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CONCLUSION

It has been shown in the paper that a

ON MICROWAVE THEORY AND TECHNIQUES November

up, with its associated control equipment, for the con-

nonuniform struction of such a line, is suggested. As this setup is

coaxial transmission line having an isoperimetric sheath
only representative, it is expected that further refine-

deforrnation for impedance matching in uniform lines
ments may entail a more economical and accurate con-

or for use in microwave components can be designed.
struction.

It has also been shown that such a configuration can

yield an electrical performance corresponding to some
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Prototypes for Use in Broadbanding

Reflection Amplifiers*

w. J. GETSINGERf, MEMBER, IEEE

Summary—This paper tabulates, as functions of reflection gain

and ripple, the element values of negative-resistance terminated,
prototype, low-pass, lumped-element ladder networks of normalized

impedance and bandwidth. (The values are calculated using known

synthesis methods.) Next, it provides a technique for relating the
characteristics of any actual narrow-band, negative-resistance device

to the value of the prototype susceptive element adjacent to the

negative resistance. When an actual negative-resistance device has

been related to a prototype in this manner, the performance of the

device with one, two or three additional cascaded resonators can be
predicted from given graphs. This allows trade-offs among gain,
ripple, and bandwidth, within limits. Finally, the predicted per-
formance can be used with simple formulas and the table of prototype
element values to design suitable resonators to broadband the actual
amplifier. The tables and techniques of this paper are used success-
fully to broadband tunnel-diode, maser and parametric-amplifier

circuits.
This paper allows the practical engineer to estimate the broad-

banding potential of any given negative-resistance device and pro-

vides him with the proper element values to do so with only a few

very simple calculations required.

INTRODUCTION

I

N RECENT YEARS reflection-type, negative-

resistance amplifiers have received considerable at-

tention. This has come about as a result of the in-

troduction of circulators and of solid-state devices that

are capable of presenting a negative resistance under

the proper conditions. Typically, such an amplifier

might consist of a negative resistance and an associated

resonating structure terminating one port of a circula-

* Received July 7, 1963.
~ Lincoln Laboratory, IMassachusetts Institute of Technology,

Lexington, Mass. Operated >vith support from the U. S. Air Force.

tor. Assuming an ideal circulator to which the load and

generator resistances are matched, the mid-band gain

of the amplifier is determined by the ratio of the load

resistance to the negative resistance. The bandwidth of

the amplifier depends on the values of these resistances

and the slope parameter of the resonating structure. A

considerable improvement in the bandwidth of such an

amplifier can be achieved by appropriately placing one

or more additional resonating structures between the

circulator and the terminals of the negative resistance

(with its own resonating structure). NIatthaei’ has

shown how this can be done for varactor-diode paramet-

ric amplifiers, while Kyhl, McFarlane and Strandbergz

have demonstrated the use of an additional cavity to

broaden the bandwidth of the cavity maser. While these

references consider broadbanding from the point of

view of the specific negative-resistance device employed,

this paper considers the broadbanding of a very simple

prototype device and discusses how to relate this proto-

type to any particular negative-resistance device. The

results are applicable to many kinds of negative-resist-

ance devices, yet only to the extent that they can be

reasonably related to the prototype.

Design relations for broadbanding ideal negative-

resistance devices (capacitance and negative-resistance

in parallel) have previously been given for both maxi-

1 G. L. Matthaei, “A study of the optimum design of wide-band
parametric amplifiers and up-converters, ” IRE TRANS. ON MICRO-
WAVE THEORY AND TECHNIQUES, vol. MTT-9, pp. 23–38; January,
1961.

2 R. L. Kyhl, R. A. McFarlane, and IM. W. P. Strandberg, “Nega-
tive L and C in solid-state masers, ” P~oc. IRE, vol. 50, pp. 1608–
1623; July, 1962.
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really flat3-5 and equal-ripple4,6 reflection responses.

Also, ultimate limitations on gain-bandwidth performa-

nce have been considered. This paperf however, pro-

vides actual element values for broadbanding the ideal

negative-resistance device, and also gives a practical,

simple method for relating actual nonideal devices to

the ideal protot~-pes. This method will be given after

the protot>-pe has been presented.

TEIE NEGATIVE-RESISTANCE PROTOTYPES

Low-pass, lumped-element, normalized prototypes

are generally used in the design of filters and impedance-

matching networks.l,o–g The problem of determining a

prototype terminated in a negative resistance is closely

related to the design of the impedance-matching net-

work. g The negative-resistance prototypes to be shown

are based on impedance-matching network prototypes

having Tchebyscheff ripple in their passbands. The rela-

tions involved are discussed further in Appendix 1.

Two negative-resistance prototypes and their reflec-

tion responses are shown in Fig. 1. E-or the conventions
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Fig. l—Low-pass, negative-resistance prototypes.
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chosen here gl is a capacitance, D an inductance, and

so on, with g.+l = YO (a resistance) for n odd, or gr,+l

= l/rO (a conductance) for n even; n is the number of

reactive elements only. The source resistance serves

also as the termination for the reflected wave. Gain is

defined as the ratio of the reflected power dissipated in

the load resistance to the power available from the gen-

erator. This gain is normally denoted transducer gain.

Table I has actual values for the prototype elements

tabulated against gain (G~,.) and ripple, both in deci-

bels, for n =2, n =3, and ~ =4. Values are consistent

with Fig. 1, requiring the negative resistance to have

a magnitude of unity and the ripple band edge at radian

frequency of unity.

RELATING THE PROTOTYPES TO DE-NORMALIZED,

LUMPED-ELEMENT JSETWOIKKS

The first step in relating a prototype to actual circuitry

is to form a lumped-element network having the same

gain and ripple as the protot>-pe but with specified

center-frequency, bmdvvidth and impedance level.

Dual-configuration, lumped-element, stable bandpass

networks that can be related to the prc)totype, and the

basic formulas relating the values of the network ele-

ments to the values of the prototype elements are

shown in Fig. 2. In these formulas, RO and —R are the

source and negative resistances, respectively, when a

series resonator is adj scent to the negative resistance.

Similarly, RO’ and –R’ are used when a shunt resonator

is next to the negative resistance. Series amd shunt reso-

nators alternate in the two circuits shown. The formulas

differ, depending on whether the first resonator is to be

series- or shunt-connected. Each resonator is resonant

at the desired band center of radian fre :~uency coo. For

each resonator,

coOJ= l/LC, (1)

where L and C are the actual inductance and capaci-

tance of the particular resonator being considered. The

slope parameter ~j for the series resonator of subscript j

is given in general by

c-lo d.Y”,
.rl=— — (2)

2 au .=.O

where Xf is the reactance of the series resonator denoted

by the subscript. In the case of the lumped elements of

Fig. 2, this equation simplifies to

.VJ = wnLj. (3)

Similarly, for the shunt resonator of subscript k the

slope parameter is given by

~. dBk
b,,=—— (4)

2 dw UEm,,
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PROTOTYPE ELEMENT VAI.UES: n =2, n =3, n =-l
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Fig. 2—Lumped-element, bandpass networks.

where Bk is the susceptance of the shunt resonator de-

noted by the subscript k. For lumped elements (4) be-

comes

bk = OJOCk. (5)

The factor w in the formulas of Fig. 2 is the fractional

bandwidth defined by

O.lz— WI
w= 1 (6)

@o

where

Wll = 4U1W2. (7)

In (6) and (7) a~ and UI are the edges of the equal-

ripple amplification band, as shown in the response

curve of Fig. 2.

PREDICTING BROADBAND PERFORMANCE

An actual negative-resistance device has one or more

reactive elements associated with it that determine the

mimimum value of the slope parameter of the first reso-

nator. The maximum bandwidth that can be achieved

with a negative-resistance amplifier depends inversely

on this slope parameter normalized against the negative

resistance. It is, of course, this slope parameter that

causes the initial limitation on bandwidth that the tech-

niques of this paper are designed to alleviate. Therefore,

designing the structure in a way that keeps the normal-

ized slope parameter of the first resonator as small as

possible is the single most important thing that can be

done to maximize the bandwidth of the amplifier. For

example, the physical circuitry supporting and con-

necting a diode cartridge in an amplifier should be as

nearly lumped as possible and serve electrically only to

resonate the unavoidable parasitic elements of the diode

ancl its case. If the connecting circuitry adds to the

parasitic elements of the diode or involves electrically

long lengths of line, then the potential bandwidth of the

amplifier has been reduced with or without an additional

broadbanding resonator.

It will be assumed henceforth that the load resistance

RO or Ro’ can be achieved through a transformer if

necessary and that the normalized slope parameter *JR

or bJRf k fixed by the particular device and circuit

arrangements to be used. (Determination of the device

slope parameter is discussed in the next section.) Then

the prototype element gl is found from

g, = w(xl/R) (8)

if the device resonator is assumed to be in series with

the negative resistance, or

gl == w(bll?) (9)

if the device resonator is assumed to ble in shunt with

the negative resistance. For a trial value of fractional

bandwidth w, the combinations of gain and ripple that

can be achieved may be found from Fig. 3, for n =2, Fig.

4 for n = 3, or Fig. 5 for n = 4. Thus, once the normalized

slope parameter of the first resonator is specified, per-

formance in terms of bandwidth, gain, ripple and num-

ber of resonators may be manipulated until a suitable

combination is found for the amplifier. The generator

impedance RO or RO’ is given by

Ro/R = ~/rO (lo)

if the device resonator is assumed to be in series with

the negative resistance, or

Ro’/R’ = TO (11)

if the device resonator is assumed to be in parallel with

the negative resistance. A curve of TO as a function of

gain is given in Fig. 6.

When satisfactory performance has been predicted

for a broadbanded reflection amplifier using a given de-

vice of known slope parameter, it is only necessary to

relate the remaining prototype elements to the band-

pass resonators of Fig. 2 and to relate these to actual

circuitry. First, however, it is necessary to find the

slope parameter of a given negative-resistance device.

FINDING THE NORWLIZED SLOPE PARAMETER

OF TI-IE FIRST RESONATOR

One way to find the normalized slope parameter of

the first resonator is to calculate or measure directly

the input impedance or admittance clf the resonated

negative-resistance device, in order to approximate the

imaginary part by a straight line havin~g the same aver-

age slope AX/AW or A13/Aw, and to approximate the

real part by a constant – R or – l/R’ over a desired

frequency band. If this approach is practical, the slope

parameter is given by (2) or (4), and (8) or (9) and may

be used to relate xl/R or blR’ to the first prototype ele-

ment, gl. A way that is often simpler to find the normal-
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Fig. 3—First prototype element as a function of gain and ripple; n = 2.
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Fig. 4—First prototype element as a function of gain and ripple; n = 3.

ized slope parameter is by inference from a measured or

calculated gain curve. That is, the basic negative-resist-

ance device before broadbanding is made to operate

(actually or on paper) at the desired frequency and ap-

proximately the desired center frequency gain; there-

after, the reflection gain in decibels is plotted as a func-

tion of frequency. The means of finding a simplified

equivalent circuit having a gain curve approximating

that of the actual device over a fairly wide frequency

range is shown in Fig. 7. The normalized slope param-

eter of the simplified circuit is used as a basis to design

the broadbanding network for the actual device.

As indicated in Fig. 7, the frequency difference ~’ –y

between points at half the maximum decibel gain is

found. This frequency difference is divided by the fre-

quency fo, at which frequency maximum gain occurs to

give a normalized bandwidth U. Then a gain ratio KO is

found by taking the antilog of the maximum gain in db.

Finally, U and K. are substituted into the formula given

4.5 1/ “ ‘1MIN

h
4.0 —-— 5db

3.5 1

II —

“.4

3.0

2.5

‘1

2.0

1.5

1.0

0.5

0.0
0.05 0.1 0.2 0.3 0.5 1.0 2.0 3.0

RIPPLE (db)

Fig. 5—First prototype element as a function of gain and ripple; n = 4.
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G~lN IN db FOR n EVEN

(G~lN + RI Ppl_E) IN db FOR “ ODD

Fig, 6—Normalized generator resistance for prototypes.

in Fig. 7 (and derived in Appendix B) to find the normal-

ized slope parameter xl/R or blR[, whichever is ap-

propriate. This method was used for the examples in

this paper.

RELATING THE LUMPED-ELEMENT BANDPASS

NTETWORK TO ACTUAL CIRCUITS

One of the first restrictions on the designer is the

probability of his not realizing the circuitry in lumped

elements. This problem has been handled in the case of

filter design, and so will be discussed only briefly here.

Cohns has given a lumped-element equivalent circuit

for a half-wave long transmission-line resonator, and
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has applied it, along with the concept of the impedance

inverter (which he describes), to the design of waveguide

and end-coupled strip-line filters. In a subsequent paper,

Cohn’” relates parallel-coupled transmission-line reso-

nator filters to low-pass, lumped-element prototype

filters. Equivalences between lumped-element reso-

nators and transmission-line resonators determined on

this basis are useful for bandwidths up to about twenty

per cent. Matthaeill discusses the compensation used by

Cohn’ for the frequency sensitivity of impedance in-

verters and shows how direct-coupled filters with quar-

ter-wave resonators can be related to filters with lumped

elements.

APPLICATION TO ACTUAL NEGATIVE-

RESIST~NCE DEVICES

The three negative-resistance devices to be considered

are the tunnel-diodelz amplifier, the cavity maser,2 and

the varactor-diode parametric amplifier. 1 All have com-

plicated equivalent circuits between the negative-re-

sistance element and the available terminals. Thus it is

better to relate them to the prototype by way of the

gain curves and information of Fig. 7 rather than by

the use of admittance measurements. The simplest of

these devices is the tunnel-diode amplifier.

To illustrate the determination of the slope parameter

and the use of Table 1, the steps involved in broadband-

ing a tunnel-diode amplifier are described at some length.

First, it is assumed that the bias circuitry has negligible

effect in the frequency range of interest. At the top of

Fig. 8(a) is shown the equivalent circuit of a tunnel

10S. B. Cohn, “Parallel-coupled transmission-line resonator
filters, ” IRE TRANS. ON MICROWAV~ THEORY AND ‘rECHNIQU~S,
vol. MTT-6, pp. 223–231; April, 1958.

11G. L. iWatthaei, “I)irect-coupled, band-pass filters with x,/-l
resonators, ” 1958 IRE NATIONAL CONVENTION RECORD, vol. 6, pt. 1,
pp. 98–111.

12H. S. Sommers, Jr., “Tunnel diodes as high-frequency de-
vices, ” PROC. IRE, vol. 47, pp. 1201–1206; July, 1959.
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Fig. 8—(a)Tunnel diode example before broad banding.
(b) “rL1nnel diode examples; n =2, )2=3.

diode resonated by a shunt inductance and connected

to a generator. The generator resistance acts as the load

for the amplified wave. The gain in decibels as a func-

tion of frequency for this amplifier is given by the curve

of Fig. 8(a). This curve is obtained by direct calculation,

using the circuit and element values shown at the top

of Fig. 8(a). Comparing this curve with Fig. 7 and sub-

stituting G~..z 20.2 db, ~ z 1.303 G. and J“ –~ = 0.415

Gc into the formulas of Fig. 7, gives U= 0.3185 and

KO = 10.2. The diode here resonates in shunt, so a sim-

plified bandpass circuit having very nearly the same

gain curve would also be shunt resonated, as shown by

the lower circuit of Fig. 8(a) and the right-hand circuit

of Fig. 7. The numbers above are substituted into the

formula for blR’ of Fig. 7, giving bll? = 2.18 for the

simplified circuit of Fig. S(b). Before assigning element

values for the simplified circuit, it should be observed

that 20.O-db gain in Table I is the nearest value to the

gain of 20.2 db obtained in the actual circuit. Thus ele-
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ment values are based on 20. O-db gain without changing

the value of the normalized slope parameter bll?. Eq.

(1 1), also given in Fig. 2, shows that load (source) and

negative resistances RO{ and — R’ are related by the

term ro, which can be taken from Fig. 6 for 20-db gain

or from Table I by noticing that it must equal l/gm+l

with n even for any ripple. (Also, rO would equal g,,+l

for n odd at zero ripple, but this case is not covered in

the tables,) It is found that VO= 0.818. Specifying a 50-

ohm load sets the impedance level; and the element

values for the simplified circuit of Fig. 8(a) result when

the above derived numbers are used with (1), (5) and

(11),

The gain curve for the simplified circuit lies too close

along the curve for the diode circuit to allow the two

curves to be shown separately for the frequency range

on the graph of Fig. 8(a). This circuit can be directly

related to the circuit of Fig. 2 and the prototypes of Fig.

1, and so can be broadbanded using Table I. For the

case of one additional resonator (n= 2) and specifying

20-db gain and l.O-db ripple, Fig. 3 and Table I require

that the first prototype element g have a value of 0.574;

then, (8) (also given on Fig. 2) predicts a per-unit

bandwidth w of 0.263, which represents a 342-hlc band

centered at 1.3 Gc. Now the other element value gz

= 0.288 is taken from Table 1. This gives the value of

67 ohms for the series-resonator slope parameter Xz when

used in a formula from Fig, 2 along with the above found

values of bandwidth w and negative resistance — R’. At

the 1.3-Gc center frequency, an inductance of 8.2 nh is

required [in accordance with (3) ] and a capacitance to

resonate with it. Using the element values found, the

response of the simplified circuit will be exactly as pre-

dicted. This new simplified circuit, now containing the

additional resonator represented by x2, is on the upper

left in Fig. 8(b). The technique proposed herein requires

that the same additional resonator be appended to the

diode amplifier. This has been done in the circuit shown

on the upper right of Fig. 8(b), which is the broad-

banded amplifier for n =2. The gain response of this

amplifier is given by the curve of Fig. 8(b) labeled

n = 2. The diode negative resistance has been adjusted

to make the center-frequency gain 20 db rather than

20.2 db. It was found that the difference in the gain

curves of the actual diode circuit for n = 2 and the sim-

plified circuit for n = 2 was too small to allow the plot-

ting of separate curves. A bandwidth of 342 NIc was

predicted. One of 344 Mc was achieved (by calculation).

A ripple of 1.0 db was predicted by the prototype. One

of 1.1 db was found from calculation. It should be noted

that the diode characterization includes the various

parasitic elements, and that lumped elements are as-

sumed for the resonator.

Also shown on Fig. 8(b) is a gain curve in which two

additional resonators are used. The design for this tun-

nel-diode amplifier was based on the values in Table I

for n = 3 with G~i. = 20 db and ripple= 1.0 db. The pre-

dicted bandwidth was 540 Mc. The asymmetry in the

n = 3 curve results from the difference between the

actual diode circuit and the pure resistance-capacitance

combination assumed for the prototype. Often such

asymmetry can be corrected to some extent by detuning

the resonator nearest the generator. To illustrate this

possibility, Fig. 9 shows an amplifier design using the

same diode with three additional resonators (n= 4) as

designed originally, and with the resonator nearest the

generator having its resonant frequency raised by 10

Mc. The original design predicted a 20-db gain, a l.O-db

ripple and about a 625-Mc bandwidth. The performance

actually achieved (on the computer) before attempting

correction had a gain variation of about 3.6 db over the

same 585-hlc bandwidth for which a variation of about

2 db was realized after touching up the last resonator,

The cavity maser equivalent circuit2 is less accurately

represented by the prototype than is that of the tunnel

diode; but, the maser does have the virtue of yielding

greater bandwidth when broadbanded than would be

predicted from the prototype. Material linewidths, mag-

netic Q’s and frequencies for the examples below are

the same as used for some examples in Kyhl, et al.,2 so

that their theoretical results are comparable to the re-

sults below. Also, as in Kyhl, et al.,2 cavity losses have

not been considered. The above-mentioned bandwidth

improvement is shown in Fig. 10 for a ruby cavity

maser having a center frequency of 9 Gc. Here, curve

(a) and circuit (a) refer to the maser before broadband-

ing. Curve (b) and circuit (b) refer to an idealized broad-

banded (n= 2) negative-resistance device whose ele-

ment values are based on the gain curve for circuit (a).

When the same resonator determined for (b) is used

with (a), the curve and circuit (c) result. The decrease

in ripple and increase in bandwidth of the actual maser

circuit (c) over the idealized circuit (b) is clearly shown

in Fig, 10.

The results of broadbanding another maser circuit

and a table showing the difference between designed

and realized performance are shown in Fig. 11. It should

be noted that for the n = 3 case the realized ripple is

greater than the design value, but typically, the band-

width is greater than that predicted. Justification for

the increased bandwidth is discussed in Kyhl, et al. 2

The last example is that for a nondegenerate varactor-

diode parametric amplifier designed to operate from 7.5

to 8.5 Gc. In general, the parametric amplifier circuit

is a very poor approximation to the simple lumped-

resonator and constant negative-resistance circuit as-

sumed from the prototype. l’et even in this case the

technique and table for determining the resonator slope

parameter can be used to advantage by giving results

accurately enough to eliminate order-of-magnitude

guesswork and to reduce cut-and-try to one or no cuts.

The design of the paramp shown in Fig. 12 assumes the
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lumped shunt resonator to be a short circuit at the idler

frequency. The transmission-line length was chosen to

be a quarter wavelength at the idler center frequency,

which was about 19 Gc. Under these conditions, the

diode parasitic elements were resonant at the idler fre-

quency; so the diode resistance of 2.65 ohms was the

idler load. Next, the characteristic impedance of the

transmission line was chosen to present a real negative

impedance to the generator at the signal frequency of

about 8 Gc. The bell-shaped gain curve of Fig. 12 was

found by calculation on an electronic computer when

the effect of the shunt resonator was ignored at the sig-

nal frequency (the generator resistance was 10 ohms).

This curve was used with Fig. 7 to find xi/R for the

simplified approximate circuit. Then the values of gl

and gz were taken from Table I for n =2, using a 12-db

gain and a 2-db ripple. The formulas from Fig. 2 allowed

prediction of a 588-Mc bandwidth, using slope param-

eter b~ = 0.923 for the shunt resonator.

To summarize, the predicted performance was a 12-db

center-frequency gain, a 2.O-db ripple and a 588-Mc

ripple bandwidth, whereas the performance achieved

(by calculation) was a 10.5-db center-frequency gain,

about a 1.5-db ripple (with slight retuning of the

resonator) and a 108O-MC ripple bandwidth. Increasing

or decreasing the resonator slope parameter would have

increased or decreased the ripple with little effect on

gain or bandwidth until the ripple was intolerably large

or lost altogether. The center frequency of the shunt

resonator was changed from its design value of 8,20 Gc

to 8.25 Gc for the wideband gain curve shown. Another

megacycle or two would have balanced the peaks. The

increase over predicted bandwidth results from a nega-

tive-slope susceptance coupled into the signal line by

the time-varying capacitance. This tends to broaden the

predicted bandwidth in the same way that negative L

and C in the maser equivalent circuit do.

APPENDIX I

Derivation of Pvototype Element JTalz~es

It is well known~ that the magnitude of the reflection

coefficient of the LC ladder network terminated in a

negative resistance is the reciprocal of the magnitude of

the reflection coefficient that network would have when

terminated in a positive resistance of the same magni-

tude.

If p is the voltage-reflection coefficient of the posi-

tively terminated network, then the power-reflection

gain G of the negatively terminated network is

(12)

because the voltage-reflection gain of the network is the

same as the magnitude of its reflection coefficient. An

LC ladder network terminated in a positive resistance

and designed to have a reflection coefficient that varies

between a specified maximum value pm.. and a specified

minimum value p~.i. over a specified frequency band is

called an impedance-matching network. G

For the positively terminated impedance-matching

network, the ripple H in terms of the power transmitted

to the termination is

1 – I ~~i~12
H=

1 – Ipm.xlz
(13)

The ripple S of the negatively terminated network, in

terms of the power gain, is

s=:”:>
Inln

(1.!)

where G~%X and G~,. are the maximum transducer

power gains within the passband of the reflection ampli-

fier. Using (12),

Eqs, (12)–(15) relate the performance of the negative-

resistance reflection amplifier to the performance of the

same network, operating as an impedance-matching net-

work terminated with a positive resistance whose mag-

nitude is the same as that of the negative resistance of

the amplifier.

Ripple S and gain G~i. were specified for the negative-

resistance prototype, and reflection coefficients I p~i.

and lp~,xl were calculated for the corresponding irr!-

pedance-matching network using the above equations.

Then, element values for the network were computed

from C~reen’s formulas,ls using the notation of Matthaei,

et al. 9 The procedure is as follows. First, H is calculated

from (13). Second, the parameter d is found from

( /—1}

(16)

In (16) n is the number of reactive elements chosen for

the network. It is necessary to calculate

(17)
CTmi.

13E. Green, “.lmplitude-Frequency Characteristics of Ladder
Networks,” Marconi’s W’ireless Telegraph Co., Ltd., Chelmsford,
Essex, England.
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whereG APPENDIX II

U,(I) = 2“V’ + 1

)

Derivation of Slo)e Pa~arnetev f~orn Gain Curve

U3(:E) == ~.uz + 1 (’w + 1) .
I

(18) With reference to Fig. 7, the gain curve, the circuit

U,(x) = 8.@+ 8.@ + 1 j
on the left, and the formulas are related. The reflection

voltage gain h- is equal to the magnitude of the circuit

It is necessary to solve Un(e) and (18) for e which is reflection coefficient. Thus,

substituted into the following equation:

d–e
~.—_—, (19)

(26)

2 sin z
2)L

where

~=~_~
where 8 is the decrement. Then the prototype element (27).. .

where

values are as follows.

g, = 1/6 )

1
gj IJ=2 to ?t =

gj–lkj–l,? ‘ ,

1

gn+l = — I

D3g. J

d
D= ———–l.

8 sin T
2)L

For n=2,

1 + (1 + D’)6’
klz~ z — —— .

2

For rz=3,

,12=+ [1+(1+ $)6]1

k,i=;[l+(:+D),j”

j“ j

In (27), f is frequency and f“ is defined by the graph of

Fig. 7.

The band-center voltage gain KO is
(2Q

R&R

()
Ko = ——

R“– R”
(28)

It is desired to find the value of Q for vvhich the square

of the gain is equal to the band-center gain. Denoting

(21) this value of Q by U,

Substitution of (28) into (29) yields, after some manipu-

(22) lation,

() 4K0
u~ =

R (KO – l); “
(30)

Conservation of bandwidth implicit in the trans-

(2.3) formation (27) requires that the positive value of U in

(30), representing the low-pass, half-decibel-gain band

edge, be the same as the normalized bandpass, half-

de;ibel-gain b~

Fig. 7. Thus,

(24) NOW (30) can

ndwidth occurring between f’ and f“ of

)e written to give the S1Ope parameter

xl 2 ~Ko
(32)

R= U(KLl – 1) “

The other equation of Fig. 7 comes about from duality.
(25)

Green’s equations as given above conform to the nota-
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