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Abstract— A novel E-plane filtering six-port junction (SPJ) 

based on waveguide is presented. Different from the traditional 
designs, the proposed SPJ is formed by two identical filtering 180° 
couplers and two waveguide couplers with 180° and 90° phase 
shifts. A coupling-matrix (CM) technique, combining both 
resonant and non-resonant structures, has been developed to 
represent the entire SPJ. This has been used to predict the 
theoretical response as well as to investigate the effect of the 
couplers on the performance of the SPJ. A demonstrator has been 
designed to work at 10 GHz with a bandwidth of 0.4 GHz. 
Stub-loaded waveguide resonators have been used to keep a 
consistent profile and ease the layout of the complicated 
waveguide network. A good agreement between the CM-based 
theoretical responses, simulations and measurement has been 
achieved. The measured average insertion loss is 0.4 dB and the 
maximum in-band phase error is 10°. The measured in-band 
isolation between two input ports is higher than 26 dB. 

 
Index Terms— coupling matrix, filtering coupler, six-port 

junction, waveguide 
 

I. INTRODUCTION 

IX-PORT JUNCTIONS (SPJS), used in six-port receivers [1] 
or six-port reflectometers (SPRs) [2], are passive devices 

that were first reported in power-measuring devices [3] by 
Engen and Hoer. In 1994, the six-port concept was first 
introduced to communication systems [4]. An SPJ has two 
inputs and four outputs. It combines the two input signals in 
four different phase configurations at the four outputs with a 
90° increment. Together with power detectors, SPJs can be 
used to replace mixers in receivers [5]. They generally have 
high power capacity and can work at high frequency domain 
(above 100 GHz) [5]. Many SPJs have been reported in 
different configurations. A multi-layer-structure based SPJ was 
reported in [6]. It has three couplers and one power divider. 
Because of the multi-layer structure, the size of the SPJ was 
reduced by about 78% compared to a planar design. In [7], 
substrate integrated waveguide (SIW) was used in the design of 
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SPJ. Different from  [6], it contains two hybrid couplers, two 
power dividers and two phase shifters. With the same 
configuration, [8] demonstrated a SPJ with 
polarization-selective coupling, which allows the application of 
polarization-inclusive remote sensing. 

With the rapid development of radio-frequency (RF) front 
ends, the number of cascaded functional devices is increasing. 
This leads to the increase in the overall size, power losses and 
noise. Filters may be used at various locations along the RF 
chain either for signal selection or interference/harmonics 
rejection and they are often one of the largest components. 
Embedding filtering functions in other passive components, 
without cascading separate filters, offers added functionality 
without adversely increasing the footprint of passive devices. 
Such integration techniques have drawn more and more 
attention. New circuit structures have been demonstrated, such 
as filtering antennas [9], filtering couplers [10] and filtering 
Butler matrices [11] to name just a few. The benefit of the 
integration technique is particularly noteworthy for multi-port 
signal distribution networks because the space occupied by 
multiple filters could be saved [11] by merging and embedding 
these into the network. Similar benefit is foreseeable for SPJs as 
the one shown in [12]. The four filters at the output ports could 
be absorbed by the SPJ itself. This paper proposes a prototype 
design demonstrating this concept. The work also formulates a 
coupling-matrix based analytical approach to treat a complex 
multi-port network with both resonant and non-resonant 
structures as a whole.  

    We only identified one paper [13] that mentioned the 
application of a filtering coupler in a filtering SPJ. However, it 
did not illustrate the detail of the design. This work details the 
design of an E-plane waveguide filtering SPJ working at 10 
GHz. The proposed SPJ consists of two identical filtering 
couplers and two E-plane waveguide couplers with 180° and 
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Fig. 1.  Two typical topologies of conventional SPJs. (a) Three hybrid couplers
and one power divider. (b) Two hybrid couplers and two power dividers. The 
hybrids are all 90° couplers. 
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90° phase shifts, respectively. The E-plane filtering couplers 
were designed with a fourth-order Chebyshev response. To 
analyze the response of the SPJ as a whole, a coupling matrix 
(CM) combining the two filtering couplers and two 
non-resonant couplers was constructed. This is achieved by a 
method that transfers the Y-matrices of non-resonant 
components to the couplings in the CM. The combined CM not 
only can be used in the prediction of the ideal response of the 
SPJ, but also can be applied in the cases where the responses of 
the non-resonant structures are already determined. The 
E-plane-cut configuration was employed to minimize the losses 
at the cutting plane. Furthermore, to ease the layout of the 
filtering couplers, two symmetrical stubs are featured in each 
resonator. The depths of the stub-pairs are used to control the 
resonant frequencies without changing the outer dimensions. 
An SPJ working at 10 GHz, with a bandwidth of 400 MHz, is 
chosen as a prototype to demonstrate the device topology and 
the CM method. This technique may be applied to higher 
millimeter-wave frequencies. 
    This paper is organised as follows. The topology of the SPJ 
will be explained in Section II. In Section III, the CM 
underpinning the filtering SPJ will be given and the theoretical 
analysis method will be presented. This is followed with the 
detailed designs of the waveguide couplers and the application 

of the hybrid CM to predict the response of the SPJ in Section 
IV. The design of the filtering coupler is given in Section V. 
Section VI presents the use of the CM fabricated SPJ and its 
measurement results. 

II. SPJ TOPOLOGY 

    Two typical topologies of the conventional non-filtering 
SPJs are illustrated in Fig. 1. Fig. 1(a) is an SPJ consisting of 
three 90° hybrid couplers and one power divider. One of the 
couplers has one port loaded. The other topology, shown in Fig. 
1(b), replaces one hybrid coupler with a power divider. All the 
couplers in the two topologies are 3-dB 90° couplers. Two 
phase shifters with opposite phase shift may be needed in the 
topology in Fig. 1(b). 
    The proposed filtering SPJ is composed of two filtering 
couplers and two waveguide couplers, as illustrated in Fig. 2. 
Port 1 and Port 2 are the two inputs while Port 3-6 are the four 
outputs. Different from the conventional SPJ topologies, the 
upper and lower couplers in the proposed SPJ are 180° filtering 
couplers (rather than 90° hybrids) with eight resonators in each. 
The coupler on the left is a 180° 3-dB coupler and its outputs 
have a 180° phase difference when the input is at Port 1. The 
coupler on the right is a 90° 3-dB coupler and its outputs have a 
90° phase difference when the input signal is at Port 2. When an 
input signal goes into resonator 1 of the upper coupler or 
similarly the lower coupler, it is equally divided with no phase 
shift between the output Ports 3 and 4 of the upper coupler or 
the Ports 5 and 6 of the lower coupler. However, when an input 
signal goes into resonator 8 of either of the filtering couplers, it 
will be split in half with 180° phase shift between Port 3 and 4 
of the upper coupler, and similarly between Port 5 and 6 for the 
lower coupler. Furthermore, when two input signals are applied 
at Port 1 and Port 2, the phase differences at the four output 
ports will be (all the negative values have been added 360° to 
make them positive): 
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The two 180° filtering couplers are identical. They are 
designed to have a fourth-order Chebyshev response with an 
in-band |S11| max of -20 dB. Its coupling topology is shown in the 
inset of Fig. 3 with the corresponding theoretical response. The 
circles represent the resonators whereas the lines between them 
indicate the coupling, mij (i and j are the indices of the 
resonators). The CM of the four-port coupler, which contains 
all the inter-resonator couplings, can be reduced to its two-port 
equivalent for its symmetry. Therefore, the CM of the coupler 
can be synthesized using established methods [14]. Port 1 and 4 
are isolated from each other. This is realized by the opposite 
couplings (m56 = -m46 = -0.645). Note |S41| is zero ideally (-∞ in 
dB).  

III. CM REPRESENTATION OF THE SPJ 

    Coupling matrices are widely used in the synthesis of 

 
Fig. 3. Theoretical magnitude response of the fourth-order filtering coupler 
based on the synthesized CM, values of which are given in the inset. 

 
Fig. 2. Schematic of the fourth-order filtering SPJ. The upper and lower 
structures are identical fourth-order filtering couplers. 
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filters and other resonant circuits. For circuits involving both 
resonant and non-resonant components, the traditional design 
approach often treat the components separately and connect 
them through matching circuits [15], [16]. This ‘cascaded’ 
approach cannot easily and accurately predict the theoretical 
responses of a complicated circuit network. Practically it also 
introduces additional losses associated with the interconnection. 
To circumvent this problem, the CM technology has been 
extended to more generic forms to include transmission lines 
and even active devices [17] - [19]. By doing so, the theoretical 
response of many circuits (no longer limited to filters) can be 
predicted using a generic or active CM. The CM can also be 
used for circuit synthesis and optimization. In the proposed 
topology of the SPJ shown in Fig. 2, there are two waveguide 
couplers. Since they are not resonant structures, it is not 
straightforward to include them in a CM for the whole SPJ. A 
method, extended from [17], will be given in this section, to 
weave the Y-matrices of the two non-resonant couplers into the 
CM of the SPJ. This CM can be used for further optimization as 
a whole. Or, part of the matrix may be usefully populated by 
values representing simulated sub-circuits, whereas the rest of 
the matrix may be synthesized accordingly.         
    Fig. 4(a) illustrates a generic non-resonant N-port device. 
Assume the Y-parameters of the device are Yij (i, j = 1…N). In 
order to derive the CM of this non-resonant device, J-inverters 
[20] are added to the ports. The device is redrawn in Fig. 5. 
There is an input current from Port 1, namely is. YP,k (k = 1 to N) 
are the port admittances. vP,k (k = 1 to N) and vk (k = 1 to N) are 
to depict the node voltages for the ports and the device 

respectively while ik (k = 1 to N) are the currents to the device. 
Applying Kirchoff’s current law at each node of the circuit in 
Fig. 5, the relationship between the current and voltage can be 
written by: 
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    In applying the CM method to non-resonant structures, the 
values of J-inverters are set to be 1, which means the circuits on 
both sides are connected directly. The admittances of the ports 
in this device are also normalized to 1 for perfect match, (2) can 
be re-arranged to: 
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Following the same steps as in [17], (3) can be finally 
simplified to: 
     A v i   (4) 

where [A] is a 2 2N N matrix and it consists of: 

        A x u j m     (5) 

[x] is a diagonal matrix with entries of {Y1,1, Y2,2, …, YN,N, 
1,1, …, 1} (N sets of 1) and [u] is a diagonal matrix 
representing the resonant nodes. [u] is 0 in this case. [m] is a 
2 2N N CM of the N-port non-resonant structure, which is: 
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  (6) 

From (6), the N-port non-resonant device shown in Fig. 5 can 
be regarded as an N-port N-node structure, shown in Fig. 4(b). 
The coupling values between the nodes are jYj,k (j, k = 1 to N, j 
≠ k), and all the external quality factors are 1.  
    The above presents a generic method to obtain the CM for a 
non-resonant device based on the Y-matrix. In order to get the 

 
Fig. 5. N-port device with J-inverters at the ports. 

 
Fig. 4. (a) Diagrammatic representation of a non-resonant N-port device. 
(b) N-port non-resonant device represented by an N-port N-node network. 
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CM of the SPJ, the CMs of the two waveguide couplers (as 
non-resonant devices) need to be constructed first using the 
above method. The 90° hybrid coupler used in the SPJ is the 
conventional and the 180° hybrid coupler is formed by a 
conventional 90° hybrid coupler and a 90° phase shifter 
(includes one reference line). Both are shown in Fig. 6. Note 
that, for both couplers, Port 1 is the input, Port 2 and Port 4 are 
outputs and Port 3 is the isolated port. Interconnection lines are 
inevitable between the waveguide couplers and the filtering 
couplers. To represent these lines, an initial phase θ is added to 
each port. The S-parameters of the 90° hybrid coupler are given 
by [21]: 
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By adding a 90° phase shifter to Port 4 (a reference line to Port 
2), a 180° hybrid coupler is formed. Its S-parameters are: 
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Now convert the two S-parameter matrices into Y-matrices 
[21]: 
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According to the discussion around Fig. 4(b), an N-port device 
can be represented by an N-port N-node network. The topology 
in Fig. 2 is therefore transformed into Fig. 7, where the 180° 
waveguide coupler is represented by nodes 1 - 4 while the 90° 
waveguide coupler is by nodes 5 - 8. Between the two 
waveguide couplers are two fourth-order filtering couplers as 
introduced in Fig. 3. There are twenty-four nodes in total with 
eight ports. The overall 32 × 32 CM of the SPJ is shown in Fig. 
8. 

In the CM of the SPJ, the entries in 1 – 4 are for the 180° 
coupler, the entries in 5 - 9 are for the 90° coupler. The entries 
in 9 – 16 and 17 - 24 are for the upper and lower fourth-order 
filtering couplers, respectively. The remained scattered entries 
represent the connection between the couplers and the coupling 
to ports. The coupling values are also provided in Fig. 8. Note 
that Port 7 and Port 8 are supposed to be loaded in the real 
situation.  

   From this CM, the ideal magnitude and phase response of 
the filtering SPJ can be obtained. Fig. 9 and Fig. 10 show the 
calculated magnitude responses of the SPJ in Fig. 7 when the 
input signal is at Port 1 and Port 2, respectively. It can be 
noticed that the response has fourth-order Chebyshev 
characteristics. |S21| and |S22| are both - ∞ theoretically. The 
theoretical phase response is given in Fig. 11. It is consistent 
with those expressed by (1).  

 

 
Fig. 9. Theoretical magnitude response of Port 1, from the CM of the SPJ 
in Fig 7. 

 
Fig. 7. Topology of the SPJ when transformed into nodes. 

 
Fig. 6. Two hybrid couplers. (a) a 90° 3-dB coupler. (b) a 180° coupler 
formed of a 90° 3-dB coupler with a 90° phase shifter. Note here the phase 
shifter is a four-port device with a reference line. 
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IV. REALIZATION OF THE WAVEGUIDE COUPLERS AND THE 

HYBRID CM OF THE SPJ 

The constituent components of the SPJ can be designed 
separately. In this section, the two waveguide couplers will be 
considered first. The simulated responses of the couplers will 
be transferred to the corresponding part of the CM of the SPJ 
according to (6). This makes it possible to predict a more 
realistic response of the SPJ. 

A. E-plane 90° waveguide coupler 

A design method for multibranch waveguide couplers [22] 
was used here. The E-plane waveguide 90° coupler working in 
9.5-10.5 GHz is shown in Fig. 12 with all the key dimensions 
given. The response of the 90° coupler will be given later 
together with that of the 180° coupler. 

B. E-plane 180° waveguide coupler 

    The 180° waveguide coupler is built by a 90° coupler and a 
90° phase shifter, as illustrated in Fig. 6(b) with the simulation 
model in Fig 13. The fixed phase shift is achieved by adjusting 
the width of the waveguides [23], shown in Fig. 13(b). The 
width of the waveguide connected to Port 2 is reduced to 20.16 

 
Fig. 10. Theoretical magnitude response of Port 2, from the CM of the SPJ. 

 
Fig. 11. Theoretical phase response of the SPJ from the CM. 

 
Fig. 12. 90° waveguide coupler model. 

 
Fig. 8. Theoretical CM of the SPJ. The matrix is diagonally symmetrical. 



 6 

mm while the others are kept the same at 22.86 mm. The edges 
of the narrowed waveguide are rounded by 1 mm in radius to 
meet the CNC machining requirements. The narrowed 
waveguide provides the extra 90° phase shift. 

C. Simulated responses of waveguide couplers 

    The simulated magnitude and phase responses of the two 
waveguide couplers are shown in Fig. 14. The working band of 
both couplers is from 9.5 to 10.5 GHz, covering the working 
band of the filtering coupler, which is 9.8 - 10.2 GHz. The 
errors of phase differences of the two couplers are less than 1°. 

D. Hybrid CM of the SPJ incorporating contribution from 
the simulated couplers 

    Section III gave a method to get the CM of the SPJ involving 
non-resonant structures. Now that the two waveguide couplers 

are designed and optimized, their contribution to the whole SPJ 
can be incorporated into the matrix using the method described 
in Section III. In this way, a hybrid CM of the SPJ partly based 
on simulation and partly on circuit model can be constructed to 
predict a more realistic response. 
    Based on the topology shown in Fig. 7, the response in Fig. 
14(a) is from node 5 - 8 while the one in Fig. 14(b) is from node 
1 - 4. The simulated S-parameters are first transferred into 
Y-matrices [21]. A hybrid CM of the SPJ is obtained by 
combining the entries of the simulated Y-matrices, according to 
(6), and the theoretical couplings of the filtering coupler (in the 
inset of Fig. 3). The formation of this hybrid CM is illustrated in 
Fig. 15. 180

,n mY  means the entries of the Y-matrix of the 180° 

waveguide coupler while 90
,n mY means the ones of the 90° 

waveguide coupler. The entries in row 9-32, column 9-32 are 

 
Fig. 13. 180° waveguide coupler model. (a) Overall view. (b) Enlarged 
view of the narrowed waveguide for phase shift purpose. (c) Side view of 
the coupler.  

 
Fig. 14. Simulated magnitude and phase responses of: (a) 90° waveguide 
couplers and (b) 180° waveguide couplers. 

 
Fig. 16.  Magnitude response of Port 1 from the hybrid CM of the SPJ . The 
response is compared with the ideal magnitude response. 

 
Fig. 17. Magnitude response of Port 2 from the hybrid CM of the SPJ . The 
response is compared with the ideal magnitude response. 

Fig. 15. CM of the SPJ combining the simulated response of the two 
waveguide couplers and the theoretical couplings of the two fourth-order 
filters.
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Fig. 22. Simulated phase responses of the 180° filtering coupler in Fig. 20.  

the same as those in the CM given in Fig. 8. 
    Based on this hybrid CM, the responses of the SPJ in 9.5 to 
10.5 GHz with two optimized waveguide couplers are derived 
and shown in Fig. 16-18. It can be seen |S11| still has the 
fourth-order Chebyshev response and |S21| is still - ∞. Ripples 
are shown in the |S22| coming from the hybrid CM. This is a 

result of the asymmetrical configuration brought by the two 
waveguide couplers. 

V. DESIGN OF THE FILTERING COUPLER 

    The filtering function of this SPJ is achieved by the two 
identical 180° Chebyshev filtering couplers. Their bandwidth 
determines the bandwidth of the SPJ, which is 9.8-10.2 GHz. 
Fig. 19 shows the model of the stub-loaded rectangular 
resonator used in the filtering coupler in CST Studio Suite. The 
resonator is symmetric with respect to the plane AA’, shown in 
red dashed lines. The stub pairs in different resonators have 
different depths to adjust the resonant frequencies. The outer 
dimensions of all the resonators are kept the same at 22.86 mm 
× 22.86 mm, as shown in Fig. 19(b). This feature eases the 
layout of the coupled resonators in two layers. It can keep the 
outer dimensions of the resonators same while adjusting the 
resonant frequencies. The resonators work at TE101 mode and 
plane AA’ is the E plane. Fig. 20(a) shows the filtering coupler 
with the stub-loaded rectangular resonators. Port 1 and Port 2 
are isolated from each other, as well as Port 3 and Port 4. 
Internal edges are rounded with 1 mm radius to meet the CNC 
machining requirements. Critically, the 180° phase shift is 
achieved by the capacitive coupling (– 90° phase shift) between 
resonator 5 and 6 along with the inductive couplings (+ 90° 
phase shift) between resonator 3 and 4, 3 and 5, 4 and 6.  
    The coupler is designed to have the return loss and the 
isolation more than 20 dB. The simulated magnitude response 
is shown in Fig. 21. Within the working band (9.8 - 10.2 GHz), 

 
Fig. 18. Theoretical phase response of the SPJ from the hybrid CM of the SPJ.

 
Fig. 19. Stub-loaded rectangular resonator. (a) The overall view. (b) The 
top view. 

 
Fig. 20. The fourth-order filtering coupler and its dimensions. (a)Overall view;
(b) Front view; (c) Top view; (d) Bottom view. 

 
Fig. 21.  Simulated S-parameters of the 180° filtering coupler in Fig. 20.  
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Fig. 26. Simulated phase response of the filtering SPJ from 9.6 to 10.4 
GHz. The curves are zoomed over the working band (9.8 - 10.2 GHz). 

the return losses and isolations all meet the specifications. The 
passbands are very flat and well balanced.    

The simulated phase responses are shown in Fig. 22. Over the 
working band, ∠S31 - ∠S41 varies from -183.03° to -178.23°. 
The phase difference ∠S32 - ∠S42 has a maximum of 2.24° and a 
minimum of – 3.01°. The detailed dimensions of the coupler 
can be found in Fig. 20(b), (c) and (d). 

VI. DESIGN OF THE SPJ 

    Having designed all the constituent components, the 
E-plane-cut fourth-order filtering SPJ can now be realized. Fig. 
23 shows the SPJ model in CST. In Fig. 23(a), the top and side 
views of a 90° bend are shown. There are eight of them to give 
space for flanges. The inner radius is 10.00 mm and the width 
of the bend is 22.86 mm. Fig. 23(b) shows the front view and 
side views of the SPJ. The size of the SPJ air model is 288 mm 
× 121 mm × 26.86 mm. P1 to P8 mark out the ports with P7 and 
P8 terminated with a load. 
    The simulated magnitude responses are shown in Fig. 24 and 
Fig. 25. The former is when the input is from Port 1 and the 
other is when input comes from Port 2. It can be seen that the 
transmissions have a fourth-order filtering characteristic. The 
insets of Fig. 24 and Fig. 25 show the magnitude responses 
from 9.5 to 10.5 GHz, compared with the theoretical responses 
from the hybrid CM. As shown in Fig. 24, the isolation between 
Port 1 and Port 2 is higher than 30 dB. In Fig. 25, |S22| is lower 
than -20 dB over the same operation band. |S71| and |S82| are not 
shown here because Port 7 and Port 8 are supposed to connect 
to a load. There are some spikes appearing in the response in 
7-8 GHz and 12-13 GHz as pointed out. The spikes in 7-8 GHz 

 
Fig. 23. SPJ air model. (a) Perspective view and waveguide bends. (b) 
Front view and side views of the SPJ.  

 
Fig. 24. Simulated magnitude responses of the filtering SPJ when input 
from Port 1. Inset shows the response over 9.6-10.4 GHz. 

 
Fig. 25. Simulated magnitude responses of the filtering SPJ when input 
from Port 2. Inset shows the response over 9.6-10.4 GHz. 

 
Fig. 27. Assembly of the SPJ. (a) Overall view. (b) Side and top view of the 
bend flange. (c) The main part of the SPJ. (d) Assembly of the bend. 
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are caused by a new resonator formed by resonator 3 and 5, 4 
and 6, shown in Fig. 20(a). The spikes in 12-13 GHz are the 
results of the higher mode in the stub-loaded resonators. 
    The phase responses are important in the filtering SPJ. Fig. 
26 shows the simulated phase differences of the filtering SPJ 
from 9.6 to 10.4 GHz. The curves over the working band (9.8 to 
10.2 GHz) have been enlarged to show more details. The 
simulated phase differences agree with those from the theory in 
(1). The largest phase error in simulations is 5°.  

VII. FABRICATION AND MEASUREMENT  

      The SPJ was optimized and designed for fabrication using 
CNC machining (material: Aluminum). The metal model of the 
SPJ is given in Fig. 27(a). The eight identical bends, shown in 
Fig. 27(b), were made separately. The main part is split from 

the E-plane, shown in Fig. 27(c). The fabricated SPJ is shown 
in Fig. 28. 
The measurement setup of the SPJ is shown in Fig. 29. There 
are eight ports in total and four of them are connected to loads 
in each measurement using a four-port vector network analyzer 
(N5227A). The measured magnitude response of the SPJ is 
shown in Fig. 30 and Fig. 31. It can be noticed that there is a 
small frequency shift about 0.05 GHz. The designed working 
band is 9.8 to 10.2 GHz while, in the measurement, this is 9.75 
to 10.15 GHz. We have measured the dimensions of the 
fabricated model and found some dimensional errors on the 
order of 0.1 - 0.2 mm, which is consistent with the tolerance of 
the CNC machine used. Modelling shows this dimensional 
discrepancy, especially from the broad-wall width of the 
waveguide, can explain the frequency shift in the measurement. 

 The measured return loss at both Port 1 and 2 in the actual 
working band is larger than 15 dB. The insertion losses are 
about 6.4 dB including 6 dB power division loss in the working 
band with flat output magnitudes. The four reflection zeros are 
clearly identifiable in |S11| response. The phase response of the 
measurement, compared with the simulation, is shown in Fig. 
32. The largest phase error in the measurement is 10°, which is 
in ∠S61-∠S62 and ∠S51-∠S52.  

To the best of the authors’ knowledge, there is only one 
filtering SPJ reported in the literature [13]. TABLE I compares 
the measured magnitude responses between this work and a few  

Fig. 29. Measurement setup of the SPJ. 

 
Fig. 30. Measured magnitude response of port 1 of the SPJ. 

 
Fig. 31. Measured magnitude response from port 2 of the SPJ. 

 
Fig. 32. Measured phase response of the SPJ. 

 
Fig. 28. The fabricated SPJ by CNC machining, shown as separate parts. 
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other SPJs. It can be noticed that the return loss, insertion loss, 
output balance and isolation of this work are all competitive. 

VII. CONCLUSION 

This paper presents an E-plane filtering SPJ working at 10 
GHz. A new SPJ topology based on 180° filtering couplers was 
proposed. To analyze the theoretical response of the SPJ, the 
CM of the entire SPJ, including both the non-resonant and the 
filtering couplers, was constructed. A comprehensive analytical 
approach was presented. Two identical E-plane fourth-order 
Chebyshev filtering couplers were designed. Stub-loaded 
resonators were adopted in the coupler to keep a consistent 
profile and ease the layout. The measurement showed a very 
good agreement with the simulation and verified the design 
approach of the filtering SPJ. A very flat passband with over 15 
dB return loss was achieved with the help of the embedded 
resonators. A reasonably good phase performance has been 
achieved, considering the complex structure and multiple 
assembly steps. 3D printing may be used to reduce the 
assembly, especially around the bends at the output ports. The 
proven waveguide filtering SPJ concept may be used in high 
mm-wave designs for radar applications. Also, the waveguide 
SPJ can be employed in satellite systems, where high-power 
phenomenon such as multipactor should be considered. In our 
design, the favourable E-plane cut was implemented and the 
use of sharp corners were avoided to help with the power 
handling. More detailed design guideline on multipactor can be 
found in European Cooperation for Space Standardization [24]. 
The generic CM technique developed for the filtering SPJ can 
be applied to synthesize and analyze other complex multi-port 
signal distribution networks.  
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TABLE I 
COMPARISON OF MEASUREMENT RESPONSE WITH OTHER SPJS 

Ref. 
Return Loss* 

(dB) 
Insertion Loss# 

(dB) 
Magnitude Variation^ 

(dB) 
Isolation (-|S21|) 

(dB) 
FBW/f0

& 
 (GHz) 

Filtering 
Functio

n 
Circuit Size (λg

3) 

[6] > 12.00 < 2.00 -5.00/-8.00 >18.00 20%/2.00 No - 
[7] >15.00 < 6.50 -4.00/-12.50 >21.00  16.67%/24.00 No - 
[8] > 10.00 / > 15.00 < 2.20 -4.30/-8.20 >17.00 6.7%/30.00 No 4.27×3.49×0.24 
[13] > 21.00 < 1.90 -6.90/-7.90 > 25.00 2.32%/7.75 Yes - 

This work > 15.00 < 0.42 -5.90/-6.42 > 26.86 4.02%/9.95 Yes 5.87×3.18×0.84 
* The worst in-band return loss of the two inputs. # The worst in-band insertion loss among the four outputs. ^The highest and lowest in-band magnitudes among 

the four outputs. & FBW = Fractional Bandwidth and f0 = Center frequency. 
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