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Synthesis of Band Pass Filtersand Equalizersusing Microwave FIR Techniques
C Deibele

Abstract It isdesired to design a passive bandpass filter with both a
linear phase and flat magnitude response within the band and al so has
steep skirts. Using the properties of both coupled lines and
elementary FIR (Finite Impulse Response) signal processing
techniques can produce a filter of adequate phase response and
magnitude control. The design procedure will first be described and
then a sample filter will then be synthesized and results shown.
I. Introduction and Proof of Principle.

The design of the stochastic cooling system at Fermilab uses antennas to pickup
signals from the antiprotons circulating in the accel erators of the Antiproton Source. The
signalsin the Debuncher are very weak and the S/N (signal to noiseratio) is consequently
low. Any broadband amplification causes the noise floor of the out-of-band signal to
consequently rise. From S/N requirementsit is required, therefore, to reduce the noise
floor of the out-of-band signals. A band pass filter will lower the noise floor and should
not, by design, significantly change the signal from the Pbar source. This paper will
discuss the design of abandpass filter using FIR techniques.

a. ldeal Band Pass Filter Characteristics
Anidea band passfilter, G(w), is depicted in the frequency domainin Fig. 1. An

analysis of thefilter in Fig. 1 is performed in the time domain by doing an inverse Fourier

transform and resultsin:

g(t) :ﬁLG(w)e‘“dw:%sin(wot)sin(%t), (1)

where wh+w|
Wy = @, ~ @ and @, = ———
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Figure 1. Theresponse of an ideal bandpassfilter. The center frequency of thefilter is
4.25 GHz, and its bandwidth is 400 MHz.

A plot of Eq. 1 for w, = 2m(4.25x10°) /secand w, = 271(400 x10°) /secisshownin
Fig. 2. The parameter w, isthe center frequency of thefilter, w,, isthe upper cutoff
frequency and equals 2rt(4.45x10°%)/sec, and likewise w, isthe lower cutoff frequency and
isequal to 2n(4.05x10°%/sec. Figure 2 and Eq. 1 show that the filter isredized in the time
domain as amultiplication of two sinusoidal sources of different frequencies. One
frequency is the center frequency of the filter; the other frequency is the bandwidth of the
filter.
b. Ideal Coupled Lines

A thorough examination of the response of an ideal coupled line reveals some
interesting properties that can be utilized for general filter synthesis. It is necessary to
first understand the time domain response of a couple line section to make the transition

toward synthesizing afilter in the frequency domain. To begin, the ports and conventions
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Figure 2. Truncated time domain response of the ideal band passfilter depicted in Fig.
1. Thetruncation includes only the first three low frequency lobes.
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of asingle coupled line section is depicted in Fig. 3. The time domain response of a

single coupled line section is shown in Eq. 2.

S41(1) :%ﬁ(t) _C‘@ _%% 2

where the §(t) functions are Dirac impul se functions which have the property that
0+

J' g(t)dt =1. Theimportant parametersin Eq. 2 are c, the speed of light in the

medium of the coupled lines, L, the length of the coupled lines, and C, the level of

coupling between the lines. It isimportant to note that the response in Eq. 2 does not



addressdispersionwhichis 4 3
intrinsic to many common

physicd topdogies sich as, H
for example, microstrip. i i

c. Construction of the 1 8

FIR filter. Figure 3. Top vew of astripline couped line sedion.
This particular stripline edge wuded line has sme
Useof couped mitered bends and short feeds attadhed. The port

convention wsed in this paper is also shown.
linesfor filter synthesisis

performed by first appropriately sampling the desired resporse in the time domain and
then by demanding an appropriate delay between ead couped line sedion. This
procedure is described in detail below and has been dacumented thoroughly in the
literature in the design of FIR (Finite Impulse Resporse) filters[1]. The spedafics of the
design procedure foundin the literature most commonly describes digital filter designs
rather than microwave designs.

Close examination o Fig. 2 showsthat it is constructed of a series of individual
pieces—namely ead individual pieceis apasitive lobe and a negative lobe, and ead
positive and regative lobe cmbinationis shown asared bak in Fig. 4. Eac pasitive and
negative lobe combinationis likewise mnneded to ancther positive and regative lobe
combination. Eacd set of pasitive and regative lobe combinations are mwnreded to
neighbaring sets of pasitive and regative lobe combinations by ashort time delay. This
combination d positive and regative lobesis described pictorially in Fig. 4. Thefirst

paositive and regative lobe combinationis siown in the leftmost red bac in Fig. 4. The



magnitude of ead impulse
is smply the aeaunder the
curve defined by the zero
crossngs of thetime
domain resporse. For the
filter in Fig. 4,the length
of ead pasitive/negative
lobe combinationis smply
%,which is described by
half of the length of “Line
1" “Line2,” or“Line 3" in
Fig. 4. The delay between

ead couped line
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Figure4. A schematic of 3 couded line sedionsto
reproduce atime domain resporse. Each couped lineis
contained within orered bax. Thelength of ead couded
lineis determined by the lengths “Line 1," “Line 2,” and
“Line3.” Thetime delay between ead couded lineis
determined by the lengths “Delay 1,” and “Delay 2.” The
level of couding is determined by the magnitude of the
pe&ks. Inthisfigure, the oscill ation frequency is constant
whil e the magnitude danges.

combinations to another couped line mmbinationis E,WhICh isthelength “Delay 1,” or

“Delay 2" in Fig. 4.

It isdesired,
therefore, to take the
individual subsedions from
the time domain resporse
of the ided bandpessfilter
of Fig. 2and compare them

to thetime domain

Cl ce C3

Figure5. A short schematic of the FIR synthesis
technique. The boxes labeled with C' s depict couded line
sedions of varying levels of cougding and d identicd
length. The boxes labeled with D’ s depict equal delay
length sedions. The boxes labeled Z, depict terminations.



resporse of a wuped line. This comparison and construction technique is described
below.

Imagine making atrain o aternating couged lines and delay sedions as depicted
in Fig. 5. Proper termination d thetrain is required to stop refledions at the output. The
goal isto design a series of couped lines and match the impulse resporse of Fig. 6to Fig.
2. To match the impulse resporse requires the designer to control the levels of couging,
the length of eat couped line sedion, and finaly the delay between ead couded line.

For example, integrating Eq. 1from t=0to t = w_no defines a partial-level of
couping for one particular couged line sedion. The next couped line sedionis
determined by integrating Eq. 1from t = i)—lf tot= 3—7: Between the muded line
sedions requires ameander line, or time delay line, which al ows the proper time spaang
from one cuped line sedionto the next. Thelength of ead meander sedionfor Eq. lis
only 90° delay, since adelay isincurred by the 90° delay of the muded lineitself. A 90°
phase delay is smply AT of length.

The overal physicd length of thefilter isdictated by the skirt requirements of the
filter. The skirt of thefilter is defined as the stegonessof the transiti on from frequencies
that are in-band to frequencies that are out-of-band. Quite simply, the FIR filter will have
a steger skirt by adding more low frequency lobes. A low frequency lobeis an entire
sedion cefined between the zero crossngs of thesin(wAt) functionin Eq. 1. The

technique described in this paper, therefore, requires a minimum length requirement to

redize abandpessfilter by including only the main lobein Fig. 2, a from  =—_" to
Wy

t=—"" Including more LFLs (low frequency lobes) increases the stegonessof the skirts

Wy



and adds to the total time for the signal to be filtered.

The main contribution to the group delay through thefilter isin the LFLs before
themain LFL and in the main LFL itself. The LFLsdo not have to be symmetrically
added to produce steep skirts, although LFLs placed unsymmetrically will suffer a higher
phase distortion for frequencies in the bandpass region of thefilter. Including LFLs after
the main LFL, however, do not add significant group delay since the mgjority of the

energy spectrum of thefilter is concentrated within the main LFL. For example,

Wy

including the lobes from -~ <t < 2 canbe performed satisfactorily if acertain
wA
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Figure 6. Anexpanded view of the impulse response shown in Fig. 2. Note the phase
change undergone about the point t=-2.5 nsec.
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amourt of phase distortionis allowed in the final design andif group delay requirements
aretight.

A final considerationin the design of aFIR filter is the implementation d LFLs.
Examination o Fig. 2 showsthat at t=+2.5 rsec the resporse of the filter undergoes a
180° plase dhange. Thisjust impliesthat alonger meander sedionisrequired and
therefore instead of using a 90° meander, a 180°meander isrequired. Thispoint will be
discussed again later in this paper.

d. Conclusion - Theory
In conclusion, ageneral design may be redized by:

. finding the center frequency, or period d thefilter. This period determines bath
the length of the muped lines and also the length of the meander lines.

. integrating over the positive and/or negative periods of a particular spike g/cleto
determine the wugding for ead individual coupers.

. adding meander sedions between the wuped lines to acoommodate the next
series of spikes.

. designing the mupersto have the mrred inpu impedance
. pladng matched loads on the output ports.
Il. Specific Design of a Microwave FIR Filter

The design requirements for designing an FIR bandpessfilters are its center
frequency, its bandwidth, and the medium with which to design thefilter. It was dedded
that thefilter shoud be designed using a striplinetopdogy. It isaso required that the
filter have agoodmatch (i.e. s;;=-20dB) over abroad band. Even having a modest

insertion lossof -7 dB all ows ead couded line sedionto be weekly couded (onthe



order of -20 dB). Since each coupled lineisweakly coupling implies that no gross
discontinuitiesin line width exist from coupling section to delay section and to the next
coupled line section, thus making it easier to have better matches between coupled lines.
Note that the requirement of weak coupling of individual couplers does not necessarily
imply that the level of the output signal islimited. The author has seen stripline FIR
filters which were designed to have only -5 dB insertion loss within the band under the
conditions that a sufficient number of LFLs are present and through the use of alow-loss
dielectric.

A salient point for the design of the Pbar filters are the requirement that the skirts
be sharp and that the in-band phase be flat. A sharp skirt requires that more than one low
frequency lobe of Eg. 1 be included into the design.

The specific results for the design of a stripline FIR filter, which isto have the
frequency response, isshown in Table 1. Thedatain Table 1 is coupled with the
schematic of Fig. 6 to generate alayout. It was determined from theoretical results and
timing criteriathat only the first lobes outside of the main lobe are required. Theinitia
design was optimized using Hewlett-Packard Touchstone Series 1V package. The design
was optimized to have minimal reflections and aflat in-band response. The design can
also be optimized to have a particular level of coupling to compensate for the different
pickup antennae. In particular, the design of Table 1 hasa-7.5 dB insertion loss within

the bandpass region of thefilter. A plot of the smulation of the designis shownin Fig. 7.

[11. Measurement Resultsand I nterpretations



Several different
BPF s were designed and
fabricaed for the
deburcher stochastic
cooling system. | designed
thefilters using circuit
board material from Arlon-
CuClad LX-04503355
material. This particular
circuit board has a
dieledric constant of
2.33t0.02,and hes aloss
tangent of 0.002. The
board height is45mils. In
astripline cnfiguration,
one can asume that the
board height is 96 mils
(one must include the
bondng film height for
proper groundground
height) The results for eah

filter wererelatively
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Figure 7. The schematic representation for the redization
of the time domain resporse of Fig. 2. Note the presence of
anew box labeled D180.Thisis smply a180° clay as
oppcsed to the usual 90° delay. Note dso that the filter
redizationis mirrored abou the center delay sedion
locaed between the two C19 coupers.



similar so ony the results
for band Z-lower* will be
presented.

A picture of the

inside of the drcuit board

is fiownin Fig. 9 onFR-4.

Figure 9 showsthe
important parts of the
design - namely the 90
degreemeander lines from

couped lineto couped
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Figure8. A plot of the simulated FIR filter design using
the dataof Table 1 from the schematic of Fig. 6. Note that
thefilter hasa-7.5 B insertionlossand hesa+0.3 B

ripplein the bandpassregion.

ling, it shows the 180 degreemeander lines from one LFL to the next LFL, and it shows

the @wuding change between the zero crossngs of the time domain resporse.

The measurement results of this technique, however, were nat very good. The

results of the measurement for band 1lower are presented in Figure 10. | had 3 bards

Figure9. Band 1lower etched orto FR-4. The drcuit card isrelatively long. The adual
filter isfabricaed using a stripline topdogy and the traces would na be avail able.

Band 1-lower is defined to be from 4.05GHz to 4.45GHz.



fabricaed and | wished to
compare the results with the hope
of getting measurements that are
repedable. Theresultsof Fig. 10
were observed repeaedly with
every design. Controlli ng the line
width to better than 0.5mils did
not control the center frequency
and magnitude flatness

Controlli ng the dieledric constant

any better did na control the
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Figure 10. The measurement of the Band 1lower.
The center frequency could na be controlled. The
magnitude could na be well controll ed in-band.
The lobes out of band could aso na be well
controll ed.

center frequency or magnitude flatness Using diff erent board stock (Arlon-CuClad LX-

03103355materia —this materia is 31 milsthick, dieedric constant of 2.33,and loss

tangent of 0.002 al suffered from similar poa results. It becane dea that the models

that were used had to be better predsion for the measurements to get better. Sincethe

boards were so large (on the order of 33incheslong), it wasimposgble to simulate the

boards eledromagneticdly.

| then dedded to make the boards smpler andto orly include the main lobe into

the design. Elimination d the LFL in the design would, d course, make the respornse

broader-band which would make tolerances on the design align with the tolerances of the

modeling technique used by the design software. Additionally, | dedded to use the

thinner Arlon material. Using thinner material demands that the fringe fields of the
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Figure 11. The mainlobe FIR filter schematic. One can clearly seethat there arevia
holes for binding the top and bottom ground planes together. One can aso clearly see
that the coupling goes from minimal to maximal to minimal as one would expect from
the time domain sinc function response.

stripline to evanesce in a shorter distance than in the thicker material. The layout of the
board isdepicted in Fig.11. The actua board is shown in Fig. 12. The delay through the
board of Fig. 12 isaround 3.1 nsec. The board requires two barrel 50Q loads and requires
special SMA connectors - the MACOM #2070-5029-02.

The results of the measurements for this board are shown in Figs. 13 and 14. Itis
evident by these graphs that even using only the main lobe for designing the filter, this
technique suffers from stability problems related to the models of the microwave design
toolbox. The trace widths were carefully measured to be withing 0.5 mils. The board
heights were consistently
manufactured to within 0.5
mils. The phaseripplein-
band is still not perfect and
the magnitude is not very

flat.

In one application,  Figure 12. Picture of the FIR filter depicted by the
schematic of Fig. 11. Thisboard isabout 17" long and has

however, we have seenthat adelay of around 3.1 nsec.
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the FIR technique does

work adequately. Dave

=20

McGinnis designed an

g
equalizer, using ideal )
-40
coupled lines, for the
aa:ktall COOIing 2-4 GHZ _630-109' 35100 410° 45100 510° 5510 6-10° 6510 710
Fequncy (GHE)

. — bandlLboardl

cooling system. Dave — bandiLboard2

band Lhoard3
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McGinnis, of Poar, gave Figure 13. Measurement results from four band 1 lower

FIR circuit boards. This measurement shows that reliability

the initial design to Ed i till an issue with these boards.

Cullerton, of RF&I, and Ed

was given the task to
BandIL phase (degrees)

i
i

with alarge board, coupled &q IY X

200

realized the design. |

100

assisted Ed with some of

e

521 (degrees)
[ S—

the problems associated

- lon

lines, and the layout. Ed 'V\ R 3\
d|d not do any '2'33'3.109 3.5-1!2!5I -1-1E|g -1.5-1!3g hqu;}:f(sm)ij-lﬂg |5-1E|g IS.S-IIJg ‘I-IIJEI
— handlLboard]
Lo . i — handlLboard2
optimization from the ideal —— handlLboard3
— bandlLboardd
coupled lines that Dave Figure 14. Phase measurements from four band 1 lower
FIR circuit boards. The phase stability is still a problem
McGinnis used to the with this technique.

models that Touchstone uses for stripline. Theresults are shown in Figs. 15and 16. A

picture of theinstalled board is shownin Fig. 17.



The results of the
filter equalizer show that
the FIR technique can be a
viable technique with
broader band designs.
Clealy, the designs with
the LFL’s had problems
sincethey required an
excdlent model. When a
broader band model was
used, the predsion d the
model becane lessof an
issue and the results
became better. The results
with the stadktail equalizer
show similar results.

V. Conclusion.

Thetechnique
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Figure 15. Measured results versus the ided model creaed
with Dave McGinnis' s design.
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Figure 16. The phase measurements versus the ided
couped line model designed by Dave McGinnis.

presented in this paper isasimple and quck methodto designing filters. The stripline

layout has shown its patential in vaauum, low temperature, and nasy environments. It is

required, howvever, that one knows a priori, the dieledric constant as well as the stripline

groundspadng to arelatively high degreeof predsion, and the model of the striplineto a
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very high predsion. As
long as the materia is
easily foundand can be
manufadured to the
required predsion, a
seamingly wide aray of
filters may be designed.

It isimportant to

note that the use of the AP-30.
main frequency lobe for

the deburcher is dill not an oggimal design. Keypoints to consider when choasing the

FIR technique:

. The board size can be large and this drives up the @sts for manufaduring to
around $200Moard.

. Launchesto thefilter are extremely important and can change the results
dramaticadly.

. Extremely high predsion connedors may be required (based onthe board heights)
and these onredorswill be required to conred to aload - al requiring
significantly more money and nd-so-robust of adesign.

The author would like to kindly thank Steve Deibele, Dave McGinnis, Ed Cull erton, and
Ralph Pasquinelli for their helpful comments and suppart.. | aso with to thank Don Poll
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