
 

 

 

Design of Wideband Waveguide Hybrid with 

Ultra-Low Amplitude Imbalance 

 

 

Use http://dx.doi.org/10.1109/TTHZ.2015.2502070 when refereeing 

to the paper.  

http://dx.doi.org/10.1109/TTHZ.2015.2502070


> IEEE TRANSACTIONS ON TERAHERTZ SCIENCE AND TECHNOLOGY 

 

1 

 

Abstract— We present a design and synthesis procedure for a 

new 90° waveguide hybrid with ultra-low amplitude imbalance.  

This novel hybrid design is based on Reed’s multiple branch 

waveguide hybrid. The primary feature of this quadrature 

hybrid design is the introduction of a controllable ripple in the 

operational band by, firstly changing the heights of the input 

and output branches and, secondly, by introducing three 

waveguide-height discontinuity sections placed symmetrically 

in the main waveguide. This layout allows ultra-low amplitude 

imbalance over a wide operational band. At the same time, it 

permits a greater input/output branch height as compared to 

the Reed’s five-branch waveguide hybrid, which should ease 

fabrication for short mm and sub-mm wavelengths. 
This design concept is demonstrated through a 90° waveguide 

hybrid for the 159 – 216 GHz band (30% fractional 

bandwidth). Our simulations indicate that the amplitude 

imbalance of the hybrid is better than 0.2 dB over the most of 

the 159 - 216 GHz band with a phase imbalance better than 

±4°. Experimental verification of the hybrid shows excellent 

agreement with the simulations. 

 

Index Terms— Directional coupler, Waveguide hybrids, 

Millimeter wave devices, Submillimeter wave devices, THz 

components 

 

I. INTRODUCTION 

IRECTIONAL couplers have been studied since the 

1940s, resulting in a variety of design techniques for 

both waveguide and substrate-based components. The 3 dB 

coupler or hybrid is a special case of the directional coupler 

that provides equal power division/combination and 90° or 

180 degree phase difference between the outputs depending 

on the design topology. The 3 dB coupler is one of the basic 

circuit components for balanced amplifiers [1] , sideband 

separating (2SB) mixers [2],[3],[4], array antennas [5], 

filers, and more. 

There are many design topologies of the substrate-based 

hybrids with diverse fabrication complexity that offers 

improved hybrid performance, [1], [6], [7], [8], [9] 

Nonetheless,  the  90° branch line couplers remain a 

pertinent research topic even today due to their simplicity 

and ease of fabrication [10], [11],[12], [13].  

 

In the terahertz frequency spectrum (mm wave to THz), the 
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loss of substrate-based transmission lines is significantly 

larger than that of metal waveguides. Therefore, waveguide 

couplers are usually preferred. The multiple branch 

waveguide 90° hybrid [14], [15] has proven to be very 

practical for applications such as radio astronomy 

instrumentation [4], [16], [17],[18] 

 

Reed’s periodic multiple branch 90° waveguide hybrid 

design [14], [15] allows for very good directivity, return loss 

and phase imbalance (usually better than ±1°) within the 

operation bandwidth. However, the amplitude imbalance in 

such components is typically 1 dB or worse for broadband 

operation [19]. Furthermore, the maximum amplitude 

imbalance occurs at the designed center frequency, f0. This 

is an undesired feature in many applications, especially in 

receiver systems that employ 2SB layout [16]. Instead, a 

waveguide structure that allows for controllable ripples in 

the operating band, similar to substrate based multi-section 

hybrids [1], [6],  [7],[8] is desirable. This issue has partially 

been addressed in [13] and implemented in ALMA B5 

production receiver. 

 

A typical design condition of a waveguide directional 

coupler is a maximized directivity/isolation [14]. In contrast, 

we loosen the condition for maximum isolation and modify 

the hybrid such that interleaved ripples are introduced into 

the through and coupled signals, thus yielding minimum 

amplitude imbalance within the operating frequency band. 

Such a modified hybrid is a trade-off between the 

controllably degraded return loss and the improved 

amplitude imbalance. 

 

Specifically, the work presented here concerns the design 

and synthesis procedure of a novel waveguide 90º hybrid. 

The primary feature of this hybrid design is the introduction 

of a controllable ripple in the operational band by, firstly 

changing the heights of the input and output branches of the 

structure and, secondly, by introducing three waveguide-

height discontinuity sections placed symmetrically in the 

main waveguide. This layout not only allows ultra-low 

amplitude imbalance over a wide operational band, but also 

significantly improves the return loss at the center 

frequency. At the same time, the layout permits a greater 

input/output branch height as compared to Reed’s five-

branch waveguide hybrid, which should ease fabrication for 

short mm and sub-mm wavelengths.  

The design and synthesis procedure were implemented for a 

demonstrator, a waveguide hybrid operating at 159-216 

GHz, which corresponds to approximately 30 % of the 
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fractional bandwidth. The performance of the hybrid 

presented here is significantly improved as compared to 

recent work [13].   

II. HYBRID DESIGN 

The hybrid presented here is compared with Reed’s 

waveguide hybrid design using the analysis techniques 

provided by [14] and [15] in order to illustrate the 

performance improvements and trade-offs.  

 

According to [14], Reed’s waveguide hybrid design exhibits 

optimal performance for an even number of sections. Hence, 

an eight branch periodic configuration was selected to 

achieve as low amplitude imbalance as possible. The 

maximum fractional bandwidth that could be achieved for a 

maximum amplitude imbalance ripple of 0.2 dB with 

minimum 15 dB return loss and maximum ±5 degrees phase 

imbalance is approximately 30 %.  

 

Fig. 1 show the typical cross section of a periodic eight-

branch waveguide coupler, where the dashed line indicates 

the symmetry plane in the structure. The couplers properties 

can be calculated either with even and odd mode analysis, 

similar to [15],[20] or by employing matrix analysis 

methods [17].  

 

The bandwidth is usually determined by the amplitude of the 

ripple in the operational band. However, in this case, a more 

comprehensive approach for comparing the performance 

between the different designs uses a combination of 

parameters: reflection, isolation, amplitude, and phase 

imbalance in the operation band i.e., 159-216 GHz. 

 

 
Fig.1. E-plane split block cross section of the eight branch hybrid. The 

dashed line shows the symmetry plane. B is the main waveguide height, 

whereas H1 and H2 are the branch heights.

 
 

Fig.2. E-plane split block cross section of the proposed eight branch hybrid. 
The dashed line shows the symmetry plane. B is the main waveguide 

height, H1 and H2 are the branch heights, LBranch is the branch length, a, and, 

b, is height extrusions of the main waveguide. 

 

A. Reed’s eight branch waveguide hybrid 

 

A signal with unit amplitude is applied at port 1 of the 

network in Fig 2. The analytical expression of the vector 

amplitudes at the outputs, shown in (1), can be determined 

through the even and odd mode analysis technique described 

in [15].  

 

𝐴1 =
1

2
(Γ𝑒 + Γ𝑜)   𝐴2 =

1

2
(T𝑒 + 𝑇𝑜) 

𝐴4 =
1

2
(Γ𝑒 − Γ𝑜)   𝐴3 =

1

2
(T𝑒 − T𝑜)    (1) 

 

Γ𝑒 and Γ𝑜 in equation (1) are reflected even and odd mode 

vector amplitudes, whereas T𝑒 and T𝑜 are the even and odd 

mode transmitted vector amplitudes.  

Equation (1) can be written in terms of scattering parameters 

(s-parameters). 

 

𝑆11 =
1

2
(Γ𝑒 + Γ𝑜)   𝑆21 =

1

2
(T𝑒 + 𝑇𝑜) 

𝑆41 =
1

2
(Γ𝑒 − Γ𝑜)   𝑆31 =

1

2
(T𝑒 − T𝑜)   (2) 

 

The network (hybrid) in Fig. 2, is divided into several sub-

networks, each representing a branch or main waveguide 

section with geometry (height), B, K1 K2, H1, and H2 

respectively. The ABCD matrices for each subnet are then 

sequentially multiplied as shown below.   

  

[
𝐴 𝐵
𝐶 𝐷

]
𝑒

= [
1 𝑗𝐻1𝑃
0 1

] [
0 𝑗𝐾1𝑡

𝑗𝑡 𝐾1 ⁄ 0
] [

1 𝑗𝐻2𝑃
0 1

] [
0 𝑗𝑡
𝑗𝑡 0

] 

                 × [
1 𝑗𝐻2𝑃
0 1

] [
0 𝑗𝑡
𝑗𝑡 0

] [
1 𝑗𝐻2𝑃
0 1

] [
0 𝑗𝐾2𝑡

𝑗𝑡 𝐾2 ⁄ 0
] 

     × [
1 𝑗𝐻2𝑃
0 1

] [
0 𝑗𝑡
𝑗𝑡 0

] [
1 𝑗𝐻2𝑃
0 1

] [
0 𝑗𝑡
𝑗𝑡 0

] 

  × [
1 𝑗𝐻2𝑃
0 1

] [
0 𝑗𝐾1𝑡

𝑗𝑡 𝐾1 ⁄ 0
] [

1 𝑗𝐻1𝑃
0 1

] 

      [
𝐴 𝐵
𝐶 𝐷

]
𝑜

= [
𝐴𝑒 (−

1

𝑃
) 𝐵𝑒 (−

1

𝑃
)

𝐶𝑒 (−
1

𝑃
) 𝐷𝑒 (−

1

𝑃
)

] 

 

(3) 

 

where  𝐾1 = (𝐵 + 𝑎)/𝐵 and 𝐾2 = (𝐵 + 𝑏)/𝐵. B is the main 

waveguide height as shown in Fig.2, 𝑡 = tan(𝜃), 𝑃 =

tan (
𝜃

2
) , 𝜃 is the electrical length in the waveguide i.e., 𝜃 =

𝜋𝑙√(2 𝜆0⁄ )2 − (1 𝐴⁄ )2, A is main waveguide width and λ0 

is the free-space wavelength.  
The even and odd mode reflection and transmission terms 

can be expressed as follows 

 

   Γ𝑖 =
1

2

(𝐴 − 𝐷) + (𝐵 − 𝐶)

𝐴 + 𝐵 + 𝐶 + 𝐷
 

 

T𝑖 =
1

2
(

2

𝐴 + 𝐵 + 𝐶 + 𝐷
) 

(4), 

 
where the index i, is either, e, for even mode or, o, for odd 

mode.  

 
The height of the main waveguide sections where the 

extrusions are placed (K1 and K2, see equation 3) for Reed’s 

waveguide hybrid design is equal to unity i.e., no extrusions 

in the main waveguide sections (a=b=0). Furthermore, the 

waveguide height of the first and last branch (H1) must 

remain smaller than the other branch heights (H2). These 

conditions must be satisfied in order to realize perfect 

directivity/isolation. It is also found that (3) is greatly 

simplified when these conditions are met, resulting in 

analytical expressions for H1 and H2.  The analytic 

expressions for the branch heights can be found in [15]. 

The performance of Reed’s waveguide hybrid design can be 

determined from equations (2)-(4). The calculated S-
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parameters show that port 1 is matched and no power leaks 

into port 4, i.e., perfect isolation as expected. The amplitude 

imbalance of Reed’s waveguide hybrid design is depicted in 

Fig. 3. Furthermore, the matrix calculations reveals the 

relationship between the bandwidth and the amplitude 

imbalance; specifically, the wider the bandwidth the greater 

the amplitude imbalance at the center frequency. This 

property limits the usefulness of the hybrid in wideband 

applications, for example in sideband separating receivers 

[8].  

 

Beside the issue with the amplitude imbalance, there is yet a 

much more severe issue, namely the geometry of Reed’s 

eight branch waveguide hybrid. The input branch height 

(H1) for an eight branch coupler in, e.g., WR5 waveguide is 

67 µm according to the table given in [15]. An input branch 

height of 67 µm is not practical either for conventional 

milling machines or for modern computer numerical control 

(CNC) milling as the required aspect ratio of the mill 

becomes too large. Therefore, for practical considerations, a 

five branch hybrid is more feasible since the input branch 

height then becomes 131 µm. However, using a 5 branch 

coupler would degrade the amplitude imbalance by 

approximately 15%.  

 

A theoretical comparison of amplitude imbalance with 

respect to the normalized guide wavelength for waveguide 

hybrid with different number of branches and bandwidth are 

shown in Fig.3. The normalized guide wavelength, λg0 / λgs, 

is defined as follows: 

 

𝜆𝑔𝑠 =
1

√
1
𝜆0

2 −
1

4𝐴2

  

𝜆𝑔0 = 2
𝜆𝑔,𝐻𝜆𝑔,𝐿

𝜆𝑔,𝐻 + 𝜆𝑔,𝐿
 

  (5), 

 

where λg0 is the guide wavelength at the center of the 

operational bandwidth, whereas λg,H and λg,L are the shortest 

and longest guide wavelengths in the operational bandwidth.  

λgs is guide wavelength with respect to free-space 

wavelength, λ0 and main waveguide width, A. 

 

Normally, the fractional bandwidth is calculated by dividing 

the difference between the highest and lowest frequency 

with the center frequency, that is: 

 

𝐵𝑊 =
𝑓𝐻 − 𝑓𝐿

𝑓0

 
       (6) 

 

The same is not true for guide wavelength, that is: 

 

𝐵𝑊 ≠
𝜆𝑔,𝐿 − 𝜆𝑔,𝐻

𝜆𝑔0

 
  (7) 

 

The guide wavelength is a function of waveguide geometry 

parameters and frequency, as shown in the equation (6). 

Therefore, the frequency needs to be written with respect to 

both guide wavelength and the geometry. In this case, 

equation (6) gives 

 

𝐵𝑊 =

√
4

𝜆𝑔,𝐻
2 +

1
𝐴2 − √

4
𝜆𝑔,𝐿

2 +
1

𝐴2

√
4

𝜆𝑔0
2 +

1
𝐴2

 

  

 

 (8), 

 

Equation (8) could be used to calculate the fractional 

bandwidth in Figs. 3-8. 

 

The solid black line corresponds to the proposed 8 branch 

hybrid (described in next section). The dashed gray line 

corresponds to Reed’s eight branch waveguide hybrid, 

where the bandwidth is defined with respect to the 

maximum ripple of the proposed design. The dashed gray 

line with solid triangles is Reed’s eight branch waveguide 

hybrid, where the bandwidth between two points of zero 

amplitude imbalance is equivalent to the bandwidth of the 

proposed design. The dashed gray line with solid dots 

corresponds to Reed’s five branch waveguide hybrid 

equivalent to Reed’s eight branch waveguide hybrid. 

Detailed synthesis of Reed’s waveguide hybrid design can 

be found in [14],[15]. 

 

B. Modified eight-branch waveguide hybrid  

 

In order to generate ripples in the operation band, the 

condition for perfect directivity needs to be relaxed. This 

means that small reflections inside the waveguide hybrid 

need to be deliberately created. Trying to solve this problem 

analytically by arbitrary placing, e.g., modulation of the 

waveguide height similar to Fig. 2 would be very tedious 

and difficult process, since (3) grows rapidly in complexity. 

 

 
Fig. 3. Theoretical comparison of amplitude imbalance for waveguide 
hybrids with different numbers of branches and bandwidths. 

 

Different approaches can be used to introduce mismatch in 

the hybrid. The number of height extrusion sections can be 

minimized by imposing the condition that the reciprocity of 

network must be preserved. This means that the mismatches 

need to be symmetrically located within the waveguide 

hybrid layout. 

 

A desirable step in the design process is to increase the 

branch height so that CNC milling could be used. 

Therefore, a solution to (2)-(4) where H1 is substantially 

larger than 67 µm was employed, which introduces a small 

mismatch. Further mismatch can be introduced by changing 
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the geometry (height) of the main waveguide sections 

between the first and second branches and between the 4th 

and 5th branches as illustrated in Fig. 2. At these oversized 

sections, a TE01 mode at approximately 200 GHz could be 

excited. However, the excited wave would turn into a strong 

evanescent wave as soon as it enters the main waveguide 

with height, B. Hence, this effect could be neglected.  

 

C. Synthesis of the modified eight-branch waveguide hybrid  

 

The synthesis of the proposed waveguide hybrid can be 

carried out through an iterative four step process as 

described below.  

 

I. Set K1 and K2 to unity, and H1>H2. H1 is typically 15-

30% larger than H2. 

 

II. Use (2)-(4) to find the values of H1 and H2, which 

results in the required coupling for the given 

bandwidth. 

III. Let K1 remain unchanged (unity for initial run) and 

sweep K2 in order to find the proper amplitude ripple 

in the operation bandwidth.    

IV. Let K2 remain unchanged and sweep K1 in order to 

find the proper amplitude ripple in the operation 

bandwidth.    

V. Repeat step II-IV until optimal amplitude imbalance 

are reached, which is typically a tradeoff between 

return loss and phase imbalance vs. bandwidth.  

 

The T-sections between the branch and main waveguide 

need to be corrected, i.e., adjusting K1, K2, H1 and H2 before 

running electromagnetic structure simulator. The correction 

procedure is described in [21] and [14]. 

 

The amplitude imbalance after the synthesis process as 

described above is 1.2 dB better than Reed’s waveguide 

hybrid design, which is a substantial improvement.  

 

D. The characteristics of the modified eight-branch 

waveguide hybrid  

 

The characteristics of the proposed hybrid given by the 

matrix based calculations are illustrated in Figs. 4 –7. 

Furthermore, extrusion parameters, a, and b, in Figs. 4-7 are 

normalized to main waveguide height, B,  and plotted with 

respect to the normalized guide wavelength, λg0/ λgs. The 

amplitude in Fig.4 shows the special case [13], were the 

height extrusion, b/B (K2) are increased with steps of 0.052 

(the step corresponds to approximately 33 µm for a WR5 

waveguide)  while, a/B, is held constant at zero i.e., K1=1. 

Figure 4 and 5 show that the larger the height extrusion 

(larger K1 and/or K2), the larger the ripple amplitude 

becomes, thereby increasing the bandwidth of the 

waveguide hybrid. However, the surface plots in Fig. 6 and 

Fig. 7, show that the gain in bandwidth and performance 

enhancement of the amplitude imbalance comes at the cost 

of further impedance mismatch and slightly degraded phase 

balance. Similarly, the introduced impedance mismatch due 

to increasing the main waveguide heights K1 and K2 (by 

increasing the extrusions, a, and b in Fig. 2) deteriorates the 

return loss and isolation as can be observed in Fig. 7. The 

average coupling value of 3 dB for the hybrid will be 

slightly shifted due to the degraded return loss (see Fig. 8). 

Table I summarizes performance of the waveguide hybrid in 

[13], five and eight branch Reed’s waveguide hybrid design, 

and this work. 

 
Fig. 4.   Calculated amplitude imbalance performance of the proposed 

hybrid with respect to different main waveguide height extrusion 

parameter, b (K2) and frequency while a=0.  

 
Fig. 5. Calculated amplitude imbalance performance of the proposed hybrid 
with respect to different main waveguide height extrusion parameter, a (K1) 

and frequency, b/B =0.206. 

Fig. 6. Calculated phase difference performance of the proposed hybrid 
with respect to different main waveguide height extrusion parameter, a (K1) 

and frequency, b/B=0.206, see insert in Fig. 5. Notice that the scale of 
vertical axis is on the order of a few degrees only.  
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Fig. 7. The reflected portion of the pilot signal, S11 vs. height of main 

waveguide height extrusion parameter, a (different K1) and frequency, 
b/B=0.206, see insert in Fig. 5. The response of the isolated port, S41, is 

identical to due S11 to symmetry.  

 

Fig. 8. The calculated through, S21 and coupled, S31 for the proposed 

hybrid with respect to different main waveguide height extrusion a 
(different K1) and frequency, while b/B=0.206.  

 
TABLE I 
WAVEGUIDE HYBRID PARAMETERS FOR DIFFERENT DESIGNS WITHOUT 

CORRECTIONS (∆A IS THE AMPLITUDE IMBALANCE, ∆φ IS THE PHASE 

IMBALANCE, AND RL IS THE RETURN LOSS) 

Paper 
H1 

/H2 
[a,b] µm 

BW 

% 

RL (dB) 

[max, f0] 

∆A 

dB 
∆φ 

5 branch 
Reed’s 

waveguide 

hybrid  

0.52 [0,0] 30 >[25,25] 1.4 ± 0.2° 

8 branch 

Reed’s 

waveguide 
hybrid 

 

0.52 [0,0] 30 >[25,25] 1.2 ± 0.2° 

[13] 1.33 [0,80] 20 >[16,16] 0.15 ± 2.3° 

This work 1.13 [100,130] 30 >[15,30] 0.15 ± 4° 

 

E. Design Implementation for the 159-216 GHz operation 

band 

 

The design procedure described in subsection C was 

implemented for the frequency range of 159-216 GHz. The 

selected band is within the existing in-house Vector 

Network Analyzer (VNA) extension modules, which operate 

from 140 GHz to 220 GHz in order to characterize the 

hybrid performance. 

The performance of the proposed hybrid was simulated in 

the 3D electromagnetic structure simulator Keysight EMPro. 

The design parameters (H1 and H2) calculated from 

theoretical analysis [14], [15] were slightly tuned in order to 

approximately match the simulated performance with the  

matrix based performance of (2)-(4). The amplitude 

imbalance is slightly larger for the simulated hybrid as 

compared to the matrix based calculations of the hybrid. 

Furthermore, there is a very small asymmetry in the 

amplitude imbalance (Fig. 11). The reason for the 

asymmetry is that branch lengths, LBranch were not exactly 

corresponding between the EM simulation and in the 

fabricated hybrid. For these reasons, in Fig. 11 only three 

ripples are seen. On the other hand, this is just a matter of a 

small EM-optimization of the geometry. The waveguide 

hybrid dimensions (see. Fig.2) are summarized in table 2. 

Notice that the smallest dimension in this eight branch 

hybrid design is larger than its counterpart in the five branch 

hybrid. The waveguide hybrid was fabricated using an E-

plane split block assembly (see Fig. 9) in our in-house 

workshop with a KERN CNC milling machine, which has ± 

2 µm accuracy. Table 2 gives the dimensions.  

 

 
 

Fig. 9. The picture in the upper right corner show the assembled hybrid, 

whereas the picture to left show one the E-plane split-block piece. The 
SEM picture to the lower right corner shows a part of the hybrid.  

 

A tolerance analysis was made using Keysight EMPro, 

where both Reed’s waveguide hybrid design and the 

presented hybrid were compared. The machining tolerances 

of the two hybrids are very similar. According to the 

simulations, the main waveguide height B, and branch 

length, LBranch has a machining tolerance of ±5 µm or better, 

thus a small deviation such as ± 2 µm has negligible effect 

on the hybrid performance. Furthermore, the simulations 

also showed that variations of ± 5 µm in the main 

waveguide height extrusions K1 and K2 (a, and b) has 

negligible effect. However, when the entire branch height 

(Hn), deviates simultaneously by the same amount from the 

design value, this would result in approximately 0.1 dB 

imbalance (for ± 2 µm).  

 
TABLE II 
DIMENSIONS OF THE MEASURED WAVEGUIDE HYBRID.  ALL DIMENSIONS 

ARE IN MICROMETERS 

A/2=B  H1 H2 Lbranch L a b 

630 154 137 404 524 100 130 

III. MEASUREMENTS 

The demonstrator waveguide hybrid was fabricated using an 
E-plane split block assembly. Table 2 gives the dimensions. 
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The hybrid was measured with a four port Vector Network 

Analyzer (VNA) with a Rohde & Schwarz ZC220 140-220 

GHz transmitter and receiver modules. The ports of the 

DUT are at right angles to each other, which require a 

substantial rotation of the transmitter/receiver modules for 

measuring the coupled port (see Fig .10). Because of the 

rotation of the modules between measurements, the VNA 

cables are flexed, which causes errors in the phase 

measurements. For this reason, the UOSM (unknown 

through, offset short circuit, short circuit, and match load) 

calibration technique was used together with a built-in VNA 

calibration function, which allows re-using or re-measuring 

any of used calibration standards in the UOSM. The 

unknown standard, which is the hybrid itself, was re-

measured in order to improve the phase accuracy after 

moving the modules. 

 

As the hybrid is a reciprocal four-port device, only through, 

coupled and isolated S-parameters need to be measured in 

order to fully characterize the hybrid. The reflection 

coefficient is obtained in any of these measurements. In the 

first measurement, a test signal is applied at Port 1 (see 

Fig.2). The output signals are measured at Port 2 (through) 

and input Port 1 (reflected signal) while the remaining ports 

are terminated with waveguide matched loads from the 

calibration kit. 

Subsequently, Ports 1 and 3 (coupled) were connected and 

measured (after recalibration of the unknown through 

standard) while the remaining ports are terminated. Finally, 

Ports 1 and 4 were connected and measured while the 

through and coupled ports were terminated. In order to 

account for the conductive loss in the connecting 

waveguides (between the calibration planes at the output of 

the extension modules to the input of the hybrid structure), a 

two port fixture with the exact shape and length as the 

hybrid through path was fabricated. The S-parameters from 

the fixture were measured and used to de-embed the losses 

(found to be 0.015 dB/mm) of the connecting waveguides 

from the measured hybrid S-parameters.  The insertion loss 

of the hybrid itself is approximately 0.25 dB (Fig.11). 

Fig. 11 and 12 show the measured performance of the 

hybrid with eight branches and impedance steps in the main 

waveguide as depicted in Fig.2. The measured factional 

bandwidth is approximately 29.5 %. 

 

 

Fig. 10. A picture of the measurement setup, including the 140-220 GHz 

extension modules with the waveguide hybrid connected. The insert show 

that the remaining ports are terminated with matched loads during the 

measurements. 

 

 
Fig.  11.   Measured and simulated through, coupled, reflection and 

isolation of the proposed design.  

Fig.  12.   Measured and simulated amplitude and phase difference between 

the output ports of the proposed design.  

 

The amplitude imbalance in Fig. 12 is slightly larger for the 

simulated hybrid as compared to the matrix based analysis, 

since the geometrical parameters of simulated hybrid was 

slightly different in order get the correct coupling; the 

difference is approximately 0.05 dB. Furthermore, there is a 

very small asymmetry in the amplitude imbalance. The 

reason for the asymmetry is that, for ease of fabrication, the 

branch length, LBranch, was not adjusted. 

 

The slight discrepancy between the simulated and measured 

data is mostly due to that the branch heights was fabricated 

5 µm too long and to some small extent because the 

rounding of the main waveguide extrusions (a, and b) was 

not included in the simulation. However, the measured 

performance of the hybrid still shows excellent agreement 

with simulations.  

IV. CONCLUSIONS 

We have presented a design and synthesis procedure for a 

new 90° waveguide hybrid. The hybrid design is based on 

the multiple branch waveguide design of Reed [3].  

The primary feature of this hybrid design is the introduction 

of a controllable ripple in the operational band by, firstly 

changing the heights of the input and output branches of the 

structure and, secondly, by introducing three waveguide-
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height discontinuity sections placed symmetrically in the 

main waveguide. This layout allows ultra-low amplitude 

imbalance over a wide operational band. At the same time, it 

permits a greater input/output branch height as compared to 

Reed’s five-branch waveguide hybrid, which should ease 

fabrication for short mm and sub-mm wavelengths. This 

design concept could be used for waveguide hybrids up to 

several THz by using, e.g., microfabrication techniques [22], 

[23], [24]. Our simulations indicate that the amplitude 

imbalance of the designed hybrid is better than 0.2 dB over 

the most of the 159 - 216 GHz band with phase imbalance 

better than ±4°. Experimental verification of the hybrid 

shows excellent agreement with the simulations. 
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