
 

 

 

 

 

Innovative Butler Matrix Concepts 

Based on Novel Components For 2-D Beamforming 

 

 

Kejia Ding 

 

 

 A Thesis  

In the Department  

of  

Electrical and Computer Engineering 

 

 

 

 Presented in Partial Fulfillment of the Requirements  

For the Degree of 

Doctor of Philosophy (Electrical and Computer Engineering) at 

Concordia University  

Montreal, Quebec, Canada 

 

October 2019 

©Kejia Ding, 2019 

 



 

 

 

CONCORDIA UNIVERSITY  

SCHOOL OF GRADUATE STUDIES 

 

This is to certify that the thesis prepared 

By:  Kejia Ding 

Entitled: Innovative Butler Matrix Concepts based on Novel Components For 2-D Beamforming 

and submitted in partial fulfillment of the requirements for the degree of 

Doctor of Philosophy (Electrical and Computer Engineering) 

complies with the regulations of this University and meets the accepted standards with respect to 

originality and quality. 

Signed by the Final Examining Committee: 

 

 

 

 

 

 

Approved by 
 

Dr. Rastko Selmic, Graduate Program Director 

December 3, 2019 
 

 Dr. Amir Asif, Dean 

Gina Cody School of Engineering & Computer Science 

 Chair 

Dr. Akif A. Bulgak  

 External Examiner 

Dr. Zhongxiang Shen  

 Examiner 

Dr. Tayeb Dinidni  

 Examiner 

Dr. Robert Paknys   

Examiner 

Dr. Abdel Sebak  

 Examiner 

Dr. Ali Dolatabadi  

 Supervisor 

Dr. Ahmed. A. Kishk  

  



 

III  

 

Abstract 

Innovative Butler Matrix Concepts based on Novel Components for 2-D Beamforming 

Kejia Ding, Ph. D. 

Concordia University 2019 

Several innovative concepts and schemes to enrich the features of Butler matrices (BMs) to 

enhance their suitability over the conventional schemes are discussed, demonstrated, and analyzed. 

Mobile communication and radar systems require compact and versatile multibeam-forming 

networks (MBFNs). Therefore, the study is aimed to provide feasible and practical solutions with 

more flexible beam numbers of BMs, more concise configurations of the two-dimensional (2-D) 

beamforming, and broadband characteristics while maintaining the intrinsic merits of conventional 

BMs (such as theoretically lossless, spatially orthogonal beams, and relatively simple structure). 

In addition, the study implements some of the concepts to millimeter-wave (mm-wave) frequencies 

applications.  

Concretely, the effects of some components, such as T-junctions and crossovers, on the bandwidth 

of parallel-feeding networks and MBFNs, are investigated and analyzed. The corresponding 

solutions to broaden the bandwidth are suggested and verified by the measurements. Further, for 

the 2-D beamforming based on BMs, a generalized scheme to build 2-D MBFN with any 2M+N 

beams based on traditional 2M× 2M- and 2N× 2N BMs is elaborated and experimentally verified. 

Especially as the key component of 2-D BMs, an innovative eight-port coupler with a very compact 

structure is proposed. The applications of the coupler for 2-D monopulse arrays, dual-polarized 

monopulse arrays, and mm-wave 2-D beamforming are also demonstrated. Besides, two solutions 
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to extend the numbers of beams of BMs from traditional 2N × 2N to almost arbitrary number, such 

as 2M×3N or M × 2N, are introduced by using a three-way coupler and electrically switchable 

coupler, respectively (M and N are arbitrary integers greater than 0).  

Though the majority of ideas and examples presented is exemplified by planar circuits and 

transverse-electro-magnetic (TEM) transmission lines, they can also be transferred to and applied 

on other circuit forms, such as ridge-gap waveguide (RGW), printed RGW (PRGW), substrate-

integrated waveguide (SIW), and packaged microstrip line (PMSL) for mm-wave applications. 

Keywords: Butler matrices, two-dimensional Butler matrices, directional couplers, reconfigurable 

couplers, phase shifters, crossovers, eight-port couplers, packaged microstrip line. 
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Chapter 1  

Introduction  

In this chapter, a short and general introduction to the thesis is presented, which includes a brief 

background of Butler matrices with their advantages and limitations from a conventional point of 

view, the intention to overcome some restrictions for more versatile and flexible performances 

over the conventional schemes, and the anticipated accomplishments based on some proposed 

innovative concepts. And then, the framework of this thesis is briefly introduced with the 

significant contribution and research achievements in each chapter. 

1.1 Background About Butler Matrices 

A Butler matrix (BM) is one of the most important multiple-beam-forming networks (MBFN) [1], 

[2], which has been intensively studied and extensively applied in communication systems to 

increase the channel capacity and reduce the spatial interference among users, due to their unique 

properties [3], [4]. A classical 2N ×2N BM connecting a 2N antenna elements in a linear array 

produces 2N independent beams with spatial orthogonal directions from the same array. Perfect 

matching, isolation, and equal power division can be achieved at the same time (N is an integer 

larger than 1). Compared with other MBFNs, such as the Blass matrix [5], Nolen matrix [6], and 

Rotman lens [7], BM has some attractive features [8] as the realizable bandwidth, structural 

simplicity, and theoretically lossless transition. 
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In terms of the composition, a conventional BM is composed of couplers, phase shifters, and 

crossovers, as the example of the functional blocks of an 8 × 8 BM configuration shown in Figure 

1-1. Here, the rectangular frames with two wider and two narrower lines represent 3-dB 90° hybrid 

couplers; the folded transmission lines with a half-circular bent denote the phase shifters and the 

number alongside it is the value of phase delay; the cross surrounded by an ellipse indicates a 

crossover.  

 

&ÉÇÕÒÅ ρȤρȢ %ØÁÍÐÌÅ ÏÆ Á ÆÕÎÃÔÉÏÎÁÌ ÂÌÏÃË ÖÉÅ× ÏÆ ψ ϼ ψ "- ÃÏÎÆÉÇÕÒÁÔÉÏÎȢ 

The components and the BMs can be implemented by variety of the forms of transmission line, 

such as microstrip line [9], multi-layer microstrip line [10], co-planar waveguide (CPW) [11], 

substrate-integrated waveguide (SIW) [12], rectangular waveguide [13], ridge gap waveguide 

(RGW), substrate-integrated ridge gap waveguide, (RGW, or printed ridge gap waveguide, PRGW) 

[15], groove waveguide [16], and packaged microstrip line (PMSL) [17] et. al, according to the 

limitations of dimension, power capacity, weight, and volume, as well as the frequencies that BMs 

will work for. Two of the examples have been shown in Figure 1-2, which are the BMs built based 

on the double-layer microstrip line and CPW. 
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(a) Wideband 8 × 8 BM based on double-layer microstrip line [10] (b)  Wideband 4 × 4 BM based CPW [11] 

&ÉÇÕÒÅ ρȤςȢ %ØÁÍÐÌÅÓ ÏÆ "-Ó ÂÁÓÅÄ ÏÎ ÄÉÆÆÅÒÅÎÔ ÆÏÒÍÓ ÏÆ ÔÒÁÎÓÍÉÓÓÉÏÎ ÌÉÎÅÓ ÆÒÏÍ ÒÅÐÏÒÔÅÄ ×ÏÒËȢ 

In terms of the interfaces to the external devices, to obtain the typical features of a BM, the ports 

can be sorted into two types: antenna-ports and beam-ports. All antenna-ports of a conventional 

BM will be connected to the elements of a linear array sequentially; while, each of the beam-ports 

will be corresponding to a progressive phase difference between adjacent antenna-ports. An 

example of a conventional 4 × 4 BM is shown in Figure 1-3 to illustrate the connections between 

BM and antenna array, as well as the correspondence between beam-ports and the beams.  

 

&ÉÇÕÒÅ ρȤσȢ $ÅÍÏÎÓÔÒÁÔÉÏÎ Á τ ϼ τ "- ÔÏ ÔÈÅ ÁÎÔÅÎÎÁ ÁÒÒÁÙ ÆÏÒ ÆÏÕÒȤÂÅÁÍÆÏÒÍÉÎÇȢ 
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Here, A-ports represent antenna-ports, and B-ports indicate beam-ports, respectively, as the ports 

A1- A4 and B1 - B4 demonstrated in Figure 1-3. The values of progressive phase differences for 

each beam are listed alongside the beam. Besides, the correspondence between a specific beam 

and the B-port is demonstrated by the same color. For example, the beam with a 45° progressive 

phase difference is denoted by a red dotted line, which is referred to as beam R1 and indicated by 

red color. The R1 is placed next to Port B1. Therefore, Port B1 is corresponding to beam R1. 

Some examples from [18], [19] are exhibited in Figure 1-4 to demonstrate BMs integrated with an 

antenna array. 

  

(a) 4 × 4 microstrip BM with a 1 × 4 patch array [18]  (b) ) 8 × 8 double-layer SIW BM with 1 × 8 array [19] 

&ÉÇÕÒÅ ρȤτȢ %ØÁÍÐÌÅÓ ÆÒÏÍ ÒÅÐÏÒÔÅÄ ×ÏÒË ÆÏÒ ÔÈÅ ÄÅÍÏÎÓÔÒÁÔÉÏÎ ÏÆ "- ÉÎÔÅÇÒÁÔÅÄ ×ÉÔÈ ÁÎ ÁÎÔÅÎÎÁ ÁÒÒÁÙȢ 

In summary, a conventional BM has 2N antenna-ports, and 2N beam-ports (also referred to as a 2N 

×2N BM) generates 2N independent beams by the connected linear array of 2N elements. Ideal 

matching, perfect isolation, and equal power division can be achieved if the couplers, crossovers, 

and phase shifters inside the BM are theoretically perfect. Besides, no loads or absorbers are 

required in BMs; in other words, BMs are theoretically lossless networks. The progressive phase 

differences between adjacent antenna-ports are Ñ ˊ/2N, Ñ 3ˊ/2N, é Ñ (2N-1) ˊ/2N. Each one of the 

beam-ports is corresponding to a progressive phase difference, or, a beam. In terms of the spatial 

distribution of the beams, the 2N beams will be spatially orthogonal to each other. In any direction 
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where one beam reaches its peak gain, all other beams must have nulls regardless of the  space 

between the elements.  

1.2 Motivation 

Though many advantages of BMs have been introduced in Section 1.1, there is still room for 

further enhancements to meet the demands of many applications, which require simpler structures, 

more flexible adaptabilities, and more comprehensive features. For example, the number of beams 

generated by traditional BMs must be identical to the number of antenna array elements. This 

limitation is only due to the intrinsic property of BMs, but it will  restrict adopting BMs on many 

demands which require beam numbers different from the number of antenna elements or the 

number of input ports. Even if both numbers are identical to each other, they may not be an integer 

power of two. Therefore, such demand cannot be met by conventional BMs. Clearly, a solution to 

diversify the beam and element numbers is needed.    

Besides, classical BMs are intended to one-dimension (1-D) beamforming application by 

connecting to linear arrays. For the requirements of utilizing BMs with planar arrays to achieve 

two-dimension (2-D) beamforming, a generalized solution is required to design the BMs and 

arrange the array to planar array. 

Furthermore, to develop the potential of 2-D BMs for more widespread and comprehensive 

applications, it would be better to increase the beam number than what is commonly used in 

conventional BMs, far beyond 4 × 4, for example. In other words, higher-order 2-D BMs are 

demanded. However, the complexity of BMs will considerably increase with the growth of the 
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beam numbers, in terms of the numbers of components and the route of traces. Therefore, a novel 

idea to simplify the BM structure is desired for compact and concise 2-D BMs. 

In addition to the motives for improvement based on the ports outside BMs, the effects from 

components inside BMs also need to be observed and analyzed. For example, to expand the 

operation bandwidth of BMs, besides the effects of each component itself, the interactions among 

components are required to be investigated and explained. 

Finally, the approach of employing and transferring the techniques related to BMs from lower 

frequencies to millimeter-wave (mm-wave) frequencies are required for the demands to operate at 

mm-wave bands, such as fifth-generation new radio (5G NR), automotive radars, and microwave 

imaging. According to the demands related to BMs for some background applications discussed 

above, the intentions of this study can be determined and clarified. 

1.3 Objectives 

First, the investigations of the interactions and effects among the components, such as T-junctions 

and crossovers, on the feed networks and BMs will be conducted. This research will reveal some 

sources to impact the bandwidth performance of feed networks and BMs, which are beyond the 

features of the individual components, and usually, are neglected. 

Secondly, a generalized scheme to construct 2-D BMs with the required numbers of beams in 2-D 

is expected. The scheme is supposed to be simple, clear, and feasible to be implemented by planar 

circuits. Besides, the intrinsic features of conventional BMs are expected to be inherited to the 2-

D BMs. 
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Further, a novel directional coupler with more multiple ports and compact sizes to simplify the 

structural complexity of BMs is expected, such as an eight-port coupler. The aimed coupler will 

just take an area similar to the usual quadrature couplers but can achieve the directional coupling 

from four ports to another four ports with ideal matching, isolation, and fixed phase difference. 

Rather than accumulating and stacking more conventional four-port couplers (such as 3-dB 90o 

quadrature coupler) for higher-order BMs or 2-D BMs, using an eight-port coupler can effectively 

reduce the number of components needed to construct BMs. 

Moreover, some methods to diversify the structural topology of BMs to different configurations 

from the conventional one for more flexible numbers of beams and elements are introduced. For 

example, the beam number can be different than the element number, and they are not necessarily  

2N. The approaches could involve some novel couplers to replace the traditional 3-dB 90o couplers, 

such as three-way couplers or reconfigurable couplers. 

Finally, a 2-D beam steerable array with feed work based on the eight-port coupler and packaged 

microstrip line will be implemented for mm-wave frequencies applications. By using the artificial 

magnetic conductor (AMC) packaging circuit, the ideas proposed above, such as 2-D BMs and 

eight-port coupler, can be transferred from lower-frequency to mm-wave circuits without many 

significant changes. 

1.4 Outline of the Thesis 

The subsequent chapters in this thesis will be briefly arranged into the sequence coinciding with 

the objectives introduced in Section 1.3, but a literature review will be presented first, as well as a 

conclusion and future work will be summarized at the end. 
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Chapter 2 is the literature review, which includes several sections. Each section is corresponding 

to an individual objective related to one of the following chapters. The reported work in the related 

field is introduced and analyzed. 

In Chapter 3, the impacts of some inner-components on the features of feeding networks are 

introduced. Two studies are considered, respectively. The effects of crossover on BMs and the 

influence of the T-junctions on a parallel feeding network are presented. A scheme to design 

parallel feeding networks with multi-octave fractional bandwidth is proposed and experimentally 

verified. 

In Chapter 4, a method to design 2-D BMs with 2(N+M) spatially distributed beams based on the 

conventional BMs is introduced. In addition, another novel component, the phase-shifter group, is 

introduced to provide wideband phase shifter. A 16 × 16 2-D BM for 4 × 4 beams is implemented 

by a planar circuit. 

In Chapter 5, a compact eight-port coupler with a very concise configuration is presented with the 

principle, and analytical expressions of its features are presented with simulated and measured 

results. Based on this novel coupler, different applications are demonstrated, such as a four-beam 

2-D beamforming network, a 2-D monopulse array, and a dual-polarized monopulse array.  

In Chapter 6, two schemes are introduced to build BMs beams not equal to 2N for elements not 

equal to 2N, which based on three-way directional couplers and electrically switchable couplers, 

respectively. A quasi-6 × 6 BM, a real 6 × 6 BM, and an electrically switchable 12 × 4 BM will be 

demonstrated. 

In Chapter 7, a compact 2-D beamforming network based on the eight-port coupler and AMC 

packaging for mm-wave frequencies is proposed. The antenna array with compact 4 × 4 MBFN is 
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based on a back-to-back double-layer microstrip line structure covered by two AMC layers on the 

top and bottom surfaces to prevent surface-wave and leakage and ensure the quasi-TEM 

propagation.  

Finally, a conclusion is described in Chapter 8 with the main contributions and the future work of 

the research. It is also a summary, a review, and an outlook of the entire thesis, in terms of the 

contributions on both innovation and application. 
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Chapter 2  

Literature Review 

In this chapter, some reported works in the relevant research fields for similar objectives are 

summarized, compared, and analyzed in terms of their features, merits, limi tations, and the 

inspiration to this thesis. 

Structurally, there are four sections in this chapter, and each section is corresponding to an 

individual research objective, which is described in an independent chapter. The literature review 

is concentrated on the essential contributions and the latest progress regarding the innovative 

concepts of BMs, rather than implementation based on different forms of microwave circuits. 

Concretely, the approaches of beam number extension for BMs, the methods for 2-D beamforming 

based on BMs, the novel components to simplify BMs, and the effects of some components on 

BMs are focused on. 

2.1 Wideband Feed Networks 

2.1.1 Wideband Parallel Feed Networks 

The feeding network is a necessary part of most antenna arrays to transfer and distribute the energy 

from the feed port to every element with the required power division and phase distribution. 

Compared with the series-feeding configurations [20] - [22], the parallel-feeding network [23] - 

[25], or, corporate-feeding network [26] has several intrinsic advantages, such as in-phase 



Chapter 2  

11 

 

transmission on each path, smaller mutual interaction between elements, and better performances 

with wideband properties. As a fundamental functional component, T-junctions are usually utilized 

in parallel-feeding networks for energy separation/combination. 

To enhance the matching bandwidth of parallel-feeding networks, some studies have been reported 

for the bandwidth improvement of T-junction. In [27], by introducing and tuning several metal 

walls inside a rectangular waveguide nearby the junctions, expected bandwidth of matching and 

phase compensation could be achieved at Ka-band covering more than 10% fractional bandwidth. 

The scheme is demonstrated in Figure 2-1. 

 

&ÉÇÕÒÅ ςȤρȢ $ÅÍÏÎÓÔÒÁÔÉÏÎ ÏÆ ÔÈÅ ÍÅÔÈÏÄ ÔÏ ÅÎÈÁÎÃÅ ÔÈÅ ÂÁÎÄ×ÉÄÔÈ ÏÆ 4ȤÊÕÎÃÔÉÏÎ ÐÒÏÐÏÓÅÄ ÉÎ ɍςχɎ  

 In [28] and [29], corporate-feed hollow-waveguide circuits were introduced as a 64-way divider 

for a 60 GHz band usage, and a more than 8.3% fractional bandwidth can be observed with 

reflection lower than -22.3 dB. 

Another corporate-feed network-based hollow rectangular coaxial line was introduced in [30], and 

the modified T-junctions with shorted stub were employed for bandwidth broadening. A fractional 

bandwidth of 8.3% can be realized with the VSWR less than 1.5 for the T-junction. The parallel-

feed network-based T-junctions can also be implemented by other quasi-transverse 
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electromagnetic transmission lines, such as ridge gap waveguide [31]. In particular, part of the 

ridge with a gradually tapered width was used in the middle of the four-way power divider to 

replace the conventional ɚ/4 transformer section for a wider bandwidth, and about 27% fractional 

bandwidth can be obtained at Ku-band. The scheme is illustrated in Figure 2-2. 

 

&ÉÇÕÒÅ ςȤςȢ &ÏÕÒȤ×ÁÙ ÐÏ×ÅÒ ÄÉÖÉÄÅÒ ×ÉÔÈ ÔÁÐÅÒÅÄ ×ÉÄÔÈ ÆÏÒ ÂÁÎÄ×ÉÄÔÈ ÅÎÈÁÎÃÅÍÅÎÔ ÐÒÏÐÏÓÅÄ ÉÎ ɍσρɎȢ 

For the same operating frequency band, another full-corporate waveguide feeding network was 

proposed in [32], [33]. In [32], the four-way dividers can cover 12.5 - 14.5 GHz with reflection 

coefficients lower than -8 dB. The enlarged view for the four-way power divider and the entire 

layout are shown in Figure 2-3. The cut-corners for bandwidth improvement can be found in the 

layout. 

  

&ÉÇÕÒÅ ςȤσȢ %ÎÌÁÒÇÅÄ ÖÉÅ× ÆÏÒ ÔÈÅ ÆÏÕÒȤ×ÁÙ ÐÏ×ÅÒ ÄÉÖÉÄÅÒ ÁÎÄ ÔÈÅ ÅÎÔÉÒÅ ÌÁÙÏÕÔ ÐÒÏÐÏÓÅÄ ÉÎ ɍσςɎȢ 
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In addition, it has been found that the spacing distances between T-junctions in a parallel-feeding 

network can result in a significant impact on the matching bandwidth [34]. Moreover, some useful 

improvements have been demonstrated to increase the matching bandwidth by adjusting the 

intervals between the T-junctions. It revealed the potential feasibility to extend the matching 

bandwidth by treating the network as a whole rather than part by part. The configuration of the 

feeding network, circuit model, and calculated results shown in Figure 2-4. 

 

(a) Configuration of the feeding network  (b) Circuit model 

 

(c) Calculated results 

&ÉÇÕÒÅ ςȤτȢ %ÆÆÅÃÔÓ ÏÆ ÄÉÓÔÁÎÃÅÓ ÂÅÔ×ÅÅÎ 4ȤÊÕÎÃÔÉÏÎÓ ÏÎ ÍÁÔÃÈÉÎÇ ÂÁÎÄ×ÉÄÔÈ ÐÒÏÐÏÓÅÄ ÉÎ ɍστɎ 

2.1.2 Effects of Imperfect Isolation of Crossovers on Bandwidth of Butler Matrices 

From the perspective of microwave networks, the merits of BMs entirely correspond to the major 

transmission characters, such as consecutively progressive phase differences, equal power division 

among output ports, and isolation between input ports. More clearly, the transmission characters 
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are utterly dependent on the performances of all components, which are couplers, phase shifters, 

and crossovers. 

Generally, and intuitionally, the property of equal power distribution is supposed to be related to 

the couplers; meanwhile, the phase response looks more dependent on phase shifters. In contrast, 

crossovers are usually considered as structural devices rather than functional devices to serve the 

needs of topologic arrangement. Concretely, the perfect crossovers are expected to behave as two 

ideal transmission lines with an exchange of routes between the input and output ends.  

In some reported research, various novel crossovers have been introduced [35] - [39] and applied 

to build BMs [38] - [42]. These crossovers have satisfying features at matching, isolation, and 

efficiency. Both return loss and isolation were better than 15dB covering a specific bandwidth, for 

example. Generally, they were qualified and quite competent, as independent components.  

  

(a) Example proposed in [36]   (b) Example proposed in [37] 

&ÉÇÕÒÅ ςȤυȢ 4×Ï ÅØÁÍÐÌÅÓ ÏÆ ÃÒÏÓÓÏÖÅÒÓ ÐÒÏÐÏÓÅÄ ÉÎ ɍσφɎ  ÁÎÄ ɍσχɎ ÆÏÒ ÔÈÅ ÁÐÐÌÉÃÁÔÉÏÎ ÉÎ "-ÓȢ 

However, the imbalance of power division and the derivation of progressive phase differences can 

be found in almost all the designs of BMs, regardless of how excellent performances the couplers 

and phase shifters can achieve. On the other hand, the design and assessment of these crossovers 

were independent of the requirements and performance of the BMs, particularly without the 
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systematic consideration of their effects on BMs. For example, a quantitative evaluation of the 

relationship of the crossovers to BMs has not been derived. 

Besides, it can be found from some work [10], [11], [19], [43] - [45] that the BMs with wideband 

characteristics and/or higher order than 4 × 4 are more likely to adopt multilayer structure to reduce 

or avoid the usage of crossovers. The reason is that when the number of crossovers in a BM notably 

increases, the overall performances of BMs will deteriorate unexpectedly because of crossovers, 

as well as the bandwidth will be obviously limited, even though wideband couplers and phase 

shifters have already been utilized. 

The facts above imply that there is still some critical influence beyond hybrid couplers and phase 

shifters on BMs. In other word, crossovers might play a more critical role in BMs than just the 

structural components, and it has not been discussed and analyzed thoroughly. 

2.2 Two-Dimensional Butler Matrices and Phase Shifters 

2.2.1 Two-Dimensional Beamforming Networks 

Though the conventional BMs are supposed to be applied on 1-D beam steering, there are many 

researchers who have presented the contributions of employing BMs for 2-D beam steering. 

Obviously, by involving BMs for 2D beam manipulation, the arrays could have more flexible 

functions and various versatilities, such as covering an area with a distinct shape or differentiating 

signals from different directions. Generally, the reported work of 2-D beamforming network-based 

BMs can be sorted into three types. 

The most commonly reported method is adopting 4 × 4 BMs as the beamforming network to feed 

2 × 2 planar arrays to produce four beams on the perpendicular two dimensions [46], [47]. For 
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example, a 4 × 4 BMs built based on substrate integrated waveguide (SIW) is constructed for a 2 

× 2 magneto-electric (ME) dipole array to implement four-beam 2-D beam steering [46], as shown 

in Figure 2-6 (a) and (b). 

   

(a) Top view of BM in [46] for dual-polarized applications  (b) 3-D view of BM in [46] 

     

(c) Top view of BM in [47] driven by integrated phase shifter   (d) 3-D view of BM in [47] 

&ÉÇÕÒÅ ςȤφȢ %ØÁÍÐÌÅÓ ÏÆ ςȤ$ ÂÅÁÍÆÏÒÍÉÎÇ ÎÅÔ×ÏÒËÓ ÂÁÓÅÄ ÏÎ τ ϼ τ "-ÓȢ  

The most outstanding merit of this method is the structural simplicity due to no needs of crossovers. 

Consequently, the circuits can be very compact and concise and adopted on mm-wave applications. 

However, for sure, the insufficient beam number will also limit the potential of this scheme. To 

meet some demands that require more beams, the second method has been widely employed.  
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The second type solution to build higher-order 2-D beamforming networks is cascading two sets 

of stacked planar BMs as sub-beamforming networks into two perpendicular directions and 

connecting them successively. The schematic framework is demonstrated in Figure 2-7 and 

exemplified by a 16 × 16 2-D beamforming network composed of two sets of stacked 4 × 4 BMs. 

Some reported studies [48] - [50] are demonstrated in Figure 2-8. 

 

&ÉÇÕÒÅ ςȤχȢ 3ÃÈÅÍÁÔÉÃ ÆÒÁÍÅ×ÏÒË ÔÏ ÂÕÉÌÄ ςȤ$ "- ÂÙ Ô×Ï ÓÅÔÓ ÏÆ ÃÏÎÖÅÎÔÉÏÎÁÌ "-Ó ×ÉÔÈ ÐÅÒÐÅÎÄÉÃÕÌÁÒ 
ÃÏÎÆÉÇÕÒÁÔÉÏÎÓȢ 

Two examples of 2-D beamforming network based on the second type method are [48], [49] are 

shown in Figure 2-8. Here, the circuit shown in Figure 2-8 (a) is based on grounded CPW; another 

one shown in Figure 2-8 (b) is based on multi-layer substrate-integrated waveguide (SIW). It can 

be found that the principle of this method is lucid and clear to understand. However, the structure 

is complex and complicated to design, assemble, connect, and adjust. 

Besides the two methods mentioned above, which entirely based on the conventional BMs, there 

are a few schemes that made modifications to the designs for more flexible configurations, such 

as [51] - [53]. Some of them have been shown in Figure 2-9 and Figure 2-10. 
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(a) Example prposed in [48] 

 

(b) Example prposed in [49] for the vertical coupling structure  (c) Overall view of BM in [49] 

&ÉÇÕÒÅ ςȤψȢ %ØÁÍÐÌÅÓ ÏÆ ςȤ$ ÂÅÁÍÆÏÒÍÉÎÇ ÎÅÔ×ÏÒË ÂÁÓÅÄ ÏÎ ÔÈÅ ÓÅÃÏÎÄ ÔÙÐÅ ÍÅÔÈÏÄȢ 

  

(a) Circuit layout      (b) Radiation patterns 

&ÉÇÕÒÅ ςȤωȢ 3ÃÈÅÍÅ ÐÒÏÐÏÓÅÄ ÂÙ ɍυπɎ ÔÏ ÆÅÅÄ Á σϼσ ÐÌÁÎÁÒ ÁÒÒÁÙ ÆÏÒ ς ϼ ς ÂÅÁÍÆÏÒÍÉÎÇȢ 
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(a) Schematic stretch   (b) PCB layout 

 

(c) Radiation patterns 

&ÉÇÕÒÅ ςȤρπȢ 3ÃÈÅÍÅ ÐÒÏÐÏÓÅÄ ÂÙ ɍυρɎ ÔÏ ÁÃÈÉÅÖÅ ς ϼ τ ÂÅÁÍ ÓÔÅÅÒÉÎÇ ÂÁÓÅÄ ÏÎ ÍÏÄÉÆÉÅÄ "-Ȣ 

This method could be a balanced combination of beam number and circuit complexity. However, 

it can only be applied to some individual cases and not easily generalized to ordinary cases. 

In summary, it can be found that most of the work of 2-D beam operations is based on the same 

principle and design method of the traditional BMs. Therefore, it has a limited number of input 

ports and output ports, such as 4 × 4 or 8 × 8, due to the structural complexity of BMs. The 

insufficient number of beams separated into two dimensions would lead to low resolutions on each 

dimension. Though there are some works with 16 × 16 configurations, the spatial framework and 

interconnections are required, or four-layer circuits are needed, which would cause complicated 

assembly and costly fabrications. Furthermore, the freedom of arranging the positions of all output 
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ports to fit the array elements is restricted because the plane of arrays is vertical to the plane of the 

BM circuits. 

2.2.2 Phase Shifters 

As demonstrated in Figure 2-20, with the increase of the beam number of BMs, the number of the 

required phase shifters with various phase shift values will drastically grow up. Therefore, the 

performance of the phase shifters will make an apparent impact on the BMs, especially for 2-D 

BMs or wideband BMs, which usually have relatively higher-order and require satisfying 

broadband features. 

   

(a) Schiffman phase shifter [54] 

   

(b) Open-transmission line-loaded phase shifter [55] 

  

(c) A wideband phase shifter proposed in [56] 

&ÉÇÕÒÅ ςȤρρȢ #ÏÍÍÏÎÌÙ ÕÓÅÄ ÐÈÁÓÅ ÓÈÉÆÔÅÒ ÓÔÒÕÃÔÕÒÅÓ ×ÉÔÈ ÃÉÒÃÕÉÔÓ ÏÒ ÔÙÐÉÃÁÌ ÐÅÒÆÏÒÍÁÎÃÅÓȢ  



Chapter 2  

21 

 

The commonly used wideband phase shifters include Schiffman phase shifter [54], loaded 

transmission line phase shifter [55], and some others [56], as illustrated in Figure 2-11. All the 

wideband are the differential phase shifter, which needs a reference line with specific parameters 

working as a standard for the given value of phase shifting. 

When two or more distinct phase differences are required on three or more paths, it could be 

challenging to implement because no reference line can work for two or more phase-shift values 

simultaneously. 

2.3 Eight-Port Couplers and Applications 

2.3.1 Eight-Port Couplers 

Directional couplers are the necessary components in many microwave systems to implement the 

power distribution from certain input ports to some specific output ports while keeping the 

isolation between the input ports. Besides, the most commonly utilized four-port couplers, which 

have two input and two output ports, eight-port couplers are the crucial part to some microwave 

circuits, such as comparators, tracking radar systems and multi-beam forming networks, especially 

to the recently proposed two-dimensional Butler matrices [57], [58]. 

Therefore, the eight-port couplers have continuously been studied and improved in terms of 

performance, configuration, and the type of transmission lines used. In [59] and [60], the eight-

port couplers with a ring-style structure and compact size are introduced with a satisfying 

performance of matching, isolation, the balance of power transmission, and bandwidth, as shown 

in Figure 2-12. However, four ports are confined in an isolated circular area by the closed circle 

composed of strips and slots in the designs. 
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(a)Scheme proposed in [59]   (b) Scheme proposed in [60] 

&ÉÇÕÒÅ ςȤρςȢ 4×Ï ÓÃÈÅÍÅÓ ÏÆ ÅÉÇÈÔȤÐÏÒÔ ÃÏÕÐÌÅÒÓ ÐÒÏÐÏÓÅÄȢ 

Besides, in [61], a conventional eight-port coupler composed of four quadrature couplers based on 

microstrip line is proposed with the modification for bandwidth expansion. It has also been applied 

in [57] and [58] as the key components. This design has a satisfying performance, but the size is a 

little bit large when employed in a two-dimensional Butler matrix. Another design, [62], has 

similar properties, as well as the same deficiency. Both designs are illustrated in Figure 2-13. 

In addition, two innovative eight-port forward-wave couplers with periodically patterned ground 

have been presented [63] and [64], which have the arbitrary coupling level and the wideband 

characters of matching and phase differences respectively, based on the four-mode method, as 

shown in Figure 2-14. They have f remarkable performance in terms of functionality, but the 

structural complexity (some junctions, coupling slots, and metalized vias), relatively large length 

(more the three guided wavelengths for 6-dB coupler case) and some high impedance lines (128 

ɋ) can be found. Consequently, they lack potential as a component of the greater scale network, 

especially for higher frequency usage. 
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(a) Branch-line eight-port coupler proposed in [51] (b) Bandwidth enhancement method proposed in [51] 

 

 (c) Another form eight-port coupler proposed [62] 

&ÉÇÕÒÅ ςȤρσȢ "ÒÁÎÃÈȤÌÉÎÅ ÔÙÐÅ ÅÉÇÈÔȤÐÏÒÔ ÃÏÕÐÌÅÒÓȢ 

 

(a) Overall structure    (b) View of unit cell 

&ÉÇÕÒÅ ςȤρτȢ "ÒÏÁÄÂÁÎÄ ÅÉÇÈÔȤÐÏÒÔ ÃÏÕÐÌÅÒ ×ÉÔÈ φȤÄ" ÃÏÕÐÌÉÎÇ ÐÒÏÐÏÓÅÄ ÂÙ ɍφσɎȢ 
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2.3.2 Comparators for Monopulse Array Based on Directional Couplers  

The monopulse technique is an effective mechanism to detect the direction of arrival of a target 

and has been extensively studied and applied on tracking radars, satellite communications, 

automotive radars, etc. [65], [66]. As the crucial component in a feeding network of monopulse 

antenna array, the comparator can combine the signals from both sides of the array and rearrange 

them into the sum- and difference channels, which is also the fundamental difference from other 

conventional arrays. 

 

(a) Comparators based on magic-T [67] 

 

(b) Comparators based on rat-race coupler [68] 

 

(c) Comparators based on quadrature coupler [69] 

&ÉÇÕÒÅ ςȤρυȢ %ØÁÍÐÌÅÓ ÏÆ ÃÏÍÐÁÒÁÔÏÒÓ ÂÁÓÅÄ ÏÎ ÄÉÆÆÅÒÅÎÔ ÃÏÕÐÌÅÒÓ  ÆÏÒ ÍÏÎÏÐÕÌÓÅ ÁÒÒÁÙÓȢ 
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Usually, a classical comparator for one-dimension and the single-polarized array can be achieved 

by a magic-tee [67], rat-race coupler [68], or quadrature coupler [69] which have relatively simple 

and compact structures, as demonstrated in Figure 2-15. It can be found that most of the 

comparators can be implemented by planar circuits. 

 

(a) RF part of the example of comparator reported in [71] 

  

(b) Overall view of the example of comparator reported in [71] 

 

(c) Example of comparator reported in [75] 

&ÉÇÕÒÅ ςȤρφȢ %ØÁÍÐÌÅÓ ÏÆ ÃÏÍÐÁÒÁÔÏÒÓ ÆÏÒ ςȤ$ ÂÅÁÍ ÁÎÄȾÏÒ ÄÕÁÌȤÐÏÌÁÒÉÚÅÄ ÍÏÎÏÐÕÌÓÅ ÁÒÒÁÙȢ 

However, in some complicated and versatile tracking systems, the monopulse arrays with two-

dimension and/or dual-polarized features are required, which demand more intricate comparators 
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[70] - [75]. Some of the examples are demonstrated in Figure 2-16 with schematic diagrams or 

photos. 

It can be found that the 2-D and/or dual polarized comparators generally are built by the 

combination of several conventional couplers or magic-tees, and have relatively complex 

configurations, in terms of either its structural composition or functional blocks. Besides, they 

usually occupy a considerable area, which makes it difficult to integrate the comparators with the 

entire feeding network into the same planar circuit.  

On another hand, in addition to the commonly employed four-port couplers [76], [77], which have 

two input and two output ports, eight-port couplers [59] - [62] could be an alternative  competent. 

Due to the inherent advantages at more ports and lower structural complexity, the eight-port 

coupler has the potential to build functionally complex feeding networks with a concise 

configuration [78], [79]. 

2.4 Beam Number Extension and Structure Simplification 

As one of the primary characters of the traditional BMs, the number of beams (or, number of input 

ports) must be equal to the number of array elements (or, the number of output ports) fed by the 

BMs. Besides, both numbers must be an integer power of 2, as introduced in Section 1.1. 

Obviously, this limits the flexibility of applying BMs in many situations where the beam number 

or element number is not 2N. 

According to the reported work, some researchers have developed many interesting and effective 

schemes and configurations to break the limitation of BMs order and number of ports and beams 
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[80] - [85]. As shown in Figure 2-17, the solution to expand the element number by adding some 

hybrids with specific output phase differences is proposed in [80].  

  

(a) Element number extension by extra power dividers 

  

 (b) Element number extension by two layers of couplers (c) Element number extended to double 

&ÉÇÕÒÅ ςȤρχȢ 4ÈÒÅÅ ÅØÁÍÐÌÅÓ ÏÆ ÔÈÅ ÓÃÈÅÍÅ ÐÒÏÐÏÓÅÄ ÂÙ ɍψπɎ ÔÏ ÅØÔÅÎÄ ÅÌÅÍÅÎÔ ÎÕÍÂÅÒȢ 

Theoretically, this scheme provides a comprehensive solution for BMs connected to an arbitrary 

number of elements. Some examples have been demonstrated in (a), (b), and (c) of Figure 2-17. 

Based on [80], some improved schemes have been presented in [81] and [82] to decrease the 

sidelobe levels by changing the ratio of power division among all output ports of BMs. The 
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schematic diagrams are demonstrated in Figure 2-18 to exhibit the mechanism and configuration, 

which are exemplified by the extended 4 × 4 Butler matrix. Through (a) and (b) of Figure 2-18, it 

can be found that some power dividers are inserted between antenna elements and traditional BMs 

for changing the weights of power distribution on elements. Especially to implement the element 

number expansion, an extra 180°-phase shift is required in the power dividers. It can also be 

achieved by rotating some elements by 180° physically. 

  

(a) Example of extending the element number [81]  (b) Example of extending the element number [82] 

&ÉÇÕÒÅ ςȤρψȢ 4×Ï ÅØÁÍÐÌÅÓ ÏÆ ÔÈÅ ÓÃÈÅÍÅ ÐÒÏÐÏÓÅÄ ÂÙ ɍψρɎ ÁÎÄ ɍψςɎ ÔÏ ÅØÔÅÎÄ ÔÈÅ ÅÌÅÍÅÎÔ ÎÕÍÂÅÒ ÁÎÄ ÒÅÄÕÃÅ 
ÓÉÄÅÌÏÂÅ ÌÅÖÅÌÓȢ 

In addition, some researchers have tried to change the structures inside BMs to involve different 

properties of the beam and element number, such as [84] and [85]. In the reported work, two 

different schemes of 3 × 3 Butler matrices were introduced, respectively, as listed in Figure 2-19. 

The two designs provide similar properties to the conventional BMs, such as equal power 

distribution, spatially orthogonal beamforming, and theoretically lossless, but they can overcome 

the rule of beam and element numbers must be an integer power of two. 
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   (a) Scheme proposed in [84]  (b) Scheme proposed in [85] 

&ÉÇÕÒÅ ςȤρωȢ 4×Ï ÓÃÈÅÍÅÓ ÏÆ σ ϼ σ "ÕÔÌÅÒ ÍÁÔÒÉÃÅÓ ÐÒÏÐÏÓÅÄ ÂÙ ɍψτɎ ÁÎÄ ɍψυɎȢ 

Besides the restriction on the beam and element numbers, other potential weakness of BMs is the 

drastically increasing number of components and structural complexity when the scale is growing. 

For easy and intuitional understanding of such complexity, one may compare the structures of 4 × 

4-, 8 × 8-, and 16 × 16 BMs, as shown in Figure 2-20.  

It is easy to image that if the complexity of conventional BMs can be effectively simplified, 

adopting higher-order BMs can meet the requirements with fewer numbers of beams and/or 

elements, though some element- and/or beam-ports may be combined or terminated by matching 

loads. For example, if a 7-element 5-beam MBFN is required, using 8 × 8 BM can meet the needs, 

but some ports may need to be combined together or terminated by matching loads. Therefore, 

configuration simplification can also be seen as an alternative solution to expand the adaptability 

and flexibility of BMs. 
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(a) Configuration of 4 × 4 BM   (b) Configuration of 8 × 8 BM 

 

(c) Configuration of 16 × 16 BM 

&ÉÇÕÒÅ ςȤςπȢ #ÏÍÐÁÒÉÓÏÎ ÏÆ ÃÏÍÐÌÅØÉÔÙ ÁÎÄ ÎÕÍÂÅÒÓ ÏÆ ÃÏÍÐÏÎÅÎÔÓ ÁÍÏÎÇ τ ϼ τȤ ȟ ψ ϼ ψȤ ȟ ÁÎÄ ρφ ϼ ρφ "-ÓȢ 

To achieve a better balance between complexity and capability, some fruitful efforts to simplify 

or diversify BMs have been reported [86] - [99]. For example, multilayer transmission line 

technologies [11], [86] - [91] can be applied to avoid using crossovers. In [86], [87], multi-section 

coupled-line couplers based on multi-layer microstrip lines were introduced and exploited in 4×4- 

and 8×8 BMs to broaden the bandwidth without using crossovers. The cross-sectional view of the 

couplers, the configuration of the 8 × 8 BM of [87], is illustrated in Figure 2-21. 
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(a) Cross-sectional view of the stripline coupled lines in [87] 

    

(b) Configuration of the 8 × 8 BM in [87]   (c) Circuit in [87]   

&ÉÇÕÒÅ ςȤςρȢ 4ÈÅ ÓÔÒÉÐÌÉÎÅ ÃÏÕÐÌÅÄ ÌÉÎÅÓȟ ÃÏÎÆÉÇÕÒÁÔÉÏÎ ÏÆ ÔÈÅ ψ ϼ ψ "-ȟ ÁÎÄ ÔÈÅ ÅØÁÍÐÌÅ  ÏÆ ɍψχɎȢ  

For a similar intention, multilayer CPW technology [11], [89], was utilized in a 4×4 BM. Back-to-

back microstrip line structure [11], [89], was also employed in 8×8 BMs, as shown in Figure 2-22.  

Moreover, by applying the couplers with quasi-arbitrary phase differences [92] - [94], phase 

shifters can be removed in terms of appearance [95]. Based on this work, the progressive phase 

differences of BMs could be more flexible than the conventional ones by applying the coupler with 

phase difference different than 90° [96]. The two examples have been demonstrated in Figure 2-23. 

In Figure 2-23 (a), there are no 45o phase shifters in the 4 × 4 BM, but the features of the BM is 

the same as the conventional BMs. By contrast, the BM shown in Figure 2-23 (b) has a 

conventional structure, but the beam directions (progressive phase differences) are different than 

conventional BMs. Though the research in [92] - [96] can neither alter nor increase the numbers 
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of beams and elements, they effectively develop the diversity and flexibility of BMs and provide 

more possibility and potential for further improvement. 

 

   

(a) Structure of CPW coupler in [11] and [89]  (b) Structure of CPW BM in [11] and [89] 

  

(c) Structure of vias proposed by [90]  (d) Structure of BM proposed by [90] 

&ÉÇÕÒÅ ςȤςςȢ 3ÔÒÕÃÔÕÒÅÓ ÏÆ #07 ÃÏÕÐÌÅÒ ÁÎÄ ÔÈÅ "-Ó ÐÒÏÐÏÓÅÄ ÂÙ ɍρρɎȟ ɍψωɎȟ ÁÎÄ ÓÔÒÕÃÔÕÒÅÓ ÏÆ ÖÉÁÓ  ÁÎÄ ÔÈÅ "-Ó 
ÐÒÏÐÏÓÅÄ ÂÙ ɍωπɎȢ 

In addition, combining additional phase-shifting devices with the traditional BM [98], [99] could 

be beneficial to extend the beam-steering ability, although it would not improve the intrinsic 

characteristics inside BMs.  



Chapter 2  

33 

 

The schematic diagram of the method proposed in [99] is shown in Figure 2-24. This scheme is 

the combination of phased arrays and BMs, and therefore have the advantages of relatively lower 

cost than phased arrays and higher resolution than BMs. 

  

(a) Example of the BM without phase shifter [95] (b) BM with flexible, progressive phase differences [96] 

&ÉÇÕÒÅ ςȤςσȢ %ØÁÍÐÌÅÓ ÏÆ ÔÈÅ "- ×ÉÔÈÏÕÔ ÐÈÁÓÅ ÓÈÉÆÔÅÒ ÁÎÄ ÔÈÅ "- ×ÉÔÈ ÆÌÅØÉÂÌÅȟ ÐÒÏÇÒÅÓÓÉÖÅ ÐÈÁÓÅ ÄÉÆÆÅÒÅÎÃÅÓȢ 

 

&ÉÇÕÒÅ ςȤςτȢ 3ÃÈÅÍÅ ÔÏ ÅØÔÅÎÄ ÂÅÁÍ ÂÁÓÅÄ ÏÎ τ ϼ τ "ÕÔÌÅÒ ÍÁÔÒÉØ ÐÒÏÐÏÓÅÄ ÂÙ ɍωωɎȢ 
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Chapter 3  

Investigations about Effects of Components 

on Feed Networks 

In this chapter, the effects of some components, such as T-junctions and crossovers, on the 

performance of the feeding network and BMs are discussed, analyzed, and experimentally verified. 

Consequently, the scheme to build a wideband feeding network is suggested. 

Concretely, there are two parts presented in this chapter. First, the impacts of the distances of T-

junctions on the matching bandwidth of uniform parallel feeding networks are investigated. 

Therefore, a scheme to build corporate feeding networks with several-octave fractional bandwidth 

is proposed with analytical explanation and experimental verification. Secondly, the effect of 

imperfect isolation of crossovers on the power divisions and phase differences of BMs is 

demonstrated by mathematical explanation and calculated results. Besides, it has been theoretically 

proved that the effort to offset the impacts by adopting asymmetrical couplers is insufficient. The 

conclusion is tested by a comparison of measurements of three BMs adopting different crossovers. 

Some of the related work has been published in journal articles [100], [101] and conference paper 

[34].  



Chapter 3  

35 

 

3.1 Effect of Distances Between T-junctions on Parallel Feed 

Network 

A feeding network is a necessary part of most antenna arrays to transfer and distribute the energy 

from the feed port to every element with the required power division and phase distribution. 

Especially, the parallel feed networks, or, corporate feed networks, have been extensively applied 

in many situations for broadband arrays and uniform amplitude distribution arrays due to some 

advantages than series-feeding structures, as described in Section 2.1.1.  

Generally, the parallel-feeding networks are built based on the T-junctions as the fundamental and 

functional components. Consequently, the bandwidth of the networks is supposed to depend on 

the performance of T-junctions. Besides, it can usually be observed that the bandwidth of the 

antenna array is apparently narrower than the element. It is commonly ascribed to the mutual 

coupling between the nearby elements and the limited bandwidth of T-junctions. 

However, according to our research, there is still another reason beyond the effect of individual T-

junctions. To clarify the reason and reveal the sources of the effect, the impact of distances between 

T-junctions on the bandwidth is discussed and analyzed based on a simplified and ideal circuit 

model in this section. A set of recursive expressions is obtained to illustrate the reflection 

coefficient of the feeding network, which depends on some lengths of the transmission lines 

between the adjacent T-junctions. Through the numerical calculation, some rules can be revealed 

regulating these lengths, which distinctly change the bandwidth. Some concise rules are 

summarized for convenient to use, and one microstrip T-junction structure with flexible directions 

of branches is proposed for practical implementation. 
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3.1.1 Methodology 

Without loss of generality, a sample of a typical 4×4 parallel fed array and its simplified circuit 

model are illustrated in Figure 3-1 to elaborate on the proposed principle. 

Here, it is assumed that the feeding network and the elements are located at different layers. 

Besides, all the input impedance of the antenna elements, Zcell, are 50 ɋ at all frequencies, and, 

without the mutual coupling effect. All t he transmission lines denoted by TLT are ɚg/4 matching 

sections with 35.35 ɋ characteristic impedance to achieve the impedance transformation from 25 

ɋ to 50 ɋ. All the rest of the transmission lines that are denoted by TLi are 50 ɋ lines with various 

electrical lengths űi (at the central frequency, f0). The node in the middle of each T-junction is 

numbered as Ni according to its stage from element to feed point, as shown in Figure 3-1 (b). 

 

(a) 4×4 array with parallel-fed network 

 

(b) Simplified ideal circuit model with related definitions 

&ÉÇÕÒÅ σȤρȢ %ØÁÍÐÌÅ ÏÆ Á τϼτ ÁÒÒÁÙ ×ÉÔÈ ÐÁÒÁÌÌÅÌ ÆÅÅÄ ÎÅÔ×ÏÒË ÁÎÄ ÓÉÍÐÌÉÆÉÅÄ ÉÄÅÁÌ ÃÉÒÃÕÉÔ ÍÏÄÅÌȢ 
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Due to the symmetry of the parallel feeding network, each branch from an element to the feed 

point must be identical to each other, which means that the definitions of Zcell, TLT, TLi, űi, and Ni 

can be applied in each branch. Besides, if we define two input impedances, ZLi and ZTi, at Ni and 

after the T-junction, respectively, as the instances of ZL2 and ZT2 shown in Figure 3-1 (b), we can 

obtain the recursive expressions (3-1) and (3-2) based on the transmission line impedance equation. 
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Here, Z00 is the characteristic impedance of TLi, and usually, it is 50 ɋ; Z01 is the characteristic 

impedance of TLT, which is ЍςὝȾς, and usually, it is 35.35ɋ; fr is the ratio of the given frequency 

to the f0. In (3-2), the expression of ZLi/2 comes from the parallel connection at the node of T-

junction, which can produce half of the original impedance. We can find that the output impedance 

of the network, Zfeed, is equal to the ZTi when i is the maximum value, and the Zfeed depends on all 

űi. Through (3-1) and (3-2), the reflection coefficient of the network can be obtained at any 

frequency for any maximum value of i. 

3.1.2 Calculated Results 

 Some reflection coefficients that are obtained from the numerical calculation are depicted in 

Figure 3-2 for exemplification and contradistinction. Here, the maximum value of i is 4, or it is a 

4×4 parallel feeding network. We can see that when selecting the values of ű01 - ű04 without any 

rule, the reflection coefficient could be asymmetric in the frequency domain with respect to f0. 

Moreover, the feed network has a limited bandwidth even though all elements have perfectly 

matching throughout all frequency bands. 
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 (a) Results without regulating the lengths 

 

(b) Results with regulating the lengths 

&ÉÇÕÒÅ σȤςȢ 2ÅÆÌÅÃÔÉÏÎ ÃÏÅÆÆÉÃÉÅÎÔ ×ÉÔÈ Ⱦ ×ÉÔÈÏÕÔ ÒÅÇÕÌÁÔÉÎÇ ÌÅÎÇÔÈÓȢ 

In contrast, if we regulate the lengths of ű01 - ű04 as an integral multiple of ́ /2 at f0, the reflection 

coefficient will behave in a symmetric fashion; and a satisfied bandwidth can be obtained as well. 

Especially, when the lengths of űi are odd multiples of /́2, at least a 50% relative wideband is 

expected, as shown in Figure 3-2 (b).  

To implement the proposed regulation to transmission lines, the configuration of the parallel feed 

network needs to be rearranged, and the T-junction with flexible directions of branches could be 

required. The possible solutions for the feeding network and T-junctions are proposed and listed 

in Figure 3-3, which show that the lengths of ű01 - ű04 can be adjusted as shown. 
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&ÉÇÕÒÅ σȤσȢ 0ÏÓÓÉÂÌÅ ÃÏÎÆÉÇÕÒÁÔÉÏÎ ÏÆ ÐÁÒÁÌÌÅÌ ÆÅÅÄÉÎÇ ÎÅÔ×ÏÒË ɉÌÅÆÔɊ ÁÎÄ ÒÅÑÕÉÒÅÄ 4ȤÊÕÎÃÔÉÏÎÓ ×ÉÔÈ ÆÌÅØÉÂÌÅ 
ÄÉÒÅÃÔÉÏÎÓ ÏÆ ÂÒÁÎÃÈÅÓ ɉÒÉÇÈÔɊȢ 

3.2 Multi -Octave Bandwidth of Parallel-Feeding Network 

Based on Impedance Transformer Concept 

Though the method to enhance the bandwidth of a parallel feed work by regulating the distances 

between T-junctions has been presented in Section 3.1, it may not easy to apply on some 

applications due to the limited space to arrange the network. However, more importantly, this 

research has revealed the potential feasibility to extend the matching bandwidth by treating the 

network as a whole rather than part by part. 

As the further study, a procedure to obtain the parallel-feed network with octaves matching 

bandwidth for a uniform amplitude array is proposed in this section. The entire network is 

considered as a whole entity between the feed port and all elements to implement the impedance 

transformation. Furthermore, the concept of a multi-section impedance transformer is applied onto 

the whole to determine the structural parameters for specific bandwidth and reflection coefficient. 

For verification and demonstration, three examples based on the binomial, Chebyshev polynomial, 

and exponential taper transformers for 4 × 4 arrays are designed, and a better than 5:1 fractional 

bandwidth can be observed in the simulation results of all designs. Besides, the experimental 
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sample with tapered transmission lines is fabricated and measured. The satisfying agreement 

between simulations and measurements can be found. Theoretically, the method is expected to 

perform better with a large-scale network due to the long distance from the feed port to the element 

port on each path. 

3.2.1 Methodology 

3.2.1.1 Circuit Model of Parallel-Feeding Network 

Here, we only concentrate on the feeding network itself without the impacts of the antenna 

element's characteristics. Thus, all elements are replaced by the ideal frequency independent load 

of real resistors. Further, all the effects of mutual coupling between branches of the feeding 

network, and all the discontinuities due to bends, steps, or junctions are ignored for the simplicity 

to introduce an ideal circuit model. 

Based on the premises mentioned above, all branches in a parallel-feeding network, which start 

from the feed point and end at each element, will have entirely identical transmission properties to 

each other. Therefore, the network can be described as a circuit model with an exponentially 

increasing number of branches, as shown in Figure 3-4 (a) and (b). Without loss of generality, the 

feeding network and the circuit model are exemplified by a 4 × 4 square array in Figure 3-4. 

Here, Zcell is the resistance value of ideal resistors to substitute the antenna elements. It could be 

any real number value and not necessaril y a 50 ɋ; Zfeed is the required input impedance at the feed 

port, which is usually supposed to be 50 ɋ. The numbers of Ni represent the ranking of each 

junction. A greater subscript means closer to the feed port of the network. Besides, the total number 

of elements is not necessary to be an integer power of two; just need to keep the uniformity on 

each branch. 
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(a) Example of a 4 × 4 parallel-feeding network 

  

(b) Equivalent circuit model  (c) Simplified model 

&ÉÇÕÒÅ σȤτȢ $ÅÍÏÎÓÔÒÁÔÉÏÎÓ ÏÆ ÔÒÁÄÉÔÉÏÎÁÌ ÐÁÒÁÌÌÅÌȤÆÅÅÄÉÎÇ ÎÅÔ×ÏÒË ×ÉÔÈ ÅÑÕÉÖÁÌÅÎÔ ÃÉÒÃÕÉÔ ÍÏÄÅÌÓȢ 

If the concern is focused only on the impedance matching at the feed port, the circuit model can 

be simplified further as a single transmission line composed of several segments with respective 

characteristic impedances, as shown in Figure 3-4 (c). Concretely, each segment of the single 

transmission line has the same electrical length as the lines have the same two ranks of junctions 

in the network. The characteristic impedance of each segment needs to be divided by the number 

of branches between the same two ranks of junctions. The terminating resistor also needs to be 

divided by the number of elements. 

The equivalent circuit model in Figure 3-4 (c) reveals the corresponding relations between the 

feeding network and the single transmission lines in terms of characteristic impedance and 

electrical lengths. It can consequently be adopted for network design through a reverse process. 

Moreover, the circuit model indicates that the network can be seen as an impedance transformer 

between the feed port and all elements. 

Ideal resistor with resistance value

Characteristic impedancesand electrical lengths of transmission lines

Feed point

Ni Number of junctions

Legend for (b) and (c)

Z0i, L0i

Zcell

Ideal electrical connection without loss and delay
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3.2.1.2 Wideband Feeding Network Design based on Impedance Transformer 

Assume that a parallel-feeding network is required for an N-elements uniform array (in-phase and 

uniform power distribution). Each of the elements has the same input impedance Zele; and, the 

input impedance Zin is desired at the feed port of the network. Based on the discussion on the last 

section, the network can be acquired based on the equivalent impedance transformer between Zin 

and Zele/N. The complete procedure to construct the proposed network will be introduced below. 

We begin by estimating the total length of the equivalent impedance transformer to ensure it is 

longer than the distance of the path from one element to the feeding port. If we always route all 

branches along with the vertical and horizontal directions and placing the feeding port close to the 

central area of the array, the length should be the sum of the vertical and horizontal distances 

between a corner element and the feeding port of the network. A surplus length is acceptable 

because the position of feeding port can be moved on demand as the segment between N4 and 

feeding port shown in Figure 3-5 (b). 

 

(a) Single line impedance transformer 

 

(b) Parallel-feeding network 

&ÉÇÕÒÅ σȤυȢ $ÅÓÉÇÎ ÐÒÏÃÅÓÓ ÆÒÏÍ ÓÉÎÇÌÅ ÌÉÎÅ ÉÍÐÅÄÁÎÃÅ ÔÒÁÎÓÆÏÒÍÅÒ ÔÏ ÐÁÒÁÌÌÅÌȤÆÅÅÄÉÎÇ ÎÅÔ×ÏÒËȢ  
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Secondly, design the impedance transformer based on some design theories, such as binomial 

bandpass response, Chebyshev bandpass response, and exponential taper line [102]. Theoretically, 

an arbitrary relative bandwidth can be achieved in which the reflection is lower than any given 

value if choosing an adequate length. In other words, a large-scale feed network has the best 

potential to gain a wideband performance based on this scheme. 

Finally, the network can be constructed through the reverse process mentioned in the last section, 

as illustrated in Figure 3-5 (b). To be specific, the transformer needs to be separated into many 

segments according to the series of lengths between two ranks of junctions in the network. Further, 

the characteristic impedance of each segment needs to be multiplied by the number of branches 

between the same two ranks of junctions. This design procedure is exemplified by a 4 × 4 square 

array in Figure 3-5. 

Though the configuration of the proposed network in Figure 3-5 looks highly similar to the 

traditional one shown in Figure 3-4 (a), they have a definitely distinct bandwidth performance in 

terms of impedance matching. As the traditional networks just rely on a limited number of T-

junctions independently and discretely located at the joining points to perform impedance 

transformation, the proposed network exploits a multi-section transformer composed of many 

more sections, or, sub-transformers, distributed everywhere on the whole network along each 

branch. 

3.2.2 Examples and Results 

3.2.2.1 Design Procedure 

Three examples based on the impedance transformers with varied reflection responses will be 

designed for a 4 × 4 square array to demonstrate the procedure and illustrate the properties. The 
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three network types are based on binomial (maximally flat), Chebyshev (equal-ripple), and 

exponentially tapered line responses, respectively. 

Suppose that both input impedances of the elements and the required at the feeding port are 50 ɋ. 

The microstrip line structure will be applied in these examples as the transmission lines based on 

the laminate of thickness h = 0.524 mm and relative permittivity Ůr = 3.55. Besides, the distance 

between the antenna elements is a half wavelength in free space at the central frequency. 

Theoretically, the particular operating frequency, f0, would not make an effect on the design 

process if the influence of discontinuities is ignored. It will be discussed in the next section. 

It is easy to know that the minimum length from a corner element to the center of the 4 × 4 square 

array is about 1.5 ɚ0 (free space wavelength) along the orthogonal directions, which is 

approximately 2.8 ɚg (guided wavelength). Hence, 3.0 ɚg is chosen in this case, or, 12 segments of 

quarter-wave sections. 

According to the methods in [102], three multi-section impedance transformers between 50 ɋ and 

3.125 ɋ (50ɋ/16) can be realized with the binomial response, Chebyshev response, and 

exponential taper lines. For the Chebyshev transformer, the maximum ripple level of -25 dB in the 

passband is expected. The characteristic impedance of each section for the first two kinds of 

transformers are listed in Table I. For the tapered line transformer; the characteristic impedance is 

varying with positions, L, can be calculated by 

ὤ ὒ σȢρςυϽὩ
Ͻ

  ɱ  

ɉσȤσɊ 

Here, 0 Ò L Ò 3ɚg and the end at L = 0 are connected to the elements and at L = 3ɚg connected to 

the feed port of the network. 
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It should be explained that although some considerably low characteristic impedances can be found 

in Table I and expression (3-3) when L is close to 0, they would never appear in the real network. 

As these low characteristic impedances always are located near the end connected to the elements, 

they will be multiplied by a relatively higher number to build the parallel feeding network, as 

shown in Figure 3-5. In fact, at both ends close to the elements and the feed port, the characteristic 

impedances are generally approximated to 50ɋ. 

4ÁÂÌÅ ) -ÕÌÔÉȤÓÅÃÔÉÏÎ ÔÒÁÎÓÆÏÒÍÅÒÓ ÃÈÁÒÁÃÔÅÒÉÓÔÉÃ ÉÍÐÅÄÁÎÃÅÓ ÆÏÒ ÂÉÎÏÍÉÁÌ ÁÎÄ #ÈÅÂÙÓÈÅÖ ÒÅÓÐÏÎÓÅÓ 

No. of sections 
Characteristic impedance (ɋ) 

Binomial Chebyshev 

01 3.13 3.24 

02 3.15 3.51 

03 3.30 4.09 

04 3.87 5.18 

05 5.35 7.09 

06 9.14 10.27 

07 17.09 15.21 

08 29.21 22.04 

09 40.84 30.18 

10 47.40 38.17 

11 49.56 44.45 

12 49.97 48.25 

 

3.2.2.2 Results based on ideal transmission lines 

The numerical calculation results of the reflection coefficient at the feed port of the networks based 

on the three distinct transformers are illustrated in Figure 3-6. In addition, the results from the 

traditional parallel network based on the quarter-wave transformer and T-junctions are exhibited 

together for comparison. In the traditional case, all T-junctions consist of two branches with 

35.35ɋ characteristic impedance and one branch with 50ɋ. 
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The results obtained by the numerical calculation based on an ideal transmission line model, and 

without consideration of discontinuity between steps, bends, and junctions. As in the last section, 

all elements are substituted by ideal resistors with 50ɋ resistance at all frequencies. 

The series of curves in Figure 3-6 manifestly clarify the difference of the intrinsic matching 

properties from various networks, in terms of relative bandwidth. It should be remarked that the 

reflection of the traditional network will vary with the distances between T-junctions, as reported 

in [34]. In other words, any change of the network configuration would lead to a bandwidth 

alteration. By contrast, the other three networks based on impedance transformers have a relatively 

stable performance, which relies only on the conformity among all branches, regardless of the 

positions of elements and the shapes of routes. 

 

&ÉÇÕÒÅ σȤφȢ .ÕÍÅÒÉÃÁÌ ÒÅÓÕÌÔÓ ÏÆ ÒÅÆÌÅÃÔÉÏÎ ÐÅÒÆÏÒÍÁÎÃÅÓ ÆÒÏÍ ÔÈÅ ÐÁÒÁÌÌÅÌ ÆÅÅÄÉÎÇ ÎÅÔ×ÏÒË ÂÁÓÅÄ ÏÎ ÔÈÒÅÅ 
ÄÉÓÔÉÎÃÔ ÔÒÁÎÓÆÏÒÍÅÒÓ ÁÎÄ ÏÎÅ ÔÒÁÄÉÔÉÏÎÁÌ ÄÅÓÉÇÎȢ 

Besides, a small disaccord of ripple levels can be found in the reflection of the network based on 

a Chebyshev response transformer in Figure 3-6. Because, the precondition to the analyses and 

design multi-section transformers is the theory of small reflections [102], which assumes that the 

discontinuity between adjacent sections can be ignored [(5.41) and (5.42) in 108]. In this case, 

some discontinuities may be greater than the limit value and therefore cause the error. However, 
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this deviation has limited influence, and it can be discovered and compensated by tuning the 

expected ripple level in practice.  

3.2.2.3 Impact and Solution for the Discontinuity of Steps and Junctions 

Heretofore, the discussion is limited to the ideal transmission line model for the generalized 

properties of the proposed network. It is also supposed to work well in low-frequency situations 

where the discontinuities between steps, junctions, and bends, can be approximately ignored [103], 

[104]. 

However, when the frequency is relatively high, the physical lengths of some sections may have 

comparable dimensions as the widths, and the parasitic effects from steps, bends, and junctions 

may notably affect the impedance matching. Two examples of the proposed network based on 

Chebyshev and binomial transformers are shown in Figure 3-7 to illustrate the configurations and 

dimensions. All the characteristic impedance of each section in the two networks is entirely the 

same as the data listed in Table I. The laminate of RO4350 with a thickness of 0.524 mm is used, 

and the operating frequency is 10 GHz. 

       

(a) Binomial    (b) Chebyshev 

&ÉÇÕÒÅ σȤχȢ -ÉÃÒÏÓÔÒÉÐ ÌÁÙÏÕÔÓ ÏÆ ÐÁÒÁÌÌÅÌ ÆÅÅÄÉÎÇ ÎÅÔ×ÏÒË ÂÁÓÅÄ ÏÎ ÂÉÎÏÍÉÁÌ ÁÎÄ #ÈÅÂÙÓÈÅÖ ÐÒÏÐÅÒÔÉÅÓȢ 
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&ÉÇÕÒÅ σȤψȢ 2ÅÆÌÅÃÔÉÏÎ #ÏÅÆÆÉÃÉÅÎÔÓ ÆÒÏÍ ÆÕÌÌȤ×ÁÖÅ ÁÎÁÌÙÓÉÓ ÁÎÄ ÉÄÅÁÌ ÔÒÁÎÓÍÉÓÓÉÏÎ ÌÉÎÅ ÍÏÄÅÌ ÆÏÒ ÔÈÅ ÎÅÔ×ÏÒËÓ 
ÂÁÓÅÄ ÏÎ #ÈÅÂÙÓÈÅÖ ÒÅÓÐÏÎÓÅ ÁÎÄ ÂÉÎÏÍÉÁÌ ÒÅÓÐÏÎÓÅȢ 

The full-wave analyses for both networks are with ANSYS HFSS in which the 16 terminals 

connect with ideal 50-ɋ lumped resistors. In addition, the simulated results based on the ideal 

transmission line model are presented in Figure 3-8. Manifestly, when the frequency is lower than 

5 GHz, the full-wave results agree well with the transmission line model. However, the effects of 

the discontinuities appear in high frequency. Though they may conduct better than traditional 

networks shown in Figure 3-7, a suggested solution could be necessary to apply this scheme to 

more extensive situations. 

   

(a) Definitions for corner cut  (b) Principle and definitions for changing characteristic impedances  

&ÉÇÕÒÅ σȤωȢ -ÅÔÈÏÄ ÔÏ ÃÏÍÐÅÎÓÁÔÅ ÆÏÒ ÔÈÅ ÅÆÆÅÃÔ ÏÆ ÄÉÓÃÏÎÔÉÎÕÉÔÙ ÆÒÏÍ ÊÕÎÃÔÉÏÎÓȢ  
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To reduce the effect of the steps, an apparent solution is adopting exponential taper lines. Instead 

of steps, the gradually varying width would be useful in diminishing the parasitic impacts. Further, 

to decrease the influence of junctions, two methods for tuning are suggested, as shown in Figure 

3-9. The first is a corner cut in the middle of each junction, as demonstrated in the locally enlarged 

view of Figure 3-9 (a); the two parameters, angle, and depth can be utilized to adjust the reflections. 

Secondly, changing the characteristic impedances at the starting points of each tapered branch can 

provide the freedom to compensate for the ambiguity of the electrical length of each branch, as 

demonstrated in Figure 3-9 (b). 

Concretely, according to Figure 3-5 (b), each branch of the proposed network has an individual 

multiple characteristic impedance than the prototype of the transformer. It can be seen as several 

transformers, and each branch needs to pick a segment with the required length from each 

transformer, as shown in Figure 3-9 (b). Consequently, changing the starting point can equivalently 

be seen as a movement of the segment. We can use ŭn n+1 to represent the relative movement 

between two adjacent branches and define relatively moving left as positive. In the ideal situation, 

all movements should be zero, which means no ambiguity of the electrical length is produced by 

the junctions and needs to be compensated. 

4ÁÂÌÅ )) $ÅÓÉÇÎ ÒÅÓÕÌÔÓ ÁÆÔÅÒ ÏÐÔÉÍÉÚÁÔÉÏÎ 

Variables Values Variables Values 

Lcut1 0.8 mm ŭ12 -1.1 mm 

Lcut2 1.0 mm ŭ23 -1.1 mm 

Lcut3 0.9 mm ŭ34 -1.1 mm 

Lcut4 1.0 mm ŭ45 -1.1 mm 

ɗcut1-ɗcut4 90° - - 

The optimized parameters are listed in Table II , and the full-wave simulation results are displayed 

in Figure 3-10, with the results based on a transmission line model for comparison. It can be found 
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that a better than -15 dB reflections can be achieved in the frequency band higher than 2.8 GHz 

and covering more than 6:1 relative bandwidth. The transmission from the feed port to the elements 

is also exhibited in Figure 3-10. Due to the symmetry, the transmission to four elements in the 

corners represents the whole transmission property. Satisfying conformity among the transmission 

can be observed, and the maximum imbalance is lower than 0.8 dB. In addition, the loss due to the 

dielectric and radiation losses can be found to be not more than 2.0 dB through the bandwidth. 

It should be noticed that although the exponentially tapered network has the theoretically infinite 

bandwidth when the frequency becomes higher, the effect of leakage from the microstrip line will 

inevitably rise, increase the loss, and exacerbate the matching. Thus, it is necessary to make sure 

that the thickness of the microstrip line can work properly at the highest required frequency. 

 

&ÉÇÕÒÅ σȤρπȢ &ÕÌÌȤ×ÁÖÅ ÓÉÍÕÌÁÔÉÏÎ ÒÅÓÕÌÔÓ ÏÆ ÎÅÔ×ÏÒË ÁÆÔÅÒ ÏÐÔÉÍÉÚÁÔÉÏÎ ×ÉÔÈ ÔÈÅ ÒÅÓÕÌÔ ÆÒÏÍ ÉÄÅÁÌ ÔÒÁÎÓÍÉÓÓÉÏÎ 
ÌÉÎÅ ÍÏÄÅÌȢ 

3.2.2.4 Experimental Measurement Results 

An experimental sample of the proposed parallel feeding network based on the design data list in 

Table II  is fabricated and measured. The laminate of RO4350B with 0.254 mm thickness is utilized. 

It should be noted that there is a significant difference between the circuit and the model in the 

previous simulation regarding the implementation of matching loads. In the previous simulation, 
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the ideal lumped resistors were used without the phase delay and other parasitic effects. However, 

in the real sample, some 50-ɋ surface-mount chip resistors with 0402 package (1.0 mm × 0.5 mm) 

are adopted and connected between the network and ground plane through a pad with three 

metalized vias. All these physical structures can produce individual influences on the circuit in 

terms of the electromagnetic effects, especially at higher frequencies. In other words, the actual 

load on each end of the network is not an ideal 50-ɋ resistance but a frequency-dependent complex 

impedance. 

 

(a) Circuit layout of the network   (b) Simulation results 

&ÉÇÕÒÅ σȤρρȢ 3ÉÍÕÌÁÔÉÏÎ ÒÅÓÕÌÔÓ ÏÆ ÒÅÆÌÅÃÔÉÏÎ ÁÎÄ ÔÒÁÎÓÍÉÓÓÉÏÎ ÂÁÓÅÄ ÏÎ ÔÈÅ ÌÏÁÄÓ ×ÉÔÈ ÐÁÒÁÓÉÔÉÃ ÅÆÆÅÃÔȢ 

To evaluate the impact of parasitic effects of the components, pads, and vias, a model with these 

considerations is built for full-wave analysis by ANSYS HFSS, as shown in Figure 3-11 (a). It has 

entirely the same structure as the network shown in Figure 3-9 (a), but only a different form of 

loads. Concretely, the 14 terminals of the entire 16 ends are connected to the chip resistors, and 

the other two ends are joined to ports for monitoring the transmission, as indicated in Figure 3-11 (a). 

The simulated results are shown in Figure 3-11 (b). Compared with the results in Figure 3-10, an 

obvious deterioration of the reflection can be perceived, especially when the frequency exceeds 

10.0 GHz. Notably, in the band between 12 and 15 GHz, the transmission to the two ports is higher 

than the theoretical power division level, -12 dB. That means a critical mismatching occurred on 

Feed point 

Pad

Vias

Chip resistor

Connect to cables

for measurement
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each of 14 ends, and then the equal power division has been destroyed; therefore, more energy 

transmitted to the two ports with the perfect matching. The mismatching can also lead to a 

resonance over the whole network and therefore exacerbates the radiation from microstrip lines. 

This result indicates that the chip resistor with a pad and vias can only provide acceptable 

performance when operating frequency is lower than 12.0 GHz, although there is still some 

parasitic effect. 

   

(a)  Sample of the proposed network   (b) Measured results  

&ÉÇÕÒÅ σȤρςȢ  3ÁÍÐÌÅ ÏÆ ÔÈÅ ÐÒÏÐÏÓÅÄ ÎÅÔ×ÏÒË ÁÎÄ ÍÅÁÓÕÒÅÄ ÒÅÓÕÌÔÓ ÏÆ ÒÅÆÌÅÃÔÉÏÎ ÁÎÄ ÔÒÁÎÓÍÉÓÓÉÏÎȢ  

The experimental circuit and the measurement results are exhibited in Figure 3-12 (a) and (b), 

respectively, and the simulated results shown in Figure 3-11 (b) are plotted with the measured for 

comparison. The test frequency bandwidth is from 2 GHz to 12 GHz according to the simulation 

results. A satisfying agreement between measured and simulated curves can be observed. Better 

than 3:1 fractional bandwidth can be achieved with reflection better than -15 dB. The loss is lower 

than 2.5 dB. It should be emphasized that the relative bandwidth of the sample is mainly restrained 

by the parasitic effect of the chip resistors, pads, and vias, as revealed by the comparison between 

simulations shown in Figure 3-10 and Figure 3-11.  
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3.3 Effects of Imperfect Isolation of Crossovers on Performance 

of Butler Matrices 

As discussed in Section 2.1.2, generally, and intuitionally, the main properties of BMs, such as 

equal power distribution and progressive phase differences, are supposed to be related to the 

couplers and phase shifters. In contrast to this, crossovers are usually treated as structural devices 

rather than functional devices. For example, the perfect crossovers are expected to behave as two 

ideal transmission lines with an exchange of the route between the input and output ends. 

However, according to the survey and analysis of some reported work, it has been found that there 

is still some critical influence beyond hybrid couplers and phase shifters on BMs. In other words, 

crossovers might play a more critical role in BMs than just the structural components, and it has 

not been discussed and analyzed thoroughly. 

In this section, the effect on the power distribution and phase responses of BMs due to the 

imperfect isolation of crossovers is discussed and demonstrated by analytical expressions with 

numerical results. The expressions are derived through a forward-transmission circuit model, 

which is based on the scattering matrices of each component. Notably, the quantitative impacts 

resulting in the imbalanced power division and phase difference errors are illustrated by sets of 

curves with respect to the isolation between the branches of crossovers for the case of traditional 

4 × 4- and 8 × 8- BMs. Besides, the investigation also indicates that the impact cannot be mitigated 

or compensated by adjusting the coupling coefficients or phase differences of couplers in the BMs. 

Three samples of 4 × 4 BMs with different isolations of crossovers were fabricated and tested for 

the verification. Satisfying agreement with the theoretical results can be observed. 
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3.3.1 Methodology 

3.3.1.1 Circuit Models 

To clarify the impact on the performance of a BM and differentiate the contribution of each 

component from others, a forward transmission circuit model is built and exploited to derive 

analytical expressions based on S-parameter matrices of the components. Here, the words, forward 

transmission, means that the focus is concentrated on the power division and phase differences on 

all output ports rather than the matching and isolation. In short, the emphasis will be on the forward 

transmission, which is the base to obtain the analytical expressions from the scattering matrices of 

the components. 

Classical BMs are comprised of couplers, phase shifters, and crossovers, as shown in Figure 3-13, 

exemplified by 4×4- and 8×8 BMs with the individual components. The antenna ports of BMs start 

with ñAò; the input ports start with ñB.ò The round spot close to the coupler is used to signify the 

line between Port 1 and Port 2. 

In this section, the framework of an 8×8 BM is the entire configuration with the sequential order 

at the antenna ports, and quantities of each kind of component can be calculated by [101, (1) and 

(2)]. The properties of each component are represented by S-parameters matrices SCP, SCR, SPH for 

the coupler, crossover, and phase shifter, respectively. The last number on the subscript is 

employed to differentiate the distinct components of the same kind, such as SCP1 and SCP2. 

The scattering matrix of the entire network is composed of several subnetworks in parallel, series, 

or cascade, which cannot directly be characterized by the scattering matrices of subnetworks, due 

to the complex internal reflections among subnetworks. However, if the amplitudes of backward 

transmission of subnetworks are much less than the forward transmission, the influence on the 
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forward transmission of the whole network would be negligible. Since part of the forward 

transmission is driven from the backward transmission, it will have about the square amplitude of 

the original backward transmission or higher. The principle is highly similar to the theory of small 

reflections but takes the backward isolation into account as well. 

  

(a) 4 × 4 BM with components  (b) 8 × 8 BM with the definitions of port numbers 

&ÉÇÕÒÅ σȤρσȢ  #ÉÒÃÕÉÔ ÍÏÄÅÌÓ ÏÆ "-Ó ÁÎÄ ÃÏÍÐÏÎÅÎÔÓȢ 

  

(a) coupler    (b) phase shifter, and crossover 

&ÉÇÕÒÅ σȤρτȢ 0ÁÒÔÌÙ ÓÉÍÐÌÉÆÉÅÄ ÍÏÄÅÌÓ ÔÏ ÃÈÁÒÁÃÔÅÒÉÚÅ ÔÈÅ ÓÃÁÔÔÅÒÉÎÇ ÍÁÔÒÉÃÅÓ ÏÆ ÃÏÕÐÌÅÒȟ ÐÈÁÓÅ ÓÈÉÆÔÅÒȟ ÁÎÄ 
ÃÒÏÓÓÏÖÅÒȢ 

As shown on the left side of Figure 3-13, two opposite directions, forward and backward, are 

defined according to the transmission from the RF circuits to the antenna arrays. In general, the 

components constructing BMs have more than the 15-dB difference between the magnitudes of 

the forward- and backward-transmission. Besides, the concern here is concentrated on the forward-

transmission, as clarified earlier. Therefore, the backward transmissions of all components, such 
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as the reflections of the coupler, phase shifter, and crossover, and the backward coupling of the 

coupler and crossover, will be simplified as naught, as illustrated in Figure 3-14 (a) and (b) by 

dotted lines with an arrow. Here, the power transmission directions are exemplified by the cases 

of excitations at Port 1, and the solid lines with an arrow represent nonzero forward transmission; 

the dotted lines with arrow signify the zero-amplitude backward transmission. 

Based on the premise and postulation, all components are lossless and reciprocal, SCP, SCR, and 

SPH can be defined as below. 

For the coupler, it is defined as (3-4). 

ἡ

ụ
Ụ
Ụ
Ụ
ợ π Ѝρ ὙὩ ЍὙὩ π

Ѝρ ὙὩ π π ЍὙὩ

ЍὙὩ π π Ѝρ ὙὩ

π ЍὙὩ Ѝρ ὙὩ π Ứ
ủ
ủ
ủ
Ủ

 
ɉσȤτɊ 

Here, R is the reciprocal of the coupling coefficient, which is less than 1; Ŭ0 is the phase delay on 

through path; Ŭ1 is the phase difference between through port and coupled port. For example, a 

typical 3-dB branch-line hybrid coupler has the properties that R = 0.707, Ŭ0 = 90°, and Ŭ1 = 90°. 

For the phase shifter, it is defined as (3-5). 

3 π Ὡ
Ὡ π

 
ɉσȤυɊ 

Here, ű0 is the reference phase delay on all other paths between the two reference planes, as the 

two dashed lines shown in Figure 3-14 (b); ű2 is the expected phase shift value. For example, a 

typical 45° phase shifter can be described as ű1 = 45°. 

For the crossover, it is defined as (3-6) 

3

ụ
Ụ
Ụ
Ụ
ợ π ЍὍὩ Ѝρ ὍὩ π

ЍὍὩ π π Ѝρ ὍὩ

Ѝρ ὍὩ π π ЍὍὩ

π Ѝρ ὍὩ ЍὍὩ π Ứ
ủ
ủ
ủ
Ủ

. 
ɉσȤφɊ 
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Here, I is the reciprocal of the coupling coefficient to the unwanted path; ű0 is the same as 

mentioned before; ű1 is the relative phase shift on the unwanted path than the main path. For 

example, an ideal crossover should be I = 0 and ű1 = 0°. For the same kind but distinct components, 

another new number will be added on the last of the subscript. 

Then, the forward-transmission scattering matrix of the BM, SFBM, can be defined as (3-7). 

ὦ
ὦ
ὦ
ὦ ụ

Ụ
Ụ
ợ
ὛὊ ρȟρ ὛὊ ρȟς ὛὊ ρȟσ ὛὊ ρȟτ

ὛὊ ςȟρ ὛὊ ςȟς ὛὊ ςȟσ ὛὊ ςȟτ

ὛὊ σȟρ ὛὊ σȟς ὛὊ σȟσ ὛὊ σȟτ

ὛὊ τȟρ ὛὊ τȟς ὛὊ τȟσ ὛὊ τȟτỨ
ủ
ủ
Ủ

Ͻ

ὥ
ὥ
ὥ
ὥ

 
ɉσȤχɊ 

Here, aB1 - aB4 express the incident signals at the corresponding B1 - B4 ports; bA1 - bA4 express 

the output signals at the corresponding A1 - A4 ports. Due to the structural symmetry, we can 

obtain (3-8). 

ὛὊ ὭȟὮ ὛὊ υ Ὥȟυ Ὦ    ὭȟὮ ρȟςȟσȟτ 
ɉσȤψɊ 

It is clear that (3-9) 

ἡἐ║╜ ἡἐϽἡἐϽἡἐϽἡἐ 
ɉσȤωɊ 

Here, SF1 - SF4 are the forward-transmission scattering matrices of each section in the BM, as 

illustrated in the left of Figure 3-13. They have similar port definitions and sequences as SFBM. 

According to the expressions of S-parameters of each component, they can be found as (3-10) - 

(3-13). 

ἡἐ

ụ
Ụ
Ụ
ợ
3 ςȟρ 3 ςȟτ π π

3 σȟρ 3 σȟτ π π

π π 3 σȟτ 3 σȟρ

π π 3 ςȟτ 3 ςȟρỨ
ủ
ủ
Ủ

 
ɉσȤρπɊ 

ἡἐ

ụ
Ụ
Ụ
ợ
3 ςȟρ π π π

π 3 ςȟρ 3 ςȟτ π

π 3 σȟρ 3 σȟτ π

π π π 3 ςȟρỨ
ủ
ủ
Ủ
 

ɉσȤρρɊ 
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ἡἐ

ụ
Ụ
Ụ
ợ
3 ςȟρ 3 ςȟτ π π

3 σȟρ 3 σȟτ π π

π π 3 σȟτ 3 σȟρ

π π 3 ςȟτ 3 ςȟρỨ
ủ
ủ
Ủ

 

ɉσȤρςɊ 

ἡἐ

ụ
Ụ
Ụ
ợ
3 ςȟρ π π π

π 3 ςȟρ 3 ςȟτ π

π 3 σȟρ 3 σȟτ π

π π π 3 ςȟρỨ
ủ
ủ
Ủ
 

ɉσȤρσɊ 

Substituting (3-9) - (3-13) into (3-8), the expressions for half of all elements of SFBM can be 

obtained, as listed below. 

ὄὓρȟρ 3 ςȟρϽ3 ςȟρϽ3 ςȟρϽ3 ςȟρ

3 σȟρϽ3 ςȟρϽ3 ςȟτϽ3 ςȟρ
 

ɉσȤρτɊ 

ὄὓςȟρ 3 σȟρϽ3 σȟρϽ3 σȟτϽ3 ςȟτ

3 σȟρϽ3 ςȟρϽ3 σȟτϽ3 ςȟρ

3 ςȟρϽ3 ςȟρϽ3 σȟρϽ3 ςȟρ

 
ɉσȤρυɊ 

ὄὓσȟρ 3 ςȟρϽ3 ςȟρϽ3 σȟρϽ3 σȟρ

3 σȟρϽ3 ςȟρϽ3 σȟτϽ3 σȟρ

3 σȟρϽ3 σȟρϽ3 σȟτϽ3 σȟτ

 
ɉσȤρφɊ 

ὄὓτȟρ 3 σȟρϽ3 σȟρϽ3 ςȟτϽ3 ςȟρ ɉσȤρχɊ 

ὄὓρȟς 3 ςȟτϽ3 ςȟρϽ3 ςȟρϽ3 ςȟρ

3 σȟτϽ3 ςȟρϽ3 ςȟτϽ3 ςȟρ
 ɉσȤρψɊ 

ὄὓςȟς 3 σȟτϽ3 σȟρϽ3 σȟτϽ3 ςȟτ

3 σȟτϽ3 ςȟρϽ3 σȟτϽ3 ςȟρ

3 ςȟτϽ3 ςȟρϽ3 σȟρϽ3 ςȟρ

 
ɉσȤρωɊ 

ὄὓσȟς 3 ςȟτϽ3 ςȟρϽ3 σȟρϽ3 σȟρ

3 σȟτϽ3 ςȟρϽ3 σȟτϽ3 σȟρ

3 σȟτϽ3 σȟρϽ3 σȟτϽ3 σȟτ

 
ɉσȤςπɊ 

ὄὓτȟς 3 σȟτϽ3 σȟρϽ3 ςȟτϽ3 ςȟρ ɉσȤςρɊ 

Another half of the elements can be acquired from (3-14) - (3-21) through (3-8). 

3.3.2 Examples and Results 

3.3.2.1 Numerical Results 

Based on the analytical expressions, the effects of each element on BMs performance, especially 

crossover, can be quantitatively investigated. To survey the influences only from the forward 

coupling of the crossover, it is assumed that all couplers and all phase shifters in a BM have the 

ideal performances. Concretely, in the 4×4 BM, for the coupler of SCP1, R1 = 0.707, Ŭ01 = 90°, Ŭ11 



Chapter 3  

59 

 

= 90°; for the coupler of SCP2, R2 = 0.707, Ŭ02 = 90°, and Ŭ12 = 90°; for the phase shifters of SPH1 

and SPH2, ű21 = 45°, ű22 = 0°. Besides, the two crossovers are supposed to have identical properties, 

and ű1 = 0; in the 8×8 BM, all couplers have the same features as SCP1; all phase shifters have the 

delays as indicated in Figure 3-12 (b). 

The effects on power divisions and phase differences of 4×4- and 8×8 BMs due to the limited isolation of 
crossovers are listed in (g) Power division when B2 is excited in 8×8 BM    (h) Phase differences when B2 is 

excited in 8×8 BM 

Figure 3-15. Here, the cases when 4Ĭ4 BMôs B1 is excited are shown (a) and (b); the cases when 

B2 is excited are shown (c) and (d); the cases when 8Ĭ8 BMôs B1 is excited are shown (e) and (f); 

the cases when B2 is excited are shown (g) and (h); the isolation is defined as the ratio between 

the amplitudes of the output on the unwanted path and the total incident signal, which is the 

reciprocal of I used in (3-6). The phase difference between adjacent ports, Ai and A(i+1), for 

example, is represented as ȹűi. 

Overall, if the isolation increases to a high enough value, such as 50 dB, the BMs will achieve the perfect 
theoretical performance, just like what is indicated in the right ends of all graphs of (g) Power division when B2 is 

excited in 8×8 BM    (h) Phase differences when B2 is excited in 8×8 BM 

Figure 3-15. Concretely, in (g) Power division when B2 is excited in 8×8 BM    (h) Phase differences when B2 is 
excited in 8×8 BM 

Figure 3-15 (a) and (c), the power divisions of the 4×4 BM will be close to -6 dB when either B1 or B2 is excited; in 
(g) Power division when B2 is excited in 8×8 BM    (h) Phase differences when B2 is excited in 8×8 BM 

Figure 3-15 (b) and (d), the consecutive phase differences will be -45° or 135°, respectively; in 

8×8 BM, the power division will be -9 dB, and the phase differences will be -22.5° or 157.5°. 

However, the effects on BM will be considerably apparent when the isolation is limited, even 

though the value is acceptable in terms of usual criteria, such as 20 dB. 
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(a) Power division when B1 is excited in 4×4 BM    (b) Phase differences when B1 is excited in 4×4 BM 

    

(a) Power division when B2 is excited in 4×4 BM    (b) Phase differences when B2 is excited in 4×4 BM 

 

    

(e) Power division when B1 is excited in 8×8 BM    (f) Phase differences when B1 is excited in 8×8 BM 

    

(g) Power division when B2 is excited in 8×8 BM    (h) Phase differences when B2 is excited in 8×8 BM 

&ÉÇÕÒÅ σȤρυȢ %ÆÆÅÃÔÓ ÏÎ ÔÈÅ ÐÏ×ÅÒ ÄÉÖÉÓÉÏÎ ÁÎÄ ÐÈÁÓÅ ÄÉÆÆÅÒÅÎÃÅÓ ÏÆ ÔÈÅ "- ÄÕÅ ÔÏ ÌÉÍÉÔÅÄ ÉÓÏÌÁÔÉÏÎ ÏÆ ÃÒÏÓÓÏÖÅÒȢ 








































































































































































































































