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(57) ABSTRACT

An automatic multi frequency-range electro-mechanical
impedance tuner covers frequencies from a low megahertz to
a high gigahertz range, by combining a high frequency with
one or two a low frequency tuner modules; the low frequency
module is made using either variable phase shifter-capacitor
or multi-capacitor-transmission line tuner structures. The
high frequency module is a single, double or triple probe slide
screw tuner covering up to 1.5 decades in frequency; the low
frequency tuner is using cascades of three or more capacitor-
coax cable tuning sections or a low frequency phase shifter
combined with a variable shunt capacitor; the low frequency
tuner can operate as low as a few megahertz whereas the high
frequency tuner can operate up to several gigahertz. Depend-
ing on the application, low frequency parallel-blade capaci-
tors or high frequency coaxial trimmers are used. Typical
cross-over frequencies between low and high frequency mod-
ules range from 200 to 800 megahertz, lowest frequencies can
reach below 10 megahertz and highest frequencies 26 to 40
gigahertz. Appropriate calibration, control and tuning proce-
dures allow for a fully integrated operation.

16 Claims, 28 Drawing Sheets
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FIGURE 1, prior art: a) typical load pull setup using impedance tuners; b) Cross section of

electro-mechanical slide screw tuner
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Figure 1c, prior art: Tuning mechanism of slide screw tuners
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RE 2, prior art: a) triple probe tuner for ultra stable and harmonic tuning: b) wideband

tuner using two RF probes, one small probe for high frequencies and one large probe for low
frequencies.
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Figure 3, prior art: a) frequency response of triple (identical probes) and b) double (different

probes) tuners.



U.S. Patent Apr. 2, 2013 Sheet 5 of 28 US 8,410,862 B1

Mobile carriage
- with triple axis

ajl
\ \ N
3 3
,{ jz f'! 3
est Highest / 5
ehe : Medium Lowest
port frequency R freauency
probe frequency Fequency
| probe probe
3 & %
\ N o
S i T
SE— R
‘ |
/ 1 \
\ N
b} 10 // A S
; S SRS s — .
Y N ~ TN
" . !! !
; i /o b
/ / [\ A
{}‘g g: H : [
[ [ [\ Dy
[ [\ \ L
H { 1 y .
i / \ i 5, Y
‘f s g % i \ ¥
/ J j v
| / % / \ P
[ / | i )
[ / \ / !
[ / | / \ z \
R ] / X ;
/ / 4 / ' ‘ L
! ' { \ ‘;S
{ § 9 ¥ 3
[ 4 : E
B U — S ; 1
Fmin Fmax

Figure 4, prior art: a) Wideband tuner with triple carriage and three probes of different size

covering adjacent frequency bands b).
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Figure 5: Cascade of two tuners covering different frequency ranges, allows extending the
overall bandwidth; the high frequency tuner is also shorter (L1 < L2) because of the shorter

wavelength
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Figure 6 three (a) (prior art) and four {b) “variable capacitor-transmission line” low frequency

tuners. Higher number of sections provides better bandwidth and tuning flatness. Transmission

lines are flexible or semi-rigid coaxial cables wound in coil form in order to reduce overall tuner

size.
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tuners
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Figure 8: Impedance coverage of three capacitor-line section tuner (sections a, b, ¢) and

improvement of coverage due to a fourth capacitor-line section (d).
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Figure 9. prior art: Parallel blade and trimmer capacitors and their electrical RF equivalent
circuit indicating the maximum operation frequency: Freg-Max. Bevond this frequency the
capacitors act like inductances. Trimmer capacitors operate up to about 1000MHz, whereas

parallel blade capacitors can go up to 180MHz, alwavs depending on Cmax.
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FIGURE 10, prior art: structure of low frequency tuner using three variable parallel blade
capacitors and three lengths of coaxial cable (the last section L4 of cable is not useable for
tuning purposes); parallel blade capacitors operate at lower frequencies. The lengths of coaxial

cable can be wound in coil-form in order to reduce the overall length.
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Figure 11, prior art: automated low frequency tuner, using stepper motors
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Figure 12: Residual reflection of capacitor based low frequency tuner as a function of frequency,
over a wide frequency range, reaching beyond the tuner’s operating bandwidth (cross-over

frequency).
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Figure 13: Typical maximum and residual reflection of low frequency and high frequency

tuners over the whole frequency range of the cascade of two tuners.
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Figure 14: Tuning capability of a cascade of a high frequency with a low frequency (with high

restdual reflection) tuner,
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FIGURE 15: a) Cascade of two impedance tuners [a] and [b] with possibility of bypassing the
low frequency unit using a capacitor. I'l and I'2 are the reflection factors at the test port of each

module; b) Equivalent circuit used to demonstrate the effect of the bypass capacitor C.
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FIGURE 16b: Cascade of two impedance tuners [a] and [b] with possibility of bypassing the

low frequency unit using a permanent capacitor C.
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Figure 16¢: wideband frequency response of residual reflection of low frequency tuner, with and

without bypass capacitor.
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Figure 17: Structure of wideband tuner using a cascade of a slide screw tuner and a low

frequency tuner with three variable trimmer capacitors and three lengths of coaxial cable;

trimmer capacitors operate at high end of megahertz frequencies.
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Figure 18: Structure of wideband tuner using a cascade of a wideband slide screw tuner with
three probes and a low frequency tuner with three variable parallel blade capacitors and three
lengths of coaxial cable; parallel blade capacitors operate at the low end of megahertz

frequencies: the low frequency tuner module can be bypassed by an appropriate capacitor.
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Figure 191 Wideband tuner using a cascade of a slide screw tuner with two probes and a low

frequency funer with four variable parallel blade capacitors and four lengths of coaxial cable.
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Figure 20: Cascade of three tuner units, providing multi-decade frequency coverage
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Figure 21: Cascade of a trimmer based tuner with a parallel-blade capacitor tuner; the parallel-

blade capacitor tuner can be bypassed using an (optional) bypass capacitor in order to reduce

off-hand residual reflections.



U.S. Patent Apr. 2, 2013 Sheet 24 of 28 US 8,410,862 B1

~10cm

-

Paraliel blade capacitor [7]

Adjustable phase Fixed transmission
shifter line (cable)
R R
— —
! 4
joA /
/
e 4
/
Variable capacitor «{i
/ }
o /J/
N

Trimmer capacitor [3] "

Figure 22, prior art: Structure of low frequency tuner using a variable capacitor (parallel-blade

[7] or trimmer {3], depending on the frequency range) and a variable in-line phase shifter [8].
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Figure 23: Structure of wideband tuner using a cascade of a slide screw tuner and a low
frequency tuner with three variable trimmer capacitors and three lengths of coaxial cable; the
fow frequency tuner can be bypassed using an (optional) bypass capacitor, in order to reduce its

residual reflection at high frequencies.
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Figure 24: Cascade of wideband high frequency tuner with low frequency tuner and capability of

inserting a bypass capacifor.
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BACKGROUND OF THE INVENTION

This invention relates to load pull testing of microwave
power transistors using automatic microwave tuners in order
to synthesize reflection factors (or impedances) at the input
and output of said transistors.

A popular method for testing and characterizing micro-
wave components (transistors) for high power operation is
“load pull” and “source pull”. Load pull or source pull are
measurement techniques employing microwave tuners and
other microwave test equipment, such as signal sources,
power meters and directional couplers. The microwave tuners
in particular are used in order to manipulate the microwave
impedance conditions under which the Device under Test
(DUT, or transistor) is tested (FIG. 1a).

Many users require impedance tuners to cover a wide fre-
quency range. In laboratory environment, in particular, test
setups are expensive and applications may vary from low
megahertz to high gigahertz frequencies. A tuner unit being
able to operate over such wide frequency ranges would then
be required, but has not been introduced, yet.

DESCRIPTION OF PRIOR ART

Electro-mechanical impedance tuners are, by their nature,
limited in frequency bandwidth. Therefore various tech-
niques must be used to respond to this requirement.

A popular family of electro-mechanical tuners, the “slide-
screw tuners”, use adjustable RF probes (slugs) inserted into
the transmission media of the tuners and capacitively coupled
with the central conductor (FIG. 15) of the transmission
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media which is, in general, a slotted coaxial or parallel plate
airline (slabline); this insertion of the slug reflects part of the
power coming out of the DUT and creates a reflection factor
(') or impedance (Z) that is presented to the DUT. The rela-
tion between reflection factor and impedance is:

Z=Zo*(14I")/(1-T'); with Zo=characteristic impedance

(typically=50Q). {1}

In terms of complex admittance Y, the above relation
becomes:

Y=1/Z=Yo*(1-T')/(1+I'); with Yo=characteristic
admittance (typically 1/50Q=20 mS).

{2}

The “slide-screw’ principle is a tuning mechanism where
the capacitive coupling between the RF probe and the central
conductor of the slotted airline (slabline) creates a wideband
reflection factor I" of which the amplitude can be adjusted by
modifying the distance “S” between the probe and the central
conductor and therefore changing the value of the capacitance
between the central conductor and the RF probe. In order to
change the phase of the reflection factor I' the RF probe,
already inserted in the slabline, must be moved horizontally
along the axis of the slabline, (FIG. 15).

The combination of both horizontal and vertical movement
of'the microwave probe inside the slabline allows the creation
of complex reflections factors I" covering the entire Smith
Chart (FIG. 1¢). Starting at point “a”, which corresponds to
no reflection at all, we move the probe close to the central
conductor thus creating a reflection and reach point “b”. Then
we move the probe horizontally and turn on a circle of con-
stant radius on the Smith Chart and reach point “c”. This
technique allows synthesizing any reflection factor on the
Smith Chart, within the tuning range, or maximum VSWR
with VSWR,, .. =(1+T",,,.)/(1-IT",,,.1), of the tuner.

By its nature a metallic probe (slug) in a low loss slabline
creates maximum reflection, but has a limited frequency
range. The probe has a capacitive effect but does not behave
purely as a capacitor, because of electro-magnetic field defor-
mation. Typical bandwidths covered by a single metallic
probe are approximately 2-3 octaves (1 octave=F,  /F, . =2),
whereF,, . is the maximumandF,,,, the minimum frequency.
If we want to cover several octaves using the same tuner we
need two probes operating in parallel. This allows a maxi-
mum to minimum frequency range of up to 25:1, such as 2
GHz to 50 GHz (FIG. 2b).

To increase the instantaneous bandwidth an extended
structure employs three RF probes, in parallel (FIGS. 44, 45).
As an example such a tuner would be able to cover a fre-
quency range of 0.4 to 18 GHz (¥, /F,,,=45:1) or 1 to 50
GHz, a ratio of 50:1. The ultimo limit in bandwidth is
mechanical stability of the central conductor of the slotted
airline (slabline). The mechanical stability of any unsup-
ported metallic (steel) rod depends on its ratio of total length
to diameter. If this ratio exceeds 100:1 then the structure is
critical. In the present case, a wideband tuner starting at 0.4
GHz and going through to 18 GHz needs a central conductor
with a diameter of 3 mm and a total length of 530 mm; this
makes the ratio Length/Diameter=176:1. It is therefore very
important not to ignore practical considerations in such an
apparatus.

Slide screw tuners require a total horizontal travel length of
15 wavelengths. At 1 GHz this corresponds to 15 cm, at 100
MHz to 150 cm and at 10 MHz to 1,500 cm (15 meters). It is
obvious that at frequencies below a few hundred megahertz
the size of a slide screw tuner is prohibitive. For this fre-
quency range a different technology is used [6], (FIGS. 6a,
65, 22), which employs low frequency adjustable capacitors
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and selected lengths of flexible or semi-rigid coaxial cable
between them, allowing this way, controllable high reflection
factors from under 10 MHz and up to 1 GHz. The capacitors
used are either “trimmer type capacitors” [3] for the higher
end of frequencies, or “parallel blade capacitors” [7] for the
lower end. The high end starts around 200 MHz and stops at
around 1 GHz and the low end starts at around 10 MHz and
stops around 200 MHz. At least three capacitors are required
in order to tune all over the Smith chart, but, in order to reach
continuous coverage of the whole frequency range four or five
capacitors and associated transmission lines may be used
(FIGS. 6q, 6b).

A capacitor/transmission line based tuner is based on the
principle, that at least three reflection vectors of adjustable
size but fixed angle between them can synthesize a resulting
reflection factor vector, which covers a large portion of the
Smith chart (FIG. 8). Because the angle between vectors is
fixed the bandwidth of said tuner is limited and the maximum
reflection created is not fully flat over the whole frequency
range. [fthree capacitor/line sections are insufficient, because
of the ripple in S11max, which is caused by the fact that the
phase of the cable sections is not 60 degrees for all frequen-
cies, a fourth or even fifth section can be added to compensate
and cover the missing zones of frequency and reflection fac-
tor. The tuning mechanism is sketched in FIGS. 7, 8.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

The invention and its mode of operation will be more
clearly understood from the following detailed description
when read with the appended drawings in which:

FIG. 1, depicts prior art: a) typical load pull setup using
impedance tuners; b) Cross section of electro-mechanical
slide screw tuner; ¢) prior art: Tuning mechanism of slide
screw tuner.

FIG. 2, depicts prior art: a) triple probe tuner for ultra stable
and harmonic tuning; b) wideband tuner using two RF probes,
one small probe for high frequencies and one large probe for
low frequencies.

FIG. 3, depicts prior art: a) frequency response of triple
(identical probes) and b) double (different probes) tuners.

FIG. 4, depicts prior art: a) Wideband tuner with triple
carriage and three probes of different size covering adjacent
frequency bands b).

FIG. 5, depicts a Cascade of two tuners covering different
frequency ranges, allows extending the overall bandwidth;
the high frequency tuner is also shorter (L1<[.2) because of
the shorter wavelength.

FIG. 6, depicts three (a) (prior art) and four (b) “variable
capacitor-transmission line” low frequency tuners. Higher
number of sections provides better bandwidth and tuning
flatness. Transmission lines are flexible or semi-rigid coaxial
cables wound in coil form in order to reduce overall tuner
size.

FIG. 7, depicts the frequency response of three (prior art)
and five capacitor-line section, low frequency tuners

FIG. 8, depicts the impedance coverage of three capacitor-
line section tuner (sections a, b, ¢) and improvement of cov-
erage due to a fourth capacitor-line section (d).

FIG.9, depicts prior art: Parallel blade and trimmer capaci-
tors and their electrical RF equivalent circuit indicating the
maximum operation frequency: Freq-Max. Beyond this fre-
quency the capacitors act like inductances. Trimmer capaci-
tors operate up to about 1000 MHz, whereas parallel blade
capacitors can go up to 150 MHz, always depending on
Cmax.
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FIG. 10, depicts prior art: structure of low frequency tuner
using three variable parallel blade capacitors and three
lengths of coaxial cable (the last section L4 of cable is not
useable for tuning purposes); parallel blade capacitors oper-
ate at lower frequencies. The lengths of coaxial cable can be
wound in coil-form in order to reduce the overall length.

FIG. 11, depicts prior art: automated low frequency tuner,
using stepper motors.

FIG. 12, depicts the residual reflection of capacitor based
low frequency tuner as a function of frequency, over a wide
frequency range, reaching beyond the tuner’s operating band-
width (cross-over frequency).

FIG. 13, depicts the typical maximum and residual reflec-
tion of low frequency and high frequency tuners over the
whole frequency range of the cascade of two tuners.

FIG. 14, depicts the tuning capability of a cascade ofa high
frequency with a low frequency (with high residual reflec-
tion) tuner.

FIG. 15, depicts a) a cascade of two impedance tuners [a]
and [b] with possibility of bypassing the low frequency unit
using a capacitor. I'l and I'2 are the reflection factors at the
test port of each module; b) the equivalent circuit used to
demonstrate the effect of the bypass capacitor C.

FIG. 16, depicts a) a cascade of two impedance tuners [a]
and [b] with possibility of bypassing the low frequency unit
using a switchable capacitor C. b) The cascade of two imped-
ance tuners [a] and [b] with possibility of bypassing the low
frequency unit using a permanent capacitor C; ¢) the wide-
band frequency response of residual reflection of low fre-
quency tuner, with and without bypass capacitor.

FIG. 17, depicts the structure of a wideband tuner using a
cascade of a slide screw tuner and a low frequency tuner with
three variable trimmer capacitors and three lengths of coaxial
cable; trimmer capacitors operate at high end of megahertz
frequencies.

FIG. 18, depicts the structure of a wideband tuner using a
cascade of'a wideband slide screw tuner with three probes and
a low frequency tuner with three variable parallel blade
capacitors and three lengths of coaxial cable; parallel blade
capacitors operate at the low end of megahertz frequencies;
the low frequency tuner module can be bypassed by an appro-
priate capacitor.

FIG. 19, depicts a wideband tuner using a cascade of a slide
screw tuner with two probes and a low frequency tuner with
four variable parallel blade capacitors and four lengths of
coaxial cable.

FIG. 20, depicts a cascade of three tuner units, providing
multi-decade frequency coverage

FIG. 21, depicts a cascade of a trimmer based tuner with a
parallel-blade capacitor tuner; the parallel-blade capacitor
tuner can be bypassed using an (optional) bypass capacitor in
order to reduce off-band residual reflections.

FIG. 22, depicts prior art, the structure of low frequency
tuner using a variable capacitor (parallel-blade [ 7] or trimmer
[3], depending on the frequency range) and a variable in-line
phase shifter [8].

FIG. 23, depicts the structure of a wideband tuner using a
cascade of a slide screw tuner and a low frequency tuner with
three variable trimmer capacitors and three lengths of coaxial
cable; the low frequency tuner can be bypassed using an
(optional) bypass capacitor, in order to reduce its residual
reflection at high frequencies.

FIG. 24, depicts the cascade of a wideband high frequency
tuner with a low frequency tuner and capability of inserting a
bypass capacitor.

FIG. 25, depicts a compact assembly of slide screw with
capacitor based wideband tuners (top view).
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FIG. 26, depicts prior art, a test setup for calibrating an
impedance tuner on a vector network analyzer (VNA).

DETAILED DESCRIPTION OF THE INVENTION

This invention describes a microwave impedance tuner
apparatus which covers instantaneously a very large fre-
quency bandwidth of up to 10 or 16 octaves or up to 3.6
decades (10 or 50 MHz to 6, 18, 40 or 50 GHz). Such an
endeavor has never been considered before. In fact it is pos-
sible, when appropriate technologies are used and are com-
bined with associated tuning algorithms, which allow the
tuners in cascade to compensate for each-other’s residual
reflections. In order to understand this operation we need to
review the residual reflections of the low frequency tuners at
high frequencies (FIGS. 7, 12). Also in order to avoid intrinsic
reflections due to the coaxial RF connectors, which have
upper frequency limits (cut-off frequencies) all tuners in the
cascade must be equipped with connectors which allow signal
flow at the highest frequency; for instance, if the highest
frequency is 6 GHz we canuse either 7/16, N or APC7 (7 mm)
coaxial connectors. For 18 GHz we must use either N-type or
7 mm connectors. For 40 GHz we must use either 2.4 mm or
2.9 mm (K) connectors. For 50 GHz we must use 2.4 mm
connectors. Beyond the connector’s residual reflection
(which can be eliminated by selecting the proper connector
type) internal residual reflections occur, due to the internal
components of the low frequency tuners, which require spe-
cial treatment, using appropriate circuitry and tuning algo-
rithms.

One possible extension of frequency band uses tuners cov-
ering different bandwidths and consists in cascading two such
tuners (FIG. 5); said tuners may cover adjacent but also non-
adjacent frequency bands. The purpose of such a configura-
tion would be to use a once assembled test setup for a wide
frequency range without swapping tuners or recalibrating all
the components and the tuners separately.

The main technical difficulty is rather in the low frequency
tuners [6, 8]. Said low frequency tuners can be made using
three or more variable capacitors and associated pre-selected
and fixed sections of flexible or semi-rigid coaxial cable
(FIGS. 64, 65,10, 22). In the simplest case of three capacitors
and coaxial cables the frequency coverage is not fully flat
(FIG. 7); in order to create a fully flat frequency response a
larger number of capacitor-line sections are required (FIGS.
6b, 7). In all cases the capacitor positions are registered in
tuner calibration files with the associated s-parameters of the
tuner itself at all frequencies of interest. Said calibration data
are then used for later tuning purposes. The capacitors are
controlled using stepper motors (FIGS. 11, 25). Said stepper
motors are controlled by a system computer running appro-
priate control software.

An alternative structure for low frequency tuners is shown
in FIG. 22. It consists of a linear phase shifter ahead ofa shunt
variable capacitor. The capacitor creates a reflection factor
vector at any given frequency and the phase shifter rotates this
vector to cover most of the Smith chart. Manufacturing of low
frequency linear phase shifters has been described in [8].

In all tuner structures operating in the megahertz frequency
range and using variable capacitors, being it parallel-blade or
trimmer capacitors the main limitation is self-resonance of
the capacitors themselves. This comes from the fact that any
signal leads from the internal capacitor structure, via the
capacitor contacts, to the transmission lines act as parasitic
series inductors (FIG. 9). Said parasitic inductors Ls will
create a series resonance with the capacitance at a given
frequency, which depends on the value of the parasitic induc-
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tance and the maximum value of the capacitance Cmax itself
as follows in equation {3}; this “resonance frequency” is in
fact the maximum frequency of operation of this particular
capacitor in the specific configuration assembled:

Resonance Frequency: Freq—Max=1/(2m-sqrt
(Ls*Cmax))

{3}

Depending on the internal structure of each capacitor said
resonance frequency may vary from a few megahertz up to a
few gigahertz. What is important in the whole structure is the
minimum impedance (or maximum reflection factor) that can
be created at the lowest frequency of operation, using any
particular capacitor. Parallel-blade capacitors may reach a
couple of hundred megahertz maximum frequency whereas
trimmer capacitors can still operate beyond one gigahertz.
The minimum impedance attainable occurs at the lowest fre-
quency and follows the relation:

Zmin=1/2x*Freq—min* Cmax)

{4}

For instance, at 10 MHz in order to create a 52 impedance
a capacitor with Cmax=3.18 nano-farad (nF)=3,180 pico-
farad (pF) is required. Such capacitors have resonance fre-
quencies in the range of 100 MHz. What is important also is
to realize that the necessary low impedance can be reached at
higher frequencies with the capacitors set not to the position
of maximum capacitance. In the above example the capaci-
tance needed for 582 at 100 MHz would be 10 times smaller,
i.e. 318 pF, in which case the resonance frequency would
(ideally) be approximately 3 times higher (eq. {3} postulates
that max-freq follows a square root (sqrt) rule with Cmax).

The major obstacle, though, in making the cascade of high
frequency (slide screw) tuners with capacitor based low fre-
quency tuners able to synthesize impedances over a wide
frequency range, well within each said tuner’s range, is the
residual reflection of said low frequency tuners shown on a
Smith chart in FIGS. 12, 13. As FIG. 13 also shows, slide
screw (high frequency) tuners have a much lower residual
reflection factor at low frequencies; whereas low frequency
tuners have a much higher one. This high end residual reflec-
tion does not change much when the low frequency tuner is
set to maximum or minimum reflection (i.e. when the capaci-
tors are set to maximum or minimum capacitance), because it
is due to the internal fixed parts and components of the tuners
themselves. Tuning with such a component is not obvious, as
shows FIG. 14.

What the tuning operation comes down to, is that, tuning
with a cascade of inhomogeneous tuners, like the present
apparatus (FIG. 15a), means, first of all, acquiring the
required calibration data for all tuners at all frequencies and
then tuning with all (two or three) tuners at the same time in
the following steps: after selecting the frequency of opera-
tion, it has to be decided which tuner will perform the tuning,
i.e. in which’ tuners frequency range the selected frequency
falls; if the selected frequency falls inside the lowest frequen-
cy’s tuner range then the highest frequency tuner (the slide
screw tuner) will have all its probes retracted from the trans-
mission line, because said transmission line has a perfect
low-pass behavior, i.e. it does not create noticeable reflections
atlow frequencies (FIG. 13); this is normally always the case,
since slide screw tuners have always perfect low pass behav-
ior. Tuning consists in synthesizing the reflection factor I'1 at
the test port of the tuner cascade deliberately; the reflection
factor I'1 at the test port of any tuner is a function of'its actual
scattering (s-) parameters {S11, S12,S21, S22} and the actual
load I'2, following the relation (FIG. 15q):

T1=S11+(S12%521*T2)/(1-S22*T'2) {5}
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The s-parameters themselves change, of course, when the
tuner moves. As S11 increases S21 decreases. In fact, all
passive networks, except circulators (which use magnetic
spin effects [isolators]) are “reciprocal”, i.e. their transmis-
sion s-parameters S12 and S21 are equal (S12=S821). Overall
a passive network cannot produce gain, so the relation
describing the gain must always be valid:

Gain=IS21 %/(1-IS111%) {6}

When the tuner is initialized, S11~0 and S21=S12~1.
When S11=0.9, then typical values of S21=S12 are 0.35,
yielding a typical 2 dB tuner loss (eq. (2)). The effect of
reducing S12=S21 is that the load reflection factor in equation
{1} does not affect as much the overall tuner reflection I'1.
(FIGS. 14, 154a). High S11 tuning “masks” the effect of the
mismatched load and tuning range is reduced in the area
opposite to the residual load reflection I'2, but is instead
increased in the direction of said load vector (1'2). It is there-
fore possible to create a very wideband tuner, even if the low
frequency units generate high residual reflections.

The effect of the low frequency tuner can be either partly
compensated when a fixed capacitor of appropriate value is
connected, either permanently or temporarily (with the help
of an RF switch) between the tuner test port and the load
(FIGS. 15a, 21, 23, 24). This technique can be applied for all
tuner configurations, where one unit has a non-negligible
residual reflection, or it cannot be driven to synthesize a small
reflection at the selected (high) frequency, such as to allow the
first (high frequency) tuner to tune to all desired impedances
(FIGS. 14, 16).

FIG. 1556 shows why the bypassing capacitor C (impedance
Zc=1/jwC) s an effective solution to the residual reflection of
low frequency tuners at high frequencies: the capacitors
inside the low frequency tuners act as series resonances (SR1,
SR2 in FIG. 15b), which, at frequencies above the cut-off
frequency fco become inductive. In this case the (optional
and/or switchable) bypass capacitor C, followed by a resistor
of 50Q, will collect the “z” part of the signal injected into
node (X) and allow the “y” part to reach the test port of the low
frequency tuner. This way the load impedance, seen by the
high frequency tuner at its output port will be driven towards
5082 with increasing frequency. The tuning algorithm uses
calibration data to determine at what state the low frequency
tuner must be set to allow the best matching conditions
(=50Q) for this to happen. The side-effect of this operation is
an increased (low frequency) tuner loss, but this can be taken
care of accurately using calibration data. Insertion loss of load
tuners is irrelevant, what is important is their reflection factor
and how this can be maximized.

In addition to the configuration of FIG. 154 where the
bypass capacitor is connected at the test port of the low
frequency tuner towards ground, an alternative setup provides
for such a bypass capacitor to be connected between the test
port of the low frequency tuner and the load directly (FIG.
16a), with a provision of having the idle port of said low
frequency tuner disconnected, if the impedance of said tuner
at said idle portis low, compared with 50Q. If said impedance
at the idle port is high compared with 50€2, then the idle port
may remain connected. This setup works best when the low
frequency tuner has high internal impedance at both, the test
and idle ports; this depends on the capacitor settings of said
low frequency tuner, which are saved as part of the calibration
data file, as described later. It also depends on the fringe
elements associated with connecting low frequency capaci-
tors to coaxial cables and internal parasitic elements of said
capacitors, which will appear at high frequencies.
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The analytic equations describing the cascade of two tun-
ers (tuner (a) and tuner (b)) and the effect of bypassing the
lower frequency unit using a capacitor C (FIGS. 154, 16a) are
as follows:

T'1=511a+(512a%521a*1'2)/(1-822a*T2) {7}
With open capacitor: T2=S115+(S215*S125*T; )/(1-
5226*T;) {8}

The effect of the bypassing capacitor can be seen in FIGS.
1556, 16; it shows a flattening and subsequent reduction of
residual reflection factor above the cross-over frequency.

For the overall tuner to operate, though, specific tuning
routines must be used, which will take into consideration
residual mismatch of the low frequency units. In a first step
said low frequency units must also be fully characterized
(calibrated) at the highest frequencies. This will allow the
tuning algorithms to determine the best probe or capacitor
positions for as small a residual reflection at the higher fre-
quencies as possible. So, it is not so that we can simply
initialize the low frequency units and operate only the high
frequency ones. The tuning routine must try to tune to I'2=0 at
the high frequency. If this is not possible, which will be
normal, then the next best position must be chosen and the
low frequency unit be set to it. Then the actual 1220 is
introduced in the equation {5} and the high frequency tuner
tunes after taking the mismatched load into consideration.

As stated before, low frequency tuners using shunt capaci-
tors and coaxial lines have a bad high pass behavior, i.e. they
present a high residual reflection at high frequencies. This
would shift the tuning range of the high frequency tuner (FIG.
14) and it may or may not allow proper tuning in all areas of
the Smith chart. In order to smooth out said high frequency
residual reflection of said low frequency tuners we use a
capacitor, bridging over the low frequency tuner, between
said tuner’s test port and output port (FIGS. 15a, 155).

The bypassing capacitor must be selected such as not to
short-circuit the tuning capacity of the low frequency tuner
itself, though. This may not be obvious in the region of the
cross-over frequency (FIG. 16¢). Cross-over frequency is
defined as the frequency at which the low frequency tuner
stops operating and the high frequency tuner takes over.
Depending on the actual RF behaviour of each tuner said
parallel capacitor may be changed or even removed from the
network using RF plugs or switches (FIGS. 15a, 21, 23, 24),
or more than one capacitor can be used to adapt to the various
frequency ranges. All this will be decided once all tuners are
calibrated and the tuning algorithm executes the task of tun-
ing, in which case the tuning capacity of the system can be
concretely assessed. In general, the bypass capacitor tech-
nique is most effective when the low frequency tuner is tuned
to the highest impedance at the test and idle ports (FIG. 165).
This may be when the capacitors are set to their smallest
values, or to some other value that creates high impedance
parallel resonance. For the tuner operation this is irrelevant,
because the calibration data contain a full characterization of
the low frequency tuner and allow the tuning algorithm to
select the best settings for this purpose.

Regarding the overall size of the wideband tuner, the point
is that, only the slide-screw type tuner section requires a
straight precision slotted airline as transmission media; the
length of said airline is slightly larger than half a wavelength
at the lowest frequency; a, mechanically acceptable length
being 25 cm (corresponding to a minimum frequency of 800
MHz approximately; this includes horizontal free travel of the
RF tuner probe plus some length for sidewalls, moving gear
etc.), we need capacitor based tuners for frequencies up to 800
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MHz, approximately. These lower frequency tuners then use
three or more capacitance sections, but the coaxial cable
connecting said sections is usually semi-rigid or flexible and
can be would in coil form to a highly reduced overall length.
This allows said lower frequency tuners to be extremely com-
pact, despite the required overall transmission line lengths,
which may exceed one or two wavelengths. Favorable in this
context is also the fact that said coaxial flexible cables use
some low loss dielectric to secure the central conductor and
this reduces the effective physical length of said cables by a
factor of sqrt (€,); €, being the dielectric constant of the
insulator material inside said coaxial cables (FIG. 25).

FIGS. 17 to 21 and 23, 24 show various possible configu-
rations using combinations of slide screw (high frequency)
tuners and capacitor based (low frequency) tuners, said low
frequency tuners using either parallel blade or trimmer
capacitors. Possible configurations of parallel blade and trim-
mer based capacitor tuners are shown as well, those latter
configurations allowing coverage from the low megahertz
frequencies up to several hundred megahertz or low gigahertz
range. In fact, as long as attention is being paid to accommo-
date for high frequency tuning in view of the high residual
reflection of the low frequency tuners, any combination of
said low and high frequency tuners is viable.

The same is valid when an alternative configuration of low
frequency tuner is used (FIG. 22). This configuration uses a
serial adjustable phase shifter and a variable shunt capacitor
[8]. This configuration is more promising than the three (or
four) capacitor configuration with fixed coaxial cable sec-
tions. It is so because the frequency coverage is flatter and the
fringe components are less, which creates lower reflection
factor at high frequencies; however, the linear phase shifter is
harder to manufacture at low frequencies [8].

FIG. 25 shows, schematically, the compact assembly of the
slide screw (high frequency) with the capacitor based (low
frequency) tuners. Said configuration may cover 50 MHz to
18 GHz and would, otherwise require a linear length of more
than 3 meters, whereas the assembly shown in FIG. 25 is only
around 40x40 cm?, a typical size for a laboratory instrument;
the lower the lowest frequency, of course, the higher the gains
in size.

Calibrating the tuner(s) consists in simply connecting
them, individually or as a cascade to a pre-calibrated vector
network analyzer and measuring their four s-parameters as a
function of their positions (FIG. 26). Said calibration and
tuning methodology at the level of each individual tuner and
associated algorithms have been described before [2, 5 and 6].

The present embodiment of this invention can easily be
adapted to use other types of mechanical variable capacitors
and phase shifters as well as combinations of tuners for vari-
ous frequencies in order to become ultra wideband,; this shall
not limit the basic idea and the overall scope of the present
invention, of using cascades of different-frequency tuners in
order to increase instantaneous frequency bandwidth.

What I claim as my invention is:

1. A multi-frequency range setup for testing the depen-
dence of active RF devices on impedance conditions com-
prising test equipment such as signal sources, power meters,
couplers and test fixtures,

and wideband multi-frequency range impedance tuners,

said tuners having an input port and an output port and
comprising a cascade of two distinct tuning modules, (a)
a medium frequency tuning module and (b) a high fre-
quency tuning module;

each said module having an input port and an output port;
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wherein said tuner cascades are inserted before said DUT
(input tuner) and after said DUT (output tuner) in order
to investigate its dependence on source and load imped-
ances;
and wherein the tuner module (b) of said input tuner, which
said module is closest to the DUT, is capable of gener-
ating controlled reflection factors between low and high
values at higher frequencies up to several gigahertz
(high frequency module);

and wherein the tuner module (a), which is further away
from the DUT, is capable of generating controlled
reflection factors between low and high values at lower
frequencies in the megahertz frequency range (medium
frequency module);
and wherein the output tuner is configured having its high
frequency module (b) closest to the DUT and its medium
frequency module (a) farther away from the DUT;

wherein said high frequency module (b) comprises an
input port and an output port and a slotted airline
between said ports and a number of conductive probes,
said probes being insertable into the slot of said airline
and movable vertically towards the center conductor of
said airline and horizontally along the axis of said airline
using remotely controlled electric motors and appropri-
ate gear (automatic slide screw tuner);

and wherein each said probe is optimized for a different

frequency range and is able to approach the center con-
ductor independently of the other probes;
and wherein said medium frequency module (a) comprises
an input port and an output port and a cascade of at least
three segments, each said segment comprising a serial
coaxial cable and a parallel variable capacitor; each said
capacitor having a floating terminal connected to the end
of said cable and a grounded terminal;
and wherein the floating terminal of the capacitor of the last
segment is connected to the output port of said module;

and wherein said variable capacitors in said module (a) are
remotely controlled through appropriate gear and elec-
trical motors.

2. A large band impedance tuner as in claim 1, wherein said
medium frequency tuning module comprises four sections of
coaxial cable and variable capacitors.

3. A multi-frequency range setup for testing the depen-
dence of active RF devices on impedance conditions com-
prising test equipment such as signal sources, power meters,
couplers and test fixtures;

and wideband multi-frequency range impedance tuners

having an input port and an output port each said tuner
comprising a cascade of three distinct tuning modules,
(a) a low frequency tuning module, (b) a medium fre-
quency tuning module and (c¢) a high frequency tuning
module;

each said module having an input port and an output port;

wherein said tuner cascades are inserted before said DUT

(input tuner) and after said DUT (output tuner) in order

to investigate its dependence on source and load imped-

ances;

said tuning module (c¢) of said input tuner is placed
closest to the DUT and capable of generating con-
trolled reflection factors between low and high values
at high frequencies up to several gigahertz (high fre-
quency module); said middle module (b) being
capable of generating controlled reflection factors
between low and high values at lower frequencies in
the tens to hundreds of megahertz frequency range
(medium frequency module); and said module (a) is
placed farthest away from the DUT and capable of
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generating controlled reflection factors between low
and high values at even lower frequencies in the low
megahertz frequency range (low frequency module);
and wherein the output tuner is configured having its high
frequency module (c) closest to the DUT, its low fre-
quency module (a) farthest away from the DUT and its
medium frequency module (b) inserted between said
module (¢) and module (a);
wherein said high frequency module (¢) comprises an input
port and an output port and a slotted airline between said
ports and a number of conductive probes, said probes
being insertable into the slot of said airline and movable
vertically towards the center conductor of said airline
and horizontally along the axis of said airline using
remotely controlled electric motors and appropriate gear
(automatic slide screw tuners);
and wherein each said probe is optimized for a different
frequency range and is able to approach the center con-
ductor independently of the other probes;
and wherein said medium and low frequency modules (a,
b) each comprise a cascade of at least three segments,
each said segment comprising a serial coaxial cable and
a parallel variable capacitor; said medium frequency
module having capacitors with medium range capaci-
tance; and said low frequency module having capacitors
with high range capacitance;
each said capacitor having a floating terminal connected to
the end of said cable and a grounded terminal, and the
floating terminal of the capacitor of said last segment
being connected to the output port of said module;
and wherein said variable capacitors in said modules (a)
and (b) are remotely controlled through appropriate gear
and electrical motors.
4. A large band impedance tuner as in claim 3, wherein said
low frequency tuning modules comprise four sections of
coaxial cable and variable capacitors.
5. Alarge band impedance tuner as in claim 3, wherein said
medium frequency tuning modules comprise four sections of
coaxial cable and variable capacitors.
6. A large band impedance tuner as in claim 3, wherein said
both medium frequency and low frequency tuning modules
comprise four sections of coaxial cable and variable capaci-
tors.
7. A calibration method for said impedance tuner of claim
1 or claim 3, in which all tuner modules are calibrated sepa-
rately at all frequencies of interest, including frequencies in
the operation range of all other tuner modules;
said calibration procedure consisting of measuring scatter-
ing (s-) parameters of each tuner module using a vector
network analyzer as follows:
(a) if said calibration frequency falls in the range of said
high frequency tuner module (slide screw tuner),
in a first step, s-parameters of said high frequency mod-
ule are measured at horizontal and vertical positions
of the tuner probes, selected such that the reflection
factor at the test port covers a maximum area of the
Smith chart and,

in a second step, s-parameters of said low frequency
module(s) (L-C tuner) are measured for all possible
capacitor and phase shifter positions, including a con-
dition in which all capacitors are set at their minimum
value;

and said s-parameters are saved in calibration files;

(b) if said calibration frequency falls in the range of the low
frequency module(s), s-parameters of the high fre-
quency module are measured once, when all probes are
retracted (initialized) and s-parameters of the low fre-
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quency module(s) are measured for several positions of
said capacitors, in order to cover maximum reflection
and 360 degrees in phase at the test port of said low
frequency module and saved in calibration data files for
later use.

8. A tuning algorithm using data generated in claim 7 for a
frequency (Fo) in the range of the high frequency tuner mod-
ule, in three steps:

(a) in a first step the low frequency module tunes at Fo
automatically as close to the standard impedance (typi-
cally 50 ohms) as possible and the tuned impedance (Zo)
is saved;

(b) in a second step the s-parameter calibration data of said
high frequency module are cascaded with said imped-
ance (Zo) of said low frequency module at Fo and saved;

(c) in a third step said high frequency module tunes to the
user defined impedance using the saved s-parameters of
step (b).

9. A tuning algorithm using data generated in claim 7 for a
frequency (F1) in the range of the low frequency tuner module
(s), in three steps:

(a) inafirst step all probes of the high frequency module are
retracted (initialized) in order to generate a perfect trans-
mission and the s-parameters of said initialized state are
saved in matrix {So};

(b) in a second step the matrix {So} is cascaded with the
s-parameters of said low frequency module at all cali-
brated capacitor positions and saved in a calibration data
file;

(c) in a third step the calibration data generated in step (b)
are used to tune with the low frequency module at the
frequency F1 to the user defined impedance.

10. A wideband multi-frequency range impedance tuner
having an input port and an output port comprises a cascade of
two distinct tuning modules, a low frequency module (a) and
a high frequency module (b), each said module having an
input port and an output port;

and wherein said low frequency module (a) is capable of
generating controlled reflection factors between low and
high values at low frequencies in the megahertz fre-
quency range;

and wherein high frequency module (b) is capable of gen-
erating controlled reflection factors between low and
high values at high frequencies in the gigahertz fre-
quency range;

and wherein said high frequency module (b) is connected
with said low frequency module (a) at node X;

and wherein a bypass network is connected between node
X and ground.

11. A tuner as in claim 10, wherein said bypass network

comprises a bypass capacitor and a resistor in series.

12. A tuner as in claim 11, wherein said resistor has a
standard value, such as 50 ohms.

13. A wideband multi-frequency range impedance tuner
having an input port and an output port comprises a cascade of
two distinct tuning modules, a low frequency module (a) and
a high frequency module (b), each said module having an
input port and an output port;

and wherein said low frequency module (a) is capable of
generating controlled reflection factors between low and
high values at low frequencies in the megahertz fre-
quency range;

and wherein high frequency module (b) is capable of gen-
erating controlled reflection factors between low and
high values at high frequencies in the gigahertz fre-
quency range;
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and wherein said high frequency module (b) is connected
with said low frequency module (a) at node X;

and wherein a bypass network is connected between node
X and the output port of said low frequency module.

14. A tuner as in claim 13, wherein said bypass network
comprises a bypass capacitor connected in series with an RF
switch.

15. A tuner as in claim 13, wherein said bypass network
comprises a series bypass capacitor.

16. A wideband multi-frequency range impedance tuner
having an input port and an output port comprises a cascade of
two distinct tuning modules, a medium frequency module (a)
and a high frequency module (b), each said module having an
input port and an output port;

and wherein said medium frequency module (a) is capable

of generating controlled reflection factors between low
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and high values at low frequencies in the tens to hun-
dreds of megahertz frequency range;

and wherein high frequency module (b) is capable of gen-
erating controlled reflection factors between low and
high values at frequencies in the gigahertz frequency
range;

and wherein said medium frequency module (a) is con-
nected with said high frequency module (b) at node X;

and wherein a bypass capacitor is connected between node
X and one of the secondary ports of a SPDT (single pole
double throw) switch; the other secondary port of said
switch being connected to the output port of said
medium frequency tuning module; and

the common port of said switch being connected to the
load.



