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High selectivity millimeter wave band pass filter
using novel dual-mode circular cavities
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Abstract: A novel method for the realization of high selectivity millimeter wave band pass filters is presented. A
small perturbing notch was etched at sidewall of a dual-mode circular cavity to improve cross coupling between two
orthogonal modes. By properly changing the perturbing angle, the bandwidth is expanded and location of the trans-
mission zero can be easily adjusted to significantly enhance the filter selectivity. The V-band filters have been de-
signed, fabricated and measured. The experiment results showed an excellent agreement with simulation results.
Unlike conventional filters, the proposed prototypes do not need any additional mechanical tuning element. It has

merits of simple design process, high selectivity, compact size and quasi-planar structure.
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Introduction

Recently ,dual-mode circular cavity (DMCC) attracts
much attention for high performance band pass filter
(BPF) applications due to their higher selectivity, smal-
ler size and less mass than conventional single-mode direct
coupled filters'"!. In the conventional DMCC filter, in or-
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der to reduce the time-consuming tuning process and pro-
duction cost, some works have been reported to remove
tuning-screw system. For example, a ridged circular
waveguide section has been proposed as shown in Fig. 1
(a)"'. In addition, the mm-wave dual-mode substrate
integrated waveguide diplexer have been presented®’
wherein circular and elliptic cavities with adjustable angle
between input and output ports are adopted to achieve
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the good selectivity as in Fig. 1 (b). Although these filters
and diplexer own the advantages of low cost, high integra-
tion capability, then the impact structure, insertion loss
and selectivity still need to be improved further.

Coupling ridge

Tuning ridge

Fig.1 Various tuning arrangements for DMCCfilters
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In this paper, a novel method for design the high
selectivity BPFs was proposed using a small perturbation
notch etched on sidewall of the DMCC. As illustrated in
Fig.2, by properly adjusting the perturbing B angle, a
controllable transmission zero (TZ) can be obtained to
improve the selectivity and expand the filter bandwidth.
The mm-wave selectivity-improved BPFs were analysed,
designed and verified by experiment results.

»
f——p

perturbing
notch

Fig.2 Configuration of the proposed DMCC filter
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1 Adjustable TZs and expanded band-
width

The layout of the proposed filter using a perturbed
DMCC is shown in Fig. 2, which consists of the rectangu-
lar waveguides as input/output ports, inductive windows,
and a notched DMCC. The perturbed DMCC with the r
radius supports two orthogonal resonating modes TM,,,-
like. The angle between the input and output ports is «,
while B is the angle between the output port and the per-
turbing notch. The whole structure has the same height.

In the traditional cavity filter design'*’ | « is usually
selected as 180°. However, for any a < 180°, a weak
coupling between input and output is produced, as dis-
cussed in Ref. [3]. In our initial design, the angle « is
selected as 90°. As a result, the first TZ generated at fz_
la as in Fig. 3 can enhance the upper out-of-band atten-
uation of the proposed filter.

Fig.3 Simulated response of the proposed filter versus angle 8
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When the DMCC is operated without coupling
notch, the frequency space between two orthogonal
modes is very close, introducing an extremely narrow
bandwidth. Although such a space can be slightly ex-
panded using asymmetric inductive coupling windows,
which giving a small cross coupling to generate the fz_2a
TZ"', the BPF still seriously suffers from the bandwidth
limitation.

To overcome this disadvantage, a perturbing notch
is etched at the sidewall of the DMCC at the initial 8 =
45°. In addition, the achieved additional cross coupling
affects to the second TZ that shifted to fz_2b as in Fig. 3.
This can be used to improve the selectivity of the pro-
posed filter. The second TZ can be adjusted by tuning
the perturbing angle. This is investigated with the help of
the full-wave electromagnetic simulator HFSS. Figure 4
shows the influence of the second TZ location when the
perturbing angle varies from 45° to 105°. As the 8 angle
increases, the TZ shifts to higher frequency. Hence, by
properly choosing the perturbing angle, the second TZ
can be deliberately located at left passband slope when 8
=45°0r 60°, where as at right slope when 8 =90° or
105°. It should be noted that the first TZ generated by «
angle, always located at the upper stopband.

The electrical field distributions at resonant peaks,
i.e. fp_1b and fp_2b in Fig. 3, are shown in Fig. 4,
where two orthogonal resonating modes can be observed
and the cross coupling between modes can be tuned by
adjusting the perturbation notch.

Fig.4 Electric field distribution of two resonant modes at 8
=45°
K4 EIRIUBLI L 70 A S 7 B =45°

2 Filter implementation

The perturbed-DMCC has been used to design V-
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band BPFs in this section. Figure 2 depicts the layout of
the 2nd-order single-DMCC filter ( named BPF1) , while
Fig. 5 depicts the layout of the 4th-order dual-cavity filter
(named BPF2). In order to support the V-band opera-
tion frequency only with the TE,; dominant mode, the in-
put/output waveguides are selected as WR-15 standard,
which giving w x h as 3. 76 mm x 1. 88 mm. The
height of the whole structure is chosen as 1. 88 mm to
easily connect among cavities and the input/output ports.
The size of the proposed cavity is determined by the oper-
ation frequency of the BPF, which can be evaluated by
using the following equation ;

p41
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a\\’
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DMCCII
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Fig.5 Geometry parameters of implemented dual-cavity filter
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. C Pum
f(TM“()) = %T , (1)

where ¢ is the light velocity in free space, r is the radius
of the DMCC. The p, . =3.832 for the TM,,, modes. To
support the operation frequency around 65 GHz, the ini-
tial radius of the DMCCI is evaluated as 2. 66 mm. This
value will be adjusted to achieve the expanded band-
width. Inductive coupling windows and the rectangular
waveguide connecting DMCCs in the BPF2 are placed in
orthogonal direction, i.e. fixed angle  =90°. While in
the BPF1, angle o =80°, these ensure that first TZs are
located at upper stopbands. The connecting waveguide
width is chosen to be smaller than the DMCCs radii. In
initial our design, the connecting waveguide size is 2 mm
x3.5 mm, while the input/output windows sizes are 2
mm X 1 mm.

The Eigenmode Solver of HFSS simulator has been
used to investigate resonating modes of the perturbed-
DMCC BPFs. For the high-order filter design, the adopt-
ed cavities usually need to be resonated with different
resonating frequencies to support wideband applications.
Typically, in the BPF2, the DMCC I supports the second
and fourth resonant modes, while the DMCC II supports

the first and third modes. Figure 6 shows the frequency
deviation of four modes from the 65 GHz center frequency
when r; =2. 66 mm and r, is varied from 1.038 - r, to
1.052 - r,. It can be seen that, the larger the radius r,,
then the larger the deviation of the fourth mode ( Delta4
line ) , while that of the first mode ( Deltal line) is most-
ly unchanged and the wider bandwidth. Therefore, to
satisfy the specifications of the high-order filter, the radii
of the proposed cavities are chosen as r, =2.66 mm and

r, =2.78 mm.

Fig.6 Frequency deviation of resonant modes versus radius
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The general coupling schematic of proposed per-
turbed-DMCC filters is shown in Fig. 7, where each node
represents a resonant mode; S and L denote the source
and load nodes, respectively. This topology contains not
only the cross coupling between nodes, the source and
load coupling to nodes, but also a direct coupling be-
tween the source and the load'®’. Figure 8 shows the ex-
tended general coupling reciprocal matrix of BPF2,
where a direct coupling between the source and the load
can be computed in term of scattering parameter S,,

Fig.7 General coupling topology of (a) BPFI1, and (b)
BPF2
&7 (a)BPFl,(b)BPR2 [HLE A A Hith
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Fig.8 General coupling matrix of the BPF2
K8 BPF2 LG A HFE
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1-./1 =18, 17
MSL - |Sz] | . (2)
The M and M;(i=1..4;7=1..4) denoting couplings
between the source and load to each mode, can be extrac-
ted from external quality factors by
1

Cess M, - Fpw e M;, - FBW (3)
Meanwhile, the cross coupling between resonant

modes can be calculated from the following equation'®’
LSy S
M. =M, =k(ij)=—|"L+ )

=M =G = o (e

\/fzpj _fzpi ? fi _fzui ?
i) (g
fi+ Jo +Lai

where, f, and f; are uncoupled self-resonant frequen-
cies, f, and f,, are characteristics frequencies of cou-
pled resonators. For the designed DMCC filter with dif-
ferent radii, Eq. 4 is applicable for both synchronously
(fo: =fi; in each DMCC) and asynchronously tuned (f;,/
fo = 1. 006 for TE, dominant mode in different DM-
CCs). In our initial design of BPF2, the perturbing an-
gles were chosen as B, =90° and B, =30°. Using Eq.
4, firstly the coupling coefficients k£ (i,j) of resonators
were analyzed versus the connecting window width and
then versus notches sizes. The results are illustrated in
Figs. 9 and 10, respectively. As shown in Fig. 9, the
larger width of center window leads to the more degraded
k(1,4) of two asynchronously tuned coupled resonators
in two different cavities, while the others change unre-
markably. At x,/r, =0.75, the coupling k(1,4) is the
strongest, both £(1,3) of cavity Il and £(2,4) of cavity
I are approximately 0. 02, whereas £(1,2),k(2,3) ,k
(3,4) around 0.01 are the smallest. Fig. 10 shows that
the stronger coupling £(2,4) of two synchronously tuned
coupled orthogonal resonators in cavity I can be obtained
using the larger perturbation notch, while the coupling
coefficient £(1,3) in the cavity I keeps unchanged. As
a consequence, in order to obtain desired coupling coef-
ficients, x,/r, =0.75, y,/r, =1.32, a,/r, =0.145,b,/

r; =0.19 were adopted in our design.

Fig.9 Coupling coefficient of resonant modes versus x,
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As discussed above, the locations of TZs can be ad-
justed by tuning the perturbation angles of the notches,

Fig. 10  Coupling coefficient of resonant modes versus a,
and b,
K10 EREE G R EBEE o, M1, 97481

Fig. 11

Simulated S,, of the BPF2 versus perturbing angle
11 BPE2 B . S, B# sl i1 922 4k

i.e. B, and B,. Figure 11 shows the simulated S,, pa-
rameter of the BPF2 with varied coupling angles. Each
DMCC can provide two TZs that can be found in the S,
responses. The perturbation of cavity I was used to gen-
erate the first TZ at upper stopband. By reducing the
perturbing angle B, of in cavity I, this TZ can be tuned to
close the passband right slope. The perturbing notch in
cavity Il was used to generate the second TZ at lower
stopband. By increasing the angle B,, the TZ can be
shifted to the passband left slope. Consequently, two TZs
can be designed at both side of passband. Therefore, a
high selectivity can be obtained.

Table 1 Physical dimension of the V-band BPF1
%1 V-band BPF1 #y#38 R~t

Symbol Evaluated Value Optimized Value Unit
w 3.759 3.759 mm
h 1.880 1.880 mm
¥ 2.000 1.830 mm
Xy 2.000 1.640 mm
Y1 1.000 0.710 mm
¥s 1.000 0.420 mm
r 2.800 2.656 mm
a 0.500 0.260 mm
b 0.500 0.260 mm
a 80 80 degree
B 80 80 degree
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Table 2 Physical dimension of the V-band BPF2
%2 V-band BPF2 jy#13E R~

Symbol Evaluated Value Optimized Value Unit
w 3.759 3.759 mm
h 1.880 1.880 mm
X 2.000 2.292 mm
X, 2.000 2.185 mm
X3 2.000 1.940 mm
71 1.000 1.545 mm
¥s 3.510 3.540 mm
Y3 1.000 0.300 mm
r 2.660 2.656 mm
Ty 2.780 2.770 mm
a 0.385 0.245 mm
a 0.750 0.925 mm
b, 0.500 0.445 mm
b, 0.500 0.396 mm
By 90 85 degree
B> 30 32 degree

0 0.298 -0.612 0.611
M= 0.298 0 0.003  -0.591
-0.612  0.003 0 -0.447
0.611  -0.591 -0.447 0
(a)
0 -0.182 -1.397 -0.936 -1.009 0.180

-0.182 0 0.006  0.018  0.269 0.182
-1.397  0.006 0 0.017  0.021  0.990

M= -0.936 0.018  0.017 0 0.009 0.516
-1.009 0.269 0.021 0.009 0 0.675
0.180  0.182  0.990  0.516  0.675 0
(b)
Fig. 12 Extracted coupling matrices of (a) BPF1, and (b)
BPE2

K12 (a) BPFI il (b) BPF2 (Y42 HGH & HFE

Once all coupling coefficients and their correspon-
ded geometries were obtained, a full-waves optimization
process using HFSS simulator was carried on to satisfy
the desired specifications for the design filters, including
the 65 GHz center frequency, 1.2 dB insertion loss and
bandwidth expanded to 2.5% . The value of the physical
parameters of both topologies with structures presented in
Figs. 2 and 5, before and after the optimization are
shown in Tables 1 and 2, respectively. The finally gener-
al coupling matrices for filters were extracted as shown in
Fig. 12. The finally simulated results of these filters are
shown in Figs. 14 and 16. Two TZs were closely de-
signed at the edges of passband, which greatly improves
the selectivity of the filter. The dual-cavity filter has a
spurious around 75 GHz, which is resulted from the high
order mode TM,,,.

3 Filter fabrication and measurement

The designed V-band single-cavity and the dual-
cavity BPF prototypes have been fabricated by using the
miller machining technology. Figure 13 is the photograph
of the manufactured BPF1 with optimized physical param-
eters as Table 1, and its measurement results are shown
in Fig. 14. Due to the slight deviation of processed sizes,

Fig. 13 Photograph of the fabricated BPF1
13 BPFL /RS ng e A

Fig. 14 Simulated and measured results of the BPF1
P 14 BPF1 {5 B 5001045

a frequency shift is observed in passband of the filter'>’.
Good agreement is obtained among simulated and meas-
ured results. The angle between input and output ports
was designed as o =80° to generate a TZ at 65.94 GHz
closer to upper edge of passband. The perturbation angle
is optimized as B = 80°for generating another TZ at 61. 31
GHz, which reach to low edge of the passband. There-
fore, a high selectivity can be observed in Fig. 14. The
measured results have an insertion loss of 1.8 dB at 63.
84 GHz, and the narrow fractional bandwidth about 1% .

Fig. 15 Photograph of the fabricated BPF2
K15 BPF2 il fE S i

The dual-cavity prototype was fabricated with the
optimized geometries listed in Table 2. Fig. 15 shows
photograph of the manufactured dual-cavity filter. The
measured results compared with the simulated results are
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Fig. 16 Simulated and measured results of the BPF2
& 16 BPE2 [y {j 5545 %

shown in Fig. 16. Two TZs, which are individually resul-
ted by the perturbing angles 8,, B, of notches, are loca-
ted at 61.25 GHz and 68.6 GHz, respectively. The oth-
er TZs generated by the rotation angle a =90°are located
at upper stopband. The measured BPF2 has the expand-
ed fractional bandwidth of 2.5% , 1.35 dB insertion loss
of at center frequency of 64.8 GHz. The measured S, is
smaller than -20dB, and the out-of-band rejection is a-

bout 65dB.
4 Conclusion

This paper proposed a novel technique to design
high selectivity BPFs with controllable transmission ze-
ros, which does not need the sophisticated tuning screws
for the filter tuning after fabrication. A small perturbation
notch is provided for the filter application, which can be
used to easily adjust the locations TZs to improve the se-

lectivity of the filters. Two V-band filter prototypes have
been designed, fabricated and measured. The experi-
ment results confirm the good agreement with the simula-
ted results, which shows that the proposed techniques are
promising to design the compact and low cost mm-wave
quasi-planar BPFs.
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