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Abstract—We report a D-band waveguide diplexer, with two 

passbands of 130 - 134 GHz and 151.5 - 155.5 GHz, fabricated 

using micro laser sintering (MLS) additive manufacturing with 

stainless-steel. This is the first demonstration of metal 3D printing 

technology for multi-port filtering device at a sub-THz frequency. 

For comparison, the same diplexer design has also been 

implemented using computer numerical controlled (CNC) milling. 

The diplexer, designed using coupling matrix theory, employs an 

all-resonator and E-plane split-block structure. The two channels 

are folded for compactness. A staircase coupled structure is used 

in one channel to increase the isolation performance. The printed 

waveguide flanges are modified to adapt to the limited printing 

volume from the MLS. Effects of fabrication tolerance on the 

diplexer are investigated. An effective and unconventional 

electroless plating process is developed. The measured average 

insertion losses of the gold coated diplexer are 1.31 dB and 1.37 dB 

respectively. Respective frequency shifts from design values are 

0.92% and 1.1%, and bandwidth variations are 4% and 15%. 

From a comprehensive treatment of the end-to-end manufacture 

process, the work demonstrates MLS to be a promising 

fabrication technique for complex waveguide devices at sub-THz 

frequency range. 

Index Terms—Additive manufacturing, all-resonator structure, 

CNC machining, micro laser sintering, surface treatment, 

waveguide diplexer. 

I. INTRODUCTION 

UE to the generously available bandwidth (up to several

tens of GHz) and relatively low atmospheric attenuation, 

the 110 to 170 GHz D-band has been proposed for applications 

in high-capacity backhaul links for 5G and beyond [1]-[3]. The 
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D-band is also used to remote sensing, for example in 

space-based radiometers for earth observation [3]. According 

to European Telecommunications Standards Institute (ETSI) 

[4], the D-band has a flat and 2 dB lower rain attenuation than 

the W-band (75-110 GHz). A link distance of several hundred 

meters is practical at D-Band frequencies with antenna sizes 

comparable to those at E-Band (60-90 GHz). 

One of the essential and most complex passive components 

in communications system is the antenna diplexer [5]: Fig. 1. 

The diplexer is a three-port, low loss, filtering component that 

permits transmit and receive channels, operating at different 

center frequencies, to share a common antenna. Waveguide 

technology, with its low loss and a more compact footprint than 

quasi-optics, is recognized as an excellent choice for sub-THz 

systems [6]. However, the fabrication of diplexers operating 

over 100 GHz remains a significant challenge due the 

performance sensitivity to manufacturing tolerances [6]. 

Computer numerical controlled (CNC) milling is the most 

used manufacturing technique for waveguide components 

[7]-[8]. High precision CNC, with a dimensional tolerance at 

the level of ± 5 m, is required for D-band devices. 

Components are necessarily fabricated from two or more parts, 

to allow definition of the waveguide cavities by milling. As 

well as accurate cavity definition, good surface flatness is 

needed to ensure contact between the split blocks, and precision 

alignment features are also required. CNC machining becomes 

expensive and time consuming when tight tolerances are 

required [9], and cutter diameters impose minimum limitations 

on feature radii. Although good performance of waveguide 

filters has been demonstrated at spot frequencies from 100 GHz 

to 750 GHz [10]-[16], CNC machining of diplexers is not easy 

for such high-frequency applications. A CNC-milled G-band, 

170-260 GHz, diplexer was realized with an insertion loss of 

1.5 dB but a center frequency shift of 3 GHz and bandwidth 

increase of 30% [7]. A CNC machined hybrid-coupled 

wideband triplexer at 400 GHz was reported with an insertion 

loss of 1.75 – 2.63 dB [16]. 

Other micro-fabrication technologies have emerged for 
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Fig. 1.  A block diagram of the diplexer in a communication system. 
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diplexers operating over 100 GHz, such as silicon deep reactive 

ion etching (DRIE) [17]-[20], LIGA-based thick-resist 

electroplating [21]-[22], and multi-layer SU8 process [9], 

[23]-[25]. These techniques build waveguide components from 

multiple layers. A WR-3 (220-325 GHz) waveguide diplexer 

fabricated using SU-8 technology, exhibited significant 

deviation of insertion loss and bandwidth from predictions [9]. 

A 300 GHz band diplexer fabricated using a photonic crystal 

structure achieved an insertion loss of 3 dB [26]. A DRIE 

D-band diplexer was shown to have very good performance 

with an insertion loss of 0.8 - 1.2 dB, under 1.4 GHz frequency 

shift, and around 8% bandwidth deviation from the design [6]. 

One common challenge of these micro-fabrication techniques 

is that the multiple layers must be post-process metallized and 

then assembled with very high alignment accuracy. This 

increases the complexity and cost. There are also stringent 

limitations in the design (e.g., limited layer thickness and 

restrictive choice of usable structures) owing to the materials 

and processes. 

In recent years, additive manufacturing (AM) technology, 

also known as 3D printing, has emerged as another promising 

fabrication method for microwave components [28]-[31]. 

Complex geometries can be relatively easily fabricated. 

Compared with the above microfabrication techniques, there 

appear several benefits. 1) The design can be more flexible, and 

waveguide components can be fabricated in one piece in some 

cases; 2) For those formed from multiple pieces, the assembly 

can be simplified and with more flexibility; 3) A single device 

with different scales of dimensions can be more flexibly 

produced. Some electrically large sub-THz components (with 

an overall size of several centimeters) with fine features of 

several tens of µm can be monolithically fabricated [28]-[30]; 4) 

Compared with CNC machining, the tooling cost for AM is 

lower and material wastage is significantly reduced. Horn 

antennas operating from 60 – 325 GHz were fabricated using 

binder jetting/sintering of 316L stainless steel and selective 

laser melting (SLM) on Cu-15Sn bronze [29]. Bandpass filters 

operating at 90 GHz and 180 GHz were made using a micro 

laser sintering (MLS) process [30]-[31]. A bent waveguide 

operating at 140 – 220 GHz made using MLS and a horn 

antenna at 220 – 320 GHz fabricated using SLM, micro laser 

sintering (MLS), and metal-coated stereolithography apparatus 

(SLA) have also been reported [32]. 

This paper reports a D-band diplexer fabricated using a 

high-resolution micro laser sintering (MLS) technique on 

stainless steel [33]. This is the highest frequency diplexer 

fabricated to date by additive manufacturing technology. 

Compared with the polymer-based 3D printing technique, 

metal AM techniques are more suitable for devices requiring 

higher mechanical and thermal stability. Coupling matrix (CM) 

theory is applied to design the all-resonator structure [34]-[36]. 

We chose the conventional rectangular waveguide cavity 

design in a split-block configuration for several reasons: (1) 

The split-block configuration is one of the easiest structures in 

terms of surface treatment (e.g. cleaning, polishing and 

gold-plating). (2) The open structure allows us to characterizee 

the print accuracy and surface quality. (3) As part of the 

investigation, we also compared the 3D printed diplexer with a 

conventionally CNC machined diplexer of the same 

specification and manufactured in the same split-block fashion. 

This allows us to put the current capability of 3D printing 

technology into perspective. Comprehensive dimensional, 

electromagnetic performance and surface quality 

measurements are performed. The influence of the fabrication 

tolerance of the micro-printed diplexer is analyzed. Our 

motivation is to push the boundary of AM to complex 

waveguide circuits beyond 100 GHz and demonstrate the 

current capability and limitation through a holistic approach – 

from design to manufacture, surface treatment and assembly.  

The rest of this paper is organized as follows. Section II 

introduces the diplexer design, including the synthesis and 3D 

design. Fabrication and assembly are detailed in Section III. 

Measurements and analyses are presented in Section IV. 

Section V concludes the work. 

II. DIPLEXER DESIGN 

A. Filtering topology and coupling matrix synthesis 

The diplexer is designed with the following specifications 

which meet the scope for future communication links reported 

by ETSI [4] and the frequency bands allocated to fixed service 

by ITU Radio Regulation 2020 [37]. 

• Channel A passband (fA.1 - fA.2): 130 - 134 GHz. Return loss 

≥ 20 dB. 

• Channel B passband (fB.1 - fB.2): 151.5 - 155.5 GHz. Return 

loss ≥ 20 dB. 

• Isolation within the passband ≥ 60 dB.  

To minimize transmitter power loss and maintain receiver 

sensitivity, minimum loss in the passbands is required. 

Different filter orders and topologies have been evaluated. An 

8th order all-resonator structure illustrated in Fig. 2 is adopted. 

 
Fig. 2. The coupling topology of the diplexer. Each black node denotes a 

resonator. The white squares, P1, P2, and P3, represent the ports of the diplexer. 

The lines between them represent the inter-cavity couplings. Channels A and B 

correspond to the signal paths P1 to P2 and P1 to P3 respectively. 

 

 
Fig. 3.  The calculated S-parameter response from the coupling matrix. 

 

This article has been accepted for publication in IEEE Transactions on Components, Packaging and Manufacturing Technology. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/TCPMT.2022.3204887

© 2022 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.

See https://www.ieee.org/publications/rights/index.html for more information.
Authorized licensed use limited to: RAL Library STFC. Downloaded on September 12,2022 at 13:32:17 UTC from IEEE Xplore.  Restrictions apply. 



 3 

The isolation requirement is met with minimum number of 

resonators and without complex coupling structures [34]. 

Without a need of a junction-based frequency distribution 

network, the diplexer occupies a more compact footprint. All 

the resonators contribute transmission poles and therefore the 

selectivity in the passbands. The common resonator-2 also 

plays a role in frequency distribution.  

The coupling matrix synthesis is performed with an 

optimization-based approach [36]. The optimal coupling values 

and corresponding normalized scattering parameter responses 

are given in Table 1 and Fig. 3, respectively. It can be seen that 

both transmission and rejection requirements are theoretically 

satisfied.  

For the physical realization, the coupling matrix is first 

transformed into the real-frequency domain. The mutual 

coupling m(i, j) (i ≠ j, i, j =1, 2, …, 8) and input/output 

couplings m(i, Pk) (k = 1, 2, and 3) are respectively 

denormalized by [34] 

 ( , ) ( , )M i j m i j FBW=    (1) 

 ( , ) ( , )M i Pk m i Pk FBW=    (2) 

where M(i, j) and M(i, Pk) are the denormalized mutual 

couplings and input/output couplings, respectively. The 

fractional bandwidth of the diplexer FBW is defined as BW/f0, 

where BW is the bandwidth and f0 is the center frequency of the 

diplexer. For the diplexer in this paper, 

 .2 .1 0 .1 .2,B A A BBW f f f f f= − =    (3) 

where fA.1 and fB.2 are passband edges, namely fA.1 = 130 GHz, 

fA.2 = 134 GHz, fB.1 = 151.5 GHz and fB.2 = 155.5 GHz. The 

resonant frequency fi of the ith asynchronously tuned resonator, 

related to self-coupling m(i, i), is calculated by [38] 

 

2

0

( , ) ( , )
1

2 2
i

m i i FBW m i i FBW
f f

 
     = − +   

    
 

  (4) 

With all the coupling coefficients expressed in the real 

frequency domain, the physical dimensioning can be executed 

based on the classical extraction procedure [39]-[40]. 

B. Structural design and simulation 

The air model of the diplexer is illustrated in Fig. 4(a). The 

diplexer is formed of WR-6 waveguide cavities. Two channels 

are folded for a compact configuration. An important design 

feature is that the resonators of Channel A are arranged in a 

staircase configuration. This makes the overall diplexer more 

compact and, more importantly, increases the Channel B 

rejection performance for the P1-P3 path. Fig. 5 shows the 

performance comparison between a staircase and a linear, 

inductive iris coupled resonator configuration. Using the 

staircase configuration, the Channel B isolation is greatly 

improved to over 60 dB. This is due to the capacitive 

inter-resonator apertures being positioned so that the coupling 

between the higher order modes is strongly suppressed [41]. 

The staircase configuration was not used for the upper channel, 

as it would slightly worsen the attenuation at the lower 

stopband. 

As shown in Fig. 4(b), to find the coupling coefficient, two 

TABLE I 
THE OPTIMAL COUPLING COEFFICIENTS FOR THE DIPLEXER 

Mutual Couplings Self-couplings 

m(1, 2) 0.8677 m(1, 1) −0.0537 

m(2, 3) 0.2203 m(2, 2) 0.0635 

m(3, 4) 0.1200 m(3, 3) −0.8021 
m(4, 5) 0.1548 m(4, 4) −0.8279 

m(2, 6) 0.1767 m(5, 5) −0.8290 
m(6, 7) 0.1026 m(6, 6) 0.8368 

m(7, 8) 0.1330 m(7, 7) 0.8524 

  m(8, 8) 0.8537 

Input/output Couplings 

m(1, P1) 0.5817 m(5, P2) 0.4265 

m(8, P3) 0.3956   

 

 
 

(a) (b) 

 
(c) 

Fig. 4. Structures of the diplexer, all dimensions are in mm. (a) The core air 
cavity model of the diplexer, a = 1.651 and b = 0.826. (b) Coupling 

coefficients of two waveguide cavities coupled in a staircase configuration, 

as a function of s. ws = 0.300 and hs = 0.300. (c) Schematic diagram of the 
diplexer with top view, side view and bottom view. The resonator length: l1 = 

0.958, l2 =1.107, l3 = 1.654, l4 = 1.646, l5 = 1.355, l6 = 1.184, l7 = 1.096, l8 = 
0.969. The dimensions related to couplings: s1 = 0.958, s2 = 0.304, s3 = 0.390, 

s4 = 0.350, s5 = 0.261, s6 = 0.487, s7 = 0.522. Input/output couplings: q1=0.959, 

q2=0.926, q3= 0.795. The thickness for all the irises t1 = 0.200.  
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TE101 mode cavities are coupled with a slot in the staircase 

configuration. Their coupling coefficients vary with the offset 

distance, s, in Fig. 4(b). Considering the fabrication resolution 

of the additive manufacturing, the height and width of the slot 

are kept sufficient large and constant at 0.3 mm. The coupling 

level provided by the slot can fulfil the requirement of the 

diplexer, since all the couplings in the diplexer are less than 

0.08. The physical dimensions are illustrated in Fig. 4(c). Fig. 6 

shows the simulated S-parameter responses, obtained from 

simulation by CST Studio Suite, and compared with the 

responses calculated from the coupling matrix. The significant 

improvement in the isolation from the staircase resonators is 

clearly shown. 

As shown in Fig. 7(a), to facilitate the layout of the flanges 

and accommodate the additive manufacturing using the MLS 

technique, the three-waveguide ports are extended and bent 

first along the E-plane and then along the H-plane to permit 

interfacing with external devices. The diplexer model shown in 

Fig 7(a) is divided into two halves to be printed. The curved 

H-plane bends are formed as an integral part of the build, which 

is not possible with conventional machining techniques. Due to 

the limitations of the printing volume, parts of the UG387/m 

flange are removed. The profile of the diplexer model is shown 

in Fig. 7(b). 

As for the CNC machined diplexer, the three ports are 

extended (without the H-plane bends at the ports) to allow for 

connection with UG387 flanges as shown in Fig. 7(c). 

Meanwhile, the corners of the cavities are rounded with a radius 

of 0.15 mm to be convenient for milling. The other dimensions 

are also adjusted as given in the caption of Fig. 7. 

III. FABRICATION AND SURFACE TREATMENT 

A. Diplexer fabricated by MLS 

The diplexer was printed using stainless steel in an inert 

argon atmosphere on a DMP63 micro printer by 3D MicroPrint 

GmbH [33]. The fabrication process is illustrated in Fig. 8. 

Firstly, the CAD model is numerically sliced into layers. 

During the fabrication, the platform is coated by a thin layer of 

metal powder, and this is selectively sintered by a focused laser 

beam. An infrared fiber laser provides a 50 W continuous wave 

power, with an average power focus diameter of 30 µm. After 

fusing of one layer, the platform is lowered. Powder covering 

and selective sintering are repeated until the component is 

finished. The stainless steel used was 1.4404 (316L), which is 

chromium-nickel alloyed, containing 17% chromium, 12% 

 
 

Fig. 5. Predicted S-parameter comparison between two diplexers with different 

configurations in Channel A - a regular inductive iris structure versus a 
staircase coupled structure. 

 

 
 

Fig. 6. S-parameter response of the 8th order diplexer shown in Fig. 4 obtained 
from simulation (solid lines), compared with the theoretical performance 

calculated using the coupling matrix approach (dashed lines). 

 

 
 

(a) (b) 

 
(c) 

Fig. 7. The diplexer EM design models. (a) The diplexer model for MLS for 

MLS fabrication with H-plane bends and UG-387 flanges. (b) The top-view 
profile of the diplexer model for MLS. (c) The diplexer model for CNC milling. 

The modified dimensions are: the resonator length l1 = 0.9238, l2 =1.1303, l3 = 

1.6719, l4 = 1.6650, l5 = 1.3781, l6 = 1.2010, l7 = 1.1002, l8 = 0.9598. The 
dimensions related to couplings, s1 = 0.9747, s2 = 0.3030, s3 = 0.3918, s4 = 

0.3537, s5 = 0.2571, s6 = 0.5156, s7 = 0.5559. Input/output couplings, 
q1=0.9908, q2=0.9172, q3= 0.8369. Unit: mm. 

 

 
Fig. 8. The fabrication process of the MLS.  
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nickel, 2% molybdenum, the rest being iron. The thickness of 

each layer is around 7 µm. The powder particle size, d90, is 

smaller than 5 µm. The nominal DC electrical conductivity of 

stainless steel is 1.35 × 106 S/m. It should be noted that the 

actual electrical conductivity of printed metal after sintering 

will be different from this. The print took about 30 hours. This 

could be considerably reduced by further optimizing the build 

process. The fabricated diplexer parts are shown in Fig. 9(a). 

The weight of the MLS diplexer is 18.2 g (excluding the 

screws). 

The print of the flat split-block structure is not challenge free. 

This structure has a very large area-to-thickness ratio, which is 

prone to thermal stress because of the rapid heating and cooling 

from the laser-based process (and therefore causing warping if 

not dealt with). This had to be taken into account in the 

mechanical design. Notch lines as shown in Fig. 9(b) are added 

to the lower surface of the structure that is attached to the 

printing platform. This helps release the accumulated thermal 

stress.  

As for the CNC machined diplexer (Fig. 7(c)), the 

manufacture precision is about 10 m. This was machined on a 

KERN P.Nano capable of sub-micron tolerance. The diplexer is 

split into two halves with the E-plane cut and they are milled 

from brass. The milled blocks are coated with around 2 μm gold 

by electroplating. The diplexer is assembled with multiple 

screws as shown in Fig. 9(e). The weight of the CNC diplexer is 

71.5 g (excluding the screws). 

B. Surface treatment for the MLS printed diplexer 

To improve the surface quality and performance of the 

diplexer, the MLS printed diplexer is plated with gold: Fig. 9(c) 

and Fig. 9(d) shows the assembly of the diplexer during the 

measurement. The stainless-steel base material and the fine iris 

structures of the diplexer makes the plating process difficult. 

The constituents of stainless-steel form an oxide layer on its 

surface preventing corrosion of the base metal, but also 

inhibiting good adhesion of a surface coating. The process 

utilizes an unconventional electroless plating method with gold 

plating over a nickel undercoat. To begin with, the diplexer 

surface undergoes electrolytic cleaning and Wood’s nickel 

strike [42]. This is a conventional and proven method to remove 

the oxide layer and simultaneously apply a thin layer of nickel 

followed by electroless nickel plating and then the final gold 

plating. Time delay between these sequential processes is 

minimized. Otherwise, nickel may become passivated and 

further plating will be impossible, resulting in poor gold 

adhesion on the nickel strike. Moreover, both the cathodic 

cleaning and Wood’s nickel strike works on the principle of 

electro-polishing/plating, which requires an anode, cathode, 

and direct current (DC). However, electro-plating would result 

in preferential plating on high current density areas (corners) 

and the surface will be uneven. In our work, the diplexer was 

plated using an electroless plating method which provides a 

uniform surface finish. The electroless plating also results in a 

better surface roughness which improves the effective 

conductivity of the inner surface. The workflow is illustrated in 

Fig. 10. The thickness of the nickel undercoat is about 3 μm and 

the gold layer is about 2 μm. 

It should be noted that we have developed a plating process 

which can build up a thicker gold deposit than the conventional 

electroless nickel immersion gold (ENIG) process. In general, 

 
(a) 

 
(b) 

 
(c) 

      
(d)                                                       (e) 

Fig. 9. (a) Photegraphs of the MLS fabricated diplexer components, (b) 

Photograph of the notch lines on the lower surface of the MLS printed diplexer. 
(c) The MLS printed diplexer with gold plating. and (d) Photograph of the 

assembled MLS printed diplexer in the measurment. (e) Photograph of CNC 
milled diplexer. 

 

 
Fig. 10. The workflow of the gold plating process on the MLS diplexer. 
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ENIG method is difficult to reach a thickness in excess of one 

micron. In this work, the final gold layer is plated from an 

autocatalytic chemistry, capable of plating a uniform and thick 

(2-3 m) layer of gold with low surface roughness. There is 

very little literature on autocatalytic gold plating on stainless 

steel and rarely tested on 3D printed metal surfaces which have 

very different surface texture from the milled surfaces. 

In addition, the iris structures in the diplexer aggravated the 

difficulty. Any bubbles formed during the plating process in the 

filter cavity will impede the plating process and therefore 

require careful agitation. A balance must be found between 

minimum flow required to replace depleted solution from the 

sample surface with fresh solution and turbulent flow that 

deprives the time for the gold to adhere to the surface. The 

plating rate used is approximately 2 hrs/m and it is sensitive to 

bath parameters (such as agitation, pH, temperature, and 

impurities). Whilst these parameters can be frequently 

measured and adjusted as necessary, agitation, which is crucial 

for this plating chemistry, is set based on experience. We have 

not seen similar plating process used to treat the waveguide 

cavities before.  

IV. MEASUREMENT AND DISCUSSION 

A. Electrical performance of the stainless-steel MLS diplexer 

before gold coating 

The S-parameter performance of the as-printed MLS 

diplexer was measured by using a Keysight network analyzer. 

Two ports of the diplexer connect with a pair of OML VNA 

extension modules, and the third port is terminated by a 

matched load. The measured S-parameter responses, compared 

with the simulation, are shown in Fig. 11. The simulation 

assumed the surface roughness of Sq = 2 µm (the surface 

characterization will be elaborated in Section IV(B)). With the 

nominal conductivity of the stainless steel, the effective 

conductivity will come down to 3.9 ×105 S/m due to the surface 

roughness [43]-[44]. Note that the effective conductivity is 

calculated by using Skin-Depth tool in CST Studio Suite with 

Rq. Since the Sq is an areal extrapolation of the equation of Ra, 

here the Sq value is direct applied. The simulated average 

insertion losses are 3.65 dB and 4.41 dB within the passbands 

for the Channel A and B, respectively. The simulated 3 dB 

bandwidths are 5.35 GHz and 5.23 GHz. 

The measurement data shows the average insertion losses 

within the bandwidths for the two channels are 4.8 dB and 4.8 

 

(a) 

 

(b) 

Fig. 11. Measured and simulated S-parameter responses for the 

stainless-steel as-printed diplexer before gold coating.  

 
 

 
Fig. 12. Surface roughness measurement on the bottom area of a selected 

waveguide cavity. 

 

 

 

(a) (b) 

Fig. 13. Vertical dimension h measurement at locations 1, 2 and 3 (mm): 

0.828, 0.834 and 0.837, respectively. Note the photograph is after gold 
coating. (a) A composite image formed by imaging on different levels. (b) The 

indication of h is a half of the cavity/waveguide height. 
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dB, broadly agreeing with the simulation. This is calculated 

from the S-parameter data over the range of 4 GHz around the 

measured center frequencies. The unloaded quality factor of the 

diplexer can be approximately extracted by using filter designer 

3D in CST Studio Suite. Before gold plating, the estimated 

unloaded quality factors of the resonators in the two channels 

are 210 and 150, respectively. The downward center frequency 

shifts of the two channels are 2.8 GHz (2%) and 3.3GHz (2%). 

The measured 3 dB bandwidths are 5.0 GHz (−11%) and 6.0 

GHz (+11%), respectively. 

B. Surface characterization and dimensional measurement 

To investigate the influence of the fabrication on the 

measurement results, the surface roughness and dimensions of 

the MLS diplexer have been measured using an Alicona optical 

system with a magnification of 50X [45]. The system has 

specified that the minimal measurable arithmetical mean height 

variation of the surface (Sa) is 0.06 µm and root-mean-square 

deviation of the surface (Sq) is 0.03 µm.  

The surface roughness of the bottom surface of the 

waveguide cavity is measured as shown in Fig. 12. The 

measured Sa is 2.1 µm and Sq is 2.8 µm. A hatching pattern is 

discernible. It should be noted that no polishing was applied to 

the cavity for fear of damage to the fine iris structures. The 

surface roughness of 2 µm used in the simulation is an average 

from these measurements. The widths W and lengths L of the 

cavities, defined in Fig. 4(c), are also measured using Alicona 

optical system. The dimensions are given in Table II and 

compared to design values. It is noticed that the dimensions are 

generally 0.2 - 3.9% larger than the design which caused the 

downward frequency shift as shown in Fig. 11. 

In addition to lateral dimensions, the depths of the cavities 

were also measured using the Alicona system. Fig. 13(a) shows 

a composite image formed by imaging on different levels. Here 

the measured quantity is h, half of the cavity/waveguide height 

as indicated in Fig. 13(b). The vertical dimension at the 

numbered locations is given in Fig. 13. They are slightly larger 

than the target values (a/2 = 825.5 μm) by less than 11 μm. This 

is only achievable due to the small layer thickness (7 μm) and 

powder particle size (5 μm) used in the printing process. 

By considering the measured surface roughness and 

fabrication tolerances, we can refine and update the simulation 

model. All the design values are changed to the values shown in 

Table II. The unavailable values L1, L2 and L5 are assumed to be 

1.8% larger than the design values. The re-simulated response 

is shown in Fig. 14. Now that both the insertion loss level and 

frequency band match much better with the measurement, the 

discrepancy in return loss is still significant. Parameter study 

shows that this may be attributed to the imperfect contact 

between two half blocks of the diplexer. Using a model with a 

thin air gap between the two half blocks (Fig. 15), it has been 

found that the further re-simulated responses match the 

measured return loss much better, when this air gap is assumed 

to be tgap = 4 μm, as shown in Fig. 14. It is not easy to measure 

the gap precisely, but such an air gap is plausible because no 

polishing has been applied to the contact surfaces. 

C. Fabrication tolerance analysis 

To investigate the influence of fabrication tolerance on the 

performance of the diplexer, an analysis has been performed 

based on simulation. The x and y directions of the diplexer 

shown in Fig. 7(a) are independently increased by 0 - 5%. Latin 

Hypercube sampling [46] with random distribution is utilized 

to collect 100 sets of design data for each direction. All the 

TABLE II. 
MEASURED DIMENSIONS OF THE DIPLEXER IN COMPARISON WITH THEIR 

DESIGN VALUES 

Dimension 

(µm) 

Design values 

(µm) 

Measured values 

(µm) 

Deviations 

(µm) 

W1 825.5 835 +9.5 

W2 825.5 849 +23.5 

W3 825.5 845 +19.5 

W4 825.5 835 +9.5 

W5 825.5 835 +9.5 

W6 825.5 847 +21.5 

W7 825.5 858 +32.5 

W8 825.5 856 +30.5 

WG1 825.5 831 +5.5 

WG2 825.5 827 +1.5 

L1 958 N/A N/A 

L2 1107 N/A N/A 

L3 1654 1672 +18 

L4 1646 1658 +12 

L5 1355 N/A N/A 

L6 1184 1204 +20 

L7 1096 1120 +24 

L8 969 984 +15 
 

 

 
Fig. 14. Re-simulated S-parameter responses by considering the measured 
surface roughness, geometric dimensions and also the imperfect assembly 

contact, before gold coating. 

 

 
Fig. 15. The diplexer simulation model with an added air gap to 

investigate the effect of the assembly contact. 
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simulation results comparing with the initial responses are 

shown in Fig. 16.  

It can be observed that the x-direction scaling affects more on 

the center frequency, bandwidth, and return loss. The 

bandwidth of channel A is more stable under x-direction scaling, 

while that of channel B is very sensitive. The y-direction 

scaling has less effect on the diplexer responses. As for the 

bandwidth variation under y-direction scaling, the channel B is 

more stable than channel A, because the scaling affects the 

inter-resonator couplings. Also, the RL of channel B is more 

sensitive to the y-direction scaling than that of channel A. 

D. Measurement after gold coating 

After gold plating, the diplexer was measured again using a 

pair of VDI frequency extension modules. The measured and 

simulated S-parameter responses are shown in Fig. 17(a). In the 

initial simulation, ideal conductivity of gold (4.6×107 S/m) is 

used. The simulated average insertion losses for the two 

channels are 0.49 dB and 0.57 dB, respectively. The 

measurement values are 1.31 dB and 1.37 dB. The extracted 

unloaded quality factor of the resonators in the two channels are 

680 and 660, respectively. These are averaged over the range of 

4 GHz around the measured center frequency. Note that gold 

coating has significantly reduced the insertion loss. It also 

reduces the frequency shift by a half to 1.22 GHz (0.9 %) and 

1.69 GHz (1.1 %). The simulated 3 dB bandwidths are 5.66 

GHz and 5.55 GHz while the measured 3dB bandwidths are 

5.88 GHz (+3.9 %) and 6.39 GHz (+15.1%). Using the model in 

Fig. 14, simulation is repeated considering the measured 

surface roughness of 2 m, measured geometric dimensions, 

and the imperfect assembly contact. It has been found again that 

the re-simulated S-parameter responses appear well-matched 

with the measured ones when the air gap is assumed to be tgap = 

3.5 μm, as shown in Fig. 17(b).  

As a comparison, the measured S-parameter responses of the 

CNC machined diplexer are shown in Fig. 18. They agreed with 

the simulations extremely well without any tuning. The 

minimum insertion losses for the two channels are 0.60 dB and 

0.49 dB. There is negligible frequency shifts while the 

bandwidths for the two channels are slightly widened by 0.51 

GHz (+8.2%) and 0.63 GHz (10.1%). In Table III, the MLS 

diplexer and the CNC diplexer are compared with other 

reported sub-THz diplexers. 

 
(a) 

 
(b) 

Fig. 17. (a) Measured and simulated S parameter responses for the MLS 

diplexer after gold plating. (b) Measured and re-simulated S-parameter 
responses considering the surface roughness after gold coating, measured 

geometric dimensions and imperfect assembly contact. 
 

 

(a) 

 

(b) 

Fig. 16. The tolerance analysis of the diplexer with respect to  the scaling in (a) 

x-direction and (b) y-direction. 

This article has been accepted for publication in IEEE Transactions on Components, Packaging and Manufacturing Technology. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/TCPMT.2022.3204887

© 2022 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.

See https://www.ieee.org/publications/rights/index.html for more information.
Authorized licensed use limited to: RAL Library STFC. Downloaded on September 12,2022 at 13:32:17 UTC from IEEE Xplore.  Restrictions apply. 



 9 

E. MLS versus high-precision CNC 

At this stage, it is almost impossible to have enough reliable 

information to make a fair, general and quantified comparison 

between these two manufacture techniques because MLS 

printer is still very rare and under development.  

Time-cost: The printing time is largely determined by the 

amount of material to be processed using MLS and the volume 

of the part. The ‘30 hr’ in this case is not a typical time scale. 

This can be further optimized through topology optimization by 

removing unnecessary material as well as by applying 

device-specific process parameters such as layer thickness and 

laser power. Once the 3D printer is programmed, the 

fabrication can run until the end of manufacturing process. The 

high-precision CNC will not save much time considering the 

small radius of the cutting tool (~0.15 mm in this case) and the 

required human intervention especially for complex structures 

like the diplexer. For information, it took 11 hours 

programming, followed by 7 hours machining per complete 

block for this diplexer. Different cutting tools may be needed 

for different tolerance requirement in the waveguide part, e.g. 

the alignment pin/hole needing higher tolerance than the screw 

holes. One must also consider the tool wear and significant 

tooling cost for CNC. So, multiple complex factors should be 

considered for a fair comparison between the two technologies.  

Weight: The parts fabricated by MLS can be much lighter 

than those by CNC. This is because 3D printing is more flexible. 

Topology optimization can be applied where no mechanical 

forces exist. Lighter parts should be cheaper to manufacture by 

MLS than by CNC milling. In this case, the printed diplexer is 

18.2 g whereas the CNC diplexer is 71.5 g.  

Fabrication tolerance: The tolerance of MLS is mainly 

determined by the printing resolution and layer thickness. This 

is still a challenge for 3D printing in general and can be refined 

to some extent in further iterations of the MLS. CNC has better 

stability in fabrication tolerance in general. In this case, the 

achieved dimensional deviation is about 30 m for the printed 

diplexer. This is under 10 m for the CNC diplexer.  

Surface quality: The surface roughness from MLS (~ 2 m 

for the diplexer) is much higher than that from CNC (typically 

0.6 m from the KERN P. Nano machine). This is one of the 

major disadvantages for 3D printing in general. Coating can 

mitigate this to some extent. New surface treatment methods 

are being developed to address this challenge. The adverse 

effect of surface quality could also be partially mitigated by 

design considerations.      

Envelop size: For the MLS, the part size is still a limitation 

(60 mm × 60 mm × 30 mm for the printer used in this work). 

The printer is designed for small parts with fine structures. The 

CNC have a larger envelop size. However, in contrast to CNC 

micro milling, there is no need for specific fixture sets in MLS. 

Scalability: In MLS, multiple parts can be manufactured 

simultaneously. In CNC machining, each part is usually 

manufactured separately, and operator actions are needed. 

V. CONCLUSION 

This paper presents a D-band diplexer fabricated by using a 

micro laser sintering (MLS) technique. The diplexer has an 

all-resonator structure, designed based on coupling matrix 

theory. The diplexer configuration and the dimensions have 

been tailored for fabrication constraints. A staircase coupling 

structure has been used to improve the isolation performance. 

This is the first time to use metal 3D printing technology for a 

multi-port filtering device at such a high frequency. The 3D 

printed diplexer has been compared with the same design 

implemented by high precision CNC milling. Comprehensive 

measurements have been carried out to characterize the 

diplexers. The reasons for the reduced performance of the MLS 

diplexer are attributed to surface roughness and fabrication 

TABLE III 
COMPARISON OF DIPLEXER WITH PREVIOUSLY REPORTED NARROWBAND 

FILTERS AND DIPLEXERS 

Ref. f0 (GHz)  ∆f0 (%)* BW ∆BW(%)* IL(dB)*  Fabrication 

[6] 132/145 0.7/1 3/5.1 7.5/8 1.2/0.8 DRIE 

[7] 190/220 1.6/1.4 2.1/2.7 25/33 1.5/1.5 CNC 

[9] 265/300 3/1.67 7.5/6.7 N/A 7.6/8 SU-8 

T.W.* 132/153.5 0.92/1.1 4/4 3.9/15.1 1.31/1.37 MLS 

T.W.* 132/153.5 0.2/0.17 4/4 8.2/10.1 0.60/0.49 CNC 

* T.W. denotes this works. 

* ∆f0 means center frequency shift, ∆BW is the bandwidth variation compared 

with the simulation results, IL denotes the measured average insertion loss 

within the specific bandwidths. 

 

 
(a) 

 
(b) 

Fig. 18. Measured S parameter responses of the CNC milled diplexer 

comparing with the simulated responses. 
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tolerance. An unconventional electroless gold plating method 

has been developed for the stainless-steel material and the 

challenging internal structures of the diplexer. Significant 

performance improvement is achieved after the gold coating. 

Compared with other reported sub-THz diplexers, comparable 

insertion loss has been achieved. The comparison in the 

frequency shift and bandwidth variation also indicates 

competitive fabrication tolerance of the MLS technique. The 

reference CNC milled diplexer demonstrated the best 

performance among all areas. The 3D-printed diplexer is a first 

iteration prototype. Its performance can be improved through 

further iterations (e.g., by enlarging/shrinking feature before 

printing to compensate for dimensional inaccuracies). 

This investigation also revealed several limitations of the 

additive manufacturing technique in the context of sub-THz 

waveguide devices. The surface roughness is one intrinsic 

barrier for the AM technique. Better surface treatment 

technique is required to further enhance the functional 

performance of the printed parts. Dedicated plating process 

may be required to deal with unusual materials and challenging 

geometric structures. This work demonstrated an end-to-end 

process of the diplexer device. Although it still cannot compete 

with CNC machining in terms of achievable performance, the 

MLS process does offer a rapid prototyping capability, more 

possibilities and flexibilities in the design (such as integrated 

bend and irregular geometric structures) and potentially more 

integrated structures with reduced assembly need. 
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