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ABSTRACT: A reduction in the overall size of the stepped impedance
low pass filter is proposed in this article. The high impedance line
sections are converted to T-sections and the low impedance line sec-
tions are converted to �-sections. Analysis and design equations for
such conversions are presented. This method accomplishes a promi-
nent size reduction in sharp response filters with multi-stepped im-
pedance sections. © 2007 Wiley Periodicals, Inc. Microwave Opt
Technol Lett 49: 2398 –2403, 2007; Published online in Wiley Inter-
Science (www.interscience.wiley.com). DOI 10.1002/mop.22766
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1. INTRODUCTION

The use of microwave filters can be found in many applications in
microwave circuits and telecommunication systems such as radar,
satellite, mobile communications systems. Such systems often
require circuits to be as small as possible and implemented in low
profile topologies such as microstrip lines, slot lines, and coplanar
waveguides. Microstrip is one of the dominant technologies, which
can provide size reduction for microwave circuits. The stepped
impedance filter is one of the conventional filters, mainly due to
the ease of implementation in either microstrip or coplanar tech-
nology. This filter is normally composed of alternating low and
high impedance regions (the high impedance lines act as series
inductors and the low impedance lines act as shunt capacitors),
where the change in impedance is controlled by the width of the
strip. For achieving a high degree of attenuation in the stop band
it is necessary to obtain a high to low impedance ratio (ZoH/ZoL) or
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to increase the order of the filter. Also, one of the main require-
ments for the stepped impedance filter is that each section must be
less than half of the quarter wavelength at the cutoff frequency
(l � �/8). The overall size of the filter will be large at low
frequencies especially if the number of the elements is increased to
achieve special requirements as in sharp edge filters.

In this article, we propose a reduction in the overall size of the
stepped impedance filter by transferring the high impedance filter
sections into compact T-sections and transferring the low imped-
ance filter sections into compact �-sections. Analysis of each of
the T-section and �-section equivalence is illustrated in Sections 2
and 3, respectively. Basic theory of the stepped impedance low
pass filters is given in Section 4. A five-section Chebyshev low
pass filter design with 25% size reduction is investigated. The
designed filter is realized using microstrip technology and then
measured by Vector network analyzer. The measured S-parameters
of the realized Chebyshev stepped impedance filters is compared
with the simulated results in Section 5. A very good agreement
between experimental and simulation results is confirmed. The
proposed technique achieves, even, more substantial size reduction
in sharp response filters with multi-stepped impedance sections.

2. EQUIVALENT T-SHAPED TRANSMISSION LINE SECTION

The T-shaped transmission line model is consisted of two identical
series transmission lines and one shunt open stub located in the
center of the two series lines as shown in Figure 1. The equiva-
lence between the high impedance transmission line sections and
the T-section is investigated utilizing the ABCD matrices for both
networks. Refs. 1 and 2 presented analysis of the equivalence of a
transmission line sections to T-sections but their analysis was
limited to transmission line sections with electrical length equal to
quarter wavelength only. Here we presented general analysis for

any length less than or equal to quarter wavelength (l � �/4). The
ABCD matrix for the original transmission line of Figure 1(a), is

M1 � � cos�1 jz1 sin�1

jy1 sin�1 cos�1
� (1)

The ABCD matrix for the T-shaped transmission line section of
Figure 1(b) is

MT � M2M3M2 (2)

where M2, the ABCD matrix for the series elements, is given by

M2 � � cos�2 jz2 sin�2

jy2 sin�2 cos�2
� (3)

and M3, the ABCD matrix for the shunt open stub, is given by

M3 � � 1 0
jy3 tan�3 1� (4)

Equating the ABCD matrix of Eq. (1) and the ABCD matrix of
Eq. (2), the relations between the electrical lengths of the main
transmission line and the equivalent T-section are obtained as
follows:

�1 � cos�1�cos�2�2� �
�1 � q2�sin2�2�2�

2�q2cos2�2 � sin2�2�
� (5)

�3 � tan�1� q�1 � q2�sin�2�2�

r�q2cos2�2 � sin2�2�
� (6)

where q and r are impedance ratios given by:

q � � z1/z2�, r � � z1/z3� (7)

Equation (5) is solved by iteration. The variation of electrical
length 2�2 against �1 at different values of the impedance ratio q
is illustrated in Figure 2. As the electrical length �2 is determined,
the electrical length �3 can be calculated directly from Eq. (6) with
proper impedance ratio r. From Figure 2, as an illustration, if we
chose q � 0.5, the electrical length for a transmission line �1 can
be reduced from �1 � 50° to an electrical length 2�2 � 26°, which
is a noticeable 48% reduction in size. As the impedance ratios q
and r are increased (but q � 1), the electrical length �3 will be
smaller. When q � 1, the electrical length 2�2 is equal to �1 and
in this case the electrical length �3 is zero, which means that there
is no conversion to T-section occurs. For practical implementation,Figure 1 (a) Transmission line section and (b) T-equivalent section

Figure 2 The variation of electrical length 2�2 against �1 at different
impedance ratio q
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it is necessary to take into consideration that the width correspond-
ing to Z3 must be less than the electrical length 2�2 . Therefore, the
practical range for impedance ratios q and r is defined as (0.3
� q � 1.0 and 0.3 � r � 4.0).

3. EQUIVALENT 	 -SHAPED TRANSMISSION LINE SECTION

Another method to reduce the size of a transmission line is the
conversion to equivalent 	 -shaped sections. The 	 -shaped sec-
tions consists of a series element and two shunt open stubs as
shown in Figure 3. ABCD matrix are used to transfer the original
transmission line sections to its 	 -equivalent section.

The ABCD matrix for the original transmission line is the same
as in Eq. (1), while the ABCD matrix for the 	 -shaped transmis-
sion line section is given by:

M� � M3M2M3 (8)

where M2 the ABCD matrix for the series element is given by

M2 � � cos�2 jz2 sin�2

jy2 sin�2 cos�2
� (9)

and M3, the ABCD matrix for each of the shunt opens stubs
elements, is given by

M3 � � 1 0
jy3 tan�3 1� (10)

Equating the individual elements of the ABCD matrices of Eqs.
(1) and (8), the electrical lengths of the equivalent �-shaped
section are as follows:

�2 � sin�1�p sin�1� (11)

�3 � tan�1�p�cos�2 � cos�1�

k sin�2
� (12)

where p and q are impedance ratios given by

p � � z1/z2�, k � � z1/z3� (13)

with the proper value for the impedance ratio p, the electrical
length �2 can be calculated from Eq. (11). Also, with proper value
for the impedance ratio k, the value of the electrical length �3 can
be calculated from Eq. (12). Figure 4 illustrates the variation of
electrical length �2 against �1 at different values of impedance ratio
p. The impedance ratio p must be less than 1 to make Eq. (11)
useful. When p � 1 and k � 1, then �2 � �1 and �3 � 0, which
implies that there is no conversion occurred. Also, as the imped-
ance ratio p decreases, the electrical length �2 will be smaller with
respect to �1 while the electrical length �3 will be larger. Thus, to
compensate for the increase of the electrical length �3, the imped-

ance ratio k must be chosen large. Added to that, the corresponding
width of Z must be maintained less than the electrical length �2 .

4. STEPPED IMPEDANCE LOW PASS FILTER

An efficient way to implement low pass filters in microstrip or
stripline geometries is to use alternating sections of very high and
very low characteristic impedance lines. Such filters are usually
referred as stepped impedance filters. The stepped impedance
filters are popular because they are easier to design and take up less
space than a similar low-pass filter using stubs. The high imped-
ance sections act as series inductors and the low impedance sec-
tions act as shunt capacitor. Expression for these inductance and
capacitance depend upon both characteristic impedance and their
transmission line lengths. It would be practical to initially fix the
characteristic impedances of high and low impedance lines by the
following considerations presented in [3]:

● ZoC � Zo � ZoL, where ZoC and ZoL denote the characteristic
impedances corresponding to shunt capacitance and series
inductance respectively, and Zo is the source impedance
usually 50 
 for microstrip lines.

● Lower ZoC results in a better approximation of lumped-
element capacitor, but the resulting wide line width WC must
not allow any transverse resonance to occur at operating
frequencies.

● Higher ZoL leads to a better approximation of a lumped
inductor element, but ZoL must not be so high that the
transmission line fabrication becomes inordinately difficult
or its current carrying capability becomes a limitation.

The electrical length corresponding to inductor and capacitor
sections can be calculated [4] as:

�	l �inductor �
LZo

ZoL
(14)

�	l �icapacitor �
CZoC

Zo
(15)

where Zo is the filter impedance which is normally 50 
 while L
and C are the normalized element values. The details of specifying
low pass Butterworth and Chebyshev filter are presented next.

4.1 Butterworth Low Pass Prototype Filter
The Butterworth response exhibits the maximally flat passband
and stopband regions. For Butterworth or maximally flat lowpass
prototype filters having an insertion loss LAr � 3.01 dB at theFigure 3 The transmission line and its �-equivalent

Figure 4 The variation of electrical length �2 against �1 at different
impedance ratio p
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cutoff frequency (
c � 1.0), the element gk values are given by
[3]:

g0 � gn�1 � 1 (16)

gi � 2 sin��2i � 1��

2n � i � 1 to n (17)

The Butterworth filters considered here is always symmetrical;
namely g0 � gn�1 and g1 � gn and so on. The degree n of a
Butterworth lowpass prototype is given by the following equation
[3]:

n 

log�100.1Ls � 1�

2log
s
(18)


s �
�s

�c
(19)

where �s is the frequency at which, the filter will achieve certain
insertion loss, �c is the cutoff frequency of the filter and LAS is the
minimum stopped attenuation. For example, if LAS � 40 dB and

s � 2, then a Butterworth low pass filter prototype with n � 7
should be chosen.

4.2 Chebyshev Low Pass Prototype Filter
The Chebyshev filter exhibits an equal-ripple response in the
passband region and maximally flat response in the stopband
region. When the passband ripple is LAr at the cutoff frequency

c � 1 then the gk elements are [3]:

go � 1.0 (20)

g1 �
2

�
sin��

2n� (21)

gi �
1

g�i�1�

4sin��2i � 1��

2n �sin��2i � 3��

2n �
�2 � sin2��i � 1��

n � i � 2,3, . . . ,n

(22)

gi�1 � � 1.0 for n odd
coth2�	/4� for n even (23)

where

	 � ln�coth� LAr

17.37�� (24)

� � sinh� 	

2n� (25)

For the required passband ripple (LAr dB), and the minimum
stopband attenuation (LAs dB) at 
 � 
s, the degree n of the
Chebyshev lowpass prototype can be obtained from [3]:

n 


cosh�1� �100.1LAS�1�

�100.1LAs�1�

cosh�1
s
(26)

5. COMPACT FILTER DESIGN

In this section, two design cases are presented; the maximally flat
and the Chebyshev response low pass filters.

5.1 Maximally Flat Filter
A design for a maximally flat stepped impedance low pass filter
was carried out at fc � 2 GHz . The filter has a stopband attenu-
ation of 25 dB at f � 4.5 GHz . Utilizing Eqs. (14)–(19), the filter
was specified to have five elements and the gk values are calculated
accordingly. The filter was designed on RT/Duroid substrate (r

� 2.2, h � 1.5748 mm), with the low and high characteristic
impedances chosen as 20 and 100 
, respectively. The corre-
sponding lengths and widths [Fig. 5(a)] will bel1

� l5 � 3.4 mm, l2 � l4 � 11.89 mm, l3 � 11.04 mm, Wl

� 16.2 mm, and Wh � 1.36 m . From Eqs. (5)–(7), with q � 0.8
and r � 1, the two high impedances sections l2 and l4 can be
converted to their T-section equivalent [Fig. 5(b)] with
lseries � 8.34 mm and lshunt � 5.615 mm . The overall length of the
stepped impedance low pass filter is then reduced by 17%. Both
the original and modified stepped impedance low pass filters are
simulated using IE3D software [5], and their S-parameters are
illustrated in Figure 6. From the simulated results, it is found that
the S-parameters are almost similar. Hence, the reduced size
stepped impedance low pass filter has the same properties of the
original filter.

Figure 5 (a) The physical dimensions of the low pass filter. (b) The
conversion of high impedance section to its T-shape equivalent. [Color
figure can be viewed in the online issue, which is available at www.
interscience.wiley.com]

Figure 6 The simulated S-parameters for original stepped impedance
low pass filter and the T-shaped equivalent filter

DOI 10.1002/mop MICROWAVE AND OPTICAL TECHNOLOGY LETTERS / Vol. 49, No. 10, October 2007 2401



5.2 Chebyshev Filter
A design for a Chebyshev stepped impedance low pass filter was
carried out at fc � 2.25 GHz . The filter has a stopband attenuation of
25 dB at f � 5 GHz with a response has a ripple of 0.1 dB. Using
Eqs. (20)–(26), the filter has five elements and then gk values are
calculated accordingly. The filter was designed on RT/Duroid sub-
strate (r � 2.2, h � 1.5748 mm), and the low and high characteristic
impedances are chosen as 20 and 120 
 respectively. The correspond-
ing lengths and widths (Fig. 7) will be l1 � 7.42 mm, l2 � 9.86 mm,
l3 � 11.85 mm, l4 � 6.18 mm, l5 � 9.06 mm, Wl � 16.2 mm, and
Wh � 0.88 m . The section l2 was converted to its T-shape equivalent
with q � 0.8 and r � 1.0, this results in, lseries � 8.03 mm and
lshunt � 3.55 mm . The section l3 was converted to its 	 -equivalent
with p � k � 0.2 . The 	 -equivalent section dimensions are
lseries � 2.35 mm and lshunt � 19.045 mm . The overall length of the
modified low pass stepped impedance filter is reduced by 25%. Both
the original stepped impedance low pass filter and the compact are
simulated using IE3D software [5], and their S-parameters are shown
in Figure 8. It is found that, the reflection parameter S11 has the same
response for both filters types. The transmission parameter S21 for the
reduced size filter is better in the band (0.5–3.6 GHz) while it has less
performance in the band (3.6–5 GHz), but it still has an accepted
value less than (�20 dB). The cutoff frequency is slightly shifted by
0.05 GHz for both filter types. Such slight shift can be compensated
by slight increase in the length of one of the outer sections.

6. FABRICATION AND MEASUREMENTS

The Chebyshev filter and the modified one with the T- and �-sections
that are designed in the previous section are fabricated. Since, the
lengths of the shunt transmission lines for the �-section are taller, they
can be easily zigzagged to keep their size less than the widths of the
small impedance sections. Also, to prevent the crossing with the filter
sections, the zigzagged sections are kept in opposite sides as shown in
Figure 9. The S-parameters for both realized filters are measured
using a Vector Network Analyzer. A comparison between the simu-
lated S-parameters with the measured results for the original filter
structure is shown in Figure 10. From the results, a shift of 0.09 GHz
is noticed between the simulated and the measured results. This is
probably due to mismatch between the filter edges and the connector
that used for measurements and usually is not taken into consideration
during the simulation. In general the shift from the designed cutoff
frequency (2.25 GHz) for both of the simulated and measured S-
parameters is around 45 MHz. Figure 11 illustrates the simulated and
measured results for the modified (reduced size) filter. They are
similar except for the shift in frequency as in the case of original filter.
Small harmonics appear in the simulated and the measured results
around 2.75 GHz for the transmission coefficient S21 but the response
is maintained less than �12 dB around these harmonics. This har-
monics is contributed by the coupling of the 	 shunt transmission
lines with the sections of the filter. The measurement of the S-
parameters for both the original and the modified Chebyshev Filters
are shown in Figure 12. They have the same response and no shift in
the cutoff frequency appears. Good agreement between the measure-
ment results for both filters is demonstrated.

7. CONCLUSIONS

Reductions in the overall size of the stepped impedance filter can
be achieved by transferring high impedance line sections into

Figure 7 The physical dimensions of the designed Chebyshev low
passes filter and sections conversion to T-shaped and �-shaped sections.
[Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com]

Figure 8 The simulated S-parameters for the original stepped impedance
low pass Chebyshev filter and its T-shaped and �-shaped equivalent filters

Figure 9 The realized Chebyshev filters (original and the modified
geometries). [Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com]

Figure 10 The simulated and the measured S-parameters for the original
Chebyshev filter. [Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com]
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T-sections and low impedance line sections into �-sections. The
design equations for such conversion are given in this article. The
reduction in the presented design case is around 25% for moderate
five-section Chebyshev low pass filter. When the number of
stepped impedance sections is large, as required in sharp response
filters, the proposed reduction method will give a substantial size
reduction. The designed Chebyshev filter and its (reduced size)
equivalent were realized and their S-parameters are measured.
Extremely good agreement between the simulated and the mea-
sured results is demonstrated.
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ABSTRACT: A novel all optical linearization technique using optical
injection locking is proposed for radio-over-fiber system. When slave
laser diode (SLD) is operated under injection locking condition, the
modulated optical signals from master laser diode (MLD) are sup-
pressed by residual amplitude modulation suppression. However, these
signals are not completely suppressed by imperfection of residual ampli-
tude modulation suppression and remained in the cavity of SLD. By ap-
propriately controlling the phase and amplitude of these signals to have
out-of phase and the same magnitude condition compared with those of
direct modulated optical signals from SLD, the efficiency of linearization
of DFB-LD can be more enhanced by optical cancellation in the SLD.
By using the proposed technique, 17 dB enhancement of carrier-to-inter-
ference ratio was experimentally achieved up to frequency response of
DFB-LD compared with that of free-running case. © 2007 Wiley Peri-
odicals, Inc. Microwave Opt Technol Lett 49: 2403–2406, 2007;
Published online in Wiley InterScience (www.interscience.wiley.com).
DOI 10.1002/mop.22800

Key words: linearization; intermodulation distortion products; optical
injection locking; residual AM suppression; optical cancellation

1. INTRODUCTION

Recently, high-speed, huge capacity of data transmission and
convergence of wired and wireless access network have been
requested as the rising of both broadband system and an ubiquitous
world. To satisfy these requirements, radio-over-fiber (RoF) sys-
tems have been adopted to many applications such as cellular-
phone system, mobile internet, WLAN, ITS, and so on [1-3].
Subcarrier multiplexing is one of the best solutions to transmit
wireless RF signals by carrying on optical carriers in RoF link
because of its simplicity, efficiency, and enough bandwidth for
delivery of multichannels [4, 5].

However, in subcarrier multiplexing systems, undesired inter-
modulation distortion (IMD) products can be generated when RF
signals are transmitted in RoF link by nonlinear transmitter such as
laser diode. When the transmitted signals are detected at receiver,
these nonlinear components may degrade system performance as
interference noises [6, 7]. Therefore, these unwanted signals must
be removed before transmitting for error-free data service. Espe-
cially, the 3rd order IMD products need to be suppressed because
it is very difficult to filter out these signals from the carrier signals.

The techniques for suppressing these nonlinear products have been
proposed by many researchers [8-13]. Optoelectronic method is one
of solutions to reduce IMDs by converting optical signal to electrical
signal and using these for removing IMDs of optical transmitter
[8-10]. This technique is advantageous because of high linearization
efficiency. But, a complicated structure and a requirement of addi-
tional components and circuits for optoelectric converting process
make this technique less favorable. On the other hand, IMDs can be
suppressed by using an all-optical method, which is entirely operated
in optical domain [11-13]. This technique is very useful because of its
structural simplicity, and availability for broadband application. How-
ever, relatively low linearization efficiency would be an obstacle for
applying this technique to a practical RoF system.

Figure 11 The simulated and the measured S-parameters for the modi-
fied (reduced size) Chebyshev filter. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com]

Figure 12 The measured S-parameters for the original and the modified
(reduced size) Chebyshev filter. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com]
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