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ABSTRACT

The problem of broadbanding VLF and LF antennas tor wide

shift FSK modulacion has beeot solved by recourse to static feed

networks, which exhibit either two separate passbands cantered

at the mark and at the space frequency respectively , or a single

wide passband extending over the frequency shift, Several confi-

gurations of one-port and of two-port networks have been deve-

loped: these exchibit minimum number of eleinent.;, with values

that aie economi(ally realizable. Tue new antenna feed networks

could be applied to existinj, antennia installat~in without exces-

"siive nmcifications.
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VLF - T.F FS,', ANTENNA FEED NETWORi. DESIGN

Int roduct ion

The narrow ba;,dwL4th.% and high Q of electrically short VLF and LF

lnle,4ia,s havc 'Limited, in general, the speed of on-off keying. By re-

course to sv',chronous modulation of the antenna reactarce (tuning in-

ductor or added capacitor) it hlas been possitle to extend the practical

frequency shiift of FSK systems to about ±90 Hz and the word rate to

about 100 pc, minute (1,2). 'vuchronous switching, however, results in

large traný-i•.nt Yhenowiena, unless particular attention is paid to ti-

wznn and initial co.diLioas; for exiiiple an incremental cappcitor could

be switched in and o0'. the peak of the voltage wave (when the char-

ging curi-eat 1 it iilimal) , provided the voltaý,e across Lhe cipacitor

it maintained constant during the period while it is out of the circuit(3)

in addir io.n. Sii*,uiii 10LL 1-3'e~ -,c iir ncvrcli..Ito

of reverse bloc:iaL voltagc, :ind ncaximum forward current, necessitating;

recourse to expensivw parallel, series combinations. An alternati.ve approach,

which is cowmidered in this report, is based cn the design of antennia

seed networks, other than the conentional tuning inductor, to Dermit

the ooeration of the antenna under wide flequency sh.ft. A basic corsi-

dcratiun in the development of st.ch nhtworks is that the real.ization.
are as simple as possible and that the circuit elemer.ts, induc.rs and

capacitors, have vailes which are economically realizable, It is shown

in Lhe followin., that a simple, practical solution is obtained by re-

course to series connected ono-port networks, having two separate ze,'os

of_ transmissior, corresponding to the two carrier frequencies of thc

FSK modulation. Anotavr solution con.-;isu. of the utilizvtion of a four

nort netwo-rk, having a Bessel type transriissioý,tsponse Characteristi.s,

the latter approach, whica also leads to realizable .,etworks, Ia based

on the application cf the coupoed-resonator bandpass filter approxiration

theory or on the stand-.rd low pý-ss,."band pass approximation (") and e-tends

previous CfforLE based on the ieali:.:atioti of Butterworth or ChehyChev

filter networks (5)

In tbc followlna5, after a brief review of ýhe basic relationships

lnvvl-ieý antcnna h.anwl:th.. FSK fre4uency shift , heyle.g rate, etc, the

s yathe.tiI of the antenna leed 1,etvor,,t for wiJe shift FSK modul ition is
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presented. A frequency shift of f±2-'O Hz at about 20 Kflz cnrrier frequency

will be assumed.

Basic Relationships In FSK antenna modulation s stems

For conventional FSK transmitting antennas, with single inductor

tuning, a semiempiricat relationship nas been developed to express the

3 dB bandwidth as a function of the frequency shift -4 6f, the keying

rate f and the keying element bandwidth product (1,):
r

Bw3 d 1.16 ( A f + (z:b) t')
w3 dB r

- 1.16 f ( u A (-sb) )r

This value represents; the 3 dB bandwidth required at the receiver;

in the above relationsI-(p m= Af f is the modulation 1ndlv. The
r

ke~yin6 rat- f is proportional to the word race N

r w

where f is given in l1z, R is given in words/minute and K is a coef-r w
ficient which depends on the particular encoding systeia: k = 0.19 for

CaAe Morse, k = 0.25 for Teletype - 5 unit synch., 1-.0.42 for Te-

le•'zpe - 7 uuiir start-stop, k = 0.45 for Continental Morse. For single
Muied antennas the I<Pving ... element bandwiUt•---a'L pt-oduet is taken as i3

approximately; sin~e T=1/2f there follows f = b/6 where br r

is -le 6 dE antenna-tuning coil bandwidth. This approximate relationshifp

provides a first order value %or the maximum permissible keyiag rate

with an antenna having 6 dB bindwidth b.

In FSK wodulation it is desirable, in general, to select the modu-

lat.ion index so that che carrier amplitude vanishes and onLy the side-

hands, at f -4-- n f r , are present. Considering a carrier at

frequency f which is modulated periodically and discontinuously with0

frequency shift from f - A f to f a + Af, with a pulse of period0 o

T and keying rate f , i.e. ýith modulation index m Af / f r one
r rfinds that FSK modulated cui '.nt may be exjanded as follows:
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1(t) _- I cos (w t + AW S(t) )
.00

---Z-- sin ( tw - n )1Tr x cos (wo - nw )t
7 ( r

where S(t) is a square wave function (fig.l) , w0  is the carrier

frequency, w is the keying rate, mi43 w/w r--A f/f Writing the

latter expression in expanded form one has:

i(t)= (21 M/Tw) sin (•(fu) cos w t -f- (carrier)

2m cosI(mw) ( cos(wo-wr)t - cos(wo+wr)t )

0r rM -1

2 . m. siný(i5W) , cos(wo-2))t - coS(wo +2wd)t)

- M 
-2 _ 4)

2. ecs( ( cos(w - 3 w )t - cos(w 4Wr)t )
-9)(m-r9)

It is seen that if the modulation index w=:1f/f is selected asr

in = 2 , 4, 6, i.e. Af7-2f 4fEr l 6 r.'

the emplitude of the carriir vanishes. On the other hand the amplitudes

of the 3ideband components vary proportiunally to m/(m - n ) where n

is the order of the sideband; plotting the quantity w/(2 -n ) versus

n (fig 2) it is found that the amplitudgs of the sidebands are clustered

in the vicin!ty of Ui4e order n which is closest to the modulation index m.

More generally, an analysis of Zhe spectral density function of random

sequences of FSK qignals has been developed by W.R. beilett and 5.O.7ice( 6 "

thi_ function defines the distribution of the aveiaL_- signal power versus

frequency and indicates the frequency bands of greatest interest. Two cascs

have been considered, one fn which the phase is discontinuous (as would
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occur when the frequency shift modnlation ia obtained by switchig

between two separate oscillators), and another in which the phase

is continuous. Bennett and Rice ihav, calculat, somn specific examples

and plctted the spectral density fon.ition versus the frequcilu) ratio

(f - f)/f where fl is one of the rn.ark or space frequen-iesa azu fr I"

is thneying rate. A case of discontinuous phase is depicted in fig 3,

with 26 f = 0.8 f ; it is noted that discrete spectral lines occurr

at the mark and space fre-ouencies and a continuous spectruin fallin;,,

off a.i 1/f 2 is present on either side of the passband. Aln eiample

of continuous phase is illustrated in fig 4 (for 2A, f .S f) nd

in fig. S ( for 2 6f = I.? f.); no line spectra are fcunil knle~s

there a-e degenerate relationships between fl) f2) fY) and a roi,tinuous

spectrunm falling off as lf4 on either side of t;e passband is r---esent.

Consideration of the spectral dens itv finct-ion i , imno,,tl.Yir Cor

the determination of the required p.issband of the antenna feed uetworiý.

However, anoLher problem of interest is that of overshoot or ringing
which occurs because of phase distortion•. In this connection, ringing

is found to be larger where the cutoff is sharper, such as L the case

of Chebychev or high order Butterworth responses. For these reasons i,
appears that Bessel type responses, which are characterized by flat delay

over cne passband, are more appropriate for the present application.

Not only such filters exhibir lower overshoot phenomena, but they also

yield lower pulse rise and decay Lines.



Synthesl, ol o~ouiC-POIA L iuLcivima -rell 1LWOL4h,6

For tLeC pklipi).e of 010~ CoLlowzin,. Cnlc:uI at bnS Wo a]-;stume tlic

followin (2inr-j.ienn

Mark and Spad-t frequencies: 2X1.O 4 iz and 2 05Y 0 1Z

Antenna static 0a~ dLe .05¶2.3

Antenna ra sonant frequency '36 kitz

Antenna rndliationi r~esP;iocarcu 0.0 (Arm

Radiated power L38 kIW

Xkntonna :urvent. 1238 amnpere

A\ntenna base capac:itaiiue iA L X10 liz 0.1175 F

AnLenna 'base r,,iistancu 0, 1:3 Ohn'

Tliv antenna baise cap~ic t ance iI, Cimip'at4d f-vk.iri, into ac. romur thie

inductance of the dovrnilads, us in8, the lormuLa

2 2C C(f f)/
0 i'

TL~a!-,\'e *1ntern:- r.,arncte~ri- tics *n e siniflar ic- . ; of tlc uiou i

Tho~ fir ;L appi .0aC" LO taei syntLhesis of food nvt*,Or:s iwk ),t

F2L\, operac ion with a s,.if of 500 Hz~ i6 batbe, oil ,ie ut ifi..it ion ot 01W.-

poi L an twol:s , UlneC tt-Li in mu -iez; with Olte alntcnnR Si.U'C th

anteaiai is equiva LuntL to LIIC~ern combiinatiorn of clci iaC inc

A "IMiii res istancti, the reac ia-ce function including C ha~ onie of

thie foillwing, folul;-: 2 2

2 +W2 52 +-W2

2 2

etc .

E-;;pandinýý ini Le~ h' abo, r :-Iationshipai one fi[Xd.:;

- Ks 4- 2



X() Ks 4+ b/!; + ?c S /(R +4 w~ 2

wherr
2 2 2

b ~ 1, W,1 / w "

2c K(w2 + w2 %42 w2 w21w2
2c ~ 1  1 W3 '2 - ( 1 3

1 w2 )

Clearly X(s) cor-.esponas to the conventional. singio tuning Inductor

case, wheire L =K and C, 1./1kw ; oil Lhe otnior hI.IkL XW.),

correoponds Lo a iketwov- IaiAiur twjp zero. of Lrav-trission, iespecti',c1)'

.it W1 and at W 3 atid :io on. r'olloinj, LIiS hI ppl03Alh it i., POSS11lo

ro synthesize an int~enta tet,'I netv"1 k Vinvi-nv iinv nuxber of transmiss ion

zerot;- in pract ice, in orde Lo rcuuce cuwp1.exity :ind losses, the number

of zero-,;shotild bo maionLa ino,' at daila

CleArly ill Oth case of fs,, modL1.lt i0II LY wo-zevo of transnhisq ion

case Is of' ijteieSt. Canonic realizations are reaciiV- ob)tained by

exI ea nd 1.n-, X(S) 2  either in part Iiii fractions or in continuous f ia, ,L Lof s.

Expension i-.i parttol fractionL;ytls

= (s KS + bs 4 2c/ (s2 +W2

Which corresponds to t he contfigur c ion of f ig. 7, cons i~it ine, of a s~i uio~

combination of an imOuctor and of a parallel resonatit circuit. Exptcss ingý

the network components in tcimIs oi thie pnra.neters ,,, W1 , w 2 ' w3  one

finds:

L

C w2 1w2 W2
C 2 / 1 w3

C'2 2 _/ 2 2 www 2 )

2' + W 3  w U, W
2 2 222 2

2 =K4+ W 2 W2_W2 W 21W)2 1

S tince K, w 1 and W 3 ai~e pve:-,r tbed, i tsh accec,;sar\' to determine



g uitablol~ '.iltc or [11V poI- W Lli-; wui~it sfltisfy th,2 rcLtz ionsiip

w W c '.r W

S2 .3

22
'N condiion. he oon iku!d one in~ ,ht T-k ael ,ýI

2 .2

w 2  w: I *.f- ~3) /2

,M-1 '~ 0 t1ý O h i' in Wh~c h w,, i, -'ee Icc ed 1.1 t he scu ie ,.c i of

,11d of W,1 i.e..

"2

Aq exam~plec, takinjg the lattoz condition one linds tit folluwiti6 values

foi t~he network .. eneents: w-)

cWW2 ~ I 
1~. 3/ 2

2 2'

T,2 W 1l - )' / w ', CaI
Substi tut ing the value.; of C w and w. reviously o.iveni One find.z

tNl e fllwing, compiiemnc values for the nt~eworkc of C i,

I- 1: 0.527 nhi

C,, -= 200 F

L 2:z- 2

It is seen that tha inductance haI11s a VAIlue Which corvespold s to serfes

resonance of thfe antonan cap-lc itance at O~e freqjueno! (w IW) and

that Lhe lnductri~ce 1,) and the capaci.Lance C2 Form a par.al ie iesonsrtn

circuit ttuned 't the sqme fre~juenicy. 1owever, tie iriducrtance 1, is too

small (yielding, a low qualit.' f~accoi) and the. capicitan-e C 2 is too

large for a practical realization. The ('ifficulty way t-e resol <ed by

ret-ourse Lo a trans former as :Thowii fn fig . "'. In this C:1!e the primary
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has inductance L2 as required by the dev--ign" the s, ndniry Is ti ,.ht:ly

coupled to L., ad 'I n. a inrer In,'uctance I ' and -1 na llt ,c-apacitance
2

C2 , ot resonat. Li, al. th trcquenc., As~w ti d xawp le , let Linr,

C" = 0.5 PI onrle hL; I,;. - 0.123 Inh.

Similarly Oxpa':lioi* in c•,,t >nuotiu. fraLiunsv of X) lcds )S o

the folluwing rcsu!.t:

a'' -

+ WI
S.. . ...4"- .

The corresponding network realization is. shown in fig. 9, where

2 2 22 z
w /I,C .- wI - w w w /w

2, 1I4C4 = I + 1 3

"2 2 22 2 2 2

L W w + w/ ) iw )4 w 1 3 12 3 2
S2 2 2 2 2 2

wwC ( w " w3 - w2 -w w /•
w1w (wa 1  W 3  2 - 13 2'

Substituting the given antenna parameters one finds:

3 0.527 mh

L U U.862 1i

C46= 0.123 VF

It is noted that the values of the inductance L4 and of the capa-

citance C4  are highly inpiictical. However, as in the previous case,

a network transformation mtay be introduced, by recourse to a transformer,

such that the driving point litpedancp is conoerved (fig. 10). Assuming

that the transrormer has unity couplitig one finds the following• relationships

among the components of the two networks:

(L 3 4+ L,)C 4  - (L "- Lý) C4

L3 L3

L L (L L4 ,-' /(L' -=Ls)
3 4 5 4

L4 GC4 -L"' C'



-9-

Letting L3 =- L3 one can select C4 and Lý so that the last

relationship is satisfied and, at the same time, the values of these

compoaents are practically realizable.

In conclusion, it has been shown that it is possible to synthesize

one-port antenna feed networks having two separate passbands, centered

respectively at the mark and at the space frequencies. These networks

are realizable and can be designed for any conventionally tuned VLF

antenna, with minor modifications of the existing components.

Synthesis ot two-port antenna feed networ.is

In addition to the use of one-port antenna feed netwoiks having

a prescribed driving point impedance it is also possible to obtain

the desired broadbanding by recourse to a two-port network, which

incorporates the antenna capacitance as its output element, and

exhibiLb a transfer function corresponding to the desired bandwidth(fig 11).

Transfer functions of interest are the Butterworth or maximally fl, t,

the Chebychev or equal rippl-, the Legendre or maximum fall-off, the Bessel

or linear phase. In the case of FSK modulation the latter type of tran-

sfer function is preferable, because of lower ov -ishoot and better

values of rise and decay time in pulse operation,

in Lhe following the synthesis of two port antenna feed ,.etworKs is

approached usiW6 either the "coupled resonator bandpass filter ar,)roxi-

ouation" (4) or the :classical low-pass band-pass aplproximatioi'. Although

general design foirnulas will be derived, the particular case of the

Bessel function response will he emphasized. An application of the

coupled resonator method for the realization of Chebychev filters has

been developed by Zverev and Blinchikoff (5)

The starting configuration is a low pass prototype of second order

(fig 12); when this is designed for unity load resistance and unity

radian bandwidth the -ircuit elements R1 and L can be expressed

ir terms of the capacitance (, with the following relationships:
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Butterwor th

V2c - I C

R 2 ------ ---- -- - L ----- - i--- - -

Cheiychev (letting k -=ZV7 _2 + E where E is the ripple )

V771,- 1) C - (+ I)

( (1-- ..k) C - 2k-(.-i - -) C +. k( j... 1)

k (F-, I ) C
L = ---------------------------------

(1 + k) C V12 k( I-1) C -+ i(f-q- i)

Bessel

R3C L

3 -- 3C -f-l C -- 3C +1

It should be noted that the Legendre case Lor n =2 coincides with

the Butteiworth case for n7-2.

The coupled resonator bandpass filter approximation is based on

the use of a transformation of lossless LC ladlder netwozks (Cauer

fxrst form) into an equivalent network containing only series inductances

and impedance inverters; the inductances are converted to the band-pacss

case with Lhe transformation

s'( (2 + 2) , •Aw

and the impedance inverter,, are synthesized,with sufficient approximation

for narrow band filters, by recourse to T or 11 configurations of

inductances and capacitances. In the present case the final configuration

of the band pasa filter is .tlown ii fig 13, where the load resistance

1a is the antenna base resistance anat the series output capacitancea

is thL! antenna capacitance C .a

In )-eiieral the relationships. between the elements of the low pass

prototype and those of the handpass approximation are:



Source and load resistances

2r-L Af rr2 ul, f

S a
ql q2

where ql and q 2  are the normalized quality factors of the low pass

prototype, q(=L/RI , C.

Inductances

(2 Wf)C I ( 2Trf I 2

where CI = CsC12 / (sl + C12) , +l = CaC12i(Ca + C12)

are the mesh capacitances of the band pass filter, and f is the

center frequency of the bandpass realization.

Coupling capacitor

f
12 1 11I 12

0

where k12 is the normalized coupling coefficient of the low pass

prototype, i - / 1FVI, and A [ is Lhe bandwid.ix of Lhe bandpa,;s

filter.

Since in the present application the elements R and C area a

prescribed, the design should be started by a,-signing a value to tiie
coupling capacitor C l; from C there follow C LI, I,2 and q2"

Now, applying the design equations for the desired type of low pass

prototype response, one can C1lculate the values of RI and L and

those of ql and of kl2. Finally, usinh, the relationship expressing

C1 2 , the value of the mesh capacitance C i5 computed; from C_ the

values of L1 and of R follow.

Although for the present designi of FSK wiodulation the Bessel type

respinse is preferable, we iave calculated the designs for the Butterwo4i,

,.he CLebychev and the BessA cases.Taking [or the capacitalnce C values

from 0.5 vF to 3.0 piF we h•ive -found tue values shown in Tables 1, Ii

and III, also suwmma, ized in Lhe graplm of figA 14, 15, 10,
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Table I - Butterworth reaponse

C1 2  L-1 C R, L k
1 ... .... .1 a a

~12 JtA rr LF
0.5 0.659 11.5 0.129 0,098 0.76 0.945 0.095 jl4075 42.5 176 14.75

2.0 0.575 10 0.151 0.115 0.76 0.935 0.111 198.1 3.1. 12 0.01.
X10 1 0

3.0 C.558 9.75 0.167 0.11851 0.71 0.935 0.113 420_t 1.5 67.21 0.04

-- -- ,d1 0

Table. 11 B.ssel Respotise

C. 12 L2 c RI L q 1 k-12 -CI LI R c sl
12..• CF.

0.5 0.659 IL.5 0.092 0.0316 .342 .1.67 .095 46.2 13.6 125 .46.2
xlO-lO I.t

0.060 1C0.5 3 O.00L 1 0.034, .344 1.67 7 05 166 t.78 34.! 169

2 .5661 9.9! 0.108' 0371.345 1.65 .)7.l 614 .1.03 ý94623

I 10 "Xlo

I
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Table III- Chebyshev Response (I dB ripple)

12 2 12 CII LI R C

0.5 0.659 11.5 0.130 0.131 1.01 .815 C95 11.1 .8 176 11.1

X10- 10  Xo10-1

A .0 0.60 i0, 0.1151 0.142 1.23 .825 .105 40.7 15.5 39.6 40.7
O.o511 0  xiO'1 0

- - - - - - -1 -0 - 10

2.0 0.568 9.9 0.123 0.153 1.24 .814 .111 150 4.25 10.8 150

X-10 x1O

3.0 0.558 9.75 0.124 0.155 1.25 .806 .113 316 2.03 5,12 311

X1

m i 11' I i • i-I [ I lT "- 1 V I i I I It .. .......
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Consid3ring the case of the Bessel type response, it is seen that

the optimum design is obtained in correspondence of values of C1 2

between I and 2 pF; slightly larger values (about 3 pF) arc indicated

for the Butterworth and the Chebychev (I dB ripple) responses.

Finally, another method of synthesis of the bandpass filter consists

of direct application of the low pass-band pass transformation to the

low pass prototype of fig, 12, a further transformation is required to

convert the network into one having a series output capacitance and

another transfcrwation, based on the Nu ton equivalence, is utilized

to obtain components which are practically realizable.

For the low pass prototype of fig. 12 the component relationships

for a Bessel type response are as follows
3 C R22  

- R

R R2S2- - 4CR2  +-1

I ~CR 2
2

L 22 - - - - -- - - - -

3C2R2 - 3CR 2  -- 1

The band pass transformed netw-ork is shown in fig 17; however, in

order that this network be applicable to antenna problem, its configura-

tion must be modified to exhibit a series output capacitance. This is

done t ,h sufflicient approximation for narrow band using the equiva-

lence between the two networks of fig lb at the center frequency of

the pass band:

1
C 2 C .............-

1+ 2(w0RsCs) 2 S|
1 R (w2R C-)2

R(w R ..C S)

In our application the antenna resistance is - 0.18 Ohm and the

antenna capacitance is C -- 0.1175 pF. There follows

C 2!2 CS= 0i1175xlO-- F R2 --- 24,500 COhm2~ a
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Recapitulating, the design procedure for the low pass-band pass

approximation method is as follows: in the normalized low pass

prototype one has

4R2 m 1 C -0.117xlO x25, 4 00 x 2-w2xlO , 9.39 F

From these values one calculates R1  and L, i.e.

R 1A 0.115 Ohm L -0.0396 hII
In the corresponding band pass netowrk one has

Rl_= 0.115 Ohm, L,== 1.25xi0-5 h, C2 ý 2.99x10"3 F

where the passband of 500 Hz and the load of 1 Ohm have been assumed.

Denormalizing to the load R2= 24,500 Ohm one finds:
2

RI Z- 2920 Ohm, L =-317 xtO-3 h , CI• 2xlO"O F

C2- =O.1175xi0"6 F, L2 0.537xlO"3 h, H2== 24,500 Ohm.

Difficulties wou.d be encountered in the realization of the inductance

L because of its large value; for this reason a network transformation

consisting of the utilization of an ideal transformer or of a Norton

equivalence is applied.

The use of an ideal transformer is shown in tigt9 ; in practice

an autotransformer is used, tapping the inductor L2 . Assuming that

the transformer ratio is 1:10, the tap is made at 1/10 of the turns.

The elements RI. LI and C are modified as follows

R - 29.2 Ohms, L - 3.17x10"3 h, C1 E= 200x10-12 F

The application of the Norton equivalence is shown in fig20 ; the

combination of capacitance CIxt2 and an ideal transformer of ratio"[

l:t is equivalent to the network of fig. 2 0 , where a negative capaci-

tance CI(l.-t) is present. Substituting in the netwoxK of fig 1j,

absorbing the negative capacitance within C- = 0.1175x10 F and
2
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converting to the form of fig. 17 one obtains the final network of

fig. 21, in this network, assuming that t =10 , one has

R 29.2 Ohm, L,=- 3.17xl0" htI
C 180x- 12 F C 20x10"12

y x

C2 = 0.1175xl0"6 F, Ra= 0.18 Ohm

In general, once the calculations for the Norton equivalence have

been completed, it is necessary to recalculate all the network, elements

in order to convert the output capacitance value to that of the an-

tenna; however, in the present case, the modification required is

negligible,

Conclusion

Several methods for the synthesis of antenna feed networks for

nperation with FSK modulation at wide frequency shift have been

developed. Two types of networks have been derived, one of single-

port type, having two zeros of transmission and allowing the

LLnnLeLna to operate with two 8^narate bands centered respectively

:t the mark and at the space frequency, and the other of two-port

ty•pe, exhibiting a continuous band which extends from the mark

to the space frequency. Efforts have been made to develop networKs

which have economically realizable components and which can be

applied to existing antenna installations without extensive modi-

flcations.
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