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1 | INTRODUCTION

Low pass (LP) filter design is well elaborated in the filter litera-
ture. A well-known transfer function-based method such as
Chebyshev, Elliptical, Bessel etc. can be incorporated to design
and synthesize filter network [1, 2]. The performance of the filter
depends on the chosen transfer function and several input pa-
rameters such as degree of the filter, ripple level. However, the
given filter performance might not satisfy the design requisites.

Besides of these methods, the front-end or back-end
impedance or admittance of a LP lossless two-port network
can be written in parametric form by setting the locations of
transmission zeros and assigning the coefficients of the de-
nominator polynomial. This provides a certain degree of
freedom [3] to shape filter performance as it allows setting the
location of transmission zeros, the degree of the network
function, transfer characteristics, etc. Once the Brune function
is determined, the filter network is synthesized by using lum-
ped inductors and capacitors in series/shunt configuration [4,
5], which is called ladder realization.

Transmission zero at DC (Direct Current) is synthesized as a
series inductor or a shunt capacitor. Furthermore, each trans-
mission zero at infinity is synthesized as shunt inductor and se-
ries capacitor [4—0]. The finite transmission zeros are synthesized
as series/shunt resonator sections with partial cascading
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A new method to design transformer-free low pass (LP) ladder network with improved
stop-band suppression performance is introduced. The parametric representation of
back-end impedance of LP filter network is established with minimum impedance part
and a Foster reactance part. The constructed impedance function is optimized by using
real frequency technique. It has been shown that the proposed method provides LP filters
which have superior stop-band suppression in comparison with classical transfer func-
tion-based filters with same complexity. The synthesis of the LP filter is obtained with the
proposed element extraction procedure and resulted with fully realizable network ele-
ments in ladder form. An LP filter design and application by employing the proposed
technique is provided. The measurement results of the prototyped filter are presented.

elements. One of the well-known topology is known as Brune
section [5]. However, one of cascading element in Brune section
always results with negative value, which is unrealizable.

In literature, several methods have been presented to
eliminate these negative elements [6—8]. In one of the study [8],
the driving point impedance of lossless two-port is constructed
with a novel approach. It is represented with a Foster reactance
part and a minimum impedance part and named as non-min-
imum impedance function. In this study, the well-known real
frequency technique (RFT) are used to optimize the con-
structed impedance over the desired band of interest.

This method is re-visited and investigated its benefits on gain
performance of a filter network. Using RFT with the proposed
procedure, provides better convergence in optimization to in-
crease suppression level at stop band and decrease the insertion
loss level at pass band. Besides using transfer function based
filters, this method provides a semi-analytical design procedure,
which includes optimization routine and produces better filter
characteristics than the classical transfer function-based filters.
Due to the nature of the presented procedure, a degenerative
gain response is expected. Here, it has been presented that this
effect provides a supetior stop-band suppression in comparison
with transfer function-based filters with identical complexities.
An LP filter design and its implementation results are presented
to validate the proposed effect of this technique.
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2 | PARAMETRIC REPRESENTATION
OF NON-MINIMUM DRIVING-POINT
IMPEDANCE

Consider the lossless two-port in Figure 1. The back-end
driving point impedance Z(p)can be represented with mini-
mum part and Foster reactance part as in (1).

n(p)

Z(p) = a0)

=Zr(p) + Zuwin(p) (1)

Foster reactance part is given in general form as [3]

Zp(p) =

oop+ Zp o (2)

where kg, is the residue of the pole at infinity, £ is the residue
of the pole at zero and k; is the residues at the complex
conjugate poles located at p = jw;. All the residues ke, £y and
k; must be real and non-negative [3].

The minimum impedance part which is also known as the
positive real function or Brune function, is represented as (3)

alp) apt +appF o ap +oag

Zmin =77 N
®) blp) bpt+b_pt +. +bp+ b

(3)

whose all poles must be placed at the left-hand plane and
corresponding residues have to be positive [7]. The even part
of the minimum impedance Z min (p) is:

E(p)

RO =30m(=p)

(4)

where roots of the F(p) polynomial represent the transmission
zeros of the lossless two-port network. This polynomial is
given in general form as:

F(p) = aX(=1)"p" H (* +w?)’ (5)

where 4y is real arbitrary constant, ndc and 7, are the number
of the transmission zeros at DC and at finite frequencies,
respectively. The w; is the location of the finite transmission
zeros. The denominator of the even part in (4) can be repre-

sented as:
1Q
B Lossless two 7L
% port
Z(p) =n(p)/d(p)
FIGURE 1 Lossless two-port network

bp)b(=p) = (c(p)” + c(=p)*); n=deg(b(p))  (6)

1
2
where ¢(p) is and arbitrary polynomial and 7 is the degree of
b(p) polynomial. The following relation is held between 7, ndc
and 7, as:

n = ndc + 2n, + ne (7)

where the 74 represents the number of transmission zeros at
infinity. Therefore, the minimum part impedance is explicitly
defined in terms of transmission zeros and coefficients of ¢(p)
polynomial.

If the Foster part is composed of only a serial inductor
whose inductance value is equal to L = ke then the first term
of (2) will be enough to represent the Foster reactance part.
Therefore, the back-end driving point impedance in (1) is
simplified as

_np) _ a(p) _ pkeb(p) +alp)
20=Gp) ==t 3= bip)
o ”nPn + nn—lpn_1 + -+ nip + ny
Cdpp” + dpap + -+ dip+dy

(8)

A transducer power gain (TPG) function can be deter-
mined in terms of real and imaginary part impedances of the
load network and back-end impedance of the lossless two-port
in Figure 1 as

4R¢ (w)RL (w)

TPGE) = Ry w) + Rolw)) + (Xu(w) + Xo(@))

©)

In RFT procedure, the coefficients of the ¢(p) polynomial
are randomly initiated and by employing an optimization
routine, these coefficients are iterated. In each cycle of the
iteration, Z(p) impedance is generated and TPG(w) is calcu-
lated. Here, we fix the Foster part reactance and keep out the
optimization routine. The following objective function is
chosen to be minimized.

Ny
8(w) = > (TPG(w;) -

=1

To(wi)) (10)

whete N, the number of breaking point frequencies and
To(w)is target TPG level.

The output of the optimization is the coefficients of ¢(p)
using the optimized
substituting (4) to (6), the optimized Z;»(p) is determined
then the back-end driving point impedance Z(p) in (8) is
achieved.

polynomial. By coefficients and

The resultant impedance is synthesized with a prescribed
element extraction procedure, which is presented in the
following section.
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DRIVING POINT IMPEDANCE ki

The determined impedance is synthesized with the zero- Lot e = %
shifting extraction routine with a certain order. The topology "[Cb] '[Cbz

of the network is initially determined by the F(p) polynomial in ——

(5). The number of transmission zeros and their locations are
assigned by the designer.

Therefore, each transmission zero at DC is extracted
as a Each finite
transmission zero is extracted as a Brune section [7, 8] as

series capacitor or shunt inductor.
illustrated in Figure 2. The remaining transmission zeros
in infinity are extracted as shunt capacitor and series
inductor.

One of those two L, and L. inductors always result
with negative value. To eliminate the negative inductors
of Brune section, there is a special order for extraction
of transmission zeros. The synthesis starts with
extracting Foster reactance part by using the following

relation:

The remainder minimum part impedance is generated as:

Zoin(p) = %:%&md@ )

The minimum part of the impedance is suitable for Brune
section extraction. Therefore, at the second step of the syn-
thesis procedure, all finite transmission zeros are extracted in
cascaded manner. Brune section extraction from impedance is
well-known in literature. The details can be found at [5]. In
further steps, the transmission zeros at DC and infinity are
extracted, respectively [4].

The outlined extraction procedure will lead a circuit to-
pology as illustrated in Figure 3.

In this network topology, the negative and positive in-
ductors at series arm of adjacent Brune sections are summed
up. The first negative inductor L,; is eliminated by summing
with Liys. The final network will be composed of all positive
realizable network elements.

The outlined semi-analytical approach has a certain
ambiguity in the elimination of all negative elements. This
method let us to define the value of the first inductor L.

La Iic
Lb

Cb

FIGURE 2 Brune section

FIGURE 3 Synthesis result of the non-minimum impedance

The values of the remaining elements of the network are
determined with the classical synthesis routine. Therefore,
the value of L, should be set as to get positive value after
summation with L,. The results of the
remaining adjacent inductors at series arm may result

summation

with positive value. Therefore, by using trail error adjust-
ment it is possible to eliminate all negative inductors. As
our practical observations show that the Foster reactance
part of back-end should be bigger than
the summation of negative inductors of Brune sections
(e, Lint>|Lyy + L + --+|) Therefore, the Foster part
should be kept at a relatively small value, after which it

impedance

should be adjusted until the elimination of each negative
inductor occurs with satisfying TPG response.

4 | LOW PASS FILTER DESIGN WITH
THE PROPOSED APPROACH

The outlined design procedure is easily implemented for LP
filter applications. The back-end driving point impedance of an
LP filter network can be determined by using the parametric
design step in (1) to (10). The transmission zeros of any LP
netwotk must be placed at infinity and/or finite frequencies.
Therefore, the F(p) polynomial is obtained as:

F(») :aglj (7 +w?)? (13)

After this definition, the coefficients of ¢(p) polynomial are
initiated. For transformer-free design, the 4y parameter is set as

ang — 1/’(1)12 (14)

Here, the Foster reactance part of the impedance is defined
as a single inductor. Since the load network of filter is a unity
resistor then the TPG function in (9) is modified as

TPG(w) = R (w) (15)
(14 Ro(w))” + (Xo(w))?

By using RFT optimization routine, which is summa-
rized in Section 2, the back-end driving point impedance of
a LP filter is achieved with respect to the desired TPG
level.
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5 | EXAMINATION OF STOP-BAND
SUPPRESSION OF THE GENERATED
FILTER

The introduced design approach has certain benefits in LP
filter design. Starting with the degenerative driving point
impedance provides a better convergence in optimization. The
Foster reactance part of the driving point impedance provides
superior stop band suppression in accordance with transfer
function-based LP filters. The following example is given to
support this claim.

In the first example, a sixth-degree driving point imped-
ance is generated with the outlined design procedure in Sec-
tions 2—4. The performance of the filter is compared with
elliptical filter. The complexity of the both filter is chosen
identical. The finite transmission zeros of both filter are chosen
as w1 = 1.0794, w, = 1.2403, and w3 = 2.7163. The elliptical
filter is generated with Matlab built-in function ellipap [9]. The
input of the ellipap function is n =06, Rp=0.3, Rs=30,
whete 7 is the degtee of the filter, Rp and Rs are the ripple in
pass-band and stop-band. The TPG responses of the filters are
given in Figure 4. The synthesis of the filter is obtained with
the presented synthesis procedure and it is given in Figure 5.

As seen in Figure 4, the stop-band suppression of the
proposed filter has better performance than classical elliptical
filter. The filter network is also synthesized following the
synthesis steps in Section 3. It can be seen that summation of
values of the cascading inductors at the series arm results with
all positive values.

In second example, the eighth-degree driving point
impedance was generated and optimized with the proposed
approach. The finite transmission zeros are placed at
wy = 1.0477, w, = 1.1025 , w3 = 1.3531, and w4 = 3.2232.
The input parameters of ellipap filter generator function are
chosen as 7 =8, Rp=0.2, Rs =40. The TPG responses of
the filters are given in Figure 6. The synthesis of the filter is

—Proposed filter
20t - - -Elliptical filter|

TPG [dB]

-100 f

-120 ‘ :
0 1 2 3 4 5 6
Normalized Frequency (w)

FIGURE 4 Transducer power gain of filters in sixth degtree

L1 L2 LS L6 L9 L10 L13
L3 L7 L1
c4 cs c12 ” R14
L1= 14,3239 nH L5= 13.1621 nH L9= 11.3462 nH L13= 3.3355 nH
L2=-6.86942 nH L6= -3.43464 nH L10= -603.445 pH R14=50Q
L3= 14.3684 nH L7=4.92571 nH L11=736.731 pH
C4=1.51312 pF C8=3.34265 pF C12=4.65973 pF

FIGURE 5 Synthesis result of the designed sixth-degree filter

T

—Pfoposed filter

-20 - - -Elliptical filter
-40
% -60
£ 50
& -
-100
-120
-140 : ‘
0 1 2 3 -+ 5 6
Normalized Frequency (w)
FIGURE 6 Transducer power gain of filters in eighth degree

obtained using the presented synthesis procedure and it is
given in Figure 7.

Increasing the number of complexity and also changing the
design parameters of the elliptical filter does not change the
result. The proposed filter has a better suppression charac-
teristic at the stop band. The synthesis result shows this filter
can be realizable since cascading positive and negative in-
ductors results in positive values.

6 | LOW PASS FILTER DESIGN AND
IMPLEMENTATION

An LP filter design implementation is presented in this section.
This implementation is given to validate the proposed method
from practical realization aspect. For the sake of simplicity, we
choose the degree of the filter as 4. The finite transmission
zeros of the filter are placed at normalized frequencies
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L1 L2 L5 L6 L9 L10 L13  L14 L17
L3 L7 L1 L15
C4 cs Cc12 Cc16 [IR18

L1=16.7113 nH L6= -6.40351 nH L11=3.97288 nH C16=5.34916 pF
L2=-7.68179 nH L7=13.9639 nH C12=3.48224 pF L17=7.00299 nH
L3=20.4442 nH C8=1.49226 pF L13= 12.9409 nH R18=50Q
C4=1.12865 pF L9= 11.8271 nH L14= -427.946 pH

L5= 12.3055 nH L10= -3.03969 nH L15= 455.8 pH

FIGURE 7 Synthesis result of the designed eighth-degree filter

TABLE 1 Component values of the prototyped filter

n(p) d(p)
2.0000 0
1.6026 1.0000
3.4033 0.8012
1.7972 1.3180
1.3056 0.5893
0.2745 0.2745

w; = 1.46 and w, = 3.1194, which correspond to 1.46 and
3.1194 GHz, respectively. Thus the de-normalization fre-
quency is 1 GHz. The Foster reactance part of the back-end
impedance is fixed to Li,s = 2. The filter cut-off chosen as 1
GHz to prevent dielectric losses at higher frequencies.

The design steps in Section 2 are followed. The minimum
part of the impedance is optimized over the normalized fre-
quencies [0 1]in RFT routine. The coefficients of the denom-
inator and numerator polynomials of the optimized impedance
are given in Table 1.

To compare the designed filter with an elliptical filter in an
identical degree, the ellipap function with n =4, Rp =0.3,
Rs = 30 parameters is used.

The TPG performances of the designed LP filter and the
elliptical filter are shown in Figure 8. As seen in the figure, the
stop-band suppression performance is better than the elliptical
filter correspondence. The synthesis result of the impedance
function is given in Figure 9.

The cascading positive and negative valued inductors are
summed up and resulted as positive valued single inductor.
Thus, the synthesized filter is in realizable form.

The next step of the design involves the implementation of
the designed filter. The synthesized filter is composed of
lumped elements. However, lumped elements generate para-
sitics and losses in microwave frequencies [10]. Besides, several
lumped components may not be found available vendors.

——Proposed filter
= = =Elliptical filter ||

2120 : : :
0 2 4 6 8

Frequency [GHz]

FIGURE 8 TPG performance of the designed filter and elliptical filter

L1 L2 L5 L6 L8
L3 L7
C4 c8 [ ] R10
L1=15.9155nH L5=16.6611 nH L9=9.31984 nH
L2=-346338 nH L6=-580.946 pH R10=50 01
L3=4.37225nH L7=630.953 pH
C4=2.70642 pF C8=4.12568 pF

FIGURE 9 Synthesis of the designed low pass filter

Therefore, it is wise to use microstrip equivalencies of those
lumped elements. However, fully microstrip topologies have
their own difficulties and drawbacks [11, 12]. Thus, using
lumped and microstrip elements in a mixed topology
have benefits of both topologies and are free of disadvantages
of fully lumped or microstrip topologies [13]. For these rea-
sons, the lumped filter in Figure 9 is converted to a mixed
topology.

The final implementable filter is achieved by fine tuning of
the parameters of microstrip elements and commercially
available lumped components. The electromagnetic lossy
model of the each component is inserted in design environ-
ment and simulations are performed. The resultant final design
is printed on FR4 substrate having a relative permittivity of 4.6
and height of 1.6 mm. The layout of the final LP filter is given
in Figure 10.

The component values and parameters of the microstrip
elements of the layout are given on Table 2.
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o

TL2 Teel TL4

= Z=50 Ohm

FIGURE 10 The mixed model layout of the designed low pass filter

TABLE 2 Component values of the mixed-model filter

Component names Component specifications

L1 10 nH Murata LQW15AN10NG00
L2 16 nH Murata LQW15AN16NG00
L3 8.7 nH Murata LQW15ANSN7G00
C1 4.3 pIF Murata GJM1555C1H4R3CB01
TL1,TL8 W=3mm,L =15 mm

TL2, TL4, TL5, TL7 W= 0.8 mm, L = 0.5 mm

TL3 W= 0.6 mm, L = 552 mm

TL3 W =08 mm, L =05 mm

Teel W1 = 0.8 mm, W2 = 0.8 mm, W3 = 0.6 mm
Tee2 W1 = 0.8 mm, W2 = 0.8 mm, W3 = 0.8 mm
Stub1 L =8 mm, Ang = 75 Deg, Wi = 0.6

Vi VIAGND D = 0.5 mm, 7= 0.1 mm, W =1 mm
PCB FR4, h = 1.6 mm, Er = 4.6, tan 0 = 0.02

The implemented filter is shown in Figure 11.

The insertion loss and return loss performances of the
implemented filter are measured using Rohde & Schwarz
ZVB14 network analyser. The measurement set-up is shown in
Figure 12.

The comparison of the insertion loss and return loss per-
formances of the implemented filter, lumped model and mixed
model filters are shown in Figures 13 and 14, respectively.

The figures show that the scattering parameter perfor-
mances of the lumped model, mixed model, and implemented
filters are consistent with each other. The second and third
pass bands in Figure 13 occur since we used chip inductors
which have limited bandwidth in mixed model and imple-
mented filters. The shift between the lumped and mixed
models is due to approximations when converting the lumped
elements to microstrip correspondences and using commer-
cially available lumped elements besides theoretical values. The
difference between mixed model and the implemented filter is
caused by the weakness of the electromagnetic model of
vendor libraries, measurement inaccuracies, dielectric losses
and production tolerances.

FIGURE 11 Implementation of the designed low pass filter

FIGURE 12 Measurement setup of the implemented low pass filter

7 | CONCLUSION

This study has investigated an LP filter design method,
involving parametric representation of nonminimum back-
end impedance which is composed of a minimum part and
a Foster reactance part impedances. This parametric form of
the impedance is used in the RFT procedure to design a
realizable LP filter with assigned topology and performances
characteristics. This presented design procedure is compared
with the transfer function-based elliptical filters in several
examples. It has been shown that the designed filters have
better stop-band suppression characteristic with respect to
elliptical filters in the same complexity. Moreover, the
insertion loss performance at the pass band is similar.
Therefore, this method enables us to design LP filters which
have better stop-band suppression.
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-100 f |
- = =Lumped model filter i
20 L Mixed model filter E 1
——Implemented filter

-140 b : :
0.2 2 4 6 8 10
Frequency [GHz]
FIGURE 13 Insertion loss performance results of the lumped model,

mixed model and implemented filters

1
Ln
T

Return Loss [dB]
o

-
T

= = =Lumped model filter
---------- Mixed model filter
——Implemented filter

1
Ln
L

-20 ' ‘
0 2 4 6 8 10

Frequency [GHz]

FIGURE 14 Return loss performance results of the lumped model,
mixed model and implemented filters

The synthesis of the filter is performed via presented
synthesis procedure. The described impedance function
generally has finite transmission zeros. These are synthesized
as Brune sections with negative inductors. Those negative
inductors are also eliminated due to the Foster reactance
section and cascading positive inductors of each Brune
sections.

An LP filter design and implementation results are pre-
sented. It has been shown that the measurement results are
consistent with the performance of the theoretical design.
Thus the implemented filter shows that the element values of
the synthesized filter are not difficult for practical realizations
both in lumped and distributed domains.
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