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Microwave Filters with Concentrated Impulse
Response in Microstrip Technology
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fabricated structure. Hence, conclusions are drabout

Abstract — This paper presents novel narrow microstrip the performance of the analyzed structure.

bandpass filter implementations with selective fregency
response, suppressed time-domain sidelobes, perically
related sidelobe maxima, and minimal footprint area

The paper is an extension of the study on the genéra
algorithm to realize this class of filters, to form precise
simulation models, to fabricate laboratory prototype, and to
measure performances of the fabricated prototype.

The proposed design methodology is exemplified by a
fourth-order microstrip bandpass filter, which is fabricated
and measured. The simulated and measured results aie
agreement in both frequency and time domain.
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I. INTRODUCTION

N modern microwave receivers, for communication

radar, and satellite systems, high-performance s
filters are required, which exhibit low insertioosk, high
selectivity, narrow band, and optimized impulsepogse.
Relatively narrow bandwidths are required to dtish
between pulses which are close, resulting in timewain
distortion of the pulses. If the filter design rksuin
significant time-domain overshoots, a receiver clehmill
be saturated for a time considerably longer thanptise
length and hence will be unable to respond to &idevel
signal in this time period. According to the praxsowork
on filter synthesis, it has been known that affiliased on
the Rhodes prototype [1], [2], satisfies the reegilevel of
inter-channel rejection and presents a time-doma
response with low sidelobe levels and periodicedhated
zeros.

This paper focuses on microstrip realization cétieely
narrow bandwidth filters with time-domain sidelobrasre
than 30dB below the main lobe [3]. Our objective is to
design a compact structure based on the Rhodestypet
We consider various structures: parallel-coupledf- ha
wavelength  resonator filters, hairpin-line
pseudocombline filters, interdigital, and comblifiléers.
We compare their characteristics (time-domain raspp
frequency response and footprint) and select thenap
structure. We explain the design methodology armivsh
the results generated by electromagnetic (EM) sitior

[4], [5], and the measurement results made on ti?
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IIl. DESIGNMETHODOLOGY

A. Lowpass prototype

A lowpass prototype, reported in [1], has the inspul
response (Figure 1) of the form

s21(t) = Kne ™ sin"et/2), €

which is the inverse Laplace transform of the
corresponding scattering paramete$,;(s), and it
represents the transfer from port 1 to port 2epresents
time normalized tols, n is a positive integer, an&,,
and ¢ are real constants.
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Figure 1 Impulse response of the prototype deflmed
(1): n=4, £=0.84336.

N The corresponding transfer function for the lowpass
prototype, normalized t($21(0)=1, is of the form

/2 4s(1+s)
Dl[l+(2r o +1) n even
SZl(S) = (n—]_)/z 4 (1+ ) (2)
/((Zs+1) 1 [1+S4r2§2 +1j] n odd

filters,where

=12, Ko = hoe?)22).
Kpao/Ky = @+(n +1)282)/(n(n+1)82). @)

Sidelobes of the impulse response are defined asrsn
Figure 2. According to the terminology introduced[1],
Re relative loss of the impulse response is ddfase

A(t) = 20|09100521(tmax)/521(tl)v (4)



0 e where B, =Awgg/og is the normalized 3dB
/\ /“’be y bandwidth, Aw;yg = 2MAf545 is the 3dB bandwidth, and
= - 21 fi
% 20/ \ _ Sldgfgbe ) o, = 211 is the center angular frequency of the bandpass
g . N 2 filter. Each prototype capacitor of capacitanCgp, IS
k= \ / \ replaced by a parallel LC resonator with
= s.econd )
& -60 PR sidelobet Ci :Qp,protoci,proto/(BA(DOZO) and I-i :1/((00Ci)'
= . . /1 \ Figure 4 shows the scattering parameters of i@
R e ! 2 bandpass filter.
l l l The impulse response of th€ bandpass filter, shown
'1000 5 10 15 20 25 in Figure 5, is concentrated in the time intertak t<t,

and practically vanishes aftéf. To obtain a better insight

Figure 2 Relative loss of the prototype= 4, into this waveform, we plot the relative loss, itignthe

¢=0.84336. envelope of the relative loss, and determine thelsbe
where sy4(ta) is the global maximum of the impulse attenuation (Figure 6).

response which occurs 8f,, = (2/¢)tan™((n-1)¢). L Ly
The attenuation of thenth sidelobe is =
Am = 20|09100321(tmax)/321(tml) =
= 20l0g,(€™* ) = 8.686m /¢ dB”
where 521(tm) is the value of themth local extremum
at t,= (2/3)(mn+ tan*((n —1)8))
(m=123...). Therefore, the sidelobe attenuatidy, is

proportional to m and the sidelobe maxima,, are
equidistant.

L2 proto L4 proto

1. protoT T C& proto

@

Figure 3 (a) Lowpass prototype, (bl bandpass filter
derived from the prototype.

(%)

which occurs

The parametet is obtained Whe|11821(jw12 exhibits a

first-order maximally flat behavior aroun@ =0. For n
odd, there is no real value efthat satisfies the first-order
maximally flat behavior. However, fon even, there is
always one real value af [1].

B. Bandpassfilter

In this paper, we consider the fourth-order banslpas
filter centered atf, =2 GHz, with a relative bandwidth

B, =008, and nominal impedances (at both ports)

2
f[GHZ]

Z,=50Q.
The fourth-order transfer function (2) has the i x 10°
value of ¢ =0.84336 The attenuation of the first sidelobe 3t i
(Figure 2) is A =32dB. The corresponding filter ol
prototype is a minimum-phase ladder network (Figak il | 3
with the normalized element value§, ., =1.49701 \ /
< O v
L2, proto =1.63230, C3 proto = 0.62417, and =
“ o -]F
L4 proto = 0.48887. The prototype insertion loss &dB at 5 '
the normalized cutoff frequenc®, ;oo =1rad/s. The 3l !
source and load resistances are equaflo 4l l
By transforming the lowpass prototype, we obtaia th 0 5 10 15 20 25 30 35

bandpass filter shown in Figure 3b. The noming t [ns]

impedances of both ports a# . Each prototype inductor
of inductancel; ., is replaced by a seriesC resonator

with I-i :Qp,protoZOLi,proto/(BAmO) and Ci :1/(0)%Li)!
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Figure 5 Impulse response of th€ bandpass filter.

Ill.  COUPLED RESONATOR FILTERS
Filters with coupled resonators can be realizedaas



linear inductive transformer with ports, Figure 7.

A(?), Relative loss [dB]

-80} , i

t
max 1

l }
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t [ns]
Figure 6 Relative loss of theC bandpass filter
(A =325dB, A, =65dB, t,, = 433ns,

t; =155ns, t, = 26.67ns).

Figure 7 Filter with coupled resonators realizeé as
linear inductive transformer.

On the first port, the transformer is supplied bycéitage

source v (t) connected in series with the resist@ and

the capacitorC;. At the nth port, the transformer is

terminated by a series combination of a resista an
capacitor. All other ports of the transformer aertinated
by the capacitoC;, i =2,...,n-1.

The impedance matrix of this coupled resonatoerfilt
can be represented as
Zl,l - jwl—l,Z - j(’d—l,n
. . 1 .
—joly; ol +- - joly,
[2]=] jwC, NG
_j(*)l-n,l _j(*)Ln,Z Zn,n
in which L ; =L
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between resonatorsandj, Z;; =R + jwl; +1/jwC, , and
Z,n =R, +jwl, +1/jwC, . The external quality factors of
the input and output resonators &g = Qgy = Woly /Ry
and Q, =Qg, = Wyl /R, -

For a synchronously tuned filter the all resonators
resonate at the same frequency, namely the midband

frequency of filter Wy = ]/\/ LC, where
L:Ll:LZ :...:Ln and C:Cl:C2 :...:Cn_
The coupling coefficient is defined as

Ki | =Li’j/,/LiLj = Li’]-/L. The impedance matrix in (6)
may be expressed by

[Z2] = woLBA[Z norm] (@)

where B, is the fractional bandwidth of filter, and
[Zhorm] is the normalized impedance matrix. The
normalized impedance matrix for a narrow-band
approximation (ywy =1) is
1 _ O
—*tp —im; —imy
% .
[Z norm] = _Jr:nz'l p _Jr:nz'n (8)
N . 1
t LLL TR TR L1 —*p
L Sp i
where p=ji L %

( ] m j denotes the so-called
Balwy '

normalized coupling coefficientgy, and o, are the

scaled external quality factors.

The novel general model of the coupled resonatiar fi
is presented in Figure 8 [3]. The inductive couplin
between resonators is modeled with immittance tever
[6]. This realization with immittance inverters peats
idealization and generalization of the coupled masor
filter, Figure 7. The idealization is presented hwit
frequency independent couplings between resonators.

In the case when impedan& is seried C resonator,

Z =jwy + , the proposed realization (in Figure 8)

i
is a bandpass filter. When impedan& is equal to
Z =jwy, L=L=L,=...=L,,andR =R, =Z,=1Q,
the proposed realization (in Figure 8)
prototype filter.

The normalized impedance matrixes are the samntgein t
both cases when the proposed filter is lowpass or
bandpass. The normalized factor for the lowpass
realization is LQ, oo and oylB, for bandpass

is a lowpass

realization.

This new model is used to present the both filters
lowpass and bandpass with a choiceZpf

For the all-pole transfer function, bandpass filter
realization has only couplings between adjacemna®rs.

represents the mutual inductancdn that case, the values of normalized couplindgfmients

and scaled external quality factors are [7]



In—2 - -
Un—Z,n—l Un—2‘n—1

IV. SELECTION OF FILTER STRUCTURES

We investigate various microstrip structures and
compare their electrical properties and footpritite main
design requirement is to achieve the desired pasame
values of the time-domain response (sidelobe sgpjme
and periodically related sidelobe maxima) and toimize
footprint area.

We evaluate the footprint area in two ways: (a) we
consider the minimum surface area of a rectangle
encompassing the whole printed pattern without feess,
and (b) we adopt a guard zone around the structnde
evaluate the surface of a rectangle that encompatsgs].

The width of guard zone is set 80, which suffices [9] to
avoid significant coupling with neighboring microps in
most practical cases.

In this study, we use the Rogers RO4003C substrate:
g, = 338 (process specification),tand = 0.0021, and

thicknessh = 0.508mm. Rogers Corporation recommends
¢, = 3.55+0.05 for simulation purposes.

We consider the following microstrip structures:
parallel-coupled half-wavelength resonator filtBXC(\/2),
hairpin-line  filter (Hairpin), pseudocombline fitte
(PseudoCom), interdigital filter (Interdigital), @n
combline filter (Combline). Results of computer
simulations, of the relevant parameters, are sumethin
Table 1. Area 1 corresponds to the minimum surtaea
and Area 2 to the rectangle with guard zone.

TABLE 1: PROPERTIES OF THE CONSIDERED STRUCTURES

o0 D - Simulation Experiment
2 ~2n1 2n Realization | LC | PCA/2 | PseudoConj Hairpin | Interdigital| Combline
Uinz | Uiny Up fo[GHZ] 2 2 2 1.98 1.94 1.87
I T T Bp 0.08 | 0.08 0.08 0.082 0.085 0.089
|K1,n—2 |K1.n—1 |Kl.n| Aa(fo)oB] | o 2.3 21 2 2.85 3.4
A [dB] 325 | 403 40.1 38 27.0 31.08
—l—l"' ‘1—|+ - A, [dB] 65 78.7 71.6 71 52.38 58
1 Upn2 Ugpa U
tmax [N 433 | 4.67 4.33 4.33 3.83 3.83
ty [ng 155 | 14.67 15 15 11.33 13.17
t, [ng 26.67| 24.67 245 235 18.83 22.17|
(t, ~ta) sl | 11.17| 10.00 10.67 10.67, 75 9.34
(t, ~tmax) NS | 11.27] 20.00 9.50 8.5 75 9
Area 1[mn?] N/A | 809.4 422 353.03 201.6 85.02%
Area Zmn?] N/A | 993.3 591 476.93 304.8 149.4

The parallel-coupled (or edge-coupled) microstrip

Figure 8General realization of the coupled resonator f”tebandpass filter uses half-wavelength line resosat®he

with immittance inverters.

1 1 |

Q p,proto \/Li , proto Ci +1, proto

_ _R 1 _
= B, = — =
qsg ng A KS,]_ (A)OLBA

=Qp proto Ry, proto C1, proto

R 1 _
Kr?,n+1 (*)OLBA

Osp = QspBA =

= Qp,proto I:\>p proto Cn, proto

i=1,...

n-1

(9)

adjacent resonators are parallel to each othegdiaif of
their length. This filter has a large footprintare

To reduce the circuit size, the hairpin-line filtesing
folded half-wavelength resonator structures waskbped
[10]. Folded half-wavelength resonators are pakdity
convenient for constructing filters having a narrow
bandwidth. By controlling the space between the &wos
of a hairpin resonator, we can make the undesirable
coupling weak enough, so that it does not detegotiae
filter performance. The hairpin structure inhergntl
exhibits relatively weak coupling between nonadijdce
resonators, and this structure is very suitable for
optimizing sidelobe suppression.

The pseudocombline bandpass filter consists of a
parallel array of coupled half-wavelength resora{drn].
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This filter has a multiple attenuation pole neag tiigh lumped components and via-hole grounds, the hafilen
edge of the passband, resulting in a higher seigcttn is the most suitable. This structure has the mihima
that side. The structure can be compact and oftémsertion loss in the passband and the minimal adiewi
couplings between the nonadjacent resonators ate fmm the specified center frequency.
negligible. With this structure we could not medtthe Figure 9 shows a hairpin structure with folded half
design requirements simultaneously. wavelength resonators of slightly different linedthis and
The stub bandpass filter uses open/short-circigtedds, identical separations between the two arms of each
which are separated by quarter-wavelength sec{ib?ls resonator. Figure 10 shows a combline structure alibut
Filters of this type require stubs with low chagaigtic quaver-wavelength long resonators of slightly défe line
impedances that are unsuitable for implementationthe  widths. Different line widths of the hairpin andrabline
other hand, the filter with open-circuited stubssha resonators enable fine tuning, which is necessanydet
spurious passband in the vicinity of =0 that is the specifications.

. . ; . v/

undesirable for the sidelobe reduction. The footparea Moy Wy Wy we y
of this structure is larger compared to the haigtincture. j f Eze

The interdigital bandpass filter consists of a paka M
array of coupled quarter-wavelength resonators hwvhie
short-circuited at one end and open-circuited atdther /
end with alternative orientation [12]. This type of

dsg

grounding microstrip resonators. This realizatios i
convenient for constructing filters having a narrov Z dy dss dys We
bandwidth as well as for wider bandwidth. The foitp
area (with guard zone) of this structure is aba6ttimes
smaller compared to the hairpin structure.

The combline filter is comprised of an array of plaa
resonators, which are short-circuited at one enth &
lumped capacitance loaded between the other eedalf
resonator line element and ground. With the lumped
capacitors present, the resonator will be less themter-
wavelength long at resonance. The larger the lgadin
capacitances, the shorter the resonator lines,hwigisults
in a more compact filter structure compare to the
interdigital filter. This filter has a multiple atuation pole
near the high edge of the passband, resulting higlaer
selectivity on that side. This realization is comeat for
constructing filters having a wider bandwidth than
interdigital filter for the same spacing betweenaadnt
resonators. Couplings between the nonadjacent a&ssn
are often negligible for a narrow bandwidth. Thetfwint
area of this structure is about two times smalanmpgared
to the interdigital structure.

We achieved the required periodically related sidel
maxima with appropriately designed metallic top eov
above the structure. By adjusting the height ofcbeer, ~(Figure 9) and combline structure (Figure 10).
we minimized the difference between the velocitgs ~ FOr the used substrate RO4003C, first it is foumat t
modal propagation in order to meet the filter Sﬁmﬂion_ Unloade@-factor Of a resonator iS 160 When the ma.ximal

We have found that the combline filter is the mosinsertion loss, at the filter center frequencyrequired to
suitable structure to meet all specifications stamgously. be 1.5dB [13].

The major design requirement has been the minimal The unloadedQ-factor is presented as a function of
footprint area with guard zone. The footprint ar@fa microstrip line width (Figure 11), for the hairgiesonator.
combline filter is about two times smaller than thélhe curve is computed for the next dimensions @& th
interdigital and about three times smaller thantte&pin  hairpin resonator:l =2285mm and d, = 1.75mm. The
§tructur§. Thg maip deficiency of the combline izzdion space between the two arms is ab@ht to make the
is the higher insertion loss at the center frequexenpare hqesirable coupling weak enough. The initial reson
to the other realizations. This problem can beemied | i5th is w= 1.05mm.

with higher quality lumped capacitors, namely viiigher For the combline realization, lumped SMD capacitors

Q-factor at the operating frequency.
On the other hand, if the structure is required foé (Accu-F/Accu-P 0805) have been chosen to haveahtes

microstrip bandpass filter is compact, but requiuse of dip
0

dip dpz dgy
Figure 10 Combline microstrip bandpass filter.

V. MICROSTRIP IMPLEMENTATION AND EXPERIMENTAL
RESULTS

The fourth-order microstrip bandpass filter centeed
2GHz is designed as the proposed hairpin structure
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capacitanceC, =C, =C;=C, = 27uF. The Q-factor of dimensions arel, =2mm and lsoq =3mm, and their

the SMD capacitor is about 100 at the center freque positions from the short-circuited end dfe= 24mm and
(2GHz). The curves of unloade@-factor are computed

[y =5mm.
for the lossless capacitorQg — «) and for the real
. . . 25 ;
capacitor with Q- =100, Figure 12. The length of the 23l Wy W W, =0.3 mm )
combline resonator isl =6mm. The initial resonator Qﬁ’zl» ~=w,=0.15 mm /
width is w=21mm. For this value, the unloade@- §19 q . : /
factor of the whole resonator is 113 wh@p =100. “;17 v / 1
=15 et
< -
17 ES
13 i
= / T
o £ 11 / Pty
5 160 g9 A e
B oL
A B D T e
> 150 ' ‘ ‘
T 05.05 0.1 0.15 0.2 0.25 0.3
S 149 @ [mm]
bt Figure 13 Design curves of external quality fadtor
3 the hairpin-line bandpass filter.
L2 130
c
D 25
12
(Z 20
o
Figure 11 Design curves of unloaded quality fafdor ‘g
the hairpin resonator. '5 15
20 | E
o ‘ z 10
7180 ©
= —Q. - inf] =
g ¢ | g 5
g 169 7 i
> |
= |
T 140 1 0
S [
o [
& 120 | _ , ,
S Figure 14 Design curves of external quality fadtor
% 100 the combline bandpass filter.
2 4 0.2
W[mm] 0.1 --\---

Figure 12 Design curves of unloaded quality fafdor
the combline resonator.
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Coupling coefficients and external quality factofghe

Coupling coefficiert, k
o
|_\
N

resonators are computed as described ink@)=0.051, Q “-+9 i* o T
ko3 =0.079, kys =0.145, Q; =1871, Q, = 611 A full- 01—
wave EM simulator is utilized to extrac® (Figures 13 0.08 ---- E””T
and 14) andk (Figures 15 and 16). 0.06--------+

The initial dimensions of the hairpin filter (Figu®), 0.0 l l

01 02 03 04 05 06 0.7
d [mm]

Figure 15 Design curve of coupling coefficient foe
hairpin-line bandpass filter.

according to the design curves shown in FigureariB15,
follow: d;, =03mm, d,;=068mm, ds, =043mm,

d,s = 015mm, dgg = 006mm, for the equal resonator

widths, w=105mm, d, =175mm, and for the equal
The photographs of the fabricated filters and layou

feed line widthsw; = wg =w, = 015mm. . S . .
o i . . . resulting from the optimization design are shown in
The initial dimensions of the combline filter (Figul0), Figure 17 and 18

according to the design curves shown in Figurearii16, The
follow: d;, =07mm, d,3=04mm, ds, =01mm, for

the equal resonator widthsy = 2.2 mm. The tapped lines

hairpin  filter dimensions are (Figure 9):
w =03mm, w, =1mm, wy=115mm, w, =11mm,

wg = 06mm, Wg = 0.2mm, d;, = 02mm,
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d,3 = 065mm, ds, = 05mm, d,s=02mm, resonator dimensions as line width or spacing bertvieo
dge = 015mm | =2285mm lo = 05mm arms of the hairpin resonator.
The fabricated hairpin and combline filter havetfnt

_ _ _ _ _ of  025hgx017%g  (22.85mmx15.45mm) and
The combline filter dimensions are (Figure 10):

w = 21mm, w, =21mm, w; =21mm, w, =18 mm,
d,, = 055mm, d,s = 025mm, dy, = 005mm, Ag is the guided wavelength of &0Q line on the

| =57mm, lp=2mm, lgq =3mm, I, =235mm substrate at the center frequency.
The filters are measured using an Agilent E5062A

network analyzer. The structures have been enclaitd
the aluminum housing to eliminate the problem efing
connectors”. Radiated coupling tends to be domihate

dg =16 mm, Wspo =11mm.

01hyx024r, (9mmx22.4mm) respectively, where

lis = 505mm, W5 =1.1mm.
0.2

0.175 . . L
X cable emissions, rather than by direct radiati@mfithe
% 0.13 PCB, so a well-shielded enclosure minimizes “leakanf
'S 0.125 the energy from the electromagnetic field and hence
S 01 reduces conducted emissions.
S ' The simulated and measured response of the hairpin
&0.073 filter is shown in Figures 19 and 20 and for thenbtine
S 0.05 filter in Figures 21 and 22. Measured results have
3 validated the theoretical analysis well.
O 0.025
0 0 '
o DS
-10
Figure 16 Design curve of coupling coefficient foe / \I \
combline bandpass filter. 20 i,
—S_ . [dB] Experiment / ' \
= 11 u \
| ' -30—S,, [dB] Experiment
.S, [dB] EM
400 \
1L -8, [dB] EM
i 50 ' ' - N\
m |I|I|||||l|ll|l||l|l|l|lll B O 05 1 15 2 25 3
2 1 0 f[GHZ]

Figure 17 Photograph and layout of the hairpirfilt Figure 19 Scattering parameters: EM simulation and

experiment for the hairpin-line bandpass filter.

—Experiment

0 1 2
Figure 18 Photograph and layout of the comblirterfil

The both structures are housed in a metal box ad 1
distance between the top cover and dielectrignsm .

Joint optimization of the insertion loss and théume
loss in the passband, the rejection in the stopband
time-domain sidelobes, has been performed to aehis
desired specification in both frequency and timendim. :
The optimization error function (objective) is comed as -100; 10 20 30 40 50
the difference of theLC bandpass response and the t [ns]
realized structure response. First, the frequeespanse Figure 20 Relative loss of EM simulation and exmpenit
has been optimized to refine the initial insertloas and for the hairpin-line bandpass filte’{ =38dB,
return loss. Next, the relative loss has been aptith _ _ _ _
jointly with the frequency response, to achieveditelobe A = T1B, tya = 43318, 1, =15n8, 1, =23.5nS).
suppression more thaBOdB down the main lobe. The The hairpin filter has an insertion loss 2fdB at the

spurious sidelobe between the main lobe and trs ficenter frequency 198GHz) due to the conductor and

sidelobe has been suppressed by slightly differetifelectric losses. The conductor losses dominatee T
resonators widths. The passband insertion loss asflperimental curve has an asymmetric sidelobe aroun
footprint area have been minimized by optimizatdrthe  t, = 24.5ns, which is caused by the fabrication deviation

A(?), Relative loss [dB]
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of the hairpin filter and its housing. hairpin filter has had the minimal insertion loss the
The combline filter has an insertion loss 84 dB at passband and the minimal deviation from the spetifi

the center frequency187GHz) due to the conductor, center frequency.

dielectric losses, losses of SMD capacitors, argbds | Jomt t(:}ptlmlzatgon (;)f tt:e |n.sertt-|0n _Iostsh an(: thbeum:
caused by the fabrication of vias. The losses ofDSM qgsllrl; € passban ’h € l;ejec 'on f'n edséop al IT‘
capacitors dominate. The center frequency deviaison SIO€lobe suppression, has been periormed 1o actneve

caused by the tolerance of SMD capacitance 025pF. deswe'd specification in both frequency and “.m"""'."":
. o The filter layout has been kept compact with mirdima
The experimental curve has symmetric sidelobes. footprint and the coupling has been held underront

0 : ; Designed methodology has been presented and \elidat
; ; by EM simulation. Filters have been fabricated, soeed,
10 - L o VA and the experimental results are in good agreemviht
! ! LV the theoretical and simulation results. Our futtesearch
| | ,‘ directives might be towards the design of similiterfs
-20 s, [dB] Experimentt ~ | *”*-.‘ ************ with transmission zeros.

—S,, [dB] Experimen .,‘
-30/—-S,,[dBIEM |- /i |
S, [c{B] EM
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