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Abstract

The purpose of this short paper is to point out and com-
ment on some aspects of silicone rubber materials used for
outdoor insulators. The present note does not analyze in de-
tail the properties of such insulating materials but it em-
phasizes factors affecting their performance.

Keywords

Silicone rubber, outdoor insulation, hydrophobicity, RTV
silicone rubber, HTV silicone rubber, trihydrate alumina,
arc resistance, low-molecular weight (LMW) polymer, corona
discharges

Introduction glass [10]. RTV and HTV sili-
There is a vast body of cone rubber seemed to be the

technical literature regard- Preferred insulating material
ing the RTV (Room Temperature for outdoor high voltage ap-
Vulcanized) and HTV (High plications [11]. Such materi-
Temperature Vulcanized) po'Ly_ als are Complex materials sin-
mer outdoor insulators [1] - ce they also include fillers

[9]. In the last decades po- in order to acquire a better
lymer insulators seem to re- arc resistance. Silicone rub-
place traditional outdoor in- ber has a very important pro-
sulators made of porcelain and Perty, namely hydrophobicity.
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Although the technology of po-
lymer outdoor insulation pro-
ved to be reliable under va-
rious weather conditions, some
guestions w.r.t. to its par-
ticular characteristics need
to be discussed. During the
last decades, questions have
been arisen. Pertinent ques-
tions as to the technology of
both RTV and HTV rubber are:

1) Do fillers (such as Al,0;
3H,0) influence negatively the
mechanical properties of si-
licone rubber? Are the nega-
tive effects more pronounced
for the RTV or for the HTV
silicone rubber? Does a fil-
ler 1like A1,03 3H,0 benefit
equally well HTV and RTV? If
not, why is this so? Is there
an optimum filler percentage
which may give an optimum
electrical performance for
HTV? Is this optimum percent-
age different for RTV? If so,
why?

2) Regarding hydrophobicity,
is HTV more hydrophobic than
RTV, or are they the same?

3) Is hydrophobicity due to
low molecular weight degra-
dation products or to unpoly-
merized monomer groups?

In this short paper, we
will try to answer the above
guestions.
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Comments and Discussion

Given that both the RTV
and the HTV are complex mate-
rials, it can be said that
fillers, such as Al,03 3H,0,
generally improve the physi-
cal properties of the rubber
in both its aforementioned
types. There are, however, op-
timum levels of filler. Such
an optimum 1level depends on
factors such as base polymer,
cure system, and possibly
other formulation parameters.
It must be emphasized that
with proper formulating and
processing, the fillers, such
as trihydrate alumina (A1203
3H20), ~can be incorporated
into the rubber and can im-
prove both the arc resistance
and the physical properties.
Having pointed the above, one
cannot make a general state-
ment, i.e. that Al,0; 3H,0 be-
nefits equally well HTV and
RTV technologies. The benefit
of the filler depends speci-
fically on its type, amount
and particle size as well as
the quality of its dispersion
and bonding within the matrix
of the crosslinked polymer.
Both formulating and process-
ing issues are involved 1in
achieving maximum benefit from
the filler. There is an opti-
mum level of filler for both
HTV and RTV which is Tlikely
to be somewhat different. This
again goes back to the spe-
cific chemical and processing
technology employed. Utility
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people assume quite often that
silicone rubber is a generic
material and is all the same
regardless of the specific and
processing systems used. Al-
though it is true that some
generalizations can be made
about the silicone family of
rubber, from a formulation
viewpoint it becomes much mo-
re difficult. Moreover, one
must define what it is that
is "optimized" by the filler.
The optimization of arc re-
sistance will 1likely lead to
high 1levels of filler. How-
ever, this may lead to more
filler than is actually needed
since one of the unique cha-
racteristics of silicone is
its ability to suppress the
leakage currents which 1lead
to the arcing. Therefore, op-
timizing the arc resistance
alone may limit other proper-
ties of the material such as
leakage current suppression or
processing / handling proper -
ties.

Hydrophobicity is a pro-
perty of paramount importan-
ce. This can vary not only
between RTV and HTV but also
within each group. Hydropho-
bicity is due to the methyl
side groups on the silicone
polymer backbone. It is also
to be pointed out that fac-
tors such as curing system,
filler 1loading and surface
conditions affect the hydro-
phobicity. The aforementioned
factors affect the loss and

SATURDAY 31 JANUARY 2026 vli-7

recovery rate of hydrophobic-
ity under various stress con-
ditions. Generally speaking,
the hydrophobicity of the si-
licone family of materials is
quite good. Whether or not
meaningful performance dis-
tinctions (or predictions) can
be made by use of the contact
angle measurements depends.
Explaining further this point,
one can say that the perfor-
mance of the material in a
polluted environment depends
not only on the hydrophobic-
ity but also on the ability
of the surface to encapsulate
and transfer hydrophobicity to
the surface pollutants [12].

As to the question whether
hydrophobicity is due to low
molecular weight (LMW) degra-
dation products or to unpoly-
merized molecular groups, it
can be said that hydrophobic-
ity 1is probably due to LMW
polymer which can migrate
through the bulk rubber and
can be driven to the surface
in order to achieve thermody-
namic equilibrium with the air
on the surface. The surface
energy of the LMW polymer is
close to that of air and is
therefore driven out to the
surface. As this layer under-
goes degradation through ex-
posure to corona discharges,
arcing and related phenomena,
the methyl side groups on the
polymer chains are oxidized
to form a material with higher
surface energy. The untreated
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LMW material within the bulk
of the rubber then is driven
to the surface through micro-
cracks in the top surface
layer of reacted material by
the thermodynamic driving for -
ce and thus restores the hy-
drophobicity. This LMW poly-
mer 1is present in the rubber
from its initial wvulcaniza-
tion. Whether or not additio-
nal LMW material is generated
by degradation mechanisms 1is
a subject to be further ex-
plored.

Although the above are
mainly comments about sili-
cone rubber insulators, such
comments are also relevant to
silicone rubber coatings. The
qguestion of hydrophobicity be-
comes even more acute for
silicone rubber coatings sin-
ce such coatings are very thin
and, consequently, their re-
servoir of LMW polymer is not
as rich as in typical sili-
cone rubber insulators [13],
[14]. Moreover, the question
of the duration of hydropho-

M. G. DANIKAS AND R. SARATHI

bicity and its recovery 1is
crucial also in the case of
insulators consisting of si-
licone rubber - EPDM blends
[15], [16], and also for super-
hydrophobic insulators [17],
[18].

Conclusion

Although silicone rubber
seems to be a reasonable al-
ternative to traditional ma-
terials, such as porcelain and
glass, questions as to the
details of the processes dur-
ing its manufacturing still
remain. Although silicone rub-
ber is a generic name, sili-
cone rubber insulators’ per-
formance depends on every
single manufacturer’ process-
ing. Hydrophobicity is a very
important property for sili-
cone rubber, however, its re-
covery or depletion depends
on the severity of weather
conditions. This holds espe-
cially true for silicone rub-
ber coatings.
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Abstract

We present the gradual building of our conceptual model
for the reflection measurements of a VNA Vector Network Ana-

lyzer System. In this way,

we reveal the fundamental idea

behind this kind of measurements and prepare the studier for

a deeper comprehension of this subject.

Moreover, since this

abstract model is exclusively based on technical specifica-
tions supplied by the manufacturers of system components, it

is directly applicable in
fact,

practice.
we use a specific VNA System to compute and draw both

To demonstrate this

the frequency dependent systematic error parameters of it
and of the reflection coefficient and input impedance of a
particular antenna we constructed and measured by using it.

Keywords

Microwave
error region,
libration,

measurements,

Introduction

The measurement system of
our conventional Vector Net-
work Analyzer (VNA) with two
measurement ports under Auto-
mated control via HPIB with
the developed by us applica-
tion [ANALYZE] and with an
external signal generator to
ensure the frequency stabil-
ity through Phase-Locked Loop
(PLL) characteristic is pre-

SATURDAY 31 JANUARY 2026

network
differential error interval,
antenna measurements,

vi-11

analyzer, differential
S-parameters, ca-
reflection measurements

sented in Fig. 1. The well-
known set-up of the reflec-
tion coefficient measurements
of a Device Under Test (DUT)
by using such a VNA is shown
in detail in Fig. 2. The re-
lation between the reflection

coefficient of the DUT and
its measured value can be
mathematically described by
the commonly accepted One

Port Measurement Error Model
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[1]. we thought that the nec-

essarily abstract

nature of

this model obscures the rela-

tions
guantities

any further

between

the

involved

making difficult

study.

Although

it seems that numerous arti-
cles have been appeared which
describe a number of approa-

NETWORK ANALYZER
SOURCE
PLL || FREQUENCY RF OUTPUT
GEN || IF_SIGNAL PROCESSOR {1RECEIVER
o RELATIVE _ ABS @
TO R CHANNEL & ® !
2 MAG  PHASE R B %
m
- | T M E = @
] A A A
< 8 E
=i 22
= . . g |H
H mg| m M . i
B B B | H|H (®)
MEASUREMENTS
- =
ANALYZE v10.0
AVNA Ctrl&Data Win App

H

%

ches to this measurement the-
ory (e.g. [2] - [6]), these do
not satisfy our demand for
clearness. Therefore, we de-
cided to attempt a different

one overall examination of
the measurement process in
order to found our further
research.

TEST SET

@RF INPUT
INCIDENT
1
RE FLECTED @
s
TRANSMI TTED @
2

IE : INSERTED EQUIPMENT

Fig. 1: Automated VNA measurement system
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NETWORK ANALYZER | MIXERS/DETECTORS PiSIgﬁhLSi)
INPUT o[
| (D cuanneLs (@ PROCESSOR [ 1 || i ][ me]
A e e e 1
OTHER
SUPPORT E COAXIAL ® O @D ® i
DEVICES| |1 CABLES i
1 1
____________ 1 1
I INCIDENT REFLECTED I
1 1
EHE DD
SOURCE L ————IMRF INPUT TEST sl 10
T EE 1 1
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L P P T e T o

Fig. 2: Reflection measurements set-up
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Analysis

We start our analysis con-
sidering that the measuring
system consists of three dis-
tinct but interconnected parts
accordingly to the amount of
the available technical in-
formation.

The first part is active
and contains the VNA itself
plus any other supporting de-
vices. The essential charac-
teristic of this part is the
great requirement for a com-
plete analysis. Because of
this complication, we have to
base our study on overall ex-
ternal technical characteris-
tics supplied by the manufac-
turer. In this way the VNA
part can be described by a
mathematical model of a ra-
ther theoretical nature.

The second part is the DUT
itself. A model for this de-
vice consists of a single set
definition for the considered
reflection coefficient values.

The third part is passive
and stands between the VNA and
the DUT. We call this part
"Inserted Equipment" (IE). A
dashed bold 1line in Fig. 2
surrounds the IE part includ-
ing the Transmission/Reflec-
tion Test Set (T/R) and the
Coaxial Cables H, I, J and K.
The K cable is added for the
slightly more general case of
a distanced DUT. The essen-
tial of the IE part is that
it 1is capable of analysis
based on technical character-

SATURDAY 31 JANUARY 2026 vi-13

istics supplied by the manu-
facturer.

In this way the IE part can
be described by a mathemati-
cal model of a rather con-
structional nature. The model
consists of an assembly of
sets and functions. The three
IE ports G, R, A are directly
connected to the VNA ports g,
r and a respectively and the
fourth one T is connected to
DUT port t. In these ports
the models of the three parts
have to interface each other
by a set of mathematical re-
lations.

Generally, the VNA source
impresses a voltage to IE
port G, which in the presence
of the DUT reflection coeffi-
cient produces a pair of vol-
tages to the VNA receiver
ports, a and r.

After mixing and detecting
the signals processor produ-
ces a quadruplet of measure-
ments for the absolute ampli-
tudes of the input signals
and the amplitude and phase
of their ratio. The existence
of another input port B 1is
connected to transmission mea-
surements, therefore it 1is
not involved here.

Theory
Let Zg be the system's cha-

racteristic impedance which is
a constant positive real num-
ber, so we have
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Z, €R, (1)

and from this

1
YGE-ZEEIR+ (2)

Zg is the first of our model
constants. We consider RMS va-
lues in the phasor notation
for the involved quantities.
In order to keep track of the
used symbols we declare here
the used notation: A dot over
symbol represent complex quan-
tity, a prime corresponds to
the real part and a double
prime to the imaginary part.
Bold normal letters are used
to define sets while bold
italic define functions.

At each port x of the mea-
surement system of Fig. 2,
where

X = gl aI rI tl GI AI Rl T(S)
we consider the levels of the
"normalized" [7] incoming &,

and outgoing b, wave values
at this x port, as they are

defined by the relations
V,+Z,I, . VvV, -Z,1
aX: X Ox’ bx: X 0 x(4)
24z, 24z,
where

1 . 1 n
a,=a,+ia,r by=b,+1ib,

so that the following rela-
tions are valid:
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+b,), (5a)
- b,) (5b)

Vo, =208, Y, = \Z,b,, (6a)
I, =Yedy, I, =-V¥eb,  (6b)

Vo=V, +V,  Lo=1 4L, (7

P, =V, I, =ai=P, 20, (8a)

X X X X
P, =0 (8b)
=\ i = _p%= : ’ 9a
Po =Vp Ip =-by=P, <0 (9a)
P, =0 (9b)

Pe=(V, I,) = (& +b,)(a, - b,) =

= (lay12- 1B |2)-21(a,by) (10)

PXE(PX) =(inx) = |ax|2_|bx|2:

_ .2 2 _
_ax_bx_PaX"'Pb>< (11)
Y
_ . _ bx_bx
px—-pvx= v & (12a)
aX X
:'[ .
. — bx_ bx_ . b
PLET, TR T (12b)
a X
X
V, #0, a %0 (12¢)

ISSUE 39 — YEAR 13



A CONCEPTUAL MODEL FOR THE REFLECTION MEASUREMENTS OF A VNA SYSTEM. ..

and especially for an one port
only passive network

a
b2
=0<1-—=1-p"=(1+p)(1-p)
a
>0<p’sl=>0<p<i (13)

so that for all one port pas-
sive networks or loads we have

p={plos|plsice (14)

We consider this set as one
of the involved sets in our
model, while

P, Py VoI, Vy, I,
5—-—7'-‘——r'=(§70(* )=
a Payg a g
a—a a
= pv pI = pv(_pv) =
. b?
=—|pV|2=—a—2=—p2 (15)

and 1n each interconnection
of the ports x (g, a, r, t),
and X (G, A, R, T), we have
the interface relations:

A. The VNA

The first part can be de-
scribed from the available
VNA technical specifications,
which can be qualified by pro-
perly defined sets.

Al. Frequency range
If f, and fy are the mini-

mum and maximum operating fre-
guencies respectively then

f=[f 6 f,]=
(17)
={flo<f <fs<f,}cR,

We consider the f as the
first independent variable of
our model, with values in the
above real interval.

A2. The Source

We interpret the technical
characteristics for the out-
put power by the equivalence
shown in Fig. 3 wunder the
ideal conditions. We will use
the VNA source to feed pas-
sive loads exclusively.

After the above relations
we have obviously from Fig. 3
at ports g, G:

by
_ . by =ag=psag+ 2 &7
VX_VXI IX__IXI

S — N — A . (1_ps). -_ES

ay = b)(l bx =a,, (16) = prG+TeS’ €s =7® (18)
Py = =Py Px = =Px Px=-Py
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Fig. 3: One port S-parameter flow graph equivalent
for a voltage source

for every source reflection
coefficient pPg € pPs and

ps={plpepl&(pzl)}cp (19)

which obviously in general can
contain every reflection co-
efficient value except of an
open circuit. By rearranging
(18) taking into account that

bs = pgag we have
2(1‘ pSpG)ag:(l_ ps)és (20)
be€Ps = {p|(Pep)&(p<1)}cp (21)

The 1last one can be used to
define the function:

e 1P XPg X R, > R,; (22)
Vs € ps, Vg € pg, VPIIPGER,
' zll_pspel T

es(Ps, Pes Pe)= — /P
S 1 -pd)  1-p 1 ¢

As we described the VNA's
source as a voltage source in
the way shown in Fig. 3 and
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equivalently by the one-port
S-parameter flow graph, it is
possible to include a quanti-
tative description of the RF
source level in dBm by the
well known relation

PLW]

P[dBm] = 10 lo
Ld&m] g10‘3[W]

(23)

via the constantly real ave-
rage power Pg to port S which
includes a constant amplitude
incoming without any outgoing
wave. We consider the P,[dBm]
as the second independent va-
riable of the model from
which the value of the volt-
age source can be defined by
the interval:

Po=[Po 1Py 1R, (24)

where Pg s/ Po are the minimum
and maximum output power le-
vels in dBm as they are de-
fined in manufacturer's char-
acteristics, where as usual
we have in general:
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Py (25)
P =10 °10™

Then we can define the func-
tions

e, :P,>R,; VP, eP,, Ile,€R,,

e@Eeo(Eo) Ees(pSZO, pG:OI

Ps=Po=10"%10") =

Po

=2v107°10%° (26)

E,:P,»R,;VP,eP,, I'E;eR,,

Eo=Eo(Po) =1Zg€0(Py) =

Po

= 2y/107%7,10%° (27)
Ey = E,[Py] (28)
Eo= (-, m] (29)
E,:P,x(-m, m]~>C (30)

ik
Eo = {Eg =Ege |

| (Eo €Eo) & (Eq € Eo)} (31)
é, 1Py x(-m, m]>C;

é, = Zieiso (32)

and another one function for
the impressed voltage source
so that

SATURDAY 31 JANUARY 2026 vi-17

o) = (33)
{egE |ég| :0<egmsegsegM}clR+

We consider an undetermined
but constant value for the

phase Eg of the voltage sour-
ce and finally

ié
9
eqe |

& =1{¢

| (eg € ey)& €€ (-1, M1} (34)
For passive load connected to
port G, with a reflection co-
efficient P, we have, as befo-
re, a voltage drop

. g
e, ={é;=ese |

| (eqeeg)&eg€e (-m, m]} (35)

A3. The Receiver Inputs

We accept that do not take
into account any dependence
of the output voltage from
the frequency because it 1is
always possible to adjust the
receiver inputs independently
in a way that always guaran-
tees that the output voltage
lies between the above va-
lues. The frequency f and the
output voltage 1levels E are
the VNA’s independent vari-
ables. If we admit, for sim-
plicity, that the input chan-
nels are independent but they
have identical characteris-
tics for the maximum permis-
sible input level ViM and the
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minimum detectable level above
some noise floor V; then, as
m

above, we have:

Vis[Vy oV = {Vi= |V

: O<VimSViSViM}ClR+ (36)
VlE (_T[I T[]:
={V,;=4V,;|-n<V;<n}cR (37)

. . iy
vV, ={V;=V;e |

| (VieV;)&(V; eV;)}cC (38)

so at the input ports a and r

Ma:Mr= Mi (44)

and for the ratio

sm<fy} cR, (45)

={m=<m | -m<m<n}cR (46)

hence
i
m={m=102°e™ |
| (Mefm&(mem)}cC (47)

Vo=V, =V, (39) A5. Measurement operation
A5a. Input channel
V,=V, =V, (40) Magnitude measurement
If we consider for each
V =V =V. 41 input channel A, R the func-
a r 1 ( ) thhS
P;=[P; , P;]cR, (42) M, :fxV,>M, (48)
A4. The measurement ranges M, :f XV ->M, (49)
Ada. Magnitude
The measurements concern but
the magnitude of the input | ) )
signals at A, R ports and the Va=Vg=V; (50)
magnitude and phase of their
ratio. In the same manner as My=M;=M; (51)
above, we have for the magni-
tude and if
ﬁiz[ﬁim, MiM]z M;:fxVv,>M (52)
= {M | 0<ﬁimg MigﬁiM} cR,(43) Such that
FUNKTECHNIKPLUS # JOURNAL vi-18 ISSUE 39 — YEAR 13
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My=Mg=M; (53)
obviously
Vi=Zg(al+bi+2(a;b;) ) =

= Zo(1+p2+2p;)as (54)

The p; has a value rather far
away from unit, so that

0<1-p3 (55)
—pi< |pil<pi<i=1+pi+2p;=
=(1+p;) +pi°>0 (56)

*

Pi=(V; 1) =al-bi=(1-plal=

replacing ai from (54). Then
be setting t; with (58) we
get expression (59) for Vi:

1+p2+2p;
riz\/10‘3 Z, —< Pi zpl) (58)
(1-p3)

;' [ dBm
pLdBN]

20

(59)
V;=1;10

We suppose that we have
available the (relative) mag-
nitude frequency response for
the magnitude of the input
signal which in fact suggests
linearity of the M function
into the V; variable:

(1-p3) 2
= ————7{—i—ff(z—)vi (57)
(1+pi+2p5) %o
K[ldB](_f_-) = Mg_dBm](f , O[dBm]) _ Mg-dBm}(fel O[dBm]) (60)
AFEI(F) = KEPI(F) + MM, 0178 (61)
MET(E, By ) = ALEI(R) 4 (62)
_A[dB](f) Mi[dBm](f, p'i[dBm])
20 20 (63)
V; =(t; 10 )10
Thus, we define a function where
K, :F>A K, =K, (f)= (64) Mi =Mi(fo,V; ) (65)

Mi(fil Vio) 1
= 0 (= )M.(f,, V.
M; (o, Vio) (Mi@) (T 1@)
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This suggests that linearity
can be assumed to be hold in
the second variable V;:
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Vfef, VvV, ev,, IIM eM,,

Vi
My =Mi(F, Vi) =My (F, Vil %)) =
V%
Vi
=it (V)=
_(ViG)Mi(fl Vle)_
Vi
:(Vi JMi(f, Vi=V; )= (66)
Mi
(L) w Ky ()= (L2, ()

In this way, we can define
the function

A, :f>R (67)

Vfef, AlkeR,

)k, (f) (68)

so that finally
Vfef, VV,eVv,,3IM eM,,

My =My (F, Vi) = APV (69)
A5b. Input signals ratio
measurements
Initially we define the
ratio of the input signals
from the

ViV, XV, C (70)
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VYV, eV,, VYV €V,

P O
V=v(V,, Vg = v with Vp, #0(71)
R
so that the set of resulting

values is the image

VEVv[V,XV] (72)

After this we have for the
magnitude of the ratio:

vE[v,, vyl={v= V][] (0<v,=

Vi Vi
m M
= Svsyy=s )}cR, (73)
Vi Vi
M m
Let
V=V, -V, (74)

then the phase of v is

v

I
il

V—R) (75)

which belongs to the set v
defined by the following pro-
perty:

(-2m, -m] 27
Vel (m, +m] >v=V+{ 0 (76)
(m, 2m] -2m

The ratio measurements can be
described now by the func-
tions:

m:fxv->m (77)
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and
m:fxv->m (78)

so the measurements can be
represented by the function

m:fxv->m; Vfef, Vvev,
m(f, v)=m(f, v)et Y (79)

It is supposed now, that we
have available a magnitude and
a phase relative frequency re-
sponses from the two diffe-
rent input channels (fa, fb),
which, as above, can be de-
scribed by the functions:

k:f>R; Vfef, 3'keR,
m(f, Vo)

k:k(f)Em (80)

k:f>R;Vfef, 31keR, (81)

k = k(f) = i(f, \A/o)_m(fbr \7@)+V(2T[)
where
ve {-1, 0, 1} (82)

N

as above, in order to keep k
into (-m, m].

k:f>¢C;Vfef,'kecC,
k= k(f)= k(f)et¥ " =

m(f, Vo) (e, vy)-ilf,, vy)
= —7¢e e
m(fal Ve)

iv(2m)

SATURDAY 31 JANUARY 2026 vl-21

m(f,v )eim(f'vw
= r 2 (83)

TN
m(f,, v@)elm(b Yol

Usually
fa=fo=1, (84)

so that

m(f,, vele " =

hFe G
=m(fy, V@)elm( o %)

=i(fy, Vo) = Mg (85)

and finally

'k(f)s(m%)m(f,v‘w (86)

As before, we also assume
linearity in the second com-
plex variable and in this
way, for the complex frequen-
cy response [8]

Vfef, Vvev, dlmem,

m=m(f, v)=m(f, V(\'/_)) =
mg .
=(\-,—0)k(f)v (87)

a:f>C; Vfef, laeC,

= () = (G k(1 (88)
m=m(f,v)=alf)v (89)
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B. The DUT

If Zg is the common real
value of the characteristic
impedance for the totality of
the involved devices and we
intend to measure only pas-
sive DUTs then the set of all
possible reflection coeffi-
cients values p [9] is

p={plos|plsicC (90)
pe: F2p; p=p(f)

Geometrically, the sets Vg,
V,, V; and m are annuluses
around the origin 0 of the ¢
plane, the set p is the unit
circle with center at 0 and
the sets M, and My are seg-
ments of the positive real
axis R..The shape of the de-
fined sets is shown in Fig. 4.

C. The IE

C1. The operation

We attempt to describe the
IE operation by considering
(Fig. 2) that the stimulus
signal V4, at the IE input
port G in the presence of the
DUT's p at IE port T, causes
a pair of signals Vv, and V,
to arise at the IE output
ports A and R respectively.
Obviously

v, SV, (91)

and furthermore we accept
that the IE operation is de-
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scribed by a pair of smooth
functions

Va 1P X VgV, (92)
Ve 1pX Vg Vg {93)
and to avoid unnecessary com-
plications between the pro-

duced and allowable voltage
levels, we can accept that

v, [pXVg =V, SV, and (94)
v, [pxVg]= Vv, €V, (95)

In this way we have for the
VNA signals

Vg =Vg, Va=V,, Vg=V,,
V, Vv

v=2=2 (96)
R r

The IE can be viewed as a
four port junction represen-
ted by the flow graph of Fig.
5 and described by the S-pa-
rameter matrix:

If we shall use the wave-
voltage signal equations 1in
the only one propagated TEM
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mode at the frequency f then: are the levels of the incom-

If ing and outgoing voltage waves
. . at port
Oxr B and a, by (98) x=g,a,r, t, 6 A R T (99)

D

Flg 4: The sets VGI f,p,VA,VR,V,m,MAIMR
of the VNA and IE respec- V =(B +a,)JZ,=(a, +b){Z, (101)
tively, as in (3) above, we

have in vector-one column ma- : s
= 102
trix notation: [B] = [S]la] (102)

[a]
[B]

[a] = [S][b] (103)

a

I
o
Il

ASH

(100a)

(4] (160b) but at each one of the ports
we have the conditions

1]
=
I
I
1]
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. (ST Ya] = [pI[T][a] +[&] (107)
b = Pgdg + € (104a)
by = Pads (104b)  ([$]2- [pIF[1])[a] =[é] (108)
be = Prg (104c)  [S]=([SI*-[pIf[1)) (109)
bT:pTaT (104d) . :ﬁ:\/z_o(aA*—bA) _

. . Vi ng(aR+'bR)
or in matrix form 14p, 4 5

— AViZAY Z s (A
(] =[] [T](4] + [¢] (105) T lTp g 70l (120
and if [s]1z 0@ then (106) E(i:EA (111)
R

4 _ 1[Seull _ ~ISeulre | Sro+ [Seale| St = 1[Sealre [ Sy _
A | [§GR] | | [gGR TG| §TG |[§ ]TA| STA | [EGR]TT| §TT

_ (-1 Bauhe | Sro * Boulre Sre - el | 877) + Bealre | By (112)

(|[SGR TG|STG |[S ]TA|STA |[S ]TT|STT) |[S ]TT|pT

Setting
A=[[Serrl (113)
B= (_| [§GA]TG| NéTG + | [§GA]TR | NSTR _| [§GA]TT | S'}'I:'L) (114)
r-E_w[ngTT| (115)
A= (1 [Sexhel Ste ~ | [Serkal Sra+ [[Seglrr | S77) (116)

then from (110) and (111) and from (89) the measurement

m is given by

V=il (c?/;))P:((g)B) (117) a,
P P = m(f, V) = a(f)v=alf)s(z>) =
R
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¥

Fig. 5: The four port junction flow graph of the IE

Ap +B

=acﬂc(rp+A) (118)

Error Parameters Formulation

It is given [1] that in
network analyzer measurements
with one port error model are

involved initially five com-
plex quantities, named as

p for the reflection coeffi-
cient of the unknown load,

m for its measured value,

D for the directivity error,

M for the source match error
and

R for the frequency response
error which equals to (1+T),

SATURDAY 31 JANUARY 2026 vl-25

where T stands for the re-
flection tracking error.

The above quantities are shown
in the well known flow graph
of Fig. 6 [10], [11] and ve-
rify the relation

RP

m=D+ —
1-Mp

(119)

which is the starting point
of our discussion and with a
re-arrangement becomes

. (R-DM)p +(D)
"W ) (ze)

and from (118)
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(GCQGA)D+“HQGB)
M= = (121)
(o + (1
where
Mz_(£) (122a)
05(00263) (122b)
a= (a(fA)dA) ~ (_g)(a(fh)oB) (122¢)
1
O—= -
i bR J AW p
o—<d -
R

Fig. 6: One port error model

We are interested of course
to compute p, hence by (119),
we have

m-D
0 [ — 123
P M(m-D)+R (123a)
and in as a typically bili-
near function form [2]

. (1)m+(-D)

R A 123b
P (M) + (R - MD) ( )
which is characterized by the
constants 1, -D, M, R-MD or
by defining
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Q=R-MD (124)

we take finally

 m-D
P= o (125)

By re-arranging the terms of
(125) we take in array-vector
form

[(p i pm 1] M|=m (126)

We find the constants of
the bilinear transformation by
applying the "One Port Full
Calibration Method" [1] and
defining Standard Loads S, L,
0, and their respective mea-
surements $, 1, o, as follows

S,s : for "Shortcircuit" with
typical value -1,

L, 1 : for "matching Load",
tyically 0 and

0, 0 : for "Opencircuit", ty-
pically 1.

We have from (126) in matrix
form
(127)

0:00 :1][Q
$ i85 i1||m|=[o: s
C:il:ia||o

We define as
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ther 1lengthy expressions 1is
greatly facilitated by the
R observation of the cyclic na-
A=|s : S5 : 1 (128) ture of the forms over the

: : letters S,L,0 and s,1l,0 re-
spectively. By the introduc-

0 :006:1

R ]
tion of the symbol 2; for the

The determinant of A is cyclic summation we have [11]

[A]=0(L-8)o+8(0-L)s +

L [A]=2.060(L-9) (130)
+L(S-0)1 (129) >

At this point we note that The inverse of A is
the manipulation of the ra-

-1

0 :006:1 §s-L1 L1-00 006-5%
At=|s :$s i1 :[j\—] -8 © 0-0L : &-0 | (131)
A R Si(i-8) : 0i(6-1) : 08(s-0)
and the solution of the system is
0 Ss-L1 L1-00 00-Ss || o
M =[1T -8  o0-L : &-0 ||s (132)
b Si(l-s) : ol(o-1) : 08(s-0)]| 1
or in the cyclic form . 1 s
Y D=-—7 2. s10(L-$) (135)
1 [A] 5
Q=WZS1(L—S) (133) o |
R=ml:[(S—L)(S—1) (136)
o1 L
M= L-8
[A] ZO:O( ) (134)  and thus (125) becomes [12]
p::S(L-OXms+-10)+L(0-sxm1.+os)+0(3-Lxmo-+s1) (137)

(L-0)ms+1o)+ (0-8)(ml+08)+ (S-L)mo+s1)
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In the measurement system
in use, the "other support
devices" of Fig. 2 included
mainly a Phase Locked arran-
gement with 100Hz step signal
generator, a 10-digits fre-
guency counter ([13] - [15])
and a personal computer which
runs developed by us (there-
fore completely manageable)
software in IEEE-488 for the
device control, in Visual Ba-
sic for the data collection
and in Mathematica for the da-
ta processing ([16] - [22]).

Practical Applications

The VNA characteristics as
sets of values are given 1in
[23] - [25]. Tab. 1 gives only
those characteristics that are
clearly stated and related ex-
clusively to reflection mea-
surements. Tab. 2 contains so-
me of the performance tests
that were performed and again
are related only to the re-
flection measurements [26].
The HP909A male standard load
was used as matching load.

To construct the v func-
tion, with its value v to be
given through (110) we start
from a given circuit diagram
for the T/R Test Set [26]. In
Fig. 7 we have simplified this
circuit along with the IE's
transmission lines (TLS).
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In the equivalent circuit
which is actually an RF sim-
plification of the original,
we have omitted:

(1) The bias circuitry (input
connector, feed-through capa-
citor, RF chock and all the
other blocking capacitors),
and

(ii) The step attenuator and
its corresponding electrical
length compensation transmis-
sion 1line segments, because
we do not use them. On the
other hand we have assumed
properly formed values for
the resistors of the pad. In
the circuit of Fig. 7 are
readily recognized.

It is obvious that the rest
of the elements can be thought
as they form a power divider
- directional bridge combina-
tion supported by the compen-
sation pad and by the isola-
tion transformer with a de-
tail note that the pad’s re-
sistor values are taken by
implication based on the rest
of the circuit characteris-
tics. Our study is limited by
the extent of our knowledge
about the characteristics of
the various devices involved.
In order to clear once at all
the role-played by the T/R
Test Set in forming the rela-
tion between m, Z we analyze
its equivalent circuit as it
is shown in Fig. 8.
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. i Description Lower Measured | Upper
Tab. 1: VNA characteristics for reflection measurements
Magnitude Reference Offset
5 and Marker Accuracy Test
P B -72 - +10
o [dBm] Rectangular marker Zero [dB] -0.01 0.00 +0.01
Input Level [dBm] -10 or -30 Polar Marker Zero - Magnitude
f [MHZ] 0.5 - 1300 of Outside circle -3 mm 0 +3 mm
— Polar marker Zero - Phase [°] -1 0 +1
Dynamic Range M;[dBm] -116 - -10 Offset +190 dB & read marker -184 -190.1 -196
Dynamic Range v [dB] 100 Offset -190 dB & read marker +184 +190 +196
M; [dB] -199.99 - +199.99 Crosstalk Isolation [dB]
- Crosstalk between R and A Port 100 -117.3
Magnitude HPIB [dB] XXX . XX Crosstalk between A and R Port 100 ~119.2
Phase [°] -180 - +180 Magnitude and Phase
Phase HPIB [°] XXXX .\ X Frequency Response
Port R [dB] 2 3
Port A [dB] 2 3
Tab. 2: Performance test record for reflection measurements A/R Ratio Magnitude [dB] 0.47 0.6
A/R Ratio Phase [°]:
Description Lower | Measured | Upper 0.5 - 750 MHz 6 6
Limit Value Limit 750 — 1300 MHz 4 10
Directivity [dB] 40 43.3 Phase Reference Offset
Transmission Frequency Response Reference Offset, CRT trace
MAG [dB]: 0.7 0.8 tolerance from reference line:
PHASE [o]: 5 8 13600 _2-1 0.8 +2-1
. +720° -3.9 1.5 +3.9
Reflection Frequency Response +1080° 5.7 >0 +5.7
MAG [dB]: ©.5 - 1300 MHz 0.4 1.5 +1440° 7.0 2.6 +7.5
PHASE [°]: 0.5 - 1300 MHz 2.5 15
PHASE [c]: 2 _ 1300 MHZ 2 1@ Phase Accuracy Test
Test Port Open/Short Ratio +1807 transition +182 181 178
P ~180° transition ~182 -180 -178
MAG [dB]: 1000 - 1300 MHz 0.54 1.8
PHASE [°]: 1000 - 1300 MHz 8 15 Input Impedance Test
MAG [dB]: 2 - 1300 MHz 0.3 1.5 Return Loss of Port A [dB] 20 -25
PHASE [c]: 2 _ 1300 MHZ 6.5 12 Return LOSS Of POI"t R [dB] 20 —23
MAG [dB]: 0.5 - 2 MHz 1.9 2.5 Source Impedance Test
PHASE [°]: 0.5 - 2 MHz 5.6 20 SWR of RF OUTPUT port 1.15 1.38
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Indices for ports are as
page oriented: L-R-U-D (Left,
Right, Up, Down). The S-para-
meter matrix

-.X . .X
[-x] Sii Sij
ST|= - b =
s ¢ 8
| ©31 - i3
0 : e-VXLX
— ... : ... (138)
e'nyx : 0

stands for the IE's transmis-
sion lines, where

X =H, I, J, K
y is the well known propaga-
tion factor a+if

L is the length of the line.

The transformer F can be de-
scribed by the matrix

E . o
. St Sy 0: 1
[S]=] -+ ¢ o |=] o] (139)

sF. oF :
Sri ¢ Ser 1:0

The compensation pad C

N

“C . &C 0 :
c Sga : Sau ’
[S*] = : =|... 1 .| (140)
Sua i Sy

|
©

The power divider P by matrix
(141) and the directional brid-
ge B by matrix (142).

SATURDAY 31 JANUARY 2026 vl-31

Now that we know the S-pa-
rameters of all the compo-
nents parts of the T/R Set
circuit (Fig. 7) we can use
the flow graph techniques-
rules [27], [28] and the
topology of the graph of Fig.
8 to determine the S-parame-
ters of the equivalent four
port (Fig. 5) and by means of
them to express v and finally
m. Thus we obtain the matrix
(143) for the [S] matrix of
(97).

In the most simplified ca-
se where the transmission 1li-
nes H, I, J and K are substi-
tuted by ideal connectors
which implies that the secon-
dary diagonal elements of [Sﬂ
matrices are unitary, the [$]
matrix becomes real (144).

In order to illustrate the
above result we redraw Fig. 5
and obtain Fig. 9. From (144),
(110) and Fig. 9, and since
6 =1 for matched ports A, R
with p, =0=p, we have for v

8 _ Sp +(SarSte = StrSag)P _
8 Sgs* (SgrSte ~ SrrSpe)P

1 1 1
o 0r(exg - 4500
- 1+(ix1 ixl) ) -
g8 "\32%2 " 16%8'P
=
s .
_T_p (145)
8
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as we expected for this ideal
case.

If we return to the most
general case which indicates
the existence of the H, I, J,
K different transmission lines

.Srl Sru Srrl 2
]
" [
1 .1
053
-(r. 1.1
2 4 ° 4
i.1.1
2 4 ° 4
h [
"
r 1 0 : 0
~B ~B . ~B
Sll Slu Slr
B . 5 . .8
1=\t s =[o o
8 . a8 . e8| |
Srl : Sru : Srr l . 1
2 2
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[IRY
N

then the [$8] matrix and the
above ratio of the incoming
voltage waves at A and R
ports of the VNA we take the
expressions (146) and (147)
respectively.

2 : 2 '
(1+2)2-2 2
1+¢C 1+
2 (1+27-2
1+¢ 1+

(141)
1 [ |
2
1
> (142)
0
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|
. &l aB &F
0 : Sdusluslr*
“P &H
*Slrslr
“H P oF
Srlsrlsrl* 0
~B &J
>ksulsud
[S]=
‘H &P . &) &B &F
Srlsul* : Sdusluslr*
C &I . LaP &C &I
*Sudsud : *Sursudsud
“HoaP oF . . &d @B oK
Srlsrlsrl* : Sdusrusrl
~B &K
*Srlsrl
|

. 1
e ie o >
[S]=]... :

1 1 1

e = =

8 64 - 32

1.1 .1 1

4 * 2 32 ° 16
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I &C . &K &B &F
Sdusdu* : Slrslrslr>|<
P osH . “P aH
*S1y Sty : *S1r Sir
2T &C &P L . oK aB &d
Sdusdusru* : Slrsursud+
“F oB &l . K B AF
>ksrlsursud : +Slrslrslr*

P AF B -]

*Srrsrlsulsud
2 &C &P - “K &B oF
SduSduSuu : Slrslrslr
~C &I . “P ~C &I
*Sudsud : >|°SurSudSud
2T &C &P L . oK aB &F
SauSduSru* ¢ S1rSiSie*

“F -B oK . P -F =B -K
*Slrsrlsrl : *Srrsrlsrlsrl
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(143)

Fig. 7: Simplified T/R Test Set equivalent circuit

(144)

Fig. 8: Flow graph of the simplified T/R Test Set of Fig. 7
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An _ 2K, 8 L
a-e p (148)  Thus, the quantities of (130),
§ (184) - (137) are simplified
which concludes from the fact &%
that the I, J transmission 1li- Alzo - & 153
nes are identical in size and [A]=0-5 ( )
type. o Ny
_ _ o= l&)fs)TZOS (154)
A. Response Calibration 0-5S
Response calibration means . .
that instead of three Stan- D=1 (155)
dard Loads we have only one o .
available, the short circuit, ., _0+s$-21
3 . M= ———"-g (156)
which measurement is the re- 0-5
ference for any other unknown
load [29], [30]. As we men- . 2(1-0)(s-1)
tioned before a typical value R=——F—5 (157)
for this 1load is -1 and if
for simplicity we assume that L
b= (m-1)(0-8)
. : a(fle=1 (149) (mh-0)(s-1)-(m-38)(1-0)
1 _,HH _,II . 1 _AHH _,KK 158
0 0 3¢ VeVt - 76 Vihevt then (148) becomes (158)
.. K - the p-mini expression for the
: ) o1 L0 KK s=eVhp=ets= reflection coefficient [12],
. 0 : 0 : 0 t e e - which can be written in the
[$]= e : e : e : e = _e 2Vt (150) bilinear form (159)
_e_vHLHe_yILI: o : i P .ie_yILIe_yKLK o . - .
3 : : 64 © 32 Thus, for an unknown load b= mo-3)+(-1(c -3))
1 H“H K, K 1 J“J KoK 1 II K, K : 1 K K K, K m m(S+O—21)+(l(S+O)—2SO)
-yl -yiL -yl -yl . -yL -yl . -2y°L A 2 .
—e e ] e P55 € e : ——€ m=e =-5 =-—- (151 . .
4 2 32 16 P p=p $ ( ) In Fig.10 are illustrated
' (£46) _ the three error parameters D,
B. A typical measurement M, R where they are given in
. - 8¢ S e g A application plane as real, with single
a Sps + (S, S+ — S-S -y . i A
_A_Th6 (.AT.TG .TT.AJF): - (8 v L)e_z¢&Kp (147) First we assume that the prime, and imaginary part
&z Spg+ (SprSre — StrSke)P oV three Standard loads $, L, 0, with double prime and in
0+5 S ¢ VL for the calibration procedure space as functions of fre-
+ - K K : : _
— AT >T16P :(e Je 2V L g And finally posses their theoretical va- quency for the range 550 MHz

lues ([31], [32]) 1300 MHz. The VNA system used
is fully described in [11]
§=-1.0,L=0.0, 0=1.0 (152) and [33] as the first system.

Sge *+ 0P e‘VI'-I
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The automated measurements
were taken by means of our
program [ANALYZE] through
HPIB/IEEE 488 [34].

Then we measured one of
the 436 antenna models that
were constructed [35] with
the geometric model of Fig.
11, which is one of the four
possible arrangements of a
multi-frequency decoupling cy-
linder with one of the possi-
ble monopoles, here the coni-
cal one. Fig. 12 shows the
simulation model with 16 wi-
res for the cylinders and 8
wires for the conical monopo-

le with dimensions: d4 =8cm,
L, =9cm, d,=.9.6cm L,=28cm,
s==0.8cm, a==90°, H=6cm.

Full details of the construc-
tion are given in [35].

a
H
S_l_
L, d, Ly
dz
]

Fig. 11 Antenna geometry
with down external step

(158) and after only response
calibration S (151) is shown
in plane and 1in space as
function of frequency in Fig.
13 among with their compari-
son. In Fig. 14 the antenna’s
input impedance is illustra-
ted as real and imaginary
part together with their pre-
diction from simulation by
[RICHWIRE] [36], with the
gray cloud to represent their
measurements’ DEIs (Differen-

tial Error Intervals) [11].
All the measurements were
performed in the anechoic

chamber of the Antennas Re-
search Group when it was
hosted by the university.

Fig. 12: Simulation model

The input impedance 1is
given by the well known ex-
pression as function of p

The antenna’s reflection .
coefficient after full one- y_, 1*P (160)
port calibration with SLO °1-p
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Fig. 10: D, M, R as function of frequency
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Fig. 13: Antenna’s reflection coefficient
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N w B &)
© (o] © (O]

=
o

Input Resistance[Q]

[eee/meas

— Richwire

850 1600 11560 13060

Freguency [MHz]

Input impedance real part

60

40

20

Input Reactance[Q]

[eee/meas

— Richwire

850 1000 1150 1300

Freqguency[MHz]

Input impedance imaginary part

Fig. 14: Antenna’s input impedance
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or by substitution of p from
p-mini (158)

. (m-38)(1-09)
RO ERT]

and as bilinear form

Conclusions

This work presented a con-
ceptual model for the reflec-
tion measurements of a VNA Sy-
stem. The sets of values of all
involved quantities and their
corresponding functions, that
define the relations between
them, are produced in detail.

The transition, from the
four-port microwave junction,
that represents the measuring
operation of a VNA System for
reflection measurements, to
the reflection full one-port
error model, was completely
revealed.

The frequency dependent sy-
stematic error parameters were

expressed, computed, and drawn.

A constructed antenna with
a rather complex geometry ha-
ving cylindrical symmetry was
measured and the results for
its reflection coefficient p,
as well as its directly de-
pendent on Z input impedance,
were presented.

Finally, although the Lab
VNA System includes an exter-
nally "Inserted Equipment" IE
(that obviously serves the
clever ensemble of VNA Sys-
tems having a variety of cha-
racteristic impedance and con-
nectors, e.g. as it 1is shown
in the simplified T/R Set
circuit of Fig. 7, where only
the bridge B and its branches
need to be changed to 75Q,
while the whole of the other
System remains exactly the
same 50Q [37]), its reflec-
tion full one-port error mo-
del is identical to that of a
NanoVNA, where although the
IE appears to be a missing
component, but in fact it is
an internally included device
- the full details will be
included in a forthcoming pa-
per.
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