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Alternative Insulating Gases to SFe:
A Short Review
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Abstract

The present paper undertakes the study of sulfur hexaflu-
oride (SFe) as an insulating gas. SFe is a modern technology
gas, with the extraordinary ability to instantly "extin-
guish" electric arcs, thus it is mainly used in the equip-
ment of electricity generation, transmission and distribu-
tion grid, but it can also be used in a multitude of other
kinds of applications. Despite its many advantages, the use
of SFs also comes with some serious negative effects and it
is important to be restricted. For instance, it is the gas
that contributes the most to the "greenhouse effect" and it
has a significant impact on global climate change. After the
presentation of the gas and the applications in which it is
used, reference is being made to the problems caused by its
use and there will be a presentation of some other insulat-
ing gases that can be used as alternative solutions.

Keywords

Insulating gas, sulfur hexafluoride, electrical grid,
circuit breaker, greenhouse effect, toxic by-products, al-
ternative gases

Introduction this is the reason why it is

Sulfur hexafluoride (SFe) is Widely used in the high volt-
an electronegative gas which age industry. More precisely,
is appropriate for switch- SFe6 used 1in Substations, in
gear. Its ability to extin- 9asinsulated switchgear (GIS),
guish arcs is remarkable and 1in high voltage cables as
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well as insulating gas in
electrostatic machines [1].
It was discovered by the No-
bel prize winner in Chemistry
Henri Moissan [2]. Its syn-
thesis 1is obtained with the
reaction of F with S. During
this reaction other sub-
stances in smaller quantities
are also obtained, such as S2
F1e and SFa4. Such substances,
in contradistinction to SFs,
are toxic and they must be
removed. Sulfur hexafluoride
can be stable without any de-
composition in its molecular
structure up to 500° C, it is
not flammable and it does not
react with H20 or Cl. The
density of SFe is about 6kg /
m3 under normal temperature
and pressure and this renders
the aforementioned gas five
(5) times heavier than air.
Its specific thermal conduc-
tivity is three (3) times
higher than that of the air.
Consequently, SFe has an ex-
cellent cooling capability.
Sulfur hexafluoride is under
normal conditions non-toxic,
chemically inert and stable.
Both S and F are electronega-
tive chemical elements and
subsequently free electrons
are attached to SFs creating
thus negative ions SFs-. Such
ions are heavy, moving slowly
and thus they render ionisa-
tion more difficult, increas-
ing in this way the breakdown
strength of SFe. In other
words, the molecules of SFe
render the phenomenon of elec-

FUNKTECHNIKPLUS # JOURNAL vi-8

BLETSA, M.G. DANIKAS, R. SARATHI

tron avalanche slower. The
dielectric strength of SFe is
three times higher than that
of the air under normal pres-
sure [3].

Most of the byproducts -
after a breakdown or arcing -
do not degrade the dielectric
strength of SFe and can be
easily removed. During arcing
there 1is no polymerisation
with carbon or other conduct-
ing byproducts. SFe 1is com-
patible with most insulating
and conducting materials. Its
dielectric constant at 1.0133
bar is 1.0021 at 200° C, whe-
reas with a pressure of 20
bar the dielectric constant
increases by 6%. The dielec-
tric strength of SFs follows
Paschen’s law (i.e. with the
breakdown voltage being de-
pendent on the function of
pd, where p is the gas pres-
sure and d is the gap spacing
in a homogeneous electric
field) [4, 5]. Another advan-
tage of SFe 1is its cooling
ability with its time for the
extinguishing of an arc being
100 times lower than that of
air.

The usefulness of SFe is
not limited to the electrical
industry. In the metallurgi-
cal industry SFe acts as pro-
tective inert gas in order to
prevent re-ignition of magne-
sium, to help in removing
pollution and gases such as
hydrogen (H2) in the case of
aluminium production, to the
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production of semiconductors
(dry etching), in medicine
(eye surgery as well as in
ultrasound applications), in
housing and in oceanography.

Regarding the electrical
industry, 80% of SFes is used
for the generation and trans-
mission of electrical power.
Its wide use includes switch-
gear (GIS) up to several hun-
dreds of kV since it prevents
the formation of arcing [B6,
7]. Its thermal conductivity
together with its speedy re-
covery of dielectric strength
after arcing renders it suit-
able for switching devices.
Such properties allow the
size reduction of GIS in com-
parison to AIS. 1Its elec-
tronegativity gives the SFe
GIS the capability of absorb-
ing the energy of the elec-
trons in case of arcing and
thus to decrease the tempera-
ture of the arc. SFe can also
recover easily and quickly
its dielectric strength, con-
sequently it is an ideal me-
dium for quenching the arc.
The total space required for
a GIS with SFe 1is only a
fraction of that required by
a GIS with air [3, 4, 8].

SFe 1is also used in Gas
Insulated Transmission Lines
(GITL), where it 1is used,
among others, as insulating
medium in high density popu-
lated industrial areas. GITL
offer high transmission abil-
ity, low losses, low capaci-
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tance, low external magnetic
field, non-flammability, re-
liability, compact solutions
in case of high density ar-
eas, no interference in tele-
communication systems. On the
other hand, some disadvan-
tages are the high cost of
such a 1line, the Tlimited
length, the danger of pollu-
tion from particles which di-
minishes the insulating capa-
bility. The cost at the mo-
ment is 6 to 8 times higher
than that of conventional
lines. A solution to that is
the replacement of SF6 by a
mixture of SFe and nitrogen,
which 1is cheaper [9]. GITL
are used mainly for shorter
transmission lengths since
they can be deformed because
of the change in volume (and
consequently of pressure). An
alternative is also the re-
placement of SFe with air of
high quality and high pres-
sure.

SF6 is also used in trans-
formers, where it may replace
the oil. Because of its non-
flammability it is preferred
(besides its high dielectric
strength, its compatibility
with solid insulation and its
cooling capability). In trans-
formers, the lower noise, the
lower cost of maintenance, the
higher expected lifetime, the
high reliability, are the
significant advantages. On the
other hand, its effect on the
environment and its Tlesser
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thermal capacity than the
oil, are distinct disadvan-
tages [10 - 12].

Problems in the use of SFe

When an electric discharge
occurs a part of SFe decom-
poses in 1lower chemical sub-
stances which in turn give
some chemical byproducts. The
probable formation of byprod-
ucts such as SF4, SF2, S2Fie,
S02, S202F10, HF, SOF2, SOF4,
S02F2, SOFi1e, and H2S is well
established. Some of these by-
products are toxic, e.g. S2Fie.
The latter is due to the re-
action

SFs5 + SF5 » S2F10

where, SFs5 is formed from the
decomposition of SFs as a
result of the collision with
electrons. Minute quantities
of SO02F2 and S2Fi1e may cause
severe health problems to
humans [13].

Furthermore, byproducts of
SFe are related to the green-
house effect. Greenhouse ga-
ses are gases that absorb part
of infrared radiation from
the earth and they return it
to the earth. Such gases ap-
pear either in the natural
environment (e.g. H20, CO2,
CH4, N20) or they are artifi-
cial products such as SFs
and products of fluorinated
compounds (FFC) as well as
reaction products such as CO2,
nitrogen, and sulphur oxides.
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The trapping of infrared ra-
diation from the gases and the
re-emission rises the earth
temperature. The re-emission
of infrared radiation back to
earth has as consequence the
rise of temperature. One of
the man-made re-absorptions
is leakage of SFe from sub-
stations and from the metal
industry [14].

In a period of 100 years,
SF6 is 23000 times more effi-
cient in trapping infrared
radiation than an equivalent
gquantity of carbon dioxide
(CO2). SFe may be emitted and
accumulated in the atmosphere
and may affect the climate
change for many centuries
(the 1lifetime of SFs in the
atmosphere is more than 3000
years). Since it is not eas-
ily decomposed, its contribu-
tion to the rise of tempera-
ture of the earth may be cu-
mulative and permanent. Leaks
of SFe may come from the
electrical industry, from sub-
stations, from testing of
electrical equipment etc. [15
- 18].

The situation today -
Alternative proposals

Substations and related
systems continue to use SFs.
Researchers from Bristol con-
firmed significant increases
of the said gas since 1995
from 3.5 ppt per trillion to
10.5 ppt per trillion in 2021
[17]. It is true that SFe
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concentration is still small
compared with that of CO2.
Its concentration, however,
is expected to increase until
the year 2030. Another worry-
ing aspect is that SFs is a
gas that cannot be decomposed
or destroyed Dby physical
means. The fact that SFs 1is
still be used is that there
are very strong reactions
from the electrical industry.
Another reason is that there
are not still in sight alter-
native solutions to the use
of the SFs.

SFe was first used as in-
sulating medium for switch-
gear in 1938 by Grosse. West-
inghouse Electric Co. was the
first to manufacture SFe
switchgear for the 115 kV net-
work [19]. From then on the
said gas was used in various
types of electrical equipment
as insulating medium. It is
still a widely used gas be-
cause of the properties men-
tioned above. As alternatives
to SFe, mixtures of the said
gas with nitrogen (with 50%-
60% SFe) were used. The di-
electric strength of the mix-
ture may reach 85-90% of the
dielectric strength of the
pure SFe. It was shown that
an 800 kV transmission 1line
using this mixture costs only
21% of the cost when pure SFs
is used. Mixtures of SFs with
air, N20, N2, CO2 were also
tried [20]. A transmission
line with a mixture of SFs
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/N2 was used in the beginning
of this century in Geneva,
Switzerland. Efforts were also
made to use the above mixture
in a 420 kV 1line in France,
where the percentage SFs in
the mixture was reduced by
30% [21]. Such mixtures are
also tried in DC systems, the
main counterargument being
that in DC conditions metal-
lic particles may play in
even more crucial role in the
degradation.

Such a mixture of SFe with
other gases may well offer a
solution w.r.t. the satisfac-
tory functioning of electri-
cal equipment and may reduce
the use of SFe to a signifi-
cant degree but its use can-
not be totally excluded. Con-
sequently, various researchers
tried to propose gases with
similar characteristics which
may not be detrimental to the
environment. Given the elec-
tronegativity of SFe efforts
were made so that the alter-

native gases preserve this
characteristic without the
toxicity.

Devins studied the break-
down voltage of several elec-
tronegative gases, such as
CF4, C3Fs, Cs4F10 and C2Fs.
These fluorocarbons are sta-
ble and electronegative. Re-
garding their insulating pro-
perties the above gases are
classified with the following
order CeFi14 > Cs4F10 > C3Fs >
C2Fe > CF4 [22]. The problem
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with the above gases is that
they are also included in the
gases whose use must be 1lim-
ited according to Kyoto pro-
tocol because of their global
warming potential (GWP).

The gas CF2Cl2 has dielec-
tric strength similar to that
of SFe whereas the mixture
CF2C12-CO02 has insulating pro-
perties similar to CF2Cl2-N2
but it differs considerably
from the mixture SFe-CO2 [21].
Towards the end of the ni-
neties with the greenhouse
effect to having worsened,
attention was paid to perflu-
orocarbons (PFC) and hydro-
fluorocarbons (HFC) because
of their remarkable insulat-
ing properties [23]. By the
end of the last century but
also earlier, the physico -
chemical and insulating pro-
perties of the pure c-Ca Fs
were studied. With a uniform
electric field, the aforemen-
tioned gas presented 1.18 to
1.25 times higher dielectric
strength than SFs. Such a mix-
ture, however, cannot be used
in high altitudes because of
its high temperature of 1liqg-
uefaction [24]. Research ef-
forts were made with other
combinations, such as c-C4Fs
/N2, c-C4Fs/air, and c-CaFg/CO2
regarding their insulating
properties thus finding that
they have higher dielectric
strength than the mixture
SFe/N2 with a wuniform elec-
trode arrangement [25].
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Yet research on c-CaFs with
gases such as N2, CO2, N20,
CHF3 and CFs4 revealed that
the dielectric strength of
the mixtures c-C4F8/N2, c-C4Fs
/C02 and c-Cs4F8/CFa increases
linearly with increasing per-
centage of Ca4Fs. The best mix-
ture analogies of the c-Cs4Fs
/C02 and c-CaFg/N2 are 10% and
20% respectively regarding the
AC dielectric strength. With
respect to the insulating pro-
perties the classification of
the above gases is

c-CaFg/N2 > c-CaFg/CHF3 >
Cc-C4F8/C0O2 > c-C4Fg/CFa

with the remark that c-C4Fs
renders sedimentation of the
carbon atoms unavoidable du-
ring discharge diminishing
thus the insulating proper-
ties of the mixture [26]. Work
was done on c-C4Fg/N2 with
different pressures and dif-
ferent electrode distances.
The inception voltage for the
pure c-C4Fs is about 1.3 ti-
mes higher than that of SFs.
c-C4Fs and N2 show that they
have a sort of synergistic
effect when mixed together
[27].

Relatively recently it was
shown that in tests with
switchgear of 145 kV a mix-
ture of C4F7N/CO2 in analogy
of 18-20% could obtain the
same dielectric strength as
the pure SFe. Experiments with
AC voltages as well with im-
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pulse voltages showed that
the above mixture presented
satisfactory electrical be-
havior. An important point
that was emphasized is that
the above data are valid for
uniform and quasi-uniform
electric fields but not for
non-uniform fields. This im-
plies that attention must to
be paid to the equipment de-
sign so that non-uniform
fields are avoided since the
mixture of fluoronitrile/CO2
tends to give lower dielec-
tric strength than SFe with
non-uniform fields [28].

The gases c-Cs4Fg and CsFs
are not typical greenhouse
gases, however, their GWP is
rather high (8700 and 7000
respectively) and they can
stay in the atmosphere for a
very long time (3200 and 2600
years respectively) [23].

Novec 5110 - CsF100 and
Novec 4710 - C4F7N are also
alternatives to SFe.These are
high density gases that are
non-flammable and they do not
destroy the ozon of the at-
mosphere. Their dielectric
strength is superior to that
of SFe and their GWP is much
lower to that of the SFes [29,
30]. Their boiling point is
much higher than that of SFe,
which means that their pres-
sure is lower at any tempera-
ture. They can cause much
lesser damage to the environ-
ment since they remain in the
atmosphere 0.4 and 30 years
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respectively. They are much
less damaging for the envi-
ronment since their contribu-
tion to the greenhouse effect
is minimal. When the above
gases are mixed with air,
their dielectric strength gets
higher when the percentage of
the gases in the mixture is
higher. It must, however, be
noted that for the same pres-
sure the mixtures of the afo-
rementioned gases with air,
their dielectric strength is
lower than that of the pure
SFe. The mixtures can be used
at higher pressures (in the
range of 5.2 bar) in order to
reach the dielectric strength
of the pure SFes. Both CsFi100
and Ca4F7N have a better elec-
tronegativity than SFs and
their thermal properties are
satisfactory and from a medi-
cal point of view are safe
[31].

Regarding another possible
replacement of SFs researchers
proposed CF3I, which is a gas
which also captures elec-
trons. It is colorless and
non-flammable. TIts environ-
mental effects are negligible
It has, however, a relatively
high temperature of liquefac-
tion (-22.5° C) which implies
that for wider use it has to
be mixed with other gases
with a lower temperature of
liquefaction. The main by-
products after discharge ac-
tivity are C2Fes, C2F4, C2FsI,
C3Fs, CHF3, Cs3Fs and CH3I with
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the first two to be the main
decomposition byproducts, with
C2Fe to be the main by-prod-
uct independently of whether
the applied electric field is
uniform or non-uniform [32].
In an earlier investigation,
the same authors noted that
the V-t characteristics of
CF3I, SFs, CF3I/N2 and SFe/N2
gas mixtures under non-uni-
form field gaps by using the
steep-front square pulse volt-
age showed that with a more
uniform electric field the
sparkover voltage of CF3I is
higher than that of SFe wher-
eas a CF3I/N2 gas mixture
containing N2 gas of 40% are
equivalent to those in pure
SFe gas as far as the V-t
characteristics are concerned
for wuniform electric field
[33]. CF3I has 1low toxicity
and does not cause any damage
to the immune system of hu-
mans. On the other hand, C3Fs
as a by-product of discharge
activity can cause weakness
and problems in sleep but it
exists only in minute quanti-
ties. In case of a surface
flashover, the concentration
of Cs3Fs is only 0.00122 ppm
under uniform field condi-
tions and only 0.000501 ppm
under non-uniform electric
field. With a rod-plane elec-
trode arrangement CF3I has
generally a higher dielectric
strength than SFe for higher
pressures whereas the rela-
tion is reversed at lower pres-
sures [21] and with nonuni-
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form electrodes. With 1light-
ning voltages, the dielectric
strength of pure CF3I is
higher than that of SFs for
spherical electrodes. With a
mixture of CF3I/CO2, having
60% of CF3I, the dielectric
strength may reach the di-
electric strength of the pure
SFe. The percentage increase
of CF3I in mixture with ei-
ther CO2 or N2 results in an
increase of the dielectric
strength [34]. In a mixture
of 30%/70% CF3I/CO2 the di-
electric strength increases
with the electrode unifor-
mity, whereas the insulating
properties of 30%/70% CF3I/
CO2 are similar with those of
the mixture 20%/80% SFe/N2
[18, 35]. Yet other work in-
dicated that with a 60% per-
centage of CF3I the V-t char-
acteristic of CF3I/N2 or of
CF3I/air the dielectric
strength is similar to that
of SFe [36]. Research per-
formed on mixed gas CaF7 N/
CO2 indicated a dielectric
strength comparable or even
better than that of SFs,
drawing also attention to the
faster decomposition rate of

the former with increasing
temperature [37].
Regarding the inception

voltage of partial discharges
with a point/plane electrode
arrangement, it was found that
this does not vary either with
pure CF3I or pure SFe at 0.1
Mpa. A mixture of CF3I/CO2
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presents an inception voltage
by about 0.9 - 1.1 times
higher than that of a mixture
of SFe/CO2 [20]. When the
volume of CF3I is about 20%
in a mixture of CF3I/N2, the
inception voltage was 0.92 -
0.94 times higher than that
of a mixture SFe&/N2 provided
that the experimental condi-
tions are the same [20]. With
respect to the arc quenching,
both the pure CF3I and the
mixture CF3I/CO2 present a
satisfactory performance com-
pared to SFe in the case of
Short Line Fault (SLF) and in
the case of Breaker Terminal
Fault (BTF) [20].

Regarding modern applica-
tions of the above, one may
emphasize that efforts are
being made in several coun-
tries. Combinations of CsFioe
0 with dry air and CO2 have
been tried in RMU of 24 kV
with a nominal current of 630
A with satisfactory results.

Synthetic air in 12 - 36 kV/
1250 A equipment is also be-
ing tried [38]. GIS with Cs
Fie0 1is also in use in
Switzerland [39].

Conclusion

Since even a small quan-
tity of SFe may have detri-
mental effects 1in climate
change, alternatives were be-
ing sought. Today’s alterna-
tives suggest other gases as
replacements. There are, how-
ever, some hindrances either

because research is - and
rightly so - slow or because
industry seems to be even

slower to react. Alternatives
gases to the SF6 and/or mix-
tures of gases were presented
and in all probability these
seem to be viable alterna-
tives. However, a lot will
depend on the approach of the
various governments to the
problem of climate change.
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Measurement Uncertainty in Network Analyzers:
Differential Error DE Analysis of Error Models
Part 7: Remarks on the Uncertainty Notions
-from Lab VNA to Toy NanoVNA-

N.I. Yannopoulou, P.E. Zimourtopoulos
Antennas Research Group, Austria - www.op4.eu
Abstract

From A Common User's Point Of View [FACUPOV] any Vector
Network Analyzer [VNA] -from the most expensive Laboratory
VNA [Lab VNA] to an extremely cheap Do It Your Self [DIY]
NanoVNA [Toy NanoVNA]- that can deliver all the values of its
Calibration and the Device Under Test [DUT] in each one of
the measurement frequencies, subjects to the uniquely exist-
ing estimation of its Measurement Uncertainty in that fre-
guency, that is the one which is computed after the Exact
Formation of its Complex p-DER Differential Error Region, as
well as, of its two Real Differential Error Intervals in po-
lar -rather than rectangular- form: p-magnitude DEI and p-
phase DEI. However, due to the fast and wide spread through
the Internet of a huge bunch of accompanying instructions re-
garding these matters, confusion has arisen from some of the
concepts and notations commonly in use in VNA Tliterature
which reappears now again, as they are given obscurely, am-
biguously, or even incorrectly. Accordingly, this paper
presents in full details now, the work done by the authors
and announced in the past during the meetings of the circle
members of Automatic Network Analyser Metrology [ANAMET]
technology group of National Physical Laboratory [NPL] so as
to isolate among the also observed then misconceptions, those
that definitely require reformulation of their expressions
and perhaps a broader consensus on the range of their values
and among them primarily that of phase or argument. In addi-
tion, in order to highlight the unprecedented advantages of
the full and correct computation of DERs and DEIs, the fol-
lowing Practical Applications are included: (a) a comparison
between several different in concept and form VNA quantities,
(b) a counter example based on previous authors' work, (c) a
3D representation of complex p-DERs, and (d) a selected num-
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ber of characteristic frames of AVI videos that produced by
the authors to show the evolution of the 2-D outline of Com-
plex p-DERs and of its two Real p-DEIs, both rectangular and
polar, uncertainty width in terms of frequency, while the in-
ternet links to all of these videos are also provided.

Keywords

microwave measurements, network analyzer, differential er-
ror region, differential error interval, calibration

Introduction

Some useful remarks on the
uncertainty notions wused in
VNA measurements, that we had
in mind when we began our re-
search for the systematic er-
rors about 30 years ago, and
which came up again after the
presentation of the 33rd (Ro-
hde & Schwarz, Fleet, 11 May
2010) and 34th (National Phy-
sical Laboratory, Teddington,
21 October 2010) ANAMET meet-
ings and reappeared nowadays
are presented here. The un-
clear and not well defined
concepts are mainly due to
the fact of introducing the
complex numbers to represent
the VNA measurements since we
measure magnitude and phase.
Thus, our first concern is to
give a well formed formula
for the phase determination
of a complex number. Then we
examine the information given
in relevant Tliterature, old
and new, about the phase and
its wuncertainty, and how it
can lead to misunderstandings.
A comparison for the magni-
tude and phase uncertainty is
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given, with the help of some
AVI videos for two different
DUTs, a 50-0hm dc-resistance
box as a well closed DUT and
a ground plane antenna as an
open DUT, of which some repre-
sentative and notable frames
are illustrated.

The merits of using total
differentials to determine
the measurement uncertainty
are discussed and the size of
the problem for a numerical
eva-luation of ASij in one-
port and two-port measure-
ments is exposed.

A counter example from an
already published authors'
work is used in order to de-
monstrate that a full one-
port SLO calibration may not
always be considered as a pre-
ferable one over that of just
a short response S calibra-
tion. A 3-D representation of
the reflection coefficient to-
gether with the DERs as beads
around its curve 1in space is
given.

A final remark concerns
the wuse of terms magnitude
and amplitude for the value -
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size of the involved quanti-
ties and the terms argument
and phase for the angle. Mag-
nitude is wusually used for
vectors and amplitude for com-
plex numbers in ac signals or
waves, such voltage or cur-
rent. Argument is used more
commonly for complex numbers
while phase for sinusoidal
functions and waves and it is
the most preferable term in
general. In the rest of the
text the use and meaning both
of these two couples are con-
sidered from the same view
point, although, at least our
VNA, definitely use the terms
magnitude and phase for what
it measures as Sij "vectors"
[1]. However, there is a lot
of misleading information on
the internet and elsewhere
about the definition of these
gquantities. Typically we men-
tion here the case: "Degrees
are almost universally used
for the phase angles in sinu-
soidal functions, as in,
sin(wt + 30°). (Since ot is
in radians, this is a case of
mixed units.)".

The first announcement of
the present work was a twenty
minute presentation in the
35th ANAMET meeting of the
National Physical Laboratory
[NPL] in 20 October 2011 in
Teddington, which 1is avail-
able in

www.antennas.gr/anamet/35/

SATURDAY 30 SEPTEMBER 2023 vli-23

All the AVI videos produced
in order to enhance the pre-
sentation of the subject are
available as FL0OSS in the
same link, as above.

On the Notion of Phase

The well-known representa-
tion of a complex number 2z,
with the dot above the char-
acter z to clearly signifying
its complex nature, in Carte-
sian and Polar form, is shown
in Fig. 1 and defined as

z=x+iy=z 42,
VX2+yZI£€(_nI T[] (1)

zcos(z),y =z sin(z)

z

X

Im

Re

0
Fig. 1: Complex number

The use of arctangent
(tan-1) function to determine

z as a function of one vari-
able is inadequate since it
returns wrongly the same ar-
gument for opposite complex
numbers, red and black points
shown in the unit circle 1in
Fig. 2, that is, for complex
numbers 1lying in the first
and third (I, III) and in the
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second and fourth (II, 1IV)
guadrants and returns values
only between -m/2 and +m/2
and not in the whole interval

of 2, as given in (2),
zéztanfl(y),
(2)

-n/2

Fig. 2: Arctangent result

It is most appropriate to use
the arctangent function of
two variables, as defined: a)
by taking into account the
sign of the real and imagi-
nary part, that is, in which
gquadrant lies the complex num-
ber and b) in terms of the
arctangent function of one
variable. This function, (3),

will return the correct z va-
lues in the entire interval
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(-m, m], as it 1is expected
for complex numbers. Fig. 3
and Tab. 1 give a phase exam-
ple for nine (9) characteris-
tic points in the unit cir-
cle.

sgn(y)={y<0: -1, y>0: +1}
= tan, (y, x) =
tan;l(%), x>0

sgn(y)*m + tan;l(%), X<0(3

sgn(y)*g, Xx=0

(0]
o’ X=0,y=0
<_OOI +°O)><(_°Ol +OO)_>( -, +T[]

In Fortran there 1is the
special function ATAN2 and in
Mathematica Arg[z] that auto-
matically produce these val-
ues, except for the case x =
0, y = 0 of course.

on the Notion of Phase
Uncertainty

1. The first available in-
formation on VNA measurements
was the very helpful notes of
a Vector Seminar by Hewlett-
Packard Company [HP] itself
in 1989 [2]. As any other
printed textbook that can not
be changed afterwards, care-
ful study was needed.
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ta nE,l(%)

111 —ob° IV

Fig. 3: Phase example - 9 points in unit circle

fe(-m, -2)U{-5}U(-3,0/U{0}U(0, 2)U {5} U(z, MU {n}

Tab. 1: 9 points in unit circle

Point| x y | tan,*(y/x) | tany*(y/x)
1 1| o 00 00
2 1] 1 450 450
3 1| -1 450 _450
4 -1 1 -45° 135°
5 -1 -1 45° -135°
6 -1 (0] 0° 180°
7 0 1 00 90°
8 0 -1 00 -90°
9 0 (0] "o/0" "o/0"

SATURDAY 30 SEPTEMBER 2023 vi-25 FUNKTECHNIKPLUS # JOURNAL

N.I. YANNOPOULOU, P.E. ZIMOURTOPOULOS

Thus, in page 3-11 the
figure and its adjacent para-
graph, shown in Fig. 4, is
given, as well as the expres-
sions of A, as phase uncer-
tainty, inside the slide and
of ASi1 for the one-port er-
ror model of Fig. 5(a), as
they appear in the same Semi-
nar notes. Fig. 5(b) shows
the one-port error model as
it is wused in all of our
work, with the reflection co-
efficient p of the DUT as it
results after calibration and
measurement. Noticeable there
is a slightly different nota-
tion in the same slide used
in the Seminar notes between
the figure and the relation
below it. However there is an
obvious correspondence between
the involved quantities as: D
and Ep of HP with our D, Siim
of HP with our m, Ms and Es
of HP with our M, 1+Tr, ErR of
HP with our R, and Siia or
S11a of HP with our p.

Fig. 4 is very interesting
since it includes two (2) in-
consistencies, one (1) query
and one (1) error, as it 1is
explained step-by-step below.

Step 1 - 2 Inconsistencies:
In Fig. 6, at the two yellow
marked phrases there 1is a
clear reference at Sii1 after
calibration which corresponds
to Si1a not to Siim which is
the measured value. But 1in
the A@ expression we found
the unexpected Siim.
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Step 2 - 1 Query: If "ASi1 is
perpendicular to the value of
S11A", as it is shown in Fig.
7, then the given expression
of arc sinus 1is correct. The
guestion is: is there any ca-
se for this statement to be
true, and if it is then when
it happens.

Step 3 - 1 Error: In Fig. 8
the statement that this is the
worst case is wrong, since the
worst case, that is, the one
which gives the maximum Ag,
results only when we consider
the tangent to the circle
centered at Siia with radius
AS11. That means, that the
worst case for Ap will be
when AS11 is perpendicular to
the Siim value and not to
S11A. We built the [DELTAPHI.
AVI] video in order to reveal
the wrong statement. Six fra-
mes are shown in Fig. 9, for
random points on the circle.
All frames contain the actual
worst case and the case indi-
cated incorrectly as the worst.
The variable is the position
around the circle centered at
S11A with radius the value of
AS11. Therefore, for every
point on the periphery the Ag
angle 1is outlined with blue
color and its value is noted
in degrees. The angle for the
case of Fig. 8, that is, when
AS11 is perpendicular to Siia,
as it is stated in the Semi-
nar notes, 1is sketched out
with green <color and its
value is written, Fig. 8(c).
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The actual worst case is out-
lined with red color in Fig.
8(e), that is, when Siiv 1is
on the tangential 1line and

PHASE UNCERTAINTY

AS
L= sin"t—sﬁ}

there is a 90° angle with
AS11. Since 28.1° > 25.2° the
sta-tement wunder discussion
is obviously wrong.

What about phase uncertainty? Phase urcertainty is a
function of both s,, (the result after calibration) and As,,.
The worst case phase error occurs when As,, is perpen-
dicular to the value of s,,,. Since As,, is 2 worst case
value, AQ which is defined as the arcsin of (&s,,/5,,) is
the werst case phase ncertainty. abeat Wy

ASH= Syy= Sy,=D+Tp Sy, + Mg Sn,?

Fig. 4: Phase uncertainty Ag@ and ASi11 [2]

CONNECT THE DEVICE UNDER TEST

S
1‘_"’ D M, {:S"A 9
i H

Stnu-Ep

Sup2 —
Eg (Sny,~ Ep) + Eq

5481

(a) HP Seminar notes

3-11
1
o—> -
m oY AWV p
Oo— -
R
__ (m-D)
p_M(m—D)+R

(b) Author's

Fig. 5: One-port error model
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PHASE UNCERTAINTY

JAA

=

so=sin (53 é’ff,”’//”

What about phase uncertainty? Phase uncertainty is a
function of both s,, (the result after calibration) and As,,.
The worst case phase error rs when As,, is perpen-
dicular to the value of s,"Since As,, is a worst case

5489 3-11

Fig. 6: Two (2) Inconsistencies

PHASE UNCERTAINTY

’
I
i
|
|
]
|
! v
A

I |
A0 = Sin

What about phase uncertainty? Phase uncertainty is a
function of both s,, (the result after calibration) and As,,.
The worst case phase error occurs when As,, is perpen-
|- dicular to the value of s,,,. Since As,, is a worst case
value, Ap which is defined as the arcsin of (As,,/s,,) is
the wnrst case phase nncertainty.ahont .

Fig.

5489 3-11

7: One (1) Query

PHASE UNCERTAINTY

—pt

What about phase uncertainty? Phase uncertainty is a
function of both s,, (the result after calibration) and As,,.
| The worst case phase error occurs when As,, is perpen-
dicular to the value of 5,,,. Since As,, is 2 worst case
value, Ap which is defined as the arcsin of {4s,,/s,,) is
the worst case phase nncertainty.abot W

Fig.
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8: One (1) Error
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(e)
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(f)

Fig. 9: Six characteristic frames for A values
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2. Another issue has to do
with the adopted interval of
values for phase and its un-
certainty. For example, in a
presentation of 33rd ANAMET
meeting [3], there is a fig-
ure showing the phase versus
frequency covering the range
of values [-5000°, 1000°],
whi-le the following, right
after that, calculation of
electrical 1length requires
the phase to be in radians.

In a presentation of 34th
ANAMET meeting [4], an exam-
ple exists for the reflection
coefficient of Thru showing:
(1) the linear magnitude with
uncertainty greater or equal
to 0 and omitting the nega-
tive values, (2) the phase is
given in the interval (-m,
n], while (3) its uncertainty
is in the interval (-2m, 2mn].

Finally, a presentation of
the same ANAMET meeting, as
and its corresponding previ-
ously published paper [5, 6],
shows S11, S22 '"reflection
phase" for a 17mm air 1line
in the range of -2500° to 0°,
which means: six (6) times
around the circle plus 340°.

3. Since we basically have
ratios and products of com-
plex numbers Sij to deal with,
we are interested in differ-
ence and addition of phase
angles. If we accept the (-m,
n] interval from (1) for any
phase angle, then obviously
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the difference of two phase
angles will be in the inter-
val (-2m, 2mn) and the addi-
tion will be in (-2m, 2m].
These intervals cover the unit
circle for determining the
phase more than once, thus
destroying the "1-1" corre-
spondence.

The shape of the corre-
spondence for both difference
and addition in the above
mentioned intervals is shown
in Fig. 10(a) in a Cartesian
plot, where the principal in-
terval 1is indicated by the
thick black frame. Fig. 10(b),
(c) shows its right and left
extension respectively, where
we have taken care to keep
the same 360° range as in the
principal interval. The val-
ues of angles that are not
included are indicated with
an open circle. It 1is clear
that in each of these two in-
tervals there is a disconti-
nuity described by the shown
jigsaw function. Moreover,
the ¢ principal angles result
from different @i value, for
example quadrant I results
from the interval (0°, 90°)
and also from the interval
(-360°, -270°). In both fig-
ures the number of each quad-
rant is shown for both axes.

In order to correctly com-
pute the complex number we
discriminate two cases: (1)
if @i € (-360°, 360°) then we
use the relations:
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®;+360°, @; <-180°
©=!¢,-360°, ¢,>+180° (4)
¢;, -180°<¢@; <180°
and (ii) if the angle is out-
side the interval (-360°,

360°) then a two step proce-
dure is needed: (ii.1) we ap-

ply the well known Euclid's
division Tlemma extended to
negative dividend or negative
divisor to find the signed
reminder @i in (-360°, 0°),
or (©°, 360°) as shown 1in
Fig. 10(b), (c) respectively,

@'=k360°+¢9,, keZ (5)

and (ii.2) apply (4) for oi.

[o} o] o] o (o] [o] [o] o]

I II III IV I II  III IV
— 180
°|_| [s]
y II
o 90
-a| [s]
S I
< 9
T'U o
g IV
7 -00
-C (o)
g III
& _180 J (

-360 -270 -180 -90

J
0 90 180 270 360

Angle @, [°]

(a) Jigsaw function

Ho
[
H
H
H
H
H
<

Ho
H
-
—
—
—
—
<

— 180

=]

—_ [e]
> II
o 99 {///// ‘K////

E ;
c

< 00 0O

Td o
g v
7 —g0

c o
s {//// {//// IIT
o I's

-180 &
-360 -270 -180 -90

Angle @; [°]
(b) @i < -180°

0 o} 90

L

180 270 360
Angle ¢; [°]

(c) +180° < @i

Fig. 10: Principal angle ¢ in terms of angle @i
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In order a) to reveal the
problem, and b) to amplify
our thesis regarding these
issues, two extreme examples
are presented in Fig. 11. The
phase difference of blue
point A with phase +177°, in
respect to -177° phase of the
blue point A' (z,/z,.), is not
354° but -6°, while the phase
difference of red point B
with phase -80° in respect to
+130° phase of red point B'
(zg/zg.), 1s 150° and not -210°
as:

Ap' = 177° - (-177°) = 354° =
Ap' > 180° = Ap = 354° - 360° =

Ap = -6° and

Ap' =-80° - (+130°) = -210° =
Ap' <-180° = Ap = -210° +360°=
Ap = 150°

Finally, if we consider, as

last example, the value -2400°
then from (5) we take:

@' = -2400° = -6 x 360° - 240°
and thus from (4):

@i = - 240° < -180° =

@ = - 240° + 360° = @ = 120°
Notably, there are various

ways to use (4) and (5) in pra-
ctice, because the program-
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ming language in use may im-
plement differently the func-
tions integer and fractional
parts of a real number.

It is important to keep
always in mind what a Vector
Network Analyzer, as our
HP8505A, can measure and pre-
sent as indications in [de-
grees]. Thus, for Sij mea-
surements the range for phase
is +180° [7], as it corre-
sponds to complex numbers,
while this range may be dif-
ferent for measurements con-
cerning the electrical length
where also the final purpose
is different, as occurred in
the first ANAMET presentation
above [3].

1779 A 0 re
-177°\A"
Im
BI
130°
0 Re
-80° B

Fig. 11: Extreme Ag@ examples
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On the Concepts of Magnitu-
te and Phase Uncertainties

The full presentation of
our exact estimation of VNA
measurement uncertainties in
comparison with the approxi-
mate ones by HP [2] begins
with the contents of Tab. 1.
This table contains the vari-
ous expressions used for the
magnitude and phase uncer-
tainties under discussion. In
the first row the ASi11, A@ in
black print are the expres-
sions produced by HP [2] and
reproduced here in Fig. 4,
where the used = symbol im-
plies some undeclared there
[2] sort of approximations.

In the second row, the ASL,

Ag" are the full -not approx-
imated- expressions produced
by us and resulting from the
complex difference Siim-Siia,
where in dark gray print are
the additional terms, which
are missing from the corre-
sponding HP expressions [2],
above. In the third row, the

AS§; and Ag® in light gray
print are correspondingly the
absolute value of the differ-
ence between the complex num-
bers S;;4, Siia and the phase

difference between them. Fi-
nally, in the fourth row in
red print are shown the de-
fined by us polar DEIs, dif-
ferential error intervals, for
the magnitude and phase of
S11.

Two related examples are

SATURDAY 30 SEPTEMBER 2023 vl-33

shown in Fig. 12 and Fig. 13:
the first for a Box surround
a 50 Ohm dc resistance, and
the second for a UHF Ground
Plane Antenna (GPA) [8]. Blue
color is used for the Differ-
ential Error Region (DER) and
green for the rectangular
DEIs, real and imaginary
part. The numeric evaluation
of AS11 results 2(7x2) = 214 =
16,384 points from N=7 (7
complex variables) interval
endpoints, as it was ex-
plained in detail in [8, 9].

Almost all of ASi1 points
belongs to Si11-DER for the
selected frequency frames for
both these DUTs. ASi1i under-
estimates the systematic er-
ror for the first and overes-
timates the error for the
second. All the corresponding
values for magnitude and
phase, and their uncertainty
are given in Tab. 2, colored
accordingly. For the Box it
is obvious that the full ex-
pression of ASi11 does not
give a different result, but
for the antenna there is some
difference. The DEIs are gi-
ven in absolute value.

Two AVI videos were pro-
duced covering the measured
frequency range: 1) [Box-DERs
-DEIs.AVI] and 2) [GPA-DERs-
DEIs.AVI]. Eight frames were
selected for each DUT shown
in Fig. 14 (28, 80, 301, 444,
600, 782, 990, 1211 MHz) and
Fig. 15 (600, 652, 700, 800,
816, 856, 900, 1000 MHz) re-
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spectively, with all the cor-
responding values with their
colors above each frame.

For the 50-0Ohm Box a no-
table case occur at the low-
est frequency of 2 MHz where
the reflection coefficient
S11 is nearly 0. The same be-
havior is true for the next 4
frames, that is, for 15, 28,
41 and 54 MHz. In Fig. 14(a),

the results for 28 MHz are
shown with the orange point
to correspond to the origin O
of the coordinate system.
AS11 is very small (black/grey
co-lor), while this is a spe-
cial case for our DER which
contains the origin O and it
gives a circle for the polar
DEIs, as it 1is already ex-
plained in [10, 11].

Tab. 1: Magnitude and phase uncertainty expressions

Magnitude Phase
AS,
= - ~ 2 Ap = sin™*
AS13 = Siam = Sqaa =D + TpSyga + MsSigp @ Siia
D + TrS11a + MsSi1a - DMsS AS]
F rRO11A ¥ MsSi1a $911A F_ o -185n
NS, =S, - Spa= The. a9 = sin g

:|SllM - S11A|

DEI: AS7;, ASi;

DEI: AQ , AQ’

Tab. 2: Figs. 10 - 11 Magnitude and phase uncertainty

50-0hm Box - 873 MHz

GP Antenna - 976 MHz

S11 |0.359/-60.27°

0.593/-108.39°

[S11] [¥0.034, +0.034, ,

(0.040, 0.037)

+0.193, +0.200, ,

(0.061, 0.055)

/S11° |+5.45, +5.47, ,

+18.97, +19.72, ,

(7.66, 7.72)

(6.57, 6.64)
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MHz, shown in Fig. 15(e), the

orange point of the origin O Freq: 28MHz : ] Freq: 8OMHz : :
—T T T is inside the AS11 circle and Mag: ©.00 0.00 ©.83, 0.03 Mag: 8.88 0.00 ©.03, ©.03
/////\\\ . 11 ¢ Phase: 4.0 4.0 [180.0, 180.0]  Phase: 4.4 4.4 [ 51.7, 51.7]

the arc sinus function cannot

|
N
~l

T

1

give an acceptable answer. At

el - 828 MHz 0 1is exactly on the
0 periphery and still the arc
sinus does not work. At 848 0.04 0.07
- 31F (Mag: 0.03, 0.03, 0.25, [0.03,
0.03], Phase: 14.1, 14.1,
142., [15.1, 15.1]) and 856 0.01F J 0.04k ® i
MHz (Mag: 0.04, 0.04, 0.27,
-.35

[0.04 , 0.03], Phase: 12.5,
12.6, 98.6, [11.9, 11.8])

13 .18 S{; .22 shown in Fig. 13(f), the con-

-0.02

sidered errors are compara-

Fig. 12: 50-Ohm Box - 873 MHz Ple, and these are the only
cases that this occurs.

The AS11 numeric evaluation —0.02 o,loj_ 0.04 —0.02 0.02 0.05
in 2(7x2) = 214 = 16,384
points, took ~5 min on a Net- (a) (b)
book Atom N270/1.6GHz, 1GB

s : _ Freq: 301MHz Freq: 444MHz
within Mathematica. The nu Mag: ©.01 0.01 [ 0.03, 0.03] Mag: ©.01 0.01 [ 0.03, 0.03]

meric evaluation of AS21 for Phase: 3.3 3.3 [ 14.9, 14.8] Phase: 2.9 2.9 [10.8 , 10.8 ]
two-port measurements, de- T T

mands: 2(22x2) = ~18x1012 l//////A\
points; at least: 2(20x2) = 0.08
~1x1012 points, if we exclude 0.11
the Ex crosstalk system error
[12]. So, we prepared the

mini super computer of Fig. 7//%9// ‘\<§\\\\
16, an equivalent to 3xCray-2 0.08f <::> . 0.04f g
Super Computers, many years &\\\>\\¥ 4//44{{

-25-.19 12 Sj ago, with a 16 CPUs Cluster,
_ 8XAMD Athlon X2/240 at 2.8
Fig. 13: GP Antenna - 976 MHZ  gHz 16 GB RAM, in GNU/Linux .

64-bit PelicanHPC 2.3.2 oper- Rd™ 5.60
For the antenna: The no- ating system [13], to try to
table cases are for the fre- gayaluate all that points with

quencies 816, 820, 824 and arallel roarammin in a : :
828 MHz. For example, at 816 gluster. prog g 0.08 0.12 0.15 0.16 0.20 0.23
(c) (d)
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Freq: 600MHz Freq: 782MHz
Mag: 0.02 0.02 0.01[ 0.03, 0.03] Mag: 0.03 0.03 0.03[ 0.04, 0.04]
Phase: 3.6 3.6 -1.4 [ 8.6 , 8.6 ] Phase: 5.4 5.4 2.5[ 7.8, 7.8]
T T
-0.03
-0.19
-0.07F B -0.23F B
-0.28
-0.11 \\\\\\\d/
1 1
0.22 0.26 0.29 0.19 0.24 0.28
(e) (f)

Freq: 990MHz Freq: 1211MHz

Mag: .03 0.03 0.03[ 0.05, 0.04] Mag: .03 0.03 0.02[ 0.05, 0.04]
Phase: 4.8 4.8 0.6 [ 7.6 , 7.7 ] Phase: 3.8 3.9 0.1 [ 8.0, 8.0]
T T
-0.35 il
-0.36 {/7,
-0.39+ E -0.41}+ ‘\7 i
-0.46 4//7/
-0.43 \\\\\\\q/
1 L
0.01 0.07 0.12 -0.26 -0.20 -0.14
(9) (h)

Fig. 14: Characteristic frames from [Box-DERs-DEIS.AVI]
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Freq: 600MHz
Mag: 0.180.19 0.29[ 0.09, 0.08]
Phase:11.812.3 -18.8 [ 7.1, 7.1 ]

-0.72f

-0.80] E

-0.87

1
-0.50 -0.39 -0.29

(a)

Freq: 700MHz
Mag: ©.19 0.20

0. .04, 0.03]
Phase: 17.3 18.0 38.
T

, 5.9 ]

oW

©
—r—
[e> O]
[oN o]

-0.19

-0.25F R

-0.31

1
-0.62-0.58-0.53

(c)

FUNKTECHNIKPLUS # JOURNAL vi-38

YANNOPOULOU, P.E. ZIMOURTOPOULOS

Freq: 652MHz
Mag: 0.210.22 14

0.14[ 0.0
Phase:14.6 15.1 -3.4 [ 6.4 , 6.4 ]
T

-0.51

-0.59F B

-0.67

1
-0.61 -0.58 -0.50

(b)

Freq: 800MHz
Mag: ©0.07 0.07 0.27[ 0.04, 0.03]
Phase: 20.7 20.8 05.1 [12.5 , 12.6 ]

0.09H B

0.05

-0.21 -0.17 -0.13

(d)
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Freq: 816MHz Freq: 856MHz
Mag: ©.07 0.07 0.06[ 0.03, 0.03] Mag: ©.04 0.04 0.27[ 0.04, 0.03]
Phase: ———— ———- ~44.6 [37.5, 36.5 ] Phase:12.512.6 08.6 , 11.8 ]
T
-0.14 //’77*<2&
0.03 K \
-0.01F E -0.18} e
-0.04 j
-0.22
1 1
-0.09 -0.06 -0.02 0.03 0.07 0.11
(e) (f)
Freq: 900 MHz Freq: 1000MHz
Mag: 0.080.08 0.79[ 0.05, 0.04] Mag: ©0.180.19 1.14[ 0.06, 0.06]
Phase: 10.4 10.4 161.0 [ 7.5 , 7.4 ] Phase: 16.316.7-147.0 [ 7.1, 7.0 ]
T T
-0.38
-0.53
-0.43} E -0.59} .
-0.65
-0.47
1 1
-0.04 0.02 0.07 -0.33 -0.26 -0.18
(9) (h)

Fig. 15: Characteristic frames from [GPA-DERs-DEIS.AVI]
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Gflons
Sustained
Performance

Fig. 16: The RGA mini-Super computer

The Notion of Complex DER

In [14] someone can read
for the S-parameters of a
two-port error model: "Luck-
ily you don’t need to know
these equations to use net-
work analyzers". By the same
reasoning, and probably to a
greater extent, it 1is not
necessary to know the expres-
sions of the total differen-
tials which produce the DERs’
points. You need only the
software tool in order to
evaluate them [10, 11]. Some
remarks for total differen-
tials are:

1. Involve Linear relations
by default.

2. Result in exact cyclo-
polygonal regions in complex
plane instead of approximate
circles or ellipses.

FUNKTECHNIKPLUS # JOURNAL vi—40

3. Produce rectangular inter-
vals, DEIs, for real and ima-
ginary parts, and polar DEIs
for magnitude and phase.

4, Demand careful use of ma-
thematics.

5. Give answer to special ca-
ses.

6. Make possible the expres-
sion of interconnection be-
tween measurements and in-
strument specifications.

Another remarkable point
for the advantages of total
differentials came up during
the PhD thesis [15] where a
number of 3,059 possible an-
tennas where presented, with
900+ figures, and 436 of them
were constructed and measured.
The production of three (3)
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figures for only one (1) an-
tenna is based on 42,432 mea-
surements and almost 23 hours
work with our HP 8505A were
needed. And the query is: if
a method based on statistical
principles was used to deter-
mine the uncertainty for this
specific antenna characteris-
tics, then how many measure-
ments would be necessary for
the same antenna system in
order to ensure a valid re-
sult? Statistics are simple
enough, but time consuming
under real conditions. A sec-
ond query is: What errors do
they really include?

A Counter Example

As a counter example to
the full one-port calibration
we bring back here the case
of short response calibration
for the reflection coeffi-
cient measurement of the UHF
ground plane antenna [16].
The paper is open for perma-
nent review at the given 1link
in References below and for
details. Fig. 17 shows the
transformation of the one-port
error model of Fig. 4(b),
where the dashed boxes indi-
cate the two system errors,
directivity D and source match
M, that do not exist.

Fig. 18 shows the compari-
son of the reflection co-
effient after SLO and only S
calibration with p-DERs and
ps-DERs as stripes with light
and dark gray color respec-
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tively. It is obvious that
the two curves are very clo-
se, and that the DERs for ps
are much smaller. Fig. 19
shows the polar DEIs as
stripes for the magnitude and
phase of p and ps where the
ps stripes are inside the
corresponding p stripes al-
most in the whole frequency
range.

1
o—> >
w1 A
m oy 11 Am p
L_]-d L_]-d
Oo— -
R

Fig. 17: One-port error model

Numerous results having as
follows. Fig. 20 shows the
two p-DERs after SLO and af-
ter S calibration for the se-
lected frequency of 796 MHz,
with their DEIs in rectangu-
lar and polar form. In Tab. 3
the values for magnitude, pha-
se and their DEIs demonstrate
the difference between the
results of the two calibra-
tion techniques.

In short - response cali-
bration only the R system er-
ror can be taken into account
and it is given in Fig. 21
for the two calibration tech-
niques in 3-D and 2-D. The
black color is used for the
full one-port SLO calibration
and the red color for the S

FUNKTECHNIKPLUS # JOURNAL
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short - response calibration.
The corresponding R, Rs-DERs
for the selected frequency are
shown in Fig. 22.

-.23-.223 -.21 p!

T | TT T
796 MHz
14} .
B 4.13
- 44" .12
B 4.11
A0 - 1
pn p&;!
06 1
1 I \/ 1
-.25 -.2186 p' -.18

Fig. 20: p, ps DERs and DEIs

Tab. 4 contains the Min,
Max and Mean value of the
difference for magnitude and
phase between the two cases.
Obviously the R curve in Fig.
21 is the same but there is a
phase difference.

In Fig. 23 p and ps are
shown in 3-D with some se-
lected DERs as beads for the
two cases. The vertical axis
corresponds to frequency from
600 to 1000 MHz. The figure
was produced in Mathematica 7
and it was interactive. From
this figure we creat the film
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[3D-DERs-DEIs.AVI] where some
views are shown.

This is a counter example
for the use of full one-port
SLO calibration versus a sim-
ple response calibration with
just one standard. The paper
was uploaded to Agilent forum
for open review back in 2011
with subject "Systematic Un-
certainties in VNA Measure-
ments" by pez, Total posts:
7, Total Views: 3,400+. We
copied a comment which in-
cludes at least 5 interesting
issues:

" in older equipment
and at low frequencies, where
the directional couplers were
well match (sometimes better
than the loads you could pur-
chase) but not applicable
once you move away from the
test port through any kind of
test cable ...",

by D.J., PhD, Agilent Fellow,
Total posts: 1,800+. The ini-
ial link of the forum is un-
fortunately not available any
more, but the information has
been archived by the authors
at their site [17].

These issues need further
investigation concerning both
the older and the newer
equipment for their ability
to achieve a certain degree
of satisfactorily accurate
VNA measurements.
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Fig. 18:

Fig. 19: Polar DEIs of reflection coefficient
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Tab. 3: p and ps polar DEIs

p = 0.238 «£155.3°

Pl
(0.035, 0.033)

Zp
(9.60°, 9.73°)

ps = 0.251 /15

2.4°

lps|
(0.006, 0.003)

£ps
(2.25°, 2.25°)
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I
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Fig. 21: R, Rs in
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Tab. 4: R, Rs differences
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Fig. 22: R-DER, and Rs-DER

600-1000 MHz Min Max Mean
IR| - |Rs| 16x10-6 [ 15x10-3 |4.39x10-3
/R - ZRs [°] 0.04 10.61 4.65
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Fig. 23: Complex p, ps with selected DERs in [600, 1000] MHz

Conclusion

Due to the one-to-one cor-
respondence between the points
of C complex plane and RR2 of-
ten the complex numbers cor-
responding to ordered pairs
of real numbers are treated
as vectors. This is how the
"Vector" designation has been
established for the Network
Analyzer which measures mag-
nitude and phase. We have
tried here to demonstrate the
confusion caused by the mean-
ing of the word '"phase" at
least in relation to measure-
ments of Sij in the frequency
domain. We did not deal at
all for example with the area
of measurements with a VNA
related to Electrical Length.
We accept the use of the
terms Magnitude and Phase im-
posed by VNA but emphasize
that the pairs are in our
opinion (Magnitude, Argument)

SATURDAY 30 SEPTEMBER 2023 vi—45

and (Amplitude, Phase), the
latter coming closer to phys-
ical reality.

We have shown that a hasty
and careless reading of the
available literature can lead
to misunderstandings, and we
have compared different ways
of calculating the uncertain-
ty in Si11 reflection coeffi-
cient measurement for two
loads with the additional vi-
sual aid provided by videos.
Through these, the variety of
different frequency-dependent
produced DERs was revealed.
Additionally, their 3-D repre-
sentation provides a complete
picture of what one can ex-
pect for the behavior of the
DUTs we measure, at least the
open ones, under real-world
conditions.

Some positive points for
the advantageous use of our
own method of DERs and DEIs

FUNKTECHNIKPLUS # JOURNAL

N.I.

were mentioned and the size
of the problem for a direct
numerical calculation of ASij
was highlighted.

Finally, with a counter-
example we showed that there
is a case with a simple and
fast Short-Response only cal-

YANNOPOULOU, P.E. ZIMOURTOPOULOS

ibration where it is possible
to get the required accuracy
for the Si1 measurements al-
though this conclusion re-
sulted a-posteriori.

However, many issues still
exist, as we stated, and re-
quire further study.
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A faded synthesis of an anthemion rooted in a meandros

The thirteen-leaf is a symbol for a 1life tree leaf.
"Herakles and Kerberos", ca. 530-500 BC,

by Paseas, the Kerberos Painter,

Museum of Fine Arts, Boston.
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The simple meandros is a symbol for eternal immortality.

"Warrior with a phiale", ca. 480-460 BC,
by Berliner Maler,

Museo Archeologico Regionale "Antonio Salinas" di Palermo.

commons.wikimedia.org/wiki/
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