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Onucvieaemcs Hoeblli Memod NOcmpoeHus Oeaume-
Aell HanpsjceHusi ¢ GblCOKOPACUEMHbIM IKBUBANCHMHbIM
Koaghuyuenmom OeneHust, OCHOBAHHbIIL HA CUHMe3e HANDS-
JCCHUSL C peyaupyembiM Mooyaem NOCpeocmeom CAONCeHUS
HanpsceHull ¢ uugpoesoll pecyauposkoii ghazel. Paccmampu-
BAHOMCSL NPUMEPDI NOCIPOCHUSL NPEUUSUOHHBIX YHUBEPCANHBIX
MOCIMO8, NOCMPOCHHBIX C NPUMEHEHUEM NPeON0NCCHHO20 Me-
mooda. Hccredyemes: 8apuayuoHHbiii cnocob ypasHo8euuead-
HUSL MOCIA ¢ (Pa306bIM YAPAGACHUCM U CPAGHEHUEM MOKO08.
[Ipeonoscennt u uccaedosanvl Memoosbi 6apuUAUUOHHOU KOPPEK-
uuu noepeuwtHocmu uzmepenus 6 makux mocmax. Ilpueedenvl
De3yAbMamol IKCHEPUMEHMANAbHBIX UCCACO08AHUIL.

The new approach to the creation of the equivalent voltage
dividers is proposed. This approach is based on the synthesis
of the sinusoidal signal with controlled magnitude by the alge-
braic summing of the signals, having digitally controlled phase.
The universal wide range bridge was developed on this base.
The variation method of the uncertainty correction in such
bridges was proposed and developed. The bridge properties
were analyzed and experimentally investigated.

Introduction

For the precise impedance measurements on audio
frequency range main laboratories usually use simple [1—9]
or quadrature [10—14] transformer bridges. Such bridges
contain, as main part, some (2—6 or more) precision
transformer dividers. It leads to big dimensions, narrow
frequency range and high cost of the devices. These
disadvantages sharply increase on the lower frequencies
and make impossible creation of the transformer bridge

doctor of science, professor, leading scientist of Institute of electrodynamics of National Academy on

postgraduate student of Politechnical Institute, Lvov

for very low frequencies. This is the reason why replacing
of the inductive divider in impedance measurements by
another device could be very useful.

The digital synthesis of the signals and creation
on this basis of different bridges has been widely used
recently [15—24]. But these bridges can’t compete in
accuracy with transformer bridges.

So, the main problem consists of the following:
most accurate transformer bridges have excellent
accuracy, but big dimensions and cost makes it difficult
to operate in low frequency range.

Solution — simple main idea

The fig. 1 on the plane of complex numbers (1, j.)
shows basic signal (vector U)), which coincide with
real axis and two additional vectors U, and U,,. The
bisectrix divides onto two angle between vectors U,, and
U,. It is turned relatively real axis on the angle @.

Additional and basic signals (vectors U, U,
and U,)) could have different magnitudes and phases
(W,; and — ¥,,) but it is preferable to use the signals,
satisfying to the equality:

ol = Uy | = U |; ¥y, = -, (1)

Let’s sum additional vectors U, and U, . The total
balancing vector U; lies on the bisectrix.

Equation (2) describes this signal:

\
\ [

Fig. 1. Phase control vector diagram
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U, =2|U,|cosy-sin(ort +¢) =p.e ™. ()
Let’s subtract additional vectors U, and U,,. The
differential balancing vector U; is perpendicular to the
bisectrix. Next equation describes this signal:

U, =2|U,|siny-sin(et + @) = p,e ™. (3)

Let’s change the angles v, and v, simultaneously
from zero to the same current value lyl. From the
equations (2) and (3) we see that in both these cases
we can change the magnitude of the balancing signal
U, by controlling of the phases y, and , only. The
magnitude of the signal U, can be changed in the range
of 0 to 2U,. Its phase can be changed in the range
of 0 to £180°.

Using the signals U, and U, we can create universal
balanced bridges for measurements of any type of
impedances. Such bridge will be balanced by changing
of the signals phases only. This approach was proposed
in [25-27].

The dependence of the vector U, magnitude on the
phase angle y is nonlinear. It doesn’t influence on the
measurement accuracy because of this dependence is
precisely calculated. But the derivative of this dependence
changes in whole range of angle y of 0 to 1. The zero
value of the derivative could create difficulties in the
balancing process of the automated bridge. If we will
limit the range of the vector U, changing, for example,
to the maximal value IU,| <v2lU,l, the derivative will
change in the range of 0,5 to 1 only. Such change of the
derivative (and appropriate bridge sensitivity) doesn’t
influence on the balancing process. It only slightly (on
v/2) restricts the range of measurement.

Described above system of vectors isn’t unique,

which permits to create the balancing vector, controlled
in magnitude by phase control. It is simplest one only.
The calibration procedure of the bridges which uses this
system is the simplest as well.
Signals U, U, and U, could be easily created
using modern digital technique — by synthesis circuit
(synthesizers). This technique was developed, for
example, in [15,16]. Many authors describe the bridges,
based on synthesizers [17—24].

Synthesizer’s transfer coefficient in audio frequency
range has rather big uncertainty — usually around 10+
or worse. But these synthesizers could have rather good
short term (during one measurement — one minute or
less) stability.

Let’s determine and eliminate the initial difference
of the vectors U, /U,, and U, /U, ratios from the nominal
value. In this case only short term instability of these
ratios and accuracy of the vectors U, and U, phase
changing will influence on the common uncertainty of
measurement.

Using proper components and structures,
temperature stabilization, etc. we can reduce synthesizer

short term (during 1 minute or less) instability to value
of 10 or less.

Accuracy of the phase changing is limited by
synthesizer phase noise only. On audio frequencies, this
value can be lower than 107,

A lot of different bridges could be created using
described approach.

Bridge balance procedure

Let’s consider the simplest bridge with current
comparison, based on the phase control. Bridge
consists of three synthesizers — §, S, and §,,, which
are supplied by standard DC source U_. Synthesizers
generate the sinusoidal voltages U, U, and U, . The
adder X sums the voltages U, and U, and creates the
balancing voltage U,.

_lS U1
1

o~

U DC SZ 72

| o

MC
i\_ : Ci .

PC 'A%

S Uo
0

Fig. 2. High impedance bridge with phase controlled balance

The high potential ports of the standards being
compared, Z and Z, are connected to voltage U,
and U, sources. Low potential ports of these standards
are connected together and through the switcher C,,
to the input of the vector voltmeter VV. Last one
measures bridge unbalance signal and transfers results
of measurements to the microcontroller MC (or PC).
MC and PC processes results of VV measurement and
balances the bridge by appropriate algorithm. MC also
controls the operation of all synthesizers.

Equation (3) describes the balance condition of

the bridge:

Ze _ Usp (4)

>

Zy Uoh

where U, and U, are the values of the voltages U, and
U, in the point of the bridge balance.

Let’s balance the bridge, changing the magnitude
and the phase @ of the vector U,. In this case the
equation (4) can be rewritten in the form:

U .
Z—‘:—lb:(Zcoswb)~e"“’h, (%)
z, Uy
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where y, and ¢, are the phases of the appropriate
signals in the point of the bridge balance.
Equation (5) shows that we can get direct reading,

if we will describe ratios 2= and 22 as follow:
zo Uob
Zx - -job
==pee WIand— X ;

Zn

In this case the balancing equation (5) divides into
two simplest ones:

p, =p, =2cosy, and @ =Q,. (6)

Of course, if we know these two parameters of
impedance ratio anyone other desired impedance
parameters can be easily calculated.

To balance the bridge we use variational method [28].
In this case we measure the initial bridge unbalance
signal U first. After that we provide the variation of
the bridge balancing parameters (the angles y or @),
and measure the new unbalance signal U ,. For certainty
check, let’s change the angle v, adding variation Ay,
(change of the U, magnitude p by Ap ). Following
system of equations describes this process:

pz6 7= |Uy| — pe™®[Up] = Upy (Zy + Zo)/Z0;

pre 22Ul — (p + 8p,)e 0 [Up] = Uny(Zx + 2,)/ 2, 7)

From (7) we find:

%‘e‘““-’ = (1 - A6,): 8)
U U . .
where: A = —=2% :l BL_|g=i%z = |A| g%,
Up2—Uny Un2-—
cos(y + A
S, = M—l ~ —tgysin Ay .
cos

Using Euler transformations for exponential
functions equation (8) can be written by the following
system of equations:

—p—xsin Ap = |A|~5V -sing,;
p

cosA(\[)=£(1—|A|~8v -cosQ, ). 9)

X

Solving (9) we get formulas to calculate the distance
dp and A@ between the current bridge point (y, ¢) and
the point of the bridge balance (y,, ¢,):

p=-1+v1+B
sinAg = -9, |A| (1+dp)sing, ;

~ §ylAl cos @,
(10)

lal-cos
= =% 26,lAl cos ;.

where: B = =
8= “(1 28 lAl(cos @, -1AlS, /2)

Using (10) we calculate the coordinates of the
bridge balance point, enter them into synthesizers S,
and S, and achieve the full bridge balance.

Two main factors determine the uncertainty 3, of
the bridge balance:

* uncertainty 6 of the VV measurement (its
relative nonlinearity and sensitivity) which varies from
10 to 104

« relative discreteness o, of the phase control.

Discreteness &, depends on the accuracy of the
sinusoidal wave approximation, on the number of the
steps on the period of the signal. It depends on the
speed of the DACs, used in synthesizers, and lies in the
range from 107 (on low frequencies) to 103 (on audio
or higher frequencies).

Of course such uncertainty of the bridge balance
is too big. Because of it, the balance procedure in our
case consists of two steps:

1. On the first step the variation ¢, is high. It could
consist, for example, in the change of the balancing
voltage U, of 0 to its maximal value (v2U,). The VV
provides two measurements before and after the variation
with minimal sensitivity S ., and transfer these data to
MC. Last one calculates values 8p and A, enters these
results in synthesizers S| and §,, and change the voltage
U, to its balancing value U . If the uncertainty 6  of
the VV measurement is 6 < §,/2, the uncertainty 3, of
the bridge unbalance will have, practically, the value 3.

2. On the second step MC increases the sensitivity
S, of the VV to the value § = § /6 and varies
the voltage U, by one unit §, of its discreteness. VV
provides again two measurements of the unbalance
signal as earlier. MC calculates by formulas (9) the
new 8p and A¢@ values. PC digitally add these results
to the data, written earlier in synthesizers S|, and S,
and uses these summed data to calculate the real value
of the ratlo 5 - The uncertainty §,, of such equlvalent
bridge balancmg and calculation of the ratio %/z, doesn’t
exceed 9, < 283 .

Let’s assume that the §, is less than 1-10* and
the & is less than 1-10**. In this case the 3, is less
than 2-108,

Bridge calibration procedure

The uncertainty, shown above, doesn’t take into
account the uncertainty of the synthesizers transfer
coefficients. Last ones are rather big. To eliminate
this uncertainty we provide bridge calibration. Let’s
consider one possible calibration procedure.

Let’s perform balance equation. Additional signals U,
and U, could be described by equations: U, = U, + AU, =
U, (1 +3,) and U, = U, + AU, = U, (1 +3,)
(see fig. 1). These signals have nommal values U, and
U,,, and constant relative deviations 6, and o, from
nominal value. Using these formulas we could rewrite
balance equation (3) into following equivalent form:
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U

zx n
. 21+ 624). (1)
1}

2Zp

Us

Here values ,, and d,, don’t depend on the angles
y and @.

Calibration procedure determines values 3,, and 6,
and consists of two similar separate steps:

* calibration of the synthesizer S, ;

« calibration of the synthesizer §,,.

On the first step of the calibration procedure we
switch off the operation of the synthesizer S, (for
example, entering and maintaining zero control codes into
this synthesizer). After that we set into synthesizer S|, the
codes, corresponding to equality: —U,, = U, (see fig. 1).

The calibration circuit, which consists of the
standards Z, and Z, (Z, = Z,), is connected to the
outputs of the synthesizer S, and the adder X through
the switcher C, (see fig. 2). The switcher C, reverses
the phase of the calibration circuit connection to the
mentioned signal sources during the calibration process.

Calibration procedure uses variation and replacing
methods [25, 28] and consists of the following stages.

1. First stage. The switcher C, connects the vector
voltmeter to the output of the Z —Z, divider. Switcher C,
remains in the initial position and the vector voltmeter
measures the unbalance signal — U .

2. Second stage. The MC varies the synthesizer
S, transfer coefficient on 8, (one unit of discreteness).
After that, the vector voltmeter measures the unbalance
signal — U .

3. Third stage. The MC reverses the switcher
C, and the vector voltmeter measures the unbalance
signal — U ..

The following system of equations describes these
measurements:

Ug—-Ug(1+6
U, — 0—Uo( 11)_21__ . =0
21+22
Ug—Ug(1+844+6
U, — 0—Ug(1+044 %)_Zl__ , =0,
Z24+23
Ug—Ug(1+644)
Uy————m——==-2Z,—-U,, = 0. 12
0 2,42, 2~ Unz (12)

Neglecting the second order terms we get the next
result:

So, using equation (13), we can find relative
deviation 6, of the synthesizer S, transfer coefficient
from nominal. This result does not depend on additive or
multiplicative voltmeter errors. Its uncertainty depends
only on the voltmeter nonlinearity and sensitivity.

On the second step of the calibration procedure
we switch off the synthesizer §|,. After that we set
into synthesizer S, the codes, corresponding to the
equality U= -U,, (see fig. 1) and repeat the previously

mentioned calibration procedure. In such way we get
the value o, = AU, /U,.

To correct the result of the ratio Z /Z measurement,
the U, and U, have to be divided by (1+ 9,)) and

11b 21b

(1+ d,,) accordingly.

Bridge four terminal connection

Bridge, described above, accurately measures high
impedance standards ratio with two terminal connection.
For lower impedance measurements, bridge has to
measure impedances using four terminal connections.

Four terminal connection
in high potential part of the bridge

Structure of the appropriate bridge, using four
terminal connection measurements, is shown in fig. 3 [29].

s W

U [n]e} SZ J_ ‘U‘ “ | = H
:

PC MC vV z

N

L] So > = = - U

SR

Fig. 3. Four terminal bridge diagram (without calibration divider)

Bridge contains two voltage sources U, (synthesizer
S, and U, (synthesizers S and S, and adder X).
Magnitude of the voltage U, is controlled by phase
changing. It is used for the bridge balance by the
procedure, described above.

To compare the standards Z, and Z, we connect
them to the voltage sources U, and U, by the potential
cables, having impedances Z  and Z_. Impedance of the
cable, which connects the standards Z and Z_(“Yoke™)
is equal to Zy. The influence of these impedances on
the result of measurement has to be eliminated.

To eliminate the influence of the cable impedances
Z,and Z_on the result of measurement both hardware
and algorithmic solutions are used.

Let’s consider the bridge in fig. 3. In this bridge,
the cable impedances Z_and Z, changes the view of
the bridge balance equation (3) to the next form:

L PNETE

_ ﬁ) 42 _U
Z,+Zc0 2o

-]
=—==A, (14
z) Tz, T U, o (9

Following formulas describe the multiplicative 6(3,)
and additive A(3,) components of the uncertainty J,
caused by the cable impedances Z_and Z
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56, = 22, AG) = =, (15)
z Zy

a) To decrease this uncertainty, we use in both
bridge arms (see fig.3) the voltage/current transmitter
with the transfer admittance Yg , together with appropriate
current sensors Z. Every such transmitter consists of the
serially connected OpAmp A,, variational divider K with
transfer coefficient 1 or K and converter U/I. Converter
U/I operates as current generator which, through the
high potential current ports, supply the standards Z_ and
7 with current /. Due to the feedback, only a little
current A/, flows through high voltage ports. Ratio of
these currents is equal to Al,/ I =1/ 1+ ZY,

Due to this effect the equivalent values Z__ and
Z . of the cable impedance Z, 0 decreases in the same
ratio, so that:

Z e = —=

= ; —Zeo (16)
CXE 1425y,

VA = .
COf 14Zsy,

The appropriate result of measurement in this case
is described by the equation:

(17)

Zx+Zcxa — Ao ~ é‘(l + Z:Oa) ¥ Zexa |
Z20+Zcoe Zp 2g 2g

If the cable impedance Z < 0.1 Ohm and the
ZY, = 5000 (usual values for frequencies lower than units
of kHz), measurement uncertainty Scx(())’ caused by the
cable impedances is lower than 107 for Z . 100 Ohm.
But for the measurements of lower impedances

(10 Ohm or less) this solution gives too big uncertainty.

Four terminal connection in high potential part
of the bridge with variational correction

To decrease uncertainty in lower parts of the
impedance range we sequentially vary the open loop
amplification of ZY to KZY in both bridge branches
by dividers K, and provide two additional bridge balances.

These two bridge balances are described by two
equations:

Zx +Zcxev _A
- (18)
ZO+Z
coe
and
zZ +z
X CX¢€ :A2 (19)
ZO+Zcoev
where:
Zex Zex _ Zeo . Zg

Zexer = & i Zooey = o g
1+Kx 2%, KoxZo¥ 148002, Y, KyoZs¥g

The system of equations (17), (18) and (19) gets us
following formulas for ratios Z, /Z and Z /Z:

Zeve ( Ay Kox Zege _ Ag Kyo
==\1-—= and =\1-7)z (20
2 A %xl'(vx-l 20 Az :g';(uo'l ( )
n

By substitution of the (20) in (17) we eliminate
influence of the cable impedances Z, and Z on the
result of measurement:

1 +(1—ﬁn)40—§

A7y "o
Zx 7R, e Q1)
2, %0 Ay Kyx
A 1+(1-2 3!
_A_DK"X

Additional analysis shows that we get maximal
accuracy if K = 0,5.

Let’s use the same value for K and K. In that
case:

Z A
¥ TR (22)
o 1+ =
Ag A2

Equation (22) shows that the uncertainty of
measurement depends on the uncertainty of the variation
and uncertainty of the equivalent bridge balancing. Let’s
that the cable impedance Z is lower than 0,1 Ohm,
the open loop amplification Z Y, is higher than 5000
and the uncertainty of the variation 6K is lower than
1073, In this case the measurement uncertainty, caused
by the impedance of the potential cables on the range

of measurement Z](O) > 1 Ohm, doesn’t exceed 1077.

Four terminal connection in low potential part
of the bridge

To eliminate the influence of the “Yoke” impedance
Z, on the result of measurement we balance the bridge
twice, connecting the V'V sequentially to the low potential
ports of the standards Z and Z by the switcher S . Two
equations describe the results of these balances:

(23)

Solving system (23) we get equation (24) which
fully eliminates influence of the “Yoke” impedance:

Z)Z=A,(0+A4)/(0+4). (4

In real algorithm we provide five measurements of
the appropriate unbalance signals, solve the common
system of equations which describe these measurements
and get exact result of measurement.

Four pair terminal connection

For accurate AC impedance measurement we have
to eliminate AC interferences using four pair terminal
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— Z, 7,
L= L=
U, u,
GU, Sw I GU,
fo'e! vy o

Gl, Gl

Fig. 4. Four pair terminal connection

connection of the standards being compared [8, 9, 30].
Unfortunately, we can not use classic equalizers (special
current or voltage transformers) to get such connection
on low frequencies.

Let’s connect impedances being compared to the
bridge voltage and current generators GU, GI, GU,, GI,
and vector voltmeter V)V using separate cables, as it is
shows on figure 4 [31]. If the supply of these generators
are fully separated, the AC currents, which flow through
central wire and screen of every cable, will have the
same values and opposite directions. This will satisfy
requests for four pair terminal connection.

Usually all electronic current and voltage generators
are supplied by the same main DC source, so that
all their grounds are connected together. It creates
additional currents, which flow through cables screens
and violate the four pair terminal connection requests.

Development and implementation of the appropriate
number of separated and properly protected DC supply
sources for every AC current and voltage generators
could resolve the problem. But it makes devise much
more complex.

This is the reason why we use four quasi-separated
DC sources shown on fig. 5.

Gee St

Cable to measuring circuit

Fig. 5. Quasi-separated DC sources

Main DC source in our case supplies four quasi-
separated DC sources. Every such source consists of the
DC current generator G, , connected between main DC
source and appropriate AC generator GU(/) which, in turn,
is connected in parallel with DC voltage stabilizer St.

Screen of the appropriate cable is connected to low
potential points of the appropriate generator and DC
voltage stabilizer.

Inequality of the currents in central wire and screen in
every cable depends on the ratio of the internal resistance
of the DC current generators and voltage stabilizers. Let’s
the internal resistance R of the DC current generator is
more than 10° Ohm and internal resistance R of the DC
voltage stabilizer is less than 10 Ohm (usual values). In this
case only the little part of the generator output current will
flow through main supply and, therefore, creates inequality
of the currents of the cables central wire and screen.
This relative current inequality &7 will not exceed in our
case value: 6/ = R / R < 10 It is enough to decrease
the uncertainty, caused by non ideal four pair terminal
connection, to values, less than 107 in whole range of
impedances comparison. This inequality we test by classic
method on the highest frequency of the frequency range,
where this effect has most big influence on the uncertainty
of measurement.

To get correct comparison of the drop of the voltage
on the impedance being compared and appropriate AC
voltage source (to measure correctly voltages on the
low potential ports of both standards Z, and Z,) both
terminals of the V'V are switched as it is shown on fig. 5.
In this case electrical model of the bridge fully coincides
to the system of equation (7).

Main uncertainty sources and their influence redusing

Uncertainty of the variation method

To get the result of measurement in described
bridge we process the results of many independent
measurements. Of course, it increases the common
uncertainty of impedance measurement and, therefore,
need appropriate analysis.

Let we’ll analyze this uncertainty during high
impedance measurements.

Whole uncertainty of measurement consists of the
uncertainty of the separate bridge balance (formula (8))
and the calibration uncertainty (formula (13)).

a) Uncertainty of the separate bridge balance

Formula (8) shows that the uncertainty of
the bridge balance measurement depends on the
uncertainties AU  and AU, of the unbalance signals U
and U , measurement, uncertainty A5, of the variation
8, and on the instability J, of the voltages ratio U,/U,
during the time between two measurements.

Let AU, = AU, = AU, and AAS, << AA3J,.
These assumptions are valid because of we use the same
VV in the same conditions of measurement and because
of we implement variation using phase control.

In this case, using formula (7), we find the
measurement uncertainty:

A(Z) =6, 6Unp T+ 24,0 + A5) + 6, (25)

Zob
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where: Ab = (see formula (8))
Up2—Uny
AUnp
doUpy =77 —.
an no Un2_vn1

b) Calibration uncertainty

Formula (13) shows the result of the calibration.
Suppose, as earlier, that the uncertainties of all
calibration measurements are the same and are equal to
AU _and AAS << AAJ . Using formula (12) we find:

A8y, = AS,y = ‘:"—,;wm /1 +A +A+ 6,

and
Ab, = 6,.6U,, /1 +A + A +V26,
(26)
Upy—U,
where: Ac = -Bn2 (see formula (13)),
Up2—Uny
8, — variation during the calibration
AUpc
and OUp, = — —.
ne Unz_vni

Zy
Whole uncertainty of the A(zo)c measurement,
taking into account uncertainty of calibration, can be
calculated by the formula:

A(j—:) =6, SUnJl +24,(1 +Ap) + L+ A+ AD) +V36,.(27)

Here we suppose that § =6, = 4.

Formulas (25)—(27) show that the uncertainty
of measurement quickly increases when values A,
and A_ increase. Because of it the better result we
will get if the bridge will be matched so, that 4, < 1
and A < 1.

Let |[A,_ | =|A . |= 1. In this case:

16

We have got last formulas supposing that instability
of the generators voltages ratio during the measurement
and during the calibration is described by linear
function. For more exact calculations the spectrum of
this function has to be taken into account.

Formula (28) shows that:

dU determines the uncertainty of measurement
with low weight /86, (usually 10~ < 8, < 107);

Sg determines the uncertainty of measurement with
big weight /3.

Let’s consider this instability.

Instability of the generated voltages depends on
two factors: instability of the used OpAmp gain and
temperature instability of the used DAC.

= V86,6U, + V35,

cmax

(28)

DAC:
4_{ L 1
R

A
+
DAC:
; R:
DC Ax
sinus +
data

Fig. 6. Generator’s iterative structure

To decrease the influence of the OpAmp gain on
the voltage instability, voltage generators have two-
cannel iterative structure (see fig. 5) [32].

First channel consists of OpAmp A, and DAC,. This
channel generates main part of the signal. The DAC, of the
second cannel forms the small signal, proportional to the
error of the first channel and, through OpAmp A4,, add it
to the pozitive input of the first channel. In this structure
uncertainty, caused by limited values of the amplifiers

gains can be estimated by formula 59 =

TRy BB

where (KB,) and (K 8,) are open loop gains of the first
and second channels. Let we will suppose that these
values are the same for both channels and doesn’t
exceed 5000. In this case Sg doesn’t exceed 410 and its
short term instability during two measurement doesn’t
exceed units of 107

We use in both voltage generators DAC with
temperature coefficient better than 2 ppm/°C. To
decrease the DAC temperature instability on the result
of comparison, the DAC, of the second channels are
set into passive thermostat, so that DAC temperature
instability during the measurement (less than 1 min.)
doesn’t exceed 0,001—0,002 °C. In such way the
generators voltage instability during the measurement
doesn’t exceed 5—10 bpm.

Experimental results

Experimental investigations of the described bridge
have shown that on the main part of the range of
impedance comparison the uncertainty of comparison
doesn’t exceed of 1 ppm and sensitivity isn’t worse than
0,3-10-%. Two bit phase divider was used in quadrature
bridge, tested in PTB. Comparisons of the capacitive
and resistive standards by this bridge have shown that
uncertainty of this bridge doesn’t exceed 0,4 ppm [33].

Conclusion

1. Bridges with phase control can measure the
impedance ratios with uncertainty better than 1 ppm.
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This uncertainty is restricted by instability of the
synthesizer parameters during the time of measurement
and their phase noise.

2. Calibration procedure reduces the influence
of the synthesizer’s uncertainty on the result of
measurement.

3. Automatic variational bridge balance significantly
reduces the balance time and in such way decrease the
influence of the synthesizer instability on the result of
measurement.

4. Automatic variational correction widens the
range of impedance ratio measurement.

5. Modern components make possible development
of the bridges with phase control, which have very small
dimensions and price.

6. Phase control is the way for creation of the
accurate AC bridges for impedance measurements as
integral component.

7. In high frequency range there is the limitation,
caused by operation speed and number of digits in
synthesizers. Last one determines only discreteness of
the bridge balancing.
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