Interaction Notes
Note 552

October 1998

S-parameter determination with a pair of current
injection and measurement probes

Jean-Philippe Parmantier
ONERA, 8 rue des Vertugadins, 92190 Meudon, FRANCE

Abstract

This paper presents a technique to determine scattering parameters with a set of two current probes. One is
used to inject the signal. The other is used to receive the signal. In eleciromagnetic topology, this technique is
particutarly useful when it is impossible to make in-situ measurements. Usually, the measurement of scatiering
parameters requires 1o disconnect the loads of the systern under test to substitute reference loads. In our case, the
method we propose only requires that the ports of the device under test present a wire extension.

Based on the definition of topological parameters, the technique and the associated numerical trearment
are described assuming that the probes behave like ideal transformers. The injection and measurement probes can
be characterized with scattering parameter measurements performed on a simple calibration device. In addition,
the knowledge of the loads connected to the device under test is required, but the loads can have any value. They
can cven be a part of a complex network. Supposing that the probes can be modeled as voltage transformers. The
theory deals with relating the scattering parameter measurement made at the level of the probes with those
defined at the level of the device under test ports.

Validations of the theory applying perfect models of probes are presented. They are carried out on simple
transmission lines. Good agreements are obtained between 1 MHz and 100 MHz, which, for example, gives the
user enough information and accuracy to come back to the per-unit-length electrical parameters of the lines. An
additional test, using a set of non clamping probes, is presented to demonstrate how higher frequency results can
be obtained when improving the calibration and the performance of the probes.
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1. Introduction

In Electromagnetic Topology (EMT) ([1], [2]), the coupling on 2 system may be described by the
resolution of the BLT (from "Baum" "Lili" and "Tesche") equation on a network ({3], [4]). The network is made
of wbes connected by junctions, The tubes provide the propagation of the signals onto the network whereas the
junctions provide their scattering into the different connected tubes. This scattering is characterized by the so
called "scattering parameter” (S-parameter) matrices [5]. In the past ten years, this kind of modeling has proved
its efficiency for predicting electromagnetic (EM} coupling on complex wiring systems ([6], [7]). The
applications have always pointed out the convenience of being able to introduce measured data in the BLT
equation. The measurements provide a way to replace difficult modeling of junctions. Also, they may provide
useful data to calibrate the modeling. This is why it seemed particularly useful to be able to measure scattering

parameters of a system, in situ, that is to say directly on its host structure,

A classical method to measure S-parameters deals with directly connecting the ports of the device under
test (DUT) to the cables of a network analyzer. The method we present here deals with measuring the S-
parameters with a pair of @ current injector probe and 2 current measurement probe. The main drawback of the
first mentioned method is that. on real structures, because the equipmeni requires specific connectors, it is often
quite impossible to connect the cables of 2 network analyzer, For instance, this drawback is obvious when one
wants to measure S-parameters on a wiring systemn. Moreover, the connection of a network analyzer imposes a
scalar impedance (generally 50 £2) at the input of the device under test [8]. On the contrary, with clamping
current probes, appropriate measurement technique would not require to disconnect or modify the connections of
the DUT,

In a first section, we demonstrate the current probe method. First, we recall the general definition of
scattering parameters. Then, we present how to characterize the injection and measurement probes thanks io
scattering parameters. The measurement procedure and the associated numerical treaiment are then described in
detail.

In a second section, we validate the formalism with the CRIPTE numerical code. Then we show
applications on simple wiring examples : a one-wire transmission line and a two-wire ransmission line.

Finally, it a last section, we analyze the frequency limitation of the technique using a set of high
frequency nonclamping current probes.

This paper is an improvement of [9]. The improvements especially deal with some corrections applied in

theoretical formulas, numerical validations achieved with the CRIPTE code and new measurements carried out to
extend the frequency application domain of the method.

2. Demonstration of the procedure

2.1 Scattering parameter measurement

The measurement of scattering parameters with a network analyzer is performed with two measurement
cables :

- a cable A for the injection of the signal (channel A),
- a cable B for the measurement of the signal (channel B).

The principle of the measurement of S-parameter with a network analyzer is summarized on figure 1

(measurement of S;;, the reflection parameter, and S, the transmission parameter, on two test-ports "j" and "i").




The injection is supposed to be on port "j" and the reception on port "i". V, and V, /, and /, represent respectively
the voltages and the currents on those two ports.

| portj
port i

DUT

Fig. 1 : S-parameter measurement principle

Cable A and cable B of the network analyzer bring a Z_input impedance at the level of port *f" and port
"i". The measurement of the scattering parameter is said to be "'referenced’” to Z, . One will pay attention to the
fact that the other ports, whereas not involved in the measurement, have to be loaded by the same Z. impedance.
The injection with cable A is modeled applying a voltage generator E, in series with the Z input impedance at the
level of port "j". This generator is related to the voltage and current developed at this port by :

Hence, the classical definition of reflection and transmission S-parameters can also be expressed as a

function of E. Particularly, one will notice that the transmission parameter is equal to two times the transfer
function between the output voltage and the input generator.

V=2, 2Z0,

L= =1 V3
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2.2 Characterization of the injection current probe

Generally, people talk of "current injectors” because those devices are designed to induce current on
cables. This is true only when the cables under siudy are loaded at each end by a low value impedance. As a
matter of facts, an injection probe rather behaves as a voltage transformer. The induction of the probe can be
described by a voltage generator E™, applied on the excited wire.

This generator may be understood as the tangential component of the electric field created in the middle of
the probe [10]. So this generator can be approximated as constant for all the wires inside the cable. For instance,
this is the model applied to determine the response of a shielded cable, excited with a current injector, whatever
the loads at each end of the shield are [6]. Of course, this approximation is valid if the cross section of the cable
is small compared to the center space of the injector and if the insertion impedance, induced by the probe on the
excited wire, can be neglected. In addition, the injection level must be small encugh for the probe to operate

linearly.

Figure 2 presents a simple procedure to characterize the injector. The injector is clamped on a fest wire.
The test wire can be chosen as a simple wire whose length is small enough o allow high frequency
characterization. S-parameter measurements are carried out considering a three-port system when the port A of
the network analyzer is connected to the injectton probe. The three ports are :

- port | and port 2, at both ends of the test wire,
- port 3, on the injection probe.




As mentioned below, all the ports are loaded with the same Z; impedance, the reference impedance of the
network analyzer. When cable A, or cable B, is connected 1o one of the ports of the DUT, this reference load is
brought by the network analyzer itself. The remaining port, not connected to the network analyzer, must be

connected 1o a real impedance equal to Z,.

port 3% Cable A
E
Z, Current injector
port I + port 2
~ Ew lest wire \
14
! z, - Ze v,

Fig. 2 : Characterization of the current injector with S-parameters

On each of the three ports, "7, a voltage, V,, and a current, /,, are defined. Because the test wire has a
small length, the propagation can be neglected. Except for their signs, the V; and V; voltages are equal, We can
write :

EY+2Vi=0 4)
The injection being made on port 3, we can define 8 as the transfer function beiween the voltage induced

by the injector on the test wire, E", and the voltage genmerator, £°, applied on the injector by the network
analyzer. Hence, according to (3) and (4}, we have the following relation :

2y 2-V, —E™ s
T Vp+Z,-f;  EP EP =-# (%)

SH

This characterization procedure can be completed using a voltage amplifier in order to increase the value
of 3. But in this case, the user has to accouni for the amplifier in the calibration, what requires some care not to
damage the network analyzer.

Another way to obtain more signal is also to fix one of the ports on the wire at a short circuit value. Then,
the relation between Sy3 and [ only varies by a factor of 2.

2.3 Characterization of the measurement probe

The characterization of the measurement probe is similar to the characterization of the injection probe and
relies on the same test-wire device used for the injector characterization. Now the injection (connection of cable
A) is made on port 1 or port 2 of the test wire. The S-parameters are measured with the cable B connected to the
port 3. On figure 3, we have 1aken the same labeling as the one presented in figure 2.
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Fig. 3 : Characterization of the current reception probe with S-parameters

As we did for [, we define the « factor as the transfer function between the current generated on port | of
the test wire, /;, and the current induced on port 3, I3. This coefficient can also be expressed as a function of the
§3; parameter :

s,V 224 L L 1 )
I E z'zo"fl - [I lmrd— o

The setup being fully reciprocal provided the same type of current probe is used for the injection and the
measurement. we have 53; = 5,3 and, o and § are ideally related by :

!
o=— N
B

Figure 4 represents B and o' transfer functions determined on two similar clamping probes, used at the
same time for injection and measurement. Their characteristics are flat in low frequency (up to 100 MHz), but
present a slight difference pointing out the difficulty of being provided two similar probes.

1E-OL

lE-02

1E+06 1E+07 1E+08 1E+09
Frequency (Hz)

Fig. 4 : Example of Band & transfer functions determined on two identical current probes.




2.4 S-parameter measurement procedure using current probes

2.4.1 General ideas

We have previously seen how S-parameter measurements achieved by a network analyzer could be related
10 physical voltages and currents. The reference load of those measurements is said "scalar” because the loads
applied on each pon are the same and are equal to the internal load brought by the network analyzer. However,
the same kind of definition can be derived if the reference load is given under the form of a matrix, as it is
generally the case in EMT.

The purpose of the two following sections is to establish the relation between the S5-parameters measured
at the level of the current probes and the S-parameters defined at the level of the ports of the DUT. To make the
demonstration progressive, first, we present the resuit when the impedance load of the DUT is the same on ail the
ports (scalar case). Then we derive the general definition when the impedance load of the DUT is a matrix
associated to a network of different loads (matrix case).

2.4.2 Scalar case

Let us suppose that cable A of the network analyzer is connected to an injection probe {probe A) and that
cable B is connected on a reception probe (probe B). Those two probes will be respectively clamped on two ports
"j" and "i" of the DUT to make an Sij measurement. Moreover, in the scalar case, we will suppose that the DUT
is loaded by the same scalar impedance Zc on each of its ports.

Figure 5 presents the experimental setup. One will notice that a wiring extension is required on the ports
to make the measurement possible. In the general case, the non zero length of the port will be 2 limitation to
extend the frequency range of the method. Nevertheless, with this property, its application on long wiring systems
becomes natural.

Injection bMeasurement
porti

|

Z, . Probe B

port}
DUT
[
Probe A
port k

Z, ﬁ\

"Wiring extension”

Fig. 5 :Principle of S-parameter measurement in the scalar case (3; measurement)

erermination o

In this case, the injection and raception probes are respectively located on port "j" and "i". We will call Z,,
the reference measurement load of the network-analyzer. Generally, this impedance is equal to 50 Q. We will call

S,f . the transmission S-parameter between port A and port B of the network analyzer, expressed as a function of

the following values :

- Vyand Vy I, and I respectively the voltages and currents developed on those two ports and
- E*, the voltage generator applied on port A.

]




From {1) and (3}, we have :

sro_2Vs =220
TV, +Z,0, Ef

- (8)

Moreover, let us call Sj? ur +the S-parameter of the DUT, referenced to the scalar impedance Z,. and determined

according 1o (3):

2.7 -1,
DuT
ST = Ei;’r - &)

7

Meanwhile, from (6} and (7), it is possible to express [zand Ef as a function of [, the current induced on port
"i", and Ej-"j . the voltage generator induced on port "j”. This is achieved introducing & and f transfer functions,
Using (9), we find :

p
§f = (10)

Hence, (10) allows to express the S-parameter at the level of the DUT as a function of the transmission parameter
measured between the current probes.

Z.-B
Determingtion of S, :

In this case, the injection and measurement probes are applied on the same port "i". As previously, from
(1) and (2), it is possible to derive 57, the transmission S-parameter measured between the two probes.

SPT =557 (11)

A 14
S§F = _2 215 (12)
E}
Then, (5) ad (6} are used to relate /f , the current measured with probe B, and EJ, voltage generator applied

with probe A, as a function of 7, the current induced on port "i" with E/, the voliage generator induced on this

same port "i".
sp 2% L B (13)
E;’;’ o

The scattering parameters at the level of the DUT can be derived from (2). Once more, we recall that those
parameters are referenced to the scalar impedance Z..

SPUT = 1—2—'5%;'1 - (14)
Hence, (13) and (14) allow to relate S7and S2Y7 . We find :
sff=£5'5—-(s£?”—1) (15)

a Z,

or.




if i

SOUT _ 1+%-—§L-3P (16)

2.4.3 Matrix case : direct procedure

Compared to the scalar case, the matrix case is more general in the sense that the reference loads are not
necessary equal. More, the reference load system can be considered as a network of loads involving possible
differential impedance values. In a topological way ([1], [2]), the problem is equivalent to connect the junction
equivalent to the DUT to another junction whose impedance parameters (Z-parameters) are equal to a [Z,] matrix
(figure 6). Consequently, if one knows the S-parameters of the network connected to the DUT (easily related 1o
Z-parameters as shown in section 2.6), a procedure, similar 10 the one presented in the scalar case, can be
generalized. Particularly, this network can be another cable network whose equivalent S-parameter have been
determined by a compacting process [3].

\lnjection Measurement
port!{
] 4
Probe B
(Z) |porj DUT
[ |
Probe A
port k

Fig. 8 : Principle of S-parameter measurement in the matrix case (S; measurement)

Derivarion of S-parameters ar the leve! of the current probes :

When one injects on a port "j” with probe A, the S-parameter measurement may be represented in a matrix

way :
4] 0

[s?]{Erl=22,-| 1] a7
0 0

Z, still represents the reference impedance of the neiwork analyzer. /7 reprasents the current measured on probe

"

B at the level of port "i". Ef represents the injected voltage with probe A, at the level of port "j".
Now, if we suppose that each port ™j” of the DUT is excited one at a time with the current injector A, (17)
can be generalized in the following matrix form :

EF 0 o moIf oI
[SP]- 0 Ef 0|=2Z41 1f I, (18)
I
g o5 E; A A L)

where [,-f-' is the current measured on current probe B clamped on port "i”, when the current injection of probe A

is applied on port ", (18) will be summarized by :




e =2 2 o]

Derivation of 3-parameters at the level of the DUT :

At the level of the DUT, we have to consider an excitation provided by the voltage generator E}"‘i induced

by the current injector on port "j" and the set of the induced currents, !,-fD UT on all the ports "i". They are related

by the matrix relation :

0 0 0
s | -2y
W, 0 0

If now, all the ports are excited, one at a time, {20) can be generalized as :

DUT  .pUT  ,DUT)

EPUT 0 0 EpYT @ 0 [HRYTRUT df
(2] o BT 0 |=| o EPT o |-2f2}{BUT P 2
T rour T Lpur [

0 0 E; 0 0 E, it ,gvr 1BuT

We wili summarize that matrix equation by :

[seer] [e]=E"]-2-[2.]} [+77] (22)

Derivation of S-parameters ap the level of the DU/T as respect with S-parameters at the level of the
probes:

As in the scalar case, the rclation between [SDUT] and [S‘"] is simply obtained writing (5) and (6) in a

matrix form :

B-ler)=[e”] 23)
and

a[17]=[127] | 4)
and introducing those refations in (19), we obtain the matrix relation :

[S°”]=[1d]+%-%-[5”] (25)

with [Id]being the identity matrix. One will notice that (25) is nothing but the generalization of (11) and (16),
derived for the scalar case.

10




2.5 Modified procedure

The procedure previously described always requires to measure the transmission parameter between an
injection probe and a measurement probe. The procedure can be simpiified for the measurement of the reflection
parameter S; at the level of port "i". Indeed, on probe A, clamped to that port, the network analyzer is able to

measure a SP parameter. Now on, (19) fakes the form :

[her]=[e7]-2 2 1] a0
Consequently, this "modified” procedure supposes that probe A is used both for the injection and the
measurement. Meanwhile, (22) is not modified. ing that the pair of probes have the same & and_J3 transfer

functjons, the combination of (22), (23} and (24) with (26) leads to a modified expression of the relation betwaen
[SD”T] and [S”] . We find :

i ()

This procedure may be considered as more simple than the direct one because it requires the clamping of only
one probe on each port. Especially, this procedure avoids the passible coupling of the injection and the
measurement probe when they are inserted on the same port.

Nevertheless, the modified procedure relies on the important assumption that all the current probes have
the same transfer functions, which is difficult to achieve for usual probes (see figure 4). The modified procedure
has to be considered with care.. Moreover, the measurement of the S-parameters made in the direct method
always relies on a transmission parameter measuyrement, which does not necessarily require the use of a network
analyzer. Considering those two reasons, the direct procedure has always been considered in all the validations
presented in the following sections.

2.6 Relations between Z-impedance, Y-parameters and S-parameters

In (25) and (26), [SDW] is a S-parameter matrix referenced to a characteristic impedance matrix, [Zr]. In

the theory of electromagnetic topology, such S-parameters are called "ropological” scattering parameters ([11],
{4]). They are the one used in the BLT equation and have the property to be equal to the actval reflection and
transmission coefficients of the junction. Nevertheless, in order to use the same junctions in different networks,
where they may be connected to tubes having different charactenistic impedance mairices, other forms are
generally used to characterize the junction. Here, we present 3 types of parameters allowing to get rid of the

[Z - ] reference matrix :

- the [Z] matrix of the Z-parameters,
- the [¥] matrix of the Y-parameters,
- the [S _,o]matrix of the S-parameters, referenced on a usual scalar impedance equal to 50 £2. In this case,

the S-parameters are called "Sys-parameter”. This matrix is nothing but a particular form of a topological matrix.
The following relations are the one computed into the CRIPTE code [12] -

(21=({2)-[s2 )" ([ ]¢ [s77])- (2] (26)

Y] =[21" =[z.]"-([t)-[s> ) -{lzal+ s> an
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[S50]= (2]~ 50 -[1,])- (2] +50-[1,])" (28)

3. Validation of the method

3.1 General objectives
The validation procedure we have used in all our examples is the following :

step 1 : we have determined the 1opological S-parameters on different wiring systems, using the
current probe method,

step 2 : all those S-parameters have been transformed in Ss-parameters, using (26) and (28),

step 3 : this way, the comparison with S5, parameters directly measured on the ports of the DUT has
been made possible.

First, we present a validation of the theory carried out by simulating the measurement procedure with the
CRIPTE code.

Then, we show results of the application of the experimental procedure on canonical wiring systems.

The two first systems considered have been two transmission lines (a one-wire and a two-wire
transmission line). The current probe used were the ones whose o and [ transfer functions are the one presented
on figure 4. One will notice that the response of the probe is flat up to 100 MHz only. Bu, the main advantage of
those probes is that they can be opened. Moreover, our objective was to verify that the obtained S-parameters
were precise cnough in low frequency. For instance, from those parameters, one should be able 1o detenmnine the
per unit length elecirical parameters of the lines. Indeed, it is possible to derive those parameters based on S-
parameter measurements at one end of a line, when the other end is alternatively loaded by a short-circuit and by
an open circuit ([13], [141).

The last test we have carried out intended to analyze the frequency limit of this method using a high
frequency current probe. Of course, to guarantee a flat response in high frequency, it is not possible to open such
a current probe, and the method we emphasized in this document looses a part of its convenience.

3.2 Validation of the theory

To validate the theory we have chosen to simulate the procedure using the CRIPTE code [12]. The
interest of the numerical simulation relies on the fact that it allows one to simulate perfect injection and
measurement current probes. The exampie we have considered is a single wire transmission line on an infinite
metailic plane. The line can be loaded by two lumped elements Z; and Z; (figure 7).

12
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po . N
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z, probe B z

Fig. 7 : Applicaiion of the method on a one-wire rransmission line {S;-meazurement example)

The three load configurations having been tesied as respect with the value of Z, and Z, are described in
table 1.

Configuration zZ, y
! 500 500
2 16 100
3 16 Q2 1200

Table [ ; Load configurations tested on the one-wire transmission line

In the CRIPTE code, the simulation of the measurement at the level of the probe is automatically achieved
by performing the compacting of a sub-network. This is why we have chosen to calculate all the S-parameters we
needed at the level of the probes with only one compacting calculation. Because the model of probes does not
modify significantly the impedance of the DUT, and in order to reduce the number of calculations, we have
applied an injection probe, noted "I", and a2 measurement probe, noted "M, on both ports, 1 and 2. The marrix,
obtained in only one compacting calculation, is 4x4 and contains the 2x2 matrix we need. Figure 8 gives an
example of an 5,; measurement. The injection on port { and the measurement on port 2 are represented by the
black probes.

B 50

N s 500
500 I::fﬂso o)
1
port port 2

- t §a]
puT 1 Z,

Fig. 8 : Electrical model used for the calcularions

The topological network used for the demonstration is described on figure 9, The scattering parameters of
the transmission line have previously been calculated and stored in the matrix $°“, The junction representing the
DUT is connected to the junctions representing the injection probe and the measurement probes. The two loads
connected at both ends of the DUT are modeled with two junctions having the Z-parameter value of Z; and Z,.
Al the tubes involved in this topological network are assumed to have a zero length because the ports of the
DUT and the size of the probes are supposed infinitesimal.

Fig. 9. Topological network used for the numerical validation of the theory
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The S-parameters of the ideal probes are stored in S and S*, respectively for the injection and the
measurement. Port 3 is the injection or measurement port, whereas port | and port 2 are the ports on the internal
wire, The current is supposed to flow from port | to port 2. This is important for the connection of the junctions
to the network.

The determination of the parameters of the current probe relies on imposed vatues :

Sy =8;=-¢¢ or -ﬁ 27)

-Sus:S;j:ﬂDfﬁ ' (28)

The other values are obtained considering the following properties ;

- the system is reciprocal, which implies symmetric matrices,
- the system is lossless, which implies that the matrices are unitary matrix (their transpose is equal to
their conjugate} [8]. This property is summarized by (29) and (30).

> SpSm=1 29)
n=/{
Y5, 5=0 . i) (30)
n=i

Hence the scattering matrices of the two probes can be determined as follows ;

5% = %-(!+ 1-2-p2 é-(/- 1«2-,82) B 31
-B B 1-2-p?
\
5 = %-[I+ ]-2-0:'2] %-[1— 1—2-a"] a’ (32)
-a’ ! I-2.a™
\

One will notice that the mismatching due to the insertion of the probe is not relevant if 8 and o have a
low value. Indeed, in this case, the following parameters can be approximate by :

!
S;, =5, EE--_BZ 2g . 0 (33)
{
Syzi-fPep,.l (35)
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Relation (33) and relation (34} mean that the transmission is perfect on the wire and there is no reflection,
{35) means that the impedance seen from port 3 is close to an open circuit.

Figure 1O presents the results obtained in the three configurations in superimposition with the directly
measured Ss; scattering parameters. The agreement is perfect. This result fully validates the formalism described
in the previous sections and helps us to realize the difference existing between a perfect case and a realistic case.

1E+00

511
Direct measurement
Config. |
1EO1 Corfig. 2
Config.3
J |
Si
Direct measurement
Config. 1
Config. 2
Config.3
1E-02 et —
1E+06 1E+07 1E+08 1E+9

Frequency

Fig. 10 : Syp-parameter obtained in all the configurations on the one-wire transmission line
when simulating perfect current probes

3.3 Application of the procedure on real wiring systems

3.3.1 Application on a one-wire trapsmission line

The first example we have considered is similar to the one we have tested with the CRIPTE code, a single wire
transmission line, involving at each end the same three load-configurations presented on tabie 1.

Figure 11 gives an example of an S-parameter measured directly at the level of the current probes. Such
input measurements are treated to determine [.S‘D ”T], at the level of the ports of the line. One will notice that the
first resonance happens after 100 MHz. After this resonance, the value of the parameters begins to increase, due
to the characteristics of the current probes that are not flat anymore in this frequency range (see figure 4).
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Fig, 11 : Exampie of S-parameters measured at the level of the current probes on the one-wire
transmission line

Figure 12 presenls S;; and §;; parameters obtained after treatment in configuration 1. We have
superimposed the direct Sgp-parameter measurements coming from the network analyzer (directly connected on
port 1 and port 2 of the line) and the Ssp-parameters coming from the current probe measurements (using
injection probe A and reception probe B).

Figure 13 and 14 present the same kind of plots in configuration 2 and configuration 3 respectively. For
the three configurations, one will notice the good agreement between | MHz and 100 MHz, This frequency range
is exactly the one required for the usval determination of the per unit length elecirical parameters of a

_transmission line. Under 1 MHz, the plois of §;; obtained with the current probe method presents some noise
because of the low value of the reflection coefficient. From 100 MHz, the assumption that the current injector
behaves as an ideal voltage transformer is not valid anymore. Related to that, the size of the current probes
cannot be neglected at those high frequencies.

S;-parameter Si12-parameter
1E+02 TE+(2

1E+01 —

current probe measuyement

1E+07 - -
A \‘M current|probe measurement.

TE+Q0

) VAT 4
, M |

/ i 1E+00 /EL A}m
1601 L ; v / ’ : \/V_\r\h v ivv\;
/X

~
. direct mea.s'ureme.i'uJ , ’4
direct measurement
1E-02 ' JE-O1
YE+06 1E+07 1E+08 1E+0% 1E+06 18407 1E+08 JE+H9
Frequency (Hz) Frequency (Hz) .
Fig, I2 : Ssyparameter obtained in configuration 1 (50 $2 and 50 £2) on the one-wire 1ransmission line
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1E-02 . 1E-01 . .
1E+06 1E+07 1E+08 1E+09 1E+08 1E+07 1E+D8 1E+09°
Frequency (Hz) Frequency (Hz)
Fig. 13 : Ssg-parameter obtained in configuration 2 (16 2 and 10 2) on the one-wire transmission line
S;-parameter S,-paramerer
1E+0Q2 s 1E+02
1E+01 -
current probe measurd 1  1E:01
current probe measyrement
l E+00 T LT \AA
i A )
/ l I F 1E+00 ; }q \"“ al
: g . LY. V i
e direct measurement d
’ ’T dirdct measurement
1E-02 , 1E-01
1E+06 1E+07 1E+08 1E+09 1E+06 1E+07 IE+08 IE+09
Frequency (Hz) Frequency (Hz)

Fig. 14 : Sy-parameter obtained in configuration 3 (16 2 and 120 £2) on the one-wire ransmission line

3.3.2 Application on a two-wire transmission line

The second example deals with a two-wire cable transmission line. As previously, different load-
configurations have been considered applying 4 impedance vaiues Z,, Z;, Z;, Zson port 1, 2, 3, and 4 respectively
(figure 15),
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Port ! [ "
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port 3 Z port 4 -
y A ' Z,

Fig. 15 : Application of the method on a two-wire iransmission line (5,-measurement example)

The current probe we have used is the same as in the one-wire transmission line case. The two load-
configurations tested are reported in table 2.

Conﬁguration Z Z Zs Z,
! 500 50Q 50Q 50Q
2 500 12002 0Q 160

Tabie 2 : Load configurations tested on the two-wire transmission line

Figure 16 and figure |7 present the Ssy-parameters obtained after the treatment of the topological S-
parameters determined with the current probes. They are superimposed with the Ssp-parameters directly measured
with the network analyzer on the four ports of the DUT.

Compared to the resulis obtzined for the one-wire transmission line, the agreement is not as good for the
reflection cocfficients whereas it remains fully comparable for the other coefficients (again between 1 MHz and
100 MHz). The discrepancy obtained on S;; coefficients does not have a real explanation at the present moment.
Nevertheless, an error in the calibration of the network analyzer might be the origin of that result. Nevertheless,
pulling out a wire in a bundles creates a mismatching which may reverse the current as shown in [15]. Such a
reversing sign of the current would affect significantly the value of §y,.
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Fig. 16 : Ssy-parameter obtained in configuration 1 (50 2, 50 L2, 50 L2 and, 50 £2)
on the wo-wire transmission line

19




S, -paramerer Si-parameter

1E+01 1E+01
cuiTent pro be megsurement current probe measuyement
- N
LE+0Q0 - 1E+00 4 gﬂj
P | \M\\\jk ; N
-~ /f . -‘ i ’ F||"11,‘_p
O I /‘1‘ R
i A
7 / direct rnfasurrmem e
P 4 direlr measurement I I
, 1E-01 -
‘ I
1E-02
LE+06 1E+07 1E+08 1E+09 {E+06 1E+07 IE+(08B 1E+09
Frequency (Hz) Frequency (Hz)
Si-parameter Si-parameter
1E+01 " IE+0Q]

curren! probe measuremenr

\ R current probe measurement
I ™

1E+00 _ Wil LE+00 — v
A L
/"r\' ij‘/[! 2 V!\:

\i J;hii?rél’! //—// /l’ﬁ‘

.[ ]nt

/ , '1 1E-01 A
1 : / direct measurement y
/ direct measirement f

A
7

i 1E-02 4 -
1E+06 LE+07 {E+(8 LE+09 1E+06 1E+07 1E+08 1E+09
Frequency (Hz) Frequency (Hz)

Fig. 17 : Ssp-parameter obiained in configuration 2 (50 £2, 120 £2, 10 2 and, 16 £)
on the two-wire transmission line

1E-0f

3.3.3 Application of the method with high frequency performance current probes

In that section we wanted to emphasize the fact that the limitation of the technique is not in the theory but
in the quality of the probes. For that purpose, we have used a set of probes, whose @ and B wansfer functions
present a flat response up to 4 GHz (figure 18). The high quality measurements are made possible thanks to a
specific calibration device which keeps a very precise 50 £ built-in characteristic impedance. Of course, to reach
such a performance in high frequency, the possibility to open such a probe is excluded. The two transfer
functions were obtained applying the S-parameter measurements described in section 2.2 on the calibration test
provided with the current probes.




1E+00
01'.-1
1E-01
1E+07 1E+08 1E+09 1E+Q10

Frequency (Hz)

Fig. 18 : Band o' transfer functions determined on two identical current probes.
{Courresy Voss Scientific}

The DUT considered in the test was made of a single wire laying on a metaliic plane (figure 19). Load
configuration with two 50 £2 at both ends of the cable have only been considered. It must be noticed that the
geometry is far from a straight regular transmission line. This configuration reminds us that the technique can be
applied to cases other than transmission lines. As in the previous transmission line cases, the Sg-parameters
obtained after treatment of the current probe measurements have been compared to the ones coming from the
direct measurements on the DUT ports,

Channel B

Currentfrobe

Channel A

Fig. 19 : DUT considered for the application of high frequency performance current probes
{Courtesy of "Voss Scientific”).

Figure 20 and figure 21 present the results obtained for Sj; and Sjz. Because the usual application of the
probes is for low current measurements, their injection transfer function is not really effective. Therefore, an
amplifier in the 100 MHz to | GHz frequency range has been required in the injection link. In addition, the
network analyzer used for the measurements is a high frequency one (from 50 MHz to several tens of GHz). The
combination of the frequency characteristics of the amplifier and the network analyzer explain the non regular
plots observed in low frequency up to 400 MHz.
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The numerical treatment is particular good for Sz up to 1 GHz. Unfortunately, the results are not as

satisfactory for S|[. Again a possible coupling between the injection and measurement probe is suspected. The
application of the indirect method should be tested in the future to confirm this hypothesis, However, both
measurements offer promising results for the extension of the method in higher frequencies.
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processed v processed
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i 'h‘Url-ii!M‘ ‘P‘ e

1E+00 ‘,{‘;f f[ Y ) e \’)/U\AMMNM
!
o direct l// B , ll}"r

direct
measurement
measurement
1£-02 . ; 1EQ2 . .
1E+07 T1E+08 1E+09 1E+10 1E+07 1E+08 1E+09 1E+10
Frequency (Hz) Frequency (Hz)
Fig. 20 : 8, determined with the high frequency Fig. 21 : 53; determined with the high frequency
performance probes performance probes

4. Possible evolution of the method

The S-parameter measurement technique and the numerical treatment we have presented in this document
offer the capability to determine S-parameters on a systemn without connecting the reference load of the network
analyzer on each port of the DUT.

The resuits obtained on simple cables make us think that the method is precise enough to come back to the
per-unit length values of the electrical parameters of more complex cables. Indeed, in [16], it has already been
applied to determine the per-unit-length parameters of a shielded cable bundle inside the cockpit of the EMPTAC
aircraft. The results are good for the determination of the inductance parameters because the other end of the
cable was loaded with a short circuit, allowing a significant amplitude of the current on wires. The results are not
as good in the case the conductance matrix determination because the other end of the cable had to be in open
circuit. Nevertheless, the results obtained have demonstrated their usefulness to calibrate the electrical parameter
calculations performed with the numerical code LAPLACE [12].

It is also possible to think of applying the method to measure in-situ-S-parameter of sub-networks, as it
can be performed numerically in the CRIPTE code. Such measured S-parameters could be introduced in complex
topological networks, involving measurement and modeled data at he same time. Moreover, a similar technique
could be developed to determine the Thevenin generator of a DUT. This kind of method is the one applied in
[17], to come back to the voltage generators of a two-port system, using a LISN device.

Nevertheless, the validity of this technique is limited to the frequency range of the probes, The results we
obtained using high frequency performance probes (non clamping ones) demonstrate that the limitation is not in
the method bul in the technology. In addition, such probes would be perfectly suited for the test-wiring method
[9], [18]. Indeed, in this method, they are used again as a voltage transformer to solve an inverse problem
providing the real sources distributed along the wiring.
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