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ABSTRACT This paper presents a practical circuit-based design approach for a waveguide lowpass filter
with a steep skirt response. For efficient filter design, the proposed structure employs a cascade of troughs
with the same physical dimensions. Having identical troughs in most parts of a filter structure greatly
alleviates the design difficulty. In addition, our filter design approach is largely based on circuit analysis
rather than electromagnetic simulations, greatly expediting filter designs. AWR-75 waveguide lowpass filter
example has been designed, fabricated, and measured for demonstration.

INDEX TERMS Circuit, lowpass, trough, waveguide, WR-75.

I. INTRODUCTION
Lowpass filters are widely used in wireless systems, for
example, to suppress harmonics and separate transmitting
and receiving signals [1], [2], [3], [4], [5]. More specifically,
lowpass filters of waveguide structures are commonly
used where low-loss performance is required. A classical
waveguide lowpass filter structure can be found in [6] and [7],
and comprehensive research on various waveguide lowpass
structures such as corrugated waveguide filters [8], [9], [10],
[11], [12], [13], [14], [15], [16], [17], [18], ridged waveguide
filters [19], [20], [21], [22], [23], [24], [25], waffle-iron
waveguide filters [26], [27], [28], [29], [30], [31], [32] has
been carried out. In addition, new design techniques based
on a windowed quasi-periodic structure [33], [34], [35], [36],
elliptic posts prototype [37], and meandered topology [38]
have been presented.

In general, lowpass waveguide filters have evolved in such
a way as to have more complex structures, which makes the
design approaches rely more on electromagnetic simulations.
However, full-wave simulations do not allow us to instantly
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FIGURE 1. Perspective and cross-sectional views of the entire filter
structure.

predict the change of the response shape when one ormultiple
physical dimensions change. This makes a filter design take
a substantial amount of time.

Hence, this paper presents a practical design method for a
corrugated waveguide lowpass filter. Unlike most corrugated
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waveguide lowpass filters available in the literature, this work
deals with a filter structure with corrugations on one side of
it. Incorporating corrugations on one side instead of two sides
greatly reduces the fabrication time and the structure’s height
to their halves approximately. This paper will also describe
another benefit of a single-sided corrugated waveguide filter
from the perspective of fabrication difficulty.

Our design approach can be differentiated from the
conventional approaches in that the main part of the filter
structure is a simple cascade of identical troughs. To the
best of our knowledge, this greatly reduces the degree of
design difficulty, which has not been demonstrated to date.
In addition, our approach mainly employs circuit analysis
rather than time-consuming electromagnetic simulations.To
verify the circuit-based design approach, the design of a WR-
75 waveguide lowpass filter will be demonstrated in this
paper. This paper also includes a comparison of the steepness
of the skirt response between our lowpass filter structure
and those available in the literature. This highlights that the
presented design method can handle a tough specification for
a skirt steepness.

II. FILTER DESIGN
The target specifications of our filter design are given as
follows

• Input and output ports: WR-75 waveguide
• Return loss: ≥ 15 dB in the passband (10.5 - 12.5 GHz)
• Attenuation ≥ 90 dB in the stopband (12.75 - 15.0 GHz)

According to the specifications, there is a very narrow
transition band between the passband and the stopband. It is
worth highlighting that attenuation is required to increase
by 90 dB within the 0.25 GHz transition band. To evaluate
the steepness of the skirt response in a quantitative manner,
a figure of merit (FOM) is defined and proposed as follows:

FOMA dB =
f3 − f2
f2 − f1

(1)

where f1 and f2 are the start and stop frequencies of the
passband, respectively, and f3 is the frequency at which a
certain amount of attenuation (A dB) begins to be observed.
In the target specifications above, f1 and f2 are 10.5 GHz
and 12.5 GHz, respectively, and f3 is 12.75 GHz with A=
90. Hence, our filter design is required to have FOM90 dB of
0.125. According to (1), a smaller FOM indicates a steeper
skirt response. The FOM in (1) can be interpreted as the
transition band’s width normalized to the passband’s width.
The reason for normalization is that having a wider passband
(f2-f1) makes it more challenging to achieve a specified
attenuation in the given absolute transition band.

A lowpass filter can satisfy the above specifications
because there is no attenuation requirement below the
passband. Extensive work on lowpass corrugated waveguide
filters has been reported to date [6], [7], [8], [9], [10],
[11], [12], [13], [14], [15], [16], [17], [18]. However, the
designs of the waveguide structures demonstrated by earlier
works are considered sophisticated, as neighboring troughs

FIGURE 2. (a) Single trough structure. (b) equivalent circuit.

have different dimensions from each other. More specifically,
a trough’s dimensions differ from its neighbor’s. As the
number of dimensions of a filter structure that need to be
determined increases, it takes longer to design, especially
when the design relies highly on electromagnetic simulations.
Hence, we propose a corrugated waveguide filter structure
mainly composed of identical troughs, and its efficient design
method mostly avoids electromagnetic simulations.

Fig. 1 shows the entire structure of our filter. It is
mainly composed of parts A and B. Part A has identical
troughs cascaded by a uniform reduced-height waveguide.
Part B consists of troughs with different dimensions in the
y direction. For simplicity, the dimension measured from the
bottom of each trough to the top surface of the waveguide
structure remains constant and equals the height of WR-
75. The input and output ports are WR-75 according to the
specification. Parts A and B are narrower than WR-75 by a
small amount, and the reason will be discussed later.

A. PART A
Fig. 2(a) shows the single trough comprising part A shown
in Fig. 1. It is connected to the reduced-height uniform
waveguide. The trough and the uniform waveguide have the
same width denoted by w. The heights of the trough and the
uniform waveguide are denoted by hs and hm, respectively,
and the length of the trough is ls.
The structure shown in Fig. 2(a) can be modeled as

shown in Fig. 2(b). It is shown that the trough connected
to the E-plane of the main waveguide is equivalent to
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the short-circuited series stub. In addition, the waveguide
junction is characterized by several lumped elements whose
susceptance values are given by [39]

Ba =
πhs
Zmλg

·

[
1 −

hs
2πhm

+
8
π2

(
2hs
λg

)2

(1

− 0.368
hs
hm

)
]

Bb = 1.1
hs

Zmλg
·

[
1 − 0.227

hs
hm

+ 0.008
(
hs
hm

)2
]
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λg

2Zmπhs
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·

[
2ln

(
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)
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(
hs
hm

)
− 0.167

·

(
hs
hm

)2

+ 0.008
(
hs
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]

(2)

where

Ca =
Ba
2π f

Lb =
1

2π f · Bb

Lc =
1

2π f · Bc

Cd =
Bd
2π f

(3)

As the equivalent circuit parameters in (2) are given in
terms of the physical dimensions, we can instantly obtain
the frequency response of the waveguide structure shown in
Fig. 2(a) when the dimensions are provided. Hence, we can
rapidly analyze the impact of the physical dimensions of
the single trough (ls, w, and hs) on the frequency response
without electromagnetic simulations. In our design, we have
set the trough’s initial width (w) to that of the standard WR-
75 waveguide. The height of the trough (hs) was initially
determined to be 2.5 mm, considering the fabrication by
milling. Fig. 3(a) shows the variation of the transmission
response of the single trough circuit (Fig. 2(b)) with respect to
the length of the trough, ls. Both the results of electromagnetic
simulations of the single trough structure and the responses
of the equivalent circuit are shown in Fig. 3(a), and it can be
concluded that a filter design can be carried out relying on
the equivalent circuit rather than electromagnetic simulations
since there is a good agreement between the responses of
the equivalent circuit and the results of the electromagnetic
simulations. The small discrepancies can be attributed to the
existence of an inherent inaccuracy in modeling a physical
structure by an equivalent circuit or in subdividing a structure
into finite elements for an electromagnetic simulation or both.
It is obvious that the transmission zero moves to a lower
frequency when the length of the trough modeled by the
series stub increases. In consideration of the specifications,
the length of trough has been set to 6.5 mm.

FIGURE 3. Variations of the transmission response of the circuit in
Fig. 2(b) with respect to (a) ls, (b) w, and (c) hs. (solid lines: circuit,
dashed lines: em).

Fig. 3(b) shows the transmission response with the
variation of w. It can be observed that increasing w makes
the transmission zero move to a lower frequency. Considering
the input and output ports for our target filter specification,
we have initially set w to WR-75 for simplicity.
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FIGURE 4. The circuit schematic of part A with multiple troughs.

The last physical parameter we have to consider is hs
and Fig. 3(c) shows the transmission responses with various
trough heights. The plots in Fig. 3(c) are obtained from
the equivalent circuit, and the results of electromagnetic
simulations are not included in this figure for the sake
of readability. It can be seen that hs has little impact on
the location of the transmission zero but a smaller hs is
preferred from the point of view of the skirt response.
In addition, hs larger than 2.5 mm makes little difference in
the response but the filter size increases with hs. According to
the aforementioned discussions, the initial value 2.5 mm can
be used in our filter design, but it has been adjusted to 2.7 mm
in order to give more room to a milling bit. Having two
troughs, one on each E-plane of a waveguide, is equivalent
to having a single trough on one side with a larger hs. Hence,
a single-sided corrugated waveguide filter is more favorable
than a double-sided one in terms of milling.

Using the initial dimensions of the trough and the uniform
waveguide, we can design part A by cascading the troughs
identical to one another. In this step, our design utilizes
the equivalent circuit for the single trough. Fig. 4 shows
the circuit schematic of part A with multiple troughs. Each
transmission line represents a reduced-height waveguide,
namely main waveguide, between two troughs. Its length
(spacing between troughs) is set to 2.7 mm which is the
same as hs since a small spacing widens the overall stopband
and reduces the insertion loss as well as the overall filter
length [11]. Fig. 5 shows the variation of the transmission
response of the circuit shown in Fig. 4 with respect to
the number of the troughs. It can be clearly observed that
the skirt response becomes steeper as the number of the
troughs increases. It can also be observed that cascading
identical troughs produces repeated transmission zeros at the
same frequency leading to an extremely steep skirt response.
In consideration of the attenuation specification, it can be
concluded that 15 troughs are sufficient for the required
steepness (90 dB/0.25 GHz) of the skirt response

B. PART B
Part A described in the previous section (section II-A) does
not provide a good return loss performance. This issue
can be addressed by adding part B to both sides (input
and output) of part A. Part B is similar to part A but the
difference lies in the fact that the height of the troughs
gradually changes. Hence, each trough is connected to the
non-uniform waveguide whose height changes as shown in

FIGURE 5. Variation of the transmission response of the circuit in Fig. 4
with respect to the number of troughs. (w= 19.05, ls= 6.5, hs= 2.7). (All
units in mm)

Fig. 6(a). In other words, the main waveguide in part B
is a step-impedance waveguide. In our filter design, the
structure shown in Fig. 6(a) has been considered to have five
components: trough, waveguides with heights, hmn and hmn+1
(hmn<hmn+1), waveguide junction with height hmn, and
waveguide step for height change between hmn and hmn+1.
Hence, the single trough connected to the step-impedance
waveguide shown in Fig. 6(a) can be modeled as shown in
Fig. 6(b). It is shown that the transmission lines with different
impedances (zmn and zmn+1) represent the step-impedance
waveguide. The lumped elements excluding the capacitor
with susceptance Bn+1 are for modeling the waveguide
junction with height hmn, and their values are given in (2)
and (3). The capacitor with susceptance Bn+1 represents the
waveguide step (increase of the waveguide height), and Bn+1
is given by [39]
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·

[
2
An+1 + A′

n+1 + 2Cn+1

An+1 · A′

n+1 − C2
n+1

+ ln

(
1 − α2

n+1

4αn+1

)(
1 + αn+1

1 − αn+1

) αn+1+
1

αn+1
2

+

(
hmn+1

2λg

)2 (1 − αn+1

1 + αn+1

)4αn+1

·

(
5α2

n+1 − 1

1 − α2
n+1

+
4α2

n+1 · Cn+1

3An+1

)2
 (4)
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FIGURE 6. Single trough connected to a step-impedance waveguide.
(a) Block diagram. (b) Equivalent circuit.

+
3 + α2

n+1

1 − α2
n+1

Cn+1 =

(
4αn+1

1 − α2
n+1

)2

αn+1 =
hmn
hmn+1

The physical parameters for the step-impedance waveguide
of part B with the height changing from 3.03 mm to 9.53 mm
can be obtained by using the concept of the exponential
tapered transmission line [40] following the design steps
summarized below

1) The first step is to preset the number of troughs. Our
suggestion is to initially set it to the integer close to a
third or quarter of the number of troughs in part A.

2) The second step is to calculate the initial height of each
section using the exponential function for a tapered
transmission line [40]. Fig. 7 shows part B with
5 troughs for illustration. There are 5 changes in the
height and the 6 different heights can be initially
determined by using the exponential function given by

h(z) = h(0)e
z
L ln(

h(L)
h(0) )(for 0 < z < L) (5)

where L is the length of part B and h(0) and h(L) are
the heights of part B at its two ends which are 3.03 mm
and 9.53 mm, respectively. As the heights at the two
ends are fixed, the initial values of four different heights
are set in this design step.

FIGURE 7. Part B between part A and the output port. (Solid line:
step-impedance waveguide. Dashed line: trough)

3) The third step is to fine tune the heights, if necessary.
4) When the return loss performance needsmore improve-

ment, it is required to increase the number of troughs
and repeat steps 2 and 3.

With 5 troughs in part B, calculation of the initial heights
using (5) gives 3.03, 3.81, 4.79, 6.03, 7.58, and 9.53 in
mm. Fig. 8 shows the circuit diagram of the entire circuit
composed of parts A and B, and its frequency response is
depicted by the dotted lines in Fig. 9 when parts A and
B have the initial dimensions mentioned above. The return
loss decreases as the frequency increases toward the cutoff
frequency. Hence, as mentioned above, the initial heights
have been tuned for improving the return loss. In this work,
tuning has been carried out focusing on improving the return
loss at the frequencies close to the cutoff frequency since
the passband edge is the most sensitive to the dimension
variations [41]. The heights after fine tuning are 3.03, 3.53,
4.73, 5.73, 7.33, and 9.53 in mm. The solid lines in Fig. 9
show the frequency response after fine tuning.

We have demonstrated that the rapid design of a filter with
a steep skirt response can be carried out using equivalent
circuits. Another advantage of using equivalent circuits
instead of electromagnetic simulations is that it allows for
rapid sensitivity analysis. We conducted a sensitivity analysis
to observe response variations, and Fig. 10 shows the result
when trough dimensions were assumed to have tolerances of
up to ±50 µm.

C. ENTIRE STRUCTURE
For verifying the efficient circuit-based design approach,
the design parameters of parts A and B have been applied
to building our waveguide filter, and Fig. 11 shows the
waveguide filter structure made of parts A and B. The
input and output ports are WR-75 waveguide structure as
specified. The rounded-corners are formed in the filter
structure considering the milling bit diameter. It can be
observed that the identical troughs are cascaded by a
uniform waveguide in part A. On the other hand, part B
consists of the troughs with different lengths cascaded by the
step-impedance waveguides. Fig. 12 shows the comparison
between the circuit response and the EM simulations of the
waveguide structures with and without the rounded-corners.
Overall, the 3 responses agreewell with one another with very
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FIGURE 8. Circuit diagram of the structure composed of parts A and B.

FIGURE 9. Frequency responses of the circuit diagram in Fig. 8 before
(dotted lines) and after (solid lines) tuning the initial dimensions of
part B.

FIGURE 10. Sensitivity analysis with fabrication tolerance (±50 µm) of
trough dimensions in parts A (hm, hs, ls) and B (hmn, lsn).

small discrepancies, which indicates that it is not necessary
to carry out electromagnetic simulations in determining the
physical dimensions of parts A and B so far. However, our
initial design does not satisfy the passband specification (10.5
- 12.5 GHz). Hence, it is required to carry out trimming the
initial design such that the specifications are satisfied. This
can be executed mainly by shifting the initial response to a
higher frequency with rarely changing the response shape.
Hence, this work proposes to shrink the width of the entire
structure. In adjusting the initial dimensions, carrying out

FIGURE 11. Waveguide filter structure composed of parts A and B.

electromagnetic simulations without rounded corners are not
necessary since we already compared the two cases with
and without rounded corners and the filter will be fabricated
containing rounded corners. Our analysis accompanied by
observing the frequency response with various widths has
disclosed that reducing the width from 19.05 mm to 17.8 mm
makes the filter have passband up to 12.5 GHz.

The dotted lines in Fig. 13 show the EM simulation of the
filter structure shown in Fig. 11 when the width of parts A
and B is reduced to 17.8 mm. Although the filter structure
has a good return loss performance in the passband, the
return loss can be further improved by addressing the change
of the waveguide width between part B and the port. The
impedance mismatch due to the change of the width can be
mitigated by adding two troughs in the twoWR-75waveguide
structures as shown in Fig. 1. The EM simulation of the
structure shown in Fig. 1 is depicted by the solid lines in
Fig. 13. It can be observed that the existence of the troughs
in the WR-75 waveguide structures improves the return loss
performance. Although the return loss near the band edge
is slightly smaller than 15 dB, it is acceptable at this point
since the width of parts A and B will be further reduced
due to silver plating which would push the last |S11| lobe
larger than -15 dB beyond the stop frequency of the passband
(12.5 GHz). In addition, tuning screws can tune the response
to some extent after fabrication. The attenuation increases by
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TABLE 1. Comparison between this work and previous works.

FIGURE 12. The frequency responses of the circuit schematic (dotted
lines) and electromagnetic simulations of the filter structure shown in
Fig. 11 with (solid lines) and without (dashed lines) rounded corners.
(a) Transmission response. (b) Reflection response.

100 dB from 12.5 GHz to 12.75 GHz, which indicates that
the filter produces a very steep skirt response satisfying our
target specification.

FIGURE 13. Dotted lines: EM simulation of the structure shown in Fig. 11
when the width of parts A and B is reduced to 17.8 mm. Solid lines: EM
simulation of the structure shown in Fig. 1.

FIGURE 14. Fabricated filter with the cover unassembled.

III. FABRICATION AND MEASUREMENT
For verification, the filter structure in Fig. 1 has been
fabricated and measured. Fig. 14 shows the fabricated filter
with the cover unassembled. The cover contains tuning
screws to have fabrication tolerance. It is made with
aluminum and the structure has been fabricated by milling,
drilling and silver plating. In Fig. 15, the measured response
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FIGURE 15. Comparison between the measurement (solid lines) and the
electromagnetic simulation (dotted lines).

is compared to the electromagnetic simulation. It can be seen
that the filter produces a wide passband with the return loss
larger than 20 dB in the passband from 10.5 to 12.5 GHz. The
stopband attenuation is larger than 90 dB with a very steep
skirt response in the transition band. The measured result
of the fabricated filter validates our practical circuit-based
design approach for a waveguide lowpass filter with a steep
skirt response.

Table 1 shows the comparison between this work and
previous works on waveguide lowpass filters. As mentioned
earlier, a filter with a smaller FOM has a steeper skirt
response. Our filter is required to have a FOM90 dB of 0.125.
This indicates that the attenuation needs to increase by 90 dB
within the transition band whose width is 0.125 times the
passbandwidth. Table 1 also provides themeasured FOMA dB
with various attenuation values to facilitate easy comparisons
with previous works. It can be concluded that our filter has a
steeper skirt response than filters reported in the literature.

IV. CONCLUSION
This work has presented a practical circuit-based design
approach for a waveguide lowpass filter with a high atten-
uation performance in the stopband close to the passband.
By virtue of the proposed design approach based on circuit
analysis, the design can be carried out without heavily
relying on electromagnetic simulations. Our design approach
enabled us to rapidly achieve an extremely steep skirt
response, whereas conventional design approaches relying
on electromagnetic simulations often require a tremendous
amount of time making an entire filter design procedure
highly exhaustive. The proposed design approach has been
demonstrated using a WR-75 filter example required to have
an extremely steep skirt response. The design approach can
be applied to waveguide lowpass filters operating in different
frequency bands.
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