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1. INTRODUCTION

This document describes investigations relating to the evaluation of some key components used in a high
precision digitisers. The most critical parameters, namely precision, linearity and temperature/humidity
dependence were measured and evaluated.

The report content flow is as follows:

In Chapter 2, the evaluation of the non-linear behaviour of resistors and capacitors is described. The evaluation
used both direct measurements and simulations. The modified quadrature bridge setup, designed and
developed within the project, that was used to measure these distortions with enhanced accuracy is described
in detail.

In Chapter 3, the focus is on the characterization of resistor elements, specifically the stability and tracking of
the resistance value (or ratio of two resistor elements) with temperature and humidity. Four different types of
resistors (by technology and package), but of the same nominal values, were investigated.

Chapter 4 deals with the evaluation of capacitors. Measurements of the temperature coefficient of capacitance
are presented, as well as measurements of other critical characteristics (temperature coefficient of loss
component, sensitivity of capacitance to changes in relative humidity and sensitivity of loss component to
changes in relative humidity). The set-up which was developed to measure dielectric absorption is described
and some results, including the modelling of the capacitor, are presented

In Chapter 5, the results of the evaluation of electronic switches are presented. The focus was on Toshiba
MC74HC4051A Analog Multiplexer / Demultiplexer as a typical representative of this type of device.
Measurements were focused on critical parameters for this application such as on-resistance, input/output
capacitance, delay time, rise time and charge injection.

Finally, in Chapter 6 and Chapter 7, the focus is on charge injection of digital switches. This parameter, which
is an important parameter that can limit the performance of a digitizer, was measured and evaluated for two
electronic switches.
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2. MEASUREMENT OF RESISTOR AND CAPACITOR DISTORTIONS USING A
MODIFIED QUADRATURE BRIDGE

2.1 Introduction

The measurement of non-linear distortions in resistors is essential for applications requiring high-precision
components, such as a precision low-frequency digitizer. While most capacitors and resistors are designed to
be linear, certain applications reveal minor non-linearities that can affect overall circuit performance. This report
explores a modified quadrature bridge setup designed to measure these distortions with enhanced accuracy.

2.2 Modified quadrature bridge

Digitally assisted and fully digital impedance ratio quadrature bridges [1] are used in metrology for accurate
impedance measurements [2]. Such bridges are energised by a two-channel phase-locked pure sine wave
generator [3], where the upper and lower bridge arms are supplied with equal but opposite-phase

sine wave signals. However, these bridges have not yet been employed to measure capacitor non-linearity.
Nevertheless, in its simpler form, a double source powered bridge has already demonstrated its ability to
measure capacitor nonlinearity [4], where two sources have equal amplitude and are in quadrature phase lock,
e.g. one source is lagging the other by 90°. When in balance at the given excitation signal frequency, this
bridge provides nominally zero differential and common-mode output. With the given components used to
construct the bridge, it can only be balanced at one frequency. Even then, harmonic components generated
by the two sources still appear as a common-mode signal at the bridge output.

_ Uexc

.9
o

Dif. amplifier JP2
-
z 500x —l__zo i

O
IC1 +:|_ RA [ RB J_

e

GND c3 GND
=2 112 sl
JP1 T
[ T ny RC
Uin| X2 v
11
GND

Figure 2-1: Block diagram of the proposed quadrature bridge for measuring capacitor nonlinearity
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Figure 2-2: Block diagram of the proposed bridge for measuring resistor nonlinearity

Based on this concept, a simplified bridge is proposed. The basic measurement setup is shown in Figure 2-2
for the resistance bridge and in Figure 2-1 for the capacitance bridge. The following discussion applies to the
capacitance bridge. The bridge consists of capacitors Ca and Cx in the upper arms and resistors Ra and Rg in
the lower arms. Uq represents a residual voltage source due the non-linearity of Cx. Rc is used to balance the
real part of the bridge, while C; and Cs are used to balance its imaginary part. A sine wave signal from an
external source is connected to the lower arm of the bridge. A fast low-distortion amplifier IC1 operates as an
integrator and generates an excitation signal Uey for the upper arm of the bridge:

1

Eq 2-1: Upie = —Wf Un sin(Zrtft)dt,
which gives

U.
Eq. 2-2: Uee = WMCOS(ZH}”Q + const,

Uexc is therefore generally not of the same amplitude as Uin. Using the capacitive bridge elements described
above, Uexc lags Uin by 90°. The main advantage of the proposed bridge setup is the removal of the requirement
to use two signals of equal amplitude operating in quadrature, as the second signal Uexc is generated by ICy,
following the signal Uin. This fact significantly simplifies the excitation of the bridge and enables the use of a
single signal source. Furthermore, Uex keeps the required phase lag and amplitude, which is no longer
required to be equal to Uin, through the IC; feedback loop that keeps the left arms of the bridge in balance not
only at the Ui, fundamental frequency but also at all harmonics. Having the bridge nulled to have the left and
right sides in balance at one signal frequency and amplitude, the Uin signal parameters can be changed, and
the proposed bridge still remains in balance. As this mechanism is simultaneously true for the Uin harmonic
components, these components no longer appear as a common mode at the output of the bridge.
Consequently, the effect of the finite common-mode rejection ratio (CMRR) of the differential amplifier sensing
the output of the bridge is greatly reduced. The effectiveness of this common-mode suppression technique
has been demonstrated for different types of bridge circuits [5]. For perfectly linear components Ca, Ra and
Rs, Uout contains only the amplified signal generated by the Cx non-linearity that can be digitized and analysed
for its spectral content.
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An additional benefit of the proposed simplified bridge is the ability to generate any phase lag in the upper
arms, as dictated by the upper arm impedance seen by the IC, feedback loop. Therefore, the same bridge can
be used to measure resistor non-linearity, when Ca is replaced with a reference resistor and Cx is replaced

with the tested resistor.

2.2.1 Modified bridge design implementation

Detailed implementation of both bridges is shown in Figure 2-3 for the capacitance bridge and in Figure 2-4

for the resistance bridge.

Practical realisations of capacitance bridge are shown in Figure 2-5 for fundamental frequencies from 200 Hz
to 20 kHz. Resistance bridge, shown on Figure 2-6 for high frequency (from 200 Hz to 20 kHz fundamental
frequency) and on Figure 2-7 for low frequency (from 5 Hz to 1 kHz fundamental frequency) follows the same
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Figure 2-3: Detailed circuit diagram of the proposed capacitor quadrature bridge. Cx is shown as
a parallel combination of three capacitors Ci2, C13 and Ci4, which serve to accommodate different
capacitor sizes used as a Cx. Only one capacitor is attached for each measurement.
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Figure 2-4: Detailed circuit diagram of the proposed resistor bridge. Instead of Ca (Figure 2-3),
Rp is used, realised as a series of five equal resistors.

2.2.2 Basic properties and interpretation of measurement results

2.2.2.1 Capacitance bridge

If Cx distortion is modelled as an additional voltage source Uq (see Figure 2-1), before it is amplified by the
differential amplifier, it is high-pass filtered by the Rc filter consisting of Cx and Rg, with a transfer function
given by

R

JR2+(2mnfCyx)~2

where n is the harmonic number and f is the fundamental frequency. High pass filter attenuation for the first
two harmonics at fundamental frequencies used is given in Table 2-1. The measured distortion components
are then calculated from the measured spectral amplitudes Ugum using

Eq. 2-3: k, =

UOU. n
Eq. 2-4: Upn = ﬁ

and the harmonic ratio in dB is obtained from

Eq. 2-5: HD, = 20 - logyo (22).

Uexc
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Figure 2-6: Realisation of high-frequency resistance bridge with Vishay bulk metal film 10 kQ
resistors used for reference (2 x 2) and test resistor.
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Figure 2-7: Realisation of low-frequency resistance bridge with Vishay bulk metal film 10 kQ resistor used
test resistor.

f 2°d harm.  3*¢ harm.
(kHz) (dB) (dB)

5 -9.1 —6.2

10 —4.4 —25

20 —1.6 —0.8

Table 2-1: Capacitor bridge harmonic attenuation relative to selected fundamental frequencies.
The same result (in dBc) can be obtained by adding all ratios in decibels using
Eq. 2-6: HD,, = HDp;y — Gaq — Ky — Upxe

where HDnm is measured harmonic amplitude in dBV, Gqa is equal to 53.98 dB, k is given in Table 2-1 and
Uexc is bridge upper arm voltage in dBV. HD, represents the actual capacitor nonlinearity harmonic component
when the ideal reference capacitor is used. The effect of reference capacitor is discussed in Chapter 2.2.3.1,
which is valid for both resistance and capacitance bridge.

2.2.2.2 Resistance bridge

The resistance bridge does not have any filtering function kn, so its measured harmonic ratio is given in dBc
by
Eq. 2-7: HD,, = HDpp, — Gag — Upxe

Again, this is valid for an ideal reference resistor. The effect of reference resistor is discussed in Chapter
2.2.3.1.

2.2.3 Modelling resistor current nonlinearity
Assume the current model for a non-linear resistor:
Eq.2'8 I=V'(Gl+62'V+G3'V2),

where: G; is the nominal conductance, G: is the first-order nonlinearity, Gs is the second-order nonlinearity.

10 of 87



@
EURAMET

I
DIGIT
AN

By applying V(t) = Vo cos(wt) across the resistor, we can substitute V(t) into the current expression:
Eg. 2-9: 1(t) =V, cos(wt) - (G; + G, - Vy cos(wt) + Gs - (V, cos(wt))?)
which can be expanded into
Eqg. 2-10: 1(t) = GV, cos(wt) + G,VE cos?(wt) + G3V§ cos®(wt)
Using trigonometric identities
Eq. 2-11: cos?(wt) = %+ %cos(Zwt)
cos3(wt) = %cos(wt) + %cos(3wt)

and substituting them into Error! Reference source not found., current through the nonlinear resistor is given b
y
Eq. 2-12: 1(t) = GV, cos(wt) + G,V G + icos(Za)t)) + G3V§ G cos(wt) + icos(3wt))
The like terms can be combined to isolate the harmonic components:

+ DC Component

G, V¢

Eq. 2-13:
q 2

+ fundamental Component (w):

3GsVg

Eq. 2-14: I,(t) = (61V0 + )cos(wt)
which can be immediately simplified for all practical purposes
Eq. 2-15: I,(t) = G,V, cos(wt)

» second Harmonic Component (2w):

2
GZZVO cos(2wt)

Eq. 2-16: L) =

+ third Harmonic Component (3w):

3
G3I° cos(3wt)

Eq. 2-17: Ly, () =

The RMS values for each harmonic are then given by fundamental RMS:

GV
Eq. 2-18: Iy test = %
» second Harmonic RMS:
2
G,V
Eq. 2-19: Ly test = 22\/?0

« third Harmonic RMS:

G3Vo
I3a),test = ﬁ

The second and third harmonic distortions are then given by:

Eq. 2-20:

G,V
Eq. 2-21: h, = % - 22610
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and

2

I w,tes G V
Eq. 2-22: hy = Betest - Za0

2.2.3.1 Reference resistor

To analyse how the second and third harmonic distortions in a resistance bridge are affected when the
reference resistor configuration compensates for the test resistor’s distortion, we need to evaluate how the
harmonic distortions are shared and how they impact the overall measurement.

In the bridge configuration, the reference resistors are in a series-parallel combination with the same
nonlinearity model, each seeing half the test voltage for four resistors or one-third the test voltage for nine
resistors used. Let us assume that the number of reference resistors in series is m and the number of resistors
used for a reference is m2. This means each resistor sees Vo/m voltage that also generates distortion currents
and there are m current sources in parallel. Currents for a reference resistor are given by

GV GV
Eq. 2-23: Lyref = ni/fom = %
2 2
I _ GVy o GoVo
zoref = om2{2 2my2
GsVy _ GaVj

I = =
soref = 32" T amZy2
Predicted R bridge measurement correction

Clearly, phases of the harmonic currents do not change with the voltage applied across the resistor using this
model. This gives us the net harmonic currents for the bridge:

: GV _ GaVy _ (m=1)G,pVg
Eq. 2-24: Lonet = lrotest — IZ(u,ref = 22 - mv2 = 2m2

and

G3Ve GV (m—1)G,Vy
L3 ner = 13a),test_13w,ref = 42 - amz2 = amz2

Reduction of the second harmonic measured will be

Eq. 2-25:

Eq. 2-26: 1— onet _q M7l

1
Izw,test m

and reduction of the third harmonic measured will be

Eq. 2-27: 1 Jswmet _ g _m-1_ 1

I3w,test m? m?

Example reductions are given in Table 2-2. Measured results can be increased by this number to compensate
for the influence of the reference resistor distortion.

m ho hs

2 50 % (6.02dB) 25 % (2.50 dB)
3 33% (3.52dB) 11 % (1.02 dB)

Table 2-2: Harmonic distortion measurement reduction due to reference resistor distortion.
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2.2.4 Modelling capacitor current nonlinearity
The charge model for the capacitor is given by:
Eq. 2'28. Q = VCl + V2C2 + V3C3

where C; is the nominal capacitance, C; is a second order non-linearity component and Cs; is a third order non-
linearity component.

When a sinusoidal voltage V(t) is applied across the capacitor, harmonics are generated in the current. This
derivation finds the second and third harmonic distortions as a function of the applied voltage amplitude.

Assume the applied voltage is:
Eq. 2-29: V(t) =V, cos(wt)
where Vj is the peak voltage and w is the angular frequency. Substituting V(t) into the charge expression:
Eq. 2-30: Q) =V()C, + V(£)2C, + V(£)3Cs
and expanding this with V(t) = Vo cos(wf) gives:
Eq. 2-31: Q(t) = €V, cos(wt) + C,VE cos?(wt) + C3V§ cos3(wt)
Using trigonometric identities:
Eq. 2-32: cos?(wt) = %+ %cos(Zwt)
cos3(wt) = %cos(wt) + %cos(Swt)
we substitute these into Q(t):
Eq. 2-33: Q(t) = €V, cos(wt) + C,VE G + %cos(Zwt)) + C3V§ G cos(wt) + %cos(Swt))

Expanding and combining terms, we get:

Eq. 2-34: o) = (C1V0 + )cos(wt) + 2L CZVO e cos(Zwt) +8 g - cos(3wt)

Since I(t) = Z—f, differentiate each term with respect to time:

2
* The DC term % has zero derivative.

* The fundamental term cos(wt):

d 3 AP
Eq. 2-35: E((ClVo + CO) cos(wt)) =—-w (ClVO + VO)sm(wt)
* The second harmonic term cos(2wf):
2
Eq. 2-36: %(CZZVO cos(Za)t)) = —wC,V# sin(2wt)
* The third harmonic term cos(3wf):
3
Eq. 2-37: %(% cos(3a)t)) 3wC3V° sin(3wt)
Thus, the current I(t) becomes:
. 3C3VE\ .
Eq. 2-38: I(t) = —w (C1V0 + )sm(wt) wC,VE sinRwt) — sm(3wt)
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The harmonic components of I(t) are:
» Fundamental Component (w):

3C3V§
4

Eq. 2-39: L) = - (clvo + )sin(a)t)

» Second Harmonic Component (2w):
Eq. 2-40: L, () = —wC,VEZ sin(Rwt)
* Third Harmonic Component (3w):

3
Eq. 2-41: Ly, (t) = —MT3V°sin(3wt)

The RMS values for each harmonic component are:

* Fundamental RMS:

3C3V§
Eq. 2'42. Iw,RMS = % (C1V0 + 1 0)

* Second Harmonic RMS:

wCVE

V2
* Third Harmonic RMS:

Eq. 2'43. IZa),RMS =

3wC3VE
Eq. 2-44: I s = =35>
If Cs is small, the contribution to the fundamental component can be neglected, simplifying:

wC1Vy

V2
The RMS values for the harmonic components remain:

Eq. 2'45 Iw,RMS =~

wCVE

vz

_ 30C3V§
and I3, gus = ;i

Eq. 2'46 IZ(J),RMS =

The second and third harmonic distortions (h2 and hs) are defined as the ratios of the RMS values of the second
and third harmonic components to the RMS value of the fundamental component.

* Second Harmonic Distortion:

wCaV3
. _lwrMs _ vz _ GW
Eq. 2-47: h, = —I‘" = oo = o
w,RMS 1
NG
* Third Harmonic Distortion:
3wC3V3 )
. _IswrMs _ 4z _ 3GV
Eq. 2-48: h; = | = %eiVe = ¢
w,RMS T 1

Predicted C bridge measurement correction
These expressions show that the second and third harmonic distortions in the capacitor current depend

on the nonlinearity coefficients C, and Cs, the nominal capacitance C1, and the peak voltage V, the same way
as given for reference resistors in Eq. 2-23. Therefore, the same ratios are established, and the same
compensations apply for the capacitance bridge as given in Table 2-2.
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2.3 Simulations using LTSpice

2.3.1 Using ideal components

Simulations were performed using ideal components to study the bridge response in comparison to digitally
assisted bridge. The simulated circuit is shown in Figure 2-8. This simulation was designed to scan over most
of the bridge component parameters, which are the same for TEST circuit and DIGITAL QUADRATURE
bridge. For all simulations performed using any expected levels of source distortion, feedback amplifier
distortion and bridge imbalances, no meaningful differences between TEST circuit and DIGITAL
QUADRATURE bridge sections were observed. REFERENCE circuit was implemented to compare TEST
circuit response with non-linear reference resistors to ideal reference resistors.

By sweeping the input voltage from 1 V to 10 V, the response in dBc relative to the input voltage (see Eq. 2-7)
is shown in Figure 2-9. Figure 2-10 shows the ratio of TEST circuit to REFERENCE circuit response during
this sweep. This result is in perfect alignment with the theoretical prediction given in Table 2-2. Another sweep
shown here varies relative resistor distortion coefficients from 10710 to 1078. The residual fundamental
component measured would be —29 dB (Rq = 10.0001 kQ, C, = 2.1 pF), which was the level which was typically
not crossed during the measurements.

By setting the bridge strongly out of balance (Rq = 10.02 kQ, C, = 2.5 pF), which is far more than is normally
achieved, the resulting bridge behaviour is shown on Figure 2-12 and Figure 2-13. These results show that
the bridge unbalance shall be kept small, with the resulting fundamental component measured at the output
of the bridge at or below —20dBV.

Another example shows a possible effect when the reference resistor distortion is larger than the test resistor
distortion. Both harmonic components for reference resistors were set to Ri2/Rr = Ris/R; = 1079, while the test
resistor harmonic components ratios were steeped from 10710 to 1078, The result is shown in Figure 2-14. As
expected, the second harmonic is completely cancelled at 50% the reference resistor distortion level, while the
third harmonic was completely cancelled at 25% the reference resistor distortion level, as given in Table 2-2.
An important conclusion here is that the reference resistors shall be either with the same linearity as the test
resistor and a correct harmonic compensation can be applied, or they should have much lower nonlinearity so
that no correction is needed. Clearly, by knowing the reference nonlinearity components beforehand, good
compensations can also be made. However, all this is true as long as harmonic phase relations remain the
same for all resistors involved. A similar discussion is valid bridge lover hands. While they are identical, their
non-linearity is practically not important. Any difference will show at a bridge output and can either increase or
decrease the measured value. For that reason, it is best to select the best linear components also for lower
arms or provide another test for their difference evaluation.

2.3.2 Using real components

LTSpice simulations were also run on a modified quadrature bridge using manufacturer models for operational
amplifiers used. Additionally, separate calculations were performed to analyse the performance of the
instrumentation amplifier to amplify bridge signals by a factor of 500. Spice simulations were performed to
verify the modified capacitor bridge concept. All simulations were performed using LTSpice XVII [6]. The
simulations were carried out using the circuit diagram shown in Figure 16, where ideal operational amplifier
models were used for the instrumentation amplifier to increase the speed and reduce the simulation
complexity. A classic instrumentation amplifier circuit topology was used [7], with 0.1% tolerance feedback and
gain setting resistors. The performance of this instrumentation amplifier was simulated and its CMRR
performance above 100 dB was confirmed, as shown in Figure 2-15. This ensures proper operation of the
modified capacitance or resistance bridge, as the bridge itself removes common mode signal due to its
feedback architecture. However, this is not the case in a classical digital-assisted bridge, which is powered by
two signal sources.
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Further analysis of the bridge imperfections of the modified quadrature bridge is given in Chapter 2.6. This
analysis shows that the bridge can perform as intended for all measurement results presented in this report.

.option plotwinsize=0
.option numdgt=8

.ac dec 100 100 100000
.tran 0 10m 2m 0.2u
.four 1k V(outa) V(outb) V(outc)
source

.param V1 8.485

.param Vh 0.5u

param f1 1k

.paramh 3

.param fh f1*h

.param ph 0

bridge OPA

.param Gopa 10000
-param Vd 0.0m
.param fd f1*h
.param pd 30

reforence resistors
_pacsn Grl 1 /Rt
param Gr2 Ke/Re*Rt2
param Gr3 Ke/Re*Rt2
bottom am right
param Gd1 1/Rd
pacan G2 K&/RARA2
parum OB KA/RRAZ

test resistor
paam G1 1/Rt

param G2 KURTRZ
param G3 KURTRI2

Eottom wm left
paam Gl 1R

param GI2 KI/RRZ
param G3 K/RARG

components, distortion levels
.param Rt 10k test resistor
.param Rt2 10n

.param Rt3 10n

Jparam Kt 1

.param Ct 2.1p

reference
resistrors

.param Rr 10k
.param Rr2 10n
.param Rr3 10n
.param Kr 1
.param Cr 2p

param Rl 10k
.param RI2 10n
.param RI3 10n
.param KI O
.param Cl 2.1p

.param Rd 10.0001k

lover left
resistor

.param Rd2 10n lover right
_patam Rd3 10n resistor
.param Kd 0

.param Cd 2p

_step dec param Rt2 1e-10 1e-8 5
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Figure 2-8: Resistor bridge simulation using ideal components and nonlinear resistors models

given by Eq. 2-8.
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Figure 2-9: Resistor bridge harmonic distortion (h, and hs) response for bridge TEST circuit (line) and
DIGITAL QUADRATURE bridge (circles) as a function of input voltage.
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Figure 2-10: Resistor bridge h, and hs response ratio between TEST circuit and REFERENCE circuit as a
function of input voltage.
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Figure 2-11: Resistor bridge response to varying resistor nonlinearity and keeping the bridge slightly out of
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Figure 2-12: Resistor bridge response to varying resistor nonlinearity and keeping the bridge strongly out of
balance (Vies = 12.5 dBV). The difference between the TEST circuit (line) and the DIGITAL QUADRATURE
bridge (circles) starts to appear and it increases by decreasing harmonic levels.
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Figure 2-13: Resistor bridge response to varying resistor nonlinearity and keeping the bridge strongly out of
balance.
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Figure 2-14: Resistor bridge response to varying test resistor nonlinearity and keeping the reference resistor
nonlinearity components at R2/R; = Ris/Rr = 107°. The bridge was slightly out of balance.

19 of 87



True |- == 7N
7 \,>|—| = EURAMET
e ) —
— 60 T lllllll] T lllllll] T T TTTTTo T T TTTTTo T T TTTT l T TTTTT
ES S| B
= 40 .
e
UH 20 Lol Lol Lol Lol Lol Ll
160 T T TTTT1T] T T TTTT] T T TTTT1T] T T TTTT11] T T TTTT1T T T TITm]
s 140
A
= 120
-
& 100
=
o
80
60_ Lol Lol Ll vl Lol R
1 10 100 1k 10k 100k 1M
f (Hz)

Figure 2-15: Common mode rejection ratio (CMRR) for simulated instrumentation amplifier with gain
Guairt = 500 and using full models for OPA1656. Rmm stands for instrumentation amplifier gain resistors
mismatch and Cynp Stands for Cs; and Cs: circuit board stray capacitance mismatch (see Figure 2-16).
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.tran 0 200m 180m 5e-7
.options plotwinsize=0
.options numdgt=7

.param P1 470p
.param P2 0.0019f
.param P3 0.00055f
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Figure 2-16: LTSpice simulation circuit used to identify capacitor polynomial voltage dependence model.
Cs1 and Cs: are stray PCB capacitances, whose mismatch degrades the instrumentation amplifier
CMRR (see Figure 2-15), while their actual value at the pF level does not impair the circuit behaviour.
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Figure 2-17: Uy Spectrum obtained for the balanced bridge at Uexc = 7.07 V at the frequency of 20 kHz.
The second and third harmonics are indicated by their measured values.

2.4 Measurement methodology

Different resistors and capacitors were measured for their distortion and some results were already published
in [8]. Bridge circuits were realised on a common PCB design. For the capacitance bridge, the PCB was
populated with test and reference capacitors, as shown on Figure 2-5. For the resistance bridge, the PCB was
populated with test and reference resistors, as shown in Figure 2-6. Both bridges have the lover legs populated
with metal film resistors, connected in series to reduce their overall distortion and average their response to
be as similar as possible between these two legs. Two measurement setups were used:

» Of-the-shelf signal generator for bridge excitation and 10-bit oscilloscope for output spectral analysis.
The measured spectrum is shown on Figure 2-17.

» ApX555 audio spectrum analyser, which provided excellent performance both on the generator and
analyser side, with harmonic distortions below —120 dBc and low noise levels. The measured spectrum
is shown on Figure 2-18. While a dynamic range is clearly better, it was later further improved by
optimising the ApX555 FFT analyser settings, allowing for reliable readings of Uo,: down to —122 dBV.

—20

—40

—60 -

Uam (dBV)

| JeEry B P O T T | DY N Y PO K |

10 100
f (kHz)

Figure 2-18: Uexc = 7.071 V, 54 averages
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2.5 Results and analysis

A series of measurements were performed, looking for the effects of various bridge components on the actual
test resistor distortion result. To better understand these effects, theoretical calculations and circuit simulations
were performed as detailed in Chapters 2.2 and 2.3. In summary, the following conclusions were drawn:

+ The modified bridge is simple to operate, as it only requires a single signal source and a spectral
analyser.

* The instrumentation used can have harmonic distortion up to -80 dBc to measure component distortions
down to -160 dBc.

» Using better instrumentation (ApX555 in our case), even better performance can be achieved. The input
signal low distortion (<110 dBc) will not affect resulting performance even for larger bridge unbalance.
The low noise and low distortion (<110 dBc) digitizer with records up to 1.2 MS allows for distortion
components measurements down to —170 dBc.

» The bridge performance is limited by the components used in the bridge arms and by the instrumentation
used. The amplifiers within the bridge were not identified as a limiting factor at frequencies tested
(e.g. from 5 Hz to 20 kHz fundamental frequency).

» The reference component should have smaller non-linearities than the measured component, as the
bridge cannot differentiate the source of nonlinearity. For the best components available, this can be
achieved using a series-parallel configuration with the same components as the one under the test. The
measurement can then give the upper bound distortion for the test component when correction due to
reference is used (see Chapter 2.2.3.1 and 2.2.4).

* The bridge lower legs need to have the same distortion (amplitude and phase). Any difference would
show as a signal in the output spectrum and would add to the measured test component nonlinearity
signal in a complex way, depending on the phase of the distortion. That can be achieved using a number
of metal film resistors in series. This was actually implemented and there were no issues identified with
this configuration. For the ultimate implementation and to remove any doubt, the highest linearity
resistors identified could be used also in lower legs using a parallel-serial configuration.

Results obtained on 470pF 630 V 1206-size NP0 capacitors are summarised in Table 2-3.

Measurement results for 10 kQ 1/4 W through hole metal film resistor are given in Table 2-4. Measurement
results for Susumu SMD 10 kQ resistor are given in Table 2-5.

T Ve Uy 279 b, 3% haw,
(kHz) (V) (V) (dBc) (dBc)
5 T07 137 —164.1 —159.5
10 o0 273 —163.5 —158.7
20 7.07 5.46 —159.9 —158.1
20 3.54 2.73 —166.4 —170.6
20 2.35 1.81 <-167.5* —170.3

Table 2-3: Measured harmonics amplitude for 470 pF NPO capacitor relative to generated Uexc
and recalculated for capacitor bridge harmonic attenuation using a low distortion audio test system.
* marks the noise level at the frequency of expected harmonic. These results are compensated
for reference capacitor distortion (3 x 3 NP0 capacitors) using values from Table 2-2.
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f Use Uy 2™ harm. 3' harm.
(kHz) (V) (V) (dBc) (dBc)

D T0r .07 —161.3 —162.0

10 wOr 07 —154.4 —163.6

20 7.07 7.07 —145.3 —161.8

20 3.54 3.54 —150.9 <—166.9%

20 235 2.35 —154.0 <—-163.3*

Table 2-4: Measured harmonics amplitude for 10 kQ 1/4 W through hole metal film resistor,
relative to generated Uexc. * marks the noise level at the frequency of the expected harmonic.
These results are not compensated for reference resistor distortions.

f Use Ui 2™ harm. 3 harm.
(kHz) (V) (V) (dBc) (dBc)

| .10 707 —170.5 —155.2

2 7.10 7.07 —167.4 —156.3

5 710 707 —162.1 —158.0

10 7.10 7.07 —153.8 —156.9

20 710 7.07 —145.7 —160.1

Table 2-5: Measured harmonics amplitude for 10 kQ Susumu SMD resistor, relative to generated Uexc.
* marks the noise level at the frequency of expected harmonic.
These results are not compensated for reference resistor distortions.

HD measurements on Vishay bulk resistor, 6V,

compensated
—@—h2, LF bridge —-@- h3, LF bridge —@— h3, HF R _4bulk corr —@=-h2, HF R_4bulk corr

-140

-145

-150

-155

-160

-165

HD level (dBc)

-170

-175

-180
0,001 0,01

0,1 1 10 100
frequency (kHz)

Figure 2-19: Measured harmonics amplitude for 10 kQ Vishay Bulk metal foil resistor, relative to
generated Ueyc. These results are compensated for reference resistor distortion
(2 x 2 10 kQ Vishay Bulk metal foil resistors) using values from Table 2-2.
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Final measurements were performed on Vishay 10 kQ bulk metal foil resistors, which were also used as a
reference resistor in 2 x 2 series-parallel configuration. Results are compensated for reference resistor
distortion using values from Table 2-2 for m = 2 and are presented on Figure 2-19. Measurements using the
LF bridge were made to confirm the operation of the HF bridge. For hs, results agree very well, except at
1 kHz, where the LF bridge started to deviate from the expected performance. For h, results deviate more,
which is not completely understood. However, the smooth frequency response using HF bridge is believed to
present the actual performance of the measured resistors on the higher frequency end. On the lower frequency
end, the HF bridge is close to its detection limit its results were corrected for its high pass filter with a corner
frequency at 200 Hz. Therefore, these measurements were not reliable as they were pushed into the noise
due to this filter, hence the noise level was measured instead of actual harmonics. This explains the elevated
HF bridge h; results at 5 Hz (filter correction is 18.1 dB) and 10 Hz (filter correction is 12.3 dB)). Taking these
comments into account, the final results for Vishay Bulk metal foil resistor are presented in Figure 2-20,
showing the best performance down to =170 dBc for both the second and third harmonic component.

Final results on Vishay bulk resistor at6 V

>—h3,HFR_4bulk corr -O=h2, HF R _4bulk corr
-140 o)

-145
-150

-155

-160 N /

— C -——-""‘ -
-170 = 00

HD level (dBc)

-175

-180
0,001 0,01 0,1 1 10 100

frequency (kHz)

Figure 2-20: Final harmonics amplitude for 10 kQ Vishay Bulk metal foil resistor, relative to generated Uexc.
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2.6 Detailed bridge analysis

2.6.1 Analysis of imperfections of the quadrature bridge
Uexc

Dif. amplifier JP2
E 500x% 10
Uout

—+
IC1 i RA []RB
c3

=l 3 éi’l‘

5 L%
° 4

o
OM

Figure 2-21: Block diagram of the bridge

A perfectly balanced bridge with an ideal amplifier IC; and a differential amplifier eliminates any distortion
coming from the generator, only distortion from Cx appears at the output of the bridge and is amplified by the
differential amplifier. A real bridge with a real amplifier isn’t perfectly balanced and the amplifier has finite gain
and some distortion, so the impact of those imperfections was evaluated. Distortion coming from the generator,
IC: and measured capacitor Cx is modelled as corresponding voltage sources Ugg, Uga and Ug, see
Figure 2-21 and their influence was computed and simulated. Requirements for a digitizer sampling the output
of the differential amplifier are also evaluated.

The whole circuit simulated in LTSpice is shown in Figure 2-22. Modifications of Figure 2-21 that better reflect
a real circuit were made.

1. Ca and Cx differ by 1%, Rg was changed accordingly to keep the bridge close to the balance.
2. R12 was added to close DC feedback around IC; and R13 was added for symmetry.
3. OPA1556 were used instead of ideal operational amplifiers.

4. Rg and Cz were slightly changed to get a small unbalance of the bridge with a similar value as was measured
on the real bridge — see Chapter 2.5.

5. Rs- Rg were changed to reflect the worst-case error 0.1%.

6. Cs was added to simulate the influence of unequal parasitic capacitances in the differential amplifier. Those
modifications will be evaluated in the next paragraphs.
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Bridge unbalancing

The bridge was slightly unbalanced to better reflect real achievable balancing. Simulated transfer function from
Uqg to the output shows that the unbalancing isn’t frequency independent - see Figure 2-23.

P UTspice - [CapacitorBridge_ACmy] - o
1, File Edit Hierarchy View Simulate Tools Window Help
PE HT£0RQARIRIBRE IDEROS LD+ 3 DVOD Aa op
4 Capactorfiidge ACmy §8 CapactorBridge_ACmy
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20Meg
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.tran 0 200m 180m Se-7
_options plotwinsize=0
jea .options numdgt=12
Tazop -\Vdc
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ACO
OPA1656 p
R12 .} R6 == R7
i h‘_‘ A—RAA -
_| vda w o “Tu2 ;\o/oz‘k /9\/99\01/ —17
() —474.705p
=/ ] R4
Aca X240 Vmid1 —A/\
/_ fJ R 10k
opA1656 1 1 Viedts ‘ 200
s R @ 3 ZRB dhs
07k Tog oy 126236 W s
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[ vbottom : 1 10k
c13 | ;\L‘B “
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= O
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Figure 2-22: LTSpice schematic
[ Lispice - CapacitorBridge_ACmy - o
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¥/ CapacitorBridge ACmy ==
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Figure 2-23: Bridge balancing
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Excitation voltage with amplitude 7.71 Ve = 5.45 Vrus = 14.7 dBV was used for simulation, this voltage
generates 20 Vpp on the tested capacitor. The fundamental has amplitude -31 dBV on the output, 2" harmonic
is -25 dBV, 3 harmonic is -24 dBV, the differential amplifier has a gain of 54 dB, so the attenuation of the
bridge is 100 dB for the fundamental, and 94 dB for 2" harmonic and 93 dB for 39 harmonic. We assume to
use a generator with THD better than -70 dB (DG992 fulfil this), so we got 2"¢ harmonic < -95dBV and 3
harmonic < -94 dBV on the amplifier's output coming from the generator’s THD.

Cx distortion transfer to the output with high-pass filter see Table 2-1 in our article, simulation — Figure 2-24
confirms the computed results in our article.

PEEHTFLIRAQIRBEEBE $sRERAOS 2

[ R12 ~LOPAI6S6 R6 =— R/ o
* A b AN\, 14 <
_Lvda  20Meg o “Tw 2002k 9.00k o
( i) =A74.705p Fraq:[ W0 | M
b [+] R4
aco €1y A Vmid1 —V\V
U
OPA1656 | L i
b OPALGSAIS

RA 2 c3 <~ RB

/?l)]ik B < 12623.6
|

2.2p 2.23p
- B
| Vbottom

f

Figure 2-24: Capacitor Cx distortion transfer

The gain of the amplifier is 54 dB, attenuation for 2" harmonic is 1.6 dB, for 3 harmonic 0.8 dB, so the
resulting gain is 52.4 dB for 2" harmonic and 53.2 dB for 3@ harmonic matches the simulated results.

We require a distortion measurement range up to -160 dB, with applied voltage 20 Vep = 7.071 Vrus = 17 dBV
on the tested capacitor, which presents 2" harmonic on the output of the amplifier higher than 17 — 160 + 52.4
=-90.6 dBV and 3@ harmonic > -89.8 dBV.

Influence of IC1

IC, suffers from two main non-idealities — finite gain and distortion. Finite gain manifests as a non-zero voltage
Unmid at the middle point and appears as a common mode voltage on the input of the differential amplifier.

Eq. 2-49: Upig = 2x

Aol

In Eq. 2-49 Ue is the voltage on the amplifier's output, Aq is open loop gain A,; = %, where GBW is the gain

bandwidth product of the amplifier — 53 MHz for OPA1656 and f is frequency. It is also true that

. Usin'lZcal Usin
Eq2'50 UeXC:TCA=T'T['f'RA'CA.
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From those equations we get

Eq 2-51: Unnia :%-H-RA.CA.GBWZSJS;

so Usin is attenuated by 66 dB.

Simulation in Figure 2-25 confirms this computation. The fundamental is attenuated by 100 dB by the bridge
itself, so keeping attenuation of this voltage >120 dB requires a differential amplifier with CMRR > 54 dB. Such
requirements can be fulfilled easily, and our amplifier is significantly better as will be shown later.

PE R LN QAR R ERE F DN O o

L

|
y A% ;  EAAY 77
Lvia 20Meg . T2 2.002k 000k L
=[474.705p
b [+ R4
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o =5
opatese [T s L
= orALGSGH ( o | OPA1656
<RA c2 =< <"RB > ~out’

ou
> == == >, 1 -« \
<1275k Tp00 223 < 16236 T o RS “Tua
ANA
T Vbottom [ 10K
" tus RB R9
13 [\ N AVAY;

Figure 2-25: Va1 Voltage

Distortion of IC; is high-pass filtered by CaRa and CxRg Rc filters and appears on the output of the bridge again
as a common mode signal, which is attenuated by the differential amplifier. A simulated transfer from the IC;’s
output (Vga = 7.071 Vrus Was used for simulation) to the differential amplifier’s output is shown in Figure 2-26.
Simulation shows -26 dBV for 2" harmonic and -22 dBV for 3@ harmonic, but IC; has THD < -120 dB at
20 kHz [from datasheet], so 2" harmonic and 3 harmonic from IC; appears with amplitude -146 dBV and -
142 dBV on the amplifier's output, well below the -90 dBV limit given by Cx’s distortion.

Simulation of IC; distortion includes the effect of the differential amplifier, specifically its finite CMRR, but the
simulation of the effect of finite gain doesn’t, so the CMRR of the differential amplifier was evaluated separately.

CMRR of a simple difference amplifier (U4) coming from [9] is approximately CMRR = (Ap+1) / 4t, where Ap is
the gain of the amplifier, t is resistor tolerance, here Ap = 5, t = 0.001, CMRR = 63.5 dB. The input stage
(Uz, Us) with a gain of 40 dB adds another 40 dB, so the total CMRR of the complete differential amplifier is
about 103.5 dB at low frequencies. The simulation shown in Figure 2-27: CMRR simulation confirms this
computation, decrease of CMRR at higher frequencies is caused by Cs modelling unbalancing from parasitic
capacitances on the PCB.
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Figure 2-27: CMRR simulation
Digitizer requirements

Amplitude of the fundamental coming from an imperfect balancing of the bridge on the output is about -30 dBV,

for -160 dB THD of measured capacitor it is necessary to resolve higher harmonics with an amplitude of about
-90 dBV, so the used digitizer has to have SFDR better than 60 dB.
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3. CHARACTERIZATION OF RESISTORS

3.1 Introduction

This report focuses on the characterization of resistor elements, specifically the stability and tracking of the
resistance value (or ratio of two resistor elements) with temperature and humidity.

A set of resistor components to be tested with different nominal values and types was established and supplied
by the partner CERN.

The characterization presented in this report is related to the variation of the ratio between paired resistors
elements of resistor networks with the temperature and humidity variation. The preliminary interval of
temperature and humidity values were defined with the following sequences:

» Temperature values at fixed humidity:
(15, 25, 35, 45, 35, 25, 15) °C at a fixed RH =50 %
» Humidity values at fixed temperature:
(20, 40, 60, 80, 60, 40, 20) % RH at a fixed temperature = 25 °C
The time at each temperature/humidity value was defined as a minimum of 12 hours.

The measurement method and system used were based on the ratio measurement capability of the multimeter
Fluke 8508A and are presented and analysed in Chapter 3.2.

The measurement results for 4 different types of resistors are presented in Chapter 3.3.

3.2 Measurement method

The measurement method was based on the direct resistance measurements with the “ohm ratio function” of
the multimeter Fluke 8508A. This measurement function allows the sequential measurement of the two inputs
available in the multimeter and gives directly the ratio of the two measured resistances. The advantage
compared to more accurate (and stable) instruments like resistance bridges is the relatively reduced time
needed to perform the measurements being this relevant when it is desired to make a large number of
measurements.

When the selected measurement range of the two inputs is the same, the measurement uncertainty
specification of the multimeter Fluke 8508A is dominated by the short-term noise and linearity.

As the main goal of our characterization is focused on the variability of the ratio with temperature and humidity
and not on the absolute value of the ratio, the short-term noise and eventual thermal errors will be the main
components of the measurement uncertainty.

A test of the system was made measuring the ratio of standard resistors in temperature-controlled conditions
(air bath). The system includes a scanner and is shown in Chapter 0.

The results are presented in the Figure 3-1 and Table 3-1. The “true ohm” function was used for the ratios
100 Q/100 Q and 10 kQ/10 kQ and the “normal ohm” function for the 10 kQ/100 kQ and 100 kQ/100 kQ.

The measurements of Figure 3-1 ¢ and d show an identical drift over the first half of the measurement period.
This could be related to the common standard resistor of 100 kQ used in both measurements (Guildline, model
9330).

The consecutive measurements lasted 6 days and produced 337 values for each ratio. The variability of the
results evaluated by the standard deviation of each set of values is lower than 1x10-. This variability decreases
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by an order of magnitude (to 108 and 10°) considering the standard deviation of the mean and gives the
expected magnitude to the measurement uncertainty of the method based on this measurement system.

The better values for measurements stability were obtained for the multimeter lower ranges (200 Q and
20 kQ) used for the ratio 100 Q/100 Q and 10 kQ/10 kQ and where it was also available the “true ohm” function.

a)

Ratio relative error / 1E-6
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Figure 3-1: Relative error of the resistance ratio measured with the multimeter Fluke 8508A.
a) and b) used the “true ohm” function; c) and d) used the “normal ohm” function.

Table 3-1: Mean value and standard deviation of the relative error of 337 consecutive values of the ratio
measured for different pairs of resistors identified in Figure 3-1.

) Mean value Std Std (mean)
Ratio
1x106
100 kQ /100 kQ 4.47 0.05 0.003
10 kQ /10 kQ -1.62 0.09 0.005
100 kQ /10 kQ 53.22 0.36 0.020
100 kQ / 100 kQ 16.01 0.34 0.019
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3.2.1 Measuring setup

The measurement setup is presented in the following photos.

Multimeter Low Thermal Scanner Climatic Chamber
Fluke 8508A Data Proof Thunder Scientific 2500

Figure 3-2: Measurement setup

The resistors tested under the temperature and humidity conditions generated by the climatic chamber were
connected to the low Thermal Scanner with 16 4-wire input channels. The 2 selectable outputs of the scanner
were connected to the front and rear inputs of the multimeter.

A script in python was developed to control the scanner and the multimeter. The measurements of the ratio
between the front and rear input of the multimeter were done sequentially and continuously for the tested
resistors.

The multimeter was configured to its highest resolution (8 bits) and at 4-wires ohms measurement function.
Depending on the ohm range needed for measurements, the “true-ohm” function was selected. With this
function, each measurement is repeated with reversed polarity to reduce the thermal effects.

Pt100 temperature sensors

3-pin resistors

SMD resistors mounted in a PCB

Figure 3-3: Resistors mounted inside the climatic chamber
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3.3 Results
The results presented below are related to the resistor networks shown in Table 3-2.

Table 3-2: Resistors used

Identification Reference Parameters Notes
Resistor_1 10K/ 10K .

: Y0000321866 Hermetic 3-pin THD .
Resistor_2 10K /35K package, matched pair
Resistor_3 Y1365V0008QTOU | 10K /10K / 10K/ 10K | Plastic SO-8 SMD package
Resistor_4 Y1485V0001BAOL | 10K / 10K Plastic 3-pin SMD package

For Resistor_3, the tested elements were the 2" and 3. Resistor_3 and Resistor_4 were mounted in a PCB.

The results presented in the following section are based on the relative error (reference to the nominal value)
of the measured ratio.

3.3.1 Temperature test

Figure 3-4 to Figure 3-7 present the results obtained for the tested resistors at 4 steps of temperature and the
fixed relative humidity of 50 %. The measurements were made consecutively for the 4 resistors and in a
continuous way for the entire period of the measurements (4 days).

The initial step at 15 °C had a duration of 12 hours and all the other steps of temperature lasted 14 hours each.
The temperature curve in all figures is the same, covering the identical period. Before the beginning of the
testes, the resistors were for approximately 2.5 days under the initial conditions of 15 °C and 50 %RH.

Table 3-3 presents the mean value and its standard deviation of the relative error of the ratio for each step of
temperature. The mean value was calculated for 40 consecutive measurements approximately distributed
around the middle of the step. In this way, it was intended to avoid spikes and the transition values at the limits
of the temperature steps.

All resistors tested show a ratio dependence on the temperature.

Resistor_1 and Resistor_4 show a well-defined and fast response to the temperature change. It is also noticed
hysteresis (difference of the ratio relative error for the same temperature step) when returned from the
maximum temperature: 0.68 ppm (at 25 °C) and 0.57 ppm (at 35 °C), respectively.

Resistor_2 seems to react significantly only to the higher temperature step (45 °C), followed by high inertia to
recover the ratio values in the temperature decrease cycle. The maximum value for hysteresis is found at
35 °C and equal to 3.3 ppm.

Resistor_3 only reacts to the temperature change step of 35 °C. The maximum value for hysteresis is found
at 35 °C and equal to 0.57 ppm.
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Figure 3-7: Results for Resistor_4

Table 3-3: Mean value and standard deviation of the mean for the relative error of the measured ratio

Temperature Resistor_1 Resistor_2 Resistor_3 Resistor_4

Step Mean Std Mean Std Mean Std Mean Std
(mean) (mean) (mean) (mean)

°C 1x10°
15 -3.31 0.02 10.72 0.04 -27.22 0.04 4.36 0.03
25 -1.85 0.02 10.73 0.03 -27.25 0.03 5.99 0.02
35 -1.06 0.02 10.79 0.03 -28.01 0.03 7.59 0.02
45 -0.48 0.02 9.43 0.10 -28.47 0.03 8.95 0.02
35 -1.71 0.01 7.47 0.02 -28.60 0.01 7.02 0.01
25 -2.53 0.02 7.45 0.03 -27.80 0.03 5.75 0.02
15 -3.30 0.02 8.29 0.04 -26.81 0.03 4.96 0.03

3.3.2 Humidity test

Figure 3-8 to Figure 3-11 present the results obtained for tested resistors at 4 steps of Humidity and the fixed
temperature of 25 °C. The measurements were made consecutively for the 4 resistors and continuously for
the entire period of the measurements (4 days).

The previous temperature test ran at 50 %. Therefore, an initial step at 10 % was done to ensure a starting
point at a low value of humidity.

All steps of humidity lasted 14 hours. The humidity curve in all figures is the same, covering the identical period.
The results show that the ratio is less dependent on the humidity change than the temperature.

Table 3-4 presents the mean value and its standard deviation of the relative error of the ratio for each step of
humidity. The mean value was calculated for 40 consecutive measurements approximately distributed around
the middle of each step.

Resistor_1 and Resistor_2 show to be low sensitivity to humidity variation. The difference between the
maximum and minimum values for the ratio error over all the humidity interval variations is 0.2 ppm and 0.9
ppm, respectively.
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For Resistor_3 and Resistor_4, this difference increases to 2.9 ppm and 1.9 ppm, respectively, and show
clearly a linear dependence on the humidity. The variation of the ratio error from the step 20 % to 80 % is -2.7
ppm and 1.9 ppm, respectively.

The repeatability (standard deviation of the mean) of the ratio values obtained has the same order of magnitude
of 10-8for all steps of humidity tested.
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Figure 3-8: Results for Resistor_1

Resistor_2:35kQ /10 kQ

11 90
80

o 10 70

T X
5 60 -
=~ ° 50 2
S 40 b=
o 8 g
g 30 2
s 7 — 20 ¢
E" 10 ',‘_3’
S 6 o g
©25/10/2024 00:00  27/10/2024 00:00  29/10/2024 00:00  31/10/2024 00:00
o

Time

Figure 3-9: Results for Resistor_2
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Figure 3-11: Results for Resistor_4

Table 3-4: Mean value and standard deviation of the mean for the relative error of the measured ratio

Humidity Resistor_1 Resistor_2 Resistor_3 Resistor_4
Step Mean Std Mean Std Mean Std Mean Std
(mean) (mean) (mean) (mean)

% 1x10°
20 -2.22 0.02 8.26 0.03 -26.68 0.05 4.78 0.02
40 -2.17 0.01 8.27 0.03 -28.25 0.02 5.41 0.01
60 -2.14 0.01 8.39 0.03 -29.12 0.01 5.95 0.02
80 -2.12 0.01 8.36 0.03 -29.43 0.02 6.71 0.01
60 -2.03 0.01 8.92 0.03 -27.96 0.03 6.44 0.01
40 -2.20 0.03 9.14 0.03 -27.19 0.03 5.65 0.03
20 -2.24 0.01 9.20 0.02 -26.48 0.01 5.29 0.01
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3.4 Conclusions

A measurement methodology to characterize the variation of the resistance ratio of a pair of resistors (also
applicable for the variation of single resistance values) was demonstrated with the capability to achieve relative
uncertainties (type A) of the order of some parts in 108 and 10°.

The resistor networks tested show a higher sensitivity to temperature variation than humidity, with the
exception for Resistor_3. For the temperature variation tested (15 °C to 45 °C) the variation of the ratio was
between 1.8 - 10-% and 4.6 - 10. For humidity interval variation (20 % to 80 %) was 0.2 - 105 and 2.9 - 10.

The rate of the ratio variation depends on the type of the resistor. Resistor 1 and Resistor_2 (hermetically
encapsulated type) were demonstrated to be more insensitive to the humidity than the plastic SMD type
Resistor_3 and Resistor_4.
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4. CHARACTERIZATION OF CAPACITORS

4.1 Introduction
Metrologically sound methods were developed to measure the following characteristics of capacitors:
» temperature coefficient of capacitance,
» temperature coefficient of loss component,
+ sensitivity of capacitance to changes in relative humidity,
* sensitivity of loss component to changes in relative humidity,
+ dielectric absorption of capacitors.

During the development of the measurement set-ups, capacitors with various values and dielectrics were used
as test pieces. In the case of the dissipation factor measurement set-up larger value capacitors (> 100 nF)
were used initially to minimize the effect of offset and leakage currents.

Once the measuring set-ups were operating satisfactorily, they were used to measure high quality surface
mount capacitors intended for use as critical elements in the digitizer. Capacitors from two different
manufacturers were tested:

» TDK 470 pF, 650 V, 5%, COG/NPO 1206, Part No. C3216C0G2J471J085AA,
+ MURATA 470 pF, 650 V, 5%, COG/NP0,1206, Part No. GRM31A5C2J471JWO01D.
In the following sections, these will be referred to as TDK and MURATA respectively.

This report describes the measurement set-ups and their development. The results of measuring the
characteristics of the TDK and MURATA capacitors are presented.

4.2 Measurement of temperature coefficient of capacitance and D factor

4.2.1 Overview of method

IsotechTT922
Agilent 3446 1A Accuracy:  0.025 °C AH 2700A

Thermistor Resistance

Rotronic HydroGen2
Stability: < 0.1%rh,
<0.01°C

Figure 4-1: Set-up for characterizing temperature sensitivity of capacitors
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The capacitor under test is placed in a fixture which allows a three-terminal measurement of its capacitance.
The fixture is placed in a temperature-controlled enclosure whose temperature can be varied. The capacitance
at each temperature setting is measured using an accurate, high resolution, digital bridge. The measurements
were made over the range 18 to 43 °C. Figure 4-1 shows a photograph of the test set-up with the main
components labelled.

4.2.1.1 Technical Details
Capacitance Measurement

An Andeen Hagerling AH2700A Capacitance Meter was used to measure the capacitance and loss component
of the test capacitor. This instrument measures capacitance over the frequency range 50 Hz to 20 kHz with a
display resolution and stability below 1 pF/F. It also measures the loss which can be displayed as dissipation
factor (D), conductance (parallel representation), or equivalent series resistance (series representation).

Temperature Control

A Rotronic HYDROGEN HG2-S is used to vary the temperature of the test capacitor in a controlled fashion.
This is an instrument for generating stable conditions of temperature and humidity in a small chamber with a
working volume of 1.5 litres. Its main intended use is the calibration of temperature and humidity sensors.

The temperature can be set in the range 0 to 60 °C. Once it has stabilised the stability of the temperature is of
the order of £0.01 °C with temperature gradient of less than £0.05 °C (in range 5 — 50 °C). The typical time to
set point is 5 minutes.

The thermoregulated chamber can be programmed to generate a timed sequence of temperatures.

Temperature Measurement

The air temperature in the chamber can be monitored with a digital thermometer using an Pt-100 probe
(IsoTech TTI-22). The expanded uncertainty of the measured temperature is +0.025 °C. In addition, a
thermistor is mounted in the test fixture, adjacent to the test capacitor and terminals are provided for connection
to an external ohmmeter (Agilent 34461A).

Test Fixture

The purpose of the test fixture is to allow test capacitors of various shapes and sizes to be connected to the
capacitance bridge. A 3-terminal configuration is required to minimize the effect of stray capacitance. The
bridge input terminals are two BNC connectors. A photograph of one of the test fixtures with the top cover
removed is shown in Figure 4-2. This fixture is intended to accommodate SMD components. Spring loaded
pogo pins are used to hold the component in place. The picture shows the fixture with a component of size
1608 (metric) installed. Similar text fixtures to accommodate other component shapes were constructed as
required.

Figure 4-2: SMD Test Fixture
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4.2.2 Measurement of temperature response of capacitance value

4.2.2.1 Preliminary results

A typical data set for measurements over the range 23 to 43 °C, taken during the initial testing of the
measurement set-up, is shown in Figure 4-3. The test capacitor was a TDK CGA3E3NP02E102J080AA 1 nF
COG\NPO multilayer ceramic capacitor (size 1608 metric). The temperature was varied from 23 to 43°C in
steps of 5°C. The stabilisation time at each set temperature was 1 hour. The test frequency was 1 kHz.

Record of C bridge readings (TDK 1 nF NPO 0603)
50

E‘ 0 23 23
L . ‘
3 .
@ [ ] .
o « 28 28

-50 [
% L] .
& 100 L33 33
G . 4
Q .
?:0_150 « 38 38 ry
-g:u o .P
('). L] .
T -200 B

-250

0 100 200 300 400 500 600 700
Time (min)

Figure 4-3: Uniformity measurement setup (not shown x-axis)

A small amount of hysteresis was observed. It's possible that pre-conditioning the test capacitor may remove
this effect, but this was not investigated. A much larger hysteresis effect was observed for 1 nF capacitor with
a Teflon dielectric as shown in Figure 4-4.

Observed C Bridge Readings 1 nF Teflon dielectric
200
23

-200 . 23

-400 * .
-600 . !

-800 . 33

-1000

Rel. CHange of Capacitance (uF/F)

-1400
0 100 200 300 400 500

Time (min)

Figure 4-4: Observed capacitance variation of Teflon 1nF over 23 to 43 °C
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Figure 4-5 shows the measured capacitance of the COG/NPO 1 nF capacitor as a function of temperature
based on the data shown in Figure 4-3. A linear fit line is shown, although the distribution of the data points
about the line suggests that the capacitance does not vary linearly with temperature. Nonetheless a linear fit
is sufficient to provide a usable temperature coefficient.

TDK 1 nF COG\NPO 1608
50

tn
=)

-100

-150

-200

Rel. Change of Capacitoance (uF/F)

20 25 30 35 40 45
Temperature (degC)

Figure 4-5: Mean measured capacitance vs temperature for GOG/NPO 1nF

Table 4-1 shows the temperature coefficients of a number of types of capacitors that were tested as part of
the validation of the test set-up. Since the uncertainties of the capacitance and temperature measurements
are small the standard uncertainty of the measured temperature coefficient is dominated by the uncertainty in
the slope of the least squares fitted line. The scatter of data about the line and hence the uncertainty of the fit
is increased by hysteresis effects and the possible non-linear relationship between capacitance and
temperature.

Table 4-1: Measured temperature co-efficient of several capacitors

Nominal | Manufact. Part No. Dielectric Measured Standard
Value Temperature| Uncertainty

Coefficient
(UF/F per °C) | (UF/F per °C)

1 nF (#1) Not known Not known Mica +37.1 0.2

1 nF (#2) Not known Not known Mica +34.8 0.3

1 nF Not known Not known Teflon -60 7

1 nF (#1) TDK CGA3E3NP02E102J080AA |Ceramic -11.0 0.4

1 nF (#2) TDK CGA3E3NPO02E102J080AA |Ceramic -10.8 0.2

1 nF Vishay VISHAY MKP1839210631 [Polypropylene -220 2

4.2.2.2 Temperature Coefficient of Selected Capacitors

A 470 pF SMD capacitor manufactured by TDK (Part Number Part No. C3216C0G2J471J085AA) is a
candidate for use in the novel integrating ADC. The temperature sensitivities of ten of these components taken
from the same batch were measured. The response to changes in temperature of one capacitor is shown in
the graph in Figure 4-6. The response to changes in temperature is substantially linear although a better fit
can be obtained by using a quadratic model.
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Figure 4-6: Typical temperature response of TDK capacitor

The measured temperature coefficients of the capacitors were remarkably consistent as shown in

Table 4-2. All capacitors showed the same slight deviation from linear dependence of temperature as well as
a slight hysteretic effect. The associated standard uncertainty of 0.25 ppm/K is dominated by the (systematic)
deviation of the data about the LS fitted line. The repeatability of the measurement is less than 0.05 ppm/K.

Table 4-2: Measured Temperature Coefficients of TDK 470 pF NPO capacitors

Capacitor Number Temperature Coefficient
(ppm per K)
TDK #1 -10.17
TDK #2 -10.29
TDK #3 -10.25
TDK #4 -9.93
TDK #5 -10.28
TDK #6 -10.14
TDK #7 -9.91
TDK #8 10.11
TDK #9 -10.17
TDK #10 -10.17

A sample of three capacitors from a second batch with the same part number were also measured. The results,
which are shown in Table 4-3, show a temperature coefficient which is marginally higher than the first batch.
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Table 4-3: Measured Temperature Coefficients of TDK 470 pF NPO capacitors (Batch 2)

Capacitor Number Temperature Coefficient of
Capacitance
(ppm per K)
TDK #1A -10.55
TDK #2A -10.63
TDK #3A -10.33

A capacitor of similar design and construction from a different manufacturer (MURATA 470 pF, 650 V, 5%,
COG/NP0,1206, Part No. GRM31A5C2J471JW01D) was also tested. The temperature sensitivities of five
samples from the same batch were tested and the results are shown in Figure 4-7.

120

100 ® MURATAYS _ ’
® MURATA#6
80 ® MURATA#7 F ]
E ® MURATA#8
= 60 MURATA#9
=
o
Y a0
S
=
x 20
S
i
0
-20
-40
-10 5 0 5 10 15 20 25

T-23(°C)

Figure 4-7: Temperature response of MURATA capacitors

For these capacitors the non-linearity of the response was more pronounced, and the responses were not as
consistent as for the TDK capacitors. The parameters of a LS quadratic fit to the data for a reference
temperature of 23 °C are given in Table 4-4 and are calculated as shown in Eq. 4-1.

Table 4-4: Temperature coefficients of MURATA capacitors

Capacitor a x 108 B x 108

MURATA #5 3.56 0.086

MURATA #6 2.50 0.065

MURATA #7 3.10 0.100

MURATA #8 2.61 0.064

MURATA #9 3.82 0.059
Eq. 4-1: C(M=CR23)-(1+a-(T—-23)+L(t—23)?)

The typical temperature sensitivities of the two types of capacitors are compared in Figure 4-8.
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Figure 4-8: Comparison of temperature sensitivities of TDK and MURATA capacitors
4.2.3 Measurement of the temperature response of loss component of capacitors

The loss components of the capacitors were recorded during all of the temperature tests. The AH2700A bridge
can display several versions of the loss component, namely conductance (nS), dissipation factor
(dimensionless), equivalent series resistance (kQ), equivalent parallel resistance (GQ) and loss factor (pF).
Dissipation factor is used throughout the following results. The other representations of the loss component
may be evaluated from the dissipation factor and the capacitance.

The measured values of the loss components exhibited considerable temporal drift, as shown in Figure 4-9
which shows the measured dissipation factor as a function of time while the temperature is varied in steps of
5°C over the range 23 to 43°C.

10.5
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10.4
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o o
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0 2 4 6 8 10 12 14 16 18
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Figure 4-9: Measured Dissipation factor of TDK #10 during temperature cycle

This behaviour was further examined by performing three consecutive temperature cycles over a four-day
period. The results are shown in Figure 4-10.
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Figure 4-10: Measured dissipation factor for three consecutive temperature cycles

The drift appears to be instigated by the temperature changes, but its origin is unknown and needs further

investigation. It was found that the effect was far smaller for the TDK capacitors from the second lot, as can
be seen in Figure 4-11.

11.6

D-factor x 10°

0 5 10 15 20 25
Time (hours)

Figure 4-11: Measured Dissipation factor of TDK #1A during temperature cycle

The effect of the drift behaviour is to cause the plots of dissipation factor versus temperature to show
considerable hysteresis. This can be seen in Figure 4-12 which shows the measured temperature response
of the dissipation factor for one capacitor taken from each of the two batches.
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Figure 4-12: Measured response of the dissipation factor to temperature cycling for capacitor

TDK#4 and TDK#1A

If the drift is assumed to be linear, the temperature coefficient of the dissipation factor can be determined by
plotting the average measured value at each temperature versus temperature.
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Figure 4-13: Observed temperature response of dissipation factor for capacitors TDK #4 — 8
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Figure 4-14: Observed temperature response of dissipation factor for capacitors TDK #1A — 3A

The temperature response of the dissipation factor of the MURATA capacitors is shown in Figure 4-15.
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Figure 4-15: Observed temperature response of dissipation factor for capacitors MURATA #5-9

The results of the temperature sensitivity measurements of the dissipation factor of the 470 pF SMD ceramic
NPO capacitors are summarised in Table 4-5.

Table 4-5: Measured values of dissipation factors and their temperature coefficients

) Range of D-factor @ 23°C Range of Temperature

Capacitor (x10°) Co-efficient ( x 106 °C1)
TDK (batch 1) 10.2 -10.8 0.036 — 0.040
TDK (batch 2) 10.7-115 0.011 -0.017
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4.3 Measurement of the effect of humidity changes on capacitors

Using the same set-up as used for the temperature measurements, the effect of changes in humidity on the
capacitance and loss component of the TDK and MURATA capacitors was measured. As usual with humidity
effects the measurements are complicated by long time constants and different behaviours for the absorption
and desorption of water vapour.

4.3.1 Sensitivity of the component’s capacitance to humidity changes

The observed change in the capacitance of capacitor TDK #1 (batch 1) is shown in Figure 4-16. The humidity
was varied in steps of 20%rh over the range 20%rh to 80%rh with a stabilization time of 12 hours at each
humidity level apart from the 80%rh level which has a longer stabilization time of 18 hours. Only the steady
state humidity level was recorded.
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Figure 4-16: Measured capacitance of TDK #1 for humidity cycle
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Figure 4-17: Measured capacitance of MURATA #5 for humidity cycle
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A similar plot is shown in Figure 4-17 for a MURATA capacitor with a different humidity cycle of 40%-60%-
65%-70%-75%-80% with a stabilization time of 12 hours for each humidity setting.

Both responses show similar behaviour although the MURATA component shows a significantly higher
sensitivity. The capacitance initially responds rapidly to the change in humidity and thereafter appears to slowly
approaches a constant value. The overall response is non-linear with the sensitivity increasing dramatically as
the humidity increases. Another feature is the large hysteresis, possibly caused by the desorption mechanism
having a very long time constant.

The mean measured capacitance at each step is plotted against temperature in Figure 4-18 and Figure 4-19
for the same data.
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Figure 4-18: Measured humidity response of TDK #1
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Figure 4-19: Measured humidity response of MURATA #5
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An abbreviated humidity test was performed on five samples of TDK (batch 2) and MURATA capacitors
whereby the humidity was held constant at 40%rh for 8 hours, raised to 80%rh for 8 hours and then returned
to 40%rh for 8 hours. The results are shown in Figure 4-20 and Figure 4-21 for the TDK and MURATA
components respectively.
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Figure 4-20: Response of 5 x TDK (batch 2) capacitors to humidity change of 40%rh
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Figure 4-21: Response of 5 x MURATA capacitors to humidity change of 40%rh

The humidity sensitivity of the TDK capacitors from batch 2 was found to be significantly lower than that of
capacitors from batch 1. The humidity response was consistent among all five capacitors. This contrasts with
the results for the MURATA components which showed a much greater and a much more variable response
to the humidity step. This may be due to different protective coatings on the capacitors.
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4.3.2 Sensitivity of the component’s loss component to humidity changes

The effect of humidity changes on the loss component of the capacitors was found to be quite dramatic. The
changes in the dissipation factor of the TDK#1 and the MURATA capacitors due to a changes in the relative
humidity are shown in Figure 4-22 and Figure 4-23 respectively. Data for both increasing and decreasing
humidity are shown, and the hysteresis effect, probably due to inadequate stabilization times can be seen.
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Figure 4-22: Effect of humidity changes on dissipation factor of TDK#1
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Figure 4-23: Effect of humidity changes on dissipation factor of MURATA #5

The dissipation factor changes by more than a factor of 2 for the TDK component and by a factor of nearly 4
for the MURATA component when the relative humidity is increased from 40%rh to 80%rh. Other capacitors
of these types showed similar behaviour.
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4.4 Measurement of the dielectric absorption of a capacitor

4.4.1 Overview of Method

The so-called “classical’” method of measuring the dielectric absorption of a capacitor as per IEC 60384-1 was
used. This is most suitable for charge/discharge times of more than a second.

A schematic of the test set-up is shown in Figure 4-24.

Hi-L
B
amp

- ..5IJF-"'|

A G outd

Figure 4-24: Schematic of test set-up for measurement of dielectric absorption

An important requirement of the set-up is to minimize the effects of leakage across the test capacitor and of
bias current generated by the buffer amplifier. Low leakage, glass encapsulated relays mounted on a PTFE
base were used. The resistance between points P and Q of the measuring circuit when all relays are set to
open was measured to be 5 x 1013 Q at a test voltage of 100 V.

A high impedance, low bias current buffer amplifier using a ADA4530-1 electrometer op amp was constructed.
The PCB has the same layout as the evaluation board supplied by Analog Devices but uses 1S400 as PCB
material rather than the more expensive Rodgers 4350B. Connection to the test fixture is via a triaxial
connection. The op-amp’s guard voltage is used to minimize leakage in the input cable and to drive the relay
guards. The amplifier is housed in a shielded case to reduce noise. The bias current of the buffer amplifier was
measured and found to be less than 10 fA.

An external DC source is used to charge the capacitor. The output of the buffer amplifier (i.e. the recovery
voltage), was measured using a Fluke 8588A multimeter.

The relays were controlled by a Raspberry Pi PICO microcontroller and open-source software (CircuitPython).

The overall control of the measuring system (operation of charging source, operation of relays, reading of
voltmeter) was via a Python programme.

The relay board (A), buffer amplifier (B) and the relay control board (C) were mounted in an earthed metal
enclosure as shown in Figure 4-25 where the top cover of the enclosure has been removed.
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Figure 4—2: DA buffer amplifier, relay board and controller

Table 4-6: Relay Sequence

Switch Settings Action
R1 R2 R3 R4

Capacitor is charged by the stable DCV
source through 1 kQ resistor for time t;
Capacitor is discharged through 5 Q
resistor R for time t,

Short circuit applied to
buffer amplifier
Voltage across capacitor is monitored by
voltmeter for time t;

Closed Open Open Open

Open Closed Open Open

Open Open Closed Closed

Open Open Closed Open

The relay sequence used is shown in Table 4-6. This particular sequence was chosen so that the measurement
of the recovery voltage is initiated by the opening rather than the closing of a relay. Closure of a relay was
found to cause an injection of charge into the capacitor which disrupted the measurement of the recovery
voltage. However, this method has the disadvantage that the capacitor is shorted when Rz and R4 are closed
so that the discharging time cannot be reduced below the time taken to close and open Ra. In the results given
below the discharge times given refer only to the closure time of R, and do not include this additional charging
time.
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44.1.1 Results

Initially the measurements were aimed at verifying that the measurement set-up works as expected.
Measurements have therefore been confined to capacitors with large capacitances (= 33 nF).

Figure 4-26 shows graphs of the recovery voltages of a 33 nF polyethylene capacitor for charging voltages of
5, 10 and 20 V. The charge time was 10 s, the discharge time 5s and each measurement is repeated four
times. The variability of the traces is probably due to unreleased charge building up on the capacitor’s dielectric.

The results confirm that the ratio of the steady state recovery voltage to the charging voltage is constant, as
expected.
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0.002

Recovery Voltage (V)
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Figure 4-26: Effect of charging voltage on the recovery voltage

Figure 4-27 shows the effect of the charging (soakage) Ts time on the same capacitor.
The charging voltage was 10 V and the discharging time was 5 s.
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Figure 4-27: Effect of charging time on the recovery voltage
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Figure 4-28 shows the effect of the discharge time T4 on the same capacitor. The charging voltage was 10 V
and the charging time was 100 s.
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Figure 4-28: Effect of discharging time on the recovery voltage

Figure 4-29 shows the recovery voltages for two 100 nF capacitors with different types of dielectric (charging
voltage = 10 V, charging time = 1000 s, discharging time = 5 s)

0.025
—
0.02 /
s
) [
Eg 0.015 f
© [
> [
ey [ —100 nF Polyphenylene Sulphide
2 oo |
o ~—100 nF Ceramic
“ |
0.005

0 200 400 600 800 1000 1200 1400 1600 1800 2000

Time (s)

Figure 4-29: Recovery voltages for capacitors with different dielectric materials

Comparison of the measured dielectric factor (Vr/Vc) with those reported in the literature is difficult due to its

dependence upon the charging and discharging times.
Figure 4-30 shows a long term (5 hour) record of the recovery voltage of a 100 nF ceramic capacitor with
-10 V charging voltage, a 1000 s charging time and a minimum discharging time.
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Figure 4-30: Long term record of recovery voltage for 100 nF ceramic capacitor

Figure 4-31 shows the recovery voltage measured over the last 2 hours of the 5-hour observation time. It
appears as if the dielectric has fully delivered its charge to the capacitor at this stage and the capacitor is now
being charged by the bias current of the amplifier. The slope of the graph is 3 x 10-8 /s which corresponds to

a charging current of 3 fA.
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Figure 4-31: Recovery voltage record for 3 to 5 hours after discharge
4.4.2 Measurements of selected components

The dielectric absorption of five TDK capacitors from batch 2 and five MURATA capacitors were measured.
The measuring sequence was as follows:

» Capacitor shorted for 1800 s,

+ Capacitor charged at 10 V for 900 s,
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» Capacitor discharged for 1 s,
* Recovery voltage monitored for 990 s.

The measuring sequence was repeated ten times on the same day to determine the repeatability of the test.
The reproducibility of the test was checked for two of the capacitors by repeating the full measurement
sequence on three separate days.

Typical results of a measuring sequence for the TDK and MURATA components are shown in Figure 4-32 and
Figure 4-33 respectively.
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Figure 4-32: Observed recovery voltage for TDK #7A
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Figure 4-33: Observed recovery voltage for MURATA #13
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Figure 4-34: Reproducibility of recovery voltage (TDK 10A)
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Figure 4-35: Reproducibility of recovery voltage (TDK 10A)
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Figure 4-36: Comparison of voltage recovery profiles of TDK and MURATA Capacitors

If we arbitrarily define the dielectric absorption coefficient of the capacitor as the recovery voltage measured
990 s after the capacitor has been discharged divided by the charging voltage the dielectric absorption factors
of the TDK and MURATA capacitors are shown in Figure 4-37.
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Figure 4-37: Comparison of dielectric absorption factors of TDK and MURATA capacitors

4.4.3 Modelling of dielectric absorption

The effect of dielectric absorption can be modelled by a series of RC circuits in parallel with the capacitor as
shown in Figure 4-38.
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Figure 4-38: Parallel RC model of dielectric absorption

||

The recovery voltage for a capacitor with capacitance C subjected to a charging voltage Vcn can be modelled
as

Eq. 4-2: Vrecovery(t) = ?:1 Vl(t) = ?:1 a-(1- e_bi.t)v

where a; = V¢y -%and b; = ﬁ and the time origin is when the shorting relay across the capacitor is opened.
L™t
The current delivered by each parallel section during the recovery period is:

av;

Eq 4-3: Il(t) = Ci - s =.C- a; - bie_bi.t .
Att=0
Eq 4-4. IL(O) = C- a; - bi-

Assuming that each of the parallel capacitance elements is fully charged we have:

Eq. 4-5: L) = Lo

R;

we therefore have

|4
EqQ. 4-6: R, = C_acizi
and

1
Eq. 4-7: Ci=—

Table 4-7 gives the fitted parameters and corresponding R and C values for the test data for TDK #6A using a
model with five parallel RC components.

Table 4-7: Fitted parameters and corresponding RC values for dielectric absorption of TDK #6A

Component a; 1 R; C;
b;
V) (s) Q) (F)
1 0.038 26 147.2 8.25 x 1013 1.78 x 1012
2 0.051 31 615.2 2.55 x 10 2.41 x 1012
3 0.035 40 41.46 2.56 x 103 1.62 x 1012
4 0.01351 10.33 1.81 x 1013 5.71 x 1013
5 0.005 95 0.50 1.6°1 x 1013 3.10x 1014
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Figure 4-39 show the original output voltage and the extracted components (Vi(t)). The latter are shown in
Figure 4-40.
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Figure 4-39: Measured data and extracted components for TDK #6A
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Figure 4-40: Extracted components for TDK #6A
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4.4.4 LTSpice Model of dielectric absorption

The LTSpice model show in in Figure 4-41 was used to simulate the test sequence for the measurement of
dielectric absorption.

Figure 4-41: LTSpice simulation of dielectric absorption
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Figure 4-42: Comparison of measured recovery voltage with LTSpice simulation
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5. CHARACTERISATION OF ELECTRONIC SWITCHES

5.1 Introduction

The main purpose of this activity is developing a measurement technic for electronic switches. There are
several requirements for the switch in order to be used in digitizer application. The electronic switch should
have:

* low ON resistance,
 low input and output capacitance,
« fast transients (low rise-times),
+ break before make functionality,
* low charge injection,
* high repeatability,
+ etc.
There were several candidates for the study:

» 4051, 4052, 4053 family (74HC4051; NXP and Onsemi; MC74LVX4053, SN54LV4053A,
SN74LV4053A),

+ ADG1411/ADG1412/ADG1413 (Analog Devices, Vishay Siliconix),
+ Vishay DG2788A,
+ Vishay DG333A, DG333AL,
+ PI3A412.
The final switch that has been selected for the study was MC74HC4051A in SOIC-16 package.

5.2 Tested boards
The input and output pins of the MC74HC4051A are shown in Figure 5-1.

VL]

X)——>
14
X1 3 . COMMON
Xo= > X ouTpPUT
ANALOG 12 /
INPUTS/ | X3 MULTIPLEXER/ INPUT
OUTPUTS | y4—es] DEMULTIPLEXER
xs—zq-
X6 =t
X7 e
- A 1 ]
CHANNEL 10
SELECT | B
INPUTS | -2
ENABLE—
PIN 16 = Vg
PIN 7 = Vgg
PIN 8 = GND

Figure 5-1: Input and outputs pins of selected electronic switch (multiplexer/demultiplexer)
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The switch has eight analogue inputs and one common analogue output. There are also three digital channel
selects inputs A, B and C, enable input. Other inputs are used for the power supply. The basic test circuit on
protoboard is shown in Figure 5-2. It contains five BNC connectors for analogue inputs Xo and X1, analogue
output X, channel select A and enable input. There are also additional test pins for other inputs if needed,
although those inputs were not so thoroughly tested. There is also an option for a battery power supply so the
measurement could be performed in a small Faraday cage in order to significantly reduce the noise and other
disturbances form the ambient.

Figure 5-2: Testing board
5.3 Measurements
Withing the scope of this activity, several measurements has been performed:
+ On-resistance,
 Input/output capacitance,
» Delay time,
* Rise time,
+ Charge injection.
ON resistance

The principle for ON-resistance measurement is shown in Figure 5-3. The measurement is quire strait forward.
The DC power source is connected to the input pin of the electronic switch and the current is measured at the
output pin of the electronic swich. However, three points should be carefully considered here:

* The ON-resistance depends (RON) on input voltage; therefore, the measurements should be
performed for different levels, which should be positive and negative. This makes laboratory DC power
supply less appropriate since the terminal should be reversed and there might be an issue with the
ground. Function generator seems to be more appropriate. The typical ON-resistance is shown in
Figure 5-4.

+ The combined ON-resistance and resistance of the Ampere meter does not perfectly match with the
output impedance of the function generator which is usually 50 Q based therefore the real output
voltage of the function generator (i.e., the real input voltage that is attached to the input X0 pin of the
switch) should be measured with the voltmeter.

* The Amper meter has a certain input impedance which should be also considered when calculating
the RON resistance.
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Figure 5-3: Principle for ON-resistance measurement
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Figure 5-4: Typical Ron resistance measured between input Xo pin and output X pin
for different input voltages.

5.3.1 Input, output capacitance

The input and output capacitance could be measured with LCR meter as shown in Figure 5-5. The
measurement is quite strait forward. First the LCR and the cables should be open and short compensated as
close to the measuring pin as possible, because any cable movement or changing of the measurement
configuration changes the result. The best way is to remove the electronic switch from the base so only inactive
connection (wires, BNC connectors) remains and then perform open compensation on BNC connector of
interest. The short compensation should be performed similarly except that there should be a short connection
between the pin of interest and the ground. Again, the electronic switch should not be connected to the base.
After completing the compensation, the electronic switch should be attached to the base again and the
capacitance should be measured on the BNC connector where the compensation was previously performed.
In capacitance measurements it is also recommended to use a battery power supply since laboratory DC

power source introduce distortions which affects the measured capacitance.
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Figure 5-5: Principle for input and output capacitance measurement

There are three different capacitance that could be measured; (1) output capacitance where the IN and OUT
pin are connected, this measurement is in principle the same as the input capacitance when the IN and OUT
pin are connected, (2) input capacitance where the IN and OUT pin are disconnected and, (3) output

capacitance where the IN and OUT pin are disconnected. Typical frequency responses are shown in Figure
5-6, Figure 5-7 and Figure 5-8.
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Figure 5-6: Typical frequency response of the output capacitance measured on output X,
where IN and OUT are connected
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Figure 5-7: Typical frequency response of the output capacitance measured on output X,
where IN and OUT are disconnected

4,050

4,000

C (pF)

3,700
0,1 1 10 100 1000

f (kHz)

Figure 5-8: Typical frequency response of the input capacitance measured on output Xu,
where IN and OUT are disconnected

5.3.2 Delay

For this measurement high bandwidth (500 MHz or more) two channel oscilloscope is required. The input pin
(or select A or enable input) is connected to the Channel 1 of the oscilloscope and the output X is connected
to the Channel 2 of the oscilloscope. The main parameter of interest is time delay between the input and the
output. Three different time delays could be measured:

+ E=0, A=B=C=0 and the input Xo makes transition from 0 to 1 (Figure 5-8),
» Xo=1, E=0, B=C=0 and input A make transition from 0 to 1 (Figure 5-9),
* Xo=1, A=B=C=0 and E makes transition from 0 to 1 (Figure 5-10).
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Figure 5-9: Typical time delay where the E=0, A=B=C=0 and the input Xo makes transition from 0 to 1
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Figure 5-10: Typical time delay where Xo=1, E=0, B=C=0 and input A make transition from O to 1
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Figure 5-11: Typical time delay where Xo=1, E=0, B=C=0 and input A make transition from O to 1
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There are a few remarks that should be considered when measuring the time delay:

+ Oscilloscope and function generator are typically 50 Q on-matching. On contrary, the electronic swich
has a certain Ron which makes a voltage divider between the input and the output which therefore
reduces the output voltage by a certain factor. Therefore, a voltage scaling of the input and output
signal is need after the measurements to define the propagation delay.

» Several other delays with inverted inputs and output are also possible to measure.

* The delay should be measured between the 50% point of the input signal and the 50% point of the
output signal.

* Measurement in Faraday ‘s cage is recommended to limit noise and disturbances.
+ Battery supply is recommended.

5.3.3 Rise-time

The input and output capacitance could be measured with LCR meter as shown in Figure 5-5. The
measurement is quite strait forward. First the LCR and the cables should be open and short compensated as
close to the measuring pin as possible, because any cable movement or changing of the measurement
configuration

5.3.4 Charge injection

The input and output capacitance could be measured with LCR meter as shown in Figure 5-5. The
measurement is quite strait forward. First the LCR and the cables should be open and short compensated as
close to the measuring pin as possible, because any cable movement or changing of the measurement
configuration

5.4 Conclusion and further activities

Several test for electronic switched has been developed and demonstrated. In the further step, the available
datasheets should be examined and one or two the most promising candidate for electronic switch should be
selected. A more advance test board should be made. There are some considerations that should be taken
into account:

» The advance test board should also have test pins where accurate characterisation of the parameters
of interest could be performed.

* The test pins should be as close as possible to the IC input/output pins so the resistance and the
capacitance of the pins would not significantly affect the measured results.

* There are several other measurements that are characteristics for the electronic switched and they
might be interesting for the characterization:

o Static parameter:
* Ron match between channels, Ron flatness when supply voltage is varied
= Insertion loss (given in dB)

o Dynamic parameters:
= Break-before-make functionality

o Other:

» OFF-state isolation, Crosstalk between switches, Noise, THD, AC Power Supply
Rejection Ratio, Frequency response and bandwidth, Maximum OFF channel
leakage currents, ON-state and OFF-state current.
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6. MEASURING CHARGE INJECTION OF ELECTRONIC SWITCHES

6.1 Why electronic switches
Electronic switches are key components in mixed electronics

» Analog voltage-controlled device and essential for building op-amp circuits, integrators, sample & hold,
peak detectors, etc.

+ FET & CMOS-most used, JFET - less used
Precise applications require electronic switches
» Zero — ON resistance, without attenuation or nonlinearity
* o — OFF resistance, open circuit
* Low leakage currents, negligible capacitance to GND
» Low capacitance, negligible coupling to the control digital input
Key parameters for switch selections
* Voltage range — ON Resistance —Switching speed/frequency — Capacitance
» Charge injection — Switching time (Rise/Fall time) —Settling time, etc.

+ Break-before-make switching (BBM)

i|...-_-"jj i 2MN4351
S signal
signal in - o

La 10

47k

S —

+1av OM
ov J_I— Grr_‘

control

Figure 6-1: Electronic switch schematic

6.2 Selected electronic switches

Those proposed by partners (info from datasheets: difficult comparison, several parameters, sometimes
different terminology)

» Texas Instruments CD74HC4053 (either 16 - TSSOP or 16 - SOIC)
o Onresistance 40 -70 Q
o Input capacitance 5 pF
o Switching times up to 18 ns
o Charge injection?
o BBM Yes
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* Onsemi MC74LVX4053 (either 16 - TSSOP or 16 - SOIC)

On resistance 26 -120 Q
Input capacitance 10 pF
Switching times up to 50 ns
Charge injection 9-12 p
CatOV

BBM Yes

+ Vishay DG333A (either 20-TSSOP or 20-SOIC)

On resistance 15 -150 Q
Input capacitance 8-12 pF
Switching times up to 175 ns
Charge injection -20-30 pC
BBM Yes

* Analog Devices ADG1413 (16-TSSOP)

(@]

6.3 Carrier board selected for switch characterization

On resistance 1.5 -6 Q

Input capacitance 8-12 pF
Switching times up to 250 ns
Charge injection -20 pC, Vs=0,
BBM Yes

» Commerciality available

* Flexibility and scalability

+ TSSOP package

» Reconfigurable for single/dual supply

1 C

Mz

([TETY

14

Y

v

ADG1413

Y

Y

51

D1

52

D2

53

D3

54

D4

Figure 6-2: ADG1413
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6.4 Measurement strategy

Charge injection, during turn-on and turn-off transients. Control signal (gate) can couple capacitively to the
drain and source channels. Net amount of charge transfer (injection) to the channel depends only on the total
voltage change at the gate, not on its rise time.

l(\
A ey
O I I O
vln an CH Vout
O I O
Figure 6-5
Voo Vss

Voo Vss vin ADG1412
rosm——me y ON OFF
Rs Vour

Sx

] I
I b o
1 | 1
I 1 | i cL
PVsTTo ) mx D | lmF Vin ADG1411 *
i’ Vour
Gin 4/ Q= €1 * AVour \ﬂ;&

Figure 6-6

6.5 Practical implementation of the measurement method
What on how to measure?
Eq. 6'1 QIN] = CL " AV

Eq. 6-2: AV = ygyich —y,
Increasing the Switch ON-OFF frequency to compensate for time constants of the measurement environment.

Reaching a measurement condition in which the voltage shape at the output of Cyis similar to a rectangular /
square waveform (rectangular approximation).

74 of 87



@
EURAMET

Voltage (V)

AV (V)

3.0
25
20
1.5
1.0

0.5
0.0

0.0

-0.5

-1.0
-1.5
-2.0

Clock Switch OFF

T

Switch ON

Interested charge
injection

T
-

©
T

T
-
o
o
o
1=
n

IN1 [T] — :

D1 [2]
$1[3]

1 1 1 1 | 1 | L 1 1 1 1 | 1 1 1 1 L 1 1 1 1 |
02 04 06 08 10 12 14 16 18 20 22 24
time (s)

Figure 6-7

ADG1411/
ADG1412/
ADG1413

TOP VIEW
(Not to Scale)

Figure 6-8

75 of 87



@
EURAMET

=

=
o

_{
DIGIT

Fn Vemca Timebese Trgow DOisplay Cumors Messure M Anaisis Ulbes Hew

Figure 6-9: Method demonstration

Figure 6-10: Experimental setup for traceable measurement of charge injection

» Gas - dielectric standard capacitor from 1 pF to 1000 pF traceable to national capacitance standard
from 50 Hz to 20 kHz.

+ DMM 3458 sampling, traceable to DC Josephson voltage standard.
* Fluke 5730A DC calibrator.
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6.6 Experimental results

No input capacitance taken into account

@ C 10pF
@ C_100pF
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Figure 6-11: Simple voltage configuration (Qing = C. - AV)
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Figure 6-12: Simple voltage configuration (Qing = (C+Civ) - AV)
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Figure 6-14: Current steering configuration (Qing = C1 - AV)
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Figure 6-16: Long time frame (Vs = 6V, dual supply, ¢ = 100 pG, Qina= 13 pC)

6.7 Conclusions
+ Method for traceable charge injection measurement in electronic switches has been established
» Setup of experimental setup completed

» First measurement on ADG1413 completed
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7. CHARGE INJECTION TEST

7.1 Standard test

C- and follower IC3sg used, 74HC4053 and TMUX1133 tested V4q = 3 V and Vee = - 2 V, switching frequency is
2 kHz.

7.1.1 74HC4053
Voltage step = 33.8 mV, Qi= AU - C =15.9 pC.

RTB2004; 1333.1005K04; 109832 (02.400 2021-11-18)

N m Q ™ y Auto 100 ps/

1.25 GSa/s 0s

Undo Delete foom FFT Annotation

4 Meas. / Cursor Statistics X
RMS: 24.617 mV A f: 2.00002 kHz V1: 33,015 my V2 774.22 W BY: 33,789 mV

DC
10:1

10myf 00 10mvy

11

Figure 7-1: 74HC4053
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7.1.2 TMUX1133
AV =2mV, Qi =0.94 pC.

RTB2004; 1333.1005K04; 109832 (02.400 2021-11-18)

L m Q ™ & Auto 100 ps/ Complete

Undo Delete Toom FFT Annotation 4mV 1.25 GSE/ s 0s AVg 16

Acquire
>

History

Cursor

ft

4 Meas / Cursor Statistics x
RMS: 1.2891 mV Bl f: 1.99998 kHz V1: 15605 my V¥2: 519,53 pv AV; 2.0801 mV

DC
10:1

Ty~ “PE 10my/

i1

Figure 7-2: TMUX1133

7.2 Integrator

Two signals were used for Sy and Sin, frequency is 2 kHz, duty cycle 40% (ton = 200 us, tof = 300 us), phase
shift is 180 degrees, so there are two non-overlapping signals with 50 us delay between each ton, Switches are
connected as current switches between ground and input of the integrator.
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RTB2004; 1333.1005K04; 109832 (02.400 2021-11-18)

N O Q e &£ o I Auto 100 ps/ Complete
Undo Delete Ioom FFT Annotation . 2.64V 62.5 MSa/s Os High Res.

% |Measure Statistics X
RMS: 28.695 mV Elf: 2 kH:

DC
10:1

2vf

Figure 7-3: Integrator with 74HC4053

Figure 7-3 shows the output of the integrator - yellow trace and the Si, control signal - green trace for
74HC4053. A large step is visible during the on-switching, a small step during the off-switching. The value of
the step is similar to the standard test for ton, significantly lower for to. Total charge injection for the whole cycle
is approximately 21 pC.

Figure 7-4 shows TMUX1133, ton step is significantly worse than in the standard test, but it is partially
compensated by the opposite step during to, the total charge is 9.4 pC, still significantly worse than in the
standard test.

Figure 7-5 shows another situation - Sj, remains the same, S,y has been changed - ton is 100 us, toff is 1.9 ms
- see green trace, so 4 cycles of Si have been accumulated before zeroing.
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RTBE2004; 1333.1005K04; 109832 (02.400 2021-11-18)
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Figure 7-4: Integrator with TMUX1133
RTB2004; 1333.1005K04; 109832 (02.400 2021-11-18)
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Figure 7-5: Integrator with TMUX1133, 4 cycles
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8. CONCLUSION

In this report on metrological methods for characterisation of resistors and capacitors for their stability, tracking
and non-linear behaviour down to and below -120 dB THD and results obtained on a selected set of high-
grade resistors and capacitors, the following results were obtained.

Resistor non-linear behaviour was characterised using a modified bridge, which uses a single ended signal
source and a spectrum analyser. As the test resistor was of the highest quality with the best available linearity,
a special parallel/serial combination was used as a reference resistor to reduce its nonlinearity. A thorough
mathematical model was developed and detailed circuit simulations were conducted to validate bridge
operation. At 6 V across the resistor, the second and third harmonic distortion was found to be frequency
dependent, and the bridge was capable of reliably measuring resistor nonlinearity down to —170 dBc, which is
exceptional, compared to —120 dBc as initially planned in the project requirement. Different resistor types were
clearly differentiated for their linearity performance. A second order mathematical model was developed to be
used in simulations.

Capacitor non-linear behaviour was characterised using modified quadrature bridge. The same bridge
topology was used as for the modified resistance bridge. Results for the NPO capacitor showed harmonic
distortions slightly frequency dependent for 5 kHz to 20 kHz, with harmonic distortions between —158 dBc and
—164 dBc at 7 V across the capacitor. These distortions decreased as the voltage across the capacitor was
reduced reaching a lower limit of =170 dBc, which was the limit of the measurement system used for those
measurements. Again, these results are exceptional. A second order mathematical model was developed.

Four precision resistor arrays (100 Q / 100 Q, 10 kQ / 10 kQ, 100 kQ / 10 kQ, 100 kQ / 100 kQ) were
characterised for their stability and tracking by direct measurement of their resistance ratio. Results have been
presented for the temperature range from 15 °C to 45 °C and humidity range from 20 %rh to 80 %rh. The test
conditions were provided by a climatic chamber. Very good results were obtained, clearly showing the
performance of the evaluated resistor arrays. Stability over 6 days showed no measurable ratio change for
100 Q /100 Q and 10 kQ / 10 kQ arrays, with relative sample standard deviation of 5x10-® and mean standard
deviation of 3x10 in best case. Further tests gave clear evidence of the sensitivity to varying temperature and
humidity. Both temperature and humidity dependences were clearly observed, and hysteresis was evident on
certain components. Temperature stability of well below 0.1 ppm/°C could be resolved. Test for ratio sensitivity
to humidity showed almost no sensitivity for hermetically sealed components, as expected, but an elevated
sensitivity of up to 0,05 ppm/%rh was observed for plastic SMD packages. These results demonstrate that a
solid metrological capability for precision resistor ratio testing has been developed and validated.

Capacitors were characterised for their temperature dependence, humidity dependence and dielectric
absorption. The measurement setup which was developed allowed the temperature dependence of the
capacitor to be studied over the range from 23 °C to 43 °C. The best NPO capacitors were found to have
temperature coefficients of approximately —10 ppm/°C change for one manufacturer and +3 ppm/°C for another
manufacturer. These measurements were also repeated for a sample of capacitors drawn from two different
batches and showed a very small spread of their temperature coefficients of 0.2 ppm/°C. For NPO capacitors,
the temperature dependence was found to be slightly nonlinear, and an appropriate model was developed.
Further, the temperature dependence of the capacitor’'s loss component was also measured. A memory effect
was found on certain devices, pointing out the need to carefully characterise components for the most critical
uses. Sensitivity to humidity showed a clear nonlinear dependence, where the sensitivity to humidity changes
increases with the humidity level. It also showed that this effect is slow, as it can take several hours before the
capacitance value settles after a humidity change. This also resulted in a large hysteresis. Finally, dielectric
absorption of the NPO capacitors was measured using a method based on IEC 60384-1. The measurement
set-up was designed for minimum leakage and the leakage current across the test capacitor during voltage
recovery was less than 1 fA. The recovery voltage measured 990 s after a one second discharge was between
1 % and 1.6 % of the initial voltage. The recovery voltage increase was modelled with a five parallel RC
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branches, giving a very good agreement with the measured values. This model can be directly used for the
purposes of simulation.

Finally, electronic switches were characterised for their input and output capacitance, delay, rise-time and
charge injection. Three measurement setups were used, each with its own capabilities and advantages.
Different electronic switch components were characterised, enabling an informed selection between them for
their intended application. Measurement of charge injection was of the highest importance, as it is generally
not specified by the manufacturer. The charge injection, measured using standard test circuit, was found to be
16 pC for initially selected switch 74HC4053 and 1 pC for TMUX1133, which could serve the same purpose.
However, using a circuit used in an integrating ADC (current steering switch), the charge injection increased
to 21 pC for 74HC4053 and to 9.4 pC for TMUX1133. These results, considering other switch specifications,
provide solid characterisation of electronic switch components, which are not available in the literature.
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