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ABSTRACT 

A review of coupling theory is compiled with specific emphasis on the mechanisms 

present in a resistive directional coupler (RDC). An improved theoretical model for an RDC 

is developed, which can aid in the synthesis of more complicated designs than was allowed 

by a previously published model. With the use of this model, a general design procedure for 

an RDC is presented. Couplers for both stripline and microstrip environrnents are 

synthesized and their theoretical performances are validated with the use of cornmercially 

available electromagnetic simulaton. 
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Chapter 1 

INTRODUCTION 

Since the advent of the directional coupler in the early 1940s, there has been much 

work done in analyzing, designing and finding new applications for these structures. One of 

the most common forms of this device consists of two or more parallel-coupled transmission 

lines. Usually the lines are placed in close proximity to each other and the interaction of the 

fields surroundhg the lines provides the coupling path. In some couplers, such as with the 

well-known branch line coupler, the coupling occurs through the direct connection of the two 

main lines. The resistive directional coupler (RDC) that is the focus of this thesis is a 

combination of these two types of couplers where both direct, or DC coupling, and 

electromagnetic (EM) coupling is considered. 

It was observed very early on in the development of the directional coupler how 

usehl this device could be to dl areas of microwave technology. Because of this, much 

information has been published over the past 50 years concerning directional couplers. The 

book edited by Leo Young [l] in 1972 provides an excellent outline of the fundarneritals of 

coupler theory and design. Almost every type of coupler constmcted from parallel-coupled 

Lines is discussed and design data and procedures are presented. More recently, there have 

been many books that have included modem developments of parallel-coupled-line 

directional couplers. 

However, there has been very Iittle information published pertaining to coupler 

designs that are suitable for digital systems. These systems require devices that can operate 

over large bandwidths due to the fact that pulses are the signals being used. Traditionally, 

directional couplers are designed to work at a single fiequency or over a specified bandwidth. 



However, the wideband nature of directional couplers is constantly irnproving as new 

topologies and manufacturing techniques are being employed. This has been proved recently 

when a 20 dB coupler that operates Erom 10 - 60 GHz was developed using micromachining 

techniques [2]. Nevertheless, the performance of wideband directional couplers in terms of 

the pulse propagation that occurs in digital systems has not been considered. 

If one examines the tirne-domain 

response of a parallel-coupled-line directional 
4 " kS, 

coupler, one will find that al1 the information 

held withùi the pulse is not transferred. As Figure 1-1. Design parameters of a 
microstrip edge-to-edge directional coupler: 

an example, the performance of a microstrip L is the length of the lines. 

directional coupler, which has the geometry shown in Fig. 1-1, will be examined. 

Specifically, the time-domain response foi 

that there is no direct connection between 

top, of the pulse is lost. This resuits in 

a coupled signal that only represents 

the edges of the input puise raîher than 

the pulse in its entirety. Clearly, this is 

not the ideal performance for a 

directional coupler in a digital system. 

Therefore, there is a need for 

directional couplers 

specificdy designed 

systems. 

that have been 

for use in digital 

this coupler is shown in Fig. 1-2. Due to the fact 

the main lines, the DC characteristic, i.e., the flat 

Input Pulse 

4 2  4 I 4 
0.0 0.5 1 .O 1.5 2.0 

Time (ns) 

Backward Cou piml Signal 

4.4 4 I 
0.0 0.5 1 .O 1.5 2.0 

fime (ns) 

Figure 1-2. Input puise and coupled output puise for 
a microstrip edge-to-edge coupler. 



isolated Coupled Rso = sheet resistivity of resistive strips 
Coupled Output 

M= number of resistive strips 
wl 

Port #1 
( 
( Port #2 1 
1 Through Signal 1 

Figure 1-3. General topology of the resistive directional coupler: 
h is the height of the traces above ground. 

It was the focus of this research to apply the concept of an RDC, which was fint 

proposed by Ienkins and Cullen in 1982 [3], to design a directional transient coupler that 

provides a high level of pulse fidelity. The general topology, the design parametee, and the 

port definitions of an RDC are shown in Fig. 1-3. In this coupler design, the resistive stnps 

that comect the two main lines provide the path for the DC characteristics of the pulses to be 

transferred. In addition, directional qualities c m  be achieved over a wide bandwidth, which 

results in significant isolation while rnaintaining excellent reproduction of the input pulse at 

the coupled output port. 

The goal of this thesis is to present a thorough study of the theory and design of an 

RDC and how it can be applied to the high-fidelity transmission of rectangular pulses. The 

essential elements of coupling theory will be reviewed in Chapter 2. Specifically, the 

physicai mechanisms, and their associated mathematical formulations, that lead to coupling 

in the backward and forward directions dong two parallel-coupled lines will be discussed. 

This information will be usefui in undentandhg the performance of both stripline and 

microstrip RDCs. In Chapter 3, the methods of andysis of the E U X  designs will be 

presented. This includes the development of a theoretical mode1 and the introduction to the 



EM simulators that were used to veriQ the results of the model. Finally, a design procedure 

for an RDC will be proposed and then applied to three specific coupler designs that have 

various degrees of coupiing, directivity and pulse fidelity. 



Chapter 2 

To investigate the resistive directional coupler, the fundarnentals of coupling between 

two parallel transmission lines m u t  k t  be introduced. Coupled-mode theory will be used 

to determine expressions for the possible waves travelling dong two coupled lines. These 

expressions will provide insight into the mechanisms of coupling and in particular they will 

highlight the existence of the directionality of coupling, narnely forward and backward 

coupling. 

2.1. Coupled Transmission Line Analysis 

The analysis of coupled transmission lines can be approached in the sarne way as the 

analysis of a single transmission line. First, a set of differential equations that completely 

descnbe the voltage and current behavior along the lines can be derived From a lumped 

equivalent circuit. Second, the propagation constants of the propagating waves are then 

found by solving the set of differential equations. 

To determine this set of differential equations, the equivalent circuit of the coupled 

Lines must be exarnined. The coupled lines, with their respective voltage and current 

definitions, along with their equivalent circuit are shown in Fig. 2-1. From this circuit, the 

equations for two coupled lossless lines c m  be written as [4] 



Figure 2-1. Equivalent circuit of two coupied transmission lines. 

where Lm and Cm are the mutual inductance and capacitance per unit length behveen the two 

lines, and Ln and CM are the self-inductance and self-capacitance per unit length of line i 

(i=1,2) in the presence of line j (i=l,2, j&). It should be noted that linear, isotropie media 

have been assumed, which means that L12 = Lzi = Lm and Ci* = Czl = Cm. Also, for the case 

of lines with transverse symmetry, Le., lines with the same geometry, Li 1 = LZ1 and Ci 1 = CZ2. 

2.1 .l. Coupled-Mode Formulation 

To gain a more intuitive understanding of how the mechanisms of coupling work 

along the transmission lines, eqs. (2-1) - (2-4) can be re-written in terms of wave parameters 

as opposed to voltages and currents. To achieve this, the Collowing definitions can be used to 

characterize the modes travelling dong line 1 [5] 



and along line 2 

In these equations Zi = (i=1,2), representing the characteristic impedance of line i 

in the presence of the other line. The complex wave amplinides a= (2) and bz ( z )  represent 

both the magnitude and phase charactenstics of the forward (+ sign) and backward (- sign) 

travelling waves on each line. They have been normalized such that, for instance, Io- (;)1' 12 

is the power flow in the positive direction along line 1. 

If (2-5) and (2-6) are rearranged and then substituted into (2-1) - (2-4) the set of 

differential equations can be cast into a coupled-mode form. Before the results of this 

substitution are presented it is necessary to introduce some important parameters. First, 

p i  = o , / G  (i=1,2) is the propagation constant of a wave travelling dong line i in the 

presence of the other line and for symrnetnc lines, pi and P2 will be equal. Two other 

parameten of interest are the inductive and capacitive coupling coefficients, which are 

defined as [SI 

r 

These coefficients are very commonly used in directional coupler design and quantitatively 

characterize the amount of coupling present. It will be seen below how important these 

parameters are in determining what type of coupihg is present. 



With these parameters in mind, and if it is assumed that the line irnpedances (2, and 

Z2) do not Vary with distance z, then the coupled-mode equations cm be simplified to [5] 

These equations are very general in their nature, in fact the only assurnptions that have been 

made are that the lossless lines exist in a linear and isotropie medium and that the individual 

characteristic impedances of the lines remain constant dong the Iength of the coupler. This 

means that they are applicable to both sûipline and microstrip environments. For the lines 

where 2, and Z2 Vary with distance, Adair and Haddad present similar coupled-mode 

equations in [6]. It can be seen From (2-9) and (2-10) how the various modes travelling along 

the lines couple to one another depending on the relative values of kc and kL. There are some 

specific cases of interest and they will be discussed in further detail later. 

With these equations it is then possible to solve for the wave propagation constants by 

assurning an a(z )  = aoer' variation with distance for each of the four modes. With this 

assumption the solution for the propagation constants takes the form [5] 

where 

and 



From (2-1 la), it can be seen that there are four possible waves that can be present within the 

coupler, one in each direction for both lines. 

2.1.2. Even and Odd Mode Formulation 

The even and odd mode analysis of couplers is by far the most common due its ease 

of application and clarity of its solutions. Essentially, it is a specific case of the coupled- 

mode formulation where the two modes are defined in such a way that they propagate 

independently of each other. The only requirement for such modes to exist is that the lines 

be identical, and this condition will be assumed to be true for the remainder of this section. 

However, it is possible to identim two independently propagating modes for asyrnmetric 

lines if Li, Ci i =  Lu Cu and the characteristic impedances of the two lines are related by a 

constant ratio [7]. 

The even and odd mode formulation can be denved in the same manner as the 

coupled-mode formulation with the only difference being that the voltages and cunents for 

each line are replaced with voltages and currents for each mode. Indeed, they cm be written as 

These defitions lead to two possible "excitations" of the coupled lines. For the even mode, 

both lines are excited with equal voltages of the same polarity, which cause the h e  currents 

to fiow in the same direction. For the odd mode, the Lines are excited with equal voltages of 

opposite polarity, which cause the Line currents to oppose each other. 



Continuhg with the coupled-mode formulation, the mode amplitudes can be defined 

as 

where the even and odd mode characteristic impedances are given by [6] 

and the coupled-mode equations become 

where it has again been assurned that the line characteristic impedances do not Vary with Z. 

The two propagation constants are defined to be [6] 

W 
P. =O,/==- (2- 19) 

C 

Equation (2-19) indicates that the even mode propagates as it would dong a solitary line 

travelling at the speed of  Iight c within the suroundhg medium. On the other hand, if 

k, # k,, the odd mode travels with a phase velocity that is larger than v,. In the design of 

microsûip RDCs, this difference in phase velocities wïll prove to pose a challenging 



problem. It should also be noted that by examinkg (2-17) and (2-18) it can be seen that a, 

does not depend on a& at d l ,  proving the independence of the two modes. 

2.1.3. Backward Coupling 

Backward, or contra-directional coupling is defmed as the case in which the coupled 

signal travels in a direction that is opposite to the propagation of the input signal, Le., the 

coupled output signal exits port #3 for a signal input at port #1. To gain insight into the 

physical mechanisms that lead to backward coupling, a small elemental coupled section will 

first be analyzed. Then the existence of backward coupling will be denved as a special case 

of the coupled-mode formulation. 

2.1.3.1. Coupled EZementaI Length of Line 

The process of backward coupling c m  best be illustrated by exarnining the voltage 

and current characteristics of a weakly coupled short section of coupled lines. For the 

configuration s h o w  in Fig. 2-2, the input wave travels f?om left to right dong line 1. This 

line will be assumed to be well-matched, meaning there is no wave travelling fi-om nght to 

left dong line 1. As the input wave changes in tirne, an inductive voltage and a capacitive 

current will be excited on line 2. These incremental values can be written as 

di, 
vr = Lm - 

dt 

Upon examination of two of the original differential equations, (2-3) and (2-4), it seerns that 

i, and v, do not fûlly describe the current and voltage on line 2. However, because weak 

coupling is assumed, Le., i2 and vz are very srnail, the effects of v2 on iz, and i2 on vz can be 

neglected. 



Figure 2-2. Parameten of a coupled elemental length of line. 

Under these conditions, the coupled signal becomes directly proportional to the 

derivative of the input signal, as opposed to the more complex relationship that was 

presented in Fig. 1-2. As is shown in Fig. 2-2, the capacitive current will be split between 4 

and Z4 according to the laws of current division. The inductive voltage will excite an 

inductive current i, in a direction dictated by Lenz's Law. The direction of i, shown in the 

figure is assurning an increase of il with tirne. 

Given these two contributions of current, the parameters of red  interest are the 

voltages v3 and v4 that appear across the terminations of the bvo coupled ports. If the effects 

of both inductive and capacitive coupling are combined together then v4 cm be written as 

It c m  be observed that this voltage will reduce to zero if port #3 



This shows that if port #3 is properly tenninated then the contributions fkom the inductive 

and capacitive coupling paths will cancel each other at port #4 causing al1 the coupled energy 

to appear at poa #3. Indeed, the voltage at port #3 would then be given by 

2achard coupling then is simpl-j t ie eEcct of carefully designcd constmt',:.c 3nd 

destructive interference at the coupled output ports, tbrough proper terminations of the two 

closely spaced lines. 

It should be noted that in the case of strong coupling, it is no longer possible to 

analyze the operation of the coupler in tems ofjust Lm and Cm. Tnis is because the effects of 

vz and it are no longer negligible, and Lu and Cu must be considered. For this case the 

analysis [4] becomes more cumbersome, but it is still possible to denve expressions for the 

teminating irnpedances which lead to infinite directivity, meaning va = O. In fact, there are a 

number of different combinations of the teminating impedances of the three output ports that 

lead to infinite directivity. This is possible as long as certain relations between Z?, Z3, and 2 4  

are met. 

The most common combinaiion of termhating irnpedances used in coupler designs 

with syrnmetric lines is when al1 the ports are terminated in Zii, or equivalently ZZ2. This 

causes vz and v~ to be in phase quadrature over al1 fkequencies, which c m  be a very usehl 

feature of directional couplers. Also, with these terminating conditions the maximum 

coupling occurs when the length of the coupled section is an odd multiple of 114. 

These terminating conditions can be related to the even and odd mode formulation 

presented in Section 2.1.2., and specifically to the even and odd mode characteristic 



irnpedances. Using the expressions (2-15) and (2-16) for Zo, and Zoo, it can be s h o w  [8] 

that, for TEM propagation, i.e., kL = kc, 

where Zo is generally referred to as the coupler impedance. It is interesting to note that 

physically, Zo is actually the characteristic impedance of one line in the presence of the other 

[91. 

2.1.3.2. Coupled-Mode Formulation for Backward Coupling (kr = kc = k) 

With the physical manifestation of backward coupling understood it should now be 

related to the coupled-mode formulation presented earlier. in this context, backward 

coupling is defined by the fact that the forward wave a+ couples only to the backward wave 

6-. If the general coupled-mode equations (2-9) and (2-10) are examined hrther it can be 

seen that this direction of coupling c m  only occur if kc = kL = k. Indeed, for this condition, 

the coupled-mode equations reduce to 

(po IP , )~ ,  = ,/P,P,kbi 

( P o  %)b, = JP,P,k% 

and the correspondence between forward waves (+ modes) on one line and backward waves 

(- modes) on the other line is clear. For this case of equal coupling coefficients, the 

expression (2-1 6) for Zoo can be rearranged to show that 

This illustrates an important fact of backward coupling, namely the degree of backward 

coupling depends solely on the difference between Zo, and Z&,. 



Oliver shows in [9] that for a homogeneous medium, such as stnpline, the inductive 

and capacitive coupling coefficients m u t  be equal due to the equality of the even and odd 

mode phase velocities. This proves that for a coupler present in a homogenous medium the 

naturd coupling direction is backwards. 

2.1.4. Forward Coupüng 

Fonvard, or CO-directional coupling is defined as the case in which the coupled signal 

propagates in the same direction as the input signal, i.e., the coupled signal would exit port 

#4 for an input signal at port #1. This is the natural direction of coupling for structures where 

direct coupling links are present. These structures include waveguide couplers, where the 

holes in the walls provide the direct coupling links, and branch line couples, where the two 

main coupled lines are connected together by two other transmission lines. 

To see how these couplen work, the general foward coupling structure s h o w  in Fig. 

2-3 will be examined. It will be assumed that al1 ports are properly terminated, meaning that 

no refiections occur at the ports, and that an input signal is launched fiom port #l. When the 

signal reaches points A, C, and E, part of its energy will be transferred to the other line 

through the coupling links. Each Iink will set up two oppositely travelling waves of equal 

Figure 2-3. GeneraI forward coupling structure. 



amplitude on the second line. The waves f?om al1 the links will reinforce each other at port 

#4 due to the equal path lengths of ABDF, ACDF, and ACEF. However, the signal at port #3 

will be a combination of signals that are out of phase with each other, which leads to 

destructive interference. Indeed, for couplen operating at a single fiequency, complete 

cancellation is possible if the coupling links are properly spaced. This is how branch line 

couplers are designed, where the two coupling links are spaced by X/4 causing the two 

coupled signals at port #3 to be 180" out of phase. 

On the other hand, for wide-band couplen this design c m  also be useful. As 

coupling elements are spaced faaher apart it is possible to achieve significant destructive 

interference over a wider frequency range due to the increase of the phase differences 

between each of the signals at port #3. As well be shown later, this concept is useful in the 

design procedure of an RDC. 

2.1.4.1. Coupled-Mode Formulation for Fonvard Coupiing (kc = -kr = k) 

Forward coupling can also be achieved with two transmission lines that are not 

directly coupled through coupling links. This c m  be seen by rewriting (2-9) and (2-10) for 

the case kc = -kL = k 

From these equations it can be seen that only forward waves (+ modes) can couple to forward 

waves and backward waves (- modes) to backward waves. 

One way to achieve the condition kc = -kL is by adding excess capacitance from each 

line to ground. This increases the self-capacitance of each line in the absence of the other 

h e .  With this extra capacitance it was shown by Oliver in [9] that for symmetric lines, 



irnrnened in a homogeneous dielectric, the phase velocities for the even and odd modes are 

no longer equal. In fact, the degree of fonuard coupling increases as this difference in 

velocities increases. It is also interesthg to note that for the necessary arnount of excess 

capacitance that Oliver suggests, the even and odd mode charactenstic impedances become 

equal, resulting in the elhination of any backward coupling. 

6 1.4.2. Microstrip Couplers 

in a microstrip coupler, the inhomogeneous nature of the dielectnc causes the even 

and odd mode phase velocities to differ. To see why this is so, the electric field patterns for 

the even and odd modes, as shown in 

seen that a srnall portion of the 

eIectric field of the even mode is 

located in the air, while for the odd 

mode this portion is larger. Due to 

the fact that the two modes "see" a 

different dielectric cross section, the 

resulting effective dielectric 

constants are different. This 

indicates that the phase velocities of 

the two modes are unequal, which 

leads to some degree of forward 

Fig. 2-4, can be examined. From this figure, it can be 

EIectric Field Lines - - - - -  Magnetic Field 
)Hi-\ 

\ 

--*---- 

Even Mode 

Odd Mode 
Figure 2 4 .  Even and odd mode field distributions 

for coupled microstrip lines. 
(From [IO], 0 Artech House, 1996). 

coupling [IO]. This means that microstrip couplers have coupling in both the fornard and 

backward directions. With couphg in both directions the directivity of a microstrip coupler 

can be greatly reduced. 



Another important property of microstrip couplers is that it is possible to achieve 

O dB (complete) coupling in the fonvard direction no matter how smail the phase velocity 

difference is. The only requirement is that the length of the coupler be determined by [ I l ]  

X 
Lm = (2-32) 

P, -P. 

This makes intuitive sense because the length is such that the phase of the even mode has 

progressed 180" more than the phase of the odd mode. Since the two modes start out 180° 

out of phase with each other at port #3 then, with this length, they will reinforce each other at 

port #4, resulting in complete fonvard coupling. 

As an example of this phenornenon, the frequency response of a microstrip edge-to- 

edge coupler will be presented. The coupler consists of two identical microstrip lines 

unifomly coupled along its length and has the same layout as the coupler shown in Fig. 1 - 1. 

The coupler's design parameters are listed in Table 2-1. The coupler was andyzed using two 

commercially available full-wave EM simulaton as well as a theoretical mode1 of microstrip 

coupled lines, which will be presented in Chapter 3. 

The resulting S-parameters are shown in Fig. 2-5, and fiom the plot of \Sail it can be 

seen that full forward coupling (O dB) is achieved at 4.8 Ghz and 12.3 GHz. It can also be 

observed that the backward coupling to port #3 (IS3iI) oscillates about -17 dB. 

Table 2-1 Design Parameten for the Microstrip Edge-to-Edge Coupler 

w 
main line 

width 
0.6 mm 

h 
dielectric 

height 
0.635 nim 

s 
main line 
spacing 
0.3 1 mm 

Er 

d i e l e c ~ c  
constant 

9.8 

Lm 
total length 

100 mm 



Frequency (GHz) Frequency (GHz) 

Frequency (GHz) Frequency (GHz) 

Figure 2-5. S-panmeters for a microstrip edge-to-edge coupler. 

As (2-32) shows the length, or frequency for a fixed length, at which full fonvard 

coupling occurs is a hinction of the 

difference between the even and odd mode 

phase velocities. As this difference is \ 

reduced then the necessary length, or 

hquency, for full fornard coupling is 
1 

increased. Figure 2-6 shows the IS411 ,, 
characteristic for the microstrip coupler O 2 4 6 a IO 12 14 16 

Frequency (GHz) 



spacùigs. From this figure it is clear that the fonvard coupling c m  be reduced over the band 

of interest i f s  is increased. For most microstrip directional couplers, the lengths are very 

short, i.e., -10 mm - 20 mm, which reduces the effect of this fonvard coupling. But if longer 

lengths are required, as is the case for RDCs, then this forward coupling cm cause significant 

problems. 

2.2, Conclusions 

It has been shown that coupled-mode theory can completely describe the wave 

behaviour of coupled transmission lines. For symrnetric lines, this theory reduces to the even 

and odd mode theory which can greatly simpliQ the analysis of the coupler due to the 

independence of the two modes. It could also be seen that depending on the inductive and 

capacitive coupling coefficients either forward or backward coupling could be achieved. It 

has been observed that the strength of the backward EM coupling is determined by the 

difference between the even and odd mode characteristic impedances. As well, the EM 

coupling in the forward direction is pnmarily affected by the difference between the even and 

odd mode phase velocities. This fact can be seen in microstrip backward couplers where the 

phase velocities differ and therefore the directivity is reduced due to the unwanted fonvard 

coupüng. To minimize this, either short couplers cm be used or the lines can be spaced 

farther apart. 



Chapter 3 

COUPLER ANALYSIS 

The RDC designs were analyzed using two methods. First, a theoretical model of the 

coupler was developed using transmission line theory. Second, the fiequency response of a 

coupler design was detennined through the use of two commercially available full-wave EM 

simulators. The theoretical model was useful due to the short design iterations as compared 

to the lengthy procedure of full-wave simulation. However, the sirnulators did provide a 

reference upon which the theoretical results could be compared and validated. With the 

tiequency response known, it is possible to determine the performance of the coupler 

response in the t h e  domain. This will be shown to be an invaluable tool in characterizhg 

the performance of an RDC design in a digital environment. 

3.1. Theoretical Model 

The basic layout, the design parameters and the port definitions of an RDC were 

shown in Fig. 1-3. The coupler consists of two main transmission lines, which are considered 

to be good conductors, connected together by a series of resistive lines or strips. [n general, 

these strips are non-uniformly spaced along the length of the coupler but are uniform in their 

dimensions and sheet resistivity. Table 3-1 outlines the fundamental design parameters of 

the coupler and the approximate ranges of these parameters used in the research that led to 

this thesis. 



Table 3-1 Design Parameter Dennitions for a Resistive Directional Coupler 

Dielectric thickness, height of conductors 
above mound. (microstriol 

symbol 
w 

I b 1 Spacing between ground planes (stripline) ! 1.27 mm 

I s 1 Spacing between the two main transmission lines. 1 0.1 mrn+6mm 

Meaning 
Width of the main transmission lines. 

1 e. 1 Dielectric constant 1 2.2 + 12.1 

Range 
0.24 mm + 0.62 mm 

I 
- - 

LI 1 Length of unit cell. 1 O.lmm+15mm 

R ,  
M 

r L,  ( Total length of the coupler. 1 10 mm -, 3OOmm 

The general procedure for analyzing these couplers using transmission line theory is 

shown in Fig. 3-1. The first step is to break the coupler up into ''unit cells", where each cell 

contains one resistive strip centered within the cell. This ce11 can then be analyzed for the 

even and odd mode excitations separately. As well, with the use of even and odd mode 

theory the Cport structure can be transfonned into a 2-port device, which greatly simplifies 

the analysis, as Jenkins and Cullen have s h o w  in [3]. 

Surface resistance of resistive strips in Nsq. 
Number of resistive strips. 

3.1.1. Even Mode Analysis 

in the even mode excitation, the voltages on the iwo main lines are the same. This 

10 N s q  + 10000 Wsq 
1 + 100 

means that there is a ' ~ d "  open circuit midway between the two lines. Due to this open 

Unit Cell 

- 
Virtual Open 

rcuit - 
Even Mode 

Virtual Short 
: Circuit I 

Odd Mode 

Figure 3-1. Theoretical analysis of a unit ce11 of the resistive directional coupler. 



circuit, a transmission line of length Li shunted by 

'/* c m  replace the unit cell. The transmission line 

an opensircuited resistive stub of length 

has a characteristic admittance Yo, and a 

propagation constant ye, which are detemiined from an even mode analysis of the two 

coupled lines without the resistive strips. The resistive stub will load this transmission line 

according to its input admittance, given by 

where the resistive strip is characterized by Y& and y ~ .  

Once the line parameten of the transmission line and the resistive stub are known, 

then the behaviour of this small section of loaded transmission line can be replaced by an 

equivaient even-mode transmission line. To determine the characteristics of this equivalent 

line the total ABCD rnatnx of the loaded line can first be calculated, and is given by 

The elements of this matrix are then equated to the elements of the ABCD matrix of the 

even-mode equivalent line, which is expressed as 

The characteristic admittance Y& and propagation constant y: are then solved for and are 

found to be 



3.1.2. Odd Mode Analysis 

A similar procedure can be followed to determine an equivalent transmission line for 

the unit ce11 under odd mode excitation. However, in this case, because the line voltages 

have opposite polarhies, there is a "virtual" short circuit midway between the NO main lines. 

This means that the resistive stub loads the line by an admittance given by 

With this loading the parameters of the equivalent odd-mode transmission line are found to 

be 

where Yo, and y, are the odd mode pararneters for the main transmission lines. It should be 

noted that these equations characterizing the even and odd mode equivalent transmission 

lines are identical to those found in [3], except the even and odd mode characteristics of the 

main lines are explicitly stated here. 



3.1.3. Calculating the S-Parameters 

With each unit ce11 of the coupler 

characterized by a length of equivalent 

transmission line for both the even and 

odd modes it is possible to calculate the 

S-parameters of the coupler. The 

general procedure is outlined in Fig. 3-2. 

First, the behaviour of the total coupler 

must be calculated for each mode. This 

c m  be done by cascading the ABCD' 

matrices of each cell, for both modes, to 

obtain ABCD, and ABCD,. 

For each two-port network that 

the total ABCD matrices represent, it is 

possible to calculate the reflection and transmission coefficients fkom the ABCD parameten. 

These coefficients are given Ui ternis of the elements of ABC& and ABCD, [12] 

Even Mode Excitation 

lY3 Lqxzq- Directional 

Odd Mode Excitation 

# t  - Coupler - #2 
%(T,+ T,) 

Figure 3-2. Procedure for finding the S-parameters 
from the even and odd mode ABCD matrices. 



In these equations, Zo represents the reference impedance of system. This reference 

impedance is the normalking factor in the calculation of the S-parameters, and is most 

Once these coefficients are known, the results f?om the analysis of each mode can be 

combined through superposition. As Fig. 3-2 shows, this results in expressions for the 

outgoing waves at each port for a unit amplitude input wave at port #l. Thus, the S- 

(3- 10a) 

(3- 1 Ob) 

(3- I OC) 

(3- 10d) 

These four equations completely describe the frequency response of a coupler that has 

tmnsverse symmetry as well as reciprocal properties. 

The analysis presented here is more general in nature than the procedure outlined by 

Jenkins and Cullen [3]. With the use of the transfer matrices, each ce11 can be individual in 

its geornetry, while Jenkins and Cullen assumed al1 the cells to be identical. This allows the 

analysis of couplers that have resistive strips non-uniformly spaced along the coupler. As will 

be s h o w  later, this can lead to improved performance. 

3.1.4. Medium Characterization 

The analysis presented above can be used for both microstrip and stripline couplers. 

This is because the theoretical mode1 requires only the line parameters of the main lines and 

the resistive strips, and these c m  be easily found for both environments. The models that 

were used to calculate these line parameters will now be presented. 



3.1,4,1. Microstrip Coupled Lin es 

Due to the inhomogeneous dielectric, it is a very difficult task to characterize exactly 

a set of parallel-coupled microstrip lines over a wide range of fiequencies. Bryant and Weiss 

[13] presented one of the Eirst sets of expressions and these were based on a quasi-static 

assumption that only a TEM mode was propagating. The solutions were determined through 

the development of a dielectric Green's fbction, which accounted for the Field discontinuity 

between the dielectnc and air interface. With this rigorous analysis then, the results that were 

presented could be considered to be "exact" as long as the quasi-static assumption c m  be 

made. As stated in their paper, this assumption is only valid into the low gigahertz region for 

typical microstrip dimensions and substrate materials. 

Since Bryant and Weiss presented their results, much work has been done to develop 

a fkquency-dependent model for coupled microstrip lines that could maintain its accuracy 

for a wide variety of coupler parameten over a large range of frequencies. tt was shown by 

Deibele and Bayer in [14] that the analytical expressions presented by Kinchning and Jansen 

in [15] proved to be the most accurate Erequency-dependent model developed thus far. 

Kirschning and Jansen's ernpincal equations for Zo,, y,, Zoo, and y, where derived by 

matching the approximate results of a rigorous spectral domain hybrid-mode analysis to 

thousands of numericd data values, 

Their procedure contains too many equations to hclude here but was easily 

implemented in a Matlab function. The range of validity for their mode1 is 

O . l ~ w / h < l O  O . l l s / h ~ l O  ISE, <18 

and this is with respect to the kequency of interest as well, which is discussed in terms of a 

normalized eequency f, = f '  - h' where f '  is in GHz and h' is in mm. For the 



characteristic impedances, the maximum error is stated to be 2.5% for& = 20, which is about 

31 GHz for a dielectric height h of 0.635 mm. For the couplers examined here, the 

appropriate parameters fa11 into a range where the maximum enor is reduced to just 1.5%. 

3.1.4.2. Coupied Stnplines 

It is much easier to mode1 two parallel-coupled striplines due to the homogeneous 

nature of the dielectric. Very early in the development of printed circuit techniques Seymour 

Cohn presented exact equations for the even and odd mode characteristic impedances for 

coupled striplines [16]. These equations were derived through the use of conformal mapping 

and are given as 

where K is the complete elliptical integrai of the first kind for which closed-form expressions 

are known. The parameten of the elliptical integrals are given by 

and 

k: = J1-k: (3- 14b) 

The propagation constants are the same for both modes for the stnpline geometry, and are 

determined fÏom the speed of Iight in the medium. 



3.1.4.3. Resi'sfive Transmission Lines 

The other components of the RDC that need to be modeled are the resistive strips that 

connect the two main lines. The conventional way to mode1 conductor losses in microstrip 

and stripline devices is to use the concept of an incremental inductance [17]. This inductance 

Li is accompanied by a resistance R = o L j ,  and these two elements are placed in series with 

the inductance per unit length of the equivalent distributed circuit of the line. However, this 

method assumes that the line thickness t is much greater than the skin depth 6, i.e., the losses 

are relatively small. This is not a valid assumption for the high resistance strips that were 

used for these directional couplers. Instead, the incremental inductance is dropped From the 

equivalent circuit and the series resistance is given in terms of the surface resistance per 

square of the strip. 

The equivaient circuit, along with a description of its parameters, is shown in Fig. 3- 

3. From this circuit, the characteristic irnpedance and the propagation constant can be written 

I L and C are the per-unit length pararneters for a lossless line 
R, is the sheet resistivity of the resistive material in N s q  

Figure 3-3. Equivalent circuit of the resistive transmission line and its parameten. 



with 

These equations u e  a p p h b l e  ?O bo* the microstrip and sb-ip!he cases because on!y the 

parameters L and C are medium-dependent. These parameters were determined by 

calculating the characteristic impedance and the phase velocity within the medium of a single 

lossless line with the same dimensions as the resistive sûïp. 

3.2. Full-Wave Electrornagnetic Simulations 

For most of the coupler designs that will be presented, their fiequency response was 

determined through the use of two cornmercially available "full-wave" EM simulators, HP 

Momentum and Sonnet. These were used to validate the results obtained fiom the theoretical 

model. They are designated as full-wave because they account for every possible coupling 

mechanism that is present in the structure. This means that the effects of dispersion. 

discontinuities, surface waves, metalization losses, dielechic losses, and radiation losses [ I  91 

are automatically considered. Both these simulators are based on the numerical technique 

known as the Method of Moments. 

3.2.1. The Method of Moments 

When an analytical electromagnetic solution is too difficult, or impossible, to achieve 

then approximate numerical techniques are needed. The Method of Moments is one such 

technique that is based on transfonning an integral equation, which characterizes the 



relationship between the electric field and the current present in the structure, into a set of 

linear equations. 

The first step is to approxhate the unknown current by a set of N weighted basis, or 

rooftop expansion functions, similar to the idea of a Fourier series. This c m  be written as 

This approximation can be thought of as splitting the structure into N segments such that the 

coefficient In corresponds to a sample of the actual current I(z) taken h m  the nIh segment. 

This expression for the current can then be substituted into the integral equation and it can be 

s h o w  [20] that this replaces the integral equation with the following set of N simultaneous 

linear equations 

In this equation, Y, represents the complex voltage appearing at the mth segment and Z,, is 

the mutual impedance between the segments m and n. 

Equation (3-19) c m  be rewritten in matrix form, which leads to the existence of the N 

by N impedance matrix that completely characterizes the geometry and environment of the 

structure. The way in which the surroundhg medium is charactenzed for a given structure is 

diflerent for both simulators. In HP Momentum, the substrate is fully characterized by 

electric and magnetic Green's functions [21], while Sonnet uses a FFT (Fast Fourier 

Transfomi) analysis technique to account for the different Iayers in a 3-D structure [19]. 

Once this rnatrix is deterrnined, and the excitation is set up, meaning the complex voltages 

are defined for each segment, then it is possible to solve for the only remaining unknown in 



(3-19), the cwent vector. Once the currents are lmown then the desired parameters, Le., Y-, 

2-, or S- parmeters, can be found. 

3.2.2. Disadvantages of EM Simulaton 

The major drawback of these EM simulators is the time it takes to calculate a 

solution, especially over a wide range of frequencies. In general the analysis time is on the 

order of N so for electrîcally large structures this time can be prohibitively long. For the 

designs analyzed in the coune of this research, the average analysis time was on the order of 

2-4 days on a Sun Sparc 10. 

The time and the complexity of the analysis also depend on the way in which the 

structure is meshed. For HP Momenhun, the cells are individually sized so that small cells 

are used only where necessary. This method can greatly reduce the total the number of cells, 

and cm make larger structures more feasible to simulate. For S o ~ e t ,  the metalization levels 

are divided up by a set grid space, which rneans that it takes very long to arrive at a solution 

for large structures with mal1 elements. For instance, if an RDC has a resistive strip width 

w, of 50 pm then the largest possible ce11 size in the direction along the length of the coupler 

is also 50 Pm. If the coupler's total length is 100 mm then each of the main lines consist of 

at l es t  2000 cells. This means that the smallest impedance matrix possible will contain 

around 4 million elements, which makes the computational time much too long. Due to these 

different meshing approaches, there are some couples presented below that could only be 

simulated with HP Momentum. 

3.3. Time-Domain Simulations 

The fiequency response alone cannot fully describe the performance of a coupler, 

especially when pulse fidelity is one of the main objectives. The the-domain simulation 



indicates how a 

output pulse at 

environment. 

coupler would respond to 

each port clearly shows 

an arbitrarily shaped input pulse. The resulting 

how useful the coupler would be in a digital 

With the fiequency response already found, it is a simple procedure to simulate the 

tirne-domain behaviour of the coupler. This procedure is outlined in the 80w chart shown in 

Fig. 3-4. The output pulse 

the convolution of the 

impulse response of the 

at each port is given by 
Digital 

input pulse with the (-) (y) 
in the fiequency domain where the convolution 1 

pathway between the - 

integral becomes a multiplication of the two 

corresponding fiequency specinims. In this case, 

input and the output port of interest. The resuits 

Multiply each of 
the S-parameters 
by the FFT of the 

Pulse 

Obtain Oevice 
S-Parameters Calculate FFT of 
E, the Pulse 
Theoretical Model) 

the fkequency specmim of the impulse response of A 

of this convolution can be more easily calculated 

the pathway between port #1, the input port, and 

the port of interest, the output port, is the 

appropriate S-parameter. There fore, the 

fiequency spectnim of the input pulse should first 

Take the real part 
of the IFFT 

( Output Pulses ) 

Figtire 3-4. Procedure for time-domain 
be found through the use of the Fourier transfomi, simulations. 

and will be tmcated at the highest ftequency at which the coupler was simulated. Then, this 

spectrum is multiplied by each of the four S-parameters, Si 1, Szi, S3i, and SJI. By taking the 

real part of the inverse Fourier transform of each of the results the output pulse for each port 

can be found. 



3.3.1. Input Pulses 

In designing an RDC the frequency range of interest must k t  be determined. The 

most important criterion is the fact that the main purpose for this coupler design is to provide 

pulse fidelity in a digital environment. This means that the frequency range of operation 

should be sufficient to cover the significant portion of the fkequency spectrum of the digital 

pulse being used. However, to reduce the cornputer simulation time the highest frequency of 

interest should be minimized. 

1 3  

1 2 -  - Ongin~i Signal 
-- 

I I - .  
S b ~ t  Wim Tninatad Spectrum 

1 -1 O 8 + 

0.8 --- 
z O.? .- -- 

lime (ns) 
Cb) 

Frcquency (GHz) 

Figure 3-5. Input pulses and their fkequency spectnims. 
(a) Rise and Ml time = 0.05 ns, Total duration = 0.5 ns 

(b) Rise and fall time = 0.03 ns, Total duration = 0.25 ns 



It is important to £kt understand what constitutes the signifiant portion of the 

frequency spectrurn of the pulse. In the design process of the couplers presented here, two 

rectangular pulses were considered. These pulses, along with their fiequency spectra, are 

s h o w  in Fig. 3-5. It can be seen that for the longer pulse the fiequency content above 

16 GHz has an amplitude less than 0.7% of the spectnun's maximum value, while for the 

shorter pulse this amplitude is larger, and is 6.5% of the maximum value. Also shown in 

Fig. 3-5 are the pulses that have been reconstmcted from spectrums that were tnincated at 

16 GHz. For both pulses, the distortion as a result of this truncation is small enough that they 

retain their original charactenstics. It is clear then, that for both pulses of interest a 

maximum simulation fiequency of 16 GHz will provide sufficient coverage of the pulse's 

frequency spectrum. 

The critical frequency of a pulse is a useful parameter for discussion of the pulse's 

fiequency s p e c t m .  This critical fiequencyh will be d e h e d  as the frequency at which the 

spectnim first reaches a value of zero. For the longer pulse, /o o 2.23 GHz, while for the 

shorter pulse,fo z 4.55 GHz. What is interesting about these fiequencies, is that over 63% of 

the total spectral energy is contained below them, Le., in the range DC +/o. This shows the 

importance of that fiequency range in the design of devices that are fed with rectangular 

pulses. 

3.4. Jenkins and Cullen's Resistive Directional Coupler 

As an example of the methods of coupler andysis presented here, a coupler presented 

by Jenkins and Cullen [3] will be exarnined. This will also give a perspective on the research 

of RDCs presented here with respect to the only known evidence of related work. The 

example design that they presented was the beginning point for the work of this thesis, but 



their focus was strictly on the fiequency-domain behaviour of the RDCs. In this research, the 

tirne-domain responses of the RDC designs were also examuied. With this added analysis, it 

will be shown that the time-domain performance of Jenkins' design example is poor and that 

improvernents can be made. 

The design parameters of Jenkins' coupler are shown in Table 3-2. The coupler's 

layout is similar to the general one showed in Fig. 1-3 except that the strips are uniformiy 

spaced dong the length of the coupler with a strip-to-strip spacing of 1.4 mm. The coupler's 

main lines were made fiom gold, and it was fabncated on a ceramic substrate, which was not 

specified exactly in their paper. For the analysis here, it will be assumed that the substrate 

was the common 99.5% alumina substrate that has a loss coefficient of 0.0002. 

Table 3-2 Design Parameten of Jenkins' Coupler 

-- 

The fiequency-domain results for this coupler design are show in Fig. 3-6. In 

addition to the results fiom the methods of analysis outlined above, Le., using the theoretical 

mode1 and an EM simulator, the experimental results presented by Jenkuis and Cullen are 

also included. Al1 of the simulated results match up quite well with the expenmental values 

except for the higher kequency portion of ISi Jenkins and Cullen note that this may be due 

to additional reflections in the experimental set-up due to the transition f?om the SMA 

comector to the microstrip h e .  

This coupler's fiequency response is a good example of the general behaviour of an 

RDC. Both ISl and IS3iI start out at a fairly hi& DC value and then taper off to lower, more 

reasonable values at higher fiequemies. Also, IS21 1 and (S4i 1 act very similarly to each other, 

- 

w 
main line 

width 

0.62 mm 

h 
dielectric 

height 
0.635 mm 

s 
main line 
spacing 
1.4 mm 

Er 
dielectnc 
constant 

9.8 

W r 
resistive 

strip width 
0.26 mm 

Rso 
sheet 

resistance 
50 Wsa 

M 
number 
of strips 

22 

Lm 
total 

length 

30.8 mm 



in that they stay relatively 

drop for the second half. 

flat over the h t  half of the fiequency range and then steadily 

It should also be noted that the small oscillations, which are 

observed in the (S 1 1 and (S3 1 characteristics, correspond to Lm, = )c/2 . 

The time-domain response of this coupler is shown in Fig. 3-7. The reflection from 

port #1 is quite large and would cause significant interference with any subsequent incoming 

pulses. Even though the isolated output pulse at port #3 is somewhat distorted, it almost 

reaches the same maximum amplitude as the coupled output pulse at port #4. This shows 

that this coupler has very little "pulse directivity" with the only distinction being the rounded 

edges of the pulse at port #3. It should also be noted that the output pulses at ports #2 and #J 

Fmquency (GHz) 

Fmquency (GHz) 

Frequency (GHz) 

1 
O 2 4 6 8 10 12 14 16 

Frequency (GHz) 

Figure 3 4 .  S-parameters for Jenkins' resistive directional coupler. 



are quite good representations of the input pulse, indicating good pulse fidelity for this 

coupler. 
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Figure 3-7. Time-domain response of Jenkins' 
resistive directional coupler. 



Chapter 4 

RESISTIVE DIRl3CTIONAL COUPLER DESIGN 

The main objectives for an RDC design are pulse fidelity, directivity, level of 

coupling, and total allowable losses. These objectives will be introduced and in particular, 

the method of quantifjing pulse fidelity, and the concept of pulse directivity will be 

discussed in detail. With these goals in mind, specific design guidelines will be presented 

that outline the effects of various parameters on the coupler's performance. These guidelines 

will be used to develop a procedure for synthesizing RDC designs to meet a given set of 

specifications. This procedure will then be applied to a variety of coupler designs for both 

stripline and microstrip environrnents. 

4.1. Design Objectives 

4.1.1. Pulse Fidelity 

True pulse fidelity results in perfect replication of an input pulse to the desired 

destinations within a device. In a directional coupler there are two destinations of interest, 

namely the through port (port #2) and the coupled output port (port M). In reality it is 

impossible to achieve perfect replicas, so the goal becomes achieving pulses that will reliabl y 

carry on the information to other devices within the system. 

This notion of pulse fidelity is a useful one because it eliminates the need for any 

post-processing of the coupled signal. As was shown in the Introduction, for most directional 

couplen the coupled pulse is proportional to the derivative of the input pulse. This results in 

two pulses of opposite polarity that indicate when the edges of the input pulse occur in tirne. 

The original pulse can then be reconstmcted fiom this information, but this adds a certain 

amount of complexîty to the circuit. 



4.1.1.1. Scale of Pulse Fidelity 

In order to be able to specify the required level of pulse fidelity, it is important to be 

able to quantitatively characterize a coupler's fidelity performance. To achieve this, a "scale 

of pulse fidelity" will be presented here, with the intention that it provide a good indication 

of how accurately the input pulse is replicated at the three output ports. 

For each output signal, the degree to which it represents the input pulse can be 

determined by a correlation coefficient. This coefficient can be calculated for each instant in 

time fkom [22] 

where r(r) is the cross-correlation of the two signals si(t) and sz(t), and p(r) always lies 

between O and 1. Once p ( ~ )  is detemiuied over the appropnate time interval, its maximum 

value is used to represent the fidelity of the output pulse. It has been observed that when the 

maximum correlation coefficient falls below 0.6 the output pulse that it corresponds to is 

significantly distorted and spread out in time. For this reason, the "scale of pulse fidelity" 

will be a re-scaled version of the maximum correlation coefficients, with 0.6 being mapped 

to zero. This will allow greater resolution in the scale so that a clearer picture of what the 

output pulse looks like c m  be obtained. 

To give the reader a feel for this scale, a number of pulses, along with its scale value, 

which will be temed the fidelity value, are presented in Fig. 4-1. AI1 of these output signais 

were compared to the pulse shown in Fig. 3-5(a), which had a rise and fa11 t h e  of 0.05 ns 

and a total duration of 0.5 ns. In the graphs shown, only the time scale has been included, 

because the correlation coefficients are normalized by the signal amplitudes. 
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Figure 4-1. Example pulses along the scde of pulse fidelity. 



In fact, the fidelity value is reaily a measure of how much the output pulse has been spread 

out in t h e .  For example, the pulse with the lowest fidelity value, 0.001 1, shown in Fig. 4-1 

still maintains some resemblance to the input pulse. However, its duration is five times 

longer than that of the input pulse, resulting in its low fidelity value. In characterizing the 

fidelity perfomance of an RDC, the value attributed to this output signal would be accurate 

in its implication to the designer. This is because, the higher level of signal distortion leads 

to a signal which is more spread out in t h e .  

Although the degree of pulse fidelity is a choice of the designer, a general guideline 

that the fidelity value should be greater than 0.97 to achieve good pulse replication cm be 

inferred from Fig. 4-1. For the isolated pulse, sufficient distortion occurs for fidelity values 

below 0.4. 

4.1.2. Directivity 

Another important objective of an RDC is to achieve a certain level of signal 

directivity between the two coupled ports. 

defined by the difference between the 

coupling to the two ports of the coupled 

line and is usually specified for a certain 

bandwidth. However, this detùiition does 

not shed any light on the performance of 

the RDC. This is because the conventional 

directivity is essentially a fkequency 

parameter, while the domain of most 

interest in the RDC is the time domain. 

Most cornmonly, the directivity for a coupler is 

0 2 4 6 8 10 12 14 

Frequency (GHz) 

Figure 4-2. Conventional definition of 
directivity for Jenkins ' coupler. 



For example, the conventional directivity, defined as 20 log,, Is,, /S3, 1 , for Jenkins' coupler 

discussed in Chapter 3 is shown in Fig. 4-2 as a function of fiequency. Over the range of 

6 GHz- 12 GHz it could be said that the coupler maintains a directivity of 14 dB + IdB. 

Although that is not a very good directivity, it still does not convey how poor the directivity 

of the coupled pulses is in the tirne domain, as was s h o w  in Fig. 3-7. 

4.2.2. I .  Pulse Directrctrvity 

As an alternative definition to the standard one, the directivity will be detennined 

from the energies contained within the two coupled signals. This eliminates the need to 

specif/y a bandwidth for the directivity and gives a clearer physical insight into the operation 

of the RDC. 

To caiculate the energy of a signal, the signal's power must first be determined. To 

do this a 50 C2 termination for al1 the ports is assumed. With this assumption, the 

instantaneous power of the signal at port n can be written as 

v: 0) P. ( t )  = - 
50 

Since energy is related to power through an integral over a certain time interval, the signal's 

energy can be written as 

where after the tirne to the value of the signal remains zero. 

Once the signal energies are found for both the coupled ports, the energy directivity, 

in decibels, c m  be defined as 



and this will be the definition used to characterize the coupler designs presented in this thesis. 

However, this definition produces rnuch lower directivities than are normally associated with 

good directional couplers, e.g. 15 dB -+ 40 dE3. Instead, energy directivities on the order 

4 dB + 10 dB will represent couplers with good directional performance. 

4.1.3. Coupling Level 

Tliz coupling kvel is m e  of thc inost iiportaiit qecificatiofis of a dir:c:icr,a! 

coupler. In a coupler where a pulse is the signal of interest, the DC coupling value 

determines the coupling level. This is because the Ievel of the flat top of the coupled pulse is 

ody affected by the coupling at DC. 

To determine an expression for the coupling level in terms of the coupler parameters, 

the coupler must be analyzed at DC. To this end, an RDC can be charactenzed at DC by a 

simple resistor network, like the one s h o w  in Fig. 4-3. In this figure, R,, is the total 

resistance between the two main lines and is calculated from the parallel connection of al1 of 

the resistive strips. In terms of the coupler's geometrical parameters this total resistance c m  

I ~ 4 ,  
R,, = -- 

M wr 

where it has been assumed that al1 the strips are the same. 

Port #2 

R, = Zo 

+ pin 2 + 
v i = l  V Vin pin) 

- 
u 

Figure 4-3. DC equivalent circuit of a resistive directional coupler. 



The c o u p h g  level is determined by analyzing the circuit shown in Fig. 4-2 and 

solving for the voltage v,. The reflection coefficient at port #1 can be determined ffom the 

DC input impedance of the coupler, and is thus written as 

It can be nored that to minirnize the rerlection of the input puise, R,, shouid be mauimized. 

Once pi,, is found then v, follows from voltage division, and since the input voltage is I V, 

the coupling in dB can be written as 

This equation cm be used to determine the necessary R,, for a given coupling level. Once 

this is set, the necessary values of the geometrical parameters can be determined from (1-5). 

4.1.4. Losses 

Although there are considerable losses associated with the use of an W C ,  one rnay 

want to specify the maximum possible loss for a coupler design. This means that the value of 

the total loss should be monitored throughout the design procedure. To do this, the energy 

that appears at each port should first be found so that the total output energy is known. To 

detemine the percentage of the input energy that is lost, the total output energy is subtracted 

frorn the energy contained within the input pulse. Although this may not be an exact analysis 

by considering the individual loss mechanisms of the coupler, it does provide a good sense of 

how the design perfonns. 

As WU be seen later, there is generally a tradeoff between lower losses, and good 

directivity and fidelity performance. AIso, as Jenkins and Cullen showed in [3, see Fig. 31, 

the losses increase as the coupling becomes stronger. In fact, for an RDC that has 3 dB 



coupling, rneaning in the lossless case the input power would be shared between the through 

port and the coupled port, the losses rise to 3 dB. This means that the actual coupling to port 

#4 is only 6 dB. 

4.2. Design Guidelines 

In ordet to understand how to design an RDC a study of the effects of the individual 

design parameters was done. For a general stripline coupler design, each parameter was 

swept over a reasonable range and for each value the coupler response was simulated using 

the theoretical model. Calculating the distortion of the signals at ports #2, #3 and #4. the 

directivity, and the distribution of energy throughout the coupler Fully characterized the 

coupler's performance. The fact that the results over wide parameter ranges were so quickly 

obtained signifies how usefbl the mode1 was, as compared to the hll-wave EM simulators. 

The results of this study for this design proved, with further research, to be indicative of how 

these parameten affected the coupler performance in general. For this reason, these results 

will now be presented for the parameten that made a noticeable difference in the coupler 

performance as they were changed. 

4.2.1. Design Parameter Effects 

The parameters M, s, w ,  and Lm, were found to have a sigmficant effect on the 

coupler performance as their values were changed. For each test of the parameters, the total 

resistance RtOt was kept constant as the parameter values were swept. This ailowed the 

performance of each design to be properly cornpared to the designs generated by other values 

of the same parameter. To achieve this constant R,,, Rso was changed for the studies of the 

parameten M, s, and w,. 



The coupler design, upon which these parameter tests were based, is given by the 

design parameters shown in Table 4-1. The coupler was implemented in a stripline 

environment so that the effects of the inhornogenous dielectric did not need to be considered. 

It should also be noted that the dielechic and conductor losses were neglected in this analysis 

due to the fact that these would be considerably smaller than the losses of the resistive strips. 

Table 4-1 Design Parameters of the Stripline Coupler Used for the Parameter Tests 

w b s Er wr Rm M Lot 
main line ground plane main line dielectric resistive sheet number total 

width spacing spacing consrnt strip width resistance of strips length 

0.24 mm 1.27 mm 0.8 mm 9.8 0.05mm 50Wsa 20 60 mm 

4.2.1.1. Esects on Pulse FIdelty 

Figure 4-4 shows the effects of M, s, w,, and Lm, on the coupler's pulse fidelity. It can 

be seen fiom Fig. 4 4 a )  and 4-4(b) that as LM and s increase there is initially a large drop in 

the fidelity value of the pulse at port #3. During this initial penod, the fidelity values of the 

through pulse and the coupled pulse stay relatively constant. This means that it is possible to 

achieve good pulse replication at ports #2 and #4 and good pulse distortion at port #3. Afier 

this period, as M and s are increased M e r  the fidelity of the pulses at port #2 and #4 drops 

below acceptable values, Le., ~ 0 . 9 7 .  It should be noted that the increase of s has a more 

profound effect on these pulses than does the increase of M. 

In the fiequency domain, these effects of increasing M and s were observed by the 

becomes electrically larger its attenuating factor has a significant effect over a wider range of 

fkequencies. This causes the higher fkequency portions of the pulse to be diminished leading 

to rounded pulses and eventually total loss of their rectangular shape. 
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Figure 44. Effects of M, s, w ,  and L,a, on the pulse fidelity of the coupler. 

However, if an attempt is made to improve the fidelity by using small s values the 

close spacing of the main lhes will lead to large EM coupling at port #3. Table 4-2 shows 

the EM coupling values for a variety of Iine spacings in both stripline and microstrip 

environments. These values were determined fkom (2-29) which expresses the coupling 

coefficient in tems of the even and odd mode irnpedances of the coupler. It can be seen that 

if IS3iI is to be kept below 40 dB to create a certain level of directivity for a weak-coupling 

stripline RDC then s must be greater than 1.5 mm. This large s may then reduce the fidelity 

of the coupler, highhghting the trade-off between fidelity and directivity that is present in the 

design of an RDC. 



Table 4-2 Approximate Coupling Values for Various Edge-to-Edge Couplers 

I I Strip iine I Microstrip I 

-- - 

The effects on the pulse fidelity of the two parameten w, and L,  are shown in Fig. 4- 

4(c) and 4-4(d), respectively. To 3c.chiwe good pulse fidelity for ports tt2 md 4, M), sho~lld 

be kept as small as possible. However, manufacturing tolerances may limit the extent of 

which w, can be minimized. It is interesting to note, that the total coupler length does not 

degrade the pulses at ports #2 and #4 much at dl. This allows the length to be increased so 

that the pulse seen at port #3 becomes more distorted. However, in today's microwave 

circuits real estate is at a premium and therefore the requirement of long lines, on the order of 

50 mm - 200 mm, may not be able to be met. Indeed, the need for long lines is one of the 

major disadvantages of the RDC. 

Couphg 

4.2.1.2. The Effeecis on Directivi~ 

For an RDC the most difficult objective to achieve is directivity. This is because at 

DC the coupler looks like a simple resistor network and there is no distinction between ports 

#3 and #4, as can be observed fiom Fig. 4-3. The only way to produce a directive effect is by 

distorting the pulse at port #3 while maintainhg good input pulse replication at port #4. 

To see how this distortion cornes about, it is important to understand the make-up of 

the signal at port #3. As was discussed in Chapter 2, for forward couplen with direct 

connections the backward coupled signal is a result of the addition of many different signals, 

one for each of the resistive strips, as well as the contribution fiom EM coupling. The 

sipals contributed fiom the strips have each traveled different path lengths due to the 

placement of the strips. Therefore, it should be expected that a coupler with many resistive 

(w = 0.24mm, b =  1.27mm, ~ , = 9 . 8 )  1 (w =0.62 mm, h =0.635 mm, E,= 9.8) 
r 

Spacing between coupled lines (s) 
1 . 5 m  0.8mrn 2mm 0.lm.m 

-8 dB 
1 . 2 m 1 . 5 m m  

-20 dB -33 dB -39 dB -8 dB -19 dB -25 dB -34 dB j 
0.1mm 0.6mm 



strips that are spaced far apart fiom each other would result in many signals with large phase 

differences, which would increase the distortion of the signal at port #3 and thus increase the 

direc tiviîy . 

The characteristics of the effects of the design parameters on the coupler directivity 

are shown in Fig. 4-5. In Fig. 4-5(a), it cm be observed that above a certain value for M 

there 1s not much improvement in the direcriviy This is a surprising rrsuil since ii was 

thought that the increased distortion of the signai at port #3 due to the addition of more strips 

would cause the directivity to increase as well. However, as more stnps are added the 

distortion of the pulse at port #4 increases as well, resulting in a directivity characteristic that 

levels off. 
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Figure 4-5. Effects of M, s, w, and L ,  on the directivity of the coupler. 
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A s f i l a r  profile for the effect of s on the dkectivity can be see in Fig. 4-5@). In this 

case, the directivity reaches a maximum value and then drops slightly as s is increased 

furthet. The negative values of the duectivity observed for small values of s, indicate the 

strength of the EM coupling is diverting most of the coupled energy to port #3. The effects 

on the directivity of M and s indicate that there is most likely a combination of these two 

parameten that will rnaxirnize the coupler directivity. Lndeed, as ml1 be apparent later in the 

design procedure of the RDC designs, this is the case. 

From Fig. 4-5(c), the effect of w, on the directivity can be seen. A1thoug.h there is a 

peak that is reached, the changes in the directivity are very small. This indicates that as w, 

increases, both of the coupled signals are affected in the same way resulting in a nearly 

constant directivity profile. 

On the other hand, as cm be seen in Fig. 4-S(d), the total length of the coupler has the 

greatest effect on the directivity observed thus far. h fact, it appears that the directivity 

would continue to improve if the length was increased further. 

As was mentioned above, longer couplers c m  Iead to improved directivity due to the 

increase of phase differences beh~een the signals that appear at port #3. Another perspective 

of why long couplers lead to irnproved directivity at port #3 can be obtained by exarnining 

the fiequency-domain response of the coupler. It has been mentioned in Section 3.3.1 that 

when the signals of interest are rectangular pulses the most significant fiequency range is 

fiom DC tofo. This means that within this range ISIII should be a low as possible, while ISJiI 

should ideally be flat. 

The DC values of both of these S-parameters are equd according to the desired level 

of coupling, as was shown in Section 4.1.3. Therefore, IS3~I  should drop rapidly, with respect 

to kequency, from this DC value. As was mentioned in Section 3.4, the oscillations that are 



present in the IS3,1 characteristic are a function of tke total coupler length. Therefore, as the 

length of the coupler increases the resonant fiequency decreases and IS3,1 changes more 

rapidly . 

It has been observed that generally IS3,1 will drop to an average value that closely 

corresponds to the strength of the EM coupling present between the two main lines. This 

shows rhat the coninbutions irom the resistivr: strips io Lhz isolatzd port signai tend to çaiiçél 

each other out, or at least reduce their combined effect, at higher fiequencies. 

4.2.1.3. Effects on Disseated Energy 

In Fig. 4-6, the c w e s  of most interest are the ones that represent the dissipated 

energy of the coupler. For each of the parameters, the amount of lost energy increases as the 
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Figure 4-6. Effects of M, s, w, and Lm, on the dissipated energy of the coupler. 



value of the parameter increases. In particular, it is important to keep s and w, small, as they 

have the greatest effects on the dissipated energy. On the other hand, Lrol has quite a small 

effect on the dissipated energy, as there is only a 10% increase for this case. This allows a 

greater degree of fieedom to use longer lengths in the coupler design. 

4.2.2. Microstrip Considerations 

Up to this point in the guidelines it 

has been assurned that the structure is 

operating in a homogeneous medium, so it 

is important to examine the differences for 

the inhomogeneous medium of microstrip. 

The prirnary difference, which was first 

discussed in Section 2.1 A.2, is the fact that 

the even and odd mode phase velocities 

are no longer equal. For this case, the 

forward EM coupling becomes stronger as 

Lm, increases, which inhibits the ability to 

use long coupler lengths to achieve good 

levels of directivity. This is because, the 

unwanted EM forward coupling leads to 

severe distortion of the coupled pulse, as is 

illustrated in Fig. 4-7. The solid h e s  in 
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Figure 4-7. nie  lSlll characteristics and the 
forward coupled pulses for identical 

microstrip and stripline couplers. 

both graphs show how a striptine RDC with a total length of 100 mm performs in tems of 

coupling in the forward direction. If the same design is irnplernented in a microstrip form the 

coupled pulse would appear as the one shown in Fig. 4-7(b). The high fiequency 



components overpower the Bat top of the pulse. It can 

be noted fiom Fig. 4-7(a) that for the an RDC, the 

forward coupling no longer reaches O dB due to 

portion of energy dissipated in the resistive strips. 

These results show how difficult it is to design 

a microstrip RDC. Without the abiiity to use iong 

lengths, the maximum achievable directivity is 

decreased and the range of possible couplings that c m  

be synthesized is consequently reduced. 

4.3. Design Procedure 

With a thorough understanding of how the 

various design parameters effect the desired 

objectives, it is possible to easily synthesize RDCs 

given a set of specifications. The general design 

procedure is presented in the flow chart shown in Fig. 

4-8. 

From the desired coupler characteristic 

impedance Zo, and depending on the substrate being 

used, the width of the main lines w cm be determined. 

For this caiculation, an educated guess cm be made 

fors to h d  Zo. However, due to the fact that the EM 

coupling d l  usually be quite small, the value of Zo 

will change very little when s is optimized later. 

Specifications 
Directivity, 

Fidelitv Value. 

Sweep over M 
with initial s 

Sweep over s 
for best M 

Sweep over L,, 
to set directivity 

with theoretical 
model and EM 

Figure 4-8. Design procedure for 
an RDC. 



The next step is to decide upon a reasonable value for w ,  c o n s i d e ~ g  the limitations 

of the manufacturing process as well as the fact that for pulse fidelity and dissipated energy 

w, should be kept as smdl as possible. With this value of w ,  it is possible to then sweep 

over a range of values for M using the estimate made for s above, as well as an estimate for 

the total length &,, both of which will be optimized Iater. From this sweep, the M value that 

provides the desired performance, e.g., maximum directiviry, can then be useci to sweep over 

a range of values for S. Once the value of s is set, then R, can be determined from the 

desired level of coupling by using (4-5) and (4-8). If this value is not physically realizable, 

then w, should be adjusted to reach a reasonable value for the sheet resistivity. Finally, since 

the value of L ,  only significantly affects the directivity, it can be set such that the specified 

directivity is obtained. 

4.4. Resistive Directional Coupler Designs 

Using the generd guidelines descnbed above designs for both stripline and microstrip 

environrnents were synthesized. An initial design was developed and then the theoretical 

mode1 was used to optimize the design parameters. The theoretical performance of the final 

design was then validated against results obtained by the two EM simulators. 

4.4.1. Stripline Couplers 

As outlined above the even and odd modes in a stripline environment travel at the 

sarne velocity. This means that no matter how long the coupler is there will never be 

complete fonnrard EM coupling. This pennits longer coupler designs, which can improve the 

directivity while maintaining a flat IS4,1 response. Therefore, a stripline design c m  minirnize 

the tradeoff between directivity and fidelity, For example, in designs where strong coupling 

to port #4 is desired, Le., IS4i 1 is large (>- 1 5 dB), there is more fkeedorn in the design due to 



the relaxation on the need to suppress IS3,1 to achieve good directivity. However, for weak 

coupling designs there are greater restrictions on the design parameters. 

4.4.1.1. 20 dB Coupler 

The first stripline RDC design that will be presented is one in which the output pulse 

at port #4 contains only 1% of the energy of the input pulse. The coupler's design 

parameters are presented in Table 4-3, and its topology is similar to the one shown in Fig. 1- 

3, but the resistive strips are uniformly spaced. 

Table 4-3 Design Parameters for the 20 dB Stripline RDC 

- 

The fiequency-domain results for this coupler are show in Fig. 4-9. The results 

obtained from the theoretical mode1 match up very well with the simulated results. It can be 

seen that IS3iI starts out at its DC value of -20 dB and then drops down to between -40 dB 

and -45 dB, which is the strength of the EM coupling given in Table 4-2 for these 

dimensions. The forward coupling parameter, ISsil, drops off quite quickly with kquency, 

and this is a result of the reasonably large s value. However, both ISail and ISZi 1 stay constant 

enough over the fiequency range of interest to produce good pulse fidelity. 

The sharp resonances observed in each of the S-parameters occur at frequencies that 

correspond to the strip-to-strip spacing, Li, behg a multiple of a half-wavelength. At these 

fiequemies, the signals travelling in the backward direction on the coupled line reinforce 

each other at port #3. This results in the notches seen in ISdiI and the peaks observed in ISsil. 

The peaks in ISiiI are due to the addition at port #l of the reflections fiom the main line to 

stnp co~ections.  
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Figure 4-9. S-parameters for the 20 dB stripIine coup lm. 

As will be shown in the next coupler design, it is possible to eliminate these 

resonances by spacing the strips non-unifomly dong the coupler, as is shown in Fig. 1-3. 

However, it has been fond that these designs result in lower directivities because the 

average values of IS3iJ and ISiil over the fiequency range are larger than when the strips are 

uniformly spaced. 

The time-domain results for this coupler are shom in Fig. 4-10. Included with each 

pulse is the percentage of the input energy that is contained within that pulse. The amount of 

dissipated energy and the coupler's directivity are also presented in the graphs. 
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reflected from port #3, Le., port #3 was left open circuited, it would not interfere rnuch with 

the forward coupled pulse. To show this, the the-domain simulations were recalculated 

with port #3 left open circuited. These results are shown in Fig. 4-1 1, and it is clear that port 

#3 could be left unterminated without any senous pulse degradations. 

4.4.1.2. 1 l dB Coupler 

The goals of the second stripline design are to provide stronger coupling to port #4 

with excellent pulse fidelity. The coupler uses non-uniformly spaced strips as well as a srnall 

main line spacing s to provide the pulse fidelity, with the consequence being a reduction in 

the maximum achievable directivity. However, this coupler will be designed for the shorter 
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Figure 4-12. S-parameters for the 11 dB stnpline coupler. 



pulse, as shown in Fig. 3-5(b), which will allow a very good directivity to still be obtained. 

The parameters for this design are outlined in Table 4-4. The spacing of the resistive strips 

follow a linear profile, starting at 20 mm, decreasing with each strip by 4.5 mm to 2 mm, and 

then increasing by 4.5 mm back to 20 mm. 

Table 4-4 Design Parameters for the 1 1 dB Stripline RDC 

I Non-uniform resistive strip spacing: 20 mm + 2 mm + 20 mm 

- 
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4.4.2. Microstrip Couplers 

As was discussed above, microstrip couplers are much more difficult to design due to 

the unwanted forward EM coupling. However, with the addition of the resistive strips to the 

coupled microstrip h e s  the coupling in the forward direction no longer reaches O dB due to 

the losses in the resistive sû-ips. Therefore, by increasing these losses, the maximum EM 

coupling can be reduced. The design of ths type of coupler becomes a matter oiequaiizing 

the EM forward coupling and the DC coupling to produce a ISdiI profile that is as Bat as 

possible. However, in practice it is quite difficult to completely flatten out the lSjll reçponse. 
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Figure 4-14. S-parameters for the 8 dB microstrip coupler. 



Table 4-5 Design Parameters for the 8 dB Microstrip RDC 

4.4.2.1. 8 dB Coupler 

A strongly coupled microstrip RDC with uniform strip spacing was designed and has 

the design parameters outlined in Table 4-5. The S-parameter results are shown in Fig. 4-14. 

seen that 

gradua11 y 

oscillate around -25 

ISiiI 

&op to 

dB. The 

increases in ISi 1 1  and IS3iI at 

higher frequencies are not 

cntical when compared with 

the fiequency spectrum of the 

digital 

Section 

lS2d are 

pulses discussed in 

3.3.1. Both ISail and 

relatively Bat over the 

fkequency range of 

However, the effect 

forward EM coupling 

interest. 

of the 

cm be 

seen by the nse of (S4iI in the 

middle of the fiequency band. 

The output pulses at the 

Percma~c of Tnput Energy : 10094 
- Rcsistive toss: 37.3% 

Pon 82 - M q n  PULSO 
12 
10  

5 as Pcrccnugc o f  Input Encrgy: 35.194 

Figure 4-15. The-domain response for the 8 dB 
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four ports are show in Fig. 4-15. The pulses appearing at 

ports #4 and #2 are good representations of the input pulse. Although, the pulses at ports #1 

and #3 stilI have large amplitudes despite the fact that they are significantly distorted. 



Chapter 5 

FUTURE WORK AND CONCLUSIONS 

5.1. Future Work 

5.1.1. Isolated Port Terminations 

It was found that in order to achieve good isolation at port #3, a long coupler length 

was required. In these cases, and especially for the stripline couplen, the signal that 

appeared at port #3 was small enough that this port could be left open-circuited. However, if 

port #3 could be properly terminated without the use of vias or wrap-around straps then the 

need for long couplers could be minimized resulting in couplers with more reasonable 

lengths for common use. 

In [18], Buoli presented an open-circuited resistive temination that could provide a 

real input impedance over a wide range of frequencies. This real input impedance was 

created by penodically loading a length of resistive transmission line with open-circuited 

resistive stubs. Since a resistive matenal is already being used in the RDC, this may be an 

excellent way of terminating port #3. Preliminary studies have shown that the signal can be 

attenuated by such a t e d a t i o n ,  but M e r  study is needed to prove its feasibility. 

5.1.2. Phase Velocity Compensation for Microstrip RDCs 

nie difference between the even and odd mode phase velocities in a microstrip edge- 

to-edge coupler was shown to have caused a degradation in the coupler's performance. The 

idea of equalizing these two modal velocities to improve the dkectivity has been a popular 

topic of shidy for many researchers. The general concept is to alter the coupler design in 

such a way that only the odd mode is affected, thus slowing it dom.  One of the simplest 



ways of doing this is to place a capacitive element between the two coupled lines. This has 

been show to achieve a large improvement in the directivity [23]. 

A more popular way of velocity equalization is to introduce a wiggle or a saw-tooth 

profile along the inner edges of the two lines. This method has been well researched and 

docurnented [24] and is preferred due to the fact that it can be irnplemented using planar 

manufacturùig techniques only . 

With further research, these methods could also be applied to the microstrip RDC. 

This would allow a greater variety of attainable coupling levels and could vastly improve the 

coupler's directional characteristics. 

5.2. Conclusions 

The review of the coupling theory illustrated the mechanisms that led to backward 

and forward coupling in parallel-coupled lines. It was later observed that both of these 

mechanisms were present in an RDC, and that both of them had to be considered in the 

design process to achieve the desired coupler characteristics. 

The methods of analysis of an RDC design for both the frequency and time domains 

were introduced. The theoretical model that was derived is more general than the previously 

published model. The present model can analyze coupler designs made up of individual 

cells, meaning the ce11 length or the strip contained within the ce11 could Vary along the 

coupler. This mode1 was validated for a number of coupler designs using two commercially 

available EM simulators. 

With the ability to rapidly analyze coupler designs using the theoretical model, a 

design procedure for an RDC was developed. It was based on the theoretical fiindarnentds 

of the coupler and the effects of each of the design parameters on the fidelity, directivity, and 



the loss characteristics of the coupler. This procedure was used to design two stripline 

couplers with different coupling levels and fidelity values. nie major drawback of these 

designs was the total length needed to produce the high levels of directivity. A microstrip 

coupler design was also presented that improved upon the directivity of the design presented 

by Jenkins and Cullen. However, it has been observed that the forward EM coupling in the 

microstrip environment greatly reduces the flexibility of the RDC design procedure. 
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