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Abstract — Some details about digital balanced andoltages are represented by the complex valueshef t
unbalanced impedance comparators are presentetlisin fundamental harmonics of measured periodic signals.
article. A method of measuring an impedance ragiogithe The balanced comparator is able to work as an
digital unbalanced comparator is described. Consafalens unbalanced comparator. The equation describindtitge
about measurement errors connected with an expetaine presented in the Fig. 1b has the following form

comparator setup are included. The research rem@ts an

agreement with the theoretical assumptions. Kz = Kyv = Uprler, @)
where:

Keywords: balanced and unbalanced digital impedance K; =Zx/Zy, Kyy = Uy1/Uys, Up, = Up /Uy,

comparator, interpolation, DFT, digital acquisiticrard, k, = _(1 + KZKP)' Kp =1+ Zy/Zp.

DAQ

Variable Z,, represents all impedances through which a
current flows from the bridge diagonal to the grduits
value depends on connecting coaxial cables impedaii¢

Ove_r forty years ago measurement systems StartSHdgN ground impedances and a detector impedance.
employing voltage generators which constructiorbased Studies related to the digital unbalanced comparate

on Direct Digital Synthesis. The sources based his t . ;
. o ; presented in work [6]. Results of experimental aesiees
technique are often called DSS (Digital Sinewaver&es). achieved by the balanced and unbalanced bridgénaae

Impedance comparators base_d on calibrated [1'.(2]@"' agreement with theoretical assumptions. But, temieine
calibrated [3] sources appear in the area of peeslisctrical : L ;
the impedance ratio it is required to know the galofZ,
ndZy impedances which is time-consuming.
In this article an idea of measuring the impedart®
using the unbalanced comparator is presented. ds amt
require additional measurementsZgfandZy.

1. INTRODUCTION

measurements. The electrical diagrams of typical
comparators with two DSS are presented in Fig. 1. a

2. INTERPOLATION METHOD

2.1. Equations of the measurement method

The interpolation method uses two different seting
ratiosKj,, Kj;. Its measured values are markeKgs, Ky, .
Two relative unbalance voltages corresponding tat th
settings are designated Wy, ., Uy,. We can write the
following system of two equations:

Fig. 1. Electrical diagrams of the comparators with DSS: a)
with calibrated sources, b) with non-calibratedrses.

The bridge in Fig. 1a is brought into a balanceestsy kUp, =K, — Kjyy, )
setting the appropriate values of the amplitudes @mases . .,
of the two DSS marked as;3G,. This state is established kUp, =Kz — Kijy. 3
when detector D indicates the zero voltage valje = 0) Using the above equations we can present the impeda

across the measurement diagonal. The ratio of IS  ratio in the following form
Zy, Zy is derived from the settings valugg, U, of the two

n ! ! n
DSS. The settings ratio is represented by vari&plein the K, = W (4)
fig. 1b a diagram of the comparator is shown which =Dr~=Dr
functions in the analogous manner like the compaiatfig. The above formula does not involve the parasitic

la. But when the bridge in the fig. 1b is balante®l DSS impedance Z, nor the standard impedanceZy.
settings are measured by voltmeters V.. The settings |nconvenience connected with (4) is its complicatedn.
ratio Uy,/Uy, is now represented by variablg,,. The



The way in which the values &f, andK}; are determined is 3. MEASUREMENT ERRORS
the regard which need to be analysed.
The variables described by (2-3) will be preseritethe
2.2. Determination of the DSS settings following form:

The values of the settings will be chosen to presénat v Ui g Uiz e _Ups g Ubz
the modulus of the current flowing throudh is the same VT w0 T Ty T '

for both set_tings. The same 'Freatment is gppliedtlﬁ_cez Triples of voltagesUs;, Usy, Upy and Usa, Uss, Up,
current flowing throughZ,. This approach is especially correspond to the triple of voltagé,, Uy, U, shown on

efficient when the values of the impedances depenthe Fig. 1b. Now, the impedance ratio can be expreasate
voltages values applied to them. The set of egnstibat following form

describe the above conditions are shown below:

Up2U11-Up1Ui2
I " == —. 11
|_DJ”| = |_D,r|' =27 UpyUz1-Up1Uzz 11)
|Kz'1 —Qé.rl = |Kz,1' - Qf)’.r|- 3.1. Errors caused by a multiplexer
Using the designations applied in (1) the aboveatgos A multiplexer is shown in Fig. 5 which presents the
can be modified into the following form: experimental setup. The detailed electrical diag@nthe
, ., multiplexer is shown in Fig. 3. VariabR,, represents the
K — Kz | = |K)f — Ky, ()  resistance of the multiplexer channels when theyiaron

|K’ +i| _ |K”+i| ©) state. VariableC,;, represents the capacitances of the
= kel T kel channels when they are in off state. The input nhBnof

A graph presented in Fig. 2 is helpful in solvitg set e multiplexer are designated &yan, chany, chans.
of equations (5-6). The centdd, of the bigger circle has a

coordinates equal te-1/K, and the radius equal to the %; Q_D,l __U—ﬁl
modulus,|1/K» + K,|. The centerP, of the second circle chan, i chan, lchan3
has the coordinates equal kg. The points where the two

circles cross determine the values which correspatod Ron Ron  CorrF

rCorr Corr T 'I'COff
requested settindg§;, andKj; .

—»
Ui
Im
)i & o Fig. 3. An electrical diagram of the multiplexer.
A |K
1 A The voltages U}, Upi, Uit at the output of the
_E_KZ k) re multiplexer correspond to the volta@_ﬁ, Upy, —U,, at the
0 input. If we assume that one terminal of each measu
1 0 1 voltage is on the same relatively low potential nthiae
Ky K relations between the voltages can be presentethén
following way:
Usy = Uf = ke (UB + U31), (12)
Upy = UB; — ke (UF + UZE), (13)
Fig. 2. An exemplar graph that is helpful in sotyihe set of
equations (5-6). ~Up = Ujt — kn(Uf} + UBY), (14)
. where
The solutions of (5-6) are presented below:
( ) p Km - ]wRonCMWv
Kj=K;+ ¢ +c, (1) Cuw = Cw + 2Copy,
" Cw. — input capacitance of the voltmeter.
Kj =K, +c —c,. (8) ‘w7 NPUTCAP
The vectors corresponding to variablgs and ¢, are Analogous relations and designations that appeétdn
shown in Fig. 2. The expressions describing theershown 14) are applied for the voltagés,, Us,, Up,.
below: It can be proved that a comparison error causethéy
) multiplexer in the unbalanced comparator that utes
¢ = —k; (E + Kz) (9) interpolation can be presented in the followingrior

> é_ZMszK_l Kr —1). 15

It can be also proved that (15) describes the énrdine
wherek; is a real number from the ran¢@2). balanced comparator.



3.2. Errors caused by a voltmeter If we assume thdUy, /Uy, |, |Up2/Us2| < 10 mV/V then
In Fig. 4 a functional diagram of a voltmeter isit can be proved that the comparison erfyy, , caused by
presented. It employs a successive approximatio@Ahe the ADC nonlinearities takes the following form
variablesCy, ., Cy,— andRy,,, Ry, _ represents the values of
the input capacitance and resistance respectivetyden Y T |Kz|8, +j|Kz |8, (20)
the input terminalsln + andIn-, and the ground. The input |+ can be proved that linearity error in the batehc

stage does not affect the fundamental harméificof the comparator is the same as (20) but multiplied/By
input signal. A low-pass anti-alliasing filter htse 40 kHz

cut-off frequency. The variablé,, represents the filter
voltage transmittance. Probes from the ADC are sent
Microprocessor System and Discrete Fourier Transfoy
used to determine the fundamental harmonic margeét;a

3.3. Errors caused by coaxial cables

The influence of the coaxial cables on the comparis
error in the digital balanced and unbalanced coatparis
the same. Research results show that errors aligibkgif
good quality cables are used and if impedancesruiedé

Microprocessor ha.Ve the abSO|Ute Value above m k

In + System (DFT)
Umx Con IT ﬂ]R ﬂ 4. EXPERIMENTAL RESULTS
211 v

CW}LI RW,J— 4.1. Experimental setup diagram
In- An experimental setup electrical diagram is presetiih
Fig. 5. We can see the multiplexer (MUX), the vaiter
Fig. 4. A functional diagram of the voltmeter. (FDP&ADC), the digital generators (DACDAC,).

The output voltages of the multiplex8f7, Ujy, U} are
applied on the input of the voltmeter. The voltages

. Z
corresponding to them at the output are marked!asUy;, =
UY,. The relations between these voltages may be mebe 8 N
in the following form: é W11, Unai
|
Ultkop + 8,7 + 8= ULy, (16) g
m Up1 Up1 v Q """""
UBikop + 4,7 + A= Ujy, (17) o
U U e
UZikpp + A7 + A7 = Ui, (18) Tremosie
where:
U u U
A, A%, AT — absolute errors caused by the Fig. 5. A diagram of the experimental setup.
nonlinearities of the ADC,
é%“, é%m, é%zl — absolute errors caused by theéThese elements are enclosed in the DAQ card USB-628
guantization of the ADC. from National Instruments. The buffer B includesotw

polarization resistor&» which values are equal to 20¢M
Analogous relations and designations that appear The impedances under test are placed in the théamddl
(16-18) apply for the voltagd&, U, UR. cables in the diagram are 1 m long.
When the complex voltage ratio is to be computeshth
the coefficientk,, can be reduced. This is true when the 4.2. Configuration of the DAQ card elements
electrical parameters of the experimental systerat th  First of two DSS, DAG is responsible for balancing the
correspond to this variable are constant in time. bridge. Its voltage range is changing accordintheovalues
If we assume that there is no relation betweenesmhf of generated probes. The voltage range of the seB$5,
the quantization errors of particular probes thes ¢rrors DAC,, is constant and equal to £1 V. Both generatoke ha
A%“, A%u, A%Di, A%iz, A%zz, A%DZ become smaller with the same time-base source with the frequency equaD
I_arger number of p_robes_acquied [4]. MHz. Each probg is generated after _20 cycles. Geoey
We cannot minimize the errors caused by ADStart when the rising edge of the signal generdipda
nonlinearities by acquiring more probes. It will #gsumed Counter occurs. The acquisition of the probes layeel for
that this error is proportional to the modulus i sampled © S€conds to make the voltages more stable. Théewai
voltage fundamental harmonic and that it has tieesealue ProPes generated in one period is changing frond 2006.

for the real and imaginary part of that fundamentalis ~__The voltmeter inputs are configured to work in
error forUj, voltage may be written in the following form differential mode. The time-base of the voltmesethie same

as for the generators. The sampling frequency igaletp

A%“: |Q11|5L + J'|Q11|5L- (19) 500 kHz. One voltage is sampled for 2 seconds.idethe
) T o probes are gathered is described in [5]. The béyjnof the
whered; is the relative linearity limit error of the ADC. sampling is invoked by the signal from a counteheT

number of acquired probes is always a multiplicatib 4.



Internal counter CTRO produces digital signal whicl 1,000015 TRe(k,) [2/0]
synchronizes the beginnings of the generations ar 1000010 JTTLLLTT T TITT T — T
acquisitions of the signals. The time-base of thenter is - T T T LT
the same as for generators and voltmeter. 1,000005 1

4.3. Experimental results 1.000000 11 LLULL

Standard resistors used in the experiments have t 299999 1 I

following values: 10 R, 10 k2 and 100 K. These are film 45599 | I Il

resistors from Vishay. Each of them is enclosead imetal T

can with the 2TP terminals. Their temperature ¢oieffits 0999985 | 1l itidbfil 1 i

equal approximately to 0,1xP0C. 0.999980 . . . _ flH
The type of the capacitors used in the experiménts 500 2500 4500 6500 8500 10500

P597. Their rated values are equal to 1 nF, 3 ni &nd

10 nF. The temperature coefficient is less tha_nll)‘:?ﬁ?C. Fig. 6. The real part of the R-R comparison (20k10 K2).

The loss factor is less than 0,0005 for the fregigsnbelow

1 kHz. They have the 3T measurement terminals. 50
In the case of balanced comparator the followin( |m(£z) /0]

equation is used to determine the impedance ratio 40 T M

U;-U 30
K, = Z—@i . (22) | )
The errors caused by the coaxial cables and mekigpl '
should be added to the measurement results. Beaiga of
accuracy comparison between two comparators itols n o 71
necessary to enlarge the results by the same valués
assumed that the differences in the results arsecbonly by
the linearity errors expressed by (20). 20 i , i , i
In Fig. 6-13 the panes represent the results retuby 500 2500 4500 6500 8500 10500
the balanced comparator and the squares reprefiamts
results returned by the unbalanced comparator withg. 7. The imaginary part of the R-R comparisonKQ0- 10 D).
interpolation for k; = 0,0001. This corresponds to
unbalance voltage absolute value of about 10 mVIIlNe  ¢,100016
horizontal axis is the frequency. The results asgliby the Re(K7) [0/0]
unbalanced comparator are marked for 100 Hz high¢ %1%%0*° o

frequency than the results acquired by the balance o100014 | g

comparator to provide a better readability. Theival axis T il 4 Tl .
0,100013 -] l l il l l [ SRR -
(] i Lo " L
’ el ol e | i
" . T I QNI
° il 7f: “I 1i I

f [Hz]

are derived from (20) fa$, equal to 10x18. Each pointis a o,100012

three results mean value. Standard deviationseofehl and 2oty
imaginary parts of each measured voltage is orlevel of %1%
0,1 pV. 0,100010 - | | 1|+

0

represents the real or imaginary partkpf The error bars e
|

f [Hz]

0,100009 T T T T T
500 2500 4500 6500 8500 10500

4.4. Measurement procedure
Measurement procedure connected with the unbalancea

comparator is described in few following steps: Fig. 8. The real part of the R-R comparison (€0-k100 K2).
1. The values of the DSS settinffg, K;; are determined

from (7-8). The variabl&, may be equal to 1. 3 4
2. The voltage ratio%},,, Kj;, and values of the relative

unbalance voltagesy, ., Uy - are measured. ) I T . T
3. The impedance ratif, is determined using (4) and the ; | . \ T

more accurate value @, is derived from Tl LT 1«_ _',»_ll | 4 i W Tk |

where: nl - 4 €

" -2 - - -

Im(Kz) [n/Q]

*

kl+1 kM +1 M
Ky = 0.5 (2 4 E2) h
Kz Kz

!
k! = Kz-Kyvy k! = Kz-Kyy
Ke ==y M == f [Hz]
=D,r =D -3 . .

500 2500 4500 6500 8500 10500

4. New values of the settind§;, K/ are computed using a
new value of,. Fig. 9. The imaginary part of the R-R comparisonK@0-

" !

5. Aiter the values oUj ., Uy ,, Ky, Ky are measured 100 k) (regression).
the final value o, is determined from (4).



1,001355 -
1,001350
1,001345 - T FrpA-T-| [ e
1,001340 4|t '
1,001335 4
1,001330 -
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Fig. 10. The real part of the C-C comparison (3 & n¥).
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Fig. 11. The imaginary part of the C-C comparisonk3- 3 nF).
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Fig. 12. The real part of the C-C comparison (10 dF).
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Fig. 13. The imaginary part of the C-C comparison(EG- 1 nF)
(regression).

4.5. Conclusions

The experimental results shown in Fig. 6-13 dodifiér
more than the evaluated measurement errors. Theethig
spread of the results can be observed for the cosapaof
the impedances which have 1:10 modulus ratio. fitag be
caused by the linearity errors which may have higladues
for lower voltages than it is assumed in (19).

The time required to measure the impedance ratithdy
unbalanced comparators is approximately equal to 45
seconds. The time required to measure the impedatice
by the balanced comparator is varying. When theluéisn
of the DSS settings is deteriorating the balanaegss is
getting longer. The time needed by the unbalanced
comparator to measure the impedance ratio is alvlags
same and it does not depend on the frequency oralues
of the compared impedances.

Regression was used to make the values and emors i
Fig. 9 and Fig. 13 more readable.

5. SUMMARY

The theoretical studies and the experimental result
shown in this article prove that the digital uninaied
comparator with interpolation is able to measure th
impedance ratio with the same accuracy as the atligit
balanced comparator do. For higher frequenciesmlofver
resolution of the DSS settings the bridge canndbdlanced
and we have to use the unbalance voltage to medsere
impedance ratio.

The time required to take a measurement by the
unbalanced comparator is generally shorter than
corresponding time required in the balanced contpara
More researches are needed to determine how tleectitihe
measurement affects the accuracy of the preseritgthld
unbalanced comparator.

Equation describing the measurement system is aecur
to approximately 10 kHz. Above that frequency more
extended model should be used.

The author wish to employ the digital unbalanced
comparator for 4TP impedance measurements.
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