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ABSTRACT This paper investigates physical dimension limits associated with the low-cost, polymer-based
masked stereolithography apparatus (MSLA) 3-D printer, with 50 µm pixels defining the minimum print
feature size. Based on the discretization properties of our MSLA 3-D printer, multi-step quantization predis-
tortion is introduced to correct for registration errors between the CAD drawing and slicing software. This
methodology is applied to G-band 5th order metal-pipe rectangular waveguide filters, where the pixel pitch
has an equivalent electrical length of 8.5◦ at center frequency. When compared to the reference Chebyshev
filter, our chained-function filter exhibits superior S-parameter measurements, with a low insertion loss of
only 0.6 dB at its center frequency of 182 GHz, having a 0.9% frequency shift, and an acceptable worst-case
passband return loss of 13 dB. Moreover, with measured dimensions after the 3-D printed parts have been
commercially electroplated with a 50µm thick layer of copper, the re-simulations are in good agreement with
the S-parameter measurements. For the first time, systematic (quantization) errors associated with a pixel-
based 3-D printer have been characterized and our robust predistortion methodology has been successfully
demonstrated with an upper-millimeter-wave circuit. Indeed, we report the first polymer-based 3-D printed
filters that operate above W-band. As pixel sizes continue to shrink, more resilient (sub-)THz filters with
ever-higher frequencies of operation and more demanding specifications can be 3-D printed. Moreover, our
work opens-up new opportunities for any pixel-based technology, which exhibits registration errors, with its
application critically dependent on its minimum feature size.

INDEX TERMS Additive manufacturing, 3-D printing, millimeter-wave, G-band, WR-5, chained-function
filter, rectangular waveguide, manufacturing sensitivity, quantization, predistortion.

I. INTRODUCTION
3-D printing represents one form of additive manufacturing.
The first commercial 3-D printer, from 3D Systems (U.S.A.),
was developed in the 1980s using a polymer-based technol-
ogy [1]. Today, 3-D printing has proven itself to be attractive,
in both academia and industry, due to its design flexibility,
minimal waste, rapid prototyping and low cost. This emerg-
ing technology has already found its way into commercial
products, where mass reduction is critical.

There are three main generic material categories
associated with 3-D printing technology: (i) polymer-
based, represented by fused deposition modeling (FDM),

The associate editor coordinating the review of this manuscript and

approving it for publication was Cheng Qian .

polymer jetting (PolyJet) and stereolithography apparatus
(SLA) [1]; (ii) pseudo-ceramic-based, represented by ceramic
stereolithography apparatus (CSLA); and (iii) metal-based,
which includes selective laser melting (SLM), micro laser
sintering (MLS) and direct metal laser sintering (DMLS).

To date, a number of microwave (i.e., below 30 GHz)
3-D printed waveguide thru line, filter and horn antenna
components have been reported in the open literature [2]–[4].
Indeed, examples of horn antennas and other quasi-
optical components have been demonstrated at G-band (140
to 220 GHz) [5]; while THz metal-pipe rectangular waveg-
uide (MPRWG) thru lines have been reported [6], [7].

Even with low-cost polymer-based desktop printers, the
minimum print feature size can be considered to be
within acceptable manufacturing dimensional tolerances with
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all components at microwave frequencies and also with
quasi-optical components up to ca. 220 GHz [5]. However,
cavity resonators, used in impedance matching networks and
filters, are highly sensitive to poor dimensional tolerances;
inherently limiting the choice of manufacturing technologies
for applications above microwave frequencies.

This paper investigates the manufacturability of G-band
bandpass filters using low-cost polymer-based 3-D printing
beyond its traditional capability. First, an exhaustive literature
survey is undertaken for metal waveguide filters; subtractive
manufacturing using micromachining (commercially avail-
able) above W-band (75 to 110 GHz) and additive manufac-
turing using 3-D printing (not commercially available) above
the microwave band. Next, we introduce the little-known
‘chained-function filter’ concept, giving seed function com-
binations between traditional Butterworth and Chebyshev
approximations, which provides a lower sensitivity to poor
manufacturing tolerances (ideal for 3-D printing). In addi-
tion, this paper will focus on applying predistortion to mit-
igate against print quantization errors found with low-cost
masked stereolithography apparatus (MSLA) 3-D printers.
Fifth-order G-band filters are designed, manufactured and
tested.

Here, we demonstrate the first polymer-based 3-D printed
metal waveguide filters above W-band; these have the low-
est recorded insertion loss, when compared to commercial
micromachined and metal-based 3-D printed filters.

II. METAL WAVEGUIDE BANDPASS FILTER SURVEYS
In order to understand the practical difficulties associated
with manufacturing metal waveguide filters, the results from
two surveys are presented here, for both subtractive and addi-
tive manufacturing technologies. With the former, we under-
took a comprehensive survey of commercial-off-the-shelf
(COTS) bandpass filters, having a lower-passband cut-off
frequency above W-band. To the best of our knowledge,
Table 1 represents all the commercially-available products
found online; although a number of companies can meet
be-spoke specifications on request. Here, f0, FBW, IL and RL
are the respective quoted center frequency, fractional band-
width, insertion loss and worst-case passband return loss.

Only 11 filter specifications were found from a worldwide
search, and these are from only three companies (Eravant
and Smiths Interconnect, both in the U.S.A., and Elmika
in Lithuania). The lack of COTS filters is due to limited
commercial applications that currently exist above W-band;
this can in part be attributed to their highmanufacturing costs.

As seen in Table 1, limited information is provided by
the manufacturers for measured specifications. All the filters
from Smiths Interconnect are Type I Chebyshev and their
filter orders are given (in the range from 4th to 13th); while
their materials and mass are not explicitly specified. In con-
trast, Eravant and Elmika provide the materials and mass, but
do not explicitly state the filter type or their order. Only the
G-band filter from Elmika has a quoted worst-case return loss
measurement. We believe the reason for not providing return

loss measurements (normally quoted at W-band and lower
frequencies) is due to their relatively poor performance – as
a resulting of manufacturing dimensional tolerances becom-
ing more significant at higher frequencies – as indirectly
observed by the relatively high insertion loss measurements.
It can also be seen from Table 1 that the materials used in
micromachining are either lightweight aluminum or much
heavier brass; while gold plating is almost always used in
these COTS filters (as this inert material does not oxidize
or tarnish, which would otherwise significantly increase the
insertion loss of the filters).

Micromachining using high precision computer numerical
control (CNC) milling, deep reactive-ion etching (DRIE) and
SU-8 photoresist technologies can be used to manufacture
filters above G-band. Two examples of 3rd order Cheby-
shev J-band (220 to 325 GHz) bandpass filters have been
reported [12]. The first is CNCmilled, with ameasured center
frequency of 286.6 GHz, insertion loss of 0.41 dB and worst-
case return loss of 14 dB. The second uses SU-8 photoresist,
with a measured center frequency of 298.6 GHz, insertion
loss of 0.45 dB and worst-case return loss of 16 dB.

With additive manufacturing, we undertook a comprehen-
sive survey of published research, available in the open lit-
erature, of 3-D printed metal waveguide filters operating at
millimeter-wave frequencies (30 to 300 GHz). To the best of
our knowledge, Table 2 represents all available references.
Here, f0 and FBW represent the target design parameters; IL
and RL are the measured parameters, while QL corresponds
to the measured loaded quality factor based on the 3 dB
bandwidth.

Only 14 filters are reported, with six employing metal-
based 3-D printing technologies (all since 2019) while the
rest are polymer-based or ceramic-based (all since 2015); all
demonstrate relatively low order filters (in the range from 2nd

to 6th; half that for the COTS filters). In general, lower order
filters are much less sensitive to poor dimensional tolerances
and able to realize smaller fractional bandwidths (e.g.,<4%).

In practice, poor dimensional tolerances become propor-
tionally more significant with higher frequencies and/or
smaller fractional bandwidths. As a result, at W-band and
higher frequencies, 5th order filters can be difficult to 3-D
print even with fractional bandwidths at 10%. At these higher
frequencies, it can be seen that copper electroplating is
employed to achieve an insertion loss of less than ∼1 dB.

It can be seen, in Table 2, that all metal waveguide filters
aboveW-band are realized usingmetal-basedMLS 3-D print-
ing technology – having a 30µm spot size [22], and enhanced
thermal and mechanical characteristics [23]. However, there
are several challenges that currently limit metal-based 3-D
printing: (i) poor surface roughness; (ii) poor effective bulk
conductivity (when stainless steel is used [22], [23]); (iii)
larger mass; and (iv) extremely high cost. For example,
when comparing the 90 GHz polymer-based [20] and metal-
based [21] filters, having the same target passband specifica-
tion and filter order, the measured insertion losses are 0.4 dB
and 1.0 dB, respectively; the greater surface roughness and
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TABLE 1. COTS metal waveguide bandpass filters with lower-passband cut-off frequency above 110 GHz.

lower effective bulk conductivity, associated with the latter,
results in a significantly poorer insertion loss. For these rea-
sons, polymer-based 3-D printing of upper-millimeter-wave
(100 to 300 GHz) filters is the focus here.

III. CHAINED-FUNCTION FILTERS
In classical textbook filter theory, Butterworth and Cheby-
shev polynomials are standard approximations that define
the target filter transfer functions. When compared to But-
terworth filters, having the same order, Chebyshev filters
exhibit steeper roll-off characteristics. However, Chebyshev
filters are inherently more sensitive to manufacturing errors,
due to the spectral distribution of return loss zeros across
the passband [24]. This sensitivity increases with both an
increase in filter order and reduction in fractional bandwidth.
Conversely, Butterworth filters are less sensitive to manufac-
turing errors. However, their rejection performance is rela-
tively poor; especially around the -3 dB cut-off frequencies.
As a result, to provide the same level of rejection as its
Chebyshev counterpart, the Butterworth filter’s order must be
increased.

Unlike the Butterworth and Chebyshev approximations,
chained functions are generated by multiplying a certain
number of low-order (seed) functions. The theory behind
chained-function filters (CFFs) was first introduced in
1997 [25]. A rigorous theoretical investigation was under-
taken in 2005 [26] and the optimal selection of seed function
combinations was later developed in 2010 [27]. A number
of different seed function combinations can exist, repre-
senting individual filter properties, for a given filter order.
By employing Chebyshev polynomials, as the seed functions,
CFFs can be regarded as a compromise between Butterworth

and Chebyshev filters [26]; effectively representing a tradeoff
between the Butterworth’s low sensitivity and the Cheby-
shev’s steeper roll-off characteristics.

The family of CFFs provide individual filter properties for
each seed function combination; some being more resilient
than others to manufacturing errors. Therefore, this relatively
new class of filters provides more design flexibility, helping
to meet target specification for non-ideal manufacturing tech-
nologies.

Practical chained-function filters have previously been
demonstrated in microstrip transmission line [28] and metal-
pipe rectangular waveguides [13], [29]–[32]. In 2017, non-
Chebyshev seed functions were introduced into CFFs; for
example, with Legendre [33], Jacobi [34] and then ellipti-
cal [32] polynomials.

Most of the previous CFF papers [13], [25]–[32] focused
on theoretical comparisons with the Chebyshev counterpart.
However, to the best of our knowledge, no practical compari-
son has been investigated using the same target specifications,
design implementation and manufacturing technology.

IV. FILTER DESIGN
Here, a 5th order G-band chained-function filter and its
Chebyshev counterpart are designed, fabricated and tested;
the initial target specifications include a center frequency of
183.3 GHz, a 25 dB worst-case passband return loss, and
passband return loss fractional bandwidth of 9.3%. All filters
are implemented in standard WR-5 metal-pipe rectangular
waveguide, having internal cross-sectional dimensions of
1,295 µm × 647.5 µm. Given the small dimensional feature
sizes needed for the inductive irises, 3-D printing (which
includes post processing) and subsequent metal plating can
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TABLE 2. Millimeter-wave 3-D printed metal waveguide bandpass filters.

be challenging if a high yield is required with the use of
traditional diaphragms. An alternative approach is to employ
a thick iris, having a wall thickness that is much greater than
the minimum feature size offered by the 3-D printer. This
requires additional electromagnetic (EM) simulation to be
undertaken, in order to optimize physical dimensions, since
theoretical design calculations are based on an infinitesimal
wall thickness. However, a more unconventional approach
is to realize an inductive iris with a transverse offset in
the waveguide, as demonstrated with a thick-film substrate
integrated waveguide 4th order Chebyshev bandpass filter
at 180 GHz [35]; this avoids 3-D printing and plating of fine
features (having low yields) and additional EM optimization.

Figure 1 shows the internal dimensions for a 5th order
metal-pipe rectangular waveguide filter. The ith cavity is
defined by its lengths Li∨ and Li∧ (i ∈ [1, 2, 3, 4, 5]), where
Li∨ represent inner lengths and Li∧ represent outer lengths.
L1feed∨ and L1feed∧ represent the inner and outer feed lengths,
respectively, at the input (Port 1). L2feed∨ and L2feed∧ are
the inner and outer feed lengths, respectively, at the output
(Port 2). Note that associated inner and outer lengths have
the same values with ideal manufacturing (i.e., after both
3-D printing and plating); this is not the case in practice.
Wi (i ∈ [1, 2, 3, 4, 5, 6]) are the associated iris gap widths. ai
and bi (i ∈ [1, 2]) are the internal aperture dimensions at the
ith port, and ai (i ∈ [3, 4, 5, 6, 7, 8, 9]) represent all widths
within the filter structure. All simulations are undertakenwith

FIGURE 1. Internal dimensions for a 5th order transverse-offset
inductive-iris MPRWG filter (without flanges): (a) plan view (H-plane);
and (b) cross-sectional view.

commercial 3-D full-wave EM simulation software, using
Ansys High-Frequency Structure Simulator (HFSS). Copper
is used for the internal walls, having a conductivity of 5.8×
107 S/m.

A. CHEBYSHEV
Following standard textbook filter synthesis [36], summa-
rized in Appendix A, a 5th order Chebyshev bandpass filter is
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TABLE 3. Polynomial coefficients of the 5th order Chebyshev filter for
25 dB worst-case passband return loss.

TABLE 4. Optimized dimensions for the 5th order Chebyshev filter
(assuming ideal manufacturing).

designed (the fixed polynomial function is ψN (ω) = 16ω5
−

20ω3
+ 5ω). For a worst-case passband return loss of 25 dB,

the corresponding polynomial coefficientsE(s),F(s) andP(s)
are given in Table 3, where complex frequency s = jω and ω
is the angular frequency.

From the polynomials obtained using Table 3, with a filter
order N = 5, a (N + 2)×(N + 2) prototype coupling matrix
can be extracted. By applying matrix similarity transforma-
tion and annihilation [36], the final coupling matrix M1 is
given as: (1), as shown at the bottom of the next page.
Using the ‘step-by-step’ design procedure [37], by adding one
resonator at a time to the EM simulated model, the filter’s
physical dimensions are optimized (using EM simulations)
and given in Table 4.

The corresponding theoretical and EM simulated responses
are shown in Fig. 2, which shows excellent agreement with
the characteristic five return loss zeros.

B. CHAINED FUNCTION
The chained-function polynomial ψN (ω) ≡ Gµ(ω) is formed
by the combination of µ seed functions Sns(k) (ω) [26]:

Gµ (ω) =
∏µ

k=1

(
Sns(k) (ω)

)ms(k) (2)

where, ns(k) is the order of the k th seed function, having a
multiplicity of ms(k). The overall chained-function polyno-
mial order N is then given as:

N =
∑µ

k=1
ns(k)ms(k) (3)

In this work, low-order Chebyshev polynomials are chosen
as seed functions to N = 5, with all possible seed function
combinations given in Table 5.

FIGURE 2. Theoretical and EM simulated S-parameter responses for the
G-band 5th order Chebyshev filter. The black dashed lines indicate the 25
dB return loss target design bandwidth.

TABLE 5. Seed function combinations for 5th order chained-function
polynomials.

TABLE 6. Polynomial coefficients of the 5th order
{
1,1,1,2

}
chained-function filter for 25 dB worst-case passband return loss.

As seen in Table 5, seven seed function combinations
are possible, ranging from the Butterworth approximation
{1, 1, 1, 1, 1} to the Chebyshev approximation {5}. The seed
function combination {1, 1, 1, 2} is adopted here, having the
highest number of first-order seed functions for a chained-
function polynomial. It has been found, with ∼50 EM sim-
ulations, that this Butterworth-like approximation inherently
makes this combination the least sensitive to manufacturing
errors; theoretically, also providing steeper roll-off character-
istics when compared to a Butterworth filter. With ψN (ω) =
2ω5
− ω3, the associated polynomial coefficients E(s), F(s),

and P(s) are calculated, given in Table 6, for a worst-case
passband return loss of 25 dB.
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TABLE 7. Optimized dimensions for the 5th order
{
1,1,1,2

}
chained-function filter (assuming ideal manufacturing).

After applying matrix similarity transformation and anni-
hilation, the (N + 2)×(N + 2) prototype couplingmatrixM2
is given as: (4), as shown at the bottom of the page.
The filter’s physical dimensions are optimized (using EM

simulations) and given in Table 7.
The corresponding theoretical and EM simulated responses

are shown in Fig. 3, which show good agreement with the
three return loss zeros (the center zero corresponds to the 1st

order seed functions, while the two outer zeros correspond
to the 2nd order seed function). Unlike Fig. 2, which clearly
exhibits the 25 dB worst-case passband return loss, the same
is still true with the CFF – having peak ripples at -44 dB.

V. PIXEL-BASED 3-D PRINTING QUANTIZATION
Polymer-based 3-D printers can use a number of generic
technologies for layer-by-layer printing. FDMprinters are the
most basic, which use a continuous thermoplastic polymer
filament as the building material. Having relatively large
extrusion nozzle sizes (≥200µm, in most cases), FDM print-
ers have relatively poor resolution and, therefore, are not
suitable for printing G-band filters (ideally requiring sub-
50 µm precision).
Material jetting printers (e.g., Stratasys’ PolyJet, with a

quoted x-y resolution of 600 dots per square inch [38]) are

FIGURE 3. Theoretical and EM simulated S-parameter responses for the
G-band 5th order

{
1,1,1,2

}
chained-function filter. The black dashed

lines indicate the 25 dB return loss target design bandwidth.

very expensive and operate in a similar way to conventional 2-
D inkjet printers, by spraying droplets of liquid photopolymer
resin through its nozzles that is then instantly cured by an
ultraviolet (UV) light source. Unlike other polymer-based 3-
D printing, a wax-like material is generally deposited to sup-
port themain build structure; making it ideal for very complex
geometrical features. However, since the wax-like support
material requires mechanical or chemical removal, delicate
structures and sharp edges are easily damaged. Moreover,
residual wax-like support material cannot be electroplated;
making this technology unsuitable for G-band filters.

SLA printers are expensive, because they employ scanning
UV lasers (and associated precision optics) to selectively cure
a layer of liquid photopolymer resin. The minimum feature
size is dependent on the laser’s spot size, which can be of
the order of ∼50 µm. However, sharp corners are difficult to
define, mainly due to the laser’s spot being circular; making
this technology unsuitable for G-band filters.

M1 =



0 1.1208 0 0 0 0 0
1.1208 0 0.9737 0 0 0 0

0 0.9737 0 0.6825 0 0 0
0 0 0.6825 0 0.6825 0 0
0 0 0 0.6825 0 0.9737 0
0 0 0 0 0.9737 0 1.1208
0 0 0 0 0 1.1208 0


(1)

M2 =



0 1.5485 0 0 0 0 0
1.5485 0 1.5266 0 0 0 0

0 1.5266 0 0.8912 0 0 0
0 0 0.8912 0 0.8912 0 0
0 0 0 0.8912 0 1.5266 0
0 0 0 0 1.5266 0 1.5485
0 0 0 0 0 1.5485 0


(4)
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With the ultra-low costMSLA 3-D printers, an array of UV
light-emitting diodes (LEDs) illuminates a programmable
liquid crystal display (LCD); this acts as a shadow mask,
such that UV radiation is blocked by the pixels that are turned
off. The UV radiation cures the exposed liquid photopolymer
resin. While there is some physical diffusion at the corners
and edges of each pixel (in the x-y plane), clear quantization
can be seen with each pixel. If this quantization can be char-
acterized then predistortion can be introduced, to mitigate
against the effects of this particular systematic manufacturing
error. This section demonstrates the effects of quantization,
with a specific low-cost MSLA printer, and how predistortion
can be introduced in the design of G-band filters.

Autodesk Fusion 360 [39], used here, is a generic
computer-aided design (CAD) drawing package and often
used for designing 3-D printed parts. The output drawing
file, having a standard tessellation language (STL) format,
is then imported into Chitubox [40], which is a common
slicing software package employed by different resin-based
3-D printers. The origin of the orthogonal coordinate axes is
aligned by Chitubox to the central pixel of the LCD; the parts
being printed are orientated relative to this origin (referred to
here as ‘registration’). With perfect registration, parts will be
printed without quantization errors and so there is no need
for quantization predistortion (these points will be discussed
later in the next subsection). Subsequent print runs should be
successful. Unfortunately, due to normal ‘wear & tear’ (e.g.,
wearing of bearings and screw threads), 3-D printers will very
slowly drift and, thus, registration errors will increase with
usage; until quantization errors will be evident. However,
even with a brand new printer, there is no guarantee that parts
will be printed without registration errors. Indeed, the chance
of having negligible registration errors is very small. For this
reason, our work assumes a priori that registration errors exist
and so we have developed a design predistortion methodol-
ogy to mitigate against total specification failure; instead we
can now meet acceptable measured levels of performance.

A. MSLA PRINT QUANTIZATION CHARACTERIZATION
Our MSLA printer is the Elegoo Mars 2 Pro, with a quoted
print volume of 80 mm × 129 mm × 160 mm [41].
This printer has a 2K monochrome LCD having a 1620 ×
2560 pixel array [41]; this provides high resolution on both
the x- and y-axes (giving a calculated 49.4 µm × 50.4 µm
minimum feature size along the respective x- and y-axes).
The vertical build z-axis accuracy is quoted to be 1.25 µm,
for a layer thickness between 10 µm and 200 µm [41]; with
our samples, the layer height is set to 20 µm. Ideally, with an
MSLA printer having1 = 50µm resolution in the x-y plane,
the physical dimensions of printed pieces should be integer
multiples of 1 in the x- and y-directions.
Figure 4 shows microphotographs for LCD pixels from our

ElegooMars 2 Pro printer. It can be seen in Fig. 4(b) that each
pixel can be approximated by an ellipse. The area of each
pixel is calculated to be ∼1,060 µm2 and the corresponding
active area is ∼43%.

FIGURE 4. Microphotographs of LCD pixel sub-arrays with all pixels
turned on (allowing UV light to pass through): (a) 11× 7 sub-array; and
(b) 3× 3 sub-array.

A digital microscope, having a maximum magnification
of ×1000, is used for visual inspection and dimension mea-
surements. The latter is benchmarked against a reference
Thorlabs calibrated standard stage micrometer; this 10 mm
ruler has 50 µm divisions [42]. Note that, relatively large
random errors are introduced with both the printing and
measurements.

In order to characterize the quantization effects in the
x- and y-directions, two different types of test prints are inves-
tigated for their physical dimensions: linear isolated small
cavity arrays and single transverse offset cavities. With the
former, 11 (numbered 0 to 10) equally spaced (with sepa-
ration distance 1l = 400µm) are distributed horizontally,
as shown in Fig. 5(a).

Cavity #0 has design dimensions of 500µm× 500µm and
acts as a reference. Cavities #1 to #5 have the same dimen-
sions as Cavity #0, but adjacent cavities are vertically offset
by 10 µm increments – this studies dimensional quantization
along the vertical direction associated with its offset. Cavities
#6 to #10 do not have any vertical offset from Cavity #5,
but the lower boundaries of adjacent cavities are lowered by
10 µm increments (to stretch-out the cavity height) – this
studies dimensional quantization along the vertical direction
associated with its size.

Close-in views, representing dimensional variables, are
illustrated in Fig. 5(b), where h(i) represents the height of
Cavity #i; 1hu(i) represents the upper boundary offset dis-
tance between Cavities #i and #(i− 1); and 1hl(i) repre-
sents the lower boundary offset distance between Cavities #i
and #(i− 1). Table 8 gives the corresponding target design
dimensions for the test cavity arrays.

To ensure that our characterization is independent along
both the x- and y-axes, the cavity array in Fig. 5(a) is posi-
tioned such that Cavity #5 is at the origin of the x-y plane
(center of the LCD), as illustrated in Fig. 5(c) and 5(d),
respectively. With the X-Axis test print, the center of Cavity
#5 is offset from the origin by +50 µm along the x-axis (no
offset on the y-axis). With the Y-Axis test print, the center of
Cavity #5 is offset from the origin by -50µm along the y-axis
(no offset on the x-axis).

Photographs of the 3-D printed cavity arrays for the
x- and y-axes are shown in Fig. 6(a) and 6(b), respec-
tively. It can be seen that corner rounding print defects exist,
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TABLE 8. CAD target design dimensions for cavity arrays.

FIGURE 5. Cavity array designs for characterizing dimensional
quantization: (a) overview; (b) close-in views; (c) X-Axis test print
orientation; and (d) Y-Axis test print orientation.

due to increasing quality degradation with printer usage.
In Appendix B, Table B1 gives the measured dimensions for
all the cavities shown in Fig. 6(a) and 6(b) and these are
plotted in Fig. 6(c) and 6(d). It can be seen for h(i) in Fig. 6(c),
after the relatively large random errors (within ±31 µm) are
taken into account, there are step changes in dimensions (e.g.,
between Cavities #2 and #3, #3 and #4, #8 and #9) with the
X-Axis test print; while similar quantization step changes
(e.g., between Cavities #1 and #2, #3 and #4, #8 and #9)
are seen with the Y-Axis test print. For the boundary offset
1h(i) in Fig. 6(d), after the smaller random errors (within -
14 µm and +17 µm) are taken into account, there are six
clear quantization step changes associated with the X-Axis
and Y-Axis test print dimensions.

FIGURE 6. 3-D printed cavity arrays for characterizing dimensional
quantization: (a) microphotograph of the X-Axis test print;
(b) microphotograph of the Y-Axis test print; (c) measured cavity height;
and (d) measured boundary offset. The pixel pitch corresponds to the
minimum feature size and quantization level of 1 = 50µm.

It can be concluded that: (i) random errors are rela-
tively large (combination of printing and measurement);
(ii) ±50 µm quantization is observed with our test prints;
(iii) vertical offsets with Cavities #1 to #5 and height changes
in Cavities #6 to #10 experience systematic (quantization)
errors.

Ideally, the printed dimensions are discretized by the num-
ber of pixels. In practice, some cases can extend to the next
quantization level, as shown in Fig. 7. This is based on the
assumption that four printing decision thresholds are located
at the boundaries of the pixel. Figure 7(a) shows the ideal
case, where the target cavity boundary and the resulting print-
ing boundary overlap (i.e., no registration errors). Figure 7(b)
and 7(c) represent scenarios where quantization errors are
observed in the printing, due to a registration error along
the x- and y- axes, respectively. Figure 7(d) illustrates pixel
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FIGURE 7. Illustrations of pixel quantization for a single pixel cavity
within a 5× 5 sub-array of LCD pixels: (a) with no registration error;
(b) registration error along the x-axis; (c) registration error along the
y-axis; and (d) registration errors along the x- and y-axes. Dotted white
square box indicates the target cavity boundaries defined in the original
CAD drawing software; while the solid white rectangle indicates the
resulting pixels assigned by the printer’s slicing software, due to
registration error.

quantization due to registration errors along both the x- and
y-axes.

Now, multiple parts can be 3-D printed at the same time,
to improve throughput efficiency and to slow-down print
quality degradation with usage. However, the location of the
printed part will dictate its final dimensions; with its relative
sensitivity increasing as its minimum feature size decreases.
For this reason, the second type of test print is investigated
for their physical dimensions with the batch processing of six
parts in one print run. Figure 8(a) shows the target design of
a transverse offset single cavity part and Fig. 8(b) shows the
corresponding photograph. Figure 8(c) illustrates the spatial
orientation and even distributions for a batch print of six
parts; identified as Parts #1 to #6. The center of each part
is separated from the adjacent part by x0 = 10.00 mm in the
x-direction and 2y0 = 37.50 mm in the y-direction.

The target design and resulting measured physical dimen-
sions for six parts are given in Table B2. Note that the design
dimensions have 50 µm metal plating thickness compensa-
tion (to replicate the realistic scenario for our final filters;
thinner layers may not guarantee corner plating).

From our measurements, it has been found that if perfect
symmetry about the x- and/or y-axes is established, in both
the CAD drawing and slicing software, then the symmetry of
the printed physical dimensions along the respective y- and/or
x-directions is also preserved. For example, with respect to
Fig. 8, with the parts centered on the y-axis, L1feed∧ (2) ∼=

FIGURE 8. Batch printing of transverse offset single cavities for
characterizing dimensional quantization: (a) target design of a single part
in CAD drawing; (b) photograph of a single part; and (c) spatial
orientation and even distribution for six parts in slicing software.

L2feed∧ (2), L1feed∨ (2) ∼= L2feed∨ (2) and L1feed∧ (5) ∼=
L2feed∧ (5), L1feed∨ (5) ∼= L2feed∨ (5)). As another example,
with Parts #1 and #3, L1feed∨ (1) ∼= L2feed∨ (3), L2feed∨ (1) ∼=
L1feed∨ (3) and L1∨ (1) ∼= L1∨ (3). Conversely, where there
is no symmetry, there can be a difference of 1 = 50µm;
for example, with L1feed∧ (1) and L2feed∧ (1). As a result,
our findings predict that quantization can create a significant
asymmetry in cavity lengths with our symmetrical (about the
y-axis) 5th order G-band filter.
In addition, we have found that with part features that have

boundaries running parallel to the x- or y-axes, the printed
physical dimensions along the respective y- or x-directions is
also preserved. For example, with Parts #1 to #3, a4 (1) ∼=
a4 (2) ∼= a4 (3), since the pair of lines connecting their
common feature are running parallel to the x-axis. As another
example, with Parts #1 and #4, L1feed∧ (1) ∼= L1feed∧ (4),
since the pair of lines connecting their common feature are
running parallel to the y-axis. Conversely, where a pair of
parallel lines are offset, there can be a difference of 1 =
50µm; for example with a3 (6) ∼= a5 (6) and a4 (6). As a
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FIGURE 9. Monte-Carlo analysis with four boundary scenarios.

result, our findings predict that quantization associated with
MSLA printers can create a significant step-change in the
cavity widths along the length of our G-band transverse offset
filter.

B. MONTE-CARLO ANALYSIS
Monte-Carlo analysis is a useful technique for investigat-
ing filter performance sensitivity to quantization errors. One
CFF and one Chebyshev filter are manufactured in separate
print runs; the center points of both filters (in the x-y plane)
are positioned at the same location along the y-axis. The
resulting symmetry is then exploited to facilitate a more
sparse Monte-Carlo analysis, to avoid the heavy computa-
tional resources needed when applying global analysis for
every possible dimensional variation. Four representative
boundary (B) scenarios are investigated, each with a possible
variation of 1ti = ±1 (associated with boundary scenario
i ∈ [1, 2, 3, 4]). With reference to Fig. 9, with i = 1,B4-5 ↔
B10-11 represents a boundary pair resulting in locked cavity
lengths L1∨ = L5∨ and L2∨ = L4∨. Similarly, with i = 2,
B6-7 ↔ B8-9 represents a boundary pair with locked cavity
length L2∧ = L4∧. Finally, with i = 3 and 4, the respective
B7-8 and B7∗-8∗ boundaries are independent of each other;
with both resulting in a variation in a6, while W3 = W4 is
only dependent on B7-8.
Figure 10 shows the frequency responses for our non-pre-

distorted {1, 1, 1, 2} chained-function filter, with quantized
variations in the four boundary scenarios. It can be seen
that variations with 1t1 and 1t2 introduce similar levels
of frequency detuning. Also, the filter is most sensitive to
variations in 1t3, which result in errors associated with both
the iris gap widths W3 = W4 and the cavity width a6. With
the former, variations in 1t3 has significant effects on the
filter’s bandwidth, with over-coupling when 1t3 = +1 and
under-coupling when 1t3 = −1. The filter is least sensitive
to variations in1t4, which only introduce errors on the cavity
width a6. From these simulation results, our non-pre-distorted
G-band filter fails to meet its target specifications with the
first three scenarios, while the last scenario demonstrates
some resilience to its quantized boundary variations. Obvi-
ously, a practical scenario would have to superimpose the
effects from all possible boundary scenarios and, therefore,

FIGURE 10. Simulated results for a non-pre-distorted 5th order G-band{
1,1,1,2

}
chained-function filter with four boundary scenarios having

variations of µ1ti = ±50µm: (a) i = 1; (b) i = 2; (c) i = 3; and (d) i = 4.
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FIGURE 11. Monte-Carlo simulation results for non-pre-distorted 5th

order G-band filters with four boundary scenarios having variations of
µ1ti = ±10µm: (a)

{
1,1,1,2

}
CFF; and (b) Chebyshev filter. The vertical

black dashed lines indicate the 25 dB return loss target design
bandwidth, while the horizontal black dashed lines indicates the
acceptable level of measured passband return loss.

unless there is (near-)perfect registration then the filter will
always fail.

Having demonstrated that the non-pre-distorted CFF fails
with 50 µm quantized variations, the same is also found
with Chebyshev filters. However, with the continual advances
being made with affordable higher resolution MSLA print-
ers, it is appropriate to investigate the resilience of future
CFFs and Chebyshev filters using Monte-Carlo analysis with
1 = 10µm. To this end, Fig. 11(a) and 11(b) compare the
frequency responses for our two filters, having all possible
combinations (i.e., 34 = 81) of1ti; the solid lines correspond
to the target design filter responses (i.e., with 1ti = 0),
the grey lines represent all possible combinations and the
dash lines represent extreme boundaries. It is found that the
in-band return loss levels for the CFF and Chebyshev filter
are generally better than 11.1 dB and 7.3 dB, respectively.
Clearly, the CFF is less sensitive to quantization errors, when
compared to the Chebyshev filter.

C. MULTI-STEP QUANTIZATION PREDISTORTION
For the first time, we introduce a multi-step quantization pre-
distortion methodology that can be applied to 3-D printing.

FIGURE 12. CAD drawings for our 3-D printed H-plane split-block
transverse offset inductive iris G-band 5th order

{
1,1,1,2

}
chained-function MPRWG filter (having 50 µm metal plating thickness
compensation): (a) plan view of the bottom part; and (b) end view
showing both parts.

FIGURE 13. Position and orientation of the bottom part of the 3-D
printed H-plane split-block transverse offset inductive iris G-band 5th

order MPRWG filters (having 50 µm metal plating thickness
compensation) in slicing software.

Here, the registration errors (all being within ±1) associ-
ated with boundaries are corrected for in subsequent design
iterations; each step addresses different boundaries, until all
boundaries have been corrected.

Figure 12 shows CAD drawings for our 3-D printed
H-plane split-block transverse offset G-band 5th order
{1, 1, 1, 2} chained-function filter (having 50 µm metal plat-
ing thickness compensation). As illustrated in Fig. 13, and
mentioned previously, the center points of the CFF and
Chebyshev filters are positioned along the y-axis (with an
arbitrary separation of y0 = 18.75 mm from the x-axis).
It should be noted that, in order to compare the manu-

facturing sensitivity of both filters, predistortion can keep
both filters under similar levels of physical dimensional error.
Conversely, without predistortion, both filters could suffer
from different levels of dimensional errors and, therefore,
their manufacturing sensitivities cannot be compared. For this
reason, we will not consider the non-pre-distorted Chebyshev
filter.

Figure 14 illustrates four-step quantization predistortion
applied to the boundaries for a 5th order transverse offset
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FIGURE 14. Four-step quantization predistortion for the transverse offset
inductive iris 5th order MPRWG filter. The number within the circle and
the associated color coding represent the iteration step number.

inductive iris waveguide filter. Starting at the center of the
filter, the first three steps (grey, purple and then blue) address
boundaries associated with defining cavity lengths; while the
last step (brown) addresses boundaries associated with defin-
ing cavity widths (a1 to a9) and iris gap widths (W1 to W6).

With iteration Step 1, predistortion will change the lengths
associated with the center cavity (L3) and this will also
change the lengths of the two adjacent cavities (L2 and L4);
this needs correcting in iteration Step 2. A cascading effect
to the outer two adjacent cavities (L1 and L5) needs correc-
tion in iteration Step 3. Since boundaries that are associated
with the width of the waveguide do not have cascading
effects, their predistortion can be realized simultaneously in
Step 4. For the same reason, predistortion to the waveg-
uide height (b1 = b2) can also be applied in this
last step.

An example of our multi-step quantization predistortion
methodology will now be given for our chained-function
filter. With reference to Fig. 15, the black lines represent
design boundaries with the previous iteration; while the blue
lines show the predistortion design boundaries for the current
iteration. The predistortion introduced in iteration Step i is
represented by 1pi (i ∈ [1, 2, 3]), where 1pi < 1.
Our non-pre-distorted chained-function filter, with the

original target design dimensions (having 50 µm metal plat-
ing thickness compensation) is printed as a reference for the
predistortion in iteration Step 1.

With reference to the measured dimensions without pre-
distortion, given in Table B3, the measured center cavity
length L3∧ (for the original non-pre-distorted filter) is found
to be reduced by ca. 120 µm. For Step 1, the positions of
the B6∗-7∗ ↔ B8∗-9∗ boundary pair should be corrected for
by 1p1 at each boundary, due to symmetry. As a result,
the designed dimension for the center cavity length L3∧ is
increased by 21p1, where our predistortion value is chosen
here to be 1p1 = 1/2; leading to a measured cavity length
increase of approximately +21. To maintain a fixed total
filter length, the designed input and output inner feed lengths
must be reduced by both 1/2, as shown in Fig. 15(a).
The filter with the pre-distorted dimensions in Step 1 is

printed as a new reference, for predistortion in Step 2. With

FIGURE 15. Three-step quantization predistortion for our 5th order
transverse offset inductive iris waveguide CFF: (a) Step 1; (b) Step 2; and
(c) Step 3.

reference to the measured dimensions with predistortion in
Step 1, given in Table B3, it is found that there are no regis-
tration errors for L2∧, L2∨, L4∧, L4∨. Therefore, predistortion
is not needed for these dimensions, and the next boundaries
can be considered. The positions of the B2-3 ↔ B12-13 and
B2∗-3∗ ↔ B12∗-13∗ boundary pairs should be corrected for by
1p2, due to symmetry. As a result, the designed dimensions
for the associated cavity lengths L1∧, L1∨, L5∧, L5∨ are all
decreased by 1p2, where our predistortion value is again
chosen here to be 1p2 = 1/2; leading to a measured cavity
length decrease of approximately 1.

The filter with the pre-distorted dimensions in Step 2 is
printed as a new reference, for predistortion in Step 3. With
reference to the measured dimensions with predistortion in
Step 2, given in Table B3, after characterizing the registra-
tion error, predistortion can now be introduced to Step 3.
Here, all measured cavity widths are reduced by ∼45 µm
and the measured iris gap widths W3 and W4 are reduced
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FIGURE 16. Internal sidewall boundaries for the bottom part of a cavity
waveguide filter: (a) microphotograph of the plan view; and (b)
exaggerated side-view illustration for measuring boundaries. The dashed
lines approximate the sidewalls for a new printer. Dotted lines show the
increased slope of the sidewalls with overused printer.

by ∼40 µm; with the other iris gap widths being approxi-
mately correct, when compared to the target design values.
Therefore, an error compensation of1p3 = 30µm is applied,
as illustrated in Fig. 15(c). Finally, a compensation of +20
µm is applied to b1 = b2, for waveguide height predistortion.
Dimension measurements for our chained-function and

Chebyshev filters, for exact iterative step are given in Tables
B3 and B4, respectively. To simplify the predistortion pro-
cedures for the Chebyshev filters, all port dimensions have
already been pre-distorted, based on Step 3 with our previous
chained-function filters.

With dimension measurements, it is found that all the
internal sidewalls are non-vertical; creating two x-y bound-
ary lengths (upper and lower), shown in Fig. 16(a) and
with an exaggerated side-view illustration in Fig. 16(b). The
recorded boundary dimensions represent the arithmetic mean
values from the measured upper and lower boundary lengths.
For example, the bottom parts for our 3-D printed fully
pre-distorted filters (before plating) are shown in Fig. 17,
with the red rectangles representing the recorded boundary
dimensions.

Using our multi-step quantization predistortion methodol-
ogy, we have now removed the identified systematic (quanti-
zation) errors in the 3-D printed parts; leaving behind only the
random errors (within±31 µm), if age-related drifting errors
are ignored.

VI. FABRICATION
A. 3-D PRINTING WITH POST PROCESSING
With our MSLA printer, the Elegoo water washable pho-
topolymer resin (Ceramic Grey) was employed; mainly for
its high precision, low shrinkage, ease of post-processing
and low odor. After 3-D printing, samples are post-processed
with the following room temperature sequence [5]: (i) remove
parts from the printer’s build platform; (ii) pre-rinse parts
in a container of water; (iii) mechanically remove support
materials; (iv) clean parts using a water jet; (v) use ultrasonic
cleaning for 2 minutes; (vi) dry parts with compressed air;
(vii) cure parts with a weak UV light source for 10 minutes;

FIGURE 17. Microphotographs for the bottom parts of our 3-D printed
fully pre-distorted filters (before plating): (a) chained-function filter; and
(b) Chebyshev filter. The red rectangles represent the recorded
boundaries.

and (viii) fully-cure by placing parts under natural light for a
number of hours.

B. METALIZATION
After visual inspection (rejecting those with significant man-
ufacturing defects), the fully pre-distorted filters are metal
plated using a commercial process. After cleaning, a thin
layer of nickel is deposited (using electroless plating), fol-
lowed by a 50 µm thick layer of copper (electroplated);
finally, the plated parts undergo an anti-tarnishing treatment.
A complete H-plane split-block chained-function filter is
shown in Fig. 18.

VII. MEASUREMENTS
Scattering (S-)parameter measurements were conducted
within the Department of Electromagnetic and Electrochem-
ical Technologies at the U.K.’s National Physical Laboratory
(NPL), using their Keysight Technologies PNA-X N5247B
vector network analyzer –withVDIWR-5.1 frequency exten-
sion heads [43]. The measurement setup for the 3-D printed
filters is shown in Fig. 19. The filter under test is placed
between two test flanges; four stainless steel dowel pins and
four stainless steel M2 screws (each with a pair of washers
and a nut), running through both test port flanges and the
assembled filter, are respectively used for alignment and
ensuring a tight fit.

A. NON-PRE-DISTORTED CHAINED-FUNCTION FILTER
Figure 20 shows a microphotograph of the bottom part of
the non-pre-distorted chained-function filter (after plating)
and its recorded boundaries. The measured physical dimen-
sions are given in Table B5. It can be clearly seen from the
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FIGURE 18. 3-D printed H-plane split-block G-band 5th order CFF (after
plating): (a) photographs of assembled (top) and disassembled (bottom)
filter with British pound coin to indicate scale; (b) microphotograph of
one of the ports.

FIGURE 19. Measurement setup for the 3-D printed G-band filters.

overlapping red boxes, in Fig. 20, that there are significant
misalignments between Cavities #1 ↔ #2 and Cavities
#4↔ #5, which is caused by quantization errors. In addition,
a 260 µm diameter circular shallow pit can be seen inside
Cavity #4; believed to have been introduced during the elec-
troplating process. From simulations, with a 15 µm deep pit

FIGURE 20. Microphotograph of the bottom part of our non-pre-distorted
G-band 5th order chained-function filter (after plating). The red rectangles
represent the recorded boundary dimensions.

FIGURE 21. EM simulated, measured and re-simulated S-parameter
responses for the non-pre-distorted G-band 5th order chained-function
filter.

defect, it was found that insertion loss degrades by less than
0.01 dB.

Corner rounding of the cavities (in the x-y plane) increases
all the coupling coefficients and, therefore, the filter’s band-
width. As a result, circular corner rounding is considered
in the re-simulations (given the measured dimensions of the
plated filter in Table B5). The average corner rounding radius
is 82 µm for this filter. The simulated, measured and re-
simulated S-parameter responses for our non-pre-distorted
chained-function filter are given in Fig. 21.

The measured passband insertion loss is 2.0 dB at its new
center frequency of 190.5 GHz (i.e., 3.9% frequency up-
shifted from 183.3 GHz). Since copper is used in the re-
simulations, giving a passband insertion loss of only 0.4 dB,
the higher measured loss is believed to be attributed to radia-
tion leakage from tiny gaps between the upper and lower parts
of the split block assembly. The measured and re-simulated
return losses are in good agreement, which indicates the
accuracy of the measured dimensions. The frequency shift
and poor return loss are mainly due to cavity length L3∧
shrinking by 21 and all cavity widths ai (i ∈ [1, 2, . . . , 9])
shrinking by 1. This clearly shows the sensitivity of G-band
5th order MPRWG filters to systematic (quantization) errors.
Indeed, with our MSLA printer, 1 = 50 µm corresponds
to the MPRWG having respective electrical lengths of 4.7◦,
8.3◦ and 11.2◦ at 140, 180 and 220 GHz. Therefore, with a
half-wavelength cavity resonator, ideally tuned to 183.3 GHz,
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FIGURE 22. Microphotograph of the bottom part of our fully pre-distorted
G-band 5th order Chebyshev filter (after plating). The red rectangles
represent the recorded boundary dimensions.

FIGURE 23. EM simulated, measured and re-simulated S-parameter
responses for the pre-distorted G-band 5th order Chebyshev filter.

an 8.5◦ change in electrical length (due to a reduction in
cavity length by1) corresponds to a 3.5% frequency up-shift.
For this reason, predistortion is required to mitigate against
the systematic errors caused by 3-D printing quantization.

B. PRE-DISTORTED CHEBYSHEV FILTER
Figure 22 shows a microphotograph of the fully pre-distorted
Chebyshev filter (after plating) and its recorded boundaries.
The measured physical dimensions are given in Table B6.
As expected, any overlap of the red boxes is due to random
errors that are less than the quantization error. The average
corner rounding radius is 87 µm for this filter, which is
consistent with the previous filter.

The simulated, measured and re-simulated S-parameter
responses for our pre-distorted Chebyshev filter are given in
Fig. 23. The measured passband insertion loss is 0.6 dB at
its new center frequency of 177.3 GHz (i.e., 3.3% frequency
down-shifted from 183.3 GHz). Our re-simulated insertion
loss of 0.2 dB suggests a lower level of radiation leakage;
with the modeling discrepancy of only 0.4 dB being mainly
attributed to surface roughness. The poor return loss perfor-
mance clearly shows the sensitivity to manufacturing errors
with Chebyshev filters, even when predistortion is applied.
Finally, the measured and re-simulated responses are all in
good agreement.

C. PRE-DISTORTED CHAINED-FUNCTION FILTER
Figure 24 shows a microphotograph of the pre-distorted
chained-function filter (after plating) and its recorded

FIGURE 24. Microphotograph of the bottom part of our fully pre-distorted
G-band 5th order chained-function filter (after plating). The red rectangles
represent the recorded boundary dimensions.

FIGURE 25. EM simulated, measured and re-simulated S-parameter
responses for the pre-distorted G-band 5th order chained-function filter.

boundaries. The measured physical dimensions are given in
Table B7. As with the pre-distorted Chebyshev filter, any
overlap of the red boxes is due to random errors that are
less than the quantization error. The average corner rounding
radius is 85 µm for this filter, which is consistent with the
previous two filters. Similar to its non-pre-distorted counter-
part, three 300 µm diameter circular shallow pits can be seen
inside Cavities #1, #3 and #5; again, these are believed to have
been introduced during the electroplating process.

The simulated, measured and re-simulated S-parameter
responses for our pre-distorted CFF are given in Fig. 25.
The measured passband insertion loss is again 0.6 dB at its
new center frequency of 181.7 GHz (i.e., 0.9% frequency
down-shifted from 183.3 GHz). The discrepancy between the
simulated and measured responses is due to the large pixel
size and corner rounding. Our re-simulated insertion loss is
again 0.2 dB and so this supports our assumptions of low
radiation leakage and the modeling discrepancy being mainly
attributed to surface roughness.

The return loss performance clearly shows some sensitivity
to manufacturing errors with our pre-distorted CFF. However,
the measured return loss is now acceptable, being better than
13 dB across the whole passband. Finally, the measured and
re-simulated responses are all in good agreement.

Comparing our pre-distorted Chebyshev and chained-
function filters, having similar measured levels of dimen-
sional errors (seen in Tables B6 and B7, respectively), the
latter clearly shows a lower sensitivity to manufacturing
errors.
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VIII. CONCLUSION
With both subtractive and additive manufacturing, the abil-
ity to accurately define critical internal features gets harder
as the frequency and filter order increase. From a com-
prehensive literature survey of metal waveguide bandpass
filters, only 11 commercial-off-the-shelf products could be
found online having a lower-passband cut-off frequency
above 110 GHz; all realized using subtractive manufactur-
ing technologies. Moreover, using additive manufacturing,
only 13 millimeter-wave 3-D printed metal waveguide band-
pass filters could be found online; there are only 3 above
110 GHz, all realized using metal-based MLS 3-D printing
technology.

This clearly highlights the importance for new research to
mitigate against manufacturing errors, especially for appli-
cations above 110 GHz. To this end, we have identified,
characterized and proposed a design methodology to address
systematic (quantization) errors associated with pixel-based
3-D printing.

Having a reduced sensitivity to manufacturing errors, a
G-band 5th order chained-function filter has been demon-
strated, with a prescribed center frequency of 183.3 GHz,
worst-case return loss level of 25 dB and corresponding frac-
tional bandwidth of 9.3%. A corresponding Chebyshev filter
with the same specifications was designed as a reference.
Employing more conventional inductive diaphragm irises,
between cavity resonators, at this frequency, can be challeng-
ing with additive manufacturing; depending on the technolo-
gies used, they can be very brittle and easily damaged when
3-D printing and/or during subsequent post processing and
metal plating. For this reason, we adopted the more robust
transverse offset inductive irises.

For our work, a low-cost MSLA 3-D printer was chosen,
having a pixel pitch that has an equivalent electrical length of
8.5◦ at center frequency. In order to characterize the quantiza-
tion effects in the x-y plane of the build platform, two different
types of cavity test prints were investigated for their physical
dimensions. With the former, it is found that changes in part
location and/or design size result in quantization errors. With
the latter, if perfect symmetry about the x- and/or y-axes is
established, in both the CAD drawing and slicing software,
then the symmetry of the printed physical dimensions along
the respective y- and/or x-directions is also preserved. In addi-
tion, with features that have boundaries running parallel to
the x- or y-axes, the printed physical dimensions along the
respective y- or x-directions is also preserved. Therefore, the
center points for all our filters were positioned along the
y-axis, in order to maintain symmetry in the filter cavity
lengths.

Based on the discretization properties associated with our
MSLA 3-D printer, a multi-step quantization predistortion
methodology was introduced for the first time to correct for
registration errors.

Two chained-function filters (with and without predis-
tortion) and one Chebyshev filter (with predistortion) were
printed, plated and measured. As expected, the robust

pre-distorted chained-function filter demonstrated a low
insertion loss of only 0.6 dB at its center frequency of
181.7 GHz, having a 0.9% frequency shift, and an accept-
able worst-case passband return loss of 13 dB. Moreover,
with measured dimensions after the 3-D printed parts have
been commercially electroplated with a 50 µm thick layer of
copper, the re-simulations are in good agreement with the S-
parameter measurements.

When compared to the non-pre-distorted case, this con-
firms that quantization predistortion improves print accuracy
by removing this systematic error and, thus, provides a better
filter performance. As expected, the CFF demonstrates a
lower sensitivity to manufacturing errors, when compared to
the Chebyshev filter.

For the first time, quantization errors associated with
a pixel-based 3-D printer have been characterized and
our robust predistortion methodology has been successfully
demonstrated with an upper-millimeter-wave circuit. Indeed,
we report the first polymer-based 3-D printed filters that
operate above W-band.

As pixel sizes continue to shrink, (sub-)THz filters with
ever-higher frequencies of operation and more demanding
specifications can be manufactured. Moreover, our work
opens-up new opportunities for any pixel-based technology,
which exhibits registration errors, with its application criti-
cally dependent on its minimum feature size.

APPENDIX A
For a rectangular waveguide bandpass filter, the general trans-
fer function is given as [44]:

|S21 (jω)|2 =
1

1+ ε2Tψ
2
N

[
α1

(
λg
λg0

)
sin
(
π
λg0
λg

)] (A1)

where, εT (0 < ε ≤ 1) defines the worst-case passband
return loss level; ψN is an N th order filter polynomial func-
tion; α1 =

[(
λg1/λg0

)
sin
(
πλg0/λg1

)]−1 is the lowpass-to-
bandpass scaling factor for awaveguide filter; λg is the guided
wavelength; λg0 ≈

(
λg1 + λg2

)
/2 is the center frequency

guided wavelength, where λg1 and λg2 correspond to guided
wavelengths of the upper and lower band-edge frequencies,
respectively.

Consider a passive two-port symmetrical and reciprocal
lossless filter, the voltage-wave reflection coefficient at the
input port S11(s) can be related to two finite-degree polyno-
mials E(s) and F(s) as follows:

S11(s) = S22(s) =
F(s)
εRE(s)

(A2)

where, s = jω is the complex frequency for the steady state.
With a filter network: E(s) is an N th order polynomial having
complex coefficients e0, e1, e2, . . . , eN ; F(s) is an N th order
polynomial having complex coefficients f0, f1, f2, . . . , fN ; εR
is a real-valued scaling constant, such that |S11(s)| ≤ 1.
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Similarly, the voltage-wave transmission coefficients
S21(s) and S21(s) are given by:

S21(s) = S12(s) =
P(s)
εTE(s)

(A3)

where, εT is a real-valued scaling constant, such that
|S21(s)| ≤ 1. P(s) is related to polynomials E(s) and
F(s), through the conservation of energy principle, by the
following:

P(s)P(s)∗

ε2T
= E(s)E(s)∗ −

F(s)F(s)∗

ε2R
(A4)

With a short circuit at either the input or output port,
the normalized admittance polynomial y22(s) or y21(s),
respectively, are related to reflection and transmission poly-
nomials as follows:

y22(s) =
y22n(s)
yd (s)

=
n1(s)
m1(s)

for even N (A5)

y21(s) =
y21n(s)
yd (s)

=
P(s)

εTm1(s)
for even N (A6)

y22(s) =
y22n(s)
yd (s)

=
m1(s)
n1(s)

for odd N (A7)

y21(s) =
y21n(s)
yd (s)

=
P(s)
εT n1(s)

for odd N (A8)

where, yd (s) are common normalized admittance polynomi-
als that relate to E(s), and the respective polynomials n1(s)
and m1(s) are given as:

n1(s) = jIm {e0 + f0}
+Re {e1 + f1} s+ jIm {e2 + f2} s2 + . . . (A9)

m1(s) = Re {e0 + f0}
+ jIm {e1 + f1} s+Re {e2 + f2} s2 + . . .

(A10)

For a two-port filter, an N × N coupling matrix M can be
formed, representing the mutual couplings between the nodes
within the network. With a passive and reciprocal filter, M
is real and symmetric about its principal diagonal. Hence,
an N × N orthogonal matrix T exists, giving the following:

−M = T ·3 · T t (A11)

where, 3 = diag [λ1, λ2, λ3, . . . , λN ] and its elements λk
(with k = 1, 2, . . . ,N ) represent eigenvalues of matrix −M ;
and T t is the transpose of the orthogonal matrix T , giving
T · T t = I .
The normalized admittance polynomials can now be

expressed as:

y22(s) = −j
∑N

k=1

T 2
Nk

ω − λk
= −j

∑N

k=1

r22k
ω − λk

(A12)

y21(s) = −j
∑N

k=1

TNkT1k
ω − λk

= −j
∑N

k=1

r21k
ω − λk

(A13)

where, T1k and TNk are orthogonal vectors, which respec-
tively correspond to the first and last rows of matrix T .

The residues r22k , r21k and the eigenvalues λkcan be calcu-
lated by using partial fraction expansions [36].

With (A12) and (A13), knowing the residues r22k and r21k ,
orthogonal vectors T1k and TNk can be calculated from:

TNk =
√
r22k , k = 1, 2, . . . ,N (A14)

T1k =
r21k
TNk
=

r21k
√
r22k

, k = 1, 2, . . . ,N (A15)

For a two-port filter, considering its source and load
impedances, the direct source-load inverterMSL is:

jMSL = y21(s)|s→j∞ (A16)

The final (N + 2)× (N + 2) prototype coupling matrixM
can now be developed [36]. Knowing the coupling elements
of M , physical dimensions can be calculated from:

KS1 =
MS1
√
α2

and KLN =
MLN
√
α2

(A17)

Kpq =
Mpq

α2
, p, q = 1, 2, . . . ,N (A18)

where, KS1 and KLN represent the source-input and
output-load coupling coefficients, respectively, and Kpq are
inter-resonator coupling coefficients. Scaling factor α2 is
given as:

α2 =

(
λg1 + λg2

)
nπ (λg2 − λg1)

(A19)

where, n is the number of half-wavelengths for the waveguide
cavity resonator. Consider a conventional 3-cavity cascaded
filter, the common-wall couplings between Cavities #1 ↔
#2 and Cavities #2 ↔ #3 have corresponding susceptances
B12, B23 and the electrical length θ2 for Cavity #2 is obtained
from [36]:

B12 = K12 −
1
K12

and B23 = K23 −
1
K23

(A20)

θ2 = nπ +
1
2

(
cot−1

B12
2
+ cot−1

B23
2

)
(A21)

APPENDIX B
See Tables B1–B7.

TABLE B1. Measured physical dimensions for the cavity arrays.
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TABLE B2. Ideally designed and measured physical dimensions for single cavity resonators (compensated for 50 µm plating thickness).

TABLE B3. Ideally designed and measured dimensions for pre-distorted chained-function filters (compensated for 50 µm plating thickness).

TABLE B4. Ideally designed and measured dimensions for pre-distorted Chebyshev filters (compensated for 50 µm plating thickness).

TABLE B5. Ideally designed and measured dimensions for the non-pre-distorted chained-function filter (with plating).
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TABLE B6. Ideally designed and measured dimensions for the pre-distorted Chebyshev filter (with plating).

TABLE B7. Ideally designed and measured dimensions for the pre-distorted chained-function filter (with plating).
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