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ABSTRACT

The substrate integrated waveguide (SIW) has been proposed as a reliable alternative to the 
rectangular waveguide due to its small size, low cost, high performance, ease of manufacturing 
and simplicity of integration with other microwave components. This paper focuses on SIW 
band-pass filters and presents their design procedure in details. The methodology is applied to 
post and iris SIW filters working at X-band with different orders, responses and bandwidths. 
Two prototypes of third-order post and iris SIW filters are fabricated and measured with a 
vector network analyzer. The filters are designed to work at 10 GHz center frequency and 500 
MHz bandwidth. The simulation results and measurement results of the post and iris SIW 
filters are compared. In the simulations lower than 0.9 dB insertion loss and better than 20 dB 
return loss is observed in the pass-band of the filters. The post filter exhibits lower insertion 
loss and higher reflection loss at the stop-band of the f i lter. With their low cost, small size, 
ease of manufacturing, high performance and integrability with other components, both of 
the demonstrated X-band SIW filters are very versatile and well suited for a variety of market 
applications, including radars and satellite communications.
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INTRODUCTION

Microwave filters have been in the picture for a long 
time and have been playing an important role in civilian 
applications and military systems such as wireless computer 
networks, military and government radar applications, 
including weather monitoring, air traffic control, maritime 
vessel traffic control, defense tracking and vehicle speed 

detection [1-2]. Since the electromagnetic spectrum is lim-
ited, the channel bandwidth became a scarce resource [3]. 
Therefore, the role of microwave filters became very impor-
tant in the mentioned applications. In these applications, 
tighter specifications for microwave filters are required. To 
that end, the most commonly used filters are band-pass 
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filters (BPFs). Depending on BPF application, parameters 
like insertion loss, return loss, bandwidth and attenuation 
require careful optimization steps.

As frequency increases, transmission loss increases, 
and the amount of energy emergence decreases [1]. As a 
result, hollow-pipe waveguides such as rectangular wave-
guides (RWs) are preferred. RWs and RW filters are nec-
essary and fundamental components in various practical 
microwave and millimeter-wave applications, especially 
for communication systems that require low loss and high 
power handling capability at higher frequencies like radar 
communications, satellite communications and mobile 
radio communications [4-6]. However, RW filters have the 
disadvantages such as bulky size, difficulty of manufactur-
ing, high cost and difficulty of integration with printed 
structures due to the need of complex transitions [7-8].

Due to the necessity for miniaturization and integra-
tion, planar transmission lines like the microstrip line and 
stripline are used instead of RWs for many applications. 
However, these structures have high loss and low power 
handling capability. As a result, to overcome these difficul-
ties, substrate integrated waveguide (SIW), which com-
bines the advantages of waveguides with the advantages of 
planar transmission lines, has been proposed [8-9]. SIW 
has crucial properties such as small size, ease of manufac-
turing, low cost, high performance, high power handling 
capacity, low interference and simplicity of integration 
with other microwave components [10].

SIW belongs to the family of substrate integrated cir-
cuits (SICs) [11-12]. Its structure consists of two arrays 
of metallic via-holes parallel to each other embedded in 
a dielectric substrate that electrically connect two parallel 
metal plates (upper and lower) [13-14]. These via-holes are 
equivalent to the two metal sidewalls of the RW, while the 
top and bottom layers of SIW are equivalent to the upper 
and lower RW walls [15]. When compared to microstrip 
and waveguide structures, a SIW has the characteristic of 
having no additional components and can be easily real-
ized with a conventional standard printed circuit board 
(PCB) process, thick film process or low-temperature co-
firing ceramic (LTCC) process [10, 13, 16]. This makes the 
integration of SIW and other planar circuitry on the board 
simple and cost-effective. Besides, it is claimed to perform 
better than microstrip structures at high frequencies and 
has the waveguide transmission performance [13]. Because 
of all of these properties and advantages, SIWs have been 
applied to several microwave components, including filters 
[17–18], directional couplers [19], oscillators [20], anten-
nas [21] and circulators [22].

In the last years, many planar filter structures have 
been proposed in microstrip line and stripline form [23-
24]. Such filters have advantages like low cost, small size, 
easy to integrate, but it has a low-quality factor (Q = 
50-100). Although RW filters have many disadvantages,
their quality factor is high (Q = 5000-10000). When the Figure 1. Structure and dimensions of the SIW.

requirements such as integrability, low cost, small size, 
high power handling capability and low insertion loss are 
considered, SIW filters become a better alternative. SIW 
filters bridge the gap between microstrip line filters and 
RW filters by achieving a relatively high-quality factor (Q 
= 500-1000) [25].

Due to the properties and advantages of the SIW filters, 
this paper is contributed to design SIW BPFs that work at 
the X-band frequency range (8-12 GHz); these filters could 
be used in many applications including radar and satellite 
communications. The X-band has been chosen because it is 
used for a wide range of civil and military applications [26-
27]. Moreover, it has extremely low rates of atmospheric 
attenuation in comparison to frequencies above 10 GHz, 
which makes this band suitable for the harshest weather 
conditions [28]. Although different types of SIW filters can 
be found in the literature [29-40], the design procedures 
are not given properly or are suited only for a specific fil-
ter order. This work discusses the design procedures of two 
different types of SIW BPFs in details; in particular the cen-
tered post and the iris types. Third and fifth-orders of both 
types have been simulated by taking into consideration two 
types of filter responses (Butterworth, Chebyshev). The 
design and simulation results of a third-order filter on dif-
ferent bandwidths are demonstrated, as well. All the simu-
lations have been done using CST Microwave Studio. Post 
and iris third-order filters with Chebyshev response have 
been fabricated and scattering parameters of the prototypes 
are measured.

SIW FILTER DESIGN METHODOLOGY

In this part, the design steps of the centered post and 
iris SIW BPFs are discussed. In general, the design of the 
SIW itself starts from an equivalent RW. In this work, the 
equivalent RW is the WR-90 waveguide that works on the 
desired frequency band (X-band).

Fig. 1 shows the structure and dimensions of the SIW. 
In SIW design, we used copper and RT/Duroid 5870 dielec-
tric material, which has a relative permittivity (εr = 2.33) 
and a loss tangent (tan δ = 0.0012 at 10 GHz). The proce-
dure discussed in [10] is used to calculate the dimensions 
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For the nth order filter, we can calculate the element 
values of the filter (g0, g1,…, gn, gn+1) using the methods 
described in [42], or we can take it from the ready tables 
that are made for that. Note that, in our work, we are deal-
ing with two responses of the filters, which are maximally 
flat (Butterworth) response and equal ripple (Chebyshev) 
response.

After determining the element values of the desired fil-
ter, we have to calculate the impedance inverter parameters  
(Kj,j+1) using Eqs. (4)-(6):
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where, Z0 is the guide impedance. The shunt reactance (Xb) 
can be obtained as follows:
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of the corresponding SIW. To minimize the radiation loss 
of the SIW while designing it, the pitch length (p) and the 
via-hole diameter (d) should achieve the following condi-
tions d < λg/5 and p ≤ 2d, where λg is the guided wavelength 
[25, 32]. As a result, SIW dimensions are calculated as fol-
lows: L = 59.421 mm, W = 20 mm, as = 15.9028 mm, d = 
1.3205 mm, p = 1.9807 mm. Note that the thickness of the 
substrate (h) is 1.57 mm.

Centered post SIW BPF design procedure
The design procedure of the centered post SIW filter 

shown in Fig. 2.a begins from the derivation of the equiva-
lent RW filter. A post is a shunt inductance in the wave-
guide, which acts both as a cavity wall and as an impedance 
inverter coupling the adjacent cavities and it can be used 
to build RW BPFs [41]. Each post inside the RW has an 
equivalent circuit, as shown in Fig. 2.b [42].

It is known that the BPFs have a center frequency called 
(f0) and the bandwidth (BW) of the filter is the difference 
between upper and lower cutoff frequencies (BW = f2−f1). 
Eq. (1) describes the guide wavelength inside the RW in 
inches,
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where, a is the width of the RW and f is the frequency in 
GHz.

The guide wavelength at the center frequency (λg0
) is

obtained by taking the arithmetic average of the guide 
wavelength at the lower frequency (λg1

) and upper fre-
quency (λg2

). The equations for the frequency fractional
bandwidth (w) and the guide wavelength fractional band-
width (wλ) are given in Eqs. (2) and (3), respectively.

Figure 2. Centered post SIW filter (a) Its structure; (b) Equivalent circuit of a single post.
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Circuit parameters of a centered inductive post in RW 
are exhibited in Fig. 3. λ0/a value determines the approxi-
mate curve to be used. By using that curve and the (Xbλg0

)/
(Z0(2a)) ratio, the diameter (dj,j+1 where, j = 0,1,…,n) 
of each post is calculated. From the value of d/a and the 
inverse curve of (−Xaλg0

)/(Z0(2a)), Xa is calculated.
To calculate the distances between the centers of the 

posts (Li) inside the filter, Eqs. (8)-(10) are used:
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Once post diameters and the distances between them 
are determined, centered post RW BPF can be converted 
to centered post SIW BPF by dividing all the dimensions 
by the square root of the relative permittivity of dielectric 
material used to design the SIW.

Figure 3. Circuit parameters of a centered inductive post in RW [42].

Figure 4. Iris SIW Filter (a) Filter structure with conducting walls; (b) Equivalent circuit of a single iris.
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When iris window width and distances between them 
are determined, iris RW BPF can be converted to iris SIW 
BPF by following the same procedure of post filter. Since 
the structure of SIW depends on using via-holes, copper 
walls in the iris SIW filter is rebuilt by the use of a line of 
small via-holes, as shown in Fig. 6. To keep the pure induc-
tiveness of iris, the via-holes should have a small diameter 
of 0.2 mm with 0.6 mm separation between them.

SIW FILTERS ANALYSIS

In this section, the design and simulation results of 
both centered post and iris SIW BPFs are demonstrated. 

Iris SIW BPF design procedure
An iris is a conductive diaphragm placed transverse to 

a waveguide aperture that causes a discontinuity and gen-
erates shunt reactance and it can be used to build RW BPFs 
[41]. The design procedure of the iris SIW filter shown in 
Fig. 4.a begins from the derivation of the equivalent RW 
filter. The following procedure discusses the use of a thin 
iris, which has purely inductive characteristic, to build a 
BPF. Each thin iris inside the RW has an equivalent circuit, 
as shown in Fig. 4.b [42].

For purely lumped inductance iris having shunt reac-
tance (Xb), the shunt reactance can be calculated using Eq. 
(7). Shunt reactance of symmetrical inductive window in 
RW are demonstrated in Fig. 5. a/λ0 value determines the 
approximate curve to be used. By using that curve and the 
(Xbλg0

)/(Z0(a)) ratio or the (Xb (a))/(Z0 λg0
) ratio, the window 

width (dj,j+1 where, j = 0,1,…,n) of each iris is determined.
The distances between the irises (Li) are calculated by 

using Eqs. (11) and (12):

θ πj
j j j jX

Z
X
Z

= −






+














− − − +1

2
2 21 1

0

1 1

0

tan tan, ,  (11)

Li
g i=

λ θ
π
0

2
(12)

Figure 5. Shunt reactance of symmetrical inductive window in RW [42].

Figure 6. Iris SIW BPF structure using small via-holes.
Figure 7.a Third order SIW Post filter dimensions.

Figure 7.b Third order SIW Iris filter dimensions.
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Third-order and fifth-order filters with maximally flat and 
equal ripple responses are considered. Note that the simu-
lated filters have a center frequency of 10 GHz and a band-
width of 500 MHz. Moreover, the equal ripple response is 
assumed to be 0.1 dB ripple level. Fig. 7 shows the param-
eters of post and iris filters. Corresponding values for third 
and fifth-orders of the post and iris SIW BPFs dimensions 
are listed in Tables 1-2.

The simulation results of third-order filters are exhib-
ited in Fig. 8. The maximally flat third-order centered post 
SIW filter achieves an insertion loss (IL) of 0.68 dB and 
a return loss (RL) of 45 dB at the center frequency. The 
IL and RL are equal to 6.15 dB and 2 dB at the upper fre-
quency, respectively, whereas they are 3.5 dB and 5.16 dB 
at the lower frequency. For the maximally flat third-order 
iris SIW filter, it achieves IL and RL of 0.52 dB and 20 dB 
at the center frequency. The pit of the RL curve, which is 
at approximately 35 dB level, is shifted to 9.9 GHz for this 
case. The RL and IL are 5.4 dB and 2.8 dB at the upper 
frequency, respectively. They are 6.88 dB and 4.5 dB at the 

lower frequency. When RL and IL curves of post and iris 
filters are examined, wider bandwidth with lower insertion 
loss is observed for post filter. The equal ripple third-order 
centered post SIW filter achieves IL and RL of 0.78 dB and 
23 dB at the center frequency. RL of the filter is below 17.5 
dB at the upper half-band, whereas it is lower than 21.9 
dB at the lower half-band. For the equal ripple third-order 
iris SIW filter, IL and RL are 0.89 dB and 21.23 dB at the 
center frequency, respectively. RL of the filter is below 24.5 
dB at the upper half-band, whereas it is lower than 14.14 
dB at the lower half-band. RL and IL curves of post and 
iris filters show that wider bandwidth with lower insertion 
loss is observed for post filter. Besides, lower insertion loss 
is observed at the lower and upper frequencies of the band 
with equal ripple response. 

The transmission characteristics (insertion loss and 
return loss) of the demonstrated SIW filters are almost 
identical to the equivalent RW filters’ characteristics as 
well. The numerical simulation results for third-order SIW 
filters are given in Table 3 clearly.

The equal ripple fifth-order centered post SIW filter 
achieves IL and RL of 0.2 dB and 32 dB at the center fre-
quency, respectively. It achieves RL better than 17.44 dB Table 1. Third-order post and iris SIW BPFs dimensions

Centered post SIW filter dimensions (mm)
d1 d2 L1 L2

Maximally flat response 0.6839 2.6092 11.8278 13.4635
Equal ripple response 0.7056 2.2498 11.5898 12.9377

Iris SIW filter dimensions (mm)
d1 d2 L1 L2

Maximally flat response 6.5529 3.6342 11.1705 12.2438
Equal ripple response 6.5046 4.0802 11.0723 12.0042

Table 2. Equal ripple fifth-order SIW BPFs dimensions 

Centered post SIW filter dimensions (mm)
d1 d2 d3 L1 L2 L3

0.7821 2.4461 2.8122 11.8161 13.4868 13.7464

Iris SIW filter dimensions (mm)
d1 d2 d3 L1 L2 L3

6.3682 3.8539 3.4179 11.2304 12.2704 12.3769

Figure 8. Scattering parameters of the 3rd order centered post and iris SIW BPFs (a) Maximally flat response; (b) Equal 
ripple response.
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in the whole band. For the equal ripple fifth-order iris 
SIW filter, IL and RL are observed as 0.21 dB and 28 dB 
at the center frequency. It achieves a RL better than 14 dB 
in the whole band. IL at band extremes is lower for post 
filter. Although the IL of the 5th order filter is higher at 
the upper and lower frequencies of the band compared 
to 3rd order filter, steep-skirt selectivity of the 5th order 
filter is easily observed. The numerical simulation results 
for equal ripple fifth-order SIW filters are given in Table 
4 clearly.

Finally, simulation results of the third-order iris SIW 
BPFs with 0.1 dB equal ripple response, designed by apply-
ing the above mentioned procedure, are shown in Fig. 10 
for different bandwidths. The figure clearly shows that the 
increase in the bandwidth results in higher insertion loss at 
the stop-bands of the filter. To demonstrate the usefulness 
of small via-holes instead of copper walls, third-order iris 

SIW filter with equal ripple response is designed with both 
structures and simulation results are exhibited in Fig. 11. 
Filter with via-holes achieves IL and RL of 0.81 dB and 30 
dB at the center frequency, respectively. Although insertion 
losses of the two filters are very close to each other at the 
pass-band of the filter, its level is lower at the stop-bands of 
the filter with via-holes. Thus, using small via-holes instead 
of copper walls does not affect the general performance and 
characteristics of the filter considerably.

Table 5 includes a comparison of iris and post filters 
with other filters in the literature. In general, the simula-
tion results of the proposed filters achieve an insertion 
loss and a return loss better than the filters found in [31-
32, 43-45]. Furthermore, two types of frequency responses 
(Butterworth, Chebyshev) are included and we have pro-
posed filters with fifth-order which is not included in the 
literature.

EXPERIMENTAL VERIFICATION

This section shows and discusses the measured results 
of two fabricated SIW filters. One of them has been fab-
ricated using post type, and the other using the iris type. 
The fabricated filters are third-order filters with 0.1 dB 
equal ripple response whose dimensions are given in Table 
1. Prototypes are fabricated by chemical etching technique
with via-hole coating. Rogers RT/Duroid 5870 (εr = 2.33)
substrate with 1.57 mm dielectric thickness and 35 μm cop-
per thickness is used. Tapered microstrip line is used for the 
transition between 50 Ω SMA (sub-miniature assembly)
connector and SIW filter. The size of the filters is 96.4 mm
× 20 mm (lenght × width). Fabricated prototypes are given
in Fig. 12. The top and bottom sides of post filter is shown
at the upper side, whereas iris filter is given below. Both fil-
ters have the advantages of small size, low cost, integrability, 

Table 3. Numerical simulation results for (a) 3rd order post SIW filters; (b) 3rd order iris SIW filters

(a)

Frequency response Maximally flat Equal ripple

Frequency Lower cutoff 
frequency

Center 
frequency

Upper cutoff 
frequency

Lower cutoff 
frequency

Center 
frequency

Upper cutoff 
frequency

Insertion loss (dB) 3.5 0.68 6.15 1.23 0.78 1.33
Return loss (dB) 5.16 45 2 14 23 10.7

(b)

Frequency response Maximally flat Equal ripple

Frequency Lower cutoff 
frequency

Center 
frequency

Upper cutoff 
frequency

Lower cutoff 
frequency

Center 
frequency

Upper cutoff 
frequency

Insertion loss (dB) 6.88 0.52 5.4 2.33 0.89 1.43
Return loss (dB) 4.5 20 2.8 8.79 21.23 10.11

Figure 9. Scattering parameters of the 5th order centered 
post and iris SIW BPFs with equal ripple response.
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Table 4. Numerical simulation results for 5th order SIW equal ripple filters

Filter type Post Iris

Frequency Lower cutoff 
frequency

Center 
frequency

Upper cutoff 
frequency

Lower cutoff 
frequency

Center 
frequency

Upper cutoff 
frequency

Insertion loss (dB) 5.75 0.2 5.55 6.95 0.21 7.67
Return loss (dB) 10.5 32 7.14 8.92 28 4.8

Figure 10. Scattering parameters of the 3rd order iris SIW 
BPF with different bandwidths.

Figure 11. Comparison of scattering parameters for the iris 
SIW BPF with copper walls and conductor via-holes.

Table 5. Comparison of iris and post filters with other filters in literature

Reference 
[31]

Reference 
[32]

Reference 
[43]

Reference 
[44]

Reference [45]Proposed iris 
filter

Proposed post 
filter

Structure Iris using via-
holes

Offset post SIFW SIW cavity SICC/SIEC Iris Centered post

Center frequency 12 GHz 28 GHz 10 GHz 10 GHz 10 GHz 10 GHz 10 GHz
Bandwidth 360 MHz 1 GHz 150 MHz 300 MHz 350 MHz 500 MHz 500 MHz
Amplitude response Chebyshev Chebyshev Chebyshev Elliptic Elliptic Butterworth,  

Chebyshev
Butterworth,  
Chebyshev

Physical size 29.68 mm × 
6.22 mm

Not available Not available Not available Not available 96.4 mm × 20 
mm

96.4 mm × 20 
mm

Dielectric substrate Rogers RT/
Duroid 
6010LM

Rogers RT/
Duroid 5880

Not available Rogers RT/
Duroid 5880

Rogers RT/
Duroid 5880

Rogers RT/
Duroid 5870

Rogers RT/
Duroid 5870

Order of the filter 3rd 3rd 3rd 3rd 2nd 3rd, 5th 3rd, 5th

Insertion loss at the 
center frequency

2.03 dB 1 dB 2.7 dB 3.13 dB 1.65 dB 0.89 dB* 0.78 dB*

Return loss at the 
center frequency

30 dB 17 dB 20 dB 13.5 dB 19.5 dB 21.23 dB* 23 dB*

*The results belong to 3rd order Chebyshev filters.
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Figure 12. Fabricated prototypes (a) Top view; (b) Bottom view.

Figure 13. Measurement setup.

Figure 14. Measured scattering parameters of the 3rd order 
centered post and iris SIW BPFs with equal ripple response.

Figure 15. Measured and simulated results of the 3rd order SIW BPFs with equal ripple response (a) Post type; (b) Iris type.
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high performance but the manufacturing of the iris filter is 
more difficult compared to the post filter.

Anritsu network analyzer is used to measure the char-
acteristics of the filters. The measurement setup is dem-
onstrated in Fig. 13. Reflection and transmission behavior 
of the filters are observed by S11 and S21. Measured scat-
tering parameters of fabricated filters are given in Fig. 14. 
Measured insertion loss is around 4 dB levels at the pass-
band of the filter. This high loss which was not observed at 
the simulations is attributed to cable and connector losses 
at the measurement setup. The fabrication tolerances for 
the via-holes have an impact on this loss level, as well. RL 
and IL curves of post and iris filters show that wider band-
width with lower insertion loss is observed for post filter. 
Besides, lower insertion loss is observed at the lower and 
upper frequencies of the band with equal ripple response. 
This conclusion was observed in the simulations, as well.

Finally, the comparison of measured and simulated 
results for both fabricated SIW filters is demonstrated in 
Fig. 15. The discrepancy between the real performance and 
the simulation results lies in the difference between the real 
object and its assumed model. The behavior of the filter is 
ideal within the defined bounding box, whereas the mea-
surements are conducted at a laboratory where external 
disturbances exist. Besides, cable and connector losses are 
included at the measurement setup. The fabrication toler-
ances of the SIW filter have an impact on this loss level, as 
well.  Although this loss level is critical in real-life applica-
tions, the measurement results still able us to make a com-
parison between the general characteristics of post and iris 
filters.

CONCLUSIONS

In this paper, the design procedure for the widely used 
post and iris RW filters in SIW form is given. The meth-
odology is applied to post and iris SIW filters with differ-
ent orders, responses and bandwidths. By following the 
procedure, very similar reflection and transmission char-
acteristics to that of post and iris RW filters are obtained 
with SIW filters. The designs are simulated by means of a 
full-wave simulator. Both types of SIW filters work on 10 
GHz center frequency and 500 MHz bandwidth. Moreover, 
in simulations of third-order Chebyshev filters, the iris SIW 
filter achieves lower than 0.89 dB insertion loss and bet-
ter than 21.23 dB return loss in the pass-band. Whereas 
the post SIW filter achieves lower than 0.78 dB insertion 
loss and better than 23 dB return loss in the pass-band. 
The characteristics of the post and iris SIW filters are com-
pared by both simulation and measurement results. The 
filters exhibit low insertion loss and high reflection loss at 
the stop-band of the filter. With their low cost, small size, 
ease of manufacturing, high performance and integrability 
with other components, both of the demonstrated X-band 
SIW filters are very versatile and well suited for a variety 

of market applications, including radars and satellite com-
munications. Especially the post filters because they have 
an easy fabrication process comparing to the fabrication of 
iris filters. This work can be extended by adjusting the size 
of the posts tunable, which enables the user to change the 
center frequency and the bandwidth slightly, or the shape of 
the filter response.
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