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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 1in practice. To demonstrate this
fact, we use a specific VNA System to compute and draw both
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
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error region, differential error interval, S-parameters, ca-
libration, antenna measurements, reflection measurements

Introduction sented in Fig. 1. The well-

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-
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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 between the involved
quantities making difficult
any further study. Although

it seems that numerous arti-
cles have been appeared which
describe a number of approa-
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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 1in
order to found our further
research.
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Fig. 1: Automated VNA measurement system
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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-

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-

tial of the IE part is that per, so we have

it 1is capable of analysis

based on technical character-
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Zy€R, (1)

and from this

1
YoE'2;€|R+ (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 al rl tI GI AI RI T(3)

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, 1, V- Zy 1,

a=—-—-== b =" (4
X 2\/270 14 X 2\/270 ()
where

a,=a, +iays b,=b,+ib,

so that the following rela-
tions are valid:
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Vy =4Zg(a, + by, (5a)
Ix = \/70(ax - bx) (5b)
Vo =4Zedy, V, =4Zeb,,  (6a)
Ia = Yoax Ib :_\/Y_Obx (6b)
vV, =V, +VbX, iX:iaX+ibX (7)

— _ 2 _a'
Pa =Va I, =a,=P, 20, (8a)
P =0 (8b)
=\ I = - 2: I 9a
Po =V Ip =-by=Py <0 (9a)
P, =0 (9b)

l.Dx = (Vx Ix) = (ax + bx)(ax - bx)* =

:(l é-x |2_ | bxlz)_Zi(axbx)" (10)

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

X aX+PbX (11)
Vb b
. . X X
= = — == 12
px pVX Vax ax ( a)
ib b
pr =5 =5 = Py (12b)
a, X
Vo, 0, 8, %0 (12c)
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and especially for an one port
only passive network

' b2
0<P =a’-b*=a’(1-=)=
a
b _ ., 2.
=0<1-—=1-p*=(1+p)(1-p)
a
-0<p’<sl=>0<p<1 (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

* *

Po Pp VoI, Vp I
5—:'572 —=(g)l+=)=
2 a vaia 2 Ia
= pv pI = pv(_pv) =
. b?
=—IpVI2=—a—2=—p2 (15)

and in 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,, fyl =
(17)
={flo<f,sf<sf,}JcR,
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:

ey,
_ . by =as=psag+ > €s=

VX - er IX - Ix/

. - - . . 1-pg) . Es
ay=b,, b,=a,, (16) = psb +(75é , 6= — (18)
| | sBg 2 S \/?0

Py ==Py, Py=-Py Py=-Py
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Fig. 3: One port S-parameter flow graph equivalent
for a voltage source

for every source reflection
coefficient pg € ps and

bs={pl(pepalpr1)ichp (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; = pga; we have

2<1_pspe)ag:(1_ps)és (20)
Pe€Ps = {p |(pep)&(p<1)}<p (21)

The last one can be used to
define the function:

€ 1P XPs X R, >R, ; (22)
V' ps€Ps, Vg€ Ps, VPE“P(‘;€|R+
2[1-pgPs| v
_ S G. \/PG
(1-pg)| 1-ps |

es(Ps/ Pas P(‘a):\/

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

P[dBm] Elologp_[—w]
10

*[w]

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:

(23)

ng[BOmIEOM]CIR+ (24)

where P@mrP@M are the minimum
and maximum output power Tle-
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,, e, eR,,

—90(50) Ees(pszﬁ), pGZO,

D
[S)
n

o

[c]

=P,=10"%10") =

R
)
|

Po

107310%° (26)

E,:P,>R,;VP,eP,, A'E R,
0= Eo(Pg) =1Zge0(Pg) =

= 21107%2,10%° (27)
Eq=E,[P,] (28)
Eo= (-1, 1] (29)
E,:P,x(-m, m]~>C (30)

iE

Eo={Eq=Eee ° |

| (Eo € Eo) (Eo € Eg)} (31)
é, 1Py X (-1, n]>C;
1,
é,= —E 32
o =7, Eo (32)

and another one function for
the impressed voltage source
so that

SATURDAY 31 JANUARY 2026
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oy = (33)
{eg= ¢l

:(3<egmsegsegM}cIR+
We consider an undetermined
but constant value for the

phase Eg of the voltage sour-
ce and finally

ié

For passive load connected to
port G, with a reflection co-
efficient pg, we have, as befo-
re, a voltage drop

_ iég
e, ={é;=ese |

| (eqeeg) & €€ (-1, 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 Tlevel ViM and the
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minimum detectable level above

some noise floor V; then, as
m

above, we have:

: 0<VimSViSViM}C|R+ (36)
Vi=(-m, =
={V,=<¢V;|-nt<V;sn}cR (37)

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

so at the input ports a and r

ﬁa:ﬁrzﬁi (44)
and for the ratio
miz[mm/mM]:
={m]o<m,sm<m}cR, (45)
m=(-m, ] =
={m=<m|-m<msm}cR (46)
hence

L
m={m=10%° ™ |
| (Mem&(memIccC (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 1nput channel A, R the func-
a=Vr=Vy (41)  Lions
Pi=[P; , Pi]ceR, (42) m, :fxV,>M, (48)
A4. The measurement ranges M, :fXxXV_ ->M, (49)
Ada. Magnitude
The measurements concern but
the magnitude of the input . ) )
signals at A, R ports and the Va=Ve=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]: M, fxV,>M (52)
= {M; | 0<MimSMiSMiM}CIR+(43) such that
FUNKTECHNIKPLUS # JOURNAL vi-18 ISSUE 39 — YEAR 13
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M,=M, =M, (53)

obviously

*

Vi =Zg(af + b} +2(a;b;) ) =
= Zo(1+pf+2p;)al (54)

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

0<1-p3 (55)

—pis|pilspi<l=1+pi+2p;=
=(1+p;)+pi >0 (56)

PiE(Vi ii)':ai_biz(l_pi)aiz

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

1+p2+20.
Tiz\/10_320—( Pi zpl)
(1—91)

(58)

,'[dB
p, [don]

20

(59)
V; =T,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-p7) 1
= ————77—3—77(2—)V§ (57)
(1 +p3+2p;) %o
K[dB](f) — M[dBm](f G)[dBm]) M[dBm](f G)[dBm]) (60)
i =i ! - i or
ASEI(F) = KEPIR) + MEPP (g, 01°°) (61)
MEE(E, Py = ALPI(E) 4 Pyl (62)
_A[dB](f) Mi[dBm](f, PJ‘L[dBm]) (63)
v,=(1;10 *° )10 20
Thus, we define a function where
K, :F>A;; K, =K,(f)= (64) Mi =Mi(fo,V; ) (65)
_ Mﬂfi’vig)_( 1)M (F,,V, ) This suggests that linearity
_-Mﬂfelvl)-_ ;A T can be assumed to be hold in
° © the second variable V;:
SATURDAY 31 JANUARY 2026 vi-19 FUNKTECHNIKPLUS # JOURNAL
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Vfef, Vv, ev,, 3IM; eM,,

Vi
My =My(F, Vi) = My(f, Vi(v'o)) =
Vi ’
= m(F, (V) -
Vl
S LIGIAE
Vi
:(Vi ) Ms(f, Vi:Vio)z (66)
M;
=( l)Mi Ki(f):( O)Ki(f)vi

In this way, we can define

the function

A; :f>R (67)
Vfef, 3'keR,
M%
k= Ay (F) = (2K, () (68)
1

so that finally
Vfef, Vv,eVv,,IIM;eM,,
M; =M (f, V)= A (F)V; (69)

1
A5b. Input signals ratio
measurements

Initially we define the

YV,€eV,, YV,€eV,,

S
V=Vv(V,, V) = v with Vg #0(71)
R
so that the set of resulting

values is the image

VEVI[V,XV,] (72)

After this we have for the

magnitude of the ratio:

v=[v,, vyl={v=|v]]| (O<yv,=
Vi \'A
=_"<vsv,=—")}cR, (73)
Vi Vi
M m
Let
V=V, -V, (74)
then the phase of v is
. Va
V=<I(V—R) (75)

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

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

The ratio measurements can be

ratio of the input signals dgscr%bed now by the func-
tions:

from the

s . , m:fxv-m (77)

V:iV,XV,>C (70)

FUNKTECHNIKPLUS # JOURNAL v1-20 ISSUE 39 — YEAR 13
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and

m:fxU->m (78)
so the measurements can be
represented by the function

m:fxv->m; Vfef, Vvev,

(79)

m(f, v)=m(f,v)et" Y
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,

k =k(f)= mif, v (80)
N _m<falvﬁ))
k:f>R;Vfef, 31keRr, (81)

>

= k(f)=m(f, Vg)-m(F,, Vo)+v(2m)
where

ve{-1,0, 1} (82)

A

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

k:f>C;Vfef,IlkeC,

k= k(f)= k(F)et¥" =

SATURDAY 31 JANUARY 2026
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Cnlf vgle " -
Usually

fa=fe=Tp (84)
so that

m(f,, vo)eim“b've):

= m(fe,ve)eim“°’v& =

=i(fy, Vo) =il (85)
and finally

k(F)= ()i (F, v,) (86)

(0]

As before, we also assume
linearity in the second com-
plex variable and 1in this
way, for the complex frequen-
cy response [8]

Vfef, Vvev, dlmen,

m=m(f, v :m(f,v(v—)):
(¢}
- (22 k(£ (87)
a :f>C; Vfef,JlaeC,
m@
6= a(f)= (L) k(F) (88)
[¢]
m=m(f, v)=alf)v (89)

vi-21
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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|plsicé (99)

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 M, 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-

FUNKTECHNIKPLUS # JOURNAL

vl-22

scribed by a pair of smooth
functions

Va 1P X Vg3V, (92)

V1P XV Vg {93)
and to avoid unnecessary com-
plications between the pro-
duced and allowable voltage
levels, we can accept that

V,[pXVg=Vv,SV, and (94)

V. [pXVg]l=V, SV, (95)
In this way we have for the
VNA signals

Vg =Vg, Vo=V, Vo=V,
V, Vv

v=_2=_2 (96)
VR Vi

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:

[S]= R (97)
sRG SRA SRR SRT
STG STA : STR STT
u L
If we shall use the wave-
voltage signal equations in

the only one propagated TEM

ISSUE 39 — YEAR 13
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mode at the frequency f then:
If

a., B, and a,, b,

(98)

are the levels of the incom-
ing and outgoing voltage waves
at port

X: gl al rl tI GI AI R’ T (99)

N

D

Fig. 4: The sets VG/frp/VArVRIVImIMAIMR

of the VNA and IE respec-
tively, as in (3) above, we
have in vector-one column ma-
trix notation:

[a]=a
[B]

1li
1
(o]
1li

[b] (100a)
[4] (100b)

1]
=

1
QI

1]

SATURDAY 31 JANUARY 2026
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V=B, +6,)VZy = (&, +b,)yZ, (101)
(102)
(103)

but at each one of the ports
we have the conditions

FUNKTECHNIKPLUS # JOURNAL
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. (ST [al=[p][T]a] +[e] (107)
bg = Pedg + &g (104a)
ba = Padia (104b)  ([$]*-[pI'[1])[a] =[e] (108)
by = Pray (104c) [5]=([SI*-[pI[1]) (109)
b, = pra; (104d)  _Va _1Zolantby)
_ _ Ve Zy(ag + bg)

or in matrix form 14p, & 5

— (T FAVIAY L (A
[b] = [pIF[T][a] +[€] (105) (1+pR)(aR)_0(aR) (110)
and if [§]*z0 then (106) _1+p,

=(175) (111)
an _ | [§GA]| _ - [§GA]TG | .§TG + HSGA]TR | .§.TR - |[§GA]TT |'§TT _
AR | [§GR]| | [§GR 76l §TG - |[§GR Tl §TA +| [§GR]TT| §TT

= |~ = = = |~ 1 p - (112)
(| [SGR]TG | STG - |[SGR]TAl STA + | |:SGR]TT | STT) | [SGR]TT | pT
Setting
A=[[Sealrr | (113)
B= ( | [gGA]TG| §TG + | [§GA]TR | §TR _| [§GA]TT | S'}'I:'L) (114)
[ =-|[Seelrr (115)
A= [§GR]TG| §TG - [§GR]TA| §TA + |[§GR]TT | S?I":II'.) (116)
then from (110) and (111) and from (89) the measurement
. . ‘ _ m is given by
ool - SRR
P P =, V) = alf)v =a(fo(3>) =
R
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¥

S

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

iy . Ap+B
=a(folE g (118)
Error Parameters Formulation
It is given [1] that 1in
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+T7),

SATURDAY 31 JANUARY 2026
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where T stands for the
flection tracking error.

re-

The above quantities are shown
in the well known flow graph

of Fig. 6 [10], [11] and ve-
rify the relation
=D+ P (119)

1-Mp
which is the starting point

of our discussion and with a
re-arrangement becomes

__(R=DM)p +(D)
(=M)p +(1)

and from (118)

(120)
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(d(fA)dA)p+(d(1°A)c'rB)
M= - (121)
(F)o+(1)
where
ME—(%) (122a)
Dz(d(‘ch) (122b)
. (d(fA)c'A) ] (_g)(d(fA)c'B) (1220)
1
o—> =
h b} J AW P
o—< -
R

Fig. 6: One port error model

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

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

D=( (1) +(-D) (123b)

M)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+ (125)

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

(p @ pm i 1] (126)

1
3

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, 0, as follows

S,$ for "Shortcircuit" with
typical value -1,

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

0, 6 : for "Opencircuit", ty-
pically 1.

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

0:00:1]|Q
$ i85 :al|lm|=[o: s ]
L : L1 :2(|D

We define as
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ther 1lengthy expressions 1is

0 : 00 : 1 greatly facilitated by the
DTV observation of the cyclic na-
A=|g : 85 : 1 (128) ‘ture of the forms over the
letters S,L,0 and s,1,0 re-

L : L1 : 1 spectively. By the introduc-
tion of the symbol Z for the

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

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

. [A]=D,00(L - S) (130)
+L(S-0)1 (129) 5

At thlS point we note that The inverse of A iS
the manipulation of the ra-

-1

0 :006:1 §s-L1 : L1-006 : 00-S5
Al=|s iss i1 :[.1—] L-§ { o6-L : $-0 | (131)
N R Si(l-s) : 0L(6-1) : 05(s-0)

and the solution of the system is

Q §s-1L1 : L1-00 : 00-S8s || o
A 7] o R S | I (132)
D SL(1-8) : OL(6-1) : 0S(s-0)|| 1

in th lic f X e
or 1n e cyclic form D:‘ﬁ ;slo(L—S) (135)
Q=g X sl -9) 13y o,

RZWH(S-L)(S—I) (136)

a1 5 e
M_[A]ZOZO(L S) (134) and thus (125) becomes [12]
p:S(L—O)(mS+10)+L(0—S)(m1+os)+0(s'—L)(m0+si) (137)

(L-0)ms+10)+ (0-S)(ml+068)+ (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-
quency 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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Tab. 1: VNA characteristics for reflection measurements
P, [dBm] -72 - +10
Input Level [dBm] -10 or -30
f [MHz] 0.5 - 1300
Dynamic Range ﬁi[dBm] -110 - -10
Dynamic Range v [dB] 100

M; [dB] -199.99 - +199.99
Magnitude HPIB [dB] XXX . XX
Phase [°] -180 - +180
Phase HPIB [°] XXXX . X

Tab. 2: Performance test record for reflection measurements

L Lower Measured | Upper
Description Limit Value Limit
Directivity [dB] 40 43.3
Transmission Frequency Response
MAG [dB]: 0.7 0.8
PHASE [°]: 5 8
Reflection Frequency Response
MAG [dB]: 0.5 - 1300 MHz 0.4 1.5
PHASE [°]: 0.5 - 1300 MHz 2.5 15
PHASE [°]: 2 - 1300 MHz 2 10
Test Port Open/Short Ratio

MAG [dB]: 1000 - 1300 MHz 0.54 1.8
PHASE [°]: 1000 - 1300 MHz 8 15
MAG [dB]: 2 - 1300 MHz 0.3 1.5
PHASE [°]: 2 - 1300 MHz 6.5 12
MAG [dB]: ©.5 - 2 MHz 1.9 2.5
PHASE [°]: 0.5 - 2 MHz 5.6 20
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Description Lower Measured | Upper

Magnitude Reference Offset
and Marker Accuracy Test

Rectangular marker Zero [dB] -0.01 0.00 +0.01
Polar Marker Zero - Magnitude
of Outside circle -3 mm 0 +3 mm
Polar marker Zero - Phase [°] -1 0 +1
Offset +190 dB & read marker -184 -190.1 -196
Offset -190 dB & read marker +184 +190 +196
Crosstalk Isolation [dB]

Crosstalk between R and A Port 100 -117.3
Crosstalk between A and R Port 100 -119.2

Magnitude and Phase
Frequency Response

Port R [dB] 2 3

Port A [dB] 2 3

A/R Ratio Magnitude [dB] 0.47 0.6
A/R Ratio Phase [°]:

0.5 - 750 MHz 6 6

750 - 1300 MHz 4 10

Phase Reference Offset

Reference Offset, CRT trace
tolerance from reference line:

+360° -2.1 0.8 +2.1
+720° -3.9 1.5 +3.9
+1080° -5.7 2.0 +5.7
+1440° -7.0 2.6 +7.5
Phase Accuracy Test
+180° transition +182 181 +178
-180° transition -182 -180 -178
Input Impedance Test
Return Loss of Port A [dB] 20 -25
Return Loss of Port R [dB] 20 -23
Source Impedance Test
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= - 0 =
AT
| 231 - 5]
O : e_yXLX
eV g

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

. aF .
Sit: Su 0: 1

(1= ... : =|...: .| (139)
“F . &F :
Sri ¢ Ser 1:0
The compensation pad C
1
~C . &C 0 : =
c Sdd : Sau 4
(= ... ¢ . |=|- 1] (240)
~C . &F
Sy b S 1.
u uu 7 ®

The power divider P by matrix
(141) and the directional brid-
ge B by matrix (142).
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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 [S$]
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=pg, we have for v

ap _ Spo * (SarSte = StrSadlP _
' St — StrS

az  Spet (SprS .l
1 1 1
B 0+(§XZ - EO)p B
_E+(ixl ixl) -
g "\32%3 " 16%8/P
0
8 .
—'?E—-p (145)
8
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as we expected for this ideal

then the [$] matrix and the

case. above ratio of the incoming
If we return to the most Vvoltage waves at A and R
general case which indicates ports of the VNA we take the
the existence of the H, I, J, expressions (146) and (147)
K different transmission lines respectively.
" n
. . -1 2 : 2
~P ~P +P :
Su ¢ Sy Sir o i :
(1+¢)y-2 . 2
S o S 2 : :
[S]_ Sul Suu Sur _3+Z 1+¢ . 1+¢
- 5 = o
Sr Sru Srr 2 2_ (1+Z). 2
) ’ 1+C 1+C
| L
n |
o1 1
®i3 32
1 1 1
=l = - 141
2 4 4 (141)
1.1.1
2 4 4
] i
n |
1
o L 0 . 0 —_
~B ~B ~B
Sll Slu Slr 2
. - = - )
[S7]=|&3 : &, : & |=|lo i @ > (142)
N o . i
Srl : Sru Srr 1 . 1 0
2 2
| [
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@K

I

N R

ook

-3 B ~F
Sdusluslr*
P -H
*Slrslr
0
] &B &F
Sdusluslr*
P +C I
>"Sursudsud
~J aB &K
SduSruSrI

1
1
4
1
2
1
32
1
16
1
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~I &C
Sdusdu*
P -H
*S1uStr

. I .C .P
Sdu Sdu SFU*

“F B aJ
*Srlsursud

S

du~uu
C AT
>"Sud Sud

T -C ~P
Sdusdusru>|<

“F =B ~K
*Slrsrlsrl
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K =B ~F
Slrslrslr*

P -H
*Slrslr

K &aB &J
Slrsursud+
K B &F
+Slrslrslr*
. P . F . B . J
>ksrrsrlsulsud
K &B &F
Slrslrslr

P -C I
*Sursudsud

~K &B &F
Slrslr Slr *

P ~F =B ~K
*Srrsrlsrlsrl

(143)

(144)
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Fig. 7: Simplified T/R Test Set equivalent circuit

Fig. 8: Flow graph of the simplified T/R Test Set of Fig. 7
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| [
1 HLH _.ILI 1 _ HLH _.KLK
0 0 —e Ve eV e
8 4
.J,J . K, K
0 0 0 %e'y eVt
[S]= :
1 _HH It 1 pyft 1 yILT gk
§e e (¢} ae 326 e
1 —VHLH _y.KLK : 1 _V-JLJ _vKLK 1 —yILI —VKLK 1 —ZyK LK
4e e : 29 e 329 e 169
' i
(146)
a, Sag * (SarSt6 = Sr7Sa6)P _ (e‘VJ LJ) L 147
P n - N - N R —_— = - e_
4 Sge* (SprSte — StrSre)P e-yILI P ( )
. . .J,J
0+ S,-Si:f -y'L K K
B L =(&—)e¥'p And finally
Spt 0P e V'L
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(148)

which concludes from the fact
that the I, J transmission li-
nes are identical in size and

type.

A. Response Calibration

Response calibration means
that instead of three Stan-
dard Loads we have only one
available, the short circuit,
which measurement is the re-
ference for any other unknown
load [29], [30]. As we men-
tioned before a typical value
for this 1load is -1 and if
for simplicity we assume that

a(flo=1 (149)
then (148) becomes
LK K JK K

s=ze?tp=et s

- _g 2V (150)
Thus, for an unknown load
) T . . m
m=e?V" p=-$p=p=-5 (151)

B. A typical measurement
application
First we assume that the
three Standard loads S, L, O,
for the calibration procedure
posses their theoretical va-
lues ([31], [32])

S=-1.0,L=0.0, 0=1.0 (152)
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(134) - (137) are simplified
as
[Al=0-5 (153)
. _1(o+8)-20s
Q—T (154)
D=1 (155)
o+8-21
= 53-8 g (156)
R= 2(1'.0)(.‘6" Y (157)
0O-S
. (m-1)(6-3)
T l-o)(s-1)-(m-s)(1-0)
(158)

the p-mini expression for the
reflection coefficient [12],
which can be written in the
bilinear form (159)

. mo - s)+(-1(0 - $))
P s+ o0-20) +(L(s+0) - 250)

In Fig.10 are illustrated
the three error parameters D,
M, R where they are given in

plane as real, with single
prime, and imaginary part
with double prime and 1in
space as functions of fre-

guency for the range 550 MHz-
1300 MHz. The VNA system used
is fully described in [11]
and [33] as the first system.
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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,
Ly =9cm, d,=.9.6cm L,=8cm,
s==0.8cm, a==90°, H=6cm.

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

a
H
ST
L, 6 Ly
da
]

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.

/i)

!
|~

Fig. 12: Simulation model

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

The antenna’s reflection )
coefficient after full one- -, 1+P (160)
port calibration with SLO °1-p
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Frequency [MHz]

11
D"

0]

-, 06 14 -8 it
-.09 @ D'.08 -.12 @ M .14 -8 0O R .8

Fig. 10: D, M, R as function of frequency

Frequency [MHz]

-.85 -.85 -.85
-85 p' 06 .6 -8 p' @ .6 -85p' O .6

Fig. 13: Antenna’s reflection coefficient
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50

40|

Input Resistance[Q]

sss/meas
— Richwire

850

106600

1156 1300

Freguency [MHz]

Input impedance real part

60

40 |-

Input Reactance [Q]

eseMeaS
— Richwire

850

1000

1156 1300

Frequency[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-s)(1-0)
(m-0)(s-1)

(161)

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 is 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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