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Abstract—A rectangular waveguide bandpass filter for Q-band 
with simple fabrication is proposed in this letter. The design is 
based on the use of the first passband replica of commensurate-
line stepped-impedance structures and achieves the suppression of 
their inherent low-pass response. In order to do it, the filter is 
implemented by rectangular waveguide sections with different 
widths and heights that can be analytically calculated. The 
technique is validated by a 9th order Chebyshev filter with 
passband between 40 and 43 GHz and fabrication yield equal to 
84 % for a manufacturing error of ± 20 μm. The measured results 
of the prototype fabricated with CNC milling are in good 
agreement with the simulated ones. 

Index Terms—Rectangular waveguide, bandpass filter, 
fabrication tolerances, Q-band, satellite applications 

I. INTRODUCTION

EW trends in the space industry demand high data rates, 
better fabrication tolerances, and spurious free responses 

to have flawless communication between gateways and 
satellites. Space industry is exploring high frequency bands to 
increase communication capacity and, therefore, is interested in 
Q/V bands for commercial use [1], [2]. The typical solutions to 
design Q-band bandpass filters (BPFs) are based on the use of 
coupled resonant cavities. This concept is usually implemented 
by means of rectangular waveguide sections and 
inductive/capacitive irises [3]. When the classical Computer 
Numerical Control (CNC) milling is employed as the 
manufacturing method, the critical dimensions of these filters 
become comparable to the dimensions of the machining tools 
used [4], which may lead to consider highly precise CNC 
milling or the use of tuning screws to compensate 
manufacturing inaccuracies. This makes the manufacturing 
process more expensive and time consuming.  

In order to improve fabrication tolerances, the first passband 
replica of the commensurate-line stepped-impedance low-pass 
filters can be employed to design BPFs [5]. Recently, this 
concept was used to design a BPF with relaxed tolerances for 
Q-band applications [6]. Low and high impedances were
implemented by waveguide sections of equal width and
different height to design the BPF. Although the fabrication
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yield was remarkable, the inherent low-pass response of these 
structures can prevent their use in many applications. 

In this letter, a method to design BPFs based on 
commensurate-line stepped-impedance structures is also 
proposed, but integrating section width changes to suppress the 
undesired low-pass response. Moreover, this advanced 
implementation will provide us with an extra degree of freedom 
to obtain initial and final dimensions equal to the standard port 
sizes, avoiding the use of the tapers typically required in these 
devices. Therefore, the performance and compactness of the 
filters designed in [6] will be highly improved. 

II. DESIGN METHOD

In the device proposed in [6], the first passband replica of a 
low-pass commensurate-line structure was employed to achieve 
a bandpass filter with reduced sensitivity to fabrication 
tolerances. However, the inherent low-pass response of this 
kind of structures will always be present and can even show up 
in the operating frequency range determined by the standard 
waveguide port employed in the filter, compromising its out-of-
band behavior. This can be seen in Fig. 1, where the frequency 
behavior of a filter with constant width designed following [6] 
is depicted (dotted red line), and can be especially troublesome 
when designing filters with narrow bandwidth. In order to 
suppress the spurious low-pass response, a high-pass filter or 
another structure also designed using [6] but with a larger width 
and, therefore, the frequency behavior shown in Fig. 1 (dashed 
green line) may be concatenated to the previous one, resulting 
in the desired frequency response shown also in Fig. 1 (black 
line) but with a significant increment of the length. Therefore, 
the combination of commensurate-line sections with different 
widths in the same filter will be exploited in this method to 
suppress the spurious low-pass response. Moreover, the 
possibility of using different widths will permit to avoid the 
need of tapers, leading to more compact devices than in [6]. 

In order to use this concept to design bandpass filters with 
simple fabrication and suppression of the low-pass response, 
the next steps must be followed. Firstly, the order of the filter, 
N, the type of frequency response (all-pole), and the return loss 
in the passband (between the lower cut-off frequency, f1, and 
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the upper cut-off frequency, f2) must be specified. These 
frequencies correspond to electrical lengths of the 
commensurate-lines of 𝜋𝜋 − 𝜃𝜃𝑐𝑐 and 𝜋𝜋 + 𝜃𝜃𝑐𝑐, respectively, 
whereas 𝜋𝜋 is the electrical length at the central frequency of the 
passband, fπ, and 𝜃𝜃𝑐𝑐  can be calculated using (1) as it was 
explained in [7]: 

 𝜃𝜃𝑐𝑐 = 𝜋𝜋 ·
𝜆𝜆𝑓𝑓1 − 𝜆𝜆𝑓𝑓2
𝜆𝜆𝑓𝑓1 + 𝜆𝜆𝑓𝑓2

  (1) 

being 𝜆𝜆𝑓𝑓𝑓𝑓 the wavelength associated to the frequency fi. 
Afterwards, the impedances 𝑍𝑍𝑓𝑓 of the N+2 commensurate lines 
of the prototype that satisfies the specified all-pole filter 
response can be computed by applying the Richards’ 
transformation and the extraction procedure explained in [8]. 

The implementation of these commensurate lines in 
rectangular waveguide technology is done by means of (2). As 
it is shown in [9], the characteristic impedance definition of (2) 
allows us to calculate the reflection coefficient at the junction 
between two waveguide sections assuming just TE10 single-
mode operation. Only the effects of higher-order modes are 
neglected. Inspecting (2), the possibility to obtain a specific 
impedance using different values for the width ai and height bi 
of the waveguide section is revealed: 

𝑍𝑍𝑓𝑓 =
𝑏𝑏𝑓𝑓
𝛽𝛽𝑓𝑓

=
𝑏𝑏𝑓𝑓

��2 · 𝜋𝜋 ·  𝑓𝑓𝜋𝜋
𝑐𝑐 �

2
−  �𝜋𝜋 

𝑎𝑎𝑓𝑓
�
2

                           (2) 

where c is the speed of light in vacuum and fπ is the central 
frequency of the passband calculated as in [7]. In order to avoid 
glitches in the passband due to resonant higher-order modes in 
the larger cavities generated by manufacture imperfections and 
to obtain a gap easily fabricated with standard CNC milling in 
the smaller ones, the mapping of 𝑍𝑍𝑓𝑓 with the physical 
dimensions of the waveguide sections must be done applying 
the following sequence: if Zi < Zi+1 then bi < bi+1 and ai > ai+1 

whereas if Zi > Zi+1 then bi > bi+1 and ai < ai+1. Although other 
combinations are possible, this sequence leads to structures like 
the one shown in Fig. 2 where, according to (2), the height of 
the larger sections is reduced (to avoid glitches) due to the 
narrowing of their width and the height of the smaller ones can 
be increased (to simplify the fabrication) by broadening their 
width. Specifically, the largest impedance will be implemented 
by the section with the largest height bmax and the smallest width 
amin. Therefore, a value smaller than the waveguide standard 
port must be fixed for amin, and then bmax can be obtained using 
(2). It is important to note that these values should fulfill (3) to 
avoid possible glitches in the passband due to the higher-order 
TE110-mode resonance [8]: 

        𝑏𝑏𝑚𝑚𝑚𝑚𝑚𝑚 ≤
1

��2 · 𝑓𝑓2
𝑐𝑐 �

2
− 1

(𝑎𝑎𝑚𝑚𝑓𝑓𝑚𝑚)2

                   (3) 

 
Fig. 1. Frequency response of a filter designed with constant width equal to amin 
(dotted red line), a filter designed with constant width equal to amax (dashed 
green line), and the structure formed by concatenating both filters (black line).  

 
Fig. 2. 3D schematic of a filter designed with the proposed method (including 
rounded corners for fabrication by CNC milling). 

Once amin and bmax are fixed, the width of the smallest section 
amax (which will implement the lowest impedance value) can be 
determined to fulfill 𝑓𝑓𝐿𝐿𝐿𝐿1 > 𝑓𝑓𝐿𝐿𝐿𝐿2 (see Fig. 1), where 𝑓𝑓𝐿𝐿𝐿𝐿2 is the 
highest frequency of the spurious low-pass response associated 
with the filter with constant width equal to amax designed 
following [6] and 𝑓𝑓𝐿𝐿𝐿𝐿1 is the lowest frequency of the spurious 
low-pass response associated with the filter with constant width 
equal to amin designed following [6]. The height of the smallest 
section, bmin, can be calculated afterwards using (2). Finally, 
considering amin and amax for the larger and smaller sections, 
respectively, the remaining heights of the sections bi can be also 
obtained using (2). 

After the calculation of the heights bi and widths ai of each 
section, their initial lengths 𝑙𝑙𝑓𝑓 = 𝜆𝜆𝑓𝑓𝜋𝜋/2 must be modified to 
compensate for the phase variation produced by the effect of the 
higher-order modes at the consecutive section junctions. In 
order to do it, the phase conditions for the S11 and S21 parameters 
must be satisfied and the length 𝑙𝑙𝑓𝑓 of each section will be 
modified to restore them as detailed in [7]. A final optimization 
might be done, if needed, to adjust the return loss parameter. 

III. DESIGN EXAMPLE 
The technique explained in Section Ⅱ will be used to design 

a BPF for Q-band. The design example will have a passband 
between f1 = 40 GHz and f2 = 43 GHz with in-band return loss 
better than 20 dB. The required out of band attenuation will be 
50 dB between 33-38 GHz and 46.5-50 GHz. The size of the 
input/output ports will be equal to the standard WR22 
(a1  = 5.69 mm, b1 = 2.845 mm). 

A. Design and Simulation 
In order to include frequency margins, a 9th order Chebyshev 

filter with a passband between 39.5 to 43.5 GHz and return loss 
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equal to 25 dB will be designed. Following [6] and considering 
a constant width equal to 4.25 mm, the frequency response 
shown in Fig. 3 (green line) will be obtained (the normalized 
impedance values for the required specifications are: Z1=Z11=1, 
Z2=Z10=0.58, Z3=Z9=2.32, Z4=Z8=0.32, Z5=Z7=2.92, and 
Z6=0.30 and the resulting dimensions are given in Table Ι). 
Although the in-band specifications are fulfilled, the inherent 
low-pass response is close to the passband, being not possible 
to achieve the required attenuation in the stopband. Moreover, 
this filter requires a taper in each side of the filter to match the 
initial height b0 = b11 = 1 mm and width (4.25 mm) with the 
standard WR22 waveguide ports. With the technique proposed 
in this paper, the low-pass response will be suppressed and 
standard ports will be obtained without using tapers, achieving 
a length reduction equal to 30%.  

Following the method explained in the previous section, the 
minimum width, which corresponds to the largest normalized 
impedance (Z5=Z7=2.92) is fixed to 𝑎𝑎𝑚𝑚𝑓𝑓𝑚𝑚 =  4.25 mm, a value 
smaller than the waveguide standard port width. Then using (2), 
𝑏𝑏𝑚𝑚𝑚𝑚𝑚𝑚 =5.62 mm is obtained, which avoids the possibility of 
having glitches in the passband due to the higher-order TE110-
mode resonance since (3) is satisfied, 𝑏𝑏𝑚𝑚𝑚𝑚𝑚𝑚 ≤  5.88 mm. As a 
filter with constant width equal to 𝑎𝑎𝑚𝑚𝑓𝑓𝑚𝑚 =4.25 mm presents a 
low-pass response from 𝑓𝑓𝐿𝐿𝐿𝐿1 =  35.29 GHz to 
𝑓𝑓𝐿𝐿𝐿𝐿2 = 35.53 GHz (see Fig. 3), the width of the smallest section 
is set to 𝑎𝑎𝑚𝑚𝑚𝑚𝑚𝑚 =5.9 mm since its associate low-pass response is 
up to 𝑓𝑓𝐿𝐿𝐿𝐿2 =25.57 GHz, clearly fulfilling that 𝑓𝑓𝐿𝐿𝐿𝐿1 > 𝑓𝑓𝐿𝐿𝐿𝐿2. 
Afterwards, the height values of the other sections are obtained 
using (2), employing amin for the larger waveguide sections and 
amax for the smaller ones. Finally, the lengths are adjusted to 
satisfy the S11 and S21 phase conditions given in [7]. In order to 
fabricate the filter by CNC milling, rounded corners with a 
radio equal to 0.3 mm have been included in the structure and 
the dimensions have been slightly optimized to compensate the 
effects (final dimensions considering rounded corners shown in 
Table II). The CST MWS simulated frequency response is 
shown in Fig. 3 (red line). 

B. Sensitivity Analysis 
The sensitivity analysis of the filter is performed using 
FEST3D. All dimensions of the filter are varied using a 
standard deviation value of 8 μm, which will vary the 
dimensions of the filter up to 20 μm. One hundred iterations 
have been performed, obtaining an outstanding manufacturing 
yield of 84 % in the novel filter whereas the manufacturing 
yield of the classic inductive iris filter designed to fulfill the 
same specifications was only 12 % (see Fig. 4). 

C. Fabrication and Measurement 
The novel filter is fabricated using CNC milling in bare 

aluminum (see Fig. 3). The measured frequency response 
shown in Fig. 3 (black line) shows good agreement with the 
simulated one and confirms that the spurious low-pass response 
is fully suppressed. No tuning elements (usually needed in Q-
band filters) have been necessary to achieve the required return 
loss and the insertion loss parameter may be improved, if 
needed, by silver plating the prototype. Specifically, a bandpass 

Table I. Dimensions of the BPF designed following [6] with a0 = 4.25 (mm) 
b1=b11 

1 
b2=b10 
0.60 

b3=b9 
2.26 

b4=b8 
0.33 

b5=b7 
2.91 

b6 
0.31 

l1=l11 
3.8 

l2=l10 
6.64 

l3=l9 
6.99 

l4=l8 
6.54 

l5=l7 
6.97 

l6 
6.53 

 
Table II. Dimensions of the final design with rounded corners (mm) 

a1=a11 
5.69 

a2=a10 
5.69 

a3=a9 
4.27 

a4=a8 
5.83 

a5=a7 
4.13 

a6 
5.86 

b1=b11 
2.84 

b2=b10 
1.57 

b3=b9 
5.17 

b4=b8 
0.764 

b5=b7 
5.31 

b6 
0.73 

l1=l11 
3.5 

l2=l10 
4.47 

l3=l9 
6.84 

l4=l8 
4.88 

l5=l7 
7.59 

l6 
4.97 

 

   
Fig. 3. CST MWS simulated frequency response of the filter with constant 
width designed following [6] (green line) and the novel design with suppression 
of the low-pass response including rounded corners (red line). Measured 
response of the prototype (black line). |S11| in solid line and |S21| in dashed line. 
Inset: detail of the insertion loss and photograph of the unassembled prototype. 

    
                       (a)                                                   (b) 

Fig. 4. Sensitivity analysis of (a) the proposed design, (b) the classic inductive 
iris filter. |S11| in solid line, |S21| in dashed line. Black line for the baseline filter 
and grey line for the simulation trials. Frequency specifications in dotted line. 
 
response centered at 41.5 GHz, with a bandwidth equal to 
3 GHz, in-band return loss better than 20 dB, and insertion loss 
equal to 0.37 dB at the center frequency is obtained.  

IV. CONCLUSION  
A novel filter design methodology has been proposed by 

cascading waveguide sections with varying widths and heights 
to achieve a bandpass response with straightforward fabrication 
and the suppression of the undesired low-pass response of this 
kind of structures. The technique has been validated with a Q-
band device with passband between 40 GHz and 43 GHz, 
showing an excellent fabrication yield. A prototype has been 
fabricated and measured validating the expected frequency 
response. 
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