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ABSTRACT |
Troneformero can be made for impodance matching, puloe iavorting, and
“de ioolation, within the range of cbout 30 to 300 ohms, with rice timos of leso
than 0.5 X 10'9 socondo, and magnotizing time constanto tn oxcoos of 5xm“’7 .
‘secondo., Voltage-rofloction coefficionts of 0.05 or logo, snd veltago-trancmiosion
officiencico of 0.95 or better can be achieved. ’
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SUMMARY
The tranmﬂooiou;liaeuappzonch to the deoign of tr-ann.fo'rmaré yieldo a unit

vith no firot-order rice«timo limit cince thic opproach uces diotributed rathor
than lamped conotanto. Tho total timo dolay through the tranomission-line-type
trancformor may excecd the rioo timo by o large factor, unlike conventioual
transformors. Tho oxtra winding longth can bo employed to improve tho low.
froquency response of the unit, "
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INTRODUCTIOR

Nuclear rossarch with high~cnergy accolaratoref:éqnohﬁy roquirces time
reoolution ia the raange of 10'9 occond (nanvoccond, abbreviotod noce). It io
umuy found that cloctronic devices such as multiplier photatubeo. ordiuary
vacuwm tubeo, diode bridges, and coaxial cablen have an optlaﬁxm impodance
level for a desirod tranciont reoponse. In aamrat. the 1mpedaneo levels for
the various devices are different.

The nanosecond rog&on gencrally roquires the use o£ diotributod- constant
transmionion lines to deliver oignal onorgy from ono point to another, if rise-
time dogradatioa io to be képt small. ‘_ For thic renoon it will bo asoumed that
conncctions te and from tho tranoformors will bo made with tranomiosion linco.
Thuo tho residusl capacity or inductance aosociated with sourcos and leads will
not be conoidered ap a part of the txanafoxmer oporation, oin¢o sources and
loads are romovod from tho trﬁns,formor. in tho timo domain, by tho transit
time through tho intorconnecting tranomiosion lino, Tho prdblem of connocting
the source of load to a transmicsion line io wall knowa, Z The problem io thuo
'oimpliﬂad to that of driviag the transfcrmor from & reoiuﬂvm seurce Zo and
exciting a resistivo load' 2,.

Usually it is important to minimize roflectﬁono oince it is not practical,
in general, to distinguish betwoen a normal small sigual due to 2 aucloar event,
and a small signal that ic the product of impedance~discontinuity refloction
procesoes acting on a previously transmitted large eignal,

In addition to impcedance matching, it io {frogucatly desirable to perfwm
other operations with trancformera, such as inverting or dc {oolating,

The literature doocribos the theory of suitobly fast tronoformers, 34 and
describeo cortain exampleo that are reasonably fast, but which do not give
information on tganamiouian loss, roflections, test methods, and coro selection,
The emphaoio in thio paper will be on thes¢ latter points, with only a bricf
qualitative review of the well-deocribed thoory,
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GENERAL

In the usual view, a transformer ie considerod as a number of lumpod
linear circuit paramoters, perhaps an is chown ia Fig. ). By the precoss -
of miniaturigation, the high~f{requency roeponoe can be extendod at the coot of
low-froguoncy reaponsc and operating level., An analyoio of tho operation of o
transformer based upon Fig. 1 would lead to the conclusion thot there is alwayo
a first-ovder limit on the high-frequency responoe of any transformer, because
of the inevitable low pass restrictions of the lumped paumeten of the vait, If
one refrains from regarding the waasiermer in terms of the \mual cirguit
methods, but instead regards the problam from the point of view of tho electric
fields involved, a quite difforent picttre results. Figure 2 chows how oue io
lsad, by fleld considerations from the usual ideao on how to bulld a 1:4 impedonco-
matching tranoformer, to a more euitable mothod. - - Tho uocusl appreach io to
conotruct a bifilar winding, with the two filo qonaacto}d in oorios, ao chown in
Fig. 2a. Instead of uoing two wires howevor, ono con uoo the inner and outer
conductors of a coaxial cablo as the twe fils; tho physical ér:angemonﬁ rooulting
io shown in Fig. 20 Figuro 2c chows the arrangement of 2b in o way which
emphanicco the sis:i:nl pathe {rom input.to output, Noto tho direct path horizontally
from the 50-ohm cable to the 200-0hm cable, with the transformor's cable in |
sorico. This provideo a poth with a very chort time dolay input to output. Thoro
io a second poth around the loop provided by the tranoformor'e cable. The
second path ip dolayed in time by the distanco around tho loop divided by tho
velocity of propagation within tho cablo. Tho zeoult is thot the cutput sigaal
builds up in timo by a proceas isvolviag the summiag up, at cable-declay iatervals,
of the various transmitted aud reflcoted oignals circulnting within the loop.
Note that one cannot chooce the impodance of the teansformor’s cable in ouch a
way as to provide an'impedance match oimultencounely from lait to right and right
to left (to motch in the 50-ohm direction, the cable would hmm to bgr 62 ohmo, and
162 ochmo for the 200-ghms direction). One observoo immediatoly that the two

 siganl patho with difforont timo dolayo 1o thoe major problom, A littic thinking
leado ono to the equaliscd voroion chown in Fig. 24, Thio arrangement provideo

two patho of oqual timo delay, o first-ordey porfoct mateh in impodance, and no
firot-ordor limitationo on rice time. The arrangaments of 2b and 2d weore mado
up by uoing 30 ¢m of subminiature coax of 160-chms {mpodanco, wound with 6

turnc on a ferrito toriodal core with a roctangular croos section 4 by 4 {ach snd
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with a l-iach outer diamoctor., Figure 2 chowo tho toot oot up. Note thot the
output signalo (Fig. 4) rooult from paocoing through the two caocndod tranoformors,

The transformoro chown ia Fig. 5 illustrate the invorter and foolation
vorciono of tke oqual timo-dolay approach. Tho gonoral varsion of mntching (Ia:tlx)Z
 ohms to (kn) ohms requires m times a cableo of an impedance k (mn)?, where
m and u are the smallest integers stating the turno ratio m/n with oufficiont
accuracy. The cablas are arranged with m rowo of a cablen, connccted in oorico-
parallel, m by n at onc end and n by m at the other. Ouc ¢nd’ ’i&ou hao an input
tmpedance m/n times the coble impedance, and tho nthar hao an impodaace n/m
~ timoo the cable impodanco. .

Unfortunately the required tzanoioz'mer cablo impadnncc io froqueoatly not
commorcially available, or only in on awhward phyoical size. Sinco roncousble
lengtho aro uoually involved, frequontly ono cea roploco the contor conductor of
2 lower-impedancd’ cable with o omaller conductor, dotorminod by tho rofloction
tecting mothed outlined below. In tho oimplor cacao, ouch oo the favorting -
transformor, it may | bo desizable to uco a parallol Uno, rathor thon o conxiol
Huc. In thic cace, Mcnborg'a charts may prove uocful ne a amtina poiut. 3 ta
the caco where m timoo n 1o prohibitively largo, one iff forecod to uoe miuiamtzlug
tochniqueo in ordor that tho multifilar.winding method may bo uscd with chort
trancit timoo, i.¢., short compared to the dooired rice time,

LIMITATIONS

The oqual delay mode of oporation iv degradoed by a numbor of cocond-
order effects. One notos immediately that the oimplo act of transmitting the
oignal through tho trancformor's cabloo degradeo tho rico time of an input otep.
Tho change requirad in tho distribution of clectric ficldo in going from the
signal catilo to the transformor's cableo éoquiuo highor-order modos in tho
vicinity of tho troncition. Thio giveo risc to on oquivolont énpadty. 7 in chunt
with an othorwioe idoal oystom, for tho prinecipht (TEM) modo oignal. Thoro
io aloo a capacity nonoeicted with thmtoido of the truunformor'o highpotontial
cable (the dothils of thic eapocity will appear bolow). Tho dioporoive tranomisoion
loaoes arc invorsely proportional to the square of the diamotor of tho trancformerts
coblesn, ‘and the digcontinuity capacitics arc directly proporumml to the diamoter.
If onc divideo tho rico-time dogradation betwoen the dincontinuities and tho cable
tranomicoion, thon for tho boot low-fraquoncy responoe, onesllacatas about 80%
of tho degradntion to the copacity problomo. This rooulto in tho optimum

l; 5’6
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diameter for the tranpformer's cable, allowing the longest length of cable, and
hence the beot low-frequency response, for the given rige time.

The energy that travels from input to output by going into the interfilar
spaces (lnslde the coaxial lines) is usually referred to oo traveling in the
transmiseion.line mode (TLM). Eaergy traveling iv the extrafilar spaco (outside
“the coaxial sheath) {s referrod to es traveling ia the coll mode (CM). The CM
path i undesirable because it takes energy from the TLM. In addition, therc
io the possibmty that the energy launched down the CM will not be dicoipated end
hence may return as an undegirable delayed input to the TLM, Tho CM path is
not ea sily stated in complete detoil because it uounlly lavelves varying impedances
{variable ocpacing and path media), verying modes (TEM, helical, etc), and
varylng velocities (ot only in differeat regions, because of media changes, but
also due to diopaersive modia). Fortunstely, as will be goon bolow, with an
appropriate choice of geometry and ferrite core it will usually oot be neccosary
to consider the CM path as being any more cmimpueamd than a ohvmt path
composed of an air-spaced transmiosion line oz avorage impodance connected in
seriec to a high-impedance lossy Hue shorted at the far end, The air-space linc
corresponds to the portion of tha CM path starting ot the junction with the TLM
and continuing to where the CM fiolds interact oignificantly with tho core. The
air-spaced path should be kept ao short as is practical, since it i difflcult to
obtain more than 2 fow hundred ohms impedance, If this section io chort in
double~tranoit timo compared to thé_i rive timo involved, thoa it may be considored
as a shunt lumped capacity. Becaudo the core porﬁbn of the CM path is very
lossy and dispersive, one can account for the operation over a smoll range with
reasonable accuracy with a lumped resistance to correspond to tho line
impedance (ne fast reflectione return) shunted by an inductance to acceunt for
the approximately differcntiating decay.

CORE EVALUAIIQN

Since a limit on tho rise time ia the length of the transmiosion line used,
one wishes to obtain as high an impodance in the CM and ac long a decay timo
constant as 1o poosible for the given length of line. “The shunting equivaleat
resistance and inductance values are approximately diractljr proportional to the
square of the turnc and the core cross sectional area. Ths inductance io
inversoly proportional to the mean core circumference, For thio reason, one
should use a toroidal core with a oquare croos soctioﬁ (round would be olightly |
better, but manufactured toroids arc not uowally made this way). The over.all
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size of the core should be made as small as poossible, limited by either window
oize or saturetion of the core. ’

_ In order to find cores which are of practical value, a testing arrangement
~‘was made as shown ian Fig. 6. By plecing various toroids with various windings
across the tranemigsion line between the generator aand the oeciuoscope. one can
obgerve the amouat of loading introduced into the system. 8 By plotting tho
normalized amplitude against time on semilogarithmic paper, one can deduce

the values of R aad L according to the equivalent circuit of Fig. 7. The value of
Ris found from the initial value of the output veltage, and then the decay time
cmtaﬁi 10 eva.luat&é from the slope of the samuogarithmic curve, Knowing the
time conetant and the circuit impedmce level, one can ¢alculate inductance.

By measuring tho values of R and L far different sized samples with different
numbers of turns at different impedance snd volty.ge levels, one can plét values

of Ro and g, where Ro is the quoticat of the R valuos divided by the product of

the square of the aumber of turno wsed and the core cross-sectional area; u is
calculatod from the usunl formula rolating toroidal inductance and permeability.

In these teets, the tranoit time for the length of the “Maﬁlng used was loss than

the rice time of the oystem,

| The decay curves on semilogarithmic paper are not perfectly streight,

The curves imply that the effective permeability increases with time. This

effoct io presumed to be due to the velocity of propagetion in the ferrite. A depth-
of-penetration effect in tapo-type corcs was iavestigated by Moedy.(’ Unfortunately
the ferrites invectigatod do not scem to fellow 2 sirmple law {(Moody found the
effective permeability varien_ns the square root of time for thin tape-type cores),
and thue onc is provided with an intereoting possibility for further investigation.
“The simplicity of the conotruction of nanvaecond pulse trancformers makes
pmeﬁ-éa‘l rérhpw:ical methods using the approximato values of p and Ro given

below. These values should be reaconablyy valid for core sizes of the order of
centimeters windings of 1 to 8 turns, - and puloe lengths of 10 to a few hundred
nanogec. Tho ferrites testod included Forroxcube Corporation of America’s

FXC 3, 3¢, 101, 102, 104, 105; Lignee Tolographiques et Telephoniques (Fraance)
LTT, 1002, 1003, 1101, 1102, 1103; General Ceramic and Steatite Corporation's
Ferramic Q3 Geaeral Electric's CR22. Of the many tested types, those axhibiting
a well-behaved decay with an effective p and Ry of more thaa 200 and 1000 ohm/cm .
,respacttvely. wero selected as suitable for this application and are shown in Table I.
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‘Various powdered-iron and taps cores were tried also, but like FYC 3 and 3C
and LTT 1002, were not Hsted because of too low a value of Ro. The FXC 105,
LTT 1100 geries, Ferramic C;. and CQ22 were not used because the value of

u was too low,

Table 1

Forrite toroidal core properties

Type g R . Saturation Flux "
. Type | 0, e Mo
(thn/cm :
' _ , : ,
FXC 101 - 400 to 700 2500 to 4500 - 2300, v 1200
102 250 t0 400 4000 to 6000 2500 635
104 200 to 250 over 6000 3400 St 200

LTT 1003 1200 to 2000 700 to 1200 4800 1250

TRANSFORMER SYNTHESIS

From the rige time spacification, one can arrive at the transformer's cable
size. A rough estimate can be made by assuming that the rise time will be
ilmteed to about 0.8 of the specified volue by the equivalent capacity lumps
associamd with entering the cables, and about 0.6 of the opecified rise time
bacause of the cable deficiencies. There are two ‘restrainte on the maximum
diamester of the tronsformer's coaxial cable. One is that the double.trensit time
around the first CM turn be & small fraction of the rige t&n;}e. This ip to prevent
poor operation because of the time positien of reflections on the CM; {f one assumes
a reasonable bending diameoter around the toroid's cross section of 5 cable didm-
eters, then the gable diametor should be in the vieinity of 0.2 inchr or less per
nsec of rise time. The socond restroint iatroduces the offect of the impedance
level of tho cirepit. The diccoatinuity capacity is ususlly omall (about 0.1
picofarado/cm of cable diamctor) comparod to the cquivalont capacity of the chort
section of CM air transmioeion line {(about § picofarads/cm of cable diamoter, if
. omo aooumco again that the CM nir Hoe ig formed by the first turn beat on a 5

" cable dﬁdiameter cross-pection toroid), With the maximum permtaaible diameter
solocted, onc then colculatos the length of coable which pormiisnible. '3 With
& core crosa section of 5 by 5 cable diametors, one can calculate the aumber of
turnc which will usco & longth of cable having a transit timo about equal to the

rico opecifiod. If thio usco up oll the cable, thon toroid'c inner diameter chould
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be arranged so that the available vumber of turus just fills up the window, If
there is cable leit over after deducting a longth equal to the space occupled by
& rise tirne, one should wind the length ¢qual to s rise time on 2 small toroid,
choeen to have a full window, and then wind the remaining cable on 2 core of
high permeability, such as a tape core. The ferrite core, which is of a type
chosen by the method described below, will provide the proper isolation of the
CM from the high-frequency componeuts of the signal, while the tape core will
provide additionsl low frequency response. The ferrite core ie chosen by
crlculating the permissible shunt R from the permissible value of tranemission
loss and teﬁec;iém By dividing the permissible R by the number of turns squared
ansd the 'tomid's crosg-sectional area, one obtaing the reguired value of aa.
One then choosee the material with the highest i that will mest tho required value
~ of Ry, If the Rj values are all grcawr then needed, then tape cores may be
‘ugeful. ‘M a lgrger value of R is needod, then the forrites not Haoted in Table I
but mentioned as having low values of 4 may prove useful, but careful, tenting
will be necessary. With the value of 1 selected from the table, one ca%mené'
calculate the value of the shunt 1, {taking into accouat if necessary the pre senﬁe
of additienal tape cores), and hence the low-frequency response, or
differentiating time ceonstant, Th turation level can also be caleulated, If
eithey the low-frequency or satura n_ﬁpeciﬁcatmna fall ghort, then the problem
ie out of rauge of the available materialti¥ There e typically a factor of § in
volt-seconds hetween tha polat of 2% it t loss and 90% output loss due to
saturation, ; | '

TESTING |

The time-dozpain method of testing {0 uonally quie’keat, i1 tho riso-time
requirements are not faster than about 4+ vsec. Whon within the opoed rango,
time-domain observation of reflections allows ono to ebserve the time pooition
{and heace spatial pooition) and character of various discontinuitios with a for
greater facility than with standing wave ratio, frequency-domsoin tooto. At -
‘speedo inster thon § nooc, {roguoncy domain taaﬁﬁg io o necoopary ovil bocanso
of the lack of suitable otop goaerators. Figurc 8 shows a typienl refloction toot
set up., Thoe oystem of Fig. 3, i.e., enccading trousformoro, i0 vory uoeful for
obgerving caves whero the risc-time dogradation, tranomipsion losoco, or
differentiation is very omall.



Cell- UCRL-8516

EXAMPLES

Figure 9 shows a 125-ohm inverting transformer constructed within the
parts of two standard 125-chm connectors. An FXC 208 F125-102 cém is used.
A bifilar winding {8 used consisting of 12 ¢m each df No, 26 Formvar-insulated
wire forming 7 equally spaced turns. This unit has a rise time of less than 1/3
nsec and a transit time of about 0.55 asec. Figure 10 shows some exampleo of
the miniaturization approach. The units were required to have matching ratios
~ of 4:5 and 2:3. BSince these ratios made the use of transmission-line techniques

awkward {requiring 20 and 6 cables, reepectively), and the low-frequency
requirements were not too strict, counventional multifilar windiags were made.
By restricting the lengths of wires to a few centimetera, the rise tmes obtained
and the delay are about 0.4 nsec. The differentiation time constant is about
640 nsec {about 3 db down at 250 kec), The voltage coeffliclent of reflection and
the tranamigsion lons are hoth less than 3%. There io less than 2% saturation
effect up to 5 microvolt-seconda. '
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FIGURE LEGENDS

1. Conventional transformer equivalent circuit ueing lumped circuit
parameters, | ' ‘
2. Evolution of a 1:4 impedance-matching transiormor showing:

{a) conventional schematic, (b) bifilar realization, (c) bifilar version
redrawa to {Hustrate two signal paths, {d) equalized version,

3.

Test arrangement to compare Fig. 2 transformors, tho length of eha '

coaxial cables {s equivalent to about 10 ngee.

. Queillograme of Fig. 3 tost system showing: {(top) iupm "atap”

(cencer) conventional bifilar voroion reoponse (bottom) TLM version.

{5
5,
6,
7.

nsec/division) | :

(2) laverting TLM transformer. (b) leeolating TLM trancformer,
Test arrangement to observe chunt parameters. |
Equivalent circuit of Fig 6, in which we have

Z ' 2

ZR q ‘0 L 2y
ﬂ“%”z;nm- Repir 30 7 wygowerg e emd Lo g 7

8.

9.
10.

Reflection testing system. Incident signal eaters traveling-wave Vei‘tical .

" section in reverse, Rmﬂect*ed gignal enters i the forward divection.

Inverting transformer, l?%’a«-ahm TLM type, _
Impedance watching transformers, minatirized type.
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