50 O
o(°) -0.22 0.42 69.44 -89.72 0.0
Instrument |Z @) 9.98 m 99.30 m 104.86 857.11 989548
Compensated o(°) -1.56 0.072 69.16 -89.78 -0.00014
Compensated o(°) 39.19 5.81 69.47 -89.78 -0.58
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The results presented in Table 2 support what Waady demonstrated in Fig. 5 toi&,,
the importance of compensating the influence ofréfs&duals introduced by the test fixture or
test cables used to measure an impedance. In TAabteis possible to see that the
compensation is more relevant for the lowest valesistors, particularly for the phase
measurement, although the amplitude is also affecte

Ten thousand measurements of a resistor with amadrnualue of 1.8 & were taken at
1 kHz and 200 kHz. A capacitor of 32 nF was alsasneed at 1 kHz. The histograms of the
amplitude and phase of the impedances were obtanddthey are represented in Fig. 9,
Fig. 10 and Fig. 11u represents the mead, the standard deviation arm, /4 the relative

standard deviation of the measurements.

The standard deviations for the 1.8 kesistor when measured at 200 kHz (Fig. 10) are
higher when compared to the measurements perfoamned&Hz (Fig. 9). Also, at 200 kHz the
mean values are slightly shifted from those obthiakel kHz. This is due to the fact that the
measurements were done at the worse measuremeueifiey region for the device, where
the relative measurement error is higher, as showig. 6 and Fig. 8.

The measurements were done over a long periodnef, taround twenty hours. This long
measurement time can be attributed partially tocttraplexity of the algorithms used and to
the low throughput capabilities of the dsPIC. Tlkearition times of the algorithms used to
process the acquired samples were measured: 943 the FFT, 14 ms for the IpDFT, 1.8 s
for the three-parameter sine-fitting and 3.6 stier seven-parameter sine-fitting. Typically an
acquisition takes 16 ms to complete (at 1 kHz), artdkes around 33 ms to transfer the
acquired samples and the measurement results twothputer (using the USB connection).
Two acquisitions and two executions of the threeumeeter sine-fitting algorithm are
necessary: one for the estimation of the gainhefRGIAs and the reference impedance to
use, and another for the final measurement.

All algorithms are executed in the dsPIC. The asglsamples are only transferred to the
PC if the user requests them in the control sofvegoplication running on the PC, and in this
case the samples are only used to represent theetgignals across each impedance.

The standard deviations of the performed measuresrene very low. During the long
measurement cycle, a 3 °C ambient temperaturetigarizvas observed, which leads us to
assume that the instrument presents a stable loehvaven it comes to temperature variations.

The results presented in Fig. 9, 10 and 11 denatesthe capabilities of the developed
instrument which, at a reduced cost, is still cépabf producing measurements with
comparable accuracy to that of expensive dedigatpddance measurement systems.
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Fig. 9. Amplitude (a) and phase (b) histogramsafar8 K2 resistor measured at 1 kHz.
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Fig. 10. Amplitude (a) and phase (b) histogramsaf&r8 K2 resistor measured at 200 kHz.
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Fig. 11. Amplitude (a) and phase (b) histogramsaf82 nF capacitor measured at 1 kHz.
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The uncertainty regions of the measurements witlrdidence level of 68 % and 95 %
along with the correspondent histograms are repteden Fig. 12, Fig. 13 and Fig. 14.
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Fig. 12. Histogram (a) and correspondent uncestaiggions with 68 % and 95 % confidence levelsfi¢gby
1.8 kQ resistor measured at 1 kHz.
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Fig. 13. Histogram (a) and correspondent uncestaggions with 68 % and 95 % confidence levelsfgbia
1.8 KQ resistor measured at 200 kHz.
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Fig. 14. Histogram (a) and correspondent uncestaggions with 68 % and 95 % confidence levelsfgbia
32 nF capacitor measured at 1 kHz.

The implemented impedance measurement instrumenésented in Fig. 15.
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Fig. 15. Implemented instrument: (a) top view; lfbjtom view.



www.czasopisma.pan.pl P@N www.journals.pan.pl
P
C>
S~

Metrol. Meas. Syst.\/oi. ‘XVIIII (20i1), No. 2, pp. 185-198
7. Conclusions

Given the high cost of sophisticated impedance oreasent systems, it is important to
implement alternative ways to make the same meamnts as these systems without
relevant degradation of the system accuracy. Tlilisewable most companies and research
institutes to purchase impedance measurement syst&tra reduced cost, capable of rivaling
with existing commercial devices. The implementegedance measurement instrument aims
to fulfill this objective. It makes use of the pessing capabilities of the processing unit used
(dsPIC) associated with powerful signal processiaghniques, such as the sine-fitting
algorithms, to obtain comparable results to thatdeflicated impedance measurement
systems.

Although the processing capabilities of the sekasPIC are quite satisfactory, it was
concluded that it has a limited throughput capgbiior our application. This resulted in a
long measurement time, mainly due to the complexdtthe algorithms used to estimate the
impedance under measurement like the seven-panasiaeefitting algorithm. This is why
the upgrade of the processing unit from a dsPI@ ©SP with a higher throughput and
increased memory for data (to be able to procetarger number of samples) is being
considered.

The developed instrument is capable of measuriqgdances in the amplitude range from
10 mQ to 10 K2 at frequencies ranging from 200 Hz up to 200 ki) it makes it easy for a
user to interact with the device due to its USB BR®1232 connections to a PC. Through the
PC the user can select the measurement frequemytamthe device and choose to save the
measurement results. The instrument uses the OR&ESIHORT compensation techniques to
account for any residuals introduced by the testufe or test cables connected to the
impedance under measurement and minimize the emss@ciated with the measurement of
the impedance.

Several impedances were tested and the presestdtsre@ere compared with the 3532-50
LCR HITESTER from HIOKI. The results demonstrathdlttit is possible to implement a low
cost device capable of producing results comparaiile those obtained by a commercially
available impedance measurement system. The resdatisproved the importance of using
compensation techniques to reduce the errors afrthedance measurement to a minimum.
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