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Abstract 

 

Design techniques used for two-port coupled resonator circuits are extended in this thesis to 

multi-port coupled resonator circuits. Three-port coupled resonator power dividers and 

diplexers are demonstrated in particular. The design approach is based on coupling matrix 

optimization, and it allows synthesis of coupled resonator power dividers with arbitrary power 

division, and diplexers with contiguous and non-contiguous bands. These components have 

been synthesised with novel topologies that can achieve Chebyshev and Quasi-elliptic 

filtering responses. 

To verify the design methodology, some components with Chebyshev filtering response have 

been designed, fabricated and tested. X-band coupled resonator devices have been realized 

using waveguide cavities: 3-dB power divider, unequal power divider, 4-resonator diplexer, 

and 12-resonator diplexer. An E-band 12-resonator coupled resonator diplexer has been 

designed to be used as a front end component in the transceiver of a wireless communications 

system. An H-band coupled resonator diplexer with embedded bends has been designed and 

realized using micromachining technology.  
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response is shown in figure 1. Although there are many possible topologies, the topology shown has 

been suggested since it has large number of shared resonators, so that the order of the filtering 

function at each output is equal to (n-1), where n is the total number of resonators. This is due to the 

existence of two signal paths with (n-1) resonators in each; the first contains the resonators 

(1,2,3,…,n-2,n-1) and the second contains the resonators (1,2,3,…,n-2,n). The coupling coefficients 

m(n-2),(n-1) and m(n-2),n will have equal values in case of 3-dB power division, and differing values for 

arbitrary power division. The initial guess of all coupling coefficients that exist in the divider 

topology was 0.5, and those that do not exist were set to zero. 

It should be noted that the proposed divider is not matched at all ports, and the output ports are not 

isolated. In consequence, matching is only achieved at port 1, and the output return loss |S22| and |S33| 

and the isolation |S23| are around 6 dB in the passband. This is a typical problem of lossless 

reciprocal 3-port junctions [19]. 

3.3 Power divider example 

Power dividers with different power division ratios and different number of resonators have been 

synthesised successfully with the proposed method. An example of 3-dB power divider is presented 

here. The divider has a return loss of 20 dB and it has the topology in figure 1 with n=12. Both the 

reflection zeros and the external quality factors have been evaluated for 11
th
 order filter, which is the 

order of the filtering function at each output, and their values have been set in the optimization 

algorithm. The reflection zeros have been calculated using Cameron‘s recursive technique as 

follows, srj=0, ±0.2817j, ±0.5406j, ±0.7557j, ±0.9096j and ±0.9898j Hz. The values of external 

quality factors are qe1=qe11=qe12=1.0331. The synthesised normalised coupling coefficients are 

m12=0.8103, m23=0.5817, m34=0.5419, m45=0.5289, m56=0.5245, m67=0.5244, m78=0.5290, 

m89=0.5418, m9,10=0.5817, and m10,11=m10,12=0.5730, and the power divider ideal response is shown 
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in figure 2. The response shows that the output ports are not isolated as expected, with |S23| of 5.3 

dB or better in the passband. 

4 Diplexer Synthesis 

4.1 Coupling Matrix Synthesis of Diplexer 

A similar approach to the power divider cost function formulation has been followed to derive a cost 

function for diplexers. Assuming that the polynomials F(s), P1(s), P2(s), and E(s) along with ripple 

constant ε completely define the response of the diplexer, where the roots of F(s) correspond to the 

reflection zeros, the roots of and P1(s), P2(s) correspond to the transmission zeros of the filter 

frequency response at ports 2, and 3 respectively, and the roots of E(s) correspond to the pole 

positions of the filtering function, the initial cost function may be written in terms of the 

characteristic polynomials as follows, 
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where sti, stk are the frequency locations of transmission zeros of S21, S31 respectively, T1, T2 are the 

numbers of the transmission zeros of S21, S31 respectively, R is the total number of resonators in the 

diplexer, LR is the desired return loss in dB (LR<0), and srj and spv are the reflection zeros and the 

peaks‘ frequency values of |S11| in the passband. The last term in the cost function is used to set the 

peaks of |S11| to the required return loss level. 

Assuming the common port of the diplexer is connected to resonator 1, port 2 is connected to 

resonator a, and port 3 is connected to resonator b, the cost function in (10) may be re-written in 

terms of determinants and cofactors of the matrix [A] in a similar way to the cost function of power 

divider as follows, 
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where qe1, qea, and qeb are the external quality factors at ports 1, 2 and 3 respectively. The first two 

terms in the cost function are used if the diplexer characteristics contain transmission zeros. 

However, for a Chebyshev response, these terms may be used to minimise the transmission of each 

channel at the passband of the other channel, thus increasing the isolation between channel ports. 

The frequency locations sti are chosen to be the band edges of the channel at port 3, and similarly the 

frequency locations stk are chosen to be the band edges of the channel at port 2. 

The lowpass frequency positions of the reflection zeros of the diplexer are initially set to be equally 

spaced in the optimization algorithm, and later these positions are moved until equiripple level at 

specified insertion loss is achieved. The variables in the optimization algorithm are the coupling 

matrix elements and the frequency locations of the reflection zeros. 

The external quality factors are numerically calculated, and their values are set at the beginning of 

the algorithm. This reduces the optimization parameters set and decreases the convergence time. To 

find the normalised external quality factors of the proposed diplexer, assume we have two lowpass 

prototype filters with the same order and filtering function but different bandwidth, the first with 

frequency edges of ±1 Hz and a bandwidth of BW±1, and the second with frequency edges of x and 1 

Hz and a bandwidth of BWx1. The normalised external quality factors of these filters are related by: 

1
1 1 1
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ex e e
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q q q
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where qex1 is the normalised external quality factor of the second filter, and qe±1 is the normalised 

external quality factor of the first filter, which is known for lowpass prototype filters [2]. 

Accordingly, for a symmetrical diplexer with channel edges of (-1,-x) and (x,1), the normalised 

external quality factors at ports 2 and 3 are calculated from equation (12), and the normalised 

external quality factor at the common port is equal to qex1/2. This works for all the examples of 

symmetrical diplexers presented throughout this paper. 

Coupling matrices of symmetrical diplexers have been successfully optimised using gradient based 

technique for possible topologies shown in figure 3, where n is the total number of resonators, and 

±x define the inner edges of the two channels. 

In the T-Topology in figure 3(a), r is the number of resonators located between either output port, 

and the junction resonator (n-2r). These resonators should have different self-resonant frequencies to 

separate the diplexer channels from each other. Different values of r make it possible to realise 

many topologies with n coupled resonators. The optimization algorithm has been successful in 

producing non-distorted diplexer responses for the T-topology in figure 3(a) with 
4
nr      and 

 2
1nr   . A comparison between diplexers with T-topology, with the same number of resonators n, 

and different value of r will be shown in the next section. 

All the resonators in the T-topology shown in figure 3(a) are directly coupled (no cross coupling), 

and hence only Chebyshev response can be obtained.  The resonators in the vertical branch apart 

from the junction resonator should have different self-resonant frequencies; this is to achieve 

disjoint frequency bands at the ports 2 and 3. Consequently, for the high frequency channel to be at 

port 2, the resonators above the junction resonator should have positive frequency offsets (Mii>0), 

and for the low frequency channel to be at port 3, the resonators below the junction resonator should 

have negative frequency offsets (Mii<0).  



Appendix C –   Publications 

   

185 

 

In the canonical topology shown in figure 3(b), solid lines represent direct coupling, and dashed 

lines represent cross coupling, and a Quasi-Elliptic filter response can be achieved. The resonators 

(3,4,…, n/2+1) have positive frequency offsets (Mii>0), and the resonators (n/2+2, n/2+3,…, n) have 

negative frequency offsets (Mii<0). 

It has been found that by using local optimization techniques for relatively large structures, the 

optimization algorithm may converge to a local minimum. To solve this problem, the optimization 

has been done in two stages. In the first stage, the optimization is carried out by using the cost 

function in (11) without the last term, and with equally spaced reflection zeros. In the second stage, 

the full cost function in (11) is used, and the resulting coupling coefficients from the first stage are 

used as initial values, and the locations of the reflections zeros are allowed to move until equiripple 

insertion loss is achieved. This has been successful for symmetrical diplexer topologies up to 12 

resonators. Moreover, assigning different weights to the terms of the cost function has been found 

useful for convergence, especially for large structures. 

 

4.2 Diplexer examples 

Coupling matrices of diplexers with the same specification and different topologies have been 

synthesised. Shown in figure 4 are three topologies for diplexers with non-contiguous bands with 

n=8, x=0.5. The structures in figures 4(a) and 4(b) are examples of the general T-topology in figure 

3(a) with r=2 and r=3, respectively, and the structure in figure 4(c) is a conventional diplexer with 

the common port assumed as a shunt connection of the inputs of the two filters composing the 

diplexer (the addition of a frequency-invariant susceptance representing three-port junction is 

possible). The synthesis of the third diplexer is presented in [16].  

In both examples in figure 4 (a) and figure 4 (b), the initial values of the lowpass prototype 

frequency locations of the zeros of |S11| have been set with equal spacing, and the required return 

loss has been taken to be 20 dB. The external quality factors are numerically calculated as 
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previously described and the frequency locations of |S11| peaks at the passbands are evaluated by 

numerical differentiation at each iteration in the optimization algorithm. The initial reflection zeros 

are srj= ±0.52j, ±0.6733j, ±0.8267j, and ±0.98j, and the external quality factors are 1.863 at port 1, 

and 3.726 at both ports 2 and 3.  The optimised normalised coupling coefficients for the structure in 

figure 4(a) are: m12=0.8218, m23=0.4224, m34=0.7117, m45=m47=0.2553, m56=m78=0.2315, m55= -

m77=0.7112 and m66= -m88=0.7414, whereas the optimised normalised coupling coefficients for the 

structure in figure 4(b) are: m12=0.8256, m23= m26=0.2981, m34= m67=0.1786, m45=m78=0.2284, m33= 

-m66=0.6963, m44= -m77=0.7428 and m55= -m88=0.7462.  

In the example in figure 4(c), the return loss is set to 20 dB, and each channel filter is initially 

designed individually, and then the full coupling matrix of the diplexer is synthesised by integrating 

the common port in the optimization. The optimised normalised coupling coefficients for the 

structure in figure 4(c) are: qe1=qe4= qe5=qe8=3.7258, m12=m56=0.2279, m23=m67=0.1750, m34= 

m78=0.2242, m11=m22= -m55= -m66=0.75, m33= -m77=0.7511 and m44= -m88=0.7976. 

The responses of the diplexers in figure 4 are shown in figure 5. Comparing these responses, it is 

noticed that the diplexer in figure 4(c) has better isolation than the diplexer in figure 4(b), and that 

the diplexer in figure 4(b) has better isolation than the diplexer in figure 4(a). In other words, the 

higher the number of resonators between ports 2 and 3, the better the isolation is. However, far out 

of band, the response is better for structures in figure 4(a) and figure 4(b). Accordingly, in the 

proposed general T-topology in figure 3(a), the value of r that gives the best isolation performance is 

 2
1nr   , where n is the total number of resonators. This is due to existence of more resonators 

between the output ports.  

Although the isolation performance degrades in comparison to the conventional diplexers, an 

advantage of the proposed diplexers is that the source is directly coupled to the input resonator 

(number 1). This is distinct from the diplexers reported in the literature, since there is no need to use 
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an external junction (T-junction, manifold, etc...) as in conventional diplexers, or to add a resonant 

junction (an extra resonator in addition to the channel filters) as in [16], or to directly connect the 

common port to one terminal of each of the channel filters, which may have practical constraints in 

implementation, as in [7]. Thus, the proposed diplexer exhibits a trade-off between design 

complexity and isolation performance. 

A contiguous band diplexer has also been synthesised. The structure of the diplexer is shown in 

figure 6 and it is an example of the general topology in figure 3(b) with cross coupling, n=12, and 

x=0. The cross coupling (dashed line) between resonators 3 and 6, and resonators 8 and 11 generate 

transmission zeros to obtain a quasi-elliptic response.  

The optimised normalised coupling coefficients are: m12=0.8224, m23=m28=0.4150, m34=m89=0.2785, 

m45=m9,10=0.3304, m56=m10,11=0.2865, m67=m11,12=0.4136, m36=m8,11= -0.0652, m33= -m88=0.4638 

and m44= -m99=0.5148, m55= -m10,10=0.5154, m66= -m11,11=0.5088, m77= -m12,12=0.5024, and the 

normalised external quality factors are 0.994 at port 1 and 1.9881 at both ports 2 and 3. The 

response of the diplexer is shown in figure 7. 

5 Implementation of Unequal Power Divider 

5.1 Power Divider Design and Fabrication  

A 5 resonator unequal power divider has been designed, fabricated and tested. The divider has been 

designed according to the coupled-resonator design methodology proposed here. It is designed at the 

X-band with a centre frequency of 10.15 GHz, bandwidth of 925 MHz, a reflection loss of 20 dB at 

the passband, and α=1.5. The divider topology is that shown in figure 1 with n=5, and the 

synthesised normalised coupling coefficients using optimization are as follows: m12=0.9116, 

m23=0.7005, m34=0.5766, m35=0.7061 and qe1=qe4=qe5=0.931. 
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The power divider has been implemented using waveguide cavity resonators coupled together using 

capacitive irises. A photograph of the divider is shown in figure 9 (a). The device has been made of 

two mirror image pieces of copper, and metal screws have been used to tune its response. 

5.2 Power Divider Measurement 

The simulated and measured results of the power divider are depicted in figure 8. The measured 

response has been tuned using metal screws and it is in good agreement with the simulated response. 

The experimental results show that the maximum return loss within the passband is 20 dB and the 

minimum insertion loss is 2.28 dB for S31 and 4.29 dB for S21. The measured isolation between the 

output ports is more than 4.4 dB in the passband. 

6 Implementation of X-band Diplexer 

6.1 Diplexer Design and Fabrication 

An X-band non-contiguous diplexer has been designed using the new methodology presented with 

the following specifications: passband centre frequency of 9.5 GHz for channel 1 and 10.5 GHz 

passband centre frequency for channel 2, bandwidth of each channel is 52 MHz, and desired return 

loss at the passband of each channel is 20 dB. 

The diplexer topology is that given in figure 3 (a) with n=4 and r=1. The optimised normalised 

coupling coefficients are: m12=1.3044, m23=m24=0.1666, m33=-m44=1.2894 and the calculated 

normalised external quality factors are qe1=4.651, qe3=qe4=9.302. 

The diplexer has been implemented using waveguide cavity resonators coupled together using 

inductive apertures. A photograph of the physical diplexer is shown in figure 9(b). 

 

6.2 Diplexer Measurement 

The simulated and measured results of the diplexer are depicted in figure 10. The tuned measured 

response is in very good agreement with the simulated response. The measurements show that the 
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passband of channel 1 has maximum return loss of 22 dB and minimum insertion loss of 0.38 dB, 

and that the passband of channel 2 has maximum return loss of 22 dB and minimum insertion loss of 

0.43 dB. The losses in diplexer channels are mainly due to the conductor loss in small fractional 

bandwidth of each channel. 

7 Conclusion 

The synthesis of multiple output coupled resonator circuits is presented in this study. Coupled 

resonator power dividers with arbitrary power division and diplexers with novel topologies have 

been synthesised using coupling matrix optimization technique. An X-band unequal power divider 

and diplexer have been designed, fabricated and tested to verify the design approach. More devices 

like triplexers and multiplexers will be designed in the future using the same methodology. 
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Figure 1: Power divider T-topology 

 

 

 

 

 

Figure 2: Filtering power divider response 

 



Appendix C –   Publications 

   

192 

 

 

Figure 3: (a) T-Topology, (b) Canonical topology. 

 

 

 

Figure 4: Topologies for diplexers 
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Figure 5: Responses of diplexers in figure 4. 

 

 

 

Figure 6: 12-resonator diplexer structure 
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Figure 7: Response of contiguous diplexer. 
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Figure 8: (a) Measured and simulated results of the power divider, (b) Power divider isolation 
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 Figure 9: (a) Unequal Power Divider, (b) Diplexer  

 

 

Figure 10: (a) Measured and simulated results of the diplexer, (b) Diplexer isolation 
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Abstract—A coupled resonator diplexer has been designed, 

fabricated, and tested.  The design is based on synthesis of 

coupling matrix of a 3-port coupled resonator circuit using 

optimization. Unlike conventional diplexers, the presented 

diplexer configuration does not include any separate junctions 

for distribution of energy. The diplexer has been implemented 

at X-band with waveguide cavity resonators, and its measured 

response is in good agreement with the simulated response.  

 

Index Terms—coupling matrix, diplexer, optimization. 

I. INTRODUCTION 

icrowave diplexers are widely used in 

communication systems to connect two networks 

operating at different frequencies to a common port. 

Conventional diplexers consist of two channel filters 

connected to an energy distribution network.  Such a 

network can be a waveguide manifold [1], a T-junction [2], 

a Y-junction [3], or a circulator [4]. A common approach 

for the diplexer synthesis is based on firstly designing the 

channel filters independently of the diplexer, and then 

using numerical optimization for the whole diplexer 

structure. This approach can be very time consuming for 

large diplexer structures and the convergence of the cost 

function might be problematic. In [5,6], an approach to the 

synthesis of diplexers that takes into account a three-port 

junction in the initial synthesis of the two channel filters 

was presented. This approach provides a very good starting 

point for the optimization of the whole structure, so the 

convergence can be achieved with few iterations. Diplexers 

employing resonant junctions (an extra resonator in 

addition to the resonators of the channel filters) have also 

been reported in [5].  

Multiplexers/diplexers based on coupled resonator circuits 

with multiple outputs have been reported in [7-9]. In [7], 

coupled resonator circuits with multiple outputs were first 

patented. In [8,9], the synthesis of multiport coupled 

resonator networks based on a procedure analogous to 

filters has been reported. The proposed configurations in 

these papers do not employ any external junctions for 

distribution of energy, and hence, the components can be 

miniaturized. The diplexer proposed in [8], however, may 
present difficulties in implementation, since the common 

port is directly coupled to two resonators. 

In [10], we presented a design procedure for coupled 

resonator diplexers that do not employ any external 

junctions. The proposed diplexers have novel topologies 

that can be implemented by any type of resonators, and 

their synthesis is based on coupling matrix optimization. In 

this paper, we present a coupled resonator diplexer that has 

been synthesized using coupling matrix optimization. The 

diplexer has non-contiguous bands with symmetrical 

channels, and it is implemented at X-band using twelve 

waveguide cavity resonators to verify our design approach 

in [10]. The proposed diplexer is miniaturized when 

compared to the conventional diplexers, since it does not 

contain external junctions. In addition, miniaturization is 

improved by using a folded structure. 

II. DIPLEXER SYNTHESIS USING OPTIMIZATION 

The synthesis is based on optimization of the coupling 

matrix for multiple coupled resonators arranged in a 3-port 

network. A general matrix [A], derived for a multiport 

coupled-resonator circuit, in terms of the coupling 

coefficients and the external quality factors is given by 

[10,11],  
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where qei is the normalized external quality factor of 

resonator i, P is the complex lowpass frequency variable, 

mij is the normalized coupling coefficient between 

resonators i and j, and the diagonal entries mii account for 

asynchronous tuning. Considering a 3-port coupled-

resonator network, and assuming that port 1 is coupled to 

resonator 1, port 2 is coupled to  resonator a and port 3 is 

coupled to resonator b, the scattering parameters are related 

to the matrix [A] by [10]: 
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The optimization of the coupling matrix [m] is based on 

minimization of a cost function that is evaluated at the 

frequency locations of the reflection and transmission 

zeros. The cost function used here is given as [10], 
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Where cofkh([A(s=x)]) is the cofactor of matrix [A] 

evaluated by removing the k-row and the h-column of [A] 

and calculating the determinant of the resulting matrix at 

s=x. ΔA is the determinant of the matrix [A]. sti, stk are the 

frequency locations of transmission zeros of S21, S31 

respectively. T1, T2 are the numbers of the transmission 

zeros of S21, S31 respectively, and R is the total number of 

resonators. LR is the specified return loss in dB (LR<0), and 

srj and spv are the frequency locations of the return zeros 

and the peaks‘ frequency values of |S11| in the passband. 

The last term in the cost function is used to set |S11| peaks 

to the specified value of LR.                                                                    

               

III. DIPLEXER DESIGN 

An X-band 12-resonator non-contiguous diplexer with 

symmetrical channels has been designed and implemented 

using waveguide cavity resonators. The diplexer has a 

Chebyshev response with passband centre frequency of 10 

GHz for channel 1 and 11.35 GHz for channel 2, minimum 

isolation of 60 dB, and a desired return loss at the passband 

of each channel is 20 dB. The diplexer topology is shown 

in Fig.1. The proposed diplexer is formed of only coupled 

resonators, without using any external junctions for energy 

distribution, and the structure is folded for miniaturization. 

A gradient based constrained optimization technique has 

been utilized to synthesize the coupling coefficients, and 

the cost function in equation (3) has been used. To avoid 

convergence to a local minimum, the optimization has been 

carried out in two stages. In the first stage, the cost function 

in (3) has been used without the last term, and with equally 

spaced reflection zeros. In the second stage, the full cost 

function in (3) has been used, and the output coupling 

coefficients from the first stage are used as initial values, 

and the frequency locations of the return zeros are allowed 

to move until |S11| peaks in the passbands are equal to -20 

dB. Moreover, the third term in the cost function was 

assigned more weight than the other terms. Although a 

Chebyshev response is required, the first two terms in the 

cost function have been used to increase the isolation 

between diplexer channels by minimizing the transmission 

of each channel at the passband of the other channel. 

 The optimized normalized coupling coefficients are as 

follows: m12=0.7963, m23=m28=0.3466, m34=m89=0.2101, 

m45=m9,10=0.1956, m56=m10,11=0.2035, m67=m11,12=0.2814, 

m33= -m88=0.5942, m44= -m99=0.6552, m55= -m10,10=0.6635, 

m66= -m11,11=0.6652, m77= -m12,12=0.6643. The fractional 

bandwidth is FBW=18%, and the normalized external 

quality factors are numerically calculated as in [10] and 

found to be qe1= 1.4903 and qe7=qe12=2.9806. The 

prototype response of the diplexer is shown in Fig.2.  

 

 
Fig.1. Diplexer Topology 

 
 

 
Fig.2. Diplexer ideal prototype response 

 

The diplexer has been implemented using inductively 

coupled waveguide cavity resonators, and a top view of 
diplexer structure is shown in Fig.3.  
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Fig.3. Top view of diplexer structure 

IV. FABRICATION AND MEASUREMENT 

The diplexer has been made of two mirror-image pieces of 

copper, and a photograph of the physical structure of the 

diplexer is shown in Fig.4. Metal screws have been used to 

tune both the resonant frequencies of the cavities and the 

coupling coefficients. The simulated and measured results 

of the diplexer are depicted in Fig.5. The tuned measured 

response is in very good agreement with the simulated 

response. The measurements show that the passband of 

channel 1 has maximum return loss of ~18 dB and 

minimum insertion loss of 0.42 dB, and that the passband 

of channel 2 has maximum return loss of 22 dB and 

minimum insertion loss of 0.4 dB. 

 

 
Fig.4. Photograph of the diplexer 

V. CONCLUSION 

An X-band coupled resonator diplexer has been presented, 

and its synthesis is based on coupling matrix optimization. 

The diplexer structure consists of resonators coupled 

together, and it does not involve any external junctions for 

distribution of energy. This enables miniaturization in 

comparison to the conventional diplexers. The diplexer has 

been implemented with waveguide cavity resonators, and 

the measured results showed a good agreement with the 

simulated results.   

 

 
Fig.5. Measured and simulated results of the diplexer 
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