
Received January 21, 2019, accepted January 24, 2019, date of publication February 26, 2019, date of current version March 13, 2019.

Digital Object Identifier 10.1109/ACCESS.2019.2900456

Design and Experiment of 340-GHz Band Pass
Filter With Low Insertion Loss
NAIBO ZHANG 1,2, RUILIANG SONG1, CHUNTING WANG1,
MINGJUN HU3, QIUQUAN GUO4, AND JUN YANG4
154th Research Institute, China Electronics Technology Group Corporation, Beijing 100070, China
2Beijing University of Posts and Telecommunications, Beijing 100876, China
3Beihang University, Beijing 100191, China
4Department of Mechanical and Materials Engineering and Biomedical Engineering Program, Faculty of Engineering, Western University,
London, ON N6A 3K7, Canada

Corresponding authors: Naibo Zhang (zhangnaibai@163.com) and Qiuquan Guo (qguo29@uwo.ca)

This work was supported by the National Natural Science Foundation of China under Grant 61504124.

ABSTRACT This paper demonstrates a 340-GHz band pass filter with a low insertion loss of∼−0.6 dB and
a bandwidth of ∼6%. This paper studies the relationship between filter diaphragm thickness and resonator
length, and the quantitative relationship between insertion loss and fabrication tolerances. The diaphragm
is quantitatively analyzed and the resonators lengths with correction factors are calculated for the accurate
and robust filter parameters, and the simulation results based on calculated parameters show a robust filter
structure as well as a good agreement with the theoretical analysis. The surface roughness and filter structure
sizes deviation with different tolerances are studied and calculated for insertion loss. Finally, a filter with low
insertion loss and good robustness is achieved by calculated parameters and a certain fabrication tolerance.
Different fabrication precisions are carried out to verify the effect of size tolerances on the filter performance,
including insertion loss and structural robustness. The filters, designed by the parameters analysis and
fabricated by≤∼ 7.5-µm accuracy show good agreement between the simulation results and the test results,
and when fabricated accuracy is ∼5 µm, the insertion loss is ∼−0.6 dB and the return loss is < −20 dB.

INDEX TERMS Band pass, filter, WR2.8.

I. INTRODUCTION
There is a growing interest in terahertz components in
the frequency from 300 GHz to 10 THz for potential
applications in security scanning, atmospheric monitoring,
medical imaging and ultrafast wireless communications [1].
Developing terahertz components with high performance is
essential in manipulating terahertz waves with well-defined
characteristics [2]. In general, design and fabrication are
widely studied for terahertz filters. In design methods, these
techniques can be roughly divided into three categories:
waveguide structure [1], [3]–[8], meta-material structure [2],
and frequency selected surface (FSS) [9]–[12]. Due to the
advantages of low transmission loss, high power capacity,
and suitability for fabrication by the micromachining pro-
cess, rectangular waveguide structures are widely used for
terahertz application [13], in conventional design method,
however, the fabrication accuracy limits to further higher
frequencies of filters. Meta material structure filter and
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frequency selected surface (FSS) filters are good candidates
of terahertz filter, which exhibit insertion loss <1 dB at
700 GHz under experimental measurement [11], [12]. How-
ever, due to the simple resonant structure, the stopband
rejection of mesh filter is imperfect, and hard to inte-
grate with waveguide module, sensitive to installation and
environment. Many different fabrication technologies have
been reported in literature, among them three categories
have been found: SU8 photoresist-based processes [1], [14],
LIGA [5], MEMS (DIRE and ICP) [8]–[10], [14], [15] and
CNC milling [3], [4], [6]. Photolithographic based microma-
chining technology has attracted growing attention due to
its high-dimensional accuracy. For instance, SU8 photore-
sist technology [16], [17] affords good dimensional accu-
racy and at the same time with low capital investment
required. MEMS technology provides a high-dimensional
accuracy, high achievable structure aspect ratio and capability
of large scale inexpensive production, however, the insertion
loss of this type filter is not perfect (∼−10 dB [9], and
∼−3.5 dB [12]) because of the limitation of structure design
and quality factor (Q). In addition, parameters matchings and
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robustness of parameters are the other main factor affecting
the insertion loss. In [3], [4], [7], [22], and [23], the structures
are designed based on H ladder rectangle waveguide, and the
parameters are obtained by equivalent circuit and structural
optimization simulation, however, some key parameters have
not been well analyzed and calculated, for instance, in [4],
the diaphragm thickness is simply estimated without accurate
calculation. And the robustness of parameters [3], [4], [12]
has not been analyzed, which directly affects the insertion
loss of the filter when the low fabrication tolerance occurs.

This paper mainly discusses from two aspects: 1) Terahertz
filter parameters calculation, the resonators lengths with cor-
rection factors were introduced into filter structure calcu-
lation, parameters matching and return loss (low insertion
loss) in pass band were analyzed, and simulations were car-
ried out to verify the analysis. 2) Insertion loss analysis,
the quality factor (Q) and sizes tolerances are discussed and
analyzed, different fabrication accuracy is used to verify the
analysis results, and it is obtained that the insertion loss is
mainly caused by surface roughness and filter structures sizes
deviation.

II. FILTER PARAMETERS CALCULATION
Rectangular waveguide filter design is mature, this section
does not repeat the design method. In this section, the tra-
ditional design method is cited, and this part focuses on the
calculation method of diaphragm thickness, the calculation of
diaphragm thickness and resonance length. The diaphragm
thickness t (100 ∼ 1000 µm) of conventional H-ladder
waveguide filter structure (center frequency <30 GHz) has
little influence on the filter performances. However, when
the frequency is up to 300 GHz, the diaphragm thick-
ness (∼50µm) has great influence on the filter performances.
Moreover, the variation of diaphragm thickness (t) can lead
to changes in other parameters (x and P). In order to obtain
the accurate parameters (t , x and P) and good performances,
the detailed analysis is provided as following.

FIGURE 1. Side view of bandpass filter.

A. THEORETICAL ANALYSIS
Fig.1 shows the filter structures, the rectangular waveg-
uide (WR2.8) was used for the filter, the parameters are
shown in Fig.1. Fig.2(a) is the equivalent circuit, which
was used for analyzing the relationship between the voltage
standing wave ratio (VSWR) and reactance in the reactance
discontinuity point, the diaphragm is jBi. The diaphragm is
equivalent to the circuit as Fig.2(b), the relationship between

FIGURE 2. (a) Traditional reactance coupling circuit diagram.
(b) Equivalent circuit of diaphragm thickness [25].

Xai/Xbi and S parameters is deduced by ABCD matrix, where
Y0 is admittance of waveguide.

Xai =
1
Y0

(
1− S21 + S11
1− S11 + S21

)
(1)

Xbi =
1
Y0

(
2S21

1− 2S11 + S211 − S
2
21

)
(2)

The electric length (φi) of diaphragm thickness (t) is
expressed as [25],

φi = − arctan (2Y0Xbi + Y0Xai)− arctan (Y0Xai) (3)

The electric length (θ ′i ) of resonator length (P) is expressed as,

θ ′
i
=
π

2
+ ϕ′i + ϕi+1

=
π

2
+

1
2

[
arc tan

√
ρi/2−

1
2
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+ arc tan

√
ρi+1/2

−
1

2
√
ρi+1

]
(4)

where, ρ is standing-wave ratio (SWR). Because the
diaphragm (t) is about 30-100 µm, it can’t be ignored in THz
band, the actual electric length (θi) of resonator is,

θi = θ
′

i
+1i · φi +1i+1 · φi+1 (5)

The equivalent resonators length l1 and l2 are expressed as,

l1 = P1 +11 · t1 +12 · t2
l2 = P2 +12 · t2 +13 · t3 (6)

where, 11, 12 and 13 are correction factors. Because the
diaphragm (t) has great influence on the performance of the
filter, the parameter t can’t be directly used as the resonance
length, which needs to be corrected. Parameters t1, t2 and t3
are defined as 40 µm, 60 µm and 40 µm, respectively.
When diaphragm thickness (t) and gap width (di = a−2xi)

change, the bandwidth (BW), center frequency (f0) and the
coupling coefficient (ki,i+1) change accordingly.

ki,i+1 =
BW

f0
√
gigi+1

(7)
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where, gi is the parameter of the Chebyshev low pass proto-
type filter. The diaphragm sizes (t , di = a − 2xi) effect the
coupling coefficient (ki,i+1) which leads to filter performance
changes. When 1i · ti is reduced, the coupling coefficient
among resonators decreases, and di is increased to balance
the coupling coefficient. So, 1i · ti and di have an inverse
relationship.

11 · t1 · d1 = C1,12 · t2 · d2 = C2,13 · t3 · d3 = C3 (8)

To ensure that there is no reflection in the passband, C1, C2
and C3 are defined as constants, after that, it is defined that
P1 = 0.44 mm. According to equations (4)-(6), (8), and
(23)-(31), the parameters can be calculated as, 11 = 3.54,
12 = 2.96, 13 = 5.54, P2 = 0.492 mm, x1 = 0.17 mm,
x2 = 0.22 mm, x3 = 0.24 mm.

B. SIMULATIONS ANALYSIS
In order to verify the analysis above, the simulations are
carried out. The details are as following: the relative band-
width (BW) is designed as 6%, the attenuation is ∼ 35dB
when the frequency equals to f0·(1±10%), where f0 is
the center frequency (340GHz), the VSWR in passband is
designed as 1.02, and four orders resonators were used for
the filter. The wavelength of rectangular waveguide (λg)
is 1.27 mm, λ0 = 0.882 mm and a = 710 µm. According
to analysis (In section ‘‘Appendix’’), (Bi/Y0) · (a/λg) is about
1.09, 4.41 and 9.84, where i equals to 1, 2, and 3, respectively.
And according to [22], the di/a are about 0.51, 0.38 and 0.32,
respectively. So d1 = d5 = 0.36mm, d2 = d4 = 0.27 mm,
d3 = 0.23 mm, where, di = a − 2xi. The parameters can be
calculated as, 11 = 3.54, 12 = 2.96, 13 = 5.54, P2 =
0.492 mm, x1 = 0.17 mm, x2 = 0.22 mm, x3 = 0.24 mm.
In addition, in order to verify the effect of size tolerances on
the performance, the structure is simulated by increasing or
decreasing the parameters based on the calculated parame-
ters. All simulations are carried out by Ansoft HFSS.

FIGURE 3. RF performance of the filter.

Fig.3 shows the RF performances of filters, the parameters
and performances details are shown in the TABLE 1. All
structure parameters in the TABLE 1 show the performances
with insertion loss of <0.2dB and return loss of > 16dB.

TABLE 1. Parameter and performance details of filters.

FIGURE 4. RF performances of filter when t1 and t3 changes from
0.04 mm to 0.06 mm.

From the first five groups data, when the P1 and P2 are
changed by a step of 10 µm, the return loss is >20dB
and insertion loss <0.1dB in pass band. From the last six
groups data, when the thickness of the diaphragm (t) is
changed by a step of 10 µm, the insertion loss is >16dB
and insertion loss <0.2dB in pass band. From data groups
in the table (4th and 8th, 4th and 11th, 8th and 11th, 2th
and 10th), the diaphragm thickness (t) has a great impact
on f0, BW(bandwidth), S21 and S11. We used to study the
influence of parameter t on the performance in previous
works, different thicknesses (t) are simulated. When t2 =
0.06mm, P1 = 0.44 mm, P2 = 0.44 mm, P2 = 0.5 mm
(optimized by HFSS), and t1(= t3) changes from 0.04 mm
to 0.06 mm, the performances are shown in Fig.4. When
t1 and t3 increased, the performances (S11/S21) deterioration,
but f0 and BW (bandwidth) keep constant.

When t1 = 0.04 mm, P1 = 0.44 mm, P2 = 0.5 mm,
t2 changes from 0.04 mm to 0.06 mm, the simulation results
are shown in Fig.5. In the figure, when t2 increased, the per-
formance (S11/S21) is better than before, and the f0 and
BW (bandwidth) keep constant. The diaphragm thickness (t)
affects the S21 and S11, but has no effect on theBW and f0. The
fillet parameter (R) has certain influence on performances as
well. When R changes from 10 µm to 50 µm, f0 increased,
BW decreased. When R increased, f0 and BW increased,
vice versa. The simulation results were shown in Fig.6.
However, the fillet just has a little influence on performance
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FIGURE 5. RF performances of filter when t2 changes from
0.04 mm to 0.06 mm.

FIGURE 6. RF performance in different fillet size.

of insertion loss, so the fillet can be used for fine-turning f0
and BW of the filter.
In summary, the diaphragm thickness (t) is used to opti-

mize the parameters S21/S11, and the parameter R is used to
optimize the parameters f0 and BW. In addition, in order to
obtain low insertion loss and high return loss in the actual
situation, besides the above analysis, the parametersmatching
and resistance loss of the cavity surface need to be studied.
This part will be studied in detail in next section.

III. INSERTION LOSS ANALYSIS
When the filter structure parameters are determined, there are
twomain factors determining insertion loss, quality factor (Q)
and filter structures sizes deviation. The quality factor (Q)
is determined by surface roughness. The insertion loss is
determined by following factors.
a) The insertion loss of ripple is expressed as.

LAr = 10 log
[
1+

(ρr − 1)2

4ρr

]
(9)

where, ρr is the VSWR of ripple in pass band. The max
ρr = r Zi/Zo, which is the impedance ratio of the input
to output. Because the filter structure is symmetric, ρr is
defined as ∼1.25 [22], the max insertion loss in pass band
is ∼0.065dB. The insertion loss of ripple can be ignored in
this paper.
b) The insertion loss caused by quality factor (Q).
The quality factor (Q) is caused by surface roughness

which is produced by fabrication accuracy. The unloaded

quality factor Qu [25], [26] is determined by Qc (A lossy
conductor wall, but a lossless medium filled with the cavity)
and Qfab (Caused by fabrication factors, such as metal stroke
quality, thickness and roughness) [25],

1
Qu
=

1
Qc
+

1
Qfab

(10)

where,

Qc =
(kal)3bη
2πRs

1
(2a3b+ 2bl3 + a3l + al3)

Rs =
√
wµ0/(2σ )

Qfab = w
µ0
∫
V |H |

2 dV

σ
∫
S |Ht |

2 dS

And a, b and l are length, width and height of the cavity,
k is propagation constant, η is wave impedance, σ is conduc-
tivity (=41,000,000 S/m), Rs is surface resistance of metal
wall in waveguide, w is frequency, and µ0 is vacuum per-
meability, H is space magnetic field, Ht is spatial transverse
magnetic field, S is inner surface of space, and V is volume
in space.

FIGURE 7. (a) The relationship between surface roughness and Qfab.
(b) The relationship between metal thickness and Qfab.

The insertion loss that mainly caused byQfab is determined
by surface roughness and metal layer thickness [12]. Fig.7
shows the relationship between surface roughness/metal layer
thickness and Qfab. When metal layer thickness is infin-
ity, Qfab decreases with the increase of roughness, when
the roughness is greater than 0.7 µm, Qfab drops sharply.
When surface roughness is zero,Qfab increases with the
increase of metal layer thickness, when the roughness is
greater than 7 µm, Qfab is almost up to the maximum.

VOLUME 7, 2019 27199



N. Zhang et al.: Design and Experiment of 340-GHz Bandpass Filter With Low Insertion Loss

FIGURE 8. The effect of the surface roughness to the insertion loss. Gold
layer thickness is 2.5µm, dpeak is set as 9.4 µm, and the length
is 22.12 mm.

FIGURE 9. Measurement of 22.12 mm long rectangular waveguide
prototype for the WR-2.8 band.

Gold layer (∼ 2.5 µm) is electroplated on the filter surface,
however, the surface roughness still exits inside the waveg-
uide and has an impact on the insertion loss. In this paper,
the Huray model is chosen to simulate the roughness of the
gold layer [12], [24]. The conductivity of electroplated gold
film (3.96 X 107S/m) is less than gold bulk [19]. The height
between peak and valley in the surface is hpeak−valley, and
the max distance between adjacent peaks is dpeak . In this
paper, the dpeak is set as 9.4 µm [24], and hpeak−valley ranges
from 100 nm to 700 nm, and the length of the waveguide
is 22.12mm. Fig.8 shows the relationship between the surface
roughness and the insertion loss when metal layer thickness
is ∼ 2.5 µm. The work in [12], [24], and [19] also uses this
model to analyze the loss. Another approach to analyze the
surface roughness is using the equivalent conductivity which
includes the effect of roughness. Fig.9 shows the insertion
loss measurement of rectangular waveguide prototype for
the WR-2.8 band with 22.12 mm long, the fabrication tol-
erance is ∼5 µm, the gold layer is ∼2.5 µm. The inser-
tion loss is ∼−0.22 dB at 340 GHz, and >−0.4 dB from
320 GHz to 400 GHz, the test results coincide with the
analysis.
c) The insertion loss caused by filter structures sizes

deviation.
The deviation of the filter structure size is caused fabri-

cation tolerance. When the quality factor (Q) is determined,
the parameters matching is the main factor for the insertion
loss. When parameters are determined as:x1 = 0.17 mm,
x2 = 0.22 mm, x3 = 0.24 mm, 11 = 1.77, 12 = 1.48,
13 = 2.77, P2 = 0.492 mm. The CNC fabrication has
a characteristic: when one parameter tolerance is ±5 µm,

TABLE 2. Insertion loss caused by different fabrication tolerances.

the other parameters tolerances are all ±5 µm, which means
all parameters increased/decreased ∼5 µmat the same time.
According to the characteristics, different fabrication toler-
ances are calculated and simulated. TABLE 2 shows the
simulation results with fabrication tolerances. Here we try to
construct the insertion loss (y) function that caused by fabrica-
tion tolerance (x). This function should satisfy the following
conditions: 1) This function is monotonically increasing, i.e.,
y increases with x. 2) But it is not a uniform process between
x and y, that is, derivation of y is not a constant. 3) When xis a
small value and changes very little, y increases little, when x
reaches a certain value, y increases rapidly, where the x value
has a certain range, and then the change characteristics of the
exponential functionmeet the above conditions, we define the
following functions.

y = Aeg(x) + B (11)

is the variation between x and y strictly consistent with
the exponential function here? Obviously, the probability is
small, because the relationship between x and y is monoton-
ically increasing, and x > 0, we simplify the construction of
a function for analysis.

g(x) = a(x + b)n + c (12)

When x ∈ (x1, x2), The derivation of y(x)can be obtained.

y′(x) = Aan(n+ b)n−1eg(x) (13)

For different structure filters and different parameter values,
the y(x) derivative values can be used to illustrate the robust-
ness of the filter. The smaller the value, the better the robust-
ness. In this paper, the fabrication tolerance is simulated by
increasing or decreasing the sizes of the filter structures, and
the simulation curves of different fabrication tolerances are
obtained by electromagnetic simulation. Because the y(x)
function contains six parameters, six mathematical equations
can be established by six sets of simulation curves, and the
six sets data are chosen from TABLE 2, thus the insertion
loss function caused by the tolerances of the filter structures
can be obtained. The specific function form is shown below.

y = 1.68e
x−3.71
14.7 − 1.36 (14)

From Fig.8 and equation (14), if ±5 µm fabrication preci-
sion was used and when fabrication tolerances are <5 µm,
the filter performance changes are not sensitive, and when
fabrication tolerances is > ∼±6 µm, this effect on S21 is
beginning to become sensitive.

In order to further verify the relationship between all
dimensional deviations and insertion loss, Fig.11 shows the
filter simulation results in different fabrication tolerances
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FIGURE 10. The relationship between fabrication tolerance and filter
insertion loss in pass band.

FIGURE 11. RF performance of the filter in different tolerances.

with no surface roughness, when there are no fabrication
tolerances, the performance is the red curve in the figure, the
insertion loss is > −0.1dB, and return loss is ∼< −25dB.
When fabrication tolerances are 8.5 µm, the return loss
is < −18 dB, and insertion loss is > −0.75dB, when fab-
rication tolerances is 12 µm, the return loss is < −14 dB,
and insertion loss is ∼−2 dB. And these results validate the
results of the above analysis.

Because there are two main factors that determine the
insertion loss of filter: 1) fabrication factors: Q value caused
by fabrication, and dimension error caused by fabrication,
2) filter structure parameters, matching relationship between
design parameters (S11 value).When the fabrication tolerance
is determined, If the insertion loss of the filter (|S21|) is
to be reduced, only the filter parameters can be reasonably
designed to make S11 small enough. For instance, when S11
is less than – 20 dB, the insertion loss (|S21|) will be small
enough, and if S11 is greater than – 10 dB, the insertion
loss (|S21|) will be larger.
Section II.A provides parameters calculation method. The

filter parameters obtained from the above calculation method
can make the parameters match in the required frequency
band, so as to ensure more energy passing through without
reflecting back, making S11 smaller, and thus obtaining lower
return loss (S11). In this way, a lower insertion loss (|S21|) can
be obtained. However, to further reduce insertion loss (|S21|)
on the basis of the above, it is necessary to modify the
relationship between the parameters C1, C2 and C3 and
relationship between the parameters 11, 12 and 13 in

Formula (6) and (8) to obtain smaller return loss (S11) and
achieve lower insertion loss (|S21|).

IV. FABRICATION AND RESULTS ANALYSIS
In order to verify the insertion loss analysis in section III,
three kinds of fabrication accuracy are selected for the filter,
which are ∼5µm, ∼7.5µm and ∼15 µm respectively.

A. FABRICATION PROCESS AND MEASUREMENT SETUP
The high precision CNC milling process was used for fil-
ter fabrication, and copper blocks were utilized as substrate
material. The WR-2.8 rectangular waveguide (0.71 mm ×
0.355 mm) was used for the filter. Two half structures were
bonded by screws, and the waveguide components are com-
bined by two identical halves in E-plane. The CNC process
with different fabrication accuracy was employed for filter
fabrication. Two blocks copper with a thickness of 10 mm
are chosen as the top and bottom substrates. The copper
blocks are polished. After the structuremodels are established
with detail parameters, the structures are fabricated by CNC
process. Then the structure is electroplated with 2.5 µm gold.
Next, two fabricated half structures are bonded together by
pins and screws. Fig.11(a) show the filter structures, the
flanges were designed and fabricated integrally, Fig.12(b)
shows the fabricated filter.

FIGURE 12. 340GHz filter appearance structure.

The measurement is carried out by Agilent vector network
analyzer (VNA) av3672b, and control module is av3640a
with two frequency extenders av3649. The trough-reflect-
line (TRL) calibration is used during the measurement. The
flanges (WR-2.8 UG-387/UM) on the extenders were used to
connect the test fixture and fixed by screws, and the measure-
ment setup connector is WR-2.8 waveguide.

B. MEASUREMENT RESULTS
In order to compare the difference among simulation results
with no fabrication tolerance, simulation results with fabrica-
tion tolerances, and measurement results with different fabri-
cation tolerances. The fabricated filters are shown in Fig.13,
six filters were fabricated in different accuracy, which were
used to verify the effect of accuracy. The fabrication accu-
racy in No. 1 is ∼15 µm, No.2-4 is ∼ − 7.5 µm, No.5
is ∼ 7.5 µm, and No. 6 is ∼5 µm(test by metallurgical
microscope). Because the consistency of CNC fabrication
tolerances, when the fabrication tolerance is ∼ x µm, all
fabricated structures will decrease x µm, and this feature will
be used in simulations with x µm tolerances.
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FIGURE 13. Fabricated filter in different accuracy.

FIGURE 14. Measurement results in ∼ −15 µm fabrication accuracy.

Fig.14 shows the comparison of measured and simulated
results. The fabrication tolerance is ∼ 15 µm, and the sim-
ulation result with 15 µm tolerances have an approximation
agreement with measurement results. However, the thickness
and spacing of diaphragm are smaller than simulation struc-
tures, and the matching between resonators is worse than
simulations, the bandwidth becomes wider and the S21/S11
becomes worse. The insertion loss in Fig.14 is caused by the
parameters mismatching and surface roughness (∼700 nm).
According Fig.7-8, when fabrication tolerance is ∼15 µm,
∼2.5dB insertion loss is caused by parameters mismatching,
and the remaining ∼1.5dB (insertion loss) is mainly pro-
duced by surface roughness and test errors. Fig.15 shows
three groups of performance, simulation results with no fab-
rication tolerances, simulation results with ∼±7.5 µm, and
measurement results. The measurements results show a good
agreement with simulation results with∼±7.5µm, and some
differences with simulation results with no fabrication tol-
erances. The fabrication tolerances make the resonator unit
size become smaller/bigger, which results in the center fre-
quency increasing/decreasing. The insertion loss in Fig.15 is
∼ 1.5 dB, including ∼ 0.7 dB caused by parameters mis-
matching and ∼ 0.8 dB mainly produced by surface rough-
ness (∼ 300 nm) and test errors. In Fig.16, the measurement
results show a good agreement with two groups simulation
results. The fabrication tolerance is ∼ 5 µm tested by metal-
lurgical microscope. The simulation with ∼ 5 µm tolerances
is carried out, which has a perfect coincidence with mea-
surement results. Fig.16(b) shows the expanded view of S21,
which show ∼−0.6 dB of measured result in passband. The
insertion loss is ∼0.6 dB, including ∼ 0.4 dB caused by
parameters mismatching, and ∼ 0.2dB produced by surface

FIGURE 15. Measurement results in ∼∼ ± 7.5 µm fabrication accuracy.
(a) ∼−7.5 µm fabrication accuracy. (b) ∼+7.5 µm fabrication accuracy.

FIGURE 16. (a) Measurement results in ∼ 5 µm fabrication accuracy.
(b) Expanded view of S21.

roughness (∼ 200 nm) and test errors. Therefore, the RF
performance differences is very small when the fabrication
tolerances are 5µm. In addition, the filter has a good insertion
loss under this fabrication tolerances and good parameters
matching design. The performance will not change greatly
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under 5 µm fabrication tolerances. When the tolerances are
larger than 7.5 µm, the performance will change greatly.
In order to compare the fabrication tolerances influence

on the simulation results and test results, the simulation
and measurement sizes of filter structures are shown in the
table 3, the filter sizes are tested by metallurgical microscope,
and the detail comparison of simulation and measurement
results are shown in the table 4. It can be seen from the
above measurement results that the influence of tolerances on
performance is reflected in insertion loss, center frequency
point and bandwidth. According to the test and simulation
results, the total insertion loss of the filter is consistent with
the analysis in section IV.

TABLE 3. Simulated and measured dimensions of filters.

TABLE 4. Comparison of simulation and measurement.

By comparing the above results, it can be found that: 1) the
simulation results with quantitative simulation tolerances are
almost identical with the test results with corresponding fab-
rication tolerances. 2) The insertion loss of the filter is mainly
composed of the parameters mismatching and the surface
roughness, which is basically consistent with the analysis
results of Fig. 8 and Fig. 10.

C. DISCUSSION
When fabrication tolerances increased (∼−5/−7.5/−15µm),
f0 increases. The reason is that the scale of filter structures
are too close to the tolerance. The reason of the change in
bandwidth is as following: the ABCD matrix of the filter
is used for S21, two equivalent transmission line matrix is

expressed as,

A1 =

 cosθ1 j
1
Y0

sin θ1

jY0 sin θ1 cosθ1

 ,
A2 =

 cosθ2 j
1
Y0

sin θ2

jY0 sin θ2 cosθ2

 (15)

And the total matrix is, A = A1·A2·A2·A1.

A

=

 cos 2(θ1+θ2) j
2
Y0

cos(θ1+θ2) sin(θ1+θ2)

j2Y0 cos(θ1+θ2) sin(θ1+θ2) cos 2(θ1+θ2)


(16)

The insertion loss is expressed as equation (17), in order to
obtain the −3 dB cut-off angular frequency (wcn), the equa-
tion (17) equals to 1/

√
2.

|S21|

=

∣∣∣∣ 2
A11 + A12 + A21 + A22

∣∣∣∣
=

∣∣∣∣ 1
j(Y0 + 1/Y0) cos(θ1 + θ2) sin(θ1 + θ2)+ cos 2(θ1 + θ2)

∣∣∣∣
=

1√
cos2 2(θ1+θ2)+(Y0+1/Y0)2 cos2(θ1+θ2) sin2(θ1+θ2)

=
1
√
2

(17)

The equivalent electric length is expressed as (18)-(19),
the equation (18) is calculated from (17).

θ1 + θ2 = 0.479π + 0.5nπ, n = 0, 1, 2, 3... (18)

θ1 + θ2 =
l
2
β =

l
2c
w (19)

where, c is the speed of light, and l = 2(l1 + l2) = 2(P1 +
P2 +11 · t1 +12 · t2 +13 · t3). The −3 dB cut-off angular
frequency (wcn) is obtained from (18)-(19), and expressed as,

wcn =
(0.958+ n)cπ

l
(20)

And the bandwidth is expressed as,

BW = wc1 − wc0 =
cπ
l

(21)

In order to further illustrate the impact of fabrication toler-
ances on BW, the drift rate (r) used to indicate the impact of
the fabrication tolerance on BW, the equation is as following,

r =
(0.958+n)cπ

l −
(0.958+n)cπ

l+1l
(0.958+n)cπ

l

=
1l

l +1l
(22)

where, 1l is equivalent length tolerance. From the equa-
tion (22), when fabrication tolerance is negative,1l is a pos-
itive number, and then the filter size (l) increase, according
to (21), BW decreased, vice versa.
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TABLE 5. Comparison of different types THz filters.

It is generally believed that diaphragm t is (1/30) ·P or
less [22], which has no effect on the structure. If the thickness
is greater than that, the diaphragm t will affect the resonant
frequency and RF performance. This study presents relation-
ships among parameters t , d and P. However, the calculated
parameters have some differences with the final simulation
results, the reasons are as following: SWR is required small
enough in a certain bandwidth range, and t is inversely
proportional to d , in order to simplify the calculation, two
assumptions (C1 = C2 = C3, and equals to constant) are
made for fine-tuning the filter structure. However, there are a
little difference amongC1, C2 andC3, and the parameterP are
used to fine-tune in simulation, so there are some differences.

In addition, we comment that various micromachining
methods for realizing filters show higher insertion loss than
the CNC-milled based demonstration they describe in the
paper, which does not mean that the CNC process is supe-
rior to other methods or that the loss due to the CNC pro-
cess is reduced, for example, in reference [3], CNC process
with 5 µm fabrication tolerance was used for 340 GHz
bandpass filter (bandwidth is 6%), however, the insertion
loss is ∼2.5 dB. There are two main factors determining
insertion loss, quality factor (Q) and the structure robustness.

The Q value is determined by surface roughness. When the
fabrication tolerance is determined, the insertion loss caused
by Q is determined. According to Fig.8 and Fig.14-Fig.16,
we can find that the structure robustness is determined by
parameters matching. For instance, when fabrication toler-
ance is ∼5 µm, the insertion loss caused by Q is ∼0.2 dB,
and caused by parameters mismatching is ∼0.4 dB. When
fabrication tolerance is ∼15 µm, the insertion loss caused
by Q is ∼1.5 dB, and caused by parameters mismatching
is 2.5∼3 dB. Some of the high precision micro-machined
filters do not have a good insertion loss, mainly because the
structural parameters are not well calculated and coordinated.

To compare the proposed filter in this study and
reported THz filters, Table 5 shows recently published THz
waveguide filters, FFS filters, and mate material filters.
The proposed filter serves as bandpass filters with a low
insertion loss which is comparable to the filter’s perfor-
mances [3]–[20]. The proposed filter provides high Q and
return loss in pass band that are competitive with those of
filters [3]–[15]. In other words, the proposed filter can have
both the advantages of a high-quality factor, a low insertion
loss and high return loss of passband. It is observed that
the previously published filters could not provide such filter
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with low insertion loss, high return loss. Compare with the
bandpass filters with the same center frequency, rectangle
waveguide and CNC milling in [3], the filter in this study
shows a much better performances than performances in [3].
When compare with [11] and [12] with almost same center
frequency and band width, the differences are fabrication
and filter structures, the proposed filter in this study shows
a lower insertion loss and a higher return loss in pass band.
These advantage features of proposed filter will be useful for
many system applications, such as, communication system
and microwave detection system.

V. CONCLUSION
This paper presents a 340GHz band pass filter with inser-
tion loss of ∼−0.6dB and band width of ∼ 6%. The filter
was designed based on a rectangle waveguide of WR2.8,
and fabricated by computer numerical control (CNC) milling
process. The diaphragm thickness is quantitatively analyzed
to obtain the accurate filter parameters by equivalent circuit
and diaphragm coupling, the simulation results based on
calculated filter parameters show that diaphragm thickness
has great influence on the filter performance. Meanwhile,
the relationship between fabrication tolerance and insertion
loss was studied and a quantitative mathematical model is
given for the first time. Based on the above analysis, the fil-
ter parameters were obtained. Different fabrication accuracy,
carried out from 5 µm to 15 µm, was used for validating the
influence of different CNC fabrication accuracy on the perfor-
mance of filters. The test results show a good agreement with
the theoretical analysis and simulation results. The filter also
shows an excellent performance when compared with other
filters performance from the current literature reports.

APPENDIX
In Fig.2(a), the parameters are defined as,

hi =
Yi
Yi−1

, ui =
Bi
Yi−1

(23)

where, Bi = −
jXbi

2XaiXbi+1
where, Bi is the junc-

tion susceptance and produced by diaphragm param-
eters (t and x). Yi is the characteristic wave admit-
tances of the waveguide sections, and produced by
resonator (P).

The reflection coefficient in the equivalent circuit is,

0i=
YL − Yi−1
YL+Yi−1

=
(hi − 1)Yi−1+jBi
(hi+1)Yi−1+jBi

=
(hi − 1)+jui
(hi+1)+jui

(24)

The formula can be expressed as,

ρi +
1
ρi
=

1+ h2i + u
2
i

hi
(25)

In this study, we defined that all Yi are all equal, so hi = 1.
There is a formula as following.

ui =

√
ρi +

1
ρi
− 2 =

√
ρi −

1
√
ρi

(26)

In order to calculate the electrical length of adjacent cou-
pling reactance, the individual discontinuous reactance is
analyzed from Fig.2(b). Fig.2(c) is the equivalent circuits of
the H-ladder waveguide bandpass filter (n= 4), the resistance
of the filter is ignored for better calculation, since the resis-
tance of the waveguide is <0.1 �.
Because the discontinuity reflection coefficient is a pure

imaginary number, the electrical length can be obtained by
following equations,

θ ′i =
π

2
+ ϕ′i + ϕi+1

=
π

2
+

1
2
(arc tan

ui
2
+ arc tan

ui+1
2

) (27)

The parameters P, t , and x in Fig.1 are determined by equa-
tions (23)-(27). The order impedance of every diaphragm
can be checked in [22] as, Z0 = 1 (Input), Z1 = 5.613,
Z2 = 0.0875, Z3 = 27.2, Z4 = 0.1817, and Z5 = 1.02
(Output) respectively. And then, the VSWR of every order
diaphragm were,

ρ1 = ρ5 = Z1/Z0 = 5.613

ρ2 = ρ4 = Z1/Z2 = 64.15

ρ3 = Z3/Z2 = 310.86 (28)

According to equation (26), the parameter ui can be
expressed as,

u1 = u5 = B1/Y0 = B5/Y0 = 1.95

u2 = u4 == B2/Y0 = B4/Y0 = 7.88

u3 = B3/Y0 = 17.57 (29)

So, according to equation (27), the electrical length of
resonators can be calculated as,

θ1 = 150.015(l1 = 0.53mm)

θ2 = 169.63(l2 = 0.598mm) (30)

The wavelength of rectangular waveguide is expressed as,

λg =
λ0√

1− (λ02a )
2
= 1.27mm. (31)
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