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ABSTRACT

A method for determining an electric voltage u(t) and/or an electric current i(t) of an HF
signal in an electrical cable on a calibration plane by measuring in the time domain.
Using a directional coupler, a first portion vs(t) of a first HF signal is decoupled, fed to a
time domain measuring device, and a second portion v(t) of a second HF signal is
decoupled. The signal portions va(t), v*(t) are converted into the frequency domain, then
absolute wave frequencies in the frequency domain are determined and converted into

the electric voltage u(t) and/or the electric current i(t).
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Time domain measuring method with calibration in the frequency domain

The invention relates to a method for determining an electric voltage u(t) and/or an
electric current i(t) of a RF signal on an electric cable in a calibration plane through
measurement in the time domain using a time domain measuring device, whereby
the calibration plane is designed such that a device under test can be connected
electrically with the calibration plane. In a measuring step, using a directional coupler,
a first component vs(t) of a first RF signal which, starting out from a signal input, runs
in the direction of the calibration plane through the directional coupler, is decoupled,
fed to the time domain measuring device at a first measuring input and measured
there in a first measuring plane, and a second component v4(t) of a second RF signal
which, starting out from the calibration plane, runs in the direction of the signal input
through the directional coupler, is also decoupled using the directional coupler, fed to
the time domain measuring device at a second measuring input and measured there
in a second measuring plane. The signal components vi(t), va(t) measured using the
time domain measuring device are, by means of a first mathematical operation,
transformed into the frequency domain as wave quantities Vi(f) and V4(f), then
absolute wave quantities a; and b, in the frequency domain are determined in the
calibration plane from the wave quantities Vi(f) and V4(f) using calibration
parameters, and finally the calculated absolute wave quantities a; and b are, by
means of a second mathematical operation, converted into the electric voltage u(t)
and/or the electric current i(t) of the RF signal in the time domain in the calibration

CA 2928579 2020-01-23
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plane. In a preceding calibration step, the calibration parameters are determined in
such a way that they link the wave quantities V3(f) and Va(f) in the measuring planes

mathematically with the wave quantities a, and by in the calibration plane.

One of the most important measuring tasks in radio frequency and microwave
technology involves the measurement of reflection coefficients or generally - in the
case of multiports - the measurement of scattering parameters. The linearly-
describable network behaviour of a device under test (DUT) is characterised through
the scattéring parameters. Frequently, it is not only the scattering parameters at a
single measuring frequency which are of interest, but their frequency-dependency
over a finitely broad measuring bandwidth. The associated measuring method is
referred to as network analysis. Depending on the importance of the phase
information in the measuring task in question, the scattering parameters can either
be measured solely in terms of amount or also as a complex measurement. In the
first case one speaks of scalar network analysis, in the second case of vectorial
network analysis. Depending on the method, number of ports and measuring
frequency range, the network analyser is a more or less complex system consisting
of test signal source and receivers which function according to the homodyne or the
heterodyne principle. Because the measuring signals have to be fed to the device
under test and back again through cables and other components with unknown and
non-ideal properties, in addition to random errors, system errors also occur in
network analysis. Through calibration measurements, the aim of which is to
determine as many as possible of the unknown parameters of the test apparatus, the
system errors can, within certain limits, be reversed. Very many methods and
strategies exist here which differ considerably in the scope of the error mode! and
thus in complexity and efficiency. (Uwe Siart; "Calibration of Network Analysers”; 4
January 2012 (Version 1.51); http://www siart.de/lehre/nwa.pdf).

However, scattering parameters measured in such a calibrated manner only fully
describe linear, time-invariant devices under test. The X parameters represent an
expansion of the scattering parameters to non-linear devices under test (D. Root et
al “X-Parameters: The new paradigm for describing non-linear RF and microwave
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components”. In: tm - Technisches Messen No. 7-8, Vol. 77, 2010), which are also
defined through the frequency. However, each device under test can also be
described through measurement of the currents and voltages or the absolute wave
quantities at its ports within the time domain. The measurement in the time domain
inherently includes all spectral components resulting for example from the non-
linearity as well as the change over time of the device under test or its input signals.
Such a time domain measurement also requires calibration. However, in order to
measure absolute values the aforementioned calibration methods cannot be applied
without modification, since they only permit the determination of relative values
(scattering parameters).

A high frequency circuit analyser which is used to test amplifier circuits is known from
WO 03/048791 A2. A microwave transition analyser (MTA) with two inputs measures
two independent signal waveforms, for example the propagated and reflected wave,
via signal paths and ports in the time domain while the amplifier circuit under test is
connected. The measured waves are further processed by means of calibration data
in order to compensate for the influence of the measurement system on the waves
between the ports of the amplifier circuit and the input ports of the MTA. The MTA is
again used in order to determine the calibration data, measuring signals in the time
domain while the calibration standards are connected. These signals in the time
domain are converted into the frequency domain using an FFT and the calibration
data are then determined. Since only periodic signals in the time domain are
measured, the signals are converted to a lower-frequency intermediate frequency

prior to measurement.

The document W0O2013/143650 A1 describes a time domain measuring method with
calibration in the frequency domain according to the preamble of claim 1. In this
method, an electric voltage and/or an electric current of a high frequency signal are
measured in the time domain on an electric conductor in a calibration plane. For this
purpose, a directional coupler is inserted in the line supplying the measurement signal
to the device under test, and a first component of the first HF signal, which runs from
the signal input of the directional coupler through the directional coupier in the
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direction of the device under test, is decoupled via the first measuring output of the
directional coupler and measured using the time domain measuring device, and a
second component of the HF signal returning from the device under test, which runs
in the opposite direction through the directional coupler, is decoupled via the second
measuring output of the directional coupler and measured using the time domain
measurin\g device. The measured signal components are transformed into the
frequency domain in order to obtain wave quantities. With the aid of previously
determined calibration parameters, corresponding wave quantities in the calibration
plane are determined in the frequency domain from these wave quantities determined
in the measuring planes, and these wave quantities are then in turn transformed back
into the time domain, so that they state the signal values u(t) and/or i(t) in the time
domain which are to be determined in the calibration plane.

The calibration parameters which link the wave quantities in the measuring planes
with the wave quantities in the calibration plane are, in a preceding calibration step,
determined in a frequency-dependent manner with the aid of a calibration device,
whereby the calibration step is described in detail in the cited document
WO2013/143650 A1. These calibration parameters can be represented in the form of

€00

an error matrix E= (
€10

Z(l)i) with which the wave quantities a, b, in the calibration
plane can be calculated as follows from wave quantities bs, bz in the measuring

planes: (22) = (5°° ;) (%2). The disclosing content of WO2013/143650 A1 is, with

€19 €11/ \%2
respect to the determination of the calibration parameters, herewith included in this

description through express reference.

However, it has transpired that the signal values in the calibration plane determined
by means of this method are not always exact and can depend on the time domain

measuring device used.

In view of this problem, the invention is based on the problem of providing an
improved measuring method for high frequency currents and voltages and absolute

wave quantities in the time domain.
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This problem is solved according to the invention through a further development of
the method described above, which is substantially characterised in that the first
measuring input of the time domain measuring device has a known (complex-valued)
reflection coefficient [5#20 and/or the second measuring input of the time domain
measuring device has a known (complex-valued) reflection coefficient .20, wherein,
in the calibration step, the calibration parameters oo, €01, €10, €11 8ré determined
with the aid of a calibration device in relation to the frequency f and in relation to the
reflection coefficient at at least one of the measuring inputs of the time domain
measuring device, and in the measuring step the wave quantities a; and b, are
determined from the wave quantities V3(f) and Va(f) using the calibration parameters
0.3, T4), €01,(T'3, Ta), €103, Ta), €11.([3, Ta).

Advantageous embodiments of the invention are described in the further claims.

The invention is based on the knowledge that the method described in the document
WO02013/143650 A1 only provides exact results if the two measuring inputs of the
time domain measuring device have reflection-free terminations. When carrying out
the calibration it was assumed that the calibration apparatus had already been
calibrated previously to the measuring ports used and will thus behave ideally. One
therefore obtains error matrices E and | for an ideal adaptation of the measuring
ports of the calibration apparatus. In contrast, the calibration parameters which are
necessary during the measuring step in order to obtain an exact measurement
depend on the reflection coefficients I'; and T, at the measuring inputs of the time
domain measuring device. The conventional error matrix E thus only leads to exact

results if, for the measuring inputs, it is the case that [3=4=0.

In contrast, according to the invention any time domain measuring devices can be
connected to.the measuring outputs of the directional coupler for the measurement in
the time domain, since the calibration parameters are determined in relation to the
reflection coefficients at the measuring inputs of the time domain measuring device.

The reflection coefficients '; and T4 of the measuring inputs of the time domain
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measuring device are known when determining the voltage and/or the current in the
measuring step, or can be determined through separate measurement, so that the
frequency-dependent ego (I3, ), €01.(Ts, 4), €10.(T3, Ta), €113, [4) can be used as

calibration parameters.

A particularly simple measuring setup using economical electronic components is

achieved in that the signal values v;(t) and v4(t) are in each case an electric voltage.

A particularly simple and functionally reliable measuring setup is achieved in that an
oscilloscope is used as time domain measuring device, for example a digital
oscilloscope, which can be used for time- and value-range quantisation of the signal.

A particularly fast and at the same time precise transformation between frequency
domain and time domain which can be carried out without complex calculation is
achieved in that the first mathematical operation is an FFT (Fast Fourier Transform)
and the second mathematical operation an inverse FFT (IFFT - Inverse Fast Fourier

Transform).

The transformation of the measured signal components vs(t) and v4(t) from the time
domain into the frequency domain can for example be carried out according to the

following calculation steps:

(Va(l-Af)} = FFT{v3(k - AL)}
{Vo(l- Af)} = FFT{v,(k - At)}
wherek =01,...N—1

and | = 01%13

where N is a number of data points, Af a frequency increment with Af = 2fa/(N - 1),
At a time increment, where fn. designates the maximum frequency for which
calibration data are available. Since the measured voltages are real values, and
therefore the resulting Fourier spectrum can be expected to be symmetrical around
=0, it is sufficient to consider the spectral components for f 2 0.
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The wave quantities by and by are preferably determined from the voltages V3 and V4
as follows :

V3
(147332

by =

Vs
b 4 = =

RS

where Z; designates the impedance in relation to which the reflection coefficients I3,
4 were determined. Usually, Zg = 50 Q.

The absolute wave quantities ap, b in the calibration plane are determined from the
wave quantities bz, bs, with the aid of the calibration parameters (€003, T4), €014(3,

), €103 [4), €115, [4)), through corresponding resolution of the equation system

b\ _ (€oor  Coir\(p . ) .
(bz) = (elo,r 611,r) (ai) and the voltage V.(f) and the current Ix(f) in the calibration

plane are calculated from these by means of the following calculation steps:

Vy = Zy (az + by)
rm—m

where Z; designates the system impedance in the calibration plane.

The transformation of the voltage Va(f) and of the current Ix(f) from the frequency
domain back into the time domain can for example be carried out according to the

following calculation steps:

{ull- A0} = IFFT{V,(1- Af)},
{ilk - A)} = IFFT{I,(1- Af)}

wherek =0,1,..N -1

and ! = 0,1, -“i;—l
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Here too, it was possible to exploit the fact that the resuiting voltage and the resulting
current are real values, so that only the frequency components f>0 are required as
input values for the IFFT.

The desired measured values u(t) and i(t) in the calibration plane are obtained.

A vectorial network analyser (VNA or vectorial NWA) with at least three measuring

ports is preferably used as a calibration device.

In the calibration step, it has proved practical to connect the signal input of the
directional coupler with a first measuring port 81, to connect the first measuring
output of the directional coupler with a second measuring port S3 and the second
measuring output of the directional coupler with a third measuring port S4 of the
calibration device. At the same time, one or more measuring standards with known
reflection coefficients Ty are connected to a signal output of the directional coupler

connected with the calibration plane S2.

The determination of the wave quantities a; and b, in the calibration plane from the
wave gquantities by and b, in the measuring planes can be carried out particularly
quickly and reliably if the calibration parameters e, €o1n €105 €11r link the wave
guantity bs running in at the second measuring port 83 and the wave quantity by
running in at the third measuring port S4 with the wave quantities bz, az running in

and out in the calibration plane S2 as follows:
(m) _ (eoo,r eOl,r) (53)
b2/ T \e1or €110/ \82/

According to the invention, the determination of the calibration parameters eqo,, €011,
e1on E11, can be simplified in that the scattering parameters S,y (x=1-4, y=1-4) of the
scattering matrix S of the four-port with the ports S1, S2, S3, S4, in particular the
scattering matrix S of the directional coupler together with input cables, are

determined with the aid of the calibration apparatus, and the calibration parameters
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oo €o0tr, E10r €11, In relation to the reflection coefficients of the time domain
measuring device I'; and I, are then determined from the scattering parameters Sy,.

In other words, the four-port whose scattering parameters S,y are determined has the
following four ports:

» a first port S1 which represents the signal input of the directional coupler and
which is connected with the first measuring port of the calibration apparatus
during calibration,

« a second port $2, which is connected with the signal output of the directional
coupler and represents the calibration plane, whereby the devices under test
and the measuring standards can be connected at the second port S2,

e a third port S3, which represents the first signal output of the directional
coupler or is connected with this, and which is connected with the second
measuring port of the calibration apparatus during calibration,

« a fourth port S4, which represents the second signal output of the directional
coupler or is connected with this, and which is connected with the third

measuring port of the calibration apparatus during calibration.

This four-port is present in unchanged form during the calibration step and during the
measuring step (or changes in the input cable to the directional coupler have no
effect, since the terms dependent on the input cable are eliminated during the
determination of ey,), so that the determined scattering parameters Sy of the four-
port determined during the calibration are still correct during the measuring step and
can be used for determination of the corrected error matrix E,. In this relationship it is
to be emphasised that the scattering parameters of an n-port are by definition
independent of the external wiring. In contrast, the error matrix Ey, the terms of which
are needed during the measurement, depends on the reflection coefficients at the
measuring ports of the time domain measuring device, but not on the properties of
the input cable between the signal generator and the signal input of the directional

coupler.
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In other words, the (uncorrected) error matrix E, as determined in the document
WO02013/143650 A1, is only valid where 3=I"4,=0, which is not generally guaranteed
in a time domain measuring device. This can affect the measuring accuracy of the
method described in the document WO2013/143650 A1.

However, with the method according to the invention, a corrected error matrix E, can
be determined from the scattering parameters S,y using the known reflection
coefficients '3, 4 of the time domain measuring device, as follows:

S41 ~ 13833841 + I3.531 83

eco., = ,
w.s S+ 1y Sady - Pyl S
o 331842 — S32841
€ty = e e,
RETIE N R (PR TR R TR R
i, = T4824 84 + T3(T4824 (831843 — S33841) + 823 (831 + TaSs48a1 -~ [ 83151))
wWr =

S31 + T4 834851 — Fa831 84a
N Sot (1 = Ty84q ~ T3(S33 + [4534 843 — Fa533844))
S31 + T4 854891 — Ta 831844
F4824(— 832841 + S31842) + 822 (S31 + TaS34841 — TaS31.544) — S21(832 + T4 834842 — I'4532844)
S31 + T4 S3a841 — Tu 83184 '

k]

Cll,r =

Preferably, the scattering parameters S,y are determined by measuring the values
S11 =bi/as, S3; =bafas, S,s =balas, S3; =ba/as or Si; =bi/as, Sy; =bslar or S, =bijay,
Si3 =bs/az or S5, =bas/a, at the measuring ports S1, S3, S4 of the calibration device,
where one or more measuring standards such as Match M, Open O and/or Short S
with the known reflection coefficients I'w, Mo, I's are connected as devices under test
in the calibration plane S2, where a1, as, as are the wave quantities running in at the
respective measuring ports S1, $3, S4 and by, bs, bs are the wave quantities running
out at the respective measuring ports 31, S3, S4.

Alternatively, determination is equally possible using other measuring standards. In
other words, for the individual measuring standards, where necessary the wave
guantities running in and out at the three measuring ports of the calibration apparatus
are measured on a frequency-dependent basis, whereby all 16 parameters of the
scattering matrix S of the four-port can be determined from these measured values

by means of the following equations.
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St1 =i
S =iy
S12 =iol
S22 =in
813 = 831 = 831 — s

i - !U”AIAlk:

% i")(i“l’ii” -,

S1a4 = Sqp = Sap ~ e S,

Ve Tty

~{evy - Padperfa - 1S

S =85 = — . ;
feuTpur - i
Tporing ~ Dieothn 4 gy =208
Soy = Sp = DUT i : } ‘m 10 "‘1; 1151 i
Cenlpur = L
. a UirSa
833 = 833 — ——iete - S35,
- Toerin
& Tty Sos
Sa3 = 834 = 534 ~ ————— - 532,
b~ Poprin
s oy S
Sa4 = S~ o - Sy,
b Tt
where

I'put is the known reflection coefficient of the calibration standard used,

Sxy are the by/ay measurable at the measuring ports S1, §3, 54,

and:
ico = Siin,
St m
ew = ——,
831, M
. Fo =TS0 — S0 (S5 = Sim)
ioiol = P . )
Fol'siSio - Sis)
(To ~ D) (2 — gty (L — it
el0en = — " —
Folste™
; TsBio - Siar) ~TotSis — S
1= = 3
Fols(S11,0 — di1s)
I*;r" '
e = .

where [, Ts, Fw are the known reflection coefficients of the calibration standards
Open, Short and Match, and Sy, are the by/a, measurable at the measuring ports
S1, 83, S4 with connected calibration standard K.
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These equations are simply to be understood as an exemplary means of determining
the scattering parameters Sy, of the four-port. Alternative means of calculation can
also be used. However, the above method has the advantage that the entries of the
error matrices E and | which have in any case already been determined (see
document WO2013/143650 A1) can be used, without additional measurements
needing to be carried out and/or other measuring standards connected. The skilled
person will for example recognise that the Sy, can also be determined without

reference to the ey, and/or the iy, solely from the directly measurable S,y -

Once the calibration parameters used in the method according to the invention have
been determined in the calibration step, the voltage u(t) and/or the current i(t) in the
calibration plane can then be determined in the measuring step in that the first
measuring output of the directional coupler and the second measuring output of the
directional coupler are isolated from the calibration device and connected with the
measuring inputs of the time domain measuring device, while the first RF signal is fed
via the signal input of the directional coupler.

The invention is explained in more detail in the following with reference to the
drawing, in which:

Fig. 1 shows a schematic representation of a measuring setup for carrying out a
calibration step of the method according to the invention in the frequency
domain,

Fig. 2 shows a schematic representation of a measuring setup for carrying out a
measuring step of the method according to the invention in the time
domain,

Fig. 3 shows a signal flow diagram of the error two-port with the error matrix E
between measuring outputs bs, bs of the directional coupler and the
calibration plane (Fig. 3a) and a signal flow diagram of the error two-port /
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Fig. 6b

Fig. 7a
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between the signal input of the directional coupler and the calibration plane
(Fig. 3b) for the measuring setup according to Fig. 1,

shows a representation of the four-port with the scattering matrix §
(directional coupler together with input cables, Fig. 4a), a representation of
the error two-port with the error matrix E (Fig. 4b) and a representation of
the error two-port I (Fig. 4c) for the measuring setup according to Fig. 1,

shows amounts of the entries S,y (x=1-4, y=1-4) of the scattering matrix §
of an exemplary setup in relation to the frequency (x-axis: frequency f/Hz;
y-axis: /Sy,/ / dB); the continuous lines show the values determined in the
calibration step: the crosses show a simulated reference,

shows a graphic representation of entries eqo, €01, €10 and e44 of the error
matrix E determined in the calibration step of the method according to the
invention for the exemplary setup shown in Fig. 5, in relation to a frequency
f,

shows a graphic representation of the calibration parameters ego(l's, [a),
013 Ta), €103, [a), €113, T4) for the exemplary setup shown in Fig. 5,
in relation to the frequency f, using exemplary reflection coefficients T's, 4

of the measuring inputs of the time domain measuring device,

shows a graphic representation of an electric voltage u(t) determined in the
calibration plane with the method according to the invention using the
(corrected) calibration parameters egor, €otr €1on E14r and using the
(uncorrected) calibration parameters oo, €01, €10, €11 for an input first RF
signal, and

shows a graphic representation of an electric current i(t) determined in the
calibration plane with the method according to the invention using the

(corrected) calibration parameters €ogn o1 €10n €11r and using the
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(uncorrected) calibration parameters ego, €01, €10, €11 for an input first RF
signal.

An arrangement for carrying out the calibration step of the method according to the
invention is represented schematically in Fig. 1. This arrangement features a
directional coupler 18 with a signal input 19 which is connected via an input cable 10
with a first measuring port S1 28 of a calibration device 26 (vectorial network analyser
NWA). A calibration plane 14 is connected with the signal output of the directional
coupler. The calibration plane 14 is designed such that a device under test (DUT ) 16
can be connected electrically to the calibration plane 14. This DUT 16 is for example
a calibration standard, an electronic circuit which is to be tested or an electronic
component. A component of a first RF signal, which runs within the directional coupler
18 from the signal input 19 in the direction of the calibration plane 14, and a
component of a second RF signal, which runs within the directional coupler 18 from
the calibration plane 14 in the direction of the signal input 19, are decoupled by
means of the directional coupler 18 with two measuring outputs 20, 22. The first
signal output 20 of the directional coupler 18 is connected with a second measuring
port $3 30 of the NWA, and the second signal output 22 of the directional coupler 18
is connected with a third measuring port S4 32 of the NWA. Suitable for use as a
directional coupler 18 is any component which possesses directionality, i.e. which
makes it possible to distinguish the component of the first RF signal and the

component of the second RF signal.

A signal is input via the first measuring port 28. The calibration plane 14, which is
connected with the signal output of the coupler 18, is represented by the port S2 of
the four-port S with the ports S1 to S4 which is to be measured, since the device
under test 16 which is to be measured is connected at this point. For this reason the
calibration plane is also referred to as port S2 in the following description. The four-
port S which is to be measured, which in the present case is used both in the
calibration step and in the measuring step, thus substantially comprises the
directional coupler 18 together with input cables.
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The four-port between the three measuring ports S1, S3 and S4 (28, 30, 32) of the
NWA and the calibration plane S2 14 is represented schematically in Figure 4a. This
four-port can be broken down into two (error) two-ports, which are represented
schematically in Figures 4b and 4c and as signal flow diagrams in Figures 3a and 3b
and which can be described through the two error matrices | and E. The two-port with

) { { - .
the entries (L.OO l.‘”) _also referred to as error coefficients, is located between the
10 11

measuring port S1 28 of the NWA and the calibration plane S2 14; the two-port with
€o

- e
the error coefficients ( 00
€10 €1

1) is located between, on the one hand, the measuring

ports S3 30 and S4 32 of the NWA 26, to which the measuring outputs 20, 22 of the
coupler 18 are connected, and on the other hand the calibration plane S2 14.

Firstly, through the calibration, the four entries e,y of the (uncorrected) error matrix E
are to be determined, which express the relationship between the wave quantities az
and b, in the calibration plane and the decoupled wave quantities b; and b4
decoupled through the directional coupler 18 for the four-port 8 which is terminated in
a reflection-free manner at the measuring ports S3 and S4. Consequently, the NWA
26 is terminated in a reflection-free manner at its measuring ports. Then, with the aid

€oo,r €o1r

of the entries ey, the (corrected) calibration parameters (ewr €11y

) of the

(corrected) error matrix E, are determined, which are not only frequency-dependent,
but take into consideration the measuring inputs of the time domain measuring

device 34 which are also not terminated in a reflection-free manner.

In the measurement which is then to be carried out in the time domain, only the
values vs(t) and v4(t) are determined, and from these the wave quantities bs and by
are determined, from which wave quantities as well as voltage u(t) and current i(t) in
the calibration plane 14 will then be derived.

For the two error two-ports, which are described through the error matrices | and E,
the following relationship can be derived from the signal flow diagram in Fig. 3 using

the reflection coefficients I" in the calibration plane:
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x l?] . fi‘}!‘\‘J; I’
= — =gt m——
! aj ® TR (1)
541 by ewrn - b

S b @ T

S';y hereby designates the scattering parameters which can be measured by the
NWA 26. If three calibration standards with different known reflection coefficients 'k
are connected in the calibration plane, then linear equation systems can in each case
be derived from these equations in order to determine the error coefficients eqo, ioo,
e, 11, €10€01, I10ior. If one uses as calibration standards an Open (O) with the
reflection coefficient o, a Short (S) with the reflection coefficient I's and a reflection-
free termination (Match, M = 0) with the reflection coefficient I'u=0, then one obtains
the known OSM calibration:

ioo = Si1.2,
con = S, m
Sspm
. To ~Ts)(Sivo — Sim) Gus — Sim)
110to1 = ! (2)
his',,w Y
RN
eloeo1 = :
i TsSin.0 = Su,a0) ~ ToSins = S1m)
= .

Tols(Si,0 - Si1,8)

« S St T Ny Ay
[s(Sme  fmay _ppdus . i
B S(«S;:’n .St;,a:) % b Yy
11 = - "
1 AT (3450 _ -
LS S

where the S, designate the scattering parameters measured with the calibration

standard K.

The knowledge of these terms is sufficient in order to determine the reflection
coefficient M'oyr=as/b, of a device under test (‘“DUT”) in the calibration plane from the
relationship between the measured wave quantities ba/bs. For this purpose:
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©)

Ipyr = '
2y ¢y + '1’;:{

i

oo
However, in order to determine the absolute wave quantities a, and b, from bz and b,
it is necessary to resolve the product eqpeoq into its factors. For this purpose, the
calibration is extended in the following. it should firstly be noted that the error matrix
E obtained through the mathematical operation of the four-port-two-port reduction
does not describe a reciprocal two-port, i.e. eig#eqr. In contrast, the error matrix |
describes the relationship between the measuring port S1 of the NWA 26 and the

calibration plane 14, S2 and can thus be assumed to be reciprocal. Thus:

. Irser
lig = fo1 = Tl " i (4)

The decision regarding the correct sign in equation (4) is equivalent to the correct
determination of the phase of iq from two possibilities. To do this, one proceeds as
follows: The phase at a frequency point must be known with adequate precision in
order to decide on the sign. This can for example be done through an estimation of
the electric length of the setup between the measuring port S1 of the NWA 26 and
the calibration plane S2, 14. It is also assumed that the phase changes by less than
90° between two adjacent frequency points. The correct phase of iso can thus also be
determined for all frequency points. The following relationships for b, can be derived

from the graphs in Figures 3a and 3b:

l1001
b, = —10__ 5
2T -1 Tpyr ©)
bZ — 21002
1-enlpyr

Since both equations describe the same wave quantity, this means that

. ay 1-enlpyr
e =1 [ SR 6
0 10 by 1-iy:0pyr ( )

2 = §71, so that eqo can be determined individually and, from this, using

fn this case, —
bz
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{2), alsc eqq. Using (3), (5) and the relationship

ity gonbs
@y = Fe )

derived from the signal flow graphs according to Fig. 3, after determining the four
coefficients of the error matrix E from measured bs and b,, the absolute wave
quantities a, and b, in the calibration plane 14 can now be determined for a time

domain measuring device with reflection-free termination.

However, time domain measuring devices 34 such as oscilloscopes are generally not
terminated in a perfectly reflection-free manner. Rather, they can display reflection
coefficients M3#0 and/or T,#0 at their measuring inputs 36, 38, at which the signal
components 72, 74 run in in the measuring step shown in Fig. 2. The entries e,y of
the (uncorrected) error matrix E described above were determined on the assumption
of a reflection-free termination of the time domain measuring device 34, so that no
exact voltages and/or currents in the calibration plane can be determined if a time

domain measuring device 34 with s#0 and/or [4#0 is used.

In the following description, the procedure for determining the corrected calibration

€00,r €01,

arameters (
P €10r €11r

) of the corrected error matrix E, with reference to the

aforementioned (uncorrected) error matrix E is described, whereby in the method

according to the invention the corrected calibration parameters e,y are used.

This example involves the four-port as shown in Figure 3a, described through its
scattering matrix S. If this four-port represents the directional coupler 18 together with
input cables, then the signal input 19 of the directional coupler 18 is connected with
the measuring port S1 28 of the network analyser 26 during the calibration, and
during the measurement is for example connected with a signal source 24. The
measuring outputs 20 and 22 of the four-port/directional coupler 18 are connected
with the measuring ports S3 and S4 of the NWA 26 during the calibration and are
connected with the measuring inputs 36, 38 of the time domain measuring device 34
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during the measurement. The calibration standards are connected with port S2 of the
four-port, the calibration plane 14, during the calibration and the device under test 16
which is to be measured is connected with this during the measurement. It is
therefore the object of the calibration procedure to determine the relationship
between the measurable wave quantities by and bs and the wave quantities a, and b»
in the calibration plane 14. This relationship can, as explained above, be represented
as a — not physically present — two-port with the error matrix E according to Figure

3a:
()= (g e (@) ®)

As already shown above, all four scattering parameters or error terms ey, of this error
two-port can be determined through the calibration, without explicit knowledge of the
scattering matrix S of the underlying four-port. Nonetheless, the relationship between
the two matrices E and S will be derived in the following. Under the assumption that
reflection coefficients I's and I, occur at the measuring points S3 and S4, with which
the measuring outputs of the directional coupler are connected, the following six

equations can be arrived at:

by ap S11 Stz Sz Sy e

byl _g|42| _ |5 S Sy Sag|jay

B3|~ |as LSM S33 S Swapjas)’

by a4 Si1 Saz Sz Sagd \ay)
as = I'3bs, ©)
a4 = F4b4

It had been assumed above that [3=I4=0 also applies to the time domain measuring
device 34. Under this assumption, the (uncorrected) error matrix E is derived from
equation (9) as follows (four-port-two-port reduction):

Si: S315a2-Sa2S4
b4) — (800 801) (bg) — Si{i S31 (bg) (10)
b, €10 €11/ \az Sz 5225317521532 [ \az

Sqy S31
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If, in contrast, as when carrying out the measurement with an oscilloscope for
example, it is assumed that ['3#0 and/or M4#0, then the following equations resuilt for
the error terms ey, which take into consideration these reflection coefficients:

eoo,r =&+ [Sa1 ~ T3833841 + [3531 Sas],
eor,r = £ [$31542 - S32501],

e, =& [F4324S41 + T3 (Ta824 (831 843 — S33811)
1 823 (831 + TS50 841 — TaxS31544))
+ 801 (1 = Ty84q = T3(833 4 T4 334843 — Iy 333544))],

(11)

e,y = & [1'4524(*532541 + 831542) + S522{83;1 + V4834841 — 14831 844

~ $21(Ss2 + TaS34Suz = T4S32544) |

i
Sap 4 DaSias - DesaSar

mit & =

If the scattering parameters S,y of the four-port are known, then consequently
calibration parameters can be calculated which take into account any known
mismatches T, at the measuring inputs of the time domain measuring device 34. In
the following section it will be explained how these scattering parameters S,y can be
obtained during the calibration of the directional coupler 18 without additional
calibration steps or standards.

The scattering parameters of the four-port according to Figure 4a cannot be
determined through a direct measurement since the calibration plane — which is also
the port S2 of the four-port — is not connected with the NWA. If, however, a reciprocal
four-port is used, these parameters can nonetheless be determined. Use can be
made of the fact that calibration standards with known reflection coefficient 'our in
the calibration plane are present during the calibration. The calibration standard with
which the following calculation is carried out can thereby be chosen arbitrarily, for
example Mpur = o, Mpur = s or Tour = T'w apply selectively. If it is also assumed that
apart from the calibration plane S2 all other ports of the four-port S1, 83, S4 are
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terminated in a reflection-free manner during the calibration, then on being input via
the port S1:

ay = Tpurbs = Tour(S2ay + Suar) = % (12)
if the NWA is now used for example to measure bs/a;, then these are not the
scattering parameters Sy of the four-port, since the necessary condition a,=0 is not
generally fulfilled. Therefore, the values measured by the NWA are designated as

S?y =% in order to distinguish them from the scattering parameters S,y of the four-

port. In order to be able to carry out the subsequent correction of the error terms by

known reflection coefficients, as described above, the “true” scattering parameters of
the four-port Sy, must be determined from the measurements by the NWA S"x'y = Z—y
The already-determined error coefficients ey, and iy, are also used. If the definition of
the error matrix | according to Figure 3b is compared with the four-port S, then one
obtains

S11 =i

21 =i

Si2 =iot (13)

Sy =i
Also, with input at port S1 (a;=a4=0), with the eguations (12), (13) and a comparison

of the e,y according to equation (2) and equation (10) one obtains:

={ev — o oredye ~ 133

Sp =83 = T
{enlour - e
Tpurin ~ Voo + (i 28
So4 =842 = e - 14
fenbpur - e ’ (14)
Iprrie

Si3 = 831 = 831 — S
- Tourin

Pl
St4 = Sap = Say — it S,
IR S TIRXIY

Under the assumption that the four-port is now fed in via the port S3 and the ports
S1, S4 are terminated in a reflection-free manner, it can also be stated that:
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by = S33a3 + Snar,

Trtrr S
az = Ipurhy = Tput(S202 + Sp3a3) = TJ%uT a3, (15)
- TS
~ b
S==2 = 533
4314240
S35 = Sa3 -

[ £ )
= Touri

S44 and S34 of the four-port can also be derived if, analogously, an input via the port
S4 is considered:
Tpurdu g

Syg = 84y — - 342
V- Tourin

& Fyyrer S (18)
Spy = Saa = Sy - —2 gy
R ST aY

Thus, all 16 scattering parameters Sy, are determined during the course of the
calibration, without there needing to be a direct connection between the calibration
plane S2 and the NWA 26. Using the equations (11), the corrected calibration
parameters ey, which take into account any known mismatches during the

measurement, can be determined in this way.

The measuring step for determining the electric voltage u(t) and the electric current
i(t) of the RF signal in the calibration plane (14) in the method according to the

invention is described in the following.

Figure 2 shows the setup for measuring the voltage u(t) and the current i(t) in the
calibration plane 14 from the measured values of an oscilloscope or another time
domain measuring device 34 vs(f) 72 and w(t) 74 in a measuring plane. The
measuring inputs 36, 38 of the time domain measuring device 34 are hereby
connected with the measuring outputs 20 and 22 of the directional coupler 18, and
any desired signal source 24b is connected with the signal input 19 of the directional

coupler 18 via a, possibly modified, input cable 10b.

The use of the calibration parameters e,y is explained in the following. It should be

emphasised that only the marked part of the setup (enclosed in a broken line) needs
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to remain unchanged in comparison with the calibration. This substantially involves
the directional coupler 18 as far as the calibration plane 14 as well as the cables
which connect the directional coupler 18 with the time domain measuring device 34.
In contrast, changes — also in the characteristic impedance — to the other elements,
for example the source and the load, have no influence on the measurement. It is
assumed that the setup between the calibration plane 14 and the measuring inputs
36, 38 and the measuring outputs 20, 22 of the directional coupler 18 does not
change in comparison with the calibration according to Fig. 1 if the obtained
calibration coefficients are to remain valid. In contrast, changes to the signal source
24b and its input cable 10b to the directional coupler have no influence on the
calibration.

in order to use the error matrix E; defined in the frequency domain, the voltages va(t)
and va(t) recorded by the oscilloscope in the time domain are transformed into the
corresponding values V3(f) and Vu(f) in the frequency domain. In the following
representation, the fast Fourier transform (FFT) is used for this purpose.
Alternatively, in order to be able to process the large quantities of data which occur
during measurements carried out with a high sampling rate in blocks with an
adjustable time and frequency resolution, the short-time Fourier transform (STFT)
can be used. Since, as a result of the measurement in the time domain, the phase
information is inherently maintained between all spectral components, this setup is

not limited to the measurement of monofrequency or periodic signals.

The measured voltages are represented — possibly through interpolation — as time-
discrete vectors {vy(k - At)} or {v,(k - At)} with a time increment At = 0.5/f5«, where
fmax designates the maximum frequency for which calibration data are available and k
=0,1,...,N-1is a running index over all N data points. These vectors are transformed
into the frequency domain with the aid of the fast Fourier transform (FFT) and are
then designated as V;(f) and Va(f):

{Vs(L-Af)} = FFT{v3(k - A1)} (15)
(Va(l-Af)} = FFT{vy(k - At)} (16)
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wherek =0,1,..,N—-1

and ! = 0,1, ,%

Since the measured voltages are real values, it is sufficient to consider the spectral
components for f 2 0. This leads to a frequency increment of Af = 2f.:/(N - 1). The
calibration coefficients ey, are brought into the same frequency pattern through
interpolation.

With known reflection coefficients ', 4 of the measuring inputs 36, 38 of the time
domain measuring device 34, the following relationship between the voltages V3 and

V4 and the wave quantities bs and by results for each frequency point:

[

by = ——= (17)

(1433 Ey

by = e (18)

(140807 %

where Zy designates the impedance in relation to which the reflection coefficients I3,
s were determined. Since it was assumed during the calibration that I';= IN,=0, the
system impedance of the calibrated NWA determines the impedance Z;. Usually, Zois
therefore 50 Q.

The absolute wave quantities a,, by in the calibration plane are determined from these
wave guantities with the aid of the calibration parameters (ego. (3, 4), €013, T4),
e10.dl3, T4), €114, T4)) using the equations (3). (5) and (7), where &,y is in each case
replaced with ey (I3, ), and the voltage V2 and the current Iz in the calibration plane

are derived from these:

Vo =Zy (az + by) (19)
b= -t (20)
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where Z; designates the system impedance in the calibration plane. This is the
impedance on which the statement of the reflection coefficients Tosm of the
calibration standards was based during the calibration. This need not be the physical
line impedance in the calibration plane 14. Any choice of Z, which must, however, be
consistent between calibration and measurement, has no influence on the
measurement result. The time-discrete representation of the voltage u(t) and of the
current i(t) in the calibration plane can be obtained from Va(f) and Ix(f) with the aid of
the inverse FFT (IFFT):

{ulk - At)} = IFFT{V,(L - Af)}, (21)
{i(k - 08)} = IFFT{I,(L- Af)} . (22)
wherek =0,1,...,N —1

and | = 0,1, N—;i

Here too it was possible to make use of the fact that the resulting voltage and the
resulting current are real values, so that only the frequency components f>0 are

required as input values for the IFFT.

In order to verify that the voltage u(t) and the current i(t) in the calibration plane 14
can also be determined exactly with the time domain measurement, with the aid of
the calibration parameters €y, with non-ideal termination of the measuring inputs, a
simulation was carried out using the software “Agilent ADS”. A line coupler was used
as directional coupler 18 for the measurement. The calibration step was carried out

€oo o1
€1

611)' the frequency-

with an ideal 50 Q system. For the error matrix E=(

dependent values shown in Fig. 6a are obtained.

For the measurement, on the other hand, to achieve a 50 Q termination at the
measuring ports of the directional coupler a capacitance of 1 nF was connected in
parallel. In the simulated measurement, this leads to the frequency-dependent

reflection coefficients 3= 4#0.
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In order firstly to show the correct determination of the scattering parameters S,y by
means of the equations (13) to (16), the scattering parameters are determined in a
separate simulation, in which the calibration plane is replaced by a port S2. Figure 5
shows the perfect correspondence between this reference and the 16 scattering
parameters of the four-port determined according to the equations. The scattering
parameters can therefore now be used to determine a corrected matrix E;, corrected
by the mismatch, the entries of which are the calibration parameters ey, which are
represented in Figure 6b.

Figures 7a and 7b show the voltage u(t) and the current i(t) in the calibration plane. It
can be seen that where the calibration parameters e,, which are not corrected by the
mismatch are used, as shown in Figure 6a, neither the amplitude nor the form of the
curves are correctly reproduced. In contrast, both the voltage and the current are
consistent with the reference determined through simulation if the corrected
calibration parameters e,,, corrected by means of the method according to the
invention are used (see Fig. 6b). It could thus be verified that, with corresponding
correction through the method according to the invention, a time domain measuring
device with measuring inputs with reflection-free termination need not necessarily be

used, and that reflection coefficients I's#0 and/or I'4#0 can be corrected.
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Claims:

1. A method for determining an electric voltage u(t) and/or an electric current i(t) of a RF
signal on an electric cable in a calibration plane that compensates for distortions based on input
signal reflections, said method comprising;
electrically connecting a time domain measuring device to a device under test, said time domain
measuring device having measuring inputs which distort parameters to be measured as a
result of input signal reflections;
connccting the device under test clectrically with the calibration plane;
electrically connecting a directional coupler to the time domain measuring device;
decoupling a first component vi(t) of a first RF signal which, starting out from a signal input,
runs in the direction of the calibration plane through the directional coupler
feeding said first component into the time domain measuring device at a first measuring input
and measured there;
decoupling a second component va(t) of a second RF \signal which, starting out from the
calibration plane, runs in the direction of the signal input through the directional coupler;
feeding said second component into the time domain measuring device at a second measuring
input and measured there, |
transforming the signal components v{t), va(t), by a first mathematical operation, into the
frequency domain as wave quantities Vi(f) and Va(f);
determining absolute wave quantities a and b, in the frequency domain in the calibration plane
from the wave quantities Va(f) and V4(f) using calibration parameters (goo,r, €01, €10, 11,0)3
converting absolute wave quantities az and by, by a second mathematical operalion, into the
electric voltage u(t) and/cr the electric current i(t) of the RF signal in the time domain in the
calibration plane; ,
wherein the calibration parameters link the wave quantities Vs(f) and V() mathematically with
the absolute wave quantities a; and b, in the calibration plare,
wherein the first measuring input ol the time domain measuring device has a reflection
coefficient [#0 and/or the second measuring input of the time domain measuring device
has a reflection coefficient g0,
determining the calibration parameters (enos, €o1,n €10, €11,) With the aid of a calibration device,
in relation to the frequency f and in relation to a reflection coefficient of at least one of the

measuring inputs of the time domuin measuring device;

CA 2928579 2019-10-31
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determining the wave quantities a; and b in the measuring step from the wave quantities Vi(f)
and V4(f) using the calibration parameters (oo (s, Ta)s 0103, T)s @104(3, Ta)y o113,
L)

connecting the signal input of the dircctional coupler during the calibration step with a first
measuring port S1;

connecting the first measuring output of the directional coupler with a second measuring port
83

connecting the second measuring output of the directional coupler with a third measuring port
84 of the calibration device; and

connecting one or more measuring standards with known reflection coefficients to a signal
output of the directional coupler connected with the calibration plane $2;

wherein the calibration parameters (€, €a1,m €10, €11,) link the wave quantity by running in at
the second measuring port $3 and the wave quantity by running in at the third measuring

port 84 with the wave quantities b, 8, running in and out in the calibration plane (14, $2) as

(b4)_(eoo,r eow) (ba)
bg - €10, Ciyr a;

wherein the scattering parameters S,y (x=1-4, y=1-4) of the scatiering matrix S of the four-port with

follows:

the ports $1, 82, $3, 84, in particular of the directional coupler together with input cables, are
determined with the aid of the calibration apparatus, wherein the calibration parameters €on o1,
Ciom €11, in relation to the reflection coefficients of the time domain measuring device I3 ['q are
determined from the scattering patameters Sy, wherein the calibration parameters are determined

from the scattering parameters as follows:

41 = T2 83384 + [3821543
Say ok T4 S34S4; ~ Ta 831844
CoLr = 831 Sar — S3284
"7 831 4 [4834841 — Ta 83 Sus”’
floy = 4S9 Sar + T3(T4S24(S51 Sa3 — S1a841) + S2a(Sap + T 834841 ~ TaSa1.80))
i 831 + TaS34841 — TaS3:1 544
. 821 (L — TqSas — T3 (833 o T4834 a3 ~ [1533549))
831 4 4834841 ~ DaS31544 '
T4S2a(—S3254 + S31842) + Sz2(Sa1 + Ta834Sar — T4 51 Sa) — $21(S52 + T S3a 502 — [4S532504)
831 + T34 841 — La 831544 '

eo0,r =

1

E1,r =

wherein the scattering parameters S,y are determined through meesurement of the values bi/a;, by/as,

ba/ag, by/ar or bi/as, ba/a; or bi/as, ba/ag or ba/ay at the measuring ports S1, 83, 84 of the calibration

CA 2928579 2019-10-31
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device, wherein in each case preferably the measuring standards Match (M), Open (O), Short (S)
with the known reflection coefficients I'm, T'o, I's are connected as deviees under test in the
calibration plane S2, where a;, 41, 84 are wave quantities running in at the respe{;ﬁve measuring
ports 81, 83, 84 and by, b, bq are wave quantitics running out at the respective measuring ports 51,

$3, S4, and wherein the scatlering parameters Sy, are determined by means of the following

equations:
S =iw
821 = {10
812 =iy
Sz =1n e
1
Si3 = Sy = 8y — — L5,
1 - Tpurin
Touriw
S1g = Sa1 = 84 — e Syg.
14 = Sa1 = 841 — T ]
Sp3 = Sz = —{en — Hi) Toutin — 1985
: (enTpur — o '
Soa = Sy = (Moutity — 1(eoiiio + (11 — ern)Sa1)
M (enTout — Lyt ‘
- I'purdaa
S35 = Sqn ~ . 8
B T T Thuriy
I'out S24
Sq3 = 544 = g — ——————— - S37.
a3 = 53 = 534~ T S0
IburSaa
Saq = 8pq — ————= - 842
44 11 1= rDUTlll 42
where:

Iour is the known reflection coefficient of the calibration standard used during the

measuraiment:

$y arc the by/a, measurable at the measuring ports $1, 83, 84; and

CA 2928579 2019-10-31
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ig = 911,M.
Sat, M
=1 = _’._l
® S
Froion = To -Ts) 8o =~ Siuar) Sies - Sium)
ToTs (31,0 - S1.s8) '
To - T )(5‘4, Su .y 541 : Sdl,M
€10€0) = 2 e = E‘_ =
- Sao Sql,g\
Tol (531.0 s’
= IsGuo ~ Sim) — To S5 — Sum)
Tols(811,0 = S11.) '
S.ﬂ 541 M Sas  Sam
€11 = 311 S:l M ~To (3’:3 - SSLM)

S4.0 Sa s '
Fol's ('54;* g;";)

where g, Ts, I'v are known reflection coefficients of the calibration standards Qpen (O), Short (8)

and Match (M), and §, ¢ are the by/ay measurable at the measuring ports with connected calibration

standard K.

2. The method of claim 1, wherein the signal camponents va(t) and/or v4(t) are an electric
voliage.

3. The method of claim 1 including using an oscilloscope as the time domain measuring
device.

4, The method of claim 1 wherein the first mathematical operation is an FFT (East Fourier

Transform) and/or the second mathematical operation is an inverse FFT (IFFT - [nverse Fast

Fourier Transform).

5. The method of claim 1 wherein a vectorial network analyser (VNA) with at least three

measuring ports is used as the calibration device.

CA 2928579 2019-10-31
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6. The method of claim 1, wherein during the measuring step, in order to measure the time-
variable signal components u(t) and i(t), the first measuring output of the directional coupler and the
second measuring output of the directional coupler are jsolated from the calibration device and
connected with the measuring inputs of the time domain measuring device, while the first RF signal

is fed via the signal input of the directional coupler.

CA 2928579 2019-10-31
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