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Fig. 10. Experimental mean @) and standard deviation (a) per pulse bi?s error. as a function of multipath time delay differ-
ence AT for several values of multiwith amphtude difference AiVf.
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Fig. 11, Bias error versus multipath phase.

Additional benefits include a 30-dB adjacent channel selectivity
rather than8 dB and a requirement for a receiver with only 13 dB

of dynamic range instead of 60 dB.
A detailed evaluation of system errors unique to pulse compression

systems shows that a floating detection threehold system using
alternate up and down chirp transmission will have no sources of
error not present in the existing and proposed pulsed CW systems.
TOA errors due to multipath have been experimentally determiued

and shown to be less than 24 ns (12 ft) for expected worst case
conditions.
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Folded-Line-and Hybrid Folded-Line Bsndstop Filters

PAUL A. DUPUIS, MEMBER, IEEE, AND EDWARD G. CRISTAL,

SENIOR ~E&lBER, lE~E

Absfracf—The feasibility of a compact bandstop-filter geometry

is demonstrated. The ~ter geometry is psrticuhwly suited for strip-

line and microwave-integrated-circuit (MIC) fabrications ti that

grounding is not required for any part of the filter. Hybrid geom-

etries allow the flter designer increased flexibility in choosing a

suitable shape factor without significantly tiecting the filter% elec-

trical characteristics. Folded-line filter geometries are suitable for

narrow bandwidths (provided capacitive-coupled stubs are used) to

wide-bandwidth applications. Experimental con&mation is pre-

sented.

INTRODUCTION

The fabrication of microwave components and systems in stripline

and microwave integrated circuits (MIC) has advantages to alter-
native realizations with respect to size, weight, and (usually) repro-

ducibility. To minimize the number of substratm in a given syetem
or subsystem, the number of components per substrate should be
maximized consistent with isolation requirement between com-

ponents. The compact bandstop-filter geometry described in this
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Fig. 1. Folded-line bandstop filter. .,

plished by minimizing a least pth objective function of a weighted

reflection coefficient in the passband and the reciprocal of a weighted

reflection coefficient in the stopband. The netwoEk response was

computed using the equivalent circuit in Fig. 2. The weighting

, function was adjusted so that the coupling between turns would be

within limits set by the user prior to the running of the program. In

the compilation of design tables described later in this short paper,
– 12 – 18-dB coupling was selected for all turns. The couulirm

ki,i+, between turus i and i + 1 is defined as
.-

Ci,i+l
— dB

‘i’i+’ = 2010g’O [ (C,i + c,,,+,) (c,,+, + CL,+,) ]’/’

where

co< capacitance to ground per unit length for the ith conductor;
C~,~+l mutual capacitance per unit length between the ith and

ith + 1 conductors.

I GRIGINAL CIRCUIT I EQUIVALENT CIRCUIT

i

J-lb’!’4“”?2
4“’”$4“”$

Fig. 2. Equivalent circuits for folded-line bandstop filters.

short paper, referred to as a folded-line geometry, utilizes the sub-

strate surface area efficiently, and the design method allows for
alternative hybrid geometries that give essentially the same elec-

trical performance. The folded-line bandstop-filter geomet~ is shown
in Fig. 1. Conceptually, it may be thought of as a meander liue with

quarter-wave stubs connected to the meander-line turns, or as a con-
ventional quarter-wave bandstop filter (hereafter referred to as a
linear-geometry bandstop filter) which has been folded in an accor-

dian fashion. The distance between folded quarter-wave lines is suffi-

ciently small so that coupling between turus is nonnegligible. This

has the effect of moving the transmission zeros at S = +11 to else-
where in the complex plane. However, coupling between adj scent

stubs is not allowed in the present dtwign.a

TECHNICAL DESCRIPTION

The designs of the folded-line filters reported in this short paper
were accomplished with computer-aided design methods based on an
extension of techniqum previously used for meander-line transform-

ers ~2]. Fig. 2 gives the physical form and equivalent circuits for
folded-line filters [3], [4]. Those segments in the equivalent circuit
shown as straight lines represent quarter-wave linee (unit elements)

[5]. Inductor symbols represent shor&circuitcd quarter-wave lines
(&plane iuductors) [5]. Coupling between folded lines is propor-

tional to the admittance of the S-plane inductors. The objective

of the computer design program were to obtain an equiripple pass-

band response and maximum stopband selectively. This was accom-

1 s = j tan (O) (Richards) transformation [11).
2 Designs for which coupling also exists between stubs may yie]d

superior filter characteristics. Howe~er, physical realizations would be
quite difficult in most cases. It is worthwhile to point out that the com-
puter, design procedure described in this short paper could be easilY
extended to the latter case.

Coup.hngsbetween – 12 and – 18 dB are small enough to give prac-
tical physical realizations yet large enough to give compact filters.

The computerprogram permits arbitrary choices of couplings betweeu
turns, including no coupling between any or all turns. Negligible or

no coupling is specified in designing hybrid filters, a few examples of
which are shown in Fig. 3. Hybrid filters consist of geometries of
folded a,nd straight lines. However, the filter is designed as an inte-

gral unit. Hybrid geometries permit a choice between a number of

physical~ realizations each of which gives essentially the same elec-

trical performance.
Initial parameter values used in the computer program were taken

from the corresponding linear-geometry optimum designs. The

couplings between turns were then gradually increased until – 12–
– 18 dB was obtained. Subsequent designs were obtained by stepping

the bandwidth and using the final design values from a previous case
as initial design values for the new case. Extrapolation of the stub
values was found helpful. Design tables were obtained for symmetri-

cal filters of degrees 5 and 9, where the Inter degree is defined as the
sum of the number of lines and stubs. The bandwidths obtained were

(c)

Iz

Fig. 3. Examples of hybrid folded-line bandstop filters.
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Fig. 5. Selectivities of linear-geometry and folded-line bandstop filters.

0.025-0 .300 insteps of 0.025, and0.050-0.600 insteps of 0.050 for
the fifth- and ninth-degree filters, respectively. The octave bandwidth
case wasalso included intheninth-degree flter. Both tables were for

O.1-dB equiripple passbands.a The format and application of the
tables are identical to those given in [2], and consequently a descrip-

tionwill not be repeated here.

For a given filter degree, folded-line and linear-geometry bandstop

filters have nearly identical electrical characteristics. Fig. 4 comparm

the theoretical attenuation responses for a linear-geometry and

folded-line falter of theninth degree andstop bandwidth of 67 per-

cent. The principal differences are seen to be a shift in the ripple

extremesin thepaesband andanincrease selectivity for the folded-

8 See NAPS document 02339 for design tables. Order from ASIS/
‘NAPS, c/o Microfiche Publications, 305 E. 46th St., New York, N. Y.
10017. Remit in advance for each NAPS accession number $1.50 for
microfiche or $5.00 for photocopies up to 30 pages, and 151 for each
additional page. Make checks payable to Microfiche Publications.

liuefilter. Theshift inripple extremes inthepassband is, of course,

inconsequential. The differences in stopband selectivity are small for

narrow-band filters, but they become appreciable as the bandwidth
increases. For example, iuthedegre9 case afolded-line filter having
a fractional bandwidth of a 0.50- and O.l-dB ripple has approximately
14 percent greater selectivity than the correepondiug linear-geometry
filter at 50-dB attenuation.
Fig. 5 presents more detailed comparisons of selectivitiw between
the linear-geometry and folded-lime filters. The curves give the ratio

of electrical degrees at 50-dB (and 10-dB) attenuation to the equi-
ripple band edge.

EXPERIMENTAL RESULTS

To experimentally demonstrate the feasibility of the folded-line

bandstop filter two trial designs of fifth and ninth degreee having
differing bandwidths were constructed and tested. The first to be
described is the ninthdegree filter which had a O.1-dB passband
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Fig. 6. Trial octave-bandwidth folded-line bandstop filter.

TABLE I

PARAMETER VALUES FOE NINTH-ORDER TRIAL FOLDED-LINE BANDSTOP FILTER

Self-Capacitance Mutual Capacitance Stub Admittance

Normalized to Normalized to h’ormalized to

376.71~= 376.71(Fr Terminating

Line Numl)e T Cg/ and C [ Ci i+ll and C5-i ~-i/
Admittance

i g6-i

1 0.6172 0.08834 0.5043

2 0.3945 0.06476 0.7066

3 0.4017

ripple, a fractional bandwidth of 0.67, and a nominal center frequency

of 1.5 GHz. The filter was constructed in stripline of copperclad

rexolite (c. = 2.54) anda 0.25-in ground-plane spacing [6]. A photo-

graph of the filter with the top ground plane removed is shown in

Fig. 6. Parameter values for the design are given in Table I. Defini-

tionsof theparameters aregivenin [2]. The filter wastuned to the

center frequency usiugscrews located at the ends of the stubs. Fine

tuning for best return loss was achieved using tuning screws located

at the junction of the stubs and folded lines. The attenuation and

return loss were measured using swep&frequency sourcmfrom O.2 to

4.0 GHz. Thereeponses areshown in Fig. 7. Itwasnot possible to

achieve a16.4-dB return loss (corresponding to O.l-dB ripple) across

theentire passband. However, areturn loss of 14dB (corresponding

to0.18-dB ripple) waseasily achieved upto3GHz. This was felt to

be good enough to confirm the design data. The skewing of the atten-

uation skirt above the center frequency was attributed to a slight

mistuning.

A trial design of fifth-degree and 0.30 fractional bandwidth

was also constructed and tested. It was found that the theoretical

values of stub impeclancee were toolarge to realize directly. Instead,
capacitive-coupled half-wave lines were substituted. An approximate

equivalence between the theoretical stubs and the capacitive
coupled half-wave lines was established by requiring equality of
resonance frequencies and equality of impedances at the lower fr-

equency band edge. The impedances of the half-wave lines were

arbitrarily chosen to be80 Q. It was next determined that coupling

capacitors of 0.93 pF were required to satisfy the previously men-

tioned ec[ualities.

Theeifectsof the capacitive-coupled half-wave stubson the filter
responses were to contract the bandwidth and degrade the return
loss above the stopband. However, the lower equirippl e band edge was
not displaced because of the manner in which the equivalence was speci-
fied. Conlputed responses fortheexact andapproximated filter given
in Fig. 8 showed a bandwidth contraction of approximately 16
percent. Note, however, that thelower band edge andresonantfre-

quency have been maintained quite accurately as anticipated.
Theexperirnenta lfifth-degre efilterwa salso constructed in strip-

line using copperclad rexolite and a 0.25-in ground-plane spacing.

L_(IRETURN LOSS

0

Ndse Ib.eld Nelworh-.n.lyzer

1.4 i 3 4
FREQUE.tWY -GH2

Fig. 7. Measured responsos of the trial octave-bandwidth folded-line
bandstop filter.
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Fig. 8. Exact-filter and approximated-filter computed responses.
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TABLE II

PARAMETER VALUES FOR FImII-ORDER TRIALFOLDED-LINE BANDSTOPFIUrER

Self-Capacitance Mutual Capacitance Theoretical Stub Coupling Capacitance

Normalized to Normalized to Normalized to (80.Sl Stub)

376.7/ < 376.7/ ~ Terminating

Line Number Cg. /. and C
g~.ilc , -

Admittance
Ci i+licand C3-i,4-ilz

1

1 0.7052 0.1121 0.1464 0.93PF

2 0.5423 0.1464 0.93pF

-60 ,
1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.% 1.9 2.0

FREQUENCY-GM,

Fig, 9. Measured responses of a fifth-degree folded-line bandstop
filter with capacitive-coupled half-wave stubs.

The nominal center frequency was chosen to be 1.4 GHz. Filter
parameter values aresummarized in Table II. The filter was tuned

iu the manner previously described, resulting in the measured r~
sponses given in Fig. 9. Optimum tuning was accomplished slightly

below 1.4 GHz, presumably because the added length of the turns

between lines was not accounted for in the stripline realization. The

measured fractional bandwidth was approximately 0.24 which com-

pares favorably with the expected value of 0.25. ln fact, a comparison

of the computed data of Fig. 8 and measured data of Fig. 9 shows

generally excellent agreement between them.

CONCLUSIONS

Design tables for folded-line bandstop filters of fifth and ninth
degrees and a O.1-dB passband ripple were compiled for a range of
bandwidths. Folded-line bandstop filters have greater selectivity
than their linear-geometry counterparts of the same degree. The

increased selectivity is small for narrow bandwidths but appre-
ciable for wide bandwidths. Experimental results on two trial
folded-line filters confirmed the designs and feasibility of the filter

geometry. Folded-line and hybrid geometries together with linear
geometries will give the filter designer increased flexibility in selecting

stripline and MIC realizations.
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An Automated General Purpose Test System for

Solid-State Oscillators

JOHN R. HUMPHREY, MEMBER, IEEE

Ab.sfract-An automatic test system for determination of the

tuning and output characteristics of voltage-controlled solid-state
oscillators is described. Hardware, software, and functional capa-
bilities of the broad-band modular system are presented. The
utilization of a minicomputer for data collection with on-line curve
fit a+d rapid CRT display of test and analysis results facilitates
device tuning and streamlines traditionally tedious measurement
tasks.

I. INTRODUCTION

There exist numerous measurem&3t problems associated with the

medium scale production of today’s microwave systems which

demand consideration in terms of test automation. The demand is
economic in nature, for automation can improve both people and
asset effectiveness.

Current technology supports microwave measurement automa-

tion in two ways. Complete general purpose network analyzers

equipped to solve a wide class of problems such as broad-band
measurement of ~ parameters are available [1]–[3]. However,
there are many measurement requirements not covered by one of

such proffered general purpose machines. For some of these prob-
lems there are programmable instrumentation components avail-
able which when innovatively integrated may constitute a test

system of sufficient power to justify development costs [4].
The decision to “custom automate” has been a gamble of sorts

because effort estimates are often difficult and results may not
smoothly fulfill expectation and need. However, careful planning
with a wary eye on modularity, flexibility, and utilization optimiza-
tion cango far toward ensuring the successor the effort.

II. MANUAL TECHNIQUES—TIME CONSUMING,
INEFFICIENT

The system to be described was designed to test solid-state

voltage-controlled oscillators (VCO’S) which serve as local oscill~

tor (LO) elements in radar and guidance systems. Device types

Manuscript received May 9, 1974; revised July 1, 1974.
The author is with Texas Instruments, Inc., Dallas, Tex. 75222.


