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SUMMARY

In the frequency range of 1-30 Mc, mary types of receivers and
measurement devices use small loop antennas. These antennas are ineffi-
cient in this frequency range because of their low output, but they have
characteristics which make them desirable for some gpplications. The
loops are physically small, which makes them convenient for manipulation,
and they have nulls in their response pattern which allow them to be
uged for direction finding aspplications.

This report develops a technique for matchlng the loop impedance
to a receiver inpuf over a wide band of frequencies without the need for
tuning at each frequency. The technique consists of incorporating the
antenns parameters as the leading elements of a filter network.

Experimental verification of the technique is given showing that
the technique is useful in the frequency rangz of 1-30 Me. A theoretical

extension of this technique to other applications is alsec discussed.



CHAPTER I

INTRODUCTION

Definition of the Problem

In a great many applications, it is desirable to use an antenna
that is physically small. Often, the frequency range of interest 1s far
below the resonant fregquency of the antenna. Examples of this type of
operation are many, two of these being the high frequency, 1«30 Mc, loop
direction finder and high frequency field intensity instruments. A& typ-
ical HF loop direction finder uses & small single turn lcop with & di-
ameter of approximately 12 inches. The field intensity meter can use
several antennas, among which is also the single turn 12 inch loop. For
this reason, a similar antenna has heen selected for this investigation.
The resonant frequency of the 12 inch loop antenna is approximately 200
Mc. When used in the 1-30 Mc range, it is very inefficient. That is,
the induced voltage is low, and it is very difficult toc match the antenna
1o a receiver tc obtain the maximum power transfer. This results in very
low sensitivity. BSince the induced voltage cannot be changed without
changing the antenna design, any attempt at improvement must be directed
toward obtaining a better match betweén the antenns and the receiver.

The optimum match is considered to be that wnich transfers the entire
induced veoltage of the loop to the receiver input at all frequencies.
Since this optimum is unobtainable practically, two other approaches

are investigated: (1) transfer of as much of the induced voltage as



possible over a limited band of frequencies, and (2) allowance of some
ripples in the pass band in order to obtain a somewhat wider frequency

range.

Previous Approaches to the Problem

Many types of appreoaches heve been tried to solve the loop antenna
impedance matching problem in the vpast. These have met with varying de-
grees of success. Several of these approaches are in use today, the two
most popular being the capacitive antenna trimmer and the impedance
transformer.

The capacitive antenna trimmer in its simpliest form consists of a
variasble capacitor placed in series with the antenna. In operation, the
trimmer is adjusted to© resonate with the antenna inductance for the best
power transfer. The receiver S meter iz normally used as an indicator
or, if this is not available, the trimmer is tuned for maximum audic re-
spouse.

The impedance transformer is simply a transformer used to more
closely match the antenna impedance o the recelver input by transforming
the antenna impedance level t¢ one that is elsser to the recelver input.
Both conventional transformers and autotransformers are used for this
purpose,

In practice, these two systems are used in the same receiver.
Beversl transformers provide a closer match over the frequency range of
interest. The transformers are usually designed to operate over a one-
octave band of frequencies or one receiver band. The transformer switch-

ing is done in conjunction with the band switching, hence an extra



switch is not needed. A trimmer capacitor is then placed in series with
the transformer secondaries. An example of this type system using both

transformers and & trimmer capacitor i1s shown in Figure 1.

Purpogse of the Research

The purpose of the research described is to develop and eval-
uate a different techngiuve for matching the loop antenna to the receiver
input over a broad band of frequencies. The procedure consists basically
of designing a filter that is flat to a given tolerance over as much of
the frequency band as possible and incorporating the antenna parameters
into the filter as the first, or leading, element. The desired fillter
response is one that will transfer the entire volbtage induced in the loop
to the receiver terminals over the frequency range of interest. OSince
this will in general not be possible, it will be shown that the desired
filter response can be approximated to within a given tolerance. The
frequency range of interest to this research is 1 tol30 Me, and the fil.

ters are designed on that basis.

Review of Literature

A review of literature concerned with applications of the technique
described here has yielded one repori published by the Naval Research
Laboratoryl vwhich discusses use of a loop antenna with an airborne UHF
direction finder in the 200-400 Mc frequency range. In this application,
the loop parameters were used as the first elements in a bandpass filter;

however, the filter parameters were obtained using transmission line con-



gtants rather than the lumped constants used in the present research.
QOther than this report no literature has been found dealing with

the present or related techngiuves.

To
Loop ym T e s e ———— S —————— = Band Switch

To
7|E RF Amplifier

Antenna
Trimmer

Figure 1. Typical Antenna Input Circuit for a Communications
Receiver.



CHAPTER II

PRCCEDURE

Antenns Parasmeters

Before any attempt at improving the impedance matching between
the antenna and the receiver input can be made, the characteristics of
both the antenna and receiver input mast be known. For the purpose of
thls research, the receiver input will be assumed o be 50 ohms with no
reactive component. This value was chosen sirce it appears to be the
most predomingnt vaiue used as a design gogl. Also, the measurements
become much simpler in the experimental phase of this research, since
most of the instruments, cables, attenuators, ete., are designed for a
50 ohm system. This choice does not rule out using this technique with
other impedances., Experimental verification of the procedure using a
50 chm system will be valid for other impedance levels as well.

The schematic diagram shown in Pigure 2 represents the loop an-

tenna parameters with the simplifying assumption that the resistance,

Ly

Figure 2. Loop Antenna Schematic.



inductance, and shunt capacitance can be considered as lumped constarmts,
The induced voltage, ey is also considered lumped although it is act-
nally induced cver the entire 1loop. The three parameters, resistance,
inductance, and shunt capacitance are needed, together with their behavior
with freguency before the networks can be designed.

By using a grid dip meter, the antenna was found to have & self
resonance at 185 Me. Using an inductance-capacitance meter, the effect-
ive low frequency, 1 ke, inductance was found to be 1 microhenry. Cal-
culating the shunt capacitance from these two measurments gives a value
of 0.75 picofarad. This is sufficiently small not to influence the low
frequency inductance measurement. The effeciilve registance is composed
of two parts, the ohmic or copper resistance and the radiation resistance.
The copper resistance is very small, being that of 3.2 feet of approxi-
mately No. 12 copper wire, Terman23 states that the radiation resistance

of a small loop antenna is

4 2
R, =3.12 (10 )(NAEEQ ohms , (1)}
A
where
N = number of turns on the loop,
A = area of the loop in square meters,
A = wavelength in meters.

For a one turn loop with a 12 inch diameter, Equation (1) reduces to

R, = 5.53(10'7)fh ohms (f in Me). (2)



At 1 Mc this is stmply 5.53(107 1) ohms and at 30 Me it is 0.80 ohms.
Impedance bridge measurements verify that the total effective resistance
remains less than 1 ohm over the entire frequency range of interest.

For the purpose of this research, the antenna will be assumed to
act as a 1 microhenry inductor in series with the induced voltage as
shown in Figure 3. Impedance bridge measurements also verify the wvalidity

of this assumption over the frequencies of interest here. Figure 3
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Figure 3. Simplified Loop Antenna Charscteristics.

reflects this assumption and shows the simplified antenna schemstic to-

gether with its transfer characteristics.

Network Design

Using the equivalent ecircuit shown in Figure 3, networks can be
designed and experimentgal verifications made. When connected to the
receiver, the resulting inductance-resistance network formed by the an-
tenna and receiver input resistance iz s simple lowpass filter. An im-

provement in the regponse at higher frequenciegs can be obtained by



converting this to a simple bandpass filter as shown in Figure 4, where
w is the desired center freguency. It is sesn that the simple bandpass

filter gives an improvement in the high frequeney response; however, the

. 0
LA ¢ weL §
o A i
~ o)
g,y 7.7 S YA 3
|
1 -+ b [
<, Receiver o .
. (E;) ::Input o .
{ “ Resistance '
[]
! g '
1 - '
I ‘E‘J' !
—— --J-- :
- T i
2 "o
Frequency

Figure 4. Simple Bandpass Filter.

improvement is only over a narrow frequeéency band. If this filter 1s to
operate cver a wide band of frequenciesg, it must be made tunable. The
capacitive antenna trimmer system is identical to Figure 4 with a varisble
capacitor substituted for the fixed capacitor shown.

Since the antenna actg as a single serles inductor, it may be used
as the leading element in any type of filter whose first element is an
induector, providing the value of this leading element can be forced to
be the 1 mierchenry inductance of the antenna. Many types of filters
exist which fulfill the above conditions, Two of these are the Butter-
worth and Chebychev approximations to the 1deal lowpass filter response.

The Butterworth or maximally flat transmission function is given

by



2 1
|2, (3w} |" = —=—=, (3)
12 1+ u?n
vhere
Zle(jw) = filter impedance transfer function,

order of the function.

=
I

The order of the function determines the slope of the transfer function
both in the pasgsband and after cutoff. As n increases, the passband
becomes "flatter” and cutoff becomes more rapid.

The Chebychev or equal-ripple approximation is based on the

equaticon

2 1
Z ( J ) = 2 ( b )

where

i

Tn(m) Chebychev polynomisl of the first

kind of order n,

ripple tolerance.

[o]
1}

As with the Butterworth function, the order n determines the slope of the
impedance function. In the Chebychev function, n also determines the

number of ripples in the passband. The height of the ripples is deter-

mined by e in the relation L 5 The height of the rippie is normally
1+ ¢

expressed in db below the maximum response.
Deriving networks from Equations (3) and (4) proves to be a labor-

ious task; however, normalized element values have been tabulated by
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Weinberg3

making thls task unnecessary. Portions of thege tables are
shown in the Appendix as Tables 3 through 5.

The procedure for using thege tables consists of selecfing the
type of filter desired, and determining the ratio of input to output
resistance. This resistance ratio is shown in the tables as r. The ele-
ment values are read from the line of the table corresponding to the des-
ired number of elements, n. These values are those of a lowpagss filter
~ terminated in a 1 ohm resistor and with & cutoff frequency of 1 radian
per second. The impedance and frequency normalizations are removed
by converting the impedance level from 1 ohm to the desired level, and
transforming the cutoff frequency to the desired value. As shown by the
sample calcul&tioné in the Appendix, the frequency is transformed by an
amount that depends on the value of the inductance of the firgt element.
The larger this element, the higher the cutof? frequency will be. 4
brief inspection of the tables ghows that for Butterworth filters, as
the number of elements increases, the value of the leading inductor de-
creases for equal source and load resistances (r = lj and increages slowly
for zero source resistance (r = 0). For the Chebychev filters with both
r=0and r = 1, the value of the leading element increases slowly with an
inereasing number of filter elements but increases rapidly with inereas-
ing ¢. Since the amount of frequency transformation available is directly
proportional to the value of the leading element of the prototype filter,
it follows that the use of large values of e will regult in large band-
widths of the final lowpass filters. Additional modest increases in band-
width can be obtained by increasing the number of filter elements. The

degree of impedance normalization alge affects the cutoff frequency of
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the final lowpass filter. 8ince the value of the leading inductance

in the filter is directly propcrticnal to the impedance level, a high
impedance will produce a large bandwidth. For example, doubling the im-
pedance level will increase the bandwidth by a factor of two.

In the present application, fregquencies below 1 Mc are of no in-
terest; therefore, the lowpass filters designed using the tables can be
converted to bandpass filters and the upper cutoff frequency thus raised.
The bandpass transformation is performed by a change of independent
variable in Bquations (3) and (4). The frequency variable w is replaced

by &, where

o= —2, (5)

This transformation is accomplished in the physical network by series
resonating each inductor and parallel resonating each capacitor at the

geometric mean frequency given by

o = wa, (6)

where

desired lower cutoff frequency,

“

w, = desired upper cutoff frequency.

The bandwldth of the bandpass filter, Wy - W thus obtained is equal to
the cutoff frequency, w, of the lowpass filter.
Although the equivalent scurce impedance of the loop is very small

and is neglected in this research, this fact does not limit the fllters



10 only those with zero source impedance. . An artifieial source impedance
of any value can be inserted in series with thke antenna and filters des-
igned using this impedance. 1In this research, a 50 ohm source impedance
is considered in addition to zerc source impedance, The reasons for

this choice become apparent 1n the next chapter. All of the filters

are designed in the same manner; however, different tables are used for
different values of r, where r is defined as the ratio RszL. Tables 3
through 5 gilve element values for r = C and ¥ = 1. Weinberg lists ele-

ment values for several values of r, including zero and one.
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CHAPTER III

INSTRUMENTATION AND EQUIFMENT

General Ccnsiderations

For ease of measurement, the experimental portion of this research
is divided intoc two phases. Phage I is a cloced system of measure-
ments, that is, the signal is injected directly into the network without
being radiated. Phase IT is an cpen or redisted system of measurements.
Here the signal is radiated by a standard antenna and received by the
loop under ceonsideration. Phase II is much closer to the final use of
the antenna; however, the measurements of Phase I are more accurate and
prove useful in determining the correlation ¢f the measured results with
the theoretical values.

In the closed system, the filters are designed with equal input
and output 1lmpedances of 50 ohms for compatability with test equipment.
The output impedance c¢corresponds to the receiver input while the filter
input impedance is an artifieciszl resistance placed in series with the
antenna to allow a signal to be injected into the network. 1f the in-
duced voltage in the loop is zerc, the loop will act as a single 1 micro-
henry inductor. The equivalent circuit of the signal generator appears
as a8 voltage source in series with a 50 ohm resistor. Therefore, with
the signal generator connected to the agntenna, the circult is identiecal
to the initial portion of Pigures 29 and 30. The networks are then de-
signed from Weinberg's dats using the tables for equal scurce and load

impedances.
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For the cpen system, filters designed for zero source impedance
and a 50 ohm output impedance are measured in addition to those prev-
iocusly discussed with 50 ohm source and output impedances. The 50 ohm
source impedance consgists of a 50 ohm resistor placed in series with
the antenna, with the remainder of the filter designed as described above
for the closed system measurements. For the zero source lmpedance fil-
ters, the 50 ohm resistor is removed and the networks designed using
the r = C or zero source impedance tables, In the open system, only
bandpass filters are evaluated because the induced voltage in the loop

is below the receiver sensitivity for freguencies below 1 Me. All band-

pass filters have center frequencies of

£, =\/(1 X 106)(30 X 106) = 5,48 Me.

The closed system technique is used initially to evaluate the filter de-
sign in terms of the theoretical response. In this phase, the insertion
loss of the loop and additional components ané. the shape of the passband
are measured and compared to theoretical wvalues. 1In Phase 11, the open
system is used and the receiving efficiency is measured in addition to
evaluating the passband shape. ©8Since the ¢losed system measurements are
more accurate and more easily conductead, they are used as the basic ap-
proach. These tests verify the assunption that the antenna acts as a 1
microhenry inductor. The radiated measurements are used to check the
matching technique under actual conditions when operating with a re-

ceiver and are also used to evaluate networks that do not lend them-
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selves to the closed system, such as the networks with zero source im-

pedance.

Phase I - Closed System Measurements

The clesed system measurements were made using the two test sys-
tems shown in Figures 5 and 6. Figurs 5 shows a system using a sweep
generator and an oscilloscope as the signal source and indicator, respec-
tively. The sweep generator used has a 50 ohm output impedance. A two
foot length of 50 ohm coaxial cable terminated with a 10 db pad connects
the generator to the circuit input. This combination appears to the loop
as a 50 ohm resistance and serves as the source impedance. Another 10 db
pad is placed at the output of the matehing network followed by a diode
detector with a 50 ohm input impedance. Again, this appears to the net-
work as a 50 ¢hm resistance and serves as the load impedance. The de
output of the detector is displayed on an oscilloscope. The system is
calibrated by removing the loop and matching network from the system
and noting the position of the oscilloscope trace. Successive attenuation
is then added and the trace positicn recorded st each step. The horizon-
tal or frequency axis 1s calibrated by displaying the marker from the
sweep generator and recording its frequency at each 0.5 cm on the oscillo-
scope graticule. With the system thus calibrated, various types of net-
works are placed in the system and photographs tsken of the oscilloscope
presentations. Values are then scaled from the photographs and plotted
with more appropriate scales.

The measurement system shown in Figure 6 rather than the system

of Figure 5 is used to evaluate the bandpass networks. A conventional
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Sweep Loop and Oscillo-
Generstor 10 db Fad Network Detector scope
Figure 5. Closed System Measurements-Sweep Generator Method.
Signal Loop and Oscillo-
Generator 10 db Pad Network 20 db Pad scope

Figure 6.

Closed System Measurements-Signal Generator Method,
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signal generator is usged becguse of the difficulty in obtaining accurate
readings at low freguencies with the sweep generator, which gives poor
information concerning the lower cutoff frequency of the bandpass filters,
The conventional signal generator can be tuned to any frequency desired
and the output displayed. In this systen, the signal generator is
connected to the network input as before. The output, however, is con-
nected to the oscilloscope through a 2C db pad without a detecetor., The
input impedance of the 20 db pad is sufficien:zly close to 50 chms when
terminated in the high impedance of the oscilloscepe for the purpose of
thege measurements. The system is calibrated by removing the network
and meaguring the voltage with the oseilloscope. The network responses
are then measured énd the output voltages converted to db below the in-

put by a simple digital computer program, and the valueg plotted.

Phage I1 - Open System Mezsurements

Open system measurements are made using the system shown in
Figure 7. The method consists of establishing a standard field and then
measuring the network output when the antenns is placed in this known
field. The standard field is established using the system developed by
the National Bureau of Standardsh for calibrating field intensity meters
up to 30 Mc. The transmitting antenna is a balanced unshielded loop
whose circumference is less than 1/8 at the highest frequency in order
to have an essentially constant phase throughout the loop. This loop is
fed from a signal generator and balancing transformer to prevent radia-
tion from the coaxial line which would be present in an unbalanced system.

The loop under test is placed coaxially with the transmitting loop



Transmitting Loop

Signal Balancing

Generator Transformer
Calibrated Loop and
Receiver 10 db Pad Network
Figure 7. Open System Measurements.

18
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at a known distance away from the loop. Although the measurements are
made in the near field in texms of the induction field, H, they are re-
lated to the equivalent electric component, E, which would exist in the
far field by E = ZH, where Z is the impedance of free space, 120m. The

National Bureau of Standards gives the equivalent E field as,

- 2
o0 rl I L. £2nd)2 ’ 7
2 2 . r253/2 A

|E|
(a~ + ry o

where

E = equivalent free-space electric field intensity
in volts per meter,

r. = radius of transmitting loop in meters,
r, = redius of test lcop in meters,
d = axial spacing between loops 1in meters,
I = transmitting loop current in amperes,

A = free-gpace wavelength in meters.

The ioop and network under test are connected through & cable approx-
imately eight feet long to a receiver with a 10 db pad and a 50 ohm in-
put. This receiver is equipped with & meter that is calibrated in terms
of input voltage. At each frequency the receiver is calibrated using
the signal generator and the gain ccntrol on the receiver to give a con-
stant meter reading fof a standard input voltage. The signal generator
is connected t¢ the trensmitting loop and the signal generator output ad-
Justed to give a preset value of current through the loop. This value is

67 ma as determined by the voltage drop across a 1.2 ohm resistor placed
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in series with the transmitting loop. The test loop 1s then connected
to the receiver and the output measured in terms of db below the calibra-

tion voltage.
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CHAPTER IV

DISCUSSION OF RESULTS

The results of the experimental phases agree very closely with
the theoretical results. Curves showing the response characteristics
of various types of networks are shown in the Appendix. The experimental
dats are summarized in Tables 1 and 2 together with the calculated theo-
retical values. It is seen that very close agreement between the two
does exist. The individual networks are dilscussed in more detail below.
Figure 11 through Figure 19 describe closed system measurements while
Figure 20 through Figure 28 describe open system measurements.

The most degirable filter type for this application is one which
hags a flat response curve over the frequency range of interest. This at
cnce points to the Butterworth approximation to the ideal lowpass re-
sponse. A three element Butterworth lowpass filter was designed using
the procedure described earlier. Figures 11 and 12 show the results of
the meggurements made using this network and its transformed bandpass
equivalent. As the figures indicate, this filter gives a flat response
over the passband; however, the bandwidth is not wide enough for the
Present gpplications.

By allowing some ripple in the passband, a Chebychev filter can
be designed that will give a much wider passband. Figures 13 and 14 show
a three element Chebychev fllter designed for a 1 db ripple. This net-
work gives approximately twice the bandwidth obtained with the Butterworth

filter. The 3 db Chebychev filter of Figures 15 and 16 gives approximate-



PFig.

10

11

13
14
15
16

Type of Filter

3 Element Butterworth LP

3 Element
3 Element
3 Element
3 Element
3 Element
5 Element
5 Element

5 Element

Table 1.
Ripple

0

Butterworth BP 0
Chebychev IF 1
Chebychev RP 1
Chebychev LP 3
Chebychev BP 3
Butterworth EBP 0
Chebychev BP 1
Chebychev BP 3

Theoretical
5 £
- .95
2.81 10.76
- 16.10
1.68 17.78
- 26.60
1.10 27.70
3.59 8.51
1.60 18.6
1.05 28.75

T.9%

16.10

26.60
Y.92
17.0

27.7

Cloged System Measurement Summary

1.0
1.3
2.8
3.5
.6
.8

Measured
5y I
- 715
3.15 11.4
- 7.7
1.57  18.3
- 24,1
1.10  26.1
.6 8.35
.8 17.9
2.5 27.0

8.25

16.73

25.0
b5

16.31

25.92

c<
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ly three times the bandwidth of the Butterworth ﬁetwork.

The next logical extension of this theory is to evaluate filters
using more than three elements. As seen in Figure 17, the five element
Butterworth does not give as wide a bandwidth as the three element Butter-
worth. This agrees with the theory of Chapter II where it was noted
that this will hold true for any number of elements with the Butterworth
function and with r = 1. As is shown in Chapter II, this is not true
with the Chebychev funection. As the number of elements is increased, the
bandwidth increases. Figures 18 and 19 show five element Chebychev func-
tions with 1 db and 3 db ripples, respectively.

The measurements made using the cpen system are shown in Figures
20 through 28. All of these curves have been normalized with respect to
the induced voltage. When these networks are placed in an electromagnetic
field with a constant field strength, the induced voltage will not re-
main constant but will increase at a rate of 6 db per octave, i.e., the
output voltage will double each time the frequency doubles. This is
shown in the Appendix, where Equatior (18) indicates that the expressiocn
for the induced voltage in a loop contains a freguency term. With all
other factors constant, this gives a 6 db per octave increase in induced
voltage. The open system curves are plotted in db below the theoretical
induced voltage calculated from the Appendix, Equation (20) and the value
of the standard field. This allows easier comparison with the closed
system measurements.

The data of Figure 20 is from the same Chebychev filter as that
of Figure 1l. This curve is used to check the accuracy of the open field

measurement system. The expected accuracy of this system is + 2.0 db.
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Factors affecting the accuracy are, (1) signal generstor calibration,
{2) receiver calibration, {3) calibration of pads, (4) losses in cables,
and (5) accuracy of establishing the standard field. The curves in gen-
eral show agreement with the thecretical response to the expected asccuracy.
The open system curves indicate that the induced voltage in the loop is
approximately 1 db lower than the calculated value. This inaccuracy
could have been caused by the equipment used to measure the current in
the transmit loop or inaccuracy in the dimension of either loop or spac-
ing hetween loops. The curves also tend to be lower at the higher fre-
quencies. This indicates that at the higher frequencies, reflections
from the walls of the room may be present. Also as the frequency in-
creases, one of thé basic agsumptions of a loop antenna used with a
direction findef, i.e., that the phase arocund the loop is constant, be-
comes progressively less valid. A combination of these two effects may
be causing the higher frequency response to be lower.

It should be noted that the network regponse of Figure 20 is
6 db below the calculated value. This is because of the 50 ohm source
impedance thet wes added to the network. One half of the induced voltage
is developed acrosg this resistor and one half across the load resistor,
This fact makes the network with zero source impedance more desirable
if sufficient bandwidth can be obtained.

Results of the open system measurements are summarized in Table 2,
Although these measurements do not agree as well with the calculated
values as in the closed system, they do in general fall within the ex-
pected accuracies. All of these measursments point out two important

features of the networks with zero scurce impedance, (1) the bandwidth



Table 2. OCpen System Measurement Summary

Theoretical Measured

Fig. Type of Filter Ripple ‘1 Th W Ripple f Ty BW

18 3 Element Butterworth 0 2.10 14,06 11.94 1.0 2.20 12.0 9.80
19 3 Element Chebychev 1 2.10 14,10 12,00 2.5 1.90 14.3 13.40
20 3 Element Chebychev 3 1.70 T7.90 16.20 3.3 1.80 16.8 15.00
21 5 Element Butterworth 0 2.08 14.38 12,30 2.0 2.30 12.5 10.20
20 5 Element Butterworth 1 2.00 15.25 13.25 1.5 2.05 13.7 11.65
23 5 Element Butterworth 3 1.60 18.70 17.10 3.2 1.87 19.0 17.13

62
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of these networks is lower than with comparakle type networks with equal
source and load impedances, and (2} increasirg the number of elements
yields only a minor increase in bandwidth. This wazs expected from the
theory of Chapter II.

Figure 27 shows the loop antenna with no filter, for comparison
with other measurements. Figure 28 shows the antenna with a capacitive
trimmer added. Although this improved the antenna response, it must be
read justed at each frequency. This is both inconvenient and if the an-
tenna is used in a measurement device it will add inaccuracies in the

measurements because of the regetability of the trimmer.
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CHAFTER V

THEORETICAL EXTENSION OF MATCHING TECHNIQUE

Although the networks for this research were designed using the
Weinberg tables, they need not be in practice. Other design procedures
which yield the proper value for the first element can be used. 1In the
cage of the bandpass networks, other technigues can be used which would
yield equivalent networks to the ones used here and with fewer elements.
The present design method is not presented as the most efficient but
rather as cone simple, convenient method of achieving the desired results.

If an impedance level other than 50 olms is desired, it is easily
obtained when the network is designed. The impedance level of the normal-
ized network is simply transformed to & different level. When a wider
bandwidth is needed, a higher impedance level is degsired. As shown in
the Appendix, with an impedance level of 200 chms rather than 50 chms,
four times the bandwidth can be achieved. If this matching technigque
is to be used with a receiver that 1s 1n the design stages, the choice
of g higher impedance level ghould be considered.

When the load impedance ig not a pure resistance or when the an-
tenna equivalent circult c¢ontains more than one reactive element, the
matching technique described here is still valid; however, the Weinberg
tables can be used only in specisl cases which will be discussed later.

Consider the matching situation shown in Figure 8. The antenna

consists of & source resistance and more than one reactive element. The
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configuration shown is only an example. Neither the antenna nor the

B Ll o T L T S N —

A

Figure 8. CGeneralized Matching Parameters.

p

load need be limited to these particular parameters. Fielder” outlines

a method of matching a source to a load where both the source and load
are arbitrary but ﬁnown impedances. By a simple redefinition of the
matching network, Figure 8 becomes the type network described by Fielder.
Figure 9 illustrates this network. Becausgse of the additional constraints

placed on the network by the source and load lmpedances, less control

-
I Matching Network

RS
h
71

T

|

Figure 9. Matching Network Described by Fielder.

over the bandwidth and matching network parameters is possible than

when the Weinberg tables can be used; however, a matching network igs
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assured for the more compley source and load.

I: the source can be reduced t¢ a single reactive element such
as with the 12 inch unshielded loop, more control can be obtalned vhen
matching to the arbitrary load shown in Figure 9. The method of Fielder
would still be used, but with fewer restrictions placed on the matching
network. This type analysis would be used to match the loop to a
receiver input when the input is other than a pure resistance.

When the antenna equivalent circuit consists of more than one re-
active element, but the lcad is a resistance, the method described by
Fano6 is applicable. This method allows an arbitrary source t¢ be

matched to a resistive load. Figure 10 illustrates this situation.

Matching Network

Figure 10. Matching Network Described by Fano.

The methods of Fano and Fielder provide a matcbing techngiue for
the general cases described above. As mentioned earlier, the Weinberg
tables may be used in certain specialized cases. The circuit of Figure
10 can be matched using the Weinberg procedure providing the antenns

shunt capacitance, CA’ is no larger than the first shunt capacitor in
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the Welinberg network. The first shunt capacitor would then consist of

C. in parallel with an added capacitor of proper size Lo produce the

A
needed value, This would be the case when using a 12 inch shielded loop.
The capacitance of the shielded lcop is too large to be neglected, being
approximately 10 picofarads. This is lower than the normal values ob-
tained from the Weinberg tables, hence, the tebles could be used. An
antenna such as the shielded loop, with two reactive elements cannot
yield & bandpass network using the Weinberg analysis since a resonating
capacitor cannot be added in series with the antenna inductance. If the
cutoff frequency of the lowpass design is high enough, it can be used,
however,

A shunt capacitor across the load resistor may be handled in the
game manner described above subject to the same restriction, that the
shunt capacitance be less than that calculated from Weinberg. If the
load is a parallel combination of resistance, inductance and capacitance,
the use of the Weinberg tables is even more restricted. For this situa.
tion, the antenna must act as a single element to allow a bandpass fil-
ter to be used. The restriction placed on the shunt cgpacltance above
is again imposed and, further, the shunt inductance of the load must
be high enough to allow the final shunt capacitance to he resonated when
the filter is transformed to a bandpass network. These restrictions are
gevere enough tc, in general, rule out the use of the Weinberg procedure
when the lcad contains resistance, capacitance and inductance.

The emphasis in this research has been on matching of small loop
antennas. The methods are also applicable t¢ other antennas whose para-

meters can be determined and used as the first elements of a suitably
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designed filter.

The possibility also exists of using this technique for other more
specialized purposes. For example, the cutoff frequency may be chosen
such that an interfering signal out of the receiver band would be
attenuated. This could reduce the harmful effects of some spuricus re-
sponses and intermodulation products of the recelver. More specialized
response shaping could alsoc be done guch as adding notches in the pass-

band or adding stopbands.
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CHAPTER VI
CONCIUSIONS

The object of thils research was to develop a procedure for match-
ing a small loop antenna to & receiver input cver a broad band of frequen-
¢ies. The methed of attack is presented in Chapter II, and & summary and
comparison of the calculated and experimental results are given in
Chapter IV. A theoretical extension of these results is discussed in
Chapter V.

The good correlation between experimental and calculated data in-
dicate that the methods de%cribed herein are applicable for matching a
small loop antenna to a receiver input over a broad band of frequencies
without the need for tuning at each frequency.

The salient features of the developed technique are:

(1) The results of the experimental evaluation agree well
with the theoretical analysis.
(2) The design procedures are comparatively simple because
of the readily available Weinkerg tables.
(3) Realizable elements are used, i.e., the networks do
not depend on idesl components for their operation.
Thege fegtures as well as the general results msake this technique

worthy of consideration for matching problems of the type discussed.
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SAMPLE NETWCRK CALCULATIONS

The basic network is shown below. Assume it is reguired to design
a three element Chebychev function with & 1 db ripple, and equal source

and load impedances.

From the Weinberg tables the normalized values of the "Lowpass Proto-

b

type” are:
R, = R = 1 ohm Lg = 2,0236 henry
L, = 2.0236 henry w, = 1 radian
C, = 0.9941 farad

Transforming R. to 50 ohms we multinly all R's and L's by S0 and divide

L
C's by 50, w, 1s unchanged.

Rs = RL = 50 chm L3 = 10l1.2 henry
Ll = 101.2  henry m = 1 radian

c
02 = 0.0198 farad

Now removing the fregquency normalization we divide all L's and C's by

101.2 % 106 to force L3 to 1 ph. Multiply w, by 101.2 x 106.
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The final values are now:

-6
RS = RL = 50 ohms L3 = 1 x 10 ° henry
Ly =1x 10'6 henry w, = 101.2 x 100 radian
C, = 196 x 102 farad £, = 16.1 Mc

This yields the desired lowpass filter.
To obtain a bandpass filter from the akove lowpass design the
transformation indicated graphically below is made.

Lowpass Bendypass

|-

C =
AT S )|

OEPO
e

!
;

b =

W

3l
71
C
The center freqguency is now W, and the bandwidth is equal to that of
the lowpass prototype.

For the same type network with a 200 ohm Impedance level the values

become ;
-6
Rs = RL = 200 ohms L3 = 1 x 10 ~ henry
Ly =1x 10-6 henry ) w, = hok.7 x :Lo6 radian
¢, =12.3 x lO-12 farad f = 64,4 Mc



36

EFFECTIVE HEIGHT CALCULATIONS

In finding the effective height of an antenna, a plane wave with

components Hx and E is assumed. The flux, &, linking the loop is

$ = B4, where A = Area of Loop, (8)
but B = uil, (9)
therefore b= ﬁﬁh. (10)

For a sinusoidal time varying H field, with a component in the x direc-
tion only,

F = H_cosut. (11)
Then, 3 = pAH cosut. (12)
The induced voltage in the loop is

4%
ey = -N5g >

1]

-NuAHx%E(cosuﬁ),

1

WlfpAH_sinat . (13)

The peak of the induced voltage is

€jp = GlMAH. (14)

For a loop in air p = p, = o x 10'7,

also E, = TH, = 120md , (15)
E
therefore, H, = 1%6E s (16)
-7 E
and e;p = (emf)N(4m) (10" A(z5s)

mNFA(10” T)E
.

= 5 . (17)




For & 1 turn loop {N = 1)

an(lo“T)E
—_—
eip - 15 A

but the definition of effective height is

_ an(lo'T)
- 15

=
s
.0
3=}

(meters).

L0735 meterse,

For 12" diameter loop A

h .015&(10‘7)f

=]
,00154f (meters) (f in Mc)

i
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(18)

(19)

(20)
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Figure 29. General Form of Lowpass Network for n odd.
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Table 4.

=

ML

AL

Note:

Table 3.

[}
€yl

1.000
0.707
0.500
0.383
0. 309

2.000
1.41h
1.000
0.765
0.618

Flement Values for a Normalized
Butterworth Filter*

LQCQ' Gl ! Lhch' c.L.'

373 575

(a) r = 0O

1.41%

1.333 1.500

1.082 1.577 1.531

0,894 1.382 1.694 1.545
(b)) r=1

1.414

2.000 1.000

1.848 1.848 0.765

1.618 2.000 1.618 0.618

Element Values for a Normalized Chebychev Filter
with a 1 db Ripple {e = 0.5088)%%

I
€1

0.509
0.911.
1,012
1.050
1.007

1.018
2.0214

2.135

LGy C3L3’ L)C),' CSLS‘
(a) 1 =0

0.996

1.333 1.509

1,413 1,909 1.282

1544 1.994 1.591 1.665
{(b) r = 1 (see ncte)

0.994 2,024

1.09L 3.001 1.091 2,135

n even is not'physically realizable for this value of r.

*his table is based on data found in Weinberg, Metwork Analysis,

p. 604-605.

¥%*This table is based on data found 1a Weinberg, Network Analysis,

p. 512-613.

59



Tablz 5.

N Lo O

e -

Element Values for a Noymalized Chebychev Filter
with a 3 dt Ripple (¢ = 9976}

1
Chy

0.998
1.551
1.674
1.720
1.741

1.995
3.349
3.481

LQCQ' 03L3‘ LhCh'
(a) r=0

0.911

1. 740 2.030

1.229 2,587 1.058

1.250 2.623 1.302
(b) r = 1 (see note)

0.712 3,349

0.768 4,538 0. 762

Cols

2.1k9

3,481

Note: n even is not physically realizable for this value of r.

*This table is based on data found in Weinberg, Network Analysis,

p. 616-517.
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