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(57) Abstract: The invention relates to an electrical cable (100) for
exchanging communication signals between two devices, particu-
larly a cable (100) that can be integrated into a catheter or a guide-
wire (5). The cable (100) comprises at least one pair (120, 130) of
differential wires (D1+, D1-, D2+, D2-) that are, during operation,
supplied with opposite voltages, thus defining a voltage-neutral
plane (VNP) between them. Moreover, the cable (100) comprises
at least one set (140) of single-ended wires (Sl 1, S12; S21, S22;
S31, S32) that is arranged symmetrically with respect to said
voltage-neutral plane (VNP). Optionally a core wire (110) may be
used for providing mechanical stability and additional electrical
functionality. Electromagnetic disturbances from the differential
wires to the single-ended wires (and vice versa) are minimized due
to the particular arrangement of wires.
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A CABLE FOR MEDICAL INSTRUMENTS

FIELD OF THE INVENTION

The invention relates to an electrical cable assembly and a method for
exchanging communication signals between two devices, particularly between devices
connected by a catheter or guide-wire, and to amedical system comprising such a cable

assembly.

BACKGROUND OF THE INVENTION
The WO 201 1/092202 A discloses a cable assembly for a guide-wire,
wherein a core metal wire of said guide-wire is actively used when transferring sensor

signals.

SUMMARY OF THE INVENTION

It is an object of the invention to provide means that allow for an improved
communication between two devices, particularly devicesthat are connected by a catheter or
aguide-wire in which only little space is available for electrical wires.

This object is achieved by an electrical cable assembly according to claim 1, a
method according to claim 2, and amedical system according to claim 15. Preferred
embodiments are disclosed in the dependent claims.

According to afirst aspect, the invention relates to an electrical cable assembly
for exchanging communication signals between two devices, for example between a sensor
and a data processing unit. It should be noted that the "exchange" of communication signals
shall comprise the cases of both unidirectional and bidirectional communication. The
electrical cable assembly comprises the following components:

a) At least one pair of wires, i.e. of electrically conductive (typically
metal) lines. Asthese wires are intended for being supplied with opposite voltages, they will
in the following be called "differential wires" for purposes of reference. Moreover, the two
differential wires define a "voltage-neutral plane" between them, which isby definition the
plane in which voltage becomes (approximately) zero when the two differential wires are

supplied with opposite voltages (provided there are no or only negligible electrical potentials
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in the surroundings). For example, in case of two identical differential wires that are arranged
in amirror-symmetric way, the voltage-neutral plane coincides with said symmetry plane.

b) At least one set of wires that has a configuration which is symmetrical
with respect to the aforementioned voltage-neutral plane. With reference to their intended
mode of operation, the wires of this set will in the following be called "single-ended wires'
for purposes of reference. The set may comprisejust one or (preferably) two or more such
single-ended wires.

In this context, a "symmetrical configuration of a set of wires' isto be
understood in such a sense that characteristic points of each wire, for example their center
lines, are arranged in geometrical symmetry. In general, it is however not necessary that the
complete wires themselves are symmetric geometrical objects (they may for example have
different cross sections), though this will preferably bethe case.

It should further be noted that "voltages' are defined as the difference between
electrical potentials at two different points. The above statements about voltages (e.g. applied
to awire, or in the voltage-neutral plane) therefore implicitly assume that said voltages are
determined with respect to some (common) reference potential, which istypically called
"ground" and has, by this definition, zero voltage.

Moreover, the (geometrical position of the) "voltage-neutral plane" is defined
with respect to atheoretical situation in which only the two differential wires - and no other
components - are supplied with voltages, namely opposite voltages. Once defined, the
voltage-neutral plane remains the same even if other voltages are applied to the differential
wires and/or if voltages are applied to other components (e.g. the single-ended wires), though
the actual voltage in the voltage-neutral plane will then in general no longer be zero.

The cable assembly will typically comprise additional components, for
example an outer insulation or housing, an insulation separating the wires from each other
and the like. Moreover, the mentioned (differential and single-ended) wires will typically run
parallel to each other along the axis of the cable assembly.

According to a second aspect, the invention relates to amethod for exchanging
communication signals between two devicesvia an electrical cable assembly. The method
comprises the following steps, which may be executed in the listed or any other appropriate
order:

a) Supplying (typically high frequency / HF) opposite signal voltages to

two "differential wires'. As above, the two differential wires define avoltage-neutral plane
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between them as the plane in which voltage is approximately zero when only the two
differential wires are supplied with opposite voltages.

b) Supplying a further signal voltage to a "single-ended wire set" that
has a symmetrical configuration with respect to the aforementioned voltage-neutral plane.

The electrical cable assembly and the method are different realizations of the
same inventive concept, i.e. the arrangement of wires symmetrical to avoltage-neutral plane.
Explanations and definitions provided for one of these realizations are therefore valid for the
other realization, too.

The cable assembly and the method defined above have the advantage that
they allow for arobust communication between two devices even if the wires inside the
connecting cable assembly have to be arranged close to each other. Thisisbecause
differential wires are provided viawhich high-speed signals can betransmitted in a
differential operation, and additional single-ended wires are provided for low-speed
communication via single-ended signals. Electromagnetic disturbances caused by the high-
speed differential signals may affect the adjacent single-ended wires. However, due to an
arrangement symmetrical with respect to the voltage-neutral plane of the high-speed signals,
these disturbances will on the whole compensate each other in the single-ended wires.

The invention further relates to amedical system comprising afirst device and
asecond device that are connected by an electrical cable assembly of the kind described
above, thus allowing for an exchange of communication signals according to the above
method. The medical system may particularly comprise a catheter or aguide-wire into which
said cable assembly isintegrated. Thisisparticularly advantageous asthere is an increasing
demand for a communication with sensors or actuators &t the tip of a catheter or aguide-wire,
while the space available for wires, on the other hand, istightly limited.

In the following, various preferred embodiments of the invention will be
disclosed that can berealized in combination with the electrical cable assembly, the method,
and the medical system defined above.

According to one preferred embodiment, a DC common mode voltage is
supplied to the differential wires additionally to the above mentioned opposite signal
voltages. If the opposite signal voltages are for example (+V1) and (-V1) and said DC
common mode voltage is (V0), then the effective voltage on one differential wire will be
(VO+V1) and on the other differential wire (V0-V1). The resulting voltage in the voltage-
neutral plane will in this case be equal to (VO) if no voltage is applied to any other
component around. If there ismore than one pair of differential wires, each pair may
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independently be supplied with another common mode voltage. Furthermore, the common
mode voltage may optionaly be alow-frequency signal (e.g. with afrequency lower than
about 5 MHz). Thisway, extra signals e.g. for control can be multiplexed on the differential
pair.

The single-ended wires shall have a configuration that is symmetrical with
respect to the voltage-neutral plane. This may comprise one or more single-ended wires lying
in the voltage-neutral plane itself (thus being symmetrical to themselves). According to a
preferred embodiment, there is a least one pair of single-ended wires comprising afirst
single-ended wire running outside the voltage-neutral plane and a second single-ended wire
that is disposed on the opposite side of the voltage-neutral plane a amirror-symmetric
position with respect to said first wire. The two single-ended wires of the aforementioned
pair can then commonly beused to convey a single voltage signa (i.e. the same voltage is
applied to both wires a an input end of the cable assembly). Thisis favorable because
possible disturbances by differential signals on the differential wires will compensate each
other due to the particular symmetrical arrangement of the two single-ended wires.

The at least one pair of differential wires, the at least one set of single-ended
wires, and/or one or more wires of this pair or set, respectively, may optionally be surrounded
by an electrical shielding. This helps to reduce cross talk between the various wires.

According to another preferred embodiment of the invention, the cable
assembly comprises a"core wire" that provides mechanical stability to the cable assembly.
The core wire will typically be ametal wire, for example from stainless-steel, though other
electrically conductive or non-conductive materials are possible, too. Asits name indicates,
the "core wire" ispreferably disposed a some central position within the cable assembly.

The aforementioned core wire is preferably arranged in the voltage-neutral
plane defined by the pair of differential wires. Electromagnetic disturbances in the core wire
(if electrically conductive) can then be minimized.

The core wire may optionally be electrically connected to at least one other
wire of the cable assembly and/or to a shielding of the cable assembly. If the core wireis
electrically conductive, it can hence - additionally to its mechanical function - fulfill an
electrical function, for example conveying a common reference voltage ("ground").

In another embodiment, the core wire may have anon-circular cross section
(said cross section lying by definition in aplane perpendicular to the axis of the cable

assembly). The cross section may for example be polygonal. A non-circular cross section has
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the advantage that it helpsto arrange and fix other components of the cable assembly a
definite locations.

The cable assembly may optionally comprise more than one pair of differential
wiresto allow for the transfer of aplurality of (differential) signals. In this case, the voltage-
neutral planes associated to each pair of differential wires will preferably overlap (i.e. al
pairs of differential wires have the same voltage-neutral plane).

The aforementioned two or more pairs of differential wires are preferably
arranged a amaximal distance with respect to each other, wherein the possible maximum is
of course limited by the given size of the cable assembly. Arranging pairs of differential
wires as far away from each other as possible has the advantage that mutual crosstalk is
minimized.

When two or more pairs of differential wires are provided, the above
mentioned core wire is preferably arranged between them, thus providing an additional
shielding against cross talk.

According to apreferred embodiment, the cable assembly is geometrically
symmetric with respect to the voltage-neutral plane defined by the pair of differential wires.
This means that the geometrical shape and arrangement of all components of the cable
assembly (differential wires, single-ended wires, shieldings, insulation material etc.) is
symmetric. Accordingly, the geometrical symmetry comprises both the general arrangement
of wire-centers aswell asthe cross sections of the wires. Additionally, the symmetry may
comprise aso the materials of the respective components. Thus an optimal balance with
respect to the voltage-neutral plane can be achieved which helps to minimize the overall
effects of electromagnetic disturbances from (and on) the differential wires.

The opposite voltage signals (e.g. (+V1) and (-V1)) that are supplied to the
differential wires and/or the further signal voltages that are supplied to the single-ended wires
aretypically AC signals (i.e. the sign of VI changes repetitively). More particularly, the
opposite voltages signals on the differential wires are preferably high-speed signals with a
frequency higher than about 20 MHz. The further signal voltages on the single-ended wires
are preferably low-speed signals with afrequency lower than about 5 MHz. Thus optimal
ranges for the respective signals can be exploited.

BRIEF DESCRIPTION OF THE DRAWINGS
These and other aspects of the invention will be apparent from and elucidated
with reference to the embodiments described hereinafter.
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In the drawings:

Fig. 1schematically shows the application of a cable assembly in amedical
system,

Fig. 2 shows a cross section through a conventional coax cable assembly;

Fig. 3 shows aside view of an unshielded twisted pair of wires;

Fig. 4 shows a schematic cross section through a guide-wire comprising a
cable assembly according to the invention;

Fig. 5 shows a cross section through an alternative cable assembly according
to the invention in which the core wire has anoncircular cross-section;

Fig. 6 illustrates the electrical field (Ieft), the magnetic flux (middle), and the
induced current density (right) simulated for a cable assembly according to the invention
when a differential current with afrequency of 5 MHz is driven through the top pair of the
differential wires,

Fig. 7 illustrates the electrical field (Ieft), the magnetic flux (middle), and the
induced current density (right) simulated for a cable assembly according to the invention
when a differential current with afrequency of 100 MHz is driven through the top pair of
differential wires,

Fig. 8illustrates the electrical field (Ieft), the magnetic flux (middle), and the
induced current density (right) simulated for a cable assembly according to the invention
when asingle ended current with afrequency of 5 MHz is driven through one pair of the
single-ended wires.

Like reference numbers or numbers differing by integer multiples of 100 refer

in the Figures to identical or similar components.

DETAILED DESCRIPTION OF EMBODIMENTS

Diagnosis and treatment in minimally invasive healthcare procedures may be
improved by integrating imaging and sensing devices at the tip of interventional instruments -
such as catheters and guide-wires. However, the very limited size of these instruments poses
an important challenge in integrating the required functionality. Micro-machining (MEMYS)
sensors can be integrated with ASIC technology and enable advanced imaging and/or sensing
functionality in avery small area. The related trend isthat an increasing amount of data needs
to betransferred from the tip of the instrument to the external equipment.

Figure 1 schematically shows the use of a cable assembly 100, running for

example through a catheter or a guide-wire, for the communication between devices 1 at the
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tip (in-vivo) and external equipment 2 (ex-vivo). This interconnect has to transfer the signals
in an effective way, which basically means: requiring little hardware at the tip, alow number
of (miniaturized) wires, while maintaining signal integrity. A low wire-count isimportant due
to the limited space available to route the wires. A typical size of the inner diameter of a
guide-wire is about 260 uin. This also restricts the area for in-vivo functionality.

Hence there isaneed for ahigh-speed electrical cable assembly that is
optimized for usage in a standard guide-wire. The assembly typicaly has alength of 2 meters
and adiameter of about 250 uin. Due to the frequencies involved (e.g. 10 MHz - 500 MHz),
the cable characteristics will be determined by transmission line effects. Cable losses are
dominated by wiring resistances which are high due to the small diameter and the long
length, while frequency dependent losses (skin- and proximity- effect) worsen the situation
for high frequencies.

Figure 2 shows a cross-section of astandard coax cable assembly 10 asit is
used in standard transmission lines. Typically, the signal current flows through the
conducting core 11while the return current (and no other current!) flows via the shield 13,
which are separated by an insulation 12. The final layer of the coax cable assembly is anon-
conducting sheath 14 which prevents an electric current path between the shield and external
components.

If the shielding is sufficiently thick, the generated electromagnetic (EM) field
can be captured inside the coax cable assembly 10, and no EM field is generated outside the
cable assembly. The characteristic impedance of the coax is determined by the dielectric
constant of the dielectric medium (SR) and the dimensions of core and dielectric medium, in

formula:

-2 422
2\&x D1

with D1 being the diameter of the core 11, D2 the inner diameter of the shield 13.
The diameter DI of the core 11 and the electrical resistivity (p) of the used
material determine the core series resistance. In case of a copper core with a diameter of

DI = 30 uin, the low-frequency core resistance R is given by:
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m|——~ L[m]-24Q
%-D D1 [,um]

Due to the skin effect, the effective series resistance increases a high
frequencies. At 125 MHz, the series resistance has doubled, and a 500 MHz the series
resistance is about four times higher than at DC.

The signal attenuation of the coax cable assembly 10 isrelated to the ratio of
the above characteristic impedance (Z;) and the core losses (R). The presented formulas show
that miniaturization of coax cables results into degradation of electrical performance.
Furthermore, the electrical performance of a coax cable assembly is determined by the
quality of the shield (13). The series resistance Rs of the conductive shield must be much
smaller than the characteristic impedance of the cable (Rs«  Z) to avoid attenuation of the
signal. Furthermore, voltage drop over the shield which causes electromagnetic radiation
outside the coax cable assembly is avoided. In case of aminiaturized cable assembly, the
diameter D2 is small and therefore the thickness of the shield should berelatively high. Asa
rule of thumb, the shield must have athickness larger than 33 with & being the skin depth of
the material (36 = 20 wn for copper a afrequency of 100 MHz) to be effective in blocking
an electromagnetic field; this holds for both external and internal EM fields.

Figure 3 shows a side view of an unshielded (twisted) pair 20 of wires 21, 21'
surrounded by an insulation 22, 22'. Typically unshielded twisted pairs are used to transfer
differential signals, i.e. both wires 21, 2I" transfer identical signals but with inverse polarity.
Therefore the net common-mode current is zero, and no net current is flowing into aground
or other return node.

Due to the usage of differential signals over closely aligned wires, the overall
electromagnetic radiation (EMI) generated by the cable assembly 20 isrelatively low and the
cable assembly has amoderate susceptibility to external electromagnetic radiation (EMS).
Twisting the wires can improve the EMI and EMS performance considerably.

The characteristic impedance of apair of two parallel conducting wiresin an
infinitely large and homogeneous dielectric medium is determined by the dielectric
constant ¢r of the dielectric medium, the radius r of the conducting wires, and the distance D
between the wires:

72 (2]

'\ISR r
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The characteristic impedance of atwisted pair typically is higher than the
characteristic impedance of acoax, which has advantages when miniaturizing. However, it is
important to realize that the formula assumes a fixed dielectric medium around the two core
wires. When used inside a guide-wire, this is not the case; the (twisted) pair will be
surrounded with other conductive wires. Furthermore, the cable assembly could be
surrounded by air (SR = 1) or by water (SR = 80) or by amix of the two. The guide-wire
surrounding the cable assembly could be made from a conductive material (e.g. stainless
steel) or by anon-conductive material. These dependencies cause that the twisted pair will
have different impedance characteristics depending on its environment, which makes an
un-shielded cable assembly difficult to use for transfer of high-frequency signalsin guide-
wires.

In view of the above background, it was the object of the present invention to
provide an electrical high-speed cable assembly that can be used in a standard guide-wire. A
particular problem in this application isthat the available space to route wires inside a guide-
wireisvery limited. The inner diameter of the guide-wire typically may be about 260 pun,
wherein an important part of this areais already occupied by a steel core wire which isplaced
inside the guide-wire to give it its mechanical properties.

The solution proposed by the present invention comprises an electrical high-
speed cable assembly that can be used in a standard guide-wire, which integrates the stainless
steel core wire such that it contributes to the electrical functionality of the assembly.
Furthermore, the cable assembly combines high-speed differential signal wires and low-
frequency single-ended signaling wires in such away that electromagnetic cross talk of both
types of signal wires has little influence on the performance of the other. This means that
signal integrity can be maintained, even if the wires are gathered in avery small area. This
way the limited space available in aguide-wire (or small catheter) is used in an optimal way.

Figure 4 shows a cross-section through an embodiment of the proposed cable
assembly 100 when being located within the tube 6 of a guide wire 5. The exterior
diameter D of the guide wire tube may for example be about 350 pin, its inner diameter Di
about 260 in. The diameter of the cable assembly 100 is such that it can be placed inside the
(standard) guide-wire tube 5.

The electrical cable assembly 100 comprises the following components:

- A first pair 120 of "differential wires' (D1+) and (D1-) that each are
embedded in an insulation 121 (low K dielectric material) and surrounded by an electrically
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conductive shielding 122, for example agold plating. The dielectric constant of the
insulation 121 must be low to maximize the characteristic impedance of the differential
wires. The two differential wires define a "voltage-neutral plane" VNP asthe plane in which
voltage becomes zero if both wires (D1+) and (D1-) are supplied with HF-voltages of
opposite polarity. Asthe differential wires (D1+) and (D1-) are identical in geometry and
material, the voltage-neutral plane VNP corresponds to the symmetry plane in the shown
case.

- A second pair 130 of differential wires (D2+) and (D2-) that are
insulated and shielded asthe first pair. The second wires (D2+) and (D2-) are arranged such
that their voltage-neutral plane coincides with the aforementioned voltage-neutral
plane VNP.

- A first pair 140 of "single-ended wires' Sl 1and S12 that are disposed
symmetrically with respect to the voltage-neutral plane VNP.

- A second pair of "single-ended wires' S21and S22 that are disposed
symmetrically with respect to the voltage-neutral plane VNP.

- A third pair of "single-ended wires' S31and S32 that are disposed
symmetrically with respect to the voltage-neutral plane VNP.

- An insulation 171 embedding the first single-ended wires Sl 1, S21,
531 of the aforementioned pairs and a shielding 172surrounding them. This shielding is
preferred but not absolutely required.

- An insulation embedding the second single-ended wires S12, S22,
532 of the aforementioned pairs and an optional shielding surrounding them.

- A (stainless) steel, preferably with alow magnetic permeability, core
wire 110 with acircular cross-section to aid the desired mechanical properties of the
guide-wire such as uniform bendability, axial stiffness, and torqueability.

- A filler material 101 providing an insulating sheath which prevents
electrical current to flow outside the assembly and inside the human body.

The high degree of symmetry of the described cable assembly 100 is
beneficial for the uniformity of its bending behavior and beneficial for electromagnetic
characteristics.

It should be noted that the geometrical position of the voltage-neutral plane
VNP is defined as the plane in which voltage becomes zero if both differential wires (D1+)
and (D1-) are supplied with voltages of opposite polarity and no other component is

connected to any voltage. If common mode signals (DC or LF) are however applied to the
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differential wires and/or if single-ended signals (DC or LF) are provided to the single-ended
wires and/or to the core wire, this potential may impact the potential of the voltage-neutral
plane VPN aswell asthe potential of the environment. In general, the voltage in the voltage-
neutral plane VPN will then no longer be zero (which isno contradiction because the
conditions no longer correspond to those of the definition of the voltage-neutral plane).
However, due to the symmetry of the wire positions (differential and single-ended), the
potential change on aposition (x,y) will bethe same asthe potential change on the mirrored
position (-x,y), where x = O isthe position of the voltage-neutral plane VPN. Asthe wires of
adifferential pair are located a some position (-x,,dy) and (x,,d,y), this potential change will
not impact the differential signal. Something similar holds for the pairs of single-ended wires.
Due to symmetry, the combined wires will not suffer from the signals on the differential
wires (single-ended wires could however disturb other single-ended wires, that iswhy it is
preferred to limit signals on these wires to DC and LF signals).

The core wire 110 has been integrated in the assembly and has atriple
function: It gives the guide-wire its required mechanical properties, it provides the electrical
connection of the shielding, and it smplifies correct alignment of the signal wires. In
particular, the steel core connection serves as the common reference (e.g. ground GND).

As described above, the assembly typically is equipped with two pairs 120,
130 of "high-speed differential wires' (D1+, D1-; D2+, D2-) that are optimized to transfer
high-speed differential signals, and with anumber of "low-speed single-ended wires' (S11,
S12; S21, S22; S31, S32) that are used in pairs and use single-ended signaling.

The two high-speed differential wire pairs 120, 130 are placed parallel to each
other a amaximum distance to minimize crosstalk. The low-frequency signal wires (S 1,
S12; S21, S22; S31, S32) and the core wire 110 are physically placed between the high-speed
differential wire pairs and contribute to the shielding of the EM-fields of the high-frequency
signals.

If, and as, the low-frequency wires (Sl 1, S12; S21, S22; S31, S32) contribute
to the shielding, eddy currents are induced in the low-frequency signal wires. By combining
two low-speed signal wires that induce equal magnitude but opposite sign EM currents (e.g.
Sl land S12; S21 and S22; S31 and S32), the net EM energy in the paired wires will be close
to zero. This means that external circuits that are connected to the (paired) signal wires will

experience little EM interference, thus maintaining the signal integrity.
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Eddy currents that are introduced in the steel core automatically do have anet
value of zero dueto the location of the steel relative to the high-speed and low-speed signal
wires.

The cancellation of EM energy also works the other way around: in case the
paired low-frequency signal wires (Sl 1, S12; S21, S22; S31, S32) generate EM energy
(which isless likely), this will have little impact on the quality of the differential high-
frequency signals in the differential wires (D1+, D1-; D2+, D2-) asthis energy will result in
common-mode interference only.

The high-frequency differential wires (D1+, D1-; D2+, D2-) are equipped with
ahighly conductive coax-like shielding 122. The low-speed single-ended wires (Sl 1, S12;
S21, S22; S31, S32) are collected in groups and are potentially given ashield 172 aswell.
Because of the described cancellation of EM energy, it ispossible to connect all conducting
shields 122, 172 to one signa node, for example the core wire 110. This minimizes the area
consumed by the cable assembly.

The in-vivo functionality at the tip of the guide-wire or catheter typically
comprises mainly sensors and actuators integrated with the driving and/or read-out
electronics, gathered in one or more ASICs. Due to the limited area, there islittle space
available to do extensive supply decoupling. Therefore, it is attractive to choose differential
circuit topologies that avoid signal dependent currents in supply and ground and therefore
avoid high-frequency disturbance of the local supplies.

Due to the mechanical distance between in-vivo and ex-vivo functionality in
relation to the used signal frequencies, the cable characteristics are determined by
transmission line effects. To guarantee the required differential behavior, it isimportant that
both signal wires of apair "see" the same environment and therefore identical characteristic
impedance. Furthermore, it isimportant that both signal wires equally suffer from potential
electromagnetic disturbances. This requires a strong symmetry in the cable assembly, which
is for example provided by the described embodiment of the cable assembly 100.

In the cable assembly embodiment of Figure 4, the shape of the core wire 110
isround. Figure 5 shows across section through a second embodiment of a cable
assembly 200 in which the steel core wire 210 has been given a (here polygonal) pre-shape to
ease the alignment of the signal wires. A pre-shape can for example berealized by roll
forming or grinding. Another difference of the cable assembly 200 isthat the two wires in

each pair 220, 230 of differential wires are surrounded by a common shielding 222.
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The described cable assemblies 100, 200 allow transfer of two high-speed
signals using differential signaling. In comparison with standard coax-cables, the assembly
uses thin shields, mutually and through the core wire connected to the in-vivo and ex-vivo
devices. Asthe individua shields are shorted to the core wire, there isno need to connect the
individual shields to external components and it is possible to realize the shield with e.g. gold
or copper plating.

The two differential wires of ahigh-speed pair (120, 130; 220, 230) may be
placed in asingle shield 222 (Figure 5) or may be given two shields 122 (Figure 4). Using a
single shield may be beneficial from an area point of view; using a shield between the wires
may give better defined characteristic impedance due to abetter controlled distance between
the two wires and between the wires and the shield.

Choosing the thickness of the shields is compromising between EM
characteristics and area. A reasonable thickness could be 5-10 wn (= 1-2 8, with & being the
skin depth of copper) if used at asignal frequency > 100 MHz. This thickness gives the
signal wires defined characteristic impedance and reduces the EM radiation outside the shield
to some extent. It should be noted that using differential signaling already reduces the net EM
field considerably.

In the application, the non-ferromagnetic stainless steel core wire 110, 210 has
agalvanic connection to an electrical common voltage node (e.g. ground). Though stainless
steel has arelative high electrical resistivity, the overall resistance of the connection is
relatively low due to the high conductivity of the shorted shields. Furthermore, the net current
flowing through the core wire islow due to the differential behavior of the high-speed
signals.

The cable assemblies 100, 200 integrate a number of low-frequency single-
ended wires (Sl 1, S12; S21, S22; S31, S32) to transfer low-frequency signals such as power
supplies or bias voltages. In the shown embodiments, there are three single-ended low-
frequency signal pairs. The core diameter of these single-ended wires (Sl 1, S12; S21, S22,
S31, S32) will potentially be somewhat larger to reduce series resistance to be able to drive
larger (supply) currents. The distance between the low-frequency single-ended wires and the
characteristics of the insulating medium is less critical dueto their low-frequency nature.

Figures 6-8 show results of simulations for the proposed cable assembly 100
(Figure 4).

Each Figure shows the electrical field (left diagram, surface plot), the magnetic flux (center

diagram, contour plot), and induced current density (right diagram, surface plot). The
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dimensions of the used structures result in a cable assembly with adiameter of 252 wn. The
shielding layers (thickness 6 pin) aswell asthe signal wires were assumed to be made out of
copper, the centre core wire to be made out of non-ferromagnetic steel. The simulation
assumes an infinitely long cable assembly with currents flowing in a direction perpendicular
to the drawing plane.

In the first smulation shown in Figure 6, the pair of upper differential wires
(D1+, DI- in Figure 4) is driven with adifferential current with afrequency of 5 MHz. No
externa current is driven towards the remaining structures.

In the second simulation shown in Figure 7, the pair of upper differential wires
(D1+, DI- in Figure 4) is driven with adifferential current with afrequency of 100 MHz. No
external current is driven towards the remaining structures.

In the third simulation shown in Figure 8, a current is driven to apair of low-
frequency single-ended wires (here the pair 140 of wires Sl 1and S21 of Figure 4). The
simulation isrun for asignal with afrequency of 5 MHz, which is considered to bethe
highest frequency potentialy used on asingle-ended wire.

It should be noted that the electromagnetic behavior of the cable assembly is
simplified in the simulations by assuming that currents will flow in the direction
perpendicular to the drawing plane only (i.e. aong the cable axis).

Figure 6 shows that a medium-frequency (5 MHz) electromagnetic field (EM
field) can penetrate through the thin shield. The Figure also shows that induction currents are
generated in the low-frequency single-ended wires, which indicates that these wires
contribute to EM shielding and prevent that the EM field reaches the second high-speed
differential wire pair.

Asthe low-frequency single-ended wires are used in pairs - apair is formed
by two wires that are located axial-symmetrical with respect to the electrically neutral
line VPN -, the induced currents have the same magnitude but opposite phase. This means
that the net EM disturbance on the paired connection is minimized. Phrased differently, the
induced current will flow around in the cable and will not leave the cable and therefore will
not interfere with the external components and currents.

From Figure 6 it isvisible that the EM-field can penetrate the shield, which
means that for these (relatively low) frequencies, the characteristic impedance isnot defined
very well and changes with the environment the cable assembly is being used in (e.g. water
instead of air).
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When used at ahigher signal frequency (e.g. 100 MHz as shown in Figure 7),
the shield ismore effective, which means that the characteristic impedance of the high-speed
differential wire pair is better defined and is less sensitive to environmental changes (e.g.
usage in water versus air). This means that the cable assembly probably isbest used a high
data-rates and signal frequencies.

Figure 8 showsthe results of asimulation that drives single-ended signaling
current through alow-frequency single-ended wire pair (return current flows viathe core-
wire). The EM field penetrates through the thin shield and is capable of reaching the
differential wire pairs. However, dueto the location of the single-ended wires pair relative to
differential wires pair, the EM energy only will result in common-mode energy which will
hardly impact the differential signaling of the cable assembly.

It should be noted that the high-speed differential wire pairs remain sensitive
to interference from low-to-medium frequency external EM-fields. By using the two high
speed differential pairs (120, 130 in Figure 4) in anti-parallel, an important part of the
interference can be cancelled.

In summary, the invention presents an electrical high-speed cable assembly
that is optimized for usage in guide-wires. The assembly integrates a steel core wireto give
the guide-wire the required mechanical properties. In the proposed assembly this core wire
serves multiple purposes; next to the mechanical function, it also contributes to the electrical
functionality of the cable assembly and it assists proper alignment of the signal wires.
Furthermore, the cable assembly combines high-speed differential signal wires and low-
frequency single-ended signaling wires in such away that electromagnetic (EM) cross talk of
both types of signal wires has little influence on the performance of the other. This means
that signal integrity can be maintained. The invention is especialy useful in communication
links with minimally invasive instrumentation, e.g. ultrasound imaging or in-body sensors
(flow, pressure, temperature) from a guide-wire.

While the invention has been illustrated and described in detail in the drawings
and foregoing description, such illustration and description are to be considered illustrative or
exemplary and not restrictive; the invention isnot limited to the disclosed embodiments.
Other variations to the disclosed embodiments can be understood and effected by those
skilled in the art in practicing the claimed invention, from a study of the drawings, the
disclosure, and the appended claims. In the claims, the word "comprising” does not exclude
other elements or steps, and the indefinite article "a" or "an" does not exclude aplurality. The
mere fact that certain measures are recited in mutually different dependent claims does not
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indicate that a combination of these measures cannot be used to advantage. Any reference

signs in the claims should not be construed as limiting the scope.
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CLAIMS:

1 An electrical cable assembly (100, 200) for exchanging communication
signals between two devices (1, 2), comprising:

a) a least one pair (120, 130, 220, 230) of "differential wires" (D1+,
D1-, D2+, D2-) which define avoltage-neutral plane (VNP) between them asthe plane in
which voltage is approximately zero when only the differential wires are supplied with
opposite voltages;

b) a least one set (140, 240) of "single-ended wires' (Sl 1, SI2; S21,
S22; S31, S32) having a configuration that is symmetrical with respect to the voltage-neutral
plane (VNP).

2. A method for exchanging via an electrical cable assembly (100, 200)
communication signals between two devices (1, 2), said method comprising the following
steps:

a) supplying opposite signal voltages to two "differential wires' (D1+,
D1-, D2+, D2-) which define avoltage-neutral plane (VNP) between them asthe plane in
which voltage is approximately zero when only the differential wires are supplied with
opposite voltages;

b) supplying afurther signal voltage to a set (140, 240) of "single-ended
wires' (Sl 1, S12; S21, S22; S31, S32) that has a symmetrical configuration with respect to
the aforementioned voltage-neutral plane (VNP).

3. The method according to claim 2,
characterized in that a DC common mode voltage is additionally supplied to
the differential wires (D1+, D1-, D2+, D2-).

4. The electrical cable assembly (100, 200) according to claim 1,

characterized in that the set (140, 240) of single-ended wires comprises a pair
of single-ended wires (Sl 1, S12; S21, S22; S31, S32) that are arranged symmetrically with
respect to the voltage-neutral plane (VNP).
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5. The electrical cable assembly (100, 200) according to claim 1,

characterized in that the pair (120, 130, 220, 230) of differential wires (D1+,
D1-, D2+, D2-), the set (140, 240) of single-ended wires (Sl |, S12; S21, S22; S31, S32),
and/or wires thereof are surrounded by an electrical shielding (122, 172, 222).

6. The electrical cable assembly (100, 200) according to claim 1,
characterized in that the cable assembly (100, 200) comprises a core wire (110,
210) that provides mechanical stability.

7. The electrical cable assembly (100, 200) to claim 6,

characterized in that the core wire (110, 210) is arranged in the voltage-neutral
plane (VNP).
8. The electrical cable assembly (100, 200) according to claim 6,

characterized in that the core wire (110, 210) is electrically connected to at
least one other wire and/or to ashielding (122, 172, 222) of the cable assembly (100, 200).

9. The electrical cable assembly (200) according to claim 6,

characterized in that the core wire (210) has anoncircular cross-section.

10. The electrical cable assembly (100, 200) according to claim 1,

characterized in that the cable assembly (100, 200) comprises &t least two
pairs (120, 130) of differential wires (D1+, D1-, D2+, D2-), said pairs having the same
voltage-neutral planes (VNP).

11. The electrical cable assembly (100, 200) according to claim 10,
characterized in that said pairs (120, 130) are arranged at amaximal distance

with respect to each other.

12. The electrical cable assembly (100, 200) according to claim 6 and 10,
characterized in that the core wire (110, 210) is arranged between said
pairs (120, 130) of differential wires (D1+, D1-, D2+, D2-).
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13. The electrical cable assembly (100, 200) according to claim 1,
characterized in that the cable assembly (100, 200) is geometrically symmetric
with respect to the voltage-neutral plane (VNP).

14. The method according to claim 2,

characterized in that the opposite voltage signals supplied to the differential
wires (D1+, D1-, D2+, D2-) and/or the further signal voltage supplied to the single-ended
wires (Sl 1, S12; S21, S22; S31, S32) are AC signals, preferably with a frequency higher than
about 20 MHz or lower than about 5 MHz, respectively.

15. A medical system, preferably a system comprising a catheter or a
guide-wire (5), said system comprising afirst device (1) and a second device (2) that are

connected by an electrical cable assembly (100, 200) according to claim 1.
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