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ABSTRACT

The details of an efficient broadband antenna system covering
the frequency range 6 to 60 mc with two antennas are presented.
The antenna system is intended for use with a distributed amplifier,
and utilizes monopoles and an inverted vee antenna. Provisions
are made for operation at reduced bandwidth when harmonic rejection
is desired. The design of suitable power splitting (on a frequency
basis) networks and antenna matching networks are summarized.
Experimental evaluations of these networks are included in
Appendix A. Experimental curves of monopole impedance are presented
in Appendix C.
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THE DESIGN OF AN EFFICIENT WIDEBAND ANTENNA SYSTEM

I. INTRODUCTION

A study has been made by personnel in the Electronic Defense Group
of the technical feasibility of an efficient tactical antenna system compara-
ble in bandwidth to the 6-20 mc bandwidth of a distributed power amplifier
under development for the Signal Corps. The incorporation of circuitry to
allow for operation at reduced bandwidth (where harmonic rejection was nec-
essary) was considered subsequently. The details of a proposed prototype an-
tenna system covering the frequency range 6 to 60 mc are presented herein.

The system uses monopoles and an inverted vee antenna.

The body of this report has been divided inte several sections for
convenience. In Section 2, some general remarks on the design problem are pre-
sented. A qualitative discussion of the operation of the system proposed by
the Electronic Defense Group is presented in Section 3. The details of the
synthesis of specific networks performing the functions described in Section 3
are given in Sections 4 and 5. Specifically, Section 4 is concerned with the
design of suitable individual antenna matching networks. Assumptions are made
concerning the length-to-radius ratio of the monopoles used, ground character,
and the antenna base impedance. These limitations are treated to some extent.
In addition, some remarks are made on the structural aspects of the problem,
such as the switching problem, the use of a ground plane, and the construction

of the monopoles and networks. The antenna system is channelized; i.e., each




— ENGINEERING RESEARCH INSTITUTE - UNIVERSITY OF MICHIGAN —

antenna is capable of radiating energy over a portion of the total band. Si-
multaneous operation of the antenﬁas is practical due to the use of power-
splitting (on a frequency basis) filters which are derived in Section 5.

The solution of the problems defined in Sections 4 and 5 requires an
extensive knowledge in the field of network synthesis. Sections 4 and 5 were
written to serve the reader not having synthesis background as a summary of the
principles used in the system design. Enough of the numerical procedure is
included, however, so that those with sufficient background and interest may,
through the use of the references indicated, substantiate the results.

A set of networks for the system was built and tested by the Elec-
tronic Defense Group. Data obtained on these networks are summarized in Ap-
pendix A.

II. THE DESIGN PROBLEM

As previously stated, a study was made under EDG Task No. 8 of the
technical feasibility of an efficient wideband antenna system. A number of an-
tenna parasmeters (other than efficiency and bandwidth) such as portability, po-
larization, and directivity are also important in a radiation problem. Al-
though development of a tactically optimum system has not been attempted,
certain characteristics have been considered tactically desirable. Protability
is regarded as of paramount importance in a front line equipment. For this
reason simple antenna types such as monopoles and inverted vees have been con-
sidered. The use of a ground plane in this frequency range is considered
tactically infeasible,.

Provisions have been made in the prototype structure for the use of
either an inverted vee of monopole in the 19-60 mc band. It is hoped that

veluable information can thus be obtained on the relative merits of a directive,
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as compared with an omnidirectional, antenna pattern.

It has been felt that an efficient tactical,single-antenna system with
ten-to-one frequency coverage could not be developed in the brief time available.
The use of frequency channels and multiple antennas is therefore proposed. It is
recognized that in the crossover regions,where two antennas are each radiating
significant power,a lobed pattern will be produced. The orientation of the lobes
at a given frequency depends on the relative phase and magnitude of the signals
applied to the antennas.l An attempt has been made to minimize the lobing effect

in the prototype by making the frequency crossover regions narrow.

III. DISCUSSION OF PROPOSED SYSTEM OPERATION

The prototype antenna system proposed by Electronic Defense Group is
blocked diagrammed in Figure 1. The power delivered by a distributed amplifier
over the frequency range 6 to 60 mc is divided by networks LP, and HPj on a
frequency basis, so that power in the frequency range below 19 mc is channelled
through L?A and power above 19 mc is channelled through HPy. The design of these
networks is considered in Section 5. The networks LPj and H?A actually used will
perform as desired only if driven in parallel and if each network is terminated
in a pure resistance.2 To approach the termination requirement, antenna matching
networks (AMN) are inserted in the antenna lines. The antenna matching network
in, for example, the low frequency band, must be designed to permit efficient

delivery of power to its associated antenna over a particular frequency band when

driven with a resistive generator; the input impedance of the matching network

1 Adjustment of the relative phase is feasible.
2 Filters of this type are said to be "complementary" and are called "complementa-
ry filters".
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approaches a resistance over this band. Actually, as described in Section L,
appreciable mismatch of the complementary filters must exist in the present system.
Optimistically, one might hope that approximately the same mismatch would be

L It was found that this result was substantially

achieved in the final system.
realized when some relatively simple complementary-type filters are used .2
Satisfactory results are also obtained when more complex complementary networks
are used.? Then, power can be delivered efficiently over the entire range 6 to
60 mec with switches SlA, SlB, SEA’ and SQB of Fig. 1 in positions 1.

Since each antenna is matched by its antenna matching network over a
3.1 to 1 frequency band, the problem of harmonic radiation exists. The function
of network LP.

B’ HPg, LPC,vand HP ., is to permit operation over 1.76 to 1 frequency

o
bands when reduction of harmonic radiation is necessary. Radiation of inter-
modulation power generated in multiple signal operation will also be reduced.
Networks LPB and HPp are similar to LPy and HPy but are designed for the cross-
over frequeﬁcy of 10.8 mc. Proper power transfer in the frequency range 6 to
10.8 me, for example, is achieved with SlA and SlB in position 2 and SlC in
position 3, if network HPA is terminated. The network HPj can be terminated in
several ways:

1) in a resistance if operation over only the 6 to 10.8 mc band is

desired;

1

This is on the basis that the networks are like lumped equivalents to trans-
mission lines.
2

The complementary filters referred to are 4-pole Butterworth filters. These
networks and the associated results are presented in Fig. 2 and 3.
5

More complex complementary networks such as the 5-pole null frequency Tchebycheff
(or equal ripple) networks of Section 5 are needed to achieve harmonic rejection
as discussed later.
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2) in either a matched monopole or inverted vee for simultaneous
radiation within the 6 to 10.8 mc band and the 19 to 60 mc band;

3) through the use of complementary networks LPC and HPC for
simultaneous operation within the 6 to 10.8 mc band and either 19
to 34 mc band or the 34 to 60 mc band. (Note that terminatién
of the "unused" network LP, or HP; is necessary.)

It is clear that through SW1tch1ng at the points indicated, all the desired modes
| of operation can be achieved. No effort has been made to incorporate switching
in the networks built at Electronic Defense Group. The necessary 94 ohm coaxial
switches are not readily available. It appears that ganged iow capacitance,

high current, rotary switches might be preferable.

IV. DESIGN OF ANTENNA MATCHING NETWORKS

Consider the problem of designing a broadﬁand matching network for a
‘monopole antenna. Hallen (Ref. 5) calculated the input impedance of a lossless
uniform;monopole éver a loésless ground (neglecting base impedance). He found
that if this impedance is plotted against fthe antenna length in radians" (Bf =

exn %),the impedance has as a parameter only the length-to-radius ratio t/a. Since

no general technique is available for'designing matching networks for distributed
impedances, a practical approach is to approximate the antenna input impedance by
a lumped circuit equivalent. It was found that the input impedance of a monopole
with E/a = 60 is satisfactorily approximated by the input impedance,of the

. ‘ s 1
circuit of Fig. 4 over a range from BL = 1.52 radians to L = 4.71 radians.

1

The quallty of the approximation of Fig. 4 is indicated in Fig. 5. The range
BL = 1.52 to BL = 4.71 corresponds to 3.1 to 1 frequency coverage by a single
antenna. This results in 10 to 1 frequency coverage with two antennas, and also
corresponds to the B/ range over which the approximation is "good". The meaning
of "pase capacitance" is discussed in Appendix C.

8
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If the base capacitance (Cb) of the antenna is neglected, the bandpass to lowpass
transformation for which bandwidth is conserved yields the antenna lowpass

) . 1
equivalent of Fig. 6a.

36 .00388
I .
© T 000 A
1L
/[\C w /?)00278
b0 :
o=t /50.3 465
Oo—— &
\ FIG 4

ANTENNA APPROXIMATING CIRCUIT
USE /) IN PLACE OF FREQ TO OBTAIN OHMS

1

The choice of a bandpass approximating circuit is arbitrary. The term "bandpass"
implies that all reactive elements occur in either series or parallel LC pairs,
and that the associated LC products are all equal. This type of network is
advantageous in that an equivalent lowpass network exists. The lowpass equiva-

lent to a bandpass network (with the same bandwidth) is formed by making the
following substitutions:

o—N-(—o REPLACED BY o—T0—o
a

Lo C Lo
T
o— L |- REPLACED BY o—|fo
I c
c

A simplified network results with many properties simply related to the bandpass
network properties. The above points are considered in Ref. 4.
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By making an impedance level transformation the network of Fig. 6b with a one
ohm termination is obtained.l Then the problem of designing a matching network
for the antenna is reduced to the problem of specifying a matching network for

Fig. 6b over a freguency band from O to w, = h,71 - 1.52 = 3.19 radians per

second
36h 0.0774 h
T 002781 4650 T 1293 ¢ o
O O
(o) LOWPASS EQUIVALENT (b) LOWPASS EQUIVALENT WITH
OF FIG. 2 NORMALIZED TERMINATION

FIG. 6. LOWPASS ANTENNA EQUIVALENT CIRCUITS

The above steps have reduced the problem to one for which a satisfactory
solution can be found. The technique will be summarized here. The reader is
referred to Electronic Defense Group Technical Report No. 44 (Ref. 6) for a more

detailed treatment.c

1

An impedance level transformation is realized by the following substitutions:
R kR
o—ANW—o REPLACED BY o—\W—0
c , C/k
o—{f—o REPLACED BY o—|f—o
L kL

o—JU0N—o REPLACED BY o—/¥00—o0

Under this transformation all impedances are éhanged by the factor k. In EDG
Technical Report No. 4l it is shown that efficiency of power transfer is un-
affected by this procedure.

2The design of antenna matching networks such as those developed here is discussed
in Appendix II of EDG Technical Report No. k.

11
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can be

Referring to Fig. 6, it is noted that a quantity mQRC
o

specified for the RC termination and the desired bandwidth wy = 3.19. It is found

to be 2 - 2 =
®,RC ~ 3.19(1) 1.293 -85

In Ref. 6 optimally efficient networks of a prescribed complexity are

defined as a function of the quantity'w ;C . The efficiency of a network is
(o)

measured by a function ltl2 = f@gl__ where Pdel is the power delivered to the
P _
avail

a
load and P 1 is available or matched power from the driving generator.

avai
The L4 pole network selected is Fig. 7. The power transfer characteris-

SN ,
tic, Itl, of this network has an equal ripple or Tchebycheff behavior within the
band; passband loss oscillates between 1.44 db and 1.22 db. The theoretical

minimum loss (the Bode Limit) associated with the above termination is 1.08 db.l

This loss can be approached with OPtimum networks of greater complexity.

LOWPASS ANTENNA EQUIVALENT CIRCUIT
, 159 \ _

A |
’ ~
0885 .0816 0774
O—— 000 —e@
. .
—T~
1.293
|
0 .
[ |
FIG 7

A LOWPASS 4-POLE TCHEBYCHEFF CIRCUIT
(VALUES IN OHMS, HENRYS AND FARADS )

1
Ref. 3, pg. 362.

12
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It will be noted that the series inductance closest to the one ohm
termination in Fig. 7 is .159 h. while the corresponding element of the normalized
anténna low pass equivalent circuit is .0774 henry. No simple way is évailable
to adjust this element. This means that the element closest to the antenna, in
the antenna matching network, is a series one. It would be desirable to have a
shunt capacity at this point to absorb the antenna base capacitance which occurs
in any practical installation.

After making impedance level and lowpass to'bandpass transformations,
the network of Fig. 7 is transformed to that of Fig. 8. Operation with a generator
impedance of 94 ohms is desired. This is accomplished through the insertion of an
ideal transformer which can be absorbed as indicated in Fig. 9a and 9b.2

The specification of matching networks for monopoles covering the bands
6-19 mc and 19-60 mc is readily made from Fig.i9b. The results are indicated
below. (See Fig. 10.) It must be pointed out that certain problems result from
the insertion of coaxial lines at A-A in Fig. 1; these cables permit positioning
of the antennas at a distance from the distributed amplifier'ahd‘complementary
filter assembly. The complementary filters function és desifed only if terminate@
in 94 ohms. In the antenna system described, the impedance looking into the

ahtenna matching networks is "1.44 db" away from the matched conditions. Since

the coaxial line is not perfectly matched by the antenna matchinginetworks and
antennas the impedance seen by the complementary filters is a function of line
length. Tests conducted at the Electronic Defense Group indicate that the effect

of this mismatch on the over all transmission is not pronounced.5 However, some

1 : :
This procedure is simply the reverse of that by which the lowpass equivalent
was obtained.
2

This procedure is described in EDG Technical Report No. Lk, Appendix II.

See Fig. 3.

13
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0.629 465
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FOR VERTICAL MONOPOLE
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FIG. 10, ANTENNA MATCHING NETWORKS AND VERTICAL
MONOPOLES RESULTING FROM NORMALIZED NETWORK OF FIG. 7.

15



—  ENGINEERING RESEARCH INSTITUTE - UNIVERSITY OF MICHIGAN —

reduction in transmission efficiency over narrow-bands has been observed, and the
location of these "suckouts" is a function of the coaxial line lengths used. The
choice of optimum line lengths for the prototype can best be made by tests on the
actual structure.

The matching networks were defined for a lossless monopole of length
to radius ratio l/a = 60 over a lossless ground plane. The use of a ground plane
of conventional size is considered tactically infeasible. Tests conducted at
the Electronic Defense Group indicate that for a wide range of practical ground
conditions theAabove matching networks should be used with antennas of length to
radius ratio !/a = 80. Further experimental work suggests that practical antennas
about 13¢% shorter than the theoretical lengths should be used.l The resulting
antenna dimensions are indicated in Fig. 1O.

It is felt that some lightweight construction technique is mandatory if
the antennas specified in Fig. 10 are to be made at all feasible. No attempt has
been made to solve this problem. The use of a mast and spacers to supportva wire
mesh such as in Fig. lla may prove satisfactory.

Several other construction details are suggested in Fig. 11. The

antenna matching networks mustvbegpositioned at the base of the antenna—the total
lead inductance to the ﬁetwork should not exceed the series inductances indicated
in Fig. 10, and correction of this inductance for whatever lead inductance is used
should be made. If a dielectric mast is not used, it is suggested that a dielectric
pedestal several inches high be used to reducé base capacitance to a

practical figure. Then the matching network may be mounted on a substantial ground

post located near the base of the antenna.

1 The results of these tests are presented in Appendix C.
B 4

16
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A promising alternative construction involves the use of an extendable
(telescoping) mast. A crude sketch of the structure is presented below in Fig.
11b. The radiator is made up of a number of metal tapes which are held in tension
by the spools located on the bottom section. The tapes are taken up in the spools
when the mast is contracted. The metal spacers located near the top of each mast
section maintain friction contact with the tapes, reducing vibration and tying

the tapes together electrically. When contracted, the structure should be highly

portable. ,
/FWACER
i GUYS T
s !— | “SHinGED
I | CONSTRUCTION
(NYLON OR | } (OPTIONAL)
SIMILAR MATERIAL)|
SECTIONED MAST
e
| METAL |_—~METAL SPACERS
| ',‘/V“RE MESH TAPES IN — ' N FRiCTION
H H TENSION ~ CONTACT WITH
| | _— SEVERAL CLIPS TO METAL TAPES
ANTENNA | INSURE GOOD CON-
MATCHING : TACT IF THE WIRE
NETWORK SN MESH IS SECTIONED
|
COAXIAL LINE 1 — —
TO TRANSMITTER | | '
l
| SPOOLS
zgg&o | ! DIELECTRIC /
| | DIELECT BASE (IF
POST b ELECTRIC METALMAsT) O] [©
7 //PEDESTAL 7
A7 7%
i (a) % (b)

FIG. 11
SKETCHES SHOWING CONSTRUCTION SUGGESTIONS

Both theoretical and experimental data have been used as a guide in
obtaining suitable prototype matching networks for the monopole antennas. It must
be pointed out, however, that the matching networks used in the prototype are useful
for a particular antenna input characteristic. Deviations from the specific
anfenna dimensions assumed, base impedance, and the presence of parasitic elements
in the antenna near-field may materially effect the quality of the antenna matchA

achieved.

17
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Inverted vee antennas are often terminated to obtain an "end fire"
radiation pattern which varies ohly moderately with frequency. In this case
substantially all the incident energy not radiated is absorbed in the termination.
For this mode of operation, variation with frequency of the input impedance may be
small. The input impedance of typical inverted vees is about 600 ohms. A match-
ing network for the inverted vee antenna was designed to give an efficient match
between a 600 ohm load and a 94 ohm generator over the 19-60 mc band. Limitations
on time and personnel have prevented a further investigation of the nature of the
input impedance of vee antennas.

A matching network for the inverted vee is easily obtained using the
techniques developed in Electronic Defense Group Technical Report No. 44. As
previously stated, it is assumed that a 19-60 mc bandpass network which couples
a 94 ohm generator efficiently to a 600 ohm load is desired. Using the design
curves of the above report, the 4 pole low pass network of Fig. 12 may be chosen.
This network, with unit load and one rad}an per second tolerance bandwidth, has an
arbitrarily chosen maximum passband loss of .33 db and a ripple-of .09 db. After
raising the impedance level to giye a 600 ohm load and increasing the bandwidth
to 2n(60-l9)106 = 258 x 106 rad/sec, the 19-60 mc bandpass network of Fig. 13

is easily obtained by means of a lowpass to bandpass transformation. To adjust

424 .910

|
.77 - P

9-

FIG. 12. A 4-POLE TCHEBYCHEFF NETWORK
VALUES IN OHMS. HENRYS 8 FARADS
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the generator impedance, an ideal transformer is inserted and absorbed according

988 22.4 2.113 10.47
B
Ay
1.453 —~ 15.25 1.715 —~12.92 600

FI1G.13. BANDPASS NETWORK DERIVED FROM FIG. 12

VALUES IN OHMS, ph AND/Lpf
to principles described in Electronic Defense Group Technical Report No. Lk,

The final inverted vee network is indicated in Fig. 1bL.

| 274 48.1 1.655 11.84 |

600

|
|
|
!
|
|
l
;
|

[b—— INVERTED VEE MATCHING NETWORK ——

FIG. 14 THE INVERTED VEE ANTENNA MATCHING NETWORK
VALUES IN OHMS, ph AND ppuf

The transmission of the network of Fig. lu4. drops off very rapidly below 19 mec and
above 60 mc. Therefore, this network prevents efficient radiation outside the
19-60 mc band, no matter how broad the frequency coverage of the antenna with
which it is used. The use of a network with a sharp cutoff characteristic is

desirable on a harmonic rejection basis, since with the lowpass and highpass

19
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complementary networks, the harmonic rejection in the 34-60 mc band must be
introduced by the antenna matching networks.

An alternative form of Fig. 14 is defined below. See Fig. 15. This
form has several advantages, but seems infefior on the basis that the stray

capacitance which can be absorbed in the matching network at the inverted vee input

is less than 3.37 upf.

.274 80.8 .585 19.9

C

94

~ L.715 600

[~

/1

402 —
|

7 T
17.92 3.37

FIG. 15. ALTERNATIVE FORM OF FIG. 14
VALUES IN OHMS, th AND ppuf

V. DESIGN CF COMPLEMENTARY FILTERS

Efficient simultaneous operation of two antennas from a single power
source is accomplished through the use of complementary filters. In particular,
three complementary pairs are used; each pair consisting of a low pass and a
high pass network. When a pair of complimentary networks are driven in parallel
by a resistive generator, a division of power between the two network terminations
as indicated in Fig. 16 can be achieved. The design procedure used in obtaining
the nétworks is summarized below.

If the networks of a pair are complementary and the generator is
matched in the interests of efficiency, two equations can be written which are

useful.

20
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P
P de,' POWER DELIVERED
avail TO HIGH PASS

NETWORK TERMINATION

POWER DELIVERED
TO LOW PASS
NETWORK TERMINATION

Y

w
FIG. |6
TCHEBYCHEFF COMPLEMENTARY FILTER CHARACTERISTICS
PLP(w) + PHP(w) = Pail (1)
1
Yrp(w) + Ygplo) = R (2)

PLP is the power delivered to the termination of the low pass filter; Pyp is
similarly defined for the high pass termination. Pgygil is the power available
from the generator;the coupling networks are assumed lossless. Also, referring

to Fig. 17,the second equation prescribes that the sum of the input admittances -
of the two networks is a constant l/R independent of frequency; i.e., the generator
is matched. Now, if the generator is matched,a voltage E; 1is applied to both

networks at all frequencies.

! Y| LPy § Yoo = Gp + jBip

2E(~) | § | .
L Ywe—| HBy Yup = Gup + JBup
—

FIG |7
THE COMPLEMENTARY NETWORK PROBLEM

The power delivered to the low pass termination is

21
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(WS}
~

Pp =[5y % Grple) (

if LPN is lossless. Similarly, if HPN is lossless,

P = 1517 Gple) ()

Thus the power division between the terminations is controlled by choice of
GLP(m) and GHP(w). From Eq 1

0pp(0) + Opple) = = (5)

Equation 5 states that the functions Gyp and Gyp cannot be chosen independently.
To illustrate this, suppose that the power delivered to one termination is 20 db
below the available power of the generator. Then 99% of the available power is
delivered to the other termination; this is .O43 db below the available power.
Thus the passband characteristic of -one network depends on the rejection
characteristic of the other.

The desired properties of the individual conductances GLP(w) or
GHP(w) for use in the antenna system can be summarized in terms of the maximum
passband loss, the width of the transition region between the pass and the stop
bands, and the minimum attenuation in the stop band. The design of networks
meeting requirements of this type has been Qealt with in the literature (Refs. 1
and 7). It has been shown that specifications of the above type can be met with a
minimum number of network elements through the use of filters which have
Tchebycheff or equal ripple character in both the pass and stop bands, as shown

in Fig. 16.%

1 If a Butterworth complementary pair is used, it is easily demonstrated that, to
get 20 db rejection at 12 mc with a loss of 3 db at 10.8 mc, a 22 pole network
is required. The use of networks having zeros at finite frequencies is clearly
indicated. '

22
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The lowest harmonic associated with radiation in the 6 to 10.8 mc band
is 12 me; for a minimum harmonic rejection of 20 db, the requirements for the low

1
pass characteristic are as sketched in Fig. 18. It has been shown that the

20 — Sy
P\\ /////'"<<\ ///"“-~\~
|

10.8mc 12mc

FIG I8
APPROXIMATE DESIRED LOWPASS CHARACTERISTIC

relation between @, (maximum passband attenuation), Qg (minimum stopband
attenuation), the ratio k of the frequenries at the edges of the pass and stop

bands (in this case k = 10.8/12 = .9), and the complexity of the network n is

given approximately by2

2K
nk!

Qg>15 db  (6)
qu,‘s db

n = [.llSas + 1.15 log (

4x8.68 }
where K and K' are complete elliptic integrals and depend only on the parameter k.

From tabulations (Ref. 8)
2.2805

1.6546

~
n

1

Kl

1
The use of bandpass networks has been considered. Certain technical problems
seem to make the simpler lowpass and highpass networks preferable.

EBased'on results in Refs. 1 and 7.

23
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4x8.68
n = .876 |.115ag + 1.15 log( Oy )

Therefore,

From this equation it can be shown that?assuming the same Qg is required for the

low and high pass bands, the following results are obtainable:

"
[l

n=>5 o’ .058 db ag = 18.8 ab

b

n==6 o

In the interests of simplicity, the 5-pole (n = 5) values were deemed acceptable.

006 db o

27.5 db

S

To determine the networks achieving these results, some lengthy computations are

required. Following the procedure of Fano (Ref. 7), certain useful‘parameters

k' =,/1 «k° = 436

are first evaluated.

op = 10 loglo(l +€) e=0.135
K
g 6
q = e = 11.11 x 10~
1/2
hq, /
ky = — = .01336
(l+2ql)

1]

k'y = /1 -K°5 = .99997

Using kl and k'l , the associated complete elliptic integrals,K; and K'j, can be

evaluated as before. 7
K, =2 =
K'y = 5

A parameter a is determined from the relation

! - 2o = 9932

sn(n_a k! )._
Kk 71 VARY:

From tabulations of the elliptic function sn (u, k) in Ref. 8, one finds

a = .825

2k
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Then the desired poles of the lowpass function with one radian per second band-

width and k = .9 are to be located atl

' K n odd
= 'sn{[2£—+‘]k}
Pps J ardebEl o1, e, con (D

Also, the zeroes of transmission are to be located at

D J n odd
ol = X £ =0,1,2, ... n (8)
ksn {22 o k }
The elliptic function sn{ul + jug,k} is evaluated using

sn(ul,k)dn(ue,k') + jen(ug,k)an(uy,k)sn(uy,k* )en(up, k')

sn{ul + Jun,kp =
2 2 2 2 \
en” (up,k) + k° sn“(up,k)sn (u2,k )

The functions sn (u,k), and dn (u,k) are evaluated from tabulations in Refs. 8
2 .
or 9 . It is found that the poles and zeroes of the lowpass function with unit

bandwidth and k = .9 are located at Pop = + J 1.5105

Por = +J 1.1350

Pp1 = * 1.0k4os5
Ppo = +.3578 + j .9893
Pp3 = + .05432 + j 1.0524

The desirea iovwpass power characteristic with unit tolerance bandwidth is then

2
Prp .19259(p+J1.5105) (p-31.5105)2(p+,jl.135)2(1:-31.135)2 (10)
-_— = 10
Pavail f(p) [-f(-P)]

lThese equations determine the loci of the poles and zeroes of the desired function
in the p-plane. Here p = ¢ + jw is the complex frequency. See Refs. 2,6, and 7.

2In Ref. 8, the tabulation is in terms of a parameter m which is simply k® in the

above notation.
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where

£(p)=(p+1.0495) (p+.3578+3.9893) (p+3.578-3.9893) (p+.04532+31.0524 ) (p+.05432-31.0524)

and the multiplying constant was chosen for a matched condition at p = 0.

Combining,
Prp .192590° - 1.3750&6 + 3.58360% - u.oh139w2 + 1.66372 (11)
Pavail o0 - 2.809:»8 + 1.9091a0 + 2.0b360" - 3.78110° 4 1.66372
2 . 2
where p~ is replaced by -w .
Using Eq 1
Prp 10 o0 - 3.000600 + 3.28% - 1.5k’ + .2603° (12)

. . N .
Pavail o0 . 2.809(.08 + l.9O9lw6 +2.0430 - 3.781].m2 + 1.66372
The next problem is to obtain the networks from the desired transfer

functions. To do this, use can be made of the equation

~¥1oG I
le = 12 2 —2' (13)

where I2 and Eq are defined in Fig. 19, and yjp and Yoo are the widely used short

circuit parameters of the lossless coupling network N.

E, G) N E, 6
v

FIG. 1I9. THE VOLTAGE TRANSFER PROBLEM

lsee Ref. 10 Pg. 542.
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It is convenient to obtain networks normalized to a one ohm termination (G = 1).
Then I, = -E2 and Eq 13 becomes
E V12
E% £ (14)
1 1+ Yop
Now the voltage applied to each of the complementary networks is a constant E1
as previously defined. The available power from the generator with voltage 2E,
(in Fig. 17) and R = 1 1is
2
P = |E
avail Iﬁll (15)

The power delivered to the lowpass termination of one ohm is

2
Prp = [Ep] (16)
where Eo is the voltage across the lowpass termination. Equation 16 is also

applicable to the high pass structure. Then using BEgs 1k, 15, and 16

Yie | °
PLP _ LP
Pavail 1 +
y
2rp (17)
2
PP _ Y12
Pavail 1+ Yoo

It can be shown that the denominator of y12/1+y22 must be made up of the right
half'plane factors of the denominator in Eq 10. The numerator is simply the

square root of the numerator from Eq 10.  Thus,for our case,

Y12rp -1+385ph + 1.56&0;52 + 1.2898 (18)

L+yoorp  p? 4 1-8737p4 + 3.1599p3 + 3.3234p2 + 2.1802p + 12698

The yyo and ypo of a lossless lumped parameter network are ratios of odd/even or

even/odd polynomials. Further, it can be assumed that ¥y1p and yop have identical
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denominators for this discussion, Then, dividing by the odd part of the

denominator in Eq 18 for the lowpass case, one can identify

143885p% + 1.5640kp° + 1.2898

ylELP =
p° + 3.1599p3 + 2.1892p

and | 1.8737p% + 3.323Up° + 1.2896
Y22rp T

02 + 3.1599p° + 2.1892p

To obtain the network it is necessary to synthesize Yoo in such a way that the
desired zeroes of Yyyp are also created. This process is discussed in Appendix
B. The network of Fig. 20a is the result of such a synthesis. From Eq 12, and

using the procedure followed in the lowpass development above, one finds

p2 + 1.5008p3 + .5102p

V2, =
1.8737p" + 3.3234p° + 1.2898
and
. - p° +3.1599p° + 2.1892p
22, :
1.8737p" + 3.323Lp° + 1.2898

The resulting network is shown in Fig. 20b. It is now necessary to adjust the

networks of Fig. 20 to the desired 94 ohm impedance level and to the desired
crossover frequency. At the crossover frequency the power to each network
termination is down 3 db; for unit +tolerance bandwidth and an 18.8 db loss at
w = l.lll(=12/lO.8) radians per second, the 3 db point is near w = 1.03 radians

1

per second. It is easily determined™ that for crossover frequencies of 10.8 mc,

1
The bandwidth of the lowpass characteristic is to be changed from 1.03 radians
per second to, for example, 10.8 mc or 2x(10.8)x10° radians per second. The
necessary transformations to modify bandwidth by a factor k are (Ref. L):
L L/k
o—JI—o REPLACE BY o—Ji —o
C/k

c
o—]f—o REPLACE BY o—|F—o
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SENNPSI ¥dY 602-1D0-V 2922

.8338 8102 .0535
o—— 300 500
| 1.6625 %.7406 (@)
|
4669 5918
o N 1
| {10635 | (11761 |(12.038
O- I\ A A
(b)
2.1413 1.4678
|
4763 1.3092
o & h
FIG. 20.

NORMALIZED COMPLEMENTARY TCHEBYCHEFF NETWORKS
VALUES IN FARADS, HENRYS, AND OHMS

19 mc, and 34 mc, as required in the antenna system, the desired networks are

those of Fig. 21.
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] ks I\ I
170.0 188.2 1926 |
<
3.027 2.075 <
94 <
T74.7 T94.68 ' T?G.Z 1\209.5 |
o o- o -0-—-

NETWORK LPg NETWORK HPg
a) COMPLEMENTARY PAIR: 10.8 m¢ CROSSOVER

|( |( I( _
I o 1\ 7
96.6 107.0 1093 L
<
1.72 1179 <

94
! <
1\42.45 I 53.8 , T43.3 Tus |
o O-- o —0-—-
NETWORK LP, NETWORK HP,
b) COMPLEMENTARY PAIR: 19 mc CROSSOVER
O—=
|
L
<
>
1\23.73 /Iso.oe | T24.2 Tes.s
o —O-- o O-—-

NETWORK LP, NETWORK HPg
c) COMPLEMENTARY PAIR: 34mc CROSSOVER

FIG 2l
COMPLEMENTARY FILTERS OF FIG |

NOTE: EACH PAIR TO BE DRIVEN IN PARALLEL BY 94 OHM GENER-
ATOR AND EACH NETWORK TO BE TERMINATED IN 94 OHM LOAD
AS SHOWN.
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APPENDIX A

EXPERIMENTAL DATA ON PROTOTYPE NETWORKS

The antenna system defined in this report is block diagrammed in Fig. 1,
and described in general terms in Section 3. The individual networks are
defined in Sections 4 and 5, where the design procedures are also summarized.

In general, the coupling networks synthesized are lossless; in practice, this can
only be approached. Further, it seems reasonable to expect that the advantages

of the relatively complex networks defined can be realized only if the element
values are accurate. It is therefore expected that the actual system performance
will be somewhat poorer than is indicated theoretically. As a guide in estimating
this expected deterioration, tests were run on a set of networks built at EDG.

All element values in the networks built by EDG were set on a Q-meter for

which 3 percent accuracy is claimed. A minor adjustment of only one element value

1

was made to get the results presented below. The Q's of all capacitances and

inductances were about 150 to 200 near the middle of their operating frequency
range.

In general, the inductances and capacitances used had self resonant
frequencies well above the upper frequency limit of the band. Since in the
frequeﬁcy region substantially below resonance presence of shunt capacity results
in an increase in the effective inductance of a coil, and since the presence of

capacitor lead length results in an increase in effective capacitance, as indicated

1
This adjustment was made in the inverted vee matching network ami is described

later in this appendix.
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by the Q-meter, an effort was made to minimize these effects. The results
substantiate the opinion that more sophisticated approaches are unnecessary.

Measurements on the overall system achieve only limited insight, because
of the system complexity. These data can be made more useful if supplemented with
information on the performance of the several subassemblies. These subassemblies
are:

a) the individual matching networks,

b) ‘the individual complementary pairs.

Erection of antennas hds not been feasible. For this reason, experimen-
tal data on the performance of the antenna matching networks was obtained with the
antennas replaced-by the lumped antenna approximating circuits developed in Section
4 . The experimental circuit is as indicated in Fig. 22. The output power

Iﬁ%l is measured as a fraction Itl of the available power %%é%s- from the

r——*——] 44
| | :
I5o 1| 1 r
| E, : l |Cb Rz EZ
l ] | t
| i —0 & 0
L
P608 GEN. ANTENNA ANTENNA
MATCHING APPROXIMATING
NETWORK NETWORK

FIG.22. EXPERIMENTAL CIRCUIT

resistive generator. In Fig. 23, 24, and 25 the results are plotted for the two
2

monopole and the inverted vee matching networks in the form -10 log; [t] VS.

frequency. The theoretical passband losses, and the design frequency ranges are

indicated. The results appear reasonable.
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A minor adjustment was made in the inverted vee matching network. It
was found that the experimental curve was improved moderately through omission
of the 1.5 uuf shunt condenser of Fig. 1lh. Actually, stray capacitance of this
magnitude presumably exists at this point in the network. It is noted in passing
that the bandwidth of this network can be varied several megacycles/sec through
adjustment of the terminal capacitance.

The performance of the complementary pairs was evaluated using the

2 2
circuit of Fig. 26. The output powers Prp =IE2LP| /9% and Pyp = |Eopp| /9% are
measured as a fraction of the available powerL2E1|2/4(9h) from the resistive
generator. The results on the complementary pairs with crossover frequencies of

10.8 me, 19 mec, and 34 mc are plotted in Figs. 27, 28, and 29. In these figures

. P P
the data are plotted in the forms -1010g, §L£"T_" -101og 1 - » and
Prp + Pygp avail avail ‘
-10 logi o ~p._.. versus frequency. The theoretical passband losses -10 loglO

avail P

P
P and -10 log)g are<.058 db. The plots of - 10 logjg Prp + Ppp
P . P i1
avail avas Pavail
are a measure of network loss, mismatch due to improper element values, and
experimental error. It is especially important to determine whether an appreciable

fraction of the total indicated loss is due to dissipation in the network elements.

For example, a 0.5 db network loss would lead to a network dissipation

94 Eaup

94 Eanp

HP 608 A GEN
FIG. 26. EXPERIMENTAL CIRCUIT
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requirement of about 1l watts at a 100 watt power level. This dissipation
requirement would be an important factor in realizing a workable high power
system. The actual loss is seen to be much less than .5 db on the basis of the
following experimental evidence.

A complementary pair was driven with a distributed amplifier having a
plate line impedance of 90 ohms. The networks were terminated with loads which

L and

were nominally 9% ohms. Through the use of an insertion type wattmeter
voltage measurements at the terminations it was ascertained that 50 to 100 watts
could be delivered to the terminations at a number of points over the frequency
range 6 to 60 mc. Under these conditions, no heating of the network elements of
either the lowpass or highpass network of any of the complementary pairs was
detected with the hand. It is felt that dissipation of even an appreciable
fraction of a watt in an element would cause a detectable (by hand) temperature
rise. Due to a lack of quality 94 ohm high power terminatidns, and a lack of
accurate 94 ohm impedance level power measuring equipment, it was not feasible to
obtain curves.at a high power level. No heating of the elements of the antenna
matching networks was detected when subjected to the same test.

It appears that the indicatéd loss of about .5 db in Figs. 27, 28, and
29 is partially due to the presence of considerable shunt capacitance at the out-
put of the 50 ohm generator used to obtain the data. Referring to Fig. 26 it is
noted that when the generator is used in conjunction with a 44 ohm series
resistor to obtain a 94 ohm generator, considerable mismatch of the 50 ohm coaxial

line at the generator output exists when the composite generator is matched.

Therefore, the coaxial line existing at this point has a definite effect on the

1
The instrument used was a Bird Thruline Model 43 Wattmeter.

ko



—  ENGINEERING RESEARCH INSTITUTE - UNIVERSITY OF MICHIGAN —

transfer efficiency. In summary, it is felt that the indicated loss is primarily
due to imperfections in the experimental circuit. However, the géneral character
of the curve of Figs. 27, 28, and éQ is considered to be reliable. In particular,
the 20 db harmonic rejection requirement is substantially met.

The curves of Figs. 30 through 37 show the results obtained on the
composite system. It was not considered worthwhile to obtain data for all
possible permutations of the structure. The combinations selected are considered
representative.

In Fig. 30, the 6-19 mc monopole approximating circuit is fed through
its matching network, 25 feet of RG/62U coaxial cable and network LP, by a 94 ohm
generator. The complementary network HEA is terminated. The power delivered to
the approximating circuit is plotted in db below the available power of the 94 ohm
source. The power delivered to the termination of network HPy is also plotted.
The indicated negative loss at 10 mc is due to experimental error and does not
Justify the assumption of a fixed error over the whole curve. The date were ob-
tained by setting the driving generator to a prescribed output meter reading at
each frequency, and the several output powers determined. The Thevenin voltage at
each frequency was then measured after resetting the generator output meter to the
same reading with the generator load removed. Significant sources of error are
the inability to reset the output level, meter drift, and variation of the
generator internal voltage with load. The overall curves are, however, felt to be
of satisfactory accuracy.

It is noted that avnumber of ripples occur in the power curve over the

portion of the 6-19 mc band which is plotted.l Referring to Fig. 31, a similar

1 _
Data were not obtained below 10 mc due to the lack of a suitable generator.
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oscillatory character is observed when the 19-60 mc "matched" monopole circuit is
driven through 25 feet of RG/62-U and network HP,,with LP, terminated. These
ripples occur because of the mismatch which exists at the end of the coaxial
line, and the transformation of impedance by the coaxial line.

Somewhat more loss is observed in the 19-60 mc band in Fig. 31 than in
the 6-19 mc band of Fig. éO. This is in part due to the increased loss observed
for the high band monopole matching network (Fig. 24) compared to its low band
counterpart of Fig. 23. Further, the loss of 25 feet of RG/62-U varies from about
.2db at 6 mec to .6 db at 60 mc.

In Fig. 32, networks LBA and HPA are each driving a "matched" antenna
circuit through 25 feet of cable. The individual curves are very similar to those
of Figs. 30 and 31. Since the rhombic antenna matching network presents very
little mismatch, the power curves will be similar to that observed with the 9k
ohm terminations. For this reason, the inverted vee network was not tested in
the composite system.

Additional data are presented in Figs. 32 to 37 where the transmission
band is further subdivided through the insertion of additional complementary
filters. The results are generally satisfactory. Referring to Fig. 34, the :
10.8-19 mc characteristic is narrow on the low side. This is due to the partidular
line lengths used. Note, for example, that a dip occurs at about the same
frequency in the characteristic of Fig. 30. Similarly, a dip near 60 mc (as
suggested by Fig. 31) occurs in all curves due to the particular line length
chosen.

Antennas exist with improved impedance characteristics compared to the
monopoles discussed in this report. With these antennas, a more uniform performance

is expected; as a measure, the curves of Fig. 37 were obtained with 94 ohm

terminations at all networks.
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APPENDIX B

SYNTHESIS OF THE COMPLEMENTARY FILTERS

Consider the problem of obtaining a coupling network for which

43884 p* + 1.56k p° + 1.2898
p5 + 3.1599 p3 +2.1892 p

YleLP

L

1.8737 p* + 3.3234 p2 + 1.2898

yEELP p2 + 3.1599 p3 + 2.1892 p

as resulted from the analysis of Section 5. Assume that this can be achieved with

a network in the form of Fig. 38. As is indicated by the form of Y10 and yop,

|
]

O
S
"
O
|

FIG 38 '
ASSUMED FORM OF LOWPASS COMPLEMENTARY NETWORK

this is a 5-pole structure with a transfer and driving point zero (of admittance)
at infinity, and with two transfer zeros at finite frequencies. From the work
in Section 5, or the numerator of y121p, the tranfer zeroes are to be located at

j 1.5105 (B.2)

|+

Po1 =

I
1+

Poo J 1.1350 (B.1)
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These must be the resonant frequencies of branches 2 and 4 in Fig. 38. Branch 2
is made up of L, and Cp, etc. Then the problem is to pull apart Yoo in such a way
that the resonant frequencies of branches 2 and 4 are consistent with Egs B.l
and B.2. TFor example, one wishes to pull out an inductance L, so that Yol

(See Fig. 38) has poles at Pop, i.€., sO l/y22 has a zero at poé.l In this case,

we can write

1 _ 14 (2% 2.2816)(ap’ + bp)

Yoo T 1.8737 p* + 3.3234 p° + 1.2898
where

p2 +2.2816 = (p + J 1.5105)(p-j 1.5105)

and Ll’ a, and b are constants which are readily determined by equating

coefficients. It is found that

— = .05353 p + KPQ + 2.2816)(.8997 P3 + .9293p)

Yoz p 1.8737 p* + 3.3234 p° + 1.2898

1

1.3502 p . 6989 9% + %653
p° + 2.2816 .8997 p3 + .9293p

= 05353 p +

The procedure is then repeated on

1 8997 p3+ .9293p | . B, (p° + 1.2882)
Yo .6589p3 + .5653 P 658052 + .5653

to create the transfer zero at Pol = J 1.1350.

l ,
The decision to associate branch 2 with Pop rather than p 1 1s apparently arbi-
trary in this discussion. However, if one attempts the aiternative procedure

it is found that coupled coils are required. Using the chosen procedure,
realizations containing coupled coils are readily obtained but are not mandatory
to the degree that coupling can be made negligible. Actually, finite coupling
will exist in any practical circuit, which will deteriorate the passband
characteristic of a circuit such as in Fig. 30, where k = O between all coils.
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From this,

£ = .810%p + .3659p (p° + 1.2882)
Y2z .6589p° + .5653
Finally,
Loos .05353p + 1
Y22 1 )
+
.721-0613 + .8102 1
.5918p P+ N -

1.6625p + —% .83368p
.L669p

and the required circuit is ag indicated in Fig. 39.

05353 .8102 .8338

-

I

.7406 1.6625 ll

I

.5918 .4669 |

— AN
FIG 39

NORMALIZED LOWPASS COMPLEMENTARY NETWORK

The corresponding highpass network is similarly determined. The results are

indicated in Section 5.
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APPEIDIX ¢

EXPERIMENTAL MONOPOLE IMPEDANCE DATA

The design of antenna matching networks for practical antenna systems
is affected by a number of variables not previously considered. The presence of
antenna shunt (base) capacitance and ohmic losses, and of a non-ideal ground plane
may cause considerable departure of the actual antenna impedance from the idealized
antenna input impedance. The conductivity and dielectric constant may vary widely
with site-effecting both efficiency and pattern of the antenna.

Data indicating the effect of these parameters were obtained through
measurement of the input impedance of an actual monopole installation for a variety
of ground conditions. A uniform copper monopole 12.08 ft. long and 3-5/8 inches
diameter, corresponding roughly to the 19-60 mc monopole in the system of Fig. 1,
was chosen for these tests. A sketch of the antenna mounting arrangement for a
set of tests conducted at the Electronic Defense Group is included in Fig. LO.

In Figs. 41 and 42 the input resistance and reactance of the monopole are plotted
for the following ground conditions:

(a) ground plane of dry soil

(b) ground plane of same soil thoroughly wetted

(c) ground plane of muddy pooll surrounded by wet soil

1
The pool was approximately elliptical in shape with semi-axes of 18 and 35 feet.
The maximum depth of the pool was perhaps 2.5 feet. The conductivity of a sample
of water taken from the pool was .023 mhos/m.
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FIG. 44,

EXPERIMENTAL ANTENNA TEST SITES.
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() ground plane of muddy salt solution surrounded by wet soil.l
The test area for conditions (a) and (b) is shown in Fig. 43 while the test
area for conditions (c) and (d) is shown in Fig. 44. Also plotted in Fig. 41
and 42 are the curves of the parallel combination of Hallen's idealized mono-
pole impedance for an antenna of this length (with length to radius ratio.l/a
= 60) and an assumed "base capacitance" of 7.2 uuf. A capacitance of this or-
der actually exists, and addition of this capacitance makes the frequency of
the resistive peak coincide with the peaks of the experimental curves. The in-
put impedance of a copper monopole above a large copper ground plane might ap-
proach this curve rather closely.

It is noted that the experimental antenna of.l/a = 80 was compared to
the idealized characteristic of an antenna With.ﬂ/a = 60. The curves suggest
that the impedance, characteristic of the ideal 4/a = 60 antenna characteristic
differs from that of an actual antenna of Q/a = 80, over a wide range of ground
conditions, by a factor which is approximately that which would result from the
presence of an equivalent capacitance in parallel with the ideal characteris-

tic. This equivalent capacitance has been referred to as "base capacitance".

The effect of shunt capacitance at the antenna input is illustrated
in Fig. 45. The photographs are power characteristics versus freguency for
several values of Cy in the experimental cir;uit of Fig. 22. The antenna
mgtching network and antenna approximating circuit are those of the 6-19 mc
monopole. See Fig. 10. It is noted that the deterioration is moderate at Cp
= 10 puf. The same deterioration is expected with 3 ppf in the 19-60 mc band.
The data of Table I suggests that a base spacing of six inches would lead to

satisfactory results.

1The pool was modified by the introduction of 1000 1lbs of sodium chloride. The
conductivity of a-sample of the modified solution was 1.2 mhos/m. Sea water
has a conductivity near 4 or 5 mhos/m.
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The Evans :Signal Laboratory Reportl also included plots of antenna
impedance versus frequency on a 19-60 mc antenna. Substantial difference ex-
ists between their data with a 1" base spacing and the data of Figs. 41 and k42
for the-same base spacing. It is Eelt that a thorough comparison of the ex-
perimental setup and methods is necessary to establish the significance of the
differences. A reproduction of their curve obtained with a base spacing of
six inches is given in Fig. 46. The plots of Fig. 5 and Fig. 46 are rather
similar. A difference is that peak resistance occurs at 34 me for the ideal
characteristics of a 12.08 foot monopole,2 while the experimental frequency is
near 30 mc. This should bevessentially corrected by shortening of the antenna.

For this reason, it is suggested that the 19-60 mc monopole be
%1% x 12.08 = 10.65 feet

in length with a base spacing of six inches. For the 6-19 mc monopole, a

length of 33.1 feet and a base spacing of 18 inches are indicated.

18ee Reference 11.
2This corresponds to BL = 2.675.
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