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(54) Title of the Invention: Electrosurgical Instrument

Abstract Title: Electrosurgical delivery of microwave energy direct to tissue via an exposed coaxial cable
end, with impedance matching to avoid reflected energy losses.

(57) An electrosurgical instrument 1 for delivering microwave energy into a biological tissue 21 at a predetermined
operating frequency. The instrument comprises a first coaxial transmission line 3 and a second coaxial
transmission-line 5. Distal end of the first transmission-line is connected the proximal end of the second
transmission-line. The second transmission-line has a length and a characteristic impedance configured to match
the impedance of the first transmission-line to a load impedance at the distal end of the second transmission-line
when it is in contact with the tissue at the operating frequency. The second inner and outer conductors may be
exposed at the proximal end face of the second coaxial transmission-line for tissue contact. There may be a third

coaxial transmission-line 33,fig.11, with its distal end connected to the proximal end of the second transmission-line
and its proximal end for contact with the tissue, where the third transmission-line’s characteristic impedance may be
the same as that of the second transmission-line and where the third transmission-line length may be such that it
cancels out a reactive part of the tissue’s characteristic impedance, where the instrument may also have an open or
short circuited stub across the third transmission-line. Possible use for coagulation.
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FIG. 1

At least one drawing originally filed was informal and the print reproduced here is taken from a later filed formal copy.
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ELECTROSURGICAL INSTRUMENT

The present invention relates to an electrosurgical
instyument for delivering nmigrowave frequency energy into
tisgue in contact with the dinstrumsnt. The present invenbdon
alen relates to a method of wmarufacturing such an lnstrument.

A prizciple dse of the eledtroestrgical instrunerit may he
for haemostasis, in which case the device may be used to pre-
coagulate vessels or Lo cosgulates vessels once & blged has
ooeurred. The device nmay be mainly intended for use in the GI
tract, but may alsc, or altexnatively, be used in other parts
of the body. The device may also, or alternatively, be usad
to ablate lesions, and nayv be particularly useful for ablation
of leaions that are on the surface of an organ.

Blectrosurgical ingtruments are instruments that ave used
to deliver microwave Treguency slectromagneble energy te
biological tissue, for purposes such as cutting., coagulating
or ablating the tissue.

Coagulation of biclogical tissus is useful during suzgery
primarily to stop bleeding from the tilssue (haswmostasis), for
axauple after the issus has besn cut Wuying surgsry.

Ablation ¢f tissus is usgefnl during surgery to remove/destioy
tigsue, for example tumours or lesions.

Electrosurgical instruments that can be ussd to deliver

4

microwave freguency enevgy into biclogilesl tissue for these

- N

purposes are kpown and have been used in surgical procedures

D

in the past. However, the present inventors have realised
that existing slectrosurgical instruments that: can deldver
nicrowave f[reguency energy into tissue cannot be easily ussd
to provide controlled delivery of nicrowave energy into tissue
in a localised aves, which would be ussful in many surgicsl
gituations, for example when goagulating vessels or ablating

small bumours oy lasiong in the gastrointestinal (1) tract.
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The inventors have realised that there lg a nesd for an
slectrosurglieal instrument that can be used to provide

controlled delivery of microwave frequerncy engrgy into tissue
in contact with the instrument in a lovalised wmannsr, for
axanple for the purpcses of dodgulating the tissue or ablating
a smail area of the tissus, for example in the
gastrointeatinal (31 “tragty

The inventors have rsallsed that an advantageous way Lo
achieve controlled delivery of microwave freguency senergy into

a logalised arsa of tlssue would be te coupls microwave

fraquency elécuyomagnetie eneygy divectly to the tiesue fyrom

e

supoesd end of a coaxial transmissicon line (e.g. a coaxial
cable}

by presging the exposed end of the cogxial transwisgion
line agasinst the tissue. The inventors have vealised that
snergy delivered into tissue dn this manner would be localised
in an axea of the tisgue that ig adjacent the exposed end of
the ceaxial transmission line and symmetriesal areund a centeal

axis of thHe dcoaxial tiansmigsion line. &Such localisged

tood

delivery of microwave freguensy ensrgy into the tissus oould
snerate controlled coagulation of the tigsue in this
lncalised grea, or localiged ablation, Lor example.

However, the inventors have realised that biologleal
tissus in contact with arn exposed end of a coaxial
transmisgion line would present a low impedance to the
microwave freguency energy raelative to the iwmpedance of the

paxial transwmission line {(for example 1/6 of the impedance of

@]

Hé ¢oaxial transmisgion line), and that there would theresfors

ot

¢ a significant iwmpedance mismatch bstween the coaxial

oy

cramsmigsicn ling and the biological tigsue. 2uch an

4

:

impedance wmismatch would lead to reflection of a significant

proportion of the wigrowave freguency energy at the interiace

between the coaxial btransnission lipe and the tissue, which
would limit the efficiency of the instrument and may prevent
sufficient microwave energy from being delivered to the

rigsue.
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The ilwventorsg have yrealized that this inpedance mismatah
problem can be overcome by providing an lmpedance transformer
at the distal end of the cgaxial transwmission line In oxder to

better match the impedance of the coaxial transmission line o

=

the impadéanes of the tissue being coagulated, sc thit the
microwave fragquency energy 1y effectively coupledidelivered to
the tissue without significant reflection <f the energy.

The inventors have realised this can ks achleved in

practice, while still achieving the advantages of coupling the

energy directly to the tissue from an exposed end of a coaxisl
transmissdicn line, by providing the imnpsdance tyransformer in
the form of a further coaxisl transmission. line connscted o
the distal énd of the firyst goazxial transmissicn line, wherein
the further copaxial transmission line hag s length and
characterigtic impedance that are configured to bstisr match
the impedance of the first coaxial transmission lime te the
impedance of the tissue to be coagulated at a desired
operating freguengy of the instrument.

The inventors have regliged that with this configuration
phe energy can be goupled/delivsved directly to a lovalised
area of tigssue in contact with the elegtrosurgical instrumsabt
freguency energy to the tissue, and that the amount of snsrgy

iesw

6]

can be incressed by the better

o
1

that iz delivered to the
impedance matching, provided by the further coaxnial
transmisgsion line.

Therefore; at its most gensyal the prasent invention
relates tH gn elsctrosurgical instrument for delivsying
microwave freguenyy electromagnstic energy having s
predeterminegd operating freguency into tissus in gontact with
thes ingtrument, whersin the instrument copprises a flrst
coaxizl transmission line having g second copaxial transmission
line conpmeotesl to the distal end thereof, the second coaxial
transwigsion dine having a length and a chavaeteristie

impedance that are configured to better matsh the impedante of




tha fivet

coaxial btransmission line Lo the load lnpedance at
the diztal end of the distal coaxial transmission line when
the instrument i in contast with the tisgsue, at the operating
reguancy
5 According to a first aspect of
there ig provid

deliivering migcrowave

the present invention

lectrogurgical instrument configured fov

Eregquency ensrgy having a presdetermined

operatl reguency into tilsgsus

characteristic impedance in conts
instrument, the

pest

<

,.4

having a praedetermined

a Proximal cesxial transmission lins for conveying
mivrowave frsguen

b3

ot with a distal end of the
instrument compriging
ER

£

Ry
(=8

oy energy comprising a £ir
first outer gonducto
conductor

inner condy

chor

irat inmiey conductor;
formed coaxially with the first inner
and a firvst dielectric layer separvating the first
and the fi ¥y conductar;
ransmission

ouabe
& distal axial t ine for comveying
micreowave freguensy energy comprising & second innex
o the first inner conductor,
conductor formed 2

conneckhed

B
<
1

conductor
sonnectad

a mecond outsr
coaxially with the second inner

T

¢ th

0]

conductor and
firat outer conducto and a second
slagtrie layey geparati
second out onduct
wheredn & yatioc of a
congustor. Lo
25

is such

ng the sepond iwnmer conductor and the

inner dianeter of th
the outer diame
& ¢h

ater of the second inne
that haracteri i

second
transmi

istilig
gsion 1

oute
o e ia
impedance

~n o
3
Lk

o]

conductor
impedance of the dis
intermediate bhetwesn
of the prozimal
impedance

al ceaxial
ab

characteri
coaxial transmissicon
the distal end

of the distal
the distal snd of the

a

<

stie
line when

ne and a
noaxrial
the tissue;

load

tramsmigsion
ig i

and

in contach

nEstrumnsnt

with
wherein a length of ths distal
is much

coaxial tran
that the distal ceaxial transmisgsion lin
impedance transformer i

transmission line

(53}
o1

betwesen the proximal

improves
impedanc

goaxial
ca: at tha

is an
the impedance umabtah
distal

ftransmisgsion line and the leoad
end of the

distal

coaxial bransmission
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line when the distal end of instrument ig in contact with the

tissus, at the predetermined operating freguency.

In the instrument asccording to the fivst aspsct of the

present invention, the distal ceosxial transmission line acts

as an impedancs travsfcormer that bettey matches the Impsdsnc

{224

of thy prozimgl coaxial transmiggion line to the load
impedance at the distal end of the distal aoaxial transmission
line when the distal end of dpstrument is dm centact with the
tigsus, at the predetermined opervating frequency. The

1O instrument can therefore be used o more efficiently couple
éleviyomaghstid enérygy ivte the tiggue, bedause reflection of

gduced.

¢
taie
4]
£

srgy away from the tissu
The terw load impedance at the distal end of the distal
coazial transmisgsion line means sn dnpedange sgen freom bthe
15 digtal end of the distal cosxial transmiszsiopn line {when
lTocking towards the tissuel,
The electrosurgical imstrument may be used to couple
microwave freguenoy ensrgy into tissue by directly contaciing
the tissus with the distal end of the distal ccaxial

transmisgion line and providing microwave frequency

5]
<

electromagnetic energy to the proximal end of the proximal
coaxial transmiszsion line ‘at the predefermined freguency. In
this case, ths load ilunpedance at the distal end of the distal
coaxial Lransmission line when the diszstal end of the coaxdal
28 trapnemission line 48 4dn centact with the tissus will be
determined by the predstermined characteristic impedance of

the tigsus. Howéver, the load impedance will 1ot bé the

{2
[
]

impedance of a plane wave in the tissus in isoclation, but w
instead be the inmpedance of a wave in the tissue with the
39 distal tip of the distal coaxial transmigsion line pregent and
contacting the tissus. These lupedances ave diffevent. The
exact load impedance to be matched can ke determined by
gimulation, calculation or expsrimentation, based.en the
predetermined characteristic impedance of the tissue and on

a

the properties of the distal coanial transmission line.

-
¥

G
i
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Alternatively, as discussed below, & further distal
coaxial transmisgion line wmay be provided in some epbodiments,
in which case the electrosurgical instrument may be used to
couple microwave freguency energy into the tissue by directly
contacting the tissue with the distal end of the Turther

Latal chaxial vrangmdusgion line and providing wlgrowsve

[oN

Eh

reguengy elesctromggnstic susrgy to the proximal end of the
prozimal cgawial transwiggion line st the predeterminsd
frequency. In this case, the leoad impedance at the distal end

of the distal coawial transmission line when the disgtal end of
the further distal coaxial transmiesion line is in contact
with the tissue will depend on both the predeterminsd
characteristic impedance of the tissne and on the propexties
of the: further distal coaxisl trarnsmissiown: line, L9y example
the impedance of the further distal ceaxial transmission lins.

In either case, snegrgy 1s wnore effilciently
coupledideliverad inte the tissue in a localised ares of ths
tissue adiagent to the point of conbtact with the tissue, such
that controlled delivery of microwave freguency energy into
the tissus can be achieved in this localised aresd.

ThHe ingtyument is optimised for delivering mitrowave

fregueney ensrgy Naving a particulay operating freguency to a
particular type of tissue having a particular charvacteristic
impedancs. ©Ff courss, in practice the instrument way be used
with an aceeptable lavel of performance with different types
of tissues having similar chavacteristic ilmpedances toe the

particular characteristic impedance, and/or with microwave

frequency energy having a similar freguency to the particular
operating freguency:
The phrage “improve the luopedancs match” means reducing

an impedance mismatch betwsen the characteristic impedance of
the fivetr ooaxial transmigsion line and the load impedance at

the digtal end of the distal coaxial transmission line when

the distal end of instrument is in contast with the tissue.

The phrase “dmprove the impedance match” may mean reducing a
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i%

eturn losgs of the instrumsnt due to the inpedance mismatch,
i.e. reduging a ratio or percentage of the migrowave fregquency
rvadiation that is reflected sway from the tissue (back towards
the generator) due to the impedance mismatoh.

The phrase “improve the impedance matoch” may mean
reduoing an lmpedancs miamatch bstween a real part {component)
of the characteristig impedance of the first coaxial

transmigsion line and a real part (compeonent) of the load
impedance at the distal end of the distal coaxial transwigsieon
Yine when the distal emd of instrument is Iin contact with the
tissue,

In other words, when referrving to iwmpedance matohing by

the distal coaxial transwmisgion line the inpsdances being
matcehisd may be the veal pdarts {components) of the iwmpedances

i question. Thas, & real part of the cheracteristic
impedancs of the distal coaxial transwmission line may be
intermediate betwesn a veal part of the characteristie
impedance of the proximal ceocaxial transmission line and a real
part of the load lmpedance at the distal end of the distal
coaxial transmissgion line whan the distal end of instrument is
in contacht with the tigsue. Furbherwore, the discal coaxial
transmission line may ke an inpedance transformer that
improves the impedance match between the real part of the
characrevistic impedance of the proximal coaxial transmission
iing and the real part of the load impedance at the distal end
of the distal coaxial transmission line when the distal end of
ingtrument is in conmtact with the tissues

The term proximal end is used throughout this
specification ©6 wean an end that ig clogest o the snd of the

instrument into which the mivrowave freguency electromagnetic

0
je?

anergy ig Iinput from s gensrator. The term distal end lg use

throughout thisg specification to measn an end that s furthest

from the end of the atrument Iinte which the microwave

fregquency energy ig input from a gsnerator, in other words an
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erd olosest o the end of the imstrument at which the

(6]

microwave frsguency energy ls delivsred to the tissue.

In practice the tissue is likely to have a lower
impedance than the proximal coaxial transmission line.
Thervefors, in practice the iuwpedsancs of the distal coaxial
transmigsion line is likely to be less than the impedance of

& bub more than the

pemd
=
:5

the proximal coaxial transmission
impedance of the tissus. For example, the impedance of the
distal coaxial transmission ldne mnay be bebween & Ohms and 30
Ohmg, which may be appropriaste for a range of different tissus
types, oy between £ Ohms .and 15 Ohms. The tissue may also
have a veaotive {imaginsry) part telemsny) of its Ampedans

ag discussed in wore dstall bslow. In one embodiment, the
impeadance of the digtal coaxial transmission line may be
approximagely 10 Ohme. An impedance of the distal coawnial
transmiesion ddne in the wangw of 8 Chms Lo ¥5 Chng would be
guitable for many tissue types of intevest, and an impedance
of up to 30 Chme would be suiteble for fat.

The eleatrosurgical instrument according to the fiwzst
aspest of the present duvention may have agy ope, or, to the
sxtent thsy are compatible, any conbination of the following
optional featurves.

The firgt inner conducghor and/or the secend inner
conduntor masy be solid, In other words, they -are not hollow.

They may be soldd cylinders, for example a solid wire.

A prozimal end of the distal coaxial transmission lines
may ve directly comnected Lo a distal end of the proximal
transmigsion line.

The distal coaxial tranzmission lins may be symmetrical
arvound a central axis thereof. Thus, the resulting power
absorption pattern in tissue in contact with a distal end of
the distal geaxial tvansmisgsion line during opsration of the
ingtrument may algo be symmetrical around the central axis of

the distal coaxial transmission line.
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The proximal cpaxial transmiszion line may be symmetrical

a
The proximal and distal coaxial transmission lines may be
arvanged with csntral axes thereof aligned cn the same line.
The first and/or second inner donductoris) may be
eyviindrical. The first and/or second imner conductors may
comprise a single metal, or may comprise mors than one nmetal,
for example a steel wire plated with copper snd/or silver.

The first andfor ssoond gubers conductor(s) way ke
tubular. The first and/or second ocuter conductors may be

=

formed from a wire braid., The wire biald may be foimed from

coppaer wire plated with tin.

5

length. of the distal ceaxial transmission line may be

gubstantially egqual to (2n-¥1}3[4, where 4 is the wavelength in
the digtal toaxial transmigsion line of microwavs freguensy
energy having the predetermined operating frequency and n is
an integer greater than or egual te 0.

Thius, the ddstal coaxial transmigeion ling way agt zg a

guarter wave lupedance transiormer that betteyr matches the
impedance of the proximal ccaxial transmission line te the

icad impedance at the distal end of the distal coaxial
transmission lins when the distal end of instrument is in
contact with the bissus.

Where the length of the distal coaxial transmission line

18 substantially eqgual to {2ﬂﬁ%1>ﬁf4, a preferable leugth of

the distal ceaxial transmisgsion line is A/é, becauge longe
lengths will increase the power losses Howevey; accaphtable

performance can be achieved with longer lengths., Essentially,

balance can ke struck between achiseving a practigal {useful)
length of the distal coaxial transmission line and achieving
an acceptabls loss of power in the distal coazial transmission
line.

B length of the distal coaxial transmission line of

{2ﬁ*&1)3f4 may provide optimal impedance matching between the
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proximal goaxial transmission lime and the load lmpedance at
the distal end of the distal coaxial transmission lins when
the distal erd of instrument is din contact with the tissus at
the pradetsrmined operating freguency. Howsver,; acceptable
{non-cptimal}l impsdance matching performance way be achiesved
with a length that is rot exactly egual to (2n~¥1)ﬁf4, for
exanpls & length that L& ¥p e 106% greater than oy less than

g 1.4 - N : . o N
(2n-&1)jj4, er a length that dg up to 20% greater than oy lesgs

Y "2 o ii T oy - ca s A ! e 3 A=y
than (Zrd+ 1) f4a With larger oy smaller lengths the proportion
of wmicrowayve freguency energy that is reflscted and therefore

wi deliveraed into the tissue will be greater, so the

¥d

[
,,Jn
b

gea

oy

i

the electrosurgical imstrument will be less.

B

SNOY O
However, an acceptable {(sub-optimal) efficiency way atill be
achileved.

.

Furthermors, otheyr aspects of the gesometyy of the distal

pogwial trenemizsisn line or the Clesve load nay have an

il

(=

affect on the optimal length of the distal coaw
transmission line for lmpedance matching. For example, end
effects such as an abrupt end of the distal coasxial
transmission line, the properties of the tissue lvad; and step
changes in the diameters of the inner and cuter conductors of
the distal cgoaxial transmission line may have an seguivalent
effect to lumped components such as inductors or capagitors,
and may therefore introduce small phase changes that have a
similar effsct to a shortening or lengthening of the

transwission line. Thege effects way be effectively cancelled

out im practice by making small changes in the length ef the
distal coawial transmigsion line relative te a leneth of
(2n~%1}ﬁf4, Thusg, in practige the optimal lsength of the distal

coaxial transmission for impsdance matching may not be exactly
egual o (2n-¥1}if4. The aptimal length for the digtal ooaxial
transmission line for a particulasr configuration may be

determined by calculation, by simulation, or by

experimentation.
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As mentioned above, the velevant 4 for detsrmining the

aptimal Tength of the distal goaxial transmisgion line is the
wavelength of the microwave freguency radiation in the distal
goaxial transmission lins. The nscegsary lensth of the sseond
egpaxial transwmissdien line for Lhe leangth te be egual te
(2“#?1}2f4 depends at least in part on the geomebny of the
distal ceaxial transmission line. For example, 1if the distal
eoaxial transuiszion line has a conical shape (as in one of
the example embodiments dssoribed bedow) ; the wavelsngth

el

changes with distance from the tip of the conical shape. T

fode
2]

3

variation ¢an be described mathematicaliy using Besegail
functions. Cleose to the tip of the conical shape the
wavelength isg significantly longsy than it is asveral
wavelengthe from the tip. If this variation is not taken ingo
account, the number of wavelengths calcoulated betwsen two
points of the conical shape may be out by a significant
fraction of a wavelength. With such a conical shape the
Tergth of the distal coaxial transmisgsion ldne that is sgqual
te a length of {2n~+1}ﬁf4 ig greater than the sguwivalent length
for a2 uniform cylindrical shape of the distal coawial
transmission line.

The él&ctr@s‘*glca] ingtrumsent way be for coagulating
tissue. The term gragulating tissue nay mean coagulating
blood within the tissue, for example coagulating blood within
a weasel or lumen within the tissue. Cosgulastion of the
tizsue ig achieved through heating of the tissue by the
delivery of wicrowave energy into the tissue.

Alternatively, the ¢lectroesurgical instrument may be fox

another durpogs, for éxample the glectrssurgital instriment
may be for ablating tissus. Thus, the slectrosurgical

instrunent may be configured for delivering microwsve
freguency ensrgy inte a laogalised avea of tdssue in gontact
with the dispal end of the distal cosxial transmission line in

by

i

order to ablate the tigsus (destrey or remove the tissue
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heating 1t., Thizs may bs useful, for syxenple, when removing
small tumours or lesions of the surface of biological tissue.

The ratig of the inner dismster of the second oulesy
conductor to the outer diameter of the second imner conductor
may be such that a characteristiv iwmpedsnce of the distal

coaxial transmission 1ine i

L]

5 5 oo
substantially equal to /Zudy,
where 7, is the chavactevistic Impedance of the proniwmal
coazial transmisgsion line and Z; is load impsdance at the

~

distal end of the distal ceoaxial transwissicn line when the
distal end of instrument is dn contact with the tissue. Fox
example, where the distal end of the distal coaxial
transmisgion 1iné is tsed ©oH contact the tigsue divectly, Z; is

d on the predetermingd characteristic impesdancs of ths

o
bt
1551
13

tissue {specifically, it is the impedance of a wave in the
tigssue with the distal tip of thes distal coaxial transmission
ine preasent and contacting the tissus).

When the characteristie inpedance of the distal goaxial
transmisaion line is sgual to JE;EZ, the ilmpedance of the
proximal coaxial transuission line may be exactly matched to
the load impedance at the distal end of the distal coaxisl
trangmission line when the distal end of lostrumsnt ds in
coentact with the tissus {assuming an optimal length of the
distal ecoawial transmigsion line) and the maximum amount of
microwave Treguengy snergy may bs delivered to the tissue,
This wvalue of the watlo ig thersiore a particulazly
advantageous value. Of course, accsptable performance of the
ingtrument may be achievable with iwmpedances of the distal
coaxial transmissicon line that diffey from this wvalue. Fov
example, acdeptable (mon-optingl) performancs of the
alsetyosurgical instrument may be achisved with an impedances
af the distal coaxisl tramswmiesion line that ie up to 10%
higher or lower than the optiwmal value, oy up to 20% higher ox
lower than the optimal valus.

The second inner conductor, second outer conductor and

second dielectric layver may be exposed at & distal end face of
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the distal coaxisl transmission line for contacting the
Nt
of the distal

nstrunent

migrowave energy may be coupled/delivered
pre

~ranemission
in this case the load impedance at

jste]
the tissue by contacting the tissue with the exposed end
coaxial
a5e the
mined chare
tapecificall
ro

i contact with

i

&
line
distal coaxial transnission line when the
is
adeter

Fac
As mentioned above,
distal end

£
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yrther
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of" the
ligtal and of
thie tiemde is based on the
teristic impedance of th igsgue
the load impedance is the impedance of a wave in
the tissue with the distal tip of the distael coaxial
transmisgion line present and contacting the tissue)
he expoged end faze of the distel ceaxial transwmissicon
ling wmay be asubstantially perpendicular to a central axis of
the distal cosxial travsmission lins.
15 The exposed end fage of the distal coaxial transmission
line way be snbstantially flat
The eleotrogsurgigal instrenent may cowpri a £
igtal coaxisl transmission line comprising a ti
nductor connected to the second inner conductor,
20 uter zonductor fcrmed coaxia
conduchor and connsated o
third dielsetzic layer

4 immer
v with the third imner
the second outer

third inner

a third
and the third outer conductor.

sparating the thizxd
the fu

conductor, and a
inner
conductor, thix
third dielectric later may bs exposed
rhher distal
the tissue

snduchtor
casxial
Thusg

a1
L

-d outer conductor and
ab & distael end of
transmiszion lins fox
microwave Ifreg
coupled/daelivered to the tissue by contacting the
distal end of

facs

oY o0
sQuengy energy may be
the distal

contacting
coaxi
£ the dista
distal end of
contac
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further
with

with
al transwmisesion i
2 the load impedance at the
axial transmission line W
digtal opaxigl tranemis

1 the tissu
characteristic dmpedance of the tissue and on the propsrties

when the
rgion line is in
depends on both the predeterminsd
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of the further distal coaxial transmission line, including the

inpedance of the further distal coaxial transmisaion line.

The further distal coaxial transmigsion line may be a

length of coaxial cable. The further distal coaxial
B transmiseion line may comprise the same type of coaxial cabkle
as the proximal coazxial transmisgsion line.

The crosg-seceticon of the further distal coaxial
transmission line may be the same a8 the cross-section of the
proximal coaxial transmission line. For example, the

10 diameters of the first and third inner conductors may be the
same and the diameters of the fivset and third outer conductors
may bee the sams.

The further distal coaxial transmission line may be made
from the sawme materisls me the proximal ceaxial transmission

15 line.

A characberistic lmpedance of the further distal coaxial

transmission line way be the same as a ghavacteristic

impedance of the proximal aoaxial transmission line. For

sxample, the proximgl coaxial transmission line and the
20 further distal ceaxial transmission line may both have an
impeadance of 39 Chms.

B length of the furthesr distal ceoaxisl tzansmission line
may be such that the further distal coaxial transwmission line
substantially cancels out a reactive part of the predetermined

28 charagteristic impedance of the tissue at the predetermined
operating fregquency. Thus; thse furthsr distal coaxial
transmission line cancels out the reactive part of the
predetermined charvacteristic impedance and the distal cooaxial

transmissicn line then watches {(or inmproves the match bebwesan)
3¢ the subseguent purely real Impsdencs and the veal part of the
characteristic impedance of the proximal coaxisl transmission
line. Thus, both the rveal and reactive parts of the
impedances are accounted for by the combination of the distal
€

ransmission line and the further digtal coaxial
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As mentioned above, the subseguent purely real impedance
that is matched to the real part of the chavacteristic
impedance of the proximdl coaxial trarsmission deperids on both
the predetermined characteristic impedange of the tissue and

on the properties of the further dietal coaxial transmiseion

=

ine, ipgluding the impedance of the further distal coawial
transmission line.

An appropriate langth of the further distsl coaxial
transunission line can be determined by calculation based on
the parameters of the desived implementation, for example the
propevties of the tissue load and the properties of the
migroweave vadiastion, The approgriste Tength can also be
determined by computer simulation/modelldng or
experpinentation,

The furthey distal coaxial transmission line mav be
vigid. In othey woiddsy the fuvthey dlstal coaxial
transmigeion’ lire mey be non-flexible. This may help during
the operation of the electrosurgical instrument, because the
farther distal coaxial transmission line forma a rigid
inastrument tip that can be pressed againzt tissue without the
irmtrunent tip deforming under the pressure.

The electrogurgisal lnstrument may comprige an open-
gireuited or short-circuited stub connected in parvallel to the
further distal ceamial transmigsion line. The stub nay be
coamnectad to the distal end of the distal coaxial tranamission
LTine. The propezrties of the stub (=.g. its length and

actevristic inpadancs) may be chosen to cancel out the
reactive part of the predetermined charascteristic impsdance of
the tissue. In terms of a Smith Chaxt, the Further distal
coaxtal transmission line may be considered to move ths
reactive part of the impedance onto the counstant conductanc
civele and the cpen-sireuitad or short-circuitad stub

<

connaected to the distal coazial trvansmigsion lime mulls or

0

ancels out the rsactive impsdance {+/-1B) sesn at the

the distal coaxial traunswmigsion line.
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A gharacteristic impedance of the stub may be the same as
a characteristic Ilnpedance of the further distal coaxis
transmisgion lims. Alternatively, a chavacteristic impedance
of the stub may not be the same as a characteristic impedance
of the further distal cozxial transuwission line.

The electrosurgidal instrument may cowmprise a pluraldity
of the open-vircuited or short-circuired stubs connected in
parallel to the further distal coaxial transmisasion line.

The distal coaxial transmission line may be rigid. In

other words, the distal coaxdal tfransuission line may be non-

Ve

flexible, This may help during the opevation of the
elsctrosurgical instrument, because the distal coaxial
pransmigsicn line forms a rilglid instrument tip that gan be
pregssed against tissue to be coag ted without the instrument
tip deforming under the pressure.

The predetermined operating freguengy may be 5.8 GHz.

In other words, the length of the distal coaxial
transmigsion line mav be such that the distal coaxial
transmission line le an impedancs transformer that lwmproves
the impedance match betwsen the proximal coawial transmission
line and the lcad. inpedance at the distal end of the distal

coaxial transmission line when the distal end of instrument is
in contacy with the tissue gt a predetermined operating
freguency of 5.8 GHz. For example, the length of the distal
coaxial transmission line may be substantially egual to

(2?1%~1}£f

, whers A iz the wavelength in the distal coaxial

ooy

s

transmiasion line of micvowave freguency energy having a

154

20

vradetermined operating freguency of 5.8 GHz.
5.8 GHz is a suitable freguency for achieving
gontrollable deldvery of microwave frequency sunsrgy into

tiasue in a localised area, for example to achieve coagulation

A zeparvation between the outer diameter of the second

inner conductor and the inner diametsry of the second cuter

conductor may be less than o ssparation betwsen apn oulsy
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diameter of the firvet inner conductory and an inner diamebter of

o

the first oubter conductor. In other words, & thickness of th
ascand dielectric lavery may be less than a thickness of the
fivet dielectric layer. An sdvantage of reducing the

géparation betweéen the inner and cuter conductors in the

2

¢

distal coaxial transmission line is That the characteristic

‘ ]

mpedance of the distal coaxial transmission line

1]
3
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Tower,

However, in alternstive embodiments the sepavation
between the outer dismster of the second inmer conductor and
the inner diameter of the second outer diameter wmay instead e
greater than the geparation betwsen the outer diameter of ths

irat inner conductor and the inney diameter of the first

t4

outer conductor, parvicularly 1f o high dislectric constant
material such a titanivm dioxide is used in the second
dislectric laver.

The cuter diamster of the second inner conductor may be
graater than ths outer diaswmeter of the first inner conductor.
In other words, the second inner conductor may be wider than
the first fmngy condugtor. Alrvewnstively, the ourer ddameter
of the sevond irnner conductor may ke less thaw the outer
diameter of the first inner conductor. In other words, the
ggcond inner conductor may be nparrowsr than the firvst innex
conductor .

The outer dlameter of the secotd ocuier conductor may be

greatay than the outer diameter of the first outer conductor.

31

n other words, the second outer conductor may ke wider than
the first outer conductor. Alternatively, the outer diameter
of the second cuter conductor may be legs than the ocutsr
dlamater of the firgh outery gonductor.  In other words, the
second outer conductor may be narrower than the first outer
conductor.

Where thesre is a difference in diameter between the first

inney conductor and the second inney conductoy, or betwesn the

=8

Firet outer conductor and the second vuter conduster, a smal
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adjustment may be made to the length of the distal coaxial

ad

fransmigeion line o dompensate for the effect of the step or
ateps in diamster. The appropriate zize of the adjustment may

pa

be calculaibed, locked up, or determined experimentally or by

Where there is a difference in diameter betwsen the fivst
inner conductor and the sscond inney conductor, and betwesen
the first cubter conductor and the second osuter vonductoy, an

he ilnnex

t

axial position of the step in dismeber betwsen
conductors way be different to an awisl position of the step
in diameter bstween the cubter condugtors, in order to
compensate for the effecte of the steps in diameter.

The distal ceoaxial transmission line may have & greater
external diameter than the proximal goaxial transmission line.
In other words, ths distal coaxzial tyansmission line may be
wider than the proximsl coaxial transwmission line.

. =
2

he sesond dislectric layer may be made from a different

&

dielectric to the first dielectrie layer. The secgond
dielectric layer wmay have a higher velative permittivity than
the first dislectric layer. For example, the second
dielectric laver may be made from a glass ceramic dielectric
such as MACOR. The first dielectric material may be BIFE.
Using a dielectric with a higher velative permittivity in the
second dislectric layer results in & lower impedance of the
gecond dielevtric laver for the same thickness of the second
dielectric laver.

The chavasteristic impedance of the proximal coaxisl
transmission line wmay be 50 Chus.

The proximal coasxial transmission line may be a ccoaxial
cable. For example, the coaxial cabls may be Sucoform 86
coaxial cable, or Sucoform 47 coaxial cabie.

The distal coaxial transmigsion lins may b a coaxial
cabls

The distal coaxiasl transmission may line be tapewxed frow

a wider proximal end thereof to a narvrower distal end thersof.
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In other wordas, the distal coaxial transmission line way
narrow linsarly from the proximal end thersof to the distal
t

end thereo so. that the distel end is nsrrowsy than

~h

proximal emd. This may result in the distal coaxial
transmission line having a truncated cone shape. The distal
end of the distal coaxial transmissicon line may have a
diameter half the diamster of the proximal end. This
configuration of the distal coazial transmigsion line vesults
in the microwave energy being delivered into a smaller avea of
the tigsue at the distal end of the distal coaxial

ali

transmigsion line. This further gation of the delivery

3

of microwave freguency shergy into the tissue may be
particularly useful in some surglcal procedures, for examples
whan trying to coagulate a swall vessel, or when trying to
ablate & small surface vumour or lesion.

In an alteynative embodiment the distal coaxial
transmission line may instead be tapeved from a widsr distal
end therveof to a narrower proximal end therveof. In other
words the tapering of the distal coaxial transmissgicn
he in the opposite dirsction to that described immediately
above,

Of course, other shapes for the distal coaxial
transmission line are also poggible.

Where the distal coaxial transmission line isg tapsred,
the vatio of the inner diamster of the sscond outer conductor
£ the cuter diameter of the second inner conductor may be

eubstantially constant along the distal coaxial transmissicn

line, so that its impedance is substantially uniform aleng ite

The instrument may be configured for delivering microwave
frequency energy having the pre edetermined opsrating freguengy
into tissue having a predetermined charactsristic impedance in
the rvange of 45 to 180 Ohms, or in the range 45 te BC Ohums.
For example, many tissues of interest may have impedances of

betwesn approximately 45 and 60 Ohms. Nail may have an
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impedange of approximately 120 Ohms, and fat and bone may have

-

impedances of approximately 187 Chms., As meniioned above, the
tigzue may alse have & reactive (insginary) component to its
impedance .

The electreogsurgical iunstrument may compriss a plurality
of thHe d1stal cosxial t¥anawiasion lines for iwproving ths
impedanoe mabch bstwesn the proximal coaxial transmission line
and the tissue at the predetermined operating fregusncy. In
other words, there may be a plurality of the distal coaxial
transmission lines comnnsctad in ssries, each of which is
gonfigured {(in terms of the ratio of the imnner and outer
diameters and the length) to improve the impedande hatich
betwsen the proximal c¢oaxial transuission line and the tissue
at the predeterninad operating fregusngy . This arvangenment
may be particulariy begeficial when the chavagteristic
impedance of the proximal coaxial transmiesion line differs
significantly from the lmpedance of the tissus, becauge the
impedance matching can be carried out incrementally/gradually

over the plurality of distal coaxial transmission lines

Bogording te a sseond aspect of the pregsnt invention,

there may be provided an slectrosurgical  systen conprising:

an electrosurgical instrument according to the fipst
aspect of the present invention, optionally with one or mors
of the optional features described above; and

an slechtrosurgical generabor connected to a proximal end
of the proximal coaxial transwmission lines

whersin the electrosurgical generator is configured to

o 3

supply the proximal ceoaxial transmission line with microwave
freguency electromagnetlc ensrgy having the predetermined
operating freguency.
For sxample, the contyeller may be pre-set or programmed
to supply the proximal coaxial transmission lime with
microwave freguency energy having the predetermined operating

fregusnoy.
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The elestrosurgical system may be for coagulating tissue,
or for ablating tissus,

The slsgbtrosurgical system may comprise a controller for
centrolling the electrosurgical gensrator; and the controller
may be cenfigured to control the power and/or duration of the
microwave fregusney energy supplied by the generxator te limit
the amount of microwave freguency energy delivered to the

sue o below a predetermined ameount.

t
H.‘
[ 45]

For example, the controller may be configured te cantrel
the power and/or durvaticon of the wmicrowave freguency enexgy Lo
keep the amount of microwave freguency energy delivered to the
tissue below an amount at which perforation of the tissue, ox
gome othey unwanted effert, 18 kuown to start te goour, o
helow an amount a safe wargin below this amount. Thus, the
gontrolley may operate to prevent the genevator from supplying
more snergy than thisg, for example by stopping the generator
from supplying microwave enersy when the limit is reached.

Tha ameunt of microwave freguencey energy at which
perforation, or some obther unwanied effect of the microwave
fregquendy snevrgy, starts o doour may be known ipn advalce,
e.g. from caloulabion or expeviment. The contreller may
therafore b programmad in advance with relevant information
for the tyvpe of tisggue whiclh 1g to be ptreated using the
ingtrument and for the type of treatment regulred, =.g.
cosgulation or ablabilon. For example, the contyoliler may be
programmed in advancs with a particulay wvalue for the uppsr
limit of microwave energy that can be supplied to the tissue.
Alternatively; the centroller wmay be programmed with
particular combinations of power and duration that can be
supplied by the genevator for that tissue.

Thus, 1t may ve possible to use the instrument with
gonfidence that perforation of the tissue or some othsr
unwanted effect will not ococur, which is an impertant

congideration in a elinical setting.
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The elesctrosurglicesal system may comprise a sensory feb
senging information dndivative of the amount of microwavs
frequency energy delivered to the tissus. For exampls, the
gFensor may senge an amplitude of the wigrowave Sreguenay
ensrgy being transmitted towards the tissue and an anmpliltude

of microwave freguency ensrgy being reflegted back fyrom the

tlesuve and may use this information to determine the amount of

¢

enerygy being delivered to the tissue. Of course, this
functienallty may be performsd by a plurality of senscrs
instead of by a single sensor.

The centroller may be configured te contrel the gsneragor
to provide a powexr of 15 W for a period of uwp to. four seconds.
The present inventors have rsalissd that this rssults in
enough energy being delivered to the tissue to achieve
ceagiilation of the tissue while safely aveoiding perforation of
the tisgue oy othey unwanted effects.

ARocording to a thivd aspect of the prezent inventicon
there may be provided a method of manufacturing an
slsctrosurgical ilmstrument aceording to the first aspect of
the present dpvention, opbtilonally with any one or more of the
optional featurss described above, the method comprising:

determining & vatio of the inner diameter of the second

uter conductor to the outer diamster of the second inney

conductor that results in the characteristic impedance of the

digtal coaxial transmission ling being lunterwiedliate bstween a

th

mpedance of the proximal cpaxisl transmission
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line and the Ioad impedance at the distsl end of the distal
cpazial transmission line when the distal end of instrument is
in contacgt with the tissue;

setting the ratio of the inner disnster of the second
cutaer conductor to the outey diameter of the second inner
conductor o be the determined zatio;

determindng a length of the distal coaxial transmisesior

b}

iire that resultsg In the distal coazial transmisaion line

being an impedangs transformer that improves the impsdance
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matceh between the proximal coaxial transmission lins and the
load impesdance at the distal snd of the distal coaxial
transmisaion lins when the distal end of Adpstruient is in
contact with the tigsue; and

setting the length of the distal coaxial transwisgion
line to be the determined length.

The method accerding to the third aspect of the present
invention can be used to manufacture an electrosurglcal
instrument that is optimised to be used for ceagulating a
partivulay tvee of Yissue at a particulay opsvating freguengy:

Kecording to the method, the ratio of the diamsters of
the inmey and outer conductors of the distal coaxial

transmission line and the length of the distal cgaxial

[N

transmission line that are necesssry for better ilwmpedance
matching to the specified leoad impesdance at the distal end of
the distal coaxial traunsmission line when the distal end of
ingtrument is in contact with the tissue at the specified
operating freguency sre detarminsd. An electrssurgical
iunstrument having the calculated propertiss of the distal
goaxial tramsmission line leg then manufactured, The resulting

Fs

electrosurgical ina

T

vument 1s optimised for use in cosgulating

o

the specified tissue having the specified charscberistidc
impedance at the apecified opervating freguency.

The method according to the third aspect of the present
invention may have any one, or, to the extent they ave
compatible, more than one of the following optional features.

The method may somprise: debtermining the wavelenghh 4 in
the distal coaxial transmission line of wicrowave frequency
energy having the predetermined operating freguency: and
settdng the length of the distal godxial teanswissgicn ling to
be enbstantially eguwal to (2n«b1)3f4, whaere 11 is an integex

greatey than oy squal to 9, based on the determined wavelength

forr}

A, As ddsgcusssed above, this may be {epproximatsly)] an optimal
o

h of the distal coaxial btransmigsion line in tevms of
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achisving optimal impedance matching hetween the proximal
coaxial trsnsmission 1ige ang the tissus.

The method wmay comprise determining a rvatio of the inner
diameter of the second cubsr gonductor to the gputer diamster
of the second imner condustor that results in the
characteristic impedance of the distal coaxial transmission
line being substantially sgual to (£&, whers &, is ths
chavacteristic inpsdancs of the proviwal coaxial transwmission
line and Z; ig the load impesdance at the distal snd of the
distal coaxial transmiseion 1ine when the disial end of
instrument is in contact with the tissus, and sstting the
ratic of the inusy dlamster of the second osubery conductor to
thae outer diasmetey of the segond inner conductor to be the
determined vatio, as dizscussed above, this iwmpedance of the
distal cosxial trapsmission lins may provide optinmun impsdance
matching

Determining the wavelength and/or determining the ratio
may soumprise calcoulating the wavelength and/oy the rario.
Klternatively, determining the wavelength snd/or determinduag
the vatis may comprise finding/looking-up the relavant
information in a table, database ox othsr program or documsnt,

The method may comprise caleoulating J?;?}, and
caleulating the ratio of the inner dismeter of the sscond
outer conductor to the ocuter diameter of the second imnex
conductor that results in a characteristic impedancde of the
distal coaxial transmisgion lime equal te Z,2,. The
characteristic impedance of the prozimal cosxisal transmission

ine may be caleoulated, measured,; or looked up 1n 'a table,

Jemd

database or daia sheet, for swample. The charscteristic
impeadance of the target tissue may similariy be calculated,
measured, or logked uwp in a table, datebase or data sheet, for
axampie.

The method may comprige calculating the wavelength in the
distal coaxial transwmission line of microwave freguency ensrgy

having the predetermined opesrating freguency based on the
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relative permittivity of the secand dielectyic layer. Thus,
the wavelength wmay b® galoulated bassd on Ernowledge of ths
relative permittivity of the dielectric material in the second
dielectric layer and krnown phveical constants.

Where the electrosurgical ingtrument comprises the

2=

further distal coazial transmission line, the method may

couprise: detesmining a length of the further distal coaxial
transmission line that resulits in the reactive part of the
pradetermined characteristic inpedancs of the tissue baing
cancelled out; and setting the length of the further distal
coaxital fransmission line te be substantially equal to the
determined length.

Any of the fivst, second or third dislectric wmaterials in
any of the aspects menticoned above may be a gas, such as air,
Sria solid or liguid.

In the drawings:

Embodimants of the present invention will rmow be
discusaad, by wav of example only, with refervence to the
agconpanying Figures, in which:

FIG. 1 shows a computer simulation of an elegtrogurgical

ingtrunest acoording te an embodiment of the prssent invention

being used Tto coagulate liver tisgsus;

<]

IG. 2 is a plot of the magnitude of the S-parameter
{return loss) against the freguency of the microwave rvadiation
for the computer simulstion shown in PIG. 1;

B

4

‘G, 3 ghows a further computer gsimulation of an
electrosurgical instrument according to an embodiment of the
pragent invention bedny used to goaguliste liver tissue with
the instrument at an angle to the normal of the liver tissue
surface;

FIG. 4 is a plot of the magnitude of the S-parvameter

osg) against the freguency of the microwave radiation

W
o
ot
o
=
o
fomnt

for vhe furgher gomputer simulation shown in FIg. 3 for thres

sent angles of the instrument;
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FIG. 5 shows a computer simulation of an elegtrosurgical
instrument according te a further embodiment of the pressnt
invention being used to coagulate liver tissuey

I8. 6 is a plot of the magnituds of the S-pavameter

rxj

{revurn loss) against the freguency of the microwave radiation
for the computer simulabion shown in FPIG. 5

FIE., 7 shows & computer simulation of an electrosurgical
instrument according to a further embodiment of the present
invention being used to coagulate liver tisgsue, wherein the
first and sscond coaxial transmission lines are narrowsry than
in the eubodiment of FIG. 1;

FIG. 8 is & plot of the wmagnitudes of the S-paramster
{return loss) against the freguency of the microwave zadiation
for the computer simulastion shown 4n FIo. 7;

FIG. 8 shows a computer simulation ¢f an slscirosurgical
instrument according to & further smbodiment of the present
invéntion being used to 2oagulate liver tissue, whérein the

gscond coaxial transmission line ds narrower than dn the

o

embodiment of FIg. 1,
FIG. 10 is & plot of the magnituds of the S-paramster
{return loss) against the freguency of the migrowave radiation

for che computer simalation shown im FIG. 3%

5]

IG. 11 is a schemstic illustration of an electrosurgical
instrunent according te a further ewmbodiment of the pressent

invention.

Ag discussed above, the inventors have rsalised that an
adveantageous way o achieve controlled delivery of migyowsve
freqgquency radiation inte tissue in a localised area would he
to couple microwave freguency snsrgy directly to the tissus
from an exposed end of a coaxial transuission lins {e.g. a
coaxial cable] by pressing the exposed end of the coaxdial
transmission line against the tissue.

Howsvey, the inventors have realised that biolovgical

tisgug in contact with an expozed and of a coaxial
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ransmission line would present s low inpsdancs to the
microwave frequency energy relative to the impedance of the
coaxial transuissicon lins, and that there would thesrefore bs a

ignificant impedance mismatch betwesn the cdoaxial

<

(53

transmission line and the biological tissus.

The inventors have rsalised that this problem can be
overcone by providing sn inmpedance transformer abt the distal
end of the coamial travsmission ¥ine in oxnder to bebter mabch
the impedance of the coaxial transmission line to the
impedance of the tigsus, sc¢ that the microwave frequency

more effectively coupledidelivered to the tissue

=
[5¢]

f'e

snergy
with less significant reflection of the ensygy.

The pregent inventors have realised thig can be achieved

e

in prantice, while still achieving the advantages of coupling

the energy directly to the tissue from an exposed end of a

[N

coaxial transnissicon line, by providing the inpedancs

£

transformer in the form of a further coaxial transwmissicon line

-
@]

connacted to the distal end of the first coaxial transmissgion
linme, whersin the further coaxial transwmission lins has a
length and characteristic impedance that are configured to
bepter mateh the lwpedance of the fizst cgaxial transmission
line tg the load impedange abt the distal end of the furthex
copaxial transmission lins.

f

Therefore, in a first embodiment of the present invention
illustrated in FIG. 1, there is provided an electrosurgical
instrument 1 comprising a firvst {(proximal) coaxial
ransmigsion line 3 foy vonveying wicrowave I[reguendy energy
from a proximal {(rear) end therepf to & distal {(frent)} snd
thereof. Purthermore, there is provided a second {(distal)
gpaxial transuission line 5 for conveying microwave frequenui
snergy from a proximal {(rear) end thereof te a distal {(fzont
end thereof. The second goazial transmission line § is
connected &t the promimal end thereof te the distal end of the

coanial transmission line 3, so that wmicrowave fregusnoy

n
¢t

firs
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energy can be conveyed divectly fvom the first coaxisl
tranemission lins 3 to the second coaxial transmission line 5.

The Tirst and gsecond coaxial transmission lines 3, 5 ars

E..J
o)
b
6]
2
of
by
@
3t
o
&
]

botl symmetrical aronnd respective centra
Furthermore, the first and sscond goaxial transmissicon lines
¥, % ave aligrned with sach obher sud by end gp that theiy
central axes lis on the same line.

-

The first coaxial transmission line 3 comprises a

Q

viindrical first dnner conductor 7, a tubularx first outex

conductor 2 and a tubular first dielectric layery 11 separating

h

L inner conductor 7 oand the first suter conductor 9.

4]
et

the fir
The first dielectric layer 11 is provided directly on an
external surface of the first inner conductor 7; and the first

outer conductor 9 is provided divectly on an extemal surface

b

of the firet dielevtric layver 1.
In this embodiment the first ceoaxial transmission line iz

0 Ohm Sucoform 88 ¢oaxial cable. The firvst inney conductor 7

iz?

irst outer conductsor 2 has an

fh

hag a8 diamaeter of 0.53 mn, the

1

~ diameter of 1.85 mm {and thersafore the first dielectric

<

LR

¥

layer 11 hasg an outer diasmeter of 1.65 mwm), and the first
outer conductor 2 has an oubter diameter of 2.1 mm. Of course;
in other embodiments a different type of coaxial cable with
differsnt dimensions and propertlss, or a different type of
coaxial transmisaion line, may be used instead.

In this embodiment the first dielsctric layer 11 is made
from PIFE having & relative permittivity of 2.1. Of course,
in other embodiments a different dielectric matexial may be
uged.

metal

§1y

In this embodiment the first inner conductor 7 is

$3,

wire. Specgificaliy, the first inner comgductor 7 is a steel

irst outer conductoxr

B

wire plabed with copper and silver: Ths
9 ds a metal braid. Specifically, the first outer conductor @9
iz @ braid formed from copper wire plated with tin. OFf

in other embodiments different materials may bBe ussed

ey

a
for the first inner and outer conductors 7. &.
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The length of the first coaxial transmission line 3 is
not eritical to the cpevatvicn of the lnstrument 1 described
below and can be chosen bpassd on the particular envivenment in
which the instrument 1 is intended to be used.

The ‘sscond coaxial tranemigsion line § comprises a
eyiindrigal segend imner cornducteor 13, a tubular second outeyr
conductor 15 and a tubular second dislegtric layer 17
separating the second ilnner conductor 13 and the second cutex
conductor 18. The second dielectric laver 17 1z provided

directly on an external surface of the sscond imer conductor

5 i& provided directly on

i

13, and the sacond outeyr wonductor
an outer surface of the sevond dislectric laypesy 17.

In this embodiment the sscond immer cgonductor 13 has &
diameter of 1.2 mm, meaning the second inner conduchor 12 4s

wider than the fivst inner conductor 7, and the second outew

conductor 15 has an inner diameter of 1.8 mm (and the sscond

dielectric fayer 17 therefore has an outer dismeter of 1.8
mm) . The outer diameter of the gscond outer conductor 15 is

5
wider than the ocutey diameter of the fivst outer condustor 9.
Of course, in other embondiments the second inner and outer
conductors 13, 15 may have different dimensions. In this
embodinent, the cuter diameter of the second ocuter conduchtor

15 is 2.5 mm.

In this exbodiment the second dielectric layer 17 is a
glass cervamic dielectrie. Specifically, the second dislectris

laver 17 iz MACCR® and has a relative permittivity of 5.87
{which value may be fregusnoy dependent, and thus depsnd on
the specific fregquency of microwave radiation with which the
electrosurgical instrument is beling uvsad). Of courss, in
gther embodiments a different dielectric material may be uged
instead.

The second imner conductor 13 may comprise -a solid
cylinder of stainless steel. The outer surface of the second

innsr condicotor 13 may be doated,. for example plated;, wigh



i@

15

td
L3

silver. Of course, other materials may be used for the second

The second outer conductor 15 may comprise a hollow tubs
of stainlegs steel. The ilnner surface of the second suter
gonductor 15 may ke coated, foy example plated, with silver.
Gf zourse, othsr mabtexisle way be used for the second ocutsr
conductor 15.

The szecond inner conductor 13 is conmected to the distal
end of the first inner conductor 7 with their central axes
aligned. The sscond outer conductor 15 is alsgs connectsd to
the digtal end of the first outey conductor 3 with their
central axes gligrned, Thus, wmicrowaye freguency energy oan be
convayed from the first cosxial transmission line 2 to the
second coaxial Uransmission lins 5. The flrpst and second

oaxial transmission lines 3, 5 may therefore have overlapping
cantral axes.

In this embodiment the sevond dislectric laysr is thimner
than the first dielectric layer.

The second inmery conductor 13, sescond ocuter conductor 13
and second diglectrig layexr 17 ares exposed at a plansr distal
nd face of the second veoaxial trernemission dne % The
planar distal end face of the second coaxzial transmissicn line
5 can be pressed against tissue in -order to deliver microwava

Ersguendy suergy linto the tilesus; a8 described further below.

ry
¢

The elegtrosurgical instrument 1 siown in FIS. 1. can

gonfigured to coagulate a particular tvps of tissue having a

po)

{..v '

partigular impedance using microwave energy having a

partionlay Ireguerncy. Thlg 1 wved by configuring the

[
S
()A
K
Fan
@

length of the second cpaxial transmigsion line 5 and the ratio
of the dnner dismeter of the second outer conductor 1% to the
diameter of the second inner conductor 13 o that the second
coaxial transmissicon line & functions as an impedance
transformer that better matches the characteristic impedance
of the filrst coaxial transmission line 3 te the charvacteristic

impedance of the tilssue at the particular freguesncy.
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The theory of lmpedance transformers is well known and

n the technical fisld and thsrefore a detalled

=

understoad
description is not repeated here.

Prefevsbly, the sevond coaxwlal transmission line 5 is
configured to exactly match the impedance of the first coaxial
transmigsion line 3 to the impedance of the tissue, so that
the maximum amount of microwave =nergy is deliversd to the
tissue. Of course, acceptable performance of the
eléctrosurgical instrument 1 can be achieved without exactliy

matehing the impedances,; because a minoy impedance mismatch

53]

(for exampls up to 10%, o up to 20%) may lead to reflacticn

of only a nminor amount of wmicrowave energy away from the

,.4.
453

811

D)

There are two reguirements for the second cgaxial
trangmission lipe 5 to function as an impedance transformer
that better matches the charscteristic impedance of the fivst
coaxial transmizsion line 3 to the characteristic impsdance of

the liver tigsug at the predetermined operaving fregquency.

@1

Firstly, the length of the sscond coaxial tranemission line
must be such that the gecond cpaxial transmission line 5 is an
impedance transformer that improves the impedance wmatch

between the first coaxial transmission line 3 and the tissue
at the predetermined copevating fregusnoy. For exampie, the

second coaxial transmission line way have a length that is
substantially squal to (2ﬁ'¥1}ﬁf4. SQecondly, the inmpedance of
the second coaxial transmission line 5 wust be intermediate

caxial transmission line 3

4]

Q

between the impedance of the first
and the impedance of the tigsues beling coagulated. TFor optimal
impedance matching, the iwpedance of the second ceaxial
transmissgion line 5 must be substantially egual to J&€,4;,
where £y is the characteristic impedance of the first coaxilal
transmission line 3 and Z; is the predetermined chavacteristic
impedance of the tissus.

In the dielectric material of the second dielectrie layex

W

17 the microwave [reguengy energy Lyavels as 3 speed ¥, whare
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YV = e,
YHrEr

where ¢ is the speed of light, #,. is the relative permesbility
of. the dielectric wmaterial and & is the relative permittivity
{the dielectric congtant) of the dislesctric material.
Assuming the dielectric material is non-magnetic and
therefore has a relative permeabliity of 1, the migrowave
frequency energy travels at a aspeed in the segond dielectric

layeyr 17:

The wavelength & of the microwave freguency ensrgy iln the

gecond dielectric layer 17 is therefore given by:

s
i
-

[

where £ 1s the freguency of the microwave freguency energy.
Thus, using eguaticon (3} the wavelength in the second

coaxial transmisgion line 5 of wmicrowave snergy having the

o3

egired operating freguency can be determined bassd on the
relatidve permigtivicy {dielectyic constant] of the dielectric
material, which can be looked up, ealculated of found by
axperimentation. The length of the segond coaxial
transmiseion line & that is squal to (2ﬂ~%1)3/4 can then easily
he determined, and the length of the zsscond coaxial
transmigssion line 5 in the slectrosurgical dnstrument 1 can be
set to be substantially egual te the calculated length.

Alternatively, as discussed above; the optimal length of
the second coaxial transmission line 5 may be different to

thig, bscause Lt may also be affscted by the specific geometry
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of the second ceaxial transmigsion line 5. Thus, the coptimal
length may be calouvlated based on the geometry of the sscond
coanigl tyarngmiggion line 5, ‘possibly in addition Lo using the
wavelength in the second coaxial transmission lims 5
caloulated as described above. Alrevnapively, the optimal
iength may bes determinsd based on simulation ov
experimentation. The optimal lensth iz the length that
minimizes the return loss, il.e. minimises the amount oy
proportion of the reflected wicrowave fregueney energy; which
corvesponds to maximising the inpedsnce match between the
Firgt coaxial transmission line 3 and the tissus. Of courss,
the actual length of the zecond coaxial transmigsion line does
not have to be the exact optimal length, bkecause other similaw
lengths may algo gilve ageeptable (non-optimal)] periormance.

The dmpedance of a coaxial cable g given by eguation

FEN £83
Ly = 6@\131 n (~) (4)

by of the dislectric

Fete

whare 4, 1g the relative permeabil
material, & 18 the relative permittivity (the dielectric
congtant) of the dieledtyric wmaterial, 8 ig the inmer diameter
of the cuter conductor and d is the outer diameter of the
inney conductor. Assuming the dielectric wmaterial is non-
magnetic and thersfore hag a relative permeability of 1, the

iwmpedance of the coaxisl transwission lige 18 glven by

&0 i
Lg = MEn(») {
b JEx d

aguation {5).

153}
e

Aceording to egustion (8}, the ilumpedsnce of the cosxial
cable isg determiped solely by the rablo of the dinner diameter
of the outer conductor to the oubtey dlameter of the imner
conductor, for a particular dislectric material with a
particular relatlve permittivity. Thus, using eguation (&}

the neceasary vatio of the imner dlameter of the outer
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conductor to the outer diameter of the inner conductor to
provide a coaxial gable having a particular impedsnoe ecan be
caloulated.

3 3

Thils, @guation (5} dan be uged to calculate the ratic of

the inner diameter of the second outer condughor 15 to the

outer diameter of the sscond inner conductor 13 that results

0

in the characteristic impedance of the second coaxial

jed

transmission line 5 being intermediate betwsen the
ctharacteristic ilmpedance of the first coaxial transmission
line 3 and the tissus, and the ratile in the electrosurgieal
instrument can be set Lo be the calealated value.
Preferably, a ratie is calculated that resulis in the
characteristic impedance of the second goaxial transmission

line

1
o
®
,.J
o}
e

substantially equal to ¢Zu,4;, whevre Zy is the
characteristic ilmpedance of the first ceoaxial transmission
line and Z;. is the predetermined characterisgic impedance. of
the tissue, because this provides exact impedance matching
betwesn the first coaxial transmission line and the tissue and
therefore maximises the amount of microwave ensrgy delivered
Appropriate specific diameters of the sescond inner and
guittsr condiictors may be determined based on & mumber of
variables, including the corresponding diasmeters in the fiyst
soaxial transmigsion line 1, the geometry of the tissue to
which the microwave freguency energy is being delivered, and
by the freguency of the miorowave freguency energy.
In the computer simulaticn illustrated in FIG. 1, the

electrosurgical instrumsnt 1 15 configured for ceagulating
liver tdissue using microwave freguency snergy having a
characteristic freguetioy of 5.8 GHz, Of coufse, in other
swbadinents the desired operating freguency may be different,
and/or the desired tissue to be ooagulated {and the
corresponding charactevistie ilppedance) may be differsnt
and/or the dnstyument may be for achisving an sffect other

tharn coagulation, such as ablation.



G]

15

)
o)

30

In this computer simulation the 50 ohm Sucoform 86 cable
was modsllied as being 10 mm long, for simpliciby.

Simulations were carvied out uszsing C8T Microwave Studio
over & bandwidth from 3.3 8Hz to 8.3 GHz, with a cgaagtre
fragusney of 5.8 GHz. A liver lgad was modelled placed
divectly against the opsn circult end of the distal coaxial
ransmission line. The impesdence of the liver load was

modelled as being 58+310.6 Chms. This corresponds to

b o

modelliing the liver iload a&s having a dielectric constant o
approximately 38 comparved to the dielectyric constant of 5.87
for the MACOR dislsctric in the second oovaxial transuission

line 5.

<4

initially & sscond inner conductor 13 diameter of 1 mm

-~
PFS

b

and & second dielectric layer 17 outer dismeter of 1.55 mm
were selected for the sscond copaxial transmission line 5,
which had an oubter diameter of 2.% mm. Using theds paramstexd

it waa found by performing various simulations that the ideal
length of the sevond coasial transwission Line 5 for
maximising the amount of nmicrowave snergy delivered ta the
liver tiggus was olose to 9 mm.

ine §

j-d

With the length of the second coaxial transmission
et at 2 ww the outer diamsters of the second inner copductor
13 and the second dielectric laver 17 were varied and it was

ound that a second inner conductor 13 outer diswmetsr of 1.2
e and a second dislectyic laysy 17 outer diswmeter of 1.8 mm
gave ‘a good mateh o the Liver tissie &bt an dperating
freguency of 5.8 GHz with & reasonsble bandwidth.

The performance of the elesctyosurgical instrument was
checked in the gimulations to determine the pattern of
agbgsorption in the tissue and the level of radiabion in
unwanted dirvections, and the psricrmance was found to ke
aceeptable.

FIG. 1 shows a computey simulation of an electrosurgical
instrument 1 sccording o an snboddwment of the present

invention being used to coagulate liver tissue in contact with
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the distal end of the
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ingtrument
paramneters of the setond goaxia

-
)
i

The length and diameter

I transmission line 5

te the optimal parameters determined above.
It can be ssen i

waere set
1 FIG.

contact

1 that the power abgorption
pattern 1% in the liver tissus 21 in the simulation i
logalised in an area of the liver tissue 21 divectly in

s
with the distal end of the distal coaxial transmission
iine 5, and is circularly symmetrical about the shared central

axis of the firgt and second coaxigl transmission limes.

10 Thig result deuonstrates that with the pressnt idnvention
it i pogsible to achieve controlled localised delivery of
power into Lissue in conbact with the electrosurgical
instrument in order to cause controlled localised coagulabion

in that area of tissue,
15 FIG. 2 is & plot of the magnitude of the S-parameber
{return losa) against the frequency of the unicrowave radiation
for the gomputey sinulation ghown in BIG., 1. As well known in
the technical field, the S-parameter 1z a usasurs of the
return logs of microwsve energy due to impedancs mismatceh, and
20 as sugh the S-paranmeter is indicative of the degree of
impedance mismatch. The S-paramster can pe defined by
eguation (8).
PI:‘S?PR {5}
25 where fﬁ is the outgolng power in the imstrument towards the
tissue, Pp is the reflected power away from the tissus and §
ig the S parvameter.
As shown in FIG, 2, in the simulation resulbs there is a
very good impedance match for the desired operating freguency
30 of 5.8 GHz, meaning very little microwave energy was reflected
away from the liver tissue at this freguency of microwave
ensrgy dn the simulations.
the length
transmiss

This demonstrates that configuring
and diameter parameters of the distal coaxial
£

ion line of the elsctrosurgical instrument as
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digcussed above can maximise the amount of microwave snergy
that dis delivered by the electresurgical imstrument inte the

saue in contact with the distal

(S

dealirsed localised aves of ¢
errd of the datal goswdial trapsmisgion line.

While euch a good match may be difficulib to achieve in
pragtice, these results algo illustrats that an acceptables
match ©f the impedances may be achlevable over a range of
different tissues with diffevent {(but similar) relative
permitcdvitics. Foyr example, # pooper but still scceptabile 8-
parameter of -18 4B may be achileved with a diffevent type of

tigeye having a slightly higher or lower impedance than livew

Further simulations were carvied out to determine the
effect of tilting the instrumsnt so that only the corner of
the distal end of the distal coaxzial transmission line was in
contast with the tissue. It was found that for anglss greatex
fhan 1 dogree betwaen the distal end of the disgtal doakilsa
transmisaion line and the surface of the tissue the watch was
poor.,  The simulated absorpticon pattern for 5 degrees tilt ig
shown in Figure 3 and the S-parasmeter {retuwn loss) for 1, 2

degress tilt is shown in Figuve 4,

15t

and

As shown in Fig. 3, when the electrosurgical instrument
i tilted so- that only part of the electrosurgical insbrument
contacts the tissue, the microwave power is delivered inte an
gven’ smaller lovalised ared of tissue where the contact is
made, ®g sbown in FIG. 3, the power delivery pattern 22 1s
smaller and more localised than the power delivery pattern 19
in FIG. 1.

For 5 degrees tilt the power radiated, i.e. that left the
electrosurgical dostrument but dld net enter the intendsd
tdssue, wag -23.18%8 dB compared to the input power, i.se. aboub
0.5%. The veturn loss was -0.84 dB, l.e. only sbout 17.5% of
the powsy left the spplied end of the electrosurgicsl
instrument, and about 97% of this power was absorbed in the

intended tissue.
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As shown in FIG. 4, inereasging the amount of the
angle/tilit between the dentral axis of the dnstrument and the
normal to the tissue surface sigpificantly dncreases ths
return loss, meaning wmore of the wicrowave power ig reflected
and lesss of the microwave power is delivered to the tissue.

The elsctrosurgical instrumsnt will thevefore be less

efficient at these higher angles of tilt, but the microwave
aneigy: will bes localised dnto & smallexr aresa.

FIG. 5 shows a computer simulation result for an
elsctrosurgical instrument 23 according to a sscond embodiment
of the present invention. The electrosurgical instrument 23
aceording to the sscond enbodiment differs from the
electrosurgical instrument 1 sccording to the first esbodiment
because in the sscond enbodinent the second coaxial
transmission line 25 tapers from-a wider prowimal snd 27 te a
narroway digtal end 238. In thig enbodiment the distal end 29
Has approximatsly half the dismeter of the proximal end 27.

Specifically, in this embodiment at the distal end 29 of
the second cosmial transmiggion line the dismster of ths
gecond inner conductor is 0.8 mm, the diamgter of the second
diglectyric layer is 0.9 mm and the outer diametsr of the
second oulsry conductor is 1.25 mm.

In this embodiment the ratioc of the inner diameter of ths
outer conductor to the outer diameter of the inner conductor
is kept constant along the length of the distal coaxial

transmission line, s¢ that the impedance of the distal ceoaxial

on line is constant along its length. Purthermore,

[N
5]

transmigs

poie

8
the proportions of the exposed distal end of the distal
coaxial bravsmission lime that is in contact with the tissue
is the same as in the embodiment cf FIG. 1.

Az shown in FIG. 5, an -advantags of the second coaxial
transmission lime 2% being tapered in this mamner is that the

microwave energy is delivered to 4 gmaller ares of ths tigsus

at the distal end of the second coaxial transmisgion line 25.

1y

Thiz can be seen by comparing the power absoxption pattern 13
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in PIG. 1 with the powey absvrption pattern 31 4dn FIG. 5.
Thus, the migrowave energy delivery iz wmore localiged in the

zeond embodiment. This wmay be particularliy useful, for
example, when it is desivable to focus the energy deliveny
intn a specific area oy type of tilssue, for exampls into &
blood vessel or lumen.

FIG. & is a plet of the magnitude of the S-pavameibsy
{return loss) against the freguency of the wmicrowave yadiation
for the computer simulation ghown in ¥FIG. 5. In thisg
gimulation the leagth of the second coaxial transmission line
25 was lengthened from the 8 mm of the first ewmbodiment to 10
M 8¢ that the lowest returt loss was obtadned at ths desized
operating freguengy of 5.8 @Hz. The change in length of the
secvond goaxial tramsmieslion lime was necgessary because the
wavalength of the mnicrowave fregusnoy energy is longsr with
this tapered geometiry of the second coaxial transmission lins

hi
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ig an example in which the optimal length of the second
ooaxial transmission line ls not an odd multiple of A4
It is apparent from FIG. 6 that the reburn loss ls more

ignificant than with the embodiment illustrated in FIG. 1

%)

{compare FIGS. 6 and 2). This may be because the geometry

5.9, length and ratio of the diameters) of the sevond coaxmial
transmiggion line was nobt fully optimised for the liver load
tigsus. Therefore, it may be possibls to schieve a lowex
return loss with this geometry of the second coaxial
transmisgion line by further optimising the géomatyy of the
second ¢oaxial transmission line.

However, the perivrmance of the instrument 2% is still
good with thie yeturn 1loss &9 the instyument 25 can be
successfully used to coagulate the tissue, and as discusged
ahkove this swbodiment has an advantage that the power is
delivered «dnto a smalier lume of tissus.

A further advantage of the tapered nature of ths second
coaxial transmigsion line 25 in this embodiment is that it is

possible to press the diastal snd of the coaxial transmiseion
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iine 25 further intc the tissue than with the fipst
embodiment, because the distel tip is narrower in this
ambodimant .

The othey features of the second smbodimsnt ave the same
a3 in the fizst embodiment and descripticn thexenf is ast
raepeated heve for concilssness.

Relivery of the microwsve freguency senergy into a more
localised area of the tissue mayv also be achieved by
malntaining the «¢ylindrical shape of the second goaxial
transmisaion line shown in FIG. 1 bubt using a naryrower coaxial
trapsmissicon line. This ¢imilarly results in 3 naviowsy
distal end of the second coaxial transmission line fox
delivering the microwave fregusnoy energy into a wmore
localised area of tigsue.

FIG. 7 sheows @ computer simulation of an electrosurgleal
Instrument accovding to a further embodiment of the pregent
invention being ussd to csagulate liver tissue; whereln the
fivst and second coaxial transmission lines ave narrowey than

in the embodiment of FIG. 1. The configuration of the

ingtrument shown in FIG. 7 1is similar to that shown in FIG, 1
apart from the dimensions of the first and second ceaxial

tramswmission lines. OCnly the differences from the embodiment

‘

shown in FIG, 1 will be discussed hewe.

o

In the embodiment of REIE. 7, the first coawial
tranemigsion line is Sucoform 47 coaxial cable. Sucoform 47
coaxial cable comprises the same nmaterials as Sucoform 86
soawial cable discussed sbove, but different dimensions.
Specifically, in Sucoform 47 cable the inner conductor has an
ocuter dlameter of 0.31 mm, the PIFE dislectric layer has an
cuter diameter of 0.%4 mm and the cuter conductor has an ouber
diameter of 1.20 mm. Sucoform 47 cable has a chavacteristic
impedance of 50 Ohms.

& potential diesadvantage of uvesding Sucoform 47 -as the
first coaxial transmisgsion line relative to the wider Sucoform

86 cable is that the Sucoform 47 cabls has higher losses, &0
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the efficlency of the dostrusent will be lower. Howsver, an
advantage of using Sucoform 47 is that the relative
proportions of the first and second coaxial transmisgsion lines
b the Jundtion bétwsen them ave similay o “the previcusiy
degeribed embodiments, despite the diameter of the second

coaxial transmigssion line being narrower.

[

The second coaxial ftransmission line iz & coylindrigal

transmission line that ils naxroweyr than in FIG. 1.

Specifically, the sscond inner conductor has an cutey diamster
of 0.702 wmy the second dielectric layer has an outer diameter
o L.0853 mm and the sgecond outer conductor has an outey

diameter of 1.4%% mm.

Ag ghown in FIG. 7, the garrowey nature’ of the second
goaxial transmission line 5 in this embodimsnt resulits in more
logalised delivery of the microwave freguency ensergy into the

liver tissue {compare FIGS, 1 and 7, taking into acoount the
b % # =

FIG. 8 iz a plot of the magnitude of the S-parameter

{return loss) agalnst the freguency of the microwave radiation
for the computer simulation shown in FPIG. 7. Az can bs ss8en
by comparing FIGS. 6 and 8, the return loss for this
embodinent is comparvable to the return loss of thes tapeved
embodiment illustrated in FIG. 5.

¥I3. 5 shows @ computer simulation of an elegtrosurgleal
ingtrument acgording te a further smbodiment of the present
invention being usad te coagulate liver tissue, wherein the
sgcond coaxial transmission line is narrower than in the
expbodiment of FIG. 1. FIG. 10 is 3 plot of the magnitude of
the S-paramebey [(return loss) sgainst the freguency gf the
mwigrowave radistion for the computer simulatisnsgshown in PIG,
&,

The gonfiguraticon of the instrument shown in FIG. 9 is
gimilar to that shown in FIG. 1 apart from the dimensions of
the sescond cecaxial transmission lins. Only the differences

from the embodiment szhown in FIG. 1 will be discussed here.
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The firat coaszxial transmission line in the embodiment
shown in FIG. 9 lg Succeform 86 coaxial cable, as in the
embodiment of FIG. 1. However, the second coaxial
transmizsion line ig narrower; and haz the same dimensions as
in the smbodiment of FIG. 7. In other words, the second inner
conductor hasg an outer diameter of §.702 mm, the gegcond
dielectric layer has an outer diameter of 1.053 mm and the
second puter conductor has an outer diameter of 1.462 mm. As
shown in FIG. 2, more localised deliwexy of the microwawve
fregquency energy inte the tissue can be achieved with the
smbodinent of FIG. 9 than with the enbodiment of BIG. 1,
because of thHe tarrowsyr distal tip of the second ¢oaxial
transmission line in PIG. 9.

PIG. 10 shows that the return loss ig dcoeptable when

il

eeding the second ¢oaxial transmisgion line using the wider
oform 86 gable instead of the narrower Sucofrom 47 cable.
An advantage of using the wider Sucoform 88 coaxial cable
ag the first coaxial transmission line is that the power loss
is lesz in this cable. Therefore; the efficiency of the
instrument will be greater when Sucoform 86 cable is used as
the firet coaxial transmission line.

The dimsnsgions of the distal tip of ths second coaxial

fead cables in FIG8. 1, 5, 7 and 9 are seb out in Table 1

below, for ease of reference.
Embodiment | Inner conductor Dielectric Suter condustor |
diamster layer diameber diamater
FIG. 1 1.2 mm 1.8 mm 1 2.5 mm
FIG. 5 0.6 mm ' 0% mm | "1.25 mm
FIGE. 7 0.702 mm 1.053 mm : 1.462 wm
and @
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Qf course, in alternative embodiments the dimensions may
be differsent to those given in Table 1.

In ssummary; 81l smbodiments of the present Invention
provide an electrosurgical instrument that efficiently couples
microwave energy inte a localised area of tiassus directly in
contaet with the slectrogurgieal inggrument.

The delivery of the micuowave energy to. the tissus is
gignificantly improved where good contact is made betwsen the

distal end of the slectrosurgical instrument (for example the

dizstal ernd of the second coaxial transmisgion line) and the

7

o
=]

asus. Where the electrosurgical instrument is at an angle

g0 that thiesre is an alr yap betwesn at léasgt part of the

i

digtal end of the electrosurgical instrument and the tissus
The return Ioss can be poor, partigelarly for angles of
greater than 1 degree.

In all embodiments, very little power is radiated in
unwanted divections {in other words in-any divection other
than into the area of {Llssue In gontast with the probse)y

regaxydless of the return loss.

poch

In all ewbodiments the elsctresurgical ingtrument can be
ged to contact the tigsue at &y angls o coagulater a vesy
gmall piece of tissue closs to the adge of the disgtal end of
the second coaxial transmission line.

In addition, & moxe congentrated reglon of heating of the
tissue may also be achieved by usling a tapered second coaxial
ransmligsion line to deliver the wmicrowave snergy intdé a
smaller avea of tissue at the diastal end of the second coaxial
trapamiseion line.

More goncgEntrated delivery of microwave freguency ensrgy
ixtte the tiesue can also be achieved by using a narrower
egylindrical second coaxial transuission line. In oxder to
reduce power losses, the narrower second coaxial transmission
line may be fad by a wider fivst coaxial transmission line.

FIG. 31 is a schewmstic {llustyation of a furthery

anbodiment of the present invention. As with the previously
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described enbodiments;, in this epbodiment the slechbrosurgical
instrument comprisesg the first and sscond coaxial transmission
lines 3, 5. The configuration of the first and secoend .coaxial
transmission lines 3, 5 shown in FIg. 11 is an example
sonfiguration only, and the first and sscond coaxial
transmission lines may instead have another configuration
fahapes, size, ege.), for example one of the other sxample
configurations of the cotheyr emboedinents describsd above and
illustrated in FIGS. ¥ to 10.

In this ewbodiment the slectrosurgical instrument
comprises a third ceoaxial transmission line 33. The third
Goaxial tyansmissicy line 33 couwprigey s thiyg doper gonductox
that is connegted o the zegond inner conduchor, a third outer
sonductor that ig coawial with the thiyd inner conductor and
connected to the sscond ouber copdugtor, apd & third layver of
dielegtric materdial separvating the thirxd inner and outsy
conductors.

The third ccaxial transmission line 33 is axially aligned
with {coaxial with} the first and second coaxial transmission
lines 3, 5.

The third inney cornductor, third suter gonductor and

5

thivd layer of dielectrig material are expossed at a planar

atal end face of the third coaxial transmission line 33. In

D,

uge, as illustrated dn FICG. 11, the distal end face of ths
third coaxial transmission line 33 can be pressed against
tissue te deliver microwave frequency energy intoe the tissue,
as described in more derail belaow. Thus, in this enbodiment
the distal end of the thizd cosxial transmission ling 33 forms
vhe distdl énd of the instrument, and nob the distal end of
the second cosxial transmiggion line 5 as in the previsusly
descoribed embodiments.

The third coaxial trensmission line 33 is goniigured Lo
remove a reactive part (imsginary component) of the impedance
of the tissue 35. Onge the reactive part of the impsdance of

the tissues 3% has been removed, the sescond coaxial
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cpansnission line 5 matches the gubseguent purely real

impedance to the impedance of the fivst coamial transmisaion

i

impedance mismatch of both the

1
(&7}
18]
b i}

Tine 3. Thus, the effect

real and reactive {imaginary) parts of the impedance of the
tissue 35 are tsken into acdount and addreased in this

embodinment .
In this embodiment the third ceasxial transmission lins 33
has the same lmpedance as the first coawial trausmission line

3 (for example 50 Chwm). Indeed, in this embodiment the third

et

coaxial transmissicn line 33 is & same typs of coaxial cable

ag the first coaxial transmission line 3,

An appropriate length for the third coaxial transmission
ling 33 to cancel out/renmove the reactive part of the
impadance of the tissue 35 can be determined mathematically,
for exanple using a Smith Chart, based on varilables such as
the impedances of the tissys and the flust cpsxiwgl

3 b

transmission line and

v

the freguenoy of the microwave fregquency
radiation. If the calculated length of the third coaxial
transmission ldine is too short to be practical, & multiple of
A2 can ke added to the calculatsd length to deterning a move

gth, The appropriste lsangth of the

%.-..
(H
f:)
i,.."
0]
)
i

pracuically appropr:

fndn

cthird coaxial tvansmiesion line may alternatively be
determined by computer simulation/modelling, or by
experlnsntation,

As an exsmple, the appropriate length of the third
coanial Lrapsmission lipe may be determined using the
following steps, assuming the tissue lwmpedance (load) is

(10 —J10311 and the impedance of the first coswial trsnsmigsion

123}

Tdne Iw B0
{1} Normalise the tissue impedance to the impedance of
the first ccaxlal transmission line:

= L0 g2 — j0.2)0;

Ty =
N 560

{23} Plot the nozmallsed impsdances on the Smith Thart and

draw the V8WR eilrcle;
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(3} Rotate the normaliged load to the veal v axis and

note the mevement in wavelengths Iryom the load towards the

S8

gnerator . This removes the reasctive [imaginary) component of
the. impedance of the load;

{47  If the A1 is too short to realise practically, add
— to this length until a practical length dis achieved.

Onge the reactive part of the impedance of the tissue has
been csncelled out, the subseguently purely real Impedance gan
be matched to the impedance ¢f the firet coaxial transmission
line by an appropriately configured second coaxial
transmission line. Specifically, the Smith CThart can be used
te find the value from the real v axis where the load has a
purely real valus only (which may be to the left or the right

of the centre}, and this value can then be normalised by

g

ultiplying by the impedance of the first coaxial transmisgsion
line tg find the real impsdance to be matched to the impsdancs
of the first coaxial transmission lins.

The following is a simple numerisal example relating Lo
the embodiment of FIG. 11, assuming the tissue impedance
{load) iz {10 /10)8 and the impedance of the first cosxial
cransmission line ig 50Q.

Carrying out the above steps using a Smith Chart results

2

ength of the third coaxial transmigsion

-
H
LR

ins

pemt

in the desirsd
being determined to be 00334 and the value from the real x
axis where the load has a purely real value only Lo be Hey =
319, The normalised load to be matched to the impedance of
the firet cosxial transmissicon lime 3 by the sscond ooaxial
transmigsion line 5 iz then derermined to he e = 0191500 =
9.58. The coptimal impedance of the second coaxial transmisgsion

=

line 5 can thus be determined to bhe:

Zp = 22 =¥E0 X 0.9 = 21.80
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Appropriate diameters for the second immer and ocuter

conductors can then be determined based on this wvalue and

Azsuming a wicrowave freguency of 5.8 GHz and that the
gacond dielectric material is PTFE with a relative
1.5, the optimal length of the sscond coaxial

P
transwiseion liwe 5, i.e. 5 Gan be determined using eguation

]

permitiivity o

{3} to be 10.56 wm. If this length is too short to be
practieal; it can be increased by adding a multiple of g to the

Tength, for to arrive at s length of 31.68 mm,

As mentioned above, the desired length of the third
coaxial transmission line 33 in this example iz 3.0331, which
corresponds ty a lewgth of 1.38 mm. Again, 1f this leogth is

o0

hort to be practical, it can be increased by adding a

ﬁ

1153

muiltiple of % to the length, for te arrive at a length of 22.51
am .

The following is a simple numerical ezample illustrating
the need for impsdance matching in the embodiments of the
present invention. This example assumes a tissue inmpedance of
{12 ~j15)1 and a single coaxial transmission line with an
impedance of 500 presgsed agalunst the tissus.

Without any impedancge matching the amount of power that

would be reflected would be:

Ly — %
p::m":;,.mr?,:
7, + 7,

I = 0.731

0.63 - j0.37

The proportion of power deliversd to the tissue load is
then given by:
P={1-0731%) = 0466
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Thug, with no impedance matching only 47% of the powsy
will be delivered to the load, which means that the
electrosurgical imstyument would be reslatively inefficlent.
The delivered powsy can be significantly improved by
performing impedance matcehing as in the enbodiments of the
presant invention describsd above.

In one practical embodiment, the dislectric material in
the segond and/or third coaxial tramnsmission line wmay be ailr,
oy ancthey gas. In this case, a plege of material may be
positioned over the end of the ceaxial transmigsion line, forx

examplie -a plece of Kepton tape or a mica window.
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CLATMS

L. an electrogurgical instrument configured fox

delivering microwave frequency energy having a predetermined
operating Treguency into tissue having a predetermined
characteristic ilmpedance in .gontach with a distel sud of ths
instirument, the instrument comprising:

a proximal coaxial transmission line for conveying
minrowave freguengy engrgy comprising a first imper conductor,
a first outer geonductor formed coaxially with the first innex
conductor, and a fipst dielectrie layver separyating the first
inner conductory and the fivet outer conductox

a distal coaxial transmigsion line fowx conveying
microwave fregusnoy ensrgy compriszing a sscond inner conductor

onnested vo the first iunsr conduster, & sevond ouber
eorvductor formed coaxially with the secgond inner conductor and
connected to the first outer conductor, and a second
dielectric laver separating the second inner conducteor and the
second outer conduchtor;

whersin & ratio of an lnner diaweter of the second ocuter
conductor to the outer dismeter of the second inner conductor
igs such that a chax avigtic iumpedance ¢f the distal coaxis
transmisgion Yine iz intermediste between g characteristic
impedancs of the proximal. coaxial transmission line and a load

~

impedance at the distal end of the distal coaxial tranemission

3

iine when the distal end of the instrument is in contact with
wherein a length of the distsel vcosxial transmission line
ig such that the distal coazial transmission line is an
impedance transformer that improves the lmpedance watch
between the proximal coaxigl transmigsdion line and the load
impedance at the distsl =nd of the distal coaxial transmigsion

line when the distal end of instrument is in contasgt with the

tiggpe, at the predeterminesd opevating freguenaoy,
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e elsotresirgiosl instrument aooording to olaiw 1,
wherein a length of the distal coaxial transmission line is
substant fally sgual to {2n*+1})f4, where 4 is the wavelength in
the distal coaxial transmission line of microwsve freguency
energy having the predeterminad operating freguency and n is
an integer gregter than or egual to 0.

3. The electresurgical dnstrument aceording to clkaim 1

or ¢laim 2, wherein the electrosurgical instrument is for

4. The slsgtrosurgical iumstrument acecording to any one
of the previocus claims, wherein the ratic of the inner
diameter of the second outer conductor toe the outer diameter
of the second inner conductor ds such that a characteristic
impedancs: of the distal ceaxial twansmission line ls

subgtantially sgual to (Z,4,, where I is the chavacteristic

“
Y
B

impedangs of the prozimal coaxial transuissicn line and & is
the leoad impesdance at the digztal end of the distal coaxial

ine when the distal end of the instrument ig in

fot

transmissdion

contact with the tissue.

5. The electrosurgical instrument accerding Lo any one
of the previous claims, wheresin the sscond inner gonductor,
gecond outer conducster and sscond dielectric layver ave exposed
at a diatal end face of the digtal coaxial transmission line

for contascting the tissue,

5. The electrosurgical instruunsent according Lo any one
of dlaimg 1 to 4, wWherdin the electrosurgical instrumsnt
comprisss & further dAistal goaxial traunsuissien line

comprising a third inner gonductor connected to the second
inner conductor, a third ocuter conductor formed ceaxially with

the third inner conductor and connected to the sescond outeyr
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conductor, and a third dielectric laver separating the third

a
imner conductor and the third outer conductor:

7. The electrosurglcal dnstrument according to claim 6,
wherein & charvacteristic impedance of the further distal

5

coaxial transmission line is the same as a charscteristac

impedance of the prowimal coaxial transmissicon line.
8. The electrosurgical instrument acecording to olaim 6

or claim 7, wherein a length of the further distal coaxlal
transmigsion line is such that the further distal coaxial
transmissicon line substantislly cancels out & yeactive part of
the predetermined characteristic impedance of the tissue at

the predetermined operating fregusnoy.

3. The elsctrosurgical instrumsnt according Lo auy one
of claims ¢ te 8, wherein the further distal coaxial

transmission line is xigid.

194 The elsctrésurgical instrument acdcording Lo sty one
of claims & to 9, wherein the electrosurgical instrument
scompriseg:

an open-givouited o shorb-gircuited stub connectead in

parallel to the further distal cosxial transmission line,

R

13 . The electrosurgical instrument asccording to claim

et

0, whereinm a characteristic impsdance of the stub ig the same
ag a chavacteristic impedance of the further distal coaxdial

in

Jot
[t

transmission

12 . The electrosurgical instrument aceorvding to claim
10, wherein & charactevristic impedance of the stub is not the
same as a charachtevistic impedance of the further distal

goaxial transmission line.
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13. The elegtrosurgical Instrument according to any one
of claims 10 to 12, wherein the elasctrosurglcal instrument
comprises a plurality of the open-circuited or short-circuited

stubs connected in parallel to the further distal coaxial

14. The electrosurgical instrument asccording to any one

of the previous cleims, wherein the distal coaxial

transmission lins 1s rigid.

18. The electrosurglical dnstrument according to any one
of the previots ¢laiws, whersin the predstsrmined operzting

freguency 18 5.8 GHz.

i8. The electrosurgical instrument according to any one
of the previocus claims, wherein a ssparation between the ocuter
diameter of ths zecond inner conductor and the inner diameter
of the sscond outer conduector is less than a separation
between an outer diametser of the first iuner conductor and

inneyr digmaster of the firvet outer conducto

17. The electrosurgical instrument sccording to any ons

of the previous claims, wherein the =second dislectric laver

hag a higher relative permittivity than the first dislectric
layer,
18, The elescbresurgical instrument aceording to any one

of the previcus ¢laims, whevein the characterigtic ilmpedancs

of the proximal coaxial transmission line is 50 Ghms.

1g. The electrosurgigal instrument according to any one
of the previous clalws, wherein the proximal coaxial

transmission line 18 a coaxial osble.
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20, The slectrosurgical instrument according to gy one
of the previocus claims, wherein the distal coaxial
transnission is tapered from a wider proximal end therecf to a

narrvower distal end thersof.

21, The electrogurgidal ingtrumsnt gcdording to any dne
of the previous ¢lainms, wherein:

the instrument is configured for delivering microwave
freguesncy energy having the predestermined opesrating frequency

inte tisgue having a predetermined charactsristic impedance in

the vange of 4% to 180 Ohms.

22. The electromurgical instrument according to any one

5

cf the previcus claims, wherein the elesctresurgical instrument
compriges & pluralicy of the distal ceaxial transmisgion lines
for improving the impedance match between the proximal coaxial
trangmigsion dine and the tissue at the predetermined

operating freguency.

£

Le2

23.  An electrosurgical syvstem comprisin

at ¢lectrosurgical lnstrument according to any one of thse
previous claima; and

an slsctrosurglical generator connectsd to a proximal end
of the proximal coaxial transmission line;

wherein the electrosurglcal generator is configured to
supply the proximal coaxial twansmigsion line with microwave

fregqueney energy having the predetermined copevating freguenoy.

24. The electrosurgical system according to clalm 23,
whereéin:

the slactrosurgical system comprises a gontroller for
contrelling the electrosurgical generator; and

the controller is configured to controel the powsr and/or

duration of the migrowave frequency energy supplisd by the
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generator to limit the amournt of microwave freguenay ensrgy

deldvered to the tissus to below g predetermined amount.

25 The slscbtrosurgieal system acoeording te ¢lalme 24,
whesrein the electrosurgical system comprises a sensor for
sensing informaticon indicative of the amount of microwave

freguency energy delivered to the tissue.

]

£

26. The electrosurxglcal system acgording to ¢laim 24 or
claim 25, wherein the controller is configured to contrel the
srator to provide a powsr of 45 W for a pericd of up to

four ssconds.

27, A method of manufacturing an electrosurgica
instrument acceording to any one of claims 1 to 22, the methed
sonprising:

determining the ratio of the imner diameter of the second
outer conductor to the outer diameter of the sscond inner
conductbor that resulte in the characteristic iwmpsdance of the
distal coaxial transmissicon Line being intermediabe betwesn &
chavacteristic Impedance of the proximal cosxial transmission
line and the load impedance at the distal end of the distal
coaxial transmigsgion line when the distal end of the
ingtrument is in contact with the tissue

setting the ratio of the lmner dianmeter of the sscond
outer conductor to the outer diasmeter of the second inner
conductor to be the determined ratio;

determining a length of the diztal coaxial trausmission
line that vesults in the distal coaxial tvansmisslon line
being an impedance transformer that improves the inmpadancs
matoh between the proximal gosxial transmission line and ths
lpad impedance at the distal end of the distal coaxial
transmisglion line when the distel end of the ilnstrument is in
contact with the tissue, at the predetsrnined operating

=

freguency; and
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setting the length of the distal coaxial transmission

linme to be the deteymined length.

28. The method accerding to claim 27, wherein the methed
comprises:

deterniding the waveléngth 4 in the distal coaxial
ftrapamission line of microwave freguency energy having the
predetermined operating freguency; and

septing the length of the distal coawial tranemigsion
line to be substantially egual to (2n-¥1)3f4, where m 18 an
integer grester then or sgusEl o 0, bised on the determined
wavelsngth 4.

29, The method according te claim 27 or ¢laim 28,
wherein the method comprises:

determining the yatic of the inner diameter of the sevond
outer conductor to the outer dismeter of the second inner

> impedance of the

N

conductor that results in the characteristi

4

diatal coaxial transmission line being substantially egual to

VEméy, where Zy is the characteristic impedance of the
proximal <oaxldl transmission line and Zp is the load iwpedance
at the distal end of the distal coaxial transmission line when
the distal end of the dnstrumsnt 43 4n contact with the
tigsague: and

getting the ratio of the imnmer diameper of the second
outer conductor to the cuibsr diawster of the second imner

conductor to be the determined ratio.

38. The method according to claim 29, wherein the method
COMPL Lees:

caloulating /Zp,Z;; and

caleulating the ratic of the inner diameter of the second

outer conductor to the outer diameter of the gsscond innsy



Uy

1e

20

153}
N

cenductor that results in & characteristic impedance of the

~

3 " ) - < i " - e ———
distal coazial transmission line egual to Zu2.

3 The wmethind adeording Lo dlaim 28, whersin the method

Jeed

comprises calculating the wavelength in the distal coaxial
tranemigsion line of the microwsve freguency snergy having the
predetermined aperating freguency based on the relative

permitidwity of the sscond dielectric layer.

J

32. The mathod according to any one of glaims 27 to 331,

S

in which the electrosurgical instrument comprlses the furthex
digtal coaxial transmission line, whersin the method

comprises:

ja s

atermining a length of the further disptal geoaxial

¢

trapasmission line that resuylte in the reacbive part of the
predetermined charvacteristic impedance of the tissue being
ecancelled outy; and

setting the length of the further .distal ccaxial
transmisgion line to be substantially egual to the determined

length.
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