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THE METHOD OF LUMPED ELEMENT BANDPASS FILTER DESIGN FOR HIGH
FREQUENCY RADIO RECEIVERS

METO/J NPOEKTYBAHHA CMYTI'OBOI'O ®LJIbTPY HA EJIEMEHTAX )
3 30CEPE/KEHUMMU TAPAMETPAMM JIUIAA PAJIOITPUNMAJIBHUX ITPUCTPOIB
KOPOTKOXBUWJIBOBOI'O AIAITAZOHY YACTOT

The most effective approach to design bandpass filters in the short-wave frequency band consists
of the creation of a low-frequency prototype filter with a specified cutoff frequency with its subsequent re-
calculation to bandpass filter, while the orders of the prototype filter and the target filter coincide. The use
of impedance inverters in the filter design procedure allows achieving the desired efficiency of the filter
circuit using convenient values of physical lumped elements and the most effective circuit topology.

This paper considers a step-by-step procedure for designing a filter circuit based on a normal-
ized prototype filter. Achieving practically implemented values of the filter element parameters is en-
sured by using parallel LC circuits and impedance inverter circuits. Greater efficiency in implementa-
tion is ensured by converting parallel and serial links of the circuit using Kirchhoff's laws. Optimal
topologies of electrical filters are presented and their mathematical modeling is carried out.

This work presents an approach to synthesizing bandpass filters for high frequency band radio
receivers on lumped elements based on a table of normalized filters. According to the presented ap-
proach, a 5th and 7th order bandpass filter circuits were calculated and built. To verify the correct-
ness of the presented approach, the frequency response of the presented filters was modeled at the 14
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MHz frequency band and its mathematical study was conducted. The obtained results confirm the
effectiveness of the presented methodology for designing bandpass filters.
Keywords: bandpass filter; impedance inverter; lumped elements; short waves.

OonuM i3 OCHOBHUX NOKA3HUKIG SAKOCMI PAOIONPULLMATLHO20 NPUCMPOIO € U020 30AMHICHb
BUOINAMU KOPUCHULL CUSHATL 8 YMOBAX HAABHOCHI padio 3a8a0 pi3Hoi nomyxicHocmi ma wacmomu. /s
3abe3neuenns yici QynKyii 6 cxemax padionpuliMaibHux NPUCMPOI8 8 AKOCMI 6XIOHUX KIl YaACmo 8U-
KOPUCMOBYIOMb NACUBHI eleKmpuyHi (inompu. Takum 4unom, npodrema npoexmy8anHs e1eKmpuiHux
Qinempie € oOHi€0 3 HAUAKMYANbHIWUX 300ay Y edny3i padiomexHiku. Boonouac, uepes cgow ckiao-
Hicmb, supiuenns yiei npobiemu He Mae €OUHO20 YHIBEPCAIbLHO20 NIOX00Y, d pO3pPOOKA e(heKmusHo20
MemOoAJy NPOEKMYBAHHS eeKMPUYHUX DITbIMPIE € AKMYATbHOIO HAYKOBO-MEXHIYHOIO 3a0aYeio.

Haitlegpexmusniwuii nioxio 00 npoexmyeants cmy2o8ux Qinbmpie y cmy3i KOpOMKOXEUIbOGUX
YACMOm NOJIAI2A€ Y CIMBOPEHHI HU3LKOYACHMOMHO20 NPOMOMuUny Qintbmpa 3 negHow 4acmomoio 3pizy 3
ROOAIbLUWUM 11020 NEePEePAXYHKOM Y CMY208ull (inbmp, npu yboMy HOPAOKU NPOMOMuUny Qitbmpa ma
Yinbogozo pinempa 30icaromucsa. Cam HU3LKOYACMOMHUL NPOMOMUN PO3PAXOBYEMBCSA 3d ICHYIOUUMU
MabauYaMU HOpMAanizo8anux ¢irempie. BuxopucmauHs iHeepmopie iMnedaucy npu npoeKmy8aHHI
cxem @inbmpis 0036014€ docaemu 0ax)canoi epexmusHocmi cxemu 5K 3a 6eIUUUHON NAPAMEMPI8
DeaKmueHux enemenmie, max i 3a 3a2aibHOI0 MONON02IEI0 CXeMU.

Y pobomi posensanymo memoouxy po3apaxyHKy cmy2o8ux Qiiempis Ha eieMeHmax 3 30cepeodice-
Humu napamempamu. Ilokazano noemanty npoyedypy ApOeKmy8auHs cxemu (itbmpy, 8 OCHO8I AKOI
JIeACUb HOPMATI308aHUll Pitbmp-npomomun. JJocCAeHeHHs. NPAKMUYHO peaniz08anHux 3HAYeHb napame-
mpie enemenmis pinompy 3abesneuyemvcs eukopucmannam napaienvhux LC-konmypie ma cxem ingep-
mopig imnedancis. binbuwia egpexmusnicmo 8 peanizayii 3a6e3nedyemvca WISIXOM NepemeopeHHs napa-
JIeTbHUX [ HOCTIO0BHUX TAHOK cXeMu 3a 00nomo2oio 3akoHie Kipxeogha. Hagedeno onmumanvii monono-
2ii enexmpuyHux Qinbmpie i npoeedeHo ix mamemamuure mooenosanus. Ompumari pesyromamu niom-
8epPOACYIOMb eheKMUBHICIb NPEeOCMABIEHOT MEMOOUKU NPOEKMYBAHHS CMY208UX (inbmpis.

Knrouogi cnosa: cmyeosuii pinemp, ineepmop iMneOarcis, 30cepeOiCceti efleMenmu, KOPOmKi XUl

Problem’s Formulation

One of the main performance parameter of a radio receiving device is its ability to isolate an
informational signal in the presence of radio interference of various power and frequency. To ensure
this function, passive electrical filters are often used as input circuits in the topology of radio receiving
devices. The physical implementation of such filters depends primarily on the radio receiver operating
frequency [1]. Thus, for the high and very high frequency bands the most effective approach is to use
limped element filters, which allow achieving a good tradeoff between filter dimensions and its per-
formance. Therefore, the problem of electrical filters design is one of the most urgent problems in the
field of radio engineering [2]. At the same time, the solution of this problem does not have a universal
approach due to its complexity and a great variety of physical implementations of filters. The proce-
dure for implementing a frequency filter depends on many conditions, namely: the receiver operating
frequency range, its topology and the type of signals with which the receiver works [3].

Thus, the development of an effective approach for designing electrical filters is of great sci-
entific and technical problem.

Analysis of recent research and publications

The performance of the radio receiver front-end mainly depends on the preliminary filtering of
input signals [1]. Therefore, the problem of designing effective frequency-selective devices is one of
the most important in the design of telecommunication devices [2], [3]. The distinguish features of
such devices significantly depends on the operating frequency range, which is associated with the
physical properties of the elements that provide frequency selection [4].

In the millimeter frequency bands, various waveguide devices show the most effective per-
formance. In [5], a comprehensive review of the design methods for waveguide filters is presented, the
coupling matrix method for filter topology synthesis is considered. The main approach, as shown, is to
use a low-pass filter prototype with its subsequent transition to a waveguide band pass filter. The
methods of dielectric resonators and irises in waveguides are considered.
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In work of [6], the use of the equivalent circuit method for the design of circular waveguide
band pass filters is shown. The authors give a representation of waveguide discontinuities by capaci-
tors and inductors. As an example a circular waveguide filter with TMO1 mode is considered. The
effectiveness of the proposed approach is verified by simulation and experimental results.

At lower frequency bands the resonant circuits can be implemented using transmission lines of
specific lengths. In work of [7] the mictrostip multiband filter is designed for 6—10 GHz frequency
band. In [8] a 5" order mictrostrip wideband band pass filter is designed for 2.5 GHz central frequen-
cy. The impedance invertors are implemented using half wavelength microstrip transmission lines. In
work of [9] the coupling matrix method is used for designing a tunable microstrip balanced band pass
filter for 1.36 and 1.9 GHz frequency bands.

In the high frequency range lumped elements are the main building blocks of frequency filters.
In work of [10] a design procedure of a wideband bandpass filter with the frequency range of
1.5—30 MHZz is represented. The filter is a series combination of low-pass and high-pass filters.

In [11], a design method of a broadband filter based on lumped elements, which provides a
high level of power transfer, is shown. Norton transforms were used to synthesize the filter circuit,
which allowed obtaining convenient values of the filter elements and matching the input impedances.

Thus, the most effective approach to designing bandpass filters in the high frequency range is
to create a low-frequency prototype filter with a specified cutoff frequency and then recalculate it into
a bandpass filter, with the orders of the prototype filter and the target filter coinciding. The prototype
filter itself is calculated according to existing tables of normalized filters. The use of impedance in-
verters in the filter circuits allows to achieve the desired efficiency of the filter circuit with respect to
both the values of the parameters of the reactive elements and the general topology of the circuit.

Formulation of the study purpose

The bandpass filter design procedure in the high and ultrahigh frequency bands calls for
lumped elements as frequency-selective components. At the same time, the efficiency of such filters
depends significantly on the correspondence of real values of element capacitance or inductance to
their calculated values. It is obvious that a physical circuit element have a certain deviation of its real
parameters from the nominal value. It is obvious that the calculated values of the filter element param-
eters may not coincide with nominal values of the electronic component. In addition, physical elec-
tronic component always has some parasitic parameters. Thus, the purpose of this work is to imple-
ment the specified frequency characteristics of the filter using passive components with standardized
values of their nominal parameters.

Presenting main material

The most effective approach to determine the element values for the specifies filter is to use
standardized tables of normalized filters [4]. These values can be further recalculated to an element
inductance or capacitance values for a specified operating frequency band. However, direct use of
such filter tables often leads to unreal values of the physical parameters of lumped elements. In addi-
tion, the physical implementation of the designed filter requires the use of both parallel and series LC-
tank circuits, which complicates the final tuning of the filter. To overcome these shortcomings, it is
proposed the use of matching transformers and impedance inverters based on L- and II-shaped
circuits.

Consider the step-by-step procedure for designing a bandpass filter that operates as a bandpass
input filter for a shortwave radio receiver. The passband of the filter is from 14 MHz to 14.350 MHz,
the frequency response of the filter corresponds to the Chebyshev response with a 3 dB ripple. As an
example the 3- and 5-order filters are considered. Table 1 shows the values of the normalized coeffi-
cients of the low-pass filters prototype for the specified frequency response.

The first step is to calculate the values of capacitance and inductance for a corresponding low

pass prototype filter element using following equations:

9n
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Here, L, and C, are the parameter value for a corresponding filter element, g, is the coefficient
value from tabl. 1, R is the input and output filter impedance, Aw is the cutoff frequency of a prototype
and the bandwidth of a bandpass filter. Fig. 1 shows the correspondence between filter elements with
different topologies and coefficient values from tabl. 1.

Table 1. The normalized coefficients for N-order Chebyschev response filter with 3 dB ripple

N 01 02 U3 04 Js Js 07 Js
3 3.3487 0.7117 3.3487 1.0000 — — — —
4 3.4289 0.7483 4.3471 0.5920 5.8095 — — —
5 3.4817 0.7618 45381 0.7618 3.4817 1.0000 — —
6 3.5045 0.7685 4.6061 0.7929 44641 0.6033 5.8095 —
7 3.5182 0.7723 4.6386 0.8039 4.6386 0.7723 3.5182 1.0000
Ry=gp=1 Ly=ga
Y Y Y L i i
TCG=& T G=g Brei
(@)
Li=g Li=g
T 2 2 i ———
Gﬂ=30=1 TCZ:S: : En+l
(b)

Fig. 1. Low pass prototype filter with (a) TT-topology and (b) T-topology

The second step is to add a parallel or series element with inverse impedance to each element
of the calculated low-pass prototype filter. Thus, the single parallel or series element of filter prototype
is converted to a corresponding parallel or series LC-resonance circuit. The values of these additional
components are calculated using Thomson formula:

1 1
@ =yoL o5 Laddn=——> Caddn=—F5— )
-Ch ag - Ly
Here oL and on are the lower and upper cutoff frequency of a band pass filter, Laddn and Caddn
are the parameter values for a corresponding additional element.
Fig. 2 shows the topology of a band pass filter converted from a low pass prototype filter.

@ ..... S Li ........... @
= '_|_51E'|::-F"'I|JH""45mH Z1h8M :_|_519|:-F"1UH""

Fig. 2. The band pass filter topology obtained from a low pass prototype filter
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Fig. 2 shows that the series LC-circuit appeared as a result of the filter conversion has incon-
venient values of element parameters for physical implementation. To overcome such feature it is nec-
essary to use an impedance inverter. Different topologies of impedance inverters are shown in Fig. 3.

m R a .l e u I L2
I I L1 L2 ' L :I: c1
] ]

(b) (©) (d)

Fig. 3. Low pass (a), high pass (b) II-type and high pass (c), low pass (d) T-type impedance
inverters

It should be noted that at the center frequency o the absolute values of the element impedanc-
es of all elements are equal, and can be calculated by following expressions:

1
=X = X n=1,3,5...
Ppar C, C,
pser:XLn:a)OLn; n=2,4,6... (3)

X; 1
X: = | i Ly =—W Co = )
inv Pser Ppar inv o inv @0 Ximy

Here pser, ppar are the characteristic impedances of a series and a parallel LC-tank at the fre-
guency of wo, Xinv, Xcn, XLn are the absolute values of impedances of the inverter, the parallel capacitor
Cn and the series inductance Ln at the frequency of wo, Linv and Ciny are the values of the inverter in-
ductances and capacitances.

The third step is to implement the calculated impedance inverter to a filter structure. All in-
verter topologies shown on fig. 3 are equivalent and can be chosen according to the desired final to-
pology of a band pass filter. In this work the circuit in fig. 3 (b) is used to design a filter topology with
minimum number of inductances.

The final step is to design a matching circuit. In order to obtain a physically adequate values of
lumped element parameters it is necessary to chose the value of R in (1) within the range of 10°—
10* Q. The standard value of input and output impedances is 50 Q. Therefore, a using of matching
circuits in a filter topology is required. The simple L-type matching circuit is shown in fig. 4 (a). Such
topology allows combining the matching inductance with a filter inductance and designing a filter with
minimum number of inductive elements. Fig. 4 (b) shows a Smith chart with a depicted principle of

50 L1 1000

Fig. 4. L-type matching circuit (a) and its operating principle (b)
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impedance matching with an L-circuit. In this case the higher impedance (the filter) is connected in
parallel to matching inductance and 50 Q source or load is connected to a series capacitance as shown
in fig. 4 (a). The parallel inductance lowers real part of filter impedance and series capacitance com-
pensates the inductive part of obtained complex impedance as it shown on fig. 4 (b).

The element parameters of matching circuit shown in fig. 4(a) can be obtained using the next
expressions:

R R
X =Ry, |2-1 X¢=——t=. 4)
R, R, .
Ry

Here X, Xc are impedance values of L; and C; at the frequency wo.

According to a described sequence consider a design procedure of a bandpass filter for a
14—14.350 MHz frequency band for 3™ order Chebyschev response and 3 dB ripple. Prototype filter
coefficients from tabl. 1 are:

g1 =3.3487; g, =0.7117; g3 =3.3487.

The initial element values of the low pass prototype filter can be calculated according to (1). It
should be noted that the value of R needs to be corrected in order to achieve required values of parallel
capacitances. For this example the value of R is chosen equal to 2986 Q, that provide the parallel ca-
pacitance values of 510 pF. The obtained prototype filter topology and its frequency response are
shown in fig. 5. The mathematical modeling of a filter frequency response is performed using
RFSimm99 software. Fig. 5(b) shows a frequency response of a low pass filter with cutoff frequency
of 350 kHz by level —3 dB.

288BkR oo 2086k
D e SRS 2
= -_|_51nuF o -ﬂﬂ% """ -_i_51nuF =
ZﬁﬁﬁﬁﬁZZ—AI—Q%.—E%ZZ..'...ﬁﬁﬁﬁﬁil—+2%.—2%ﬁﬁﬁﬁﬁﬁﬁ
(a)
0
-5
521
(dB)
-45
0 01 frequency,_MHZ 09
(6)

Fig. 5. The prototype filter topology (a) and its frequency response (b)
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According to (2) add to a filter circuit the elements with inverse impedance as shown in fig. 2.
The initial band pass filter topology is shown in fig. 6 (a) and its frequency response is depicted in
fig. 6 (b). The values of the impedance inverter elements can be obtained using equations (3). There-
fore pser = 86061 Q is a characteristic impedance of a series LC-tank and ppar = 22.019 Om is an im-
pedance of a parallel LC-tank at a frequency wo= 14.174 MHz, that are already exist in a filter circuit
(fig. 6 (a)). Than:

Xiny =[Pser Ppar =1376.6%  Lip, =15.46uH; Cin, =8.16pF .

2R 2936
0 nanh RE— l ....... SNAARoN | IR SE S -
= . DR I E'1I:|DF . - +E% _Eiﬁ +2% _2%l5'1DDF D = .
...... 24THH h o +2%I_2%. . - - . (] o +2%._2% 24THH . . - . . . .
S [.._..::::::::::::: I
()
0._ =

821 | \ i
® " _

/ A\

135 frequency, MHZ 155

(b)
Fig. 6. Bandpass filter topology (a) and its frequency response (b)

Therefore, the impedance inverters are placed before and after the series LC-tank which is re-
placed by parallel circuit with 510 pF capacitor and 247 nH inductance. Hence, the band pass filter
circuit now consists of three identical LC-tanks. The topology of the filter circuit is shown in fig. 7. It
is obvious that in this step the inductances connected in parallel can be replaced with a single induct-
ance and the filter circuit can be simplified as shown in fig. 8.

DRBEKR - - - - - e
N R R R
. _|_ ..... E.%DF' T _i_ ..... EMEF ..... _i_
.| ... S100F - | S | | S100F - | Sontne |
I 2o on, 2% LA 2% 2% ) =
$247H 31546uH }15.46uH _247nH - $1546uH _115.46uH -
CLfe506-5% 1 0 0 00 459 595 5% 5% {+5% 501 0 ! +5%,-5% { +5%,-5% °

Fig. 7. Bandpass filter topology with impedance inverter circuits
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Fig. 8. Bandpass filter topology with all-parallel LC-tanks

The values of L-type matching circuit elements for 50 Q input impedance can be calculated

using equations (4). Than:
X =50 @—1 ~390Q); Xc _ﬂz%%}
\ 50 [2986
50

Recalculate these values to capacitance and inductance at the frequency wo which gives
Limatch = 4.37 wH Crmach = 29.3 pF. Combining the matching inductance with filter one allows to obtain
the final topology of the bandpass filter, as shown in fig. 9. The main feature of the designed filter
topology is the use of similar capacitors in parallel branches. Also, values of inductances differ from
each other less than 5 %. Such approach simplifies significantly manufacturing and tuning of band pass
filter.

Puc. 9. The bandpass filter topology for frequency band 14.0—14.35 MHz with 50 Q
input/output impedance

Fig. 10 (a) shows the designed filter topology with lumped elements which parameters corre-
spond to E24 value series. Therefore, input capacitors takes value of 30 pF and series ones are equal to
8.2 pF. Frequency response of such filter is shown in fig. 10 (b). The comparison of fig. 6 and
fig. 10 (b) shows that the parameter variations of series capacitors do not effect significantly on an
overall frequency response.

The proposed approach allows designing band pass filters of higher order. Fig. 11 (a) shows
the topology of a 5" order Chebyschev filter with 3dB ripple. During the design procedure the value of
a filter impedance R is chosen equal to 3104 Q, which allows using a capacitor with capacitance value
of 510 pF. The impedance inverters are calculated in order to achieve the maximum number of similar
capacitors in the filter circuit. A single capacitor with non standard value of 665 pF, can be combined
using two standard values of 620 pF and 43 pF or 47 pF.

Fig. 11 (b) shows the frequency response of the designed filter obtained using RFSimm99
software. It can be seen that the proposed approach in filter design allows to obtain acceptable result
with high variability of lumped element values.
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138 frequency, MHZ 15.5
(b)

Fig. 10. The band pass filter topology with E24 lumped elements (a) and its frequency
response (0)
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Fig. 11. The 5" order filter topology with standard values of lumped element (a) and its
frequency response (b)
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Conclusions

The paper presents a bandpass filter design method for shortwave radio receivers with lumped
elements. The design procedure is based on tables of normalized filters. The use of impedance invert-
ers and matching circuits allows achieving high adaptability of the presented filter design method to
various conditions of filter implementation. The presented method allows calculating the values of
filter elements for a wide range of input and outputting impedances. In addition, it allows to take into
account physical features of the filter. Based on the presented method, bandpass filter circuits with
fixed frequencies for operation in amateur shortwave frequency ranges were calculated and construct-
ed. To verify the correctness of the presented method, the frequency response of the presented filters
was simulated for the 14 MHz range and its mathematical study was conducted. The results obtained
confirm the effectiveness of the presented method for designing bandpass filters.
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