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ABSTRACT

The problem of broadbanding VLF and LF antennas tror wide
shift FSK modulavion has been solved by recourse to static feed
networks, which exhibit either two separate passbands centered
at the murk and at the space frequency respectively , or a single
wide passband extending over the frequency shitt, Several confi-
gurations of one-port and of two-port networks nave been deve-
loped: these ~exhibit mirimum number of elements, with values
that are economically realizable, The new antenna feed networks
could be applied to existing. antenuna installation without exces-

sive mcdifications,
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VLF - 1IF FSX ANTENNA FEED NETWORx DESIGN

Introduction

The narrow bandwidths and high Q of electrically short VLF und L¥
wnteanas have timited, in general, the speed of on-off keying. By re-
course to svachronous modulatrion of the anténna reactanrce (tuning in-
ductor or added capacitor) it has been possilie to extend the practical

frequency suift of FSK systems to about * 50 Hz and the word rate to

. 1,2 . .
about 100 pes minute , ), Svuchronous switching, however, results in

larpe transient phenowena, wuless particular attention is paid to ti-
wing and init:al corditioas; for exawle an incremental capscitor could
be switched in and oui aL the peak of the voltage wave (when the char-

aing curreal 1s winifwal) |, provided the voltage across the capecitor

(3)

is maintained coustant during the period while {t is out of the circuit

-~ 0

In addition, sillcun controlled rectificrs exhiabit severe limltations

-

of reverse blocking voltaye, and maximum forward currenl, necessitating
recourse to expensive parallel, series combinations. An alternative approach,
winich 1s considered in this report, is based cn the design of antenna
‘eed networks, other than the vonventional tuning inductor, to ~ermit
the operatiou of the antenna under wide frequency shift. A basic consi-
deration in the development of such wnetworks is that the realizacion:

are as simple as possible and that the circult elements, ieduct.rs and
capacitors, have values which are economically realizable, It is shown

ta the folluwiny that a siwple, practical solution is obtained by re-
course to series conunected one-port networks, having two scparate ze,os
of trumsmissior, covresponding to the two carrier frequencies of the

FSK modulation. Anotiaer solution consiste of the utilization of a four
port network, haviung a Bessel type transmissisn*wﬁponsa charactleristics,
the latter approach, whiien also leads to realizable .etworks, 15 bascd

on the application of the coupled-resuvnator bandpass filter approxiwation

)

theory or on the stand~rd low pass/band pass approximation and extends
Yy p p PP

previous efforis based on the realization of Butterworth or Cheuychev
filter networks (5).

In the following, after a brief review of ghe basic relationships
jovelvicy antenns  bepdwidel, FSK freguency shift |, Leying rate, etc, the

synthesls of the antenna feed uetvorss {or wide shift FSK modulation is
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2.

nresented. A frequency shift of * 250 Hz at about 20 KHz carrvier frequency
will be assumed.

Aasic Relationships in FSK antenna modulation systems

For conventional FSK transwitting antennas, with single inductor
tuning, a semiempirical relationship nas heen developed to express the

3 dB bandwidth as a function of the frequency shift ¥ Af, the keying

rate Er and the keying olement bandwidth product (Tb):
~ - -
Bw3 i = l1.lo6 ( Af ¢+ (T b) tr)

= L.16 £ (m + (wb) )

This value represents the 3 dB bandwidth required at the receiver;
in the above relationstip m= Af f_ is the modulation index_  The

keying rate fr 18 proportional to the word race Rw

where fr is given in laz, Rw is given in words/minute and Kk is a coef-
ficient which depends on the particular encoding systewn: k= 0.19 for

Ca»le Morse, k= 0.25 for Teletype - 5 unit synch., 1k=0.42 for Te-

lecrpe - 7 unif starc-stop, k = 0,45 for Continental Morse. For single
tuited antennas the keying element baudwidih product is taken as J

approximately; since T::l/Zfr there follows fr = b/6  where b
is the 6 dB autenna-tuning coil bandwidth, This approximate relationship
provides a first order value for the maximum permissible keying rate

with an antenna having 6 dB bandwidth b,

In FSK wodulation it {s desirable, In general, to select the modu-

lation index 50 that the carvier amplitude vanishes and oniy the side-

bandg, at fU =+ n fr ., are present. Considering a carrier at

frequency fo which 1s modulated periodically and discontinuously with
frequency shift from fo - Af  te fo + Af, with a pulse of period
T and keying rate Er, {.e. vith modulation index m= Af / fr , onc

finds that FSK modulated curiont may bLe cxpanded as follows:
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i(e) = I cos (wot + Aw S(t) )

;Ej 2 m
=T =-er-o--z 8in (w-n)kT x cos (wo - nwr)t

where S5(t) is a square wave function (fig.l) , v, is the carrier
frequency, w_ is the keying rate, rn:Adw/wr-z.A f/fr. Writing the

latter expression in expanded form one has:

1(:):.(21m/1rm) sin (3(Ww) cos wot + (carrier)
+ 2n I cos¥(mw) ( cos(w ~w )t - cos(w4w )t )
ot (m-1) o r or
R ¥ sink(mm) - coa(wo-zﬂ)t - cos(w0-+2wr)t )
)
S im Ly - -
1r(m2 ) cosk(mr) ( cos(w0 3wm)t cos(wd+3wr)t )

It is seen that 1f the modulation index m::Af/fr is selected as

m= 2, 4,6, ... f.e.Af= Zfr . er, 6fr""

the smplitude of the carrisr vanishes., On the other hand the awplitudes
of the sideband components vary proportiunally to m/(m2- nz) where n
is the order cf the sideband; plotting the quantity m/(m2 -nz) versus

n (fig 2) it is found that the amplitudes of the sidebands are clustered
in the vicinfty of the order n which is closest to the modulation index m.
More ganerally, an enalysis of che spectral density function of random

(6}

>

sequences of FSK signals has been developed by W R. beunett and S.0.Rice
this tunction defines the distribution of the average signal power versus
frequency and indicates the frequency bands of greatest interest, Two casecs

have been considered, cne fn which the phase is discontinuous (as would




A

occur when the frequency shift modulation is obtained by switching
between tvo separate oscillators}, and another in which the phase

is continuous. Bennett and Rice nav. calculaté som specific examples
and plctted the spectral density fun:tion versus the frequency ratio

(f - fl)/f where f {3 one of the mark or space frequencies and Fr
r

1

is thd&eying rate, A case of discontinuous phase 1s depicted in fip 3,

with 20f = 0.8 fl_; it is noted that discrete spectral lines occur

at the mark and space fre_quencies and a continucus spectrum falling

off au 1/f2 is present on either side of the passband, An ex<ample

of continuous phase is i{llustrated in fig 4 (for 2Af= .§ fr) and

in fig. 5 ( for 2 Af=1.2 fr); no line spectva are fcund (inless

there are degenerate relatfqnships between fl’ f2, fr) and a roitinuous

spectrum falling off as 1,’1’q on either side of the passband is r-esent,
Consideration of the spectral density function is impovtant for

the determination of the required passband of the antenna feed network.

However, another probiem of interest is that of overshoot or ringing

which occurs because of phase distortion, In this connectiun, ringing

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

of Chebychev or high order Butterworth responsea, For these reasons iv

appears that Bessel type respounses, wiich are characterized by flat delay

over the passband, are more appronriate for the present application,

Not oniy such filters exhibit lower overshoot phenomena, but they also

yield lower pulse rise and decay cimes.

L_.A_.A. e e g e



Synthesis of onc-purt anteuna feed nelworns

For tue puipose of the followin; caleulations we assume the
followin_ desicn reguirement::
Mark and Space frequencies: ZKLOQ hz and 2,05x104 iz
Antenna static vapacitauce 0.0523 pF
Antenna r:sonant rrequency 36 kHz
Antenna radiation resxistance 0.09 Chm
Radiated power L35 kW
Antenna current 1238 awperxe
Antenna base capacitince at leo“ iz 0.1175 pF

Antenna base rasistance 0,13 Ohm

The anteuna base capac.tance s cowmputed taking itnto acwount the

inductance of the downleads, using the jormula

C1=: Co ((rés - tt )y /0
Tho above anternn cuaracterictics me simflar te thuse of the ‘anapolis
milenna,
The tirsu approach (o the syntliesis of fead netwvorss e welain
Foi eperaction with a scufic of  S00 Hz is hased on Lue utililation of oue-
port networiks, connected in sevies with the antenni (rim,6); siace the
anteaal is cquivalent to the series combination of o capacitaace and

4 smiil resistance, the reactaace function including € has one of

a
the following forwmo: 2 2 4
(s 4 vy )
X(s)l = K =---- Tt 1
2. 2
VO W) (s 4 W)
Xy35), ™ KR --com-omommeeicciee-len
2
2 2
S (s -+ Wy ) ]
ete,

Expandins in serie: the abeove  yolatiouships one finds:

2 »
v - < v, s
“(s)l = Kz + Swy s ' S




wherxr

2 2 2 2 2
R . —_— —_ /
2¢c = K ( wl 4+ w wz (v..'1 w3 W

2
1 2

) )

Clearly X(s)1 corresponds to the counvantional single tuning inductor

”
case, where L = K and ¢ == l/kw{ ; on the otiarr hand  X(3),

corresponds Lo a uetwori uaving two zero: of tran.unission, respectively
at ¥y and at Wi aud s0 on, Tollewing tiils approach it is possiule
to synthesicze an intenna feed neteork having oy nuaber of transmission
zeros; in practice, in orde to reiduce couplexity and losses, the number

of zeros should be maiotained at a wiloiouw,

Clearly in the case of Fui. wodulation e two-zero of transmission
case is of inteirest, Canonic realizations are readilr obtained by

expanding X(s)2 either ia partiil fractions or in continuous fraciions,
Expension ia martial fractions yields:
. . , 2 2
X(.—s)2 = ks 4+ bs + 2/ (s + wz)
which corresponds to the contiguracion of fig. 7, consisting of a saries

combination of an inductor aud of a parallel resonant circult. Expressing

the network components in toims of the paradneters K, Wi» Wy, Wy Ome

finds:
L1 = K
Ca = wg / K wf wi
Ly = K (Ji + wi - W, — wfw%/wg) /v,

are prescribed, it Ls necessary to determine

Since K, w1 and w
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a suitable value .or tae pol» vy this wust satisfy the relationship

w \% -G W
1= T2 3
. . . 2 .
Iwo conditious was be consideorved, one in which v, {e talen as (hwe
? .
average of ) aad of  w, , i.E.

2 .2 P4
wy= (W, -+ w3) /2

anel the other o which w, iv selecced av the cecmetvic nean of 0y
de
and of W f.e.

As example, takinp the latter condition one {inls tue following values

tor the network .ompenents:

I-l: H Pl 1/ A0 ws(.?a
w, w, C W, - W )2
Y2701 T3 et Ty 3
2 2
Ly= ( Wy - w3) [ w wy €,
Substituting the values of F1. vy and w, previously piven one finds
th

e following component values for the network of fip 7

f

i

1 0.527 wh

i

Cp = 200 p¥

L2 = 0,32" B

It is seen that the inductance L] has a value which corvesponds to series

regsonance of the anteana capocitance at the frequency (QIWW): and
that the inductance L, and the capacitance C2 form a parallel resonant

circuit tuned +t the same fre uency. However, tlie inductance L? is too
small (ylelding a low qualit: factor) aud the capacitance C2 15 too

large for n practical realfzation, The difficulty may be resolved by

recourse to a transformer as shown in flg, ¢

Y. In this case the primary

N

e Al et i M ke m

 simns i
RS
[N

W —
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has inductance L, as required by the design:; the secondary {s tiphtly

2

coupled to L, awl Las a lavper in'uctance 15 and a1 swaller capacitance
Ci, both resonatiuc al the trequenvy (wlwgls. As an example, letling
Cé = 0.5 pF one has Lé = 0,123 nh,
similarly expanszion in countinuous fractions of N(=), leads *o
the following resclt:
a' L
N(s), = =~=-- = ececedmamcaciecncemaccea
2 8 b PRSI
..... e ST EEEEEEE
& + w,
The corresponding network vealization is shown in fig, 9, where
2 2 y
w! = l/L,CQ = vy 4 wj wfwj/wf
2 2 22, 2 2 2
= (v - C
Ly= (o 4 vy - vyl v ey G
) ) “ .l 3 h)
- Y “ L L,
L, Wp (wp vy - eyl )
2 2 2 2 2 2, 2
. - )
wleCa ( w1 4 Wy s W, w1w3/u2 )

Substituting the given antenna parameters one finds:
L. = 0.527 mh
L = (0.862 h

C, == 0,123 pF

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

citance La

a network transformation may be introduced, by recourse to a transforwer,

are highly inpractical, However, as in the previous case,

such that the driving point fwupedance is con.erved (fig. 10). Assuming
that the transiormer has unity coupling one tinds the following relationships
among the components of the two networxs:
] $ ]
(L, -+ LZ‘)C“ (L, =+ L) C,

L )
3 LB

/ — v ] ’ 1
Ly Lu'(LJ*’La) = L} /(L“ +L5)

~ -— v +
L, ¢,= L ¢

arhoaiibheitin, o m srvmendON bl AN it i & e

i it Bk it i < it Wb o k. a Ll e e e
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Letting L, = L§ one can select CA and L/ s$0 that the last

3 b}
relationship is satisfied and, at the sawme time, the values of these

components 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 desiyned for any conventionally “uned VLF

antenna, with minor modifications of the existing components,

synthesis of two-port antenna feed networus

In additioun to the use of one-port antenna feed networks having
a prescribed driving point inpedance 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
exhibiis a transfer function corresponding to the desired bandwidth(fig 11).
Transfer funictions of interest are the Butterworth or maximally fl.t,
the Chebychev or equal ripple, the Legendre or maximum fall-off, the Bessel
or linear phase. In the case of FSK wodulation the latter type of tran-
afer function 1s preferable, because of lower ov:rshoot and better

values of rise and decay time in pulse operation,

In che following the synthesis of two port antenna feed networks is
approached usin, either the 'coupled resonator bandpass filter ar,roxi-

)

nation" or the ‘classical low-pass band-pass aporoximatior', although
general design fcormulas will be derived, the particular case of the

Bessel function response will be emphasized, An appliication of the

coupled resonator wethod 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 clements Rl and . can be expressed

ir terms of the capacitance ¢ with the following relationships:
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Butterworth

Vv2e -1 c
R 2= compecommmnnmmemaeaa L = ccpcamccmmmeem——=
L c2 -JZc¢c 41 c2-20+1 ;

Chebychev (letting k :Vl +£2 4+ £ where & is the ripple )

V2 (& 4+ D ¢ — w(e+ D

L R e R e e L L ey B R e

It should be noted that the Legendre case i{or n '=2 coincides with
the Butteirworth case for n= 2,

The coupled resonator bandpass filter approximation is based on
the use of a transformation of lossless LC lalder unetworks (Caver
first form) into an equivalent network containing only series inductances
and impedance inverters; the inductances are converted to the band-pass
case with the transformation

. 2 2
s'— (s -,L-wo)/ QA\J

and the impedance inverters are synthesized,with sufficient approximation
for narrow band filters, by recourse to T or T configurations of
inductances and capacitances, In the present case the final configuration
of the band pass filter is shown in fiy 13, where the load resistance

r is the antenna base resistance and the series output capacitance

a
is the antenna capacitance C .
a

In general the relationships between the elements of the low pass

prototype and those of tne bandpass approximation ure:
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Source and load resistances

where 4 and q, are the normalized quality facters of the low pass

prototype, ql==L/.R1 , q, = C.

Inductances
1 1
L, S cewena= -m- L. = ccemcccenana
1 , 2 2 STt
(2wf) CI (21 ¢ (,1,[
where Cp = € Cpy / (€ + C,) Gy = €,C,/(C 4 C)

are the mesh capacitances of the band pass filter, and fo Is the

center frequency of the bandpass realization,

Coupling capacitor

C,, = VC_¢C ! ( £§§ k)

12 I 11 £ 12’
o
where k12 is the normalized coupling coefficient of the low pass
prototype, m127= 1/Vﬁf€, and A ( is the bandwid.u of the bandpass
filter.
Since in the present application the elements R and ¢ are

a a
prescrivped, the design should be started by assigning a value to the

from C there follow C

coupling capsacitor Clz; 12 v’

4 d -
I2 an 4,

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

prototype response, one can calculate the values of R1 and L and

those of q and of Kll' Finally, using the relaticnship expressinyg
C12’ the value of the mesh capacitunce‘ CI is computed; from C_ the
values of L1 and of Rs follow,

Although for the present desiga of FSK wodulation the Bessel type
response is preferable, we have calculated the designs for the Butterworh,
the Chiebychev and the Besscel cases.Taking tor the capacitance C12 values
trom 0.5 pf to 3.0 pF we hive .found the values shown in Tables I, I1

and III, also suwmnacized in the grapns of fips 14, 15, 1o,

i MR WAL B i = o
R SR P
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Teble I - Butterworth response
c Lg o R L q c..l ¢ L R
12 |~ 2, 1| l 1 k12 [aell 1|1 " sl
0.5 {0.659 | 11.5 | 0.129 { 0.098 | 0.76 { 0,945 {0.095 '14.73 142.5 176 114.75
x10~
2.0 |0.575 | 10 0.151 | ©.115 | 0.76 | 0.935 |0.111 |193. 3.13 129 0,01
x10-10
3.0 |6.558 { 9,25 | 0.167 | 0,1185! 0,71 | 0.935 |0.113 |420 1.5 67.2 0,04
i x10~10
Table IY -  Bessel Response
Cia ) by} ¢ R’y L G| k2 | Cua % M R [ Ga
mh MF I F Iwh 0| F
u )
0.5 § 0.659| 11.5| 0.0%2| 0.0316{ .342|.1.67 J .095 | 66,2 | 13.6{125 k6.2
x10-10 I o
jfm
i
|
1 0.060] 106.,5) ©0.101] 0,034 ,344) 1.67 | .105 166 [1.78 |34,5 169
: | x10-10 -t
! ' [M'o
]
| l | )
2 {0,368 9.9{ 0.108° 0.0374] 345 1.65 | .13l ;614 1.03 9.4 623
| | ' | 10710, |0
i ; l | L .

P ! o el i d
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Table IIX - Chebyshev Respongse (1 dBE ripple)

: B
¢, L, c R, L e k, [y | o L IR, |
h IS F F mh | L2 F
0.5 | 0.659 | 11.5 | 0.130] 0.131] 1.01| .815| .095 | 11.I |%6.8 |176 [11.1
x10710 x10"10
1.6 | 0.60 {10.5|0.115] 0.142] 1.23] .825] .105 | 40.7 | 15.5] 39.6 40.7
i xlO'lo 1:10.lo
: 2.0 | 0.568] 9.90.123] 0.153] 1.24] .814] .111 | 150 4.25 10.8 150
‘ x10"10 x10~10
\ 3.0 | 0.558| 9.75/ 0.124] 0.155 1.25| .806| .113 | 316 2.03] 5.12 311
x1071° x10710
t

r
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Considaring the case of the Bessel type response, it is scen that
the optimum desiyn is obtained im correspondence of values of C12
between 1 and 2 pF; slightly larger values (about 3 pF) are indicated

for the Butterworth and the Chebychev (1 dB ripple) responses,

Finally, ancther wethod of synthesis of the bandpass filter couristse
of direct application of the low pass-band pass transformation to the
low pass pretotype of fig l2; a further transformation is required to
convert the network into one having a series output capacitgnce and
another transfcrmation, based on the Nuiton equivalence, is utilized

to obtain components which ave practically realizable,.

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

for a Bessel type response are as follows

iy SRR SR
1 2 .
ETH RZ - JCR2 -+ 1
CR,2
2
LT EETTUTIAY
2 2 ~

The band pass traoansformed netw_ork is shown in fig }7; however, in
order that this network be applicable to antenna problem, its configura-

tion wust be modifled to exhibit a series output capacitance. This is

dona with su

Lag]

ficient approximation for narrow band using the equiva-
lence between the two networks of fig 18 at the center frequency of

the pass band:

1
C, = € -==mmmmmeso- -
1 4= (w RSCS)
1 + (w.RC)
Os's
R2 = Rs ekt 3=
(woRSLS)
In our applicatior the antenna resistance is R3 "= 0.18 Ohm and the

antenna capaclitance is Cs== 0.1175 pF, There follows

C, < C,= 0i1175x10"° F R., ==24,500 Ohm

2




-15-

Recapitulating, the design procedure for the low pass-band pass
approximation method is as follows: in the normalized low pass

prototype one has

Ry ™= 1 C =0.117x10"x25,400 x 2%2x10% = 9.39 ¥
From these values one calculates Rl and L, 1i.e.
R, = 0.115 Ohm L =0.0396 h

In the corresponding band pass netowrk one has

R= 0.115 Ohw, L = 1.25x107° h, c, = 2.99x10"° ¥

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

Denormalizing to the load R, = 24,500 Chm oue finds:

2
_ _ -3 _ -10
Ry = 2920 Ohm, L =317 x107" h, ¢= 2x10 F
-6 -3 _
cp= 0.1175x107° F, L,= 0.537x107° h, R, 24,500 Ohm.

Difficulties wou'd be encountered in the realization of the inductance
L1 because of its large value; for this reason a networl transformation
congisting of the utilization of an ideal transformer or of a Nortom

equivdalence is applied,

The use of an ideal transformer is shown in:tigl¥; in practice

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

2
the transformer ratio is 1:10Q, the tap is made at 1/10 of the turns.

The elements Rl' L' and C1 are modified as follows

R, = 29.2 Chms, L = 3.17x10°° n, c, = 200x10" L% F

The application of the Norton equivalence is shown in fig20 ; the
combination of capacitance Clxt2 and an ideal transformer of ratio
1:t is equivalent to the network of fig.20 , where a negative capaci-

tance Cl(l"t) is present., Substituting in the network of fig 1+,

sbsorbing the negative capacitance within c, = 0.1175x10°° P and
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convarting to the form of fig. 17 one obtains the final network of

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

R, = 20.2 Ohm, L, = 3.17x10°° h

1 1

¢ = 180x10"1% ¢ , c = 20x107!% F
y X

c, = 0.1175x10°° ¥, R,= 0.18 Chm

In general, once the calculations for the Norton equivalence have

been completed, it is necessary to recalculate all the networi 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
operation with FSK modulation at wide frequency shift have been
developed. Two types of networks have been derived, ovne of single-
port type, heving two zeros of transmission and allowing the
unienna Lo operate with two separate bands centered respectively
2t the mark and at the space frequency, and the other of two-port
trpe, exhibiting a continuous band which extends from the mark
to the space frequency. Efforts have been wade to develop networks
which have economically realizable components and which can be
applied to existing anteuna installations without extensive modi-

fications,
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