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Fig. 8. Propagation constant versus frequency of lines on lithium nio-

bate with b = 4.318 mm, h, = 0.254 mm, h,= 5.08 mm, ~..= 43.0,--
= c,, = 28.0, and pXX = IJYY = I-L=== 1.0.
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Fig. 9. Propagation constant versus frequency of lines on substrate

characterized by eXX = 2.0, CYY= 2.35, and ●zz = 3.50 with b = 4.318

mm, hl = 0.50 mm, hz = 4.834 mm, and w = 0.5 mm. ,4: I.LXX= 2.75,

Pyy = 2.25, P== = 5.00. B: /.LXX= 3.25, pyy = 2.75, p=== 5.513. C: p.. =

3.75, /.LyY= 3.25, IL== = 6.00.

10.0 GHz. The results of this study indicate that anisotropy,

whether electric or magnetic, is important and cannot be ne-

glected, especially at higher frequencies.

IV. CONCLUSION

A rigorous analysis through an application of the spectral-

domain technique for a broadside coupled microstrip line on

anisotropic substrates has been presented. The new expressions

for the Green’s functions for both the even and odd modes are

derived via the transformed fourth-order differential equations.

The numerical solution is obtained by using the Galerkin method

in the Fourier domain. Numerical data for the effective dielec-

tric constant computed by this method agree well with those

previously published for the special case of isotropic substrate.

Effects of anisotropy on shielded lines along the E-plane direc-

tion of the waveguide printed on different uniaxial and biaxial

substrates are studied with respect to different strip widths. It is

observed that generally, for all treated cases, the odd-mode

effective dielectric constant is much more sensitive to changes in

the strip width than that for the even mode, especially when

higher values are selected for the elements of the [c] tensor.

Finally, dispersion curves for both magnetically and dielectri-

cally anisotropic substrates are also generated to illustrate their

effects on the propagation constant of the broadside coupled

line.
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Picosecond Pulse Propagation in Coplanar

Wavegnide Forward Directional Couplers

P. Singkornrat and J. A. Buck

Abstract —The spectral.domain method is used to calculate the fre-

quency-dependent even- and odd-mode effective dielectric constants of

symmetric coplanar wavegoide forward directional conplers. Compar-

isons are made with symmetric micrastrip forward couplers on the !same
substrate that have the same line spacing and access port characteristic

impedance. Results indicate that certain coplanar designs will have
lower loss and greater bandwidth than the microstrip devices. Pkmec-
ond pulse propagation in both structures is studied using the calculated
dispersion data.
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Fig. 1. Coplanar waveguide forward directional coupler: (a) top view;
(b) cross section.

I. INTRODUCTION

Forward-coupling microstrip hybrids have recently been shown

to be attractive for broad-band coupling applications; band-

widths of up to 57% have been achieved using asymmetric

designs [1]. Another recent experiment demonstrated a sequen-

tial waveform generation scheme using a forward microstrip

coupler that was optoelectronically triggered by picosecond light

pulses [2]. All such devices consist of two closely spaced lines,

the ends of which are impedance-matched to the output ports

through curved line sections that provide tapered spacing (Fig.

1). Coupling between the lines can be understood by considering

the electric field distribution as two quasi-TEM modes having

even and odd symmetries (see [3] for electric field configura-

tions). An input voltage wave at port 1 will cross over to port 3

by means of a phase shift that accumulates between the even

and odd modes as they propagate at different velocities down

the length of the coupling region. Complete power crossover can

occur during a single transit.

The present study concerns the use of coplanar waveguide

geometry in the construction of forward couplers and the propa-

gation of short pulses in these structures. It is shown that

advantages over microstrip include greater bandwidth and lower

conductor loss in some designs. The effective even- and odd-

mode dielectric constants are calculated using the spectral-

domain method in a manner similar to that of Davies et al. [4].

Propagation and dispersion of picosecond pulses are studied by

a fast Fourier transform calculation that obtains the outputs at

the direct and crossover ports.

II. DISPERSION AND COUPLING

The coupler geometry is shown in Fig. 1. To reduce computa-

tion time, a rectangular metallic shield is assumed to surround

the coupler. This allows the use of discrete summations, as

opposed to the required integrations that would appear without

the shield. The open structure can be closely approximated if

the dimensions of the shield are large compared with the widths

of the lines and gaps [5], [6]. Coupling between the curved

sections is assumed negligible; only the straight coupling section

of length L is considered.

In the spectral-domain method, the boundary conditions at

y = h and y = h + t and the requirement of zero electric field at

the top and bottom shields are used to obtain the spectral

domain equation.

where G,. are the elements of the

(1)

ivadic Green’s function in

the spect~al domain [4], [7]. ~’ and ~z” are the transforms of the

transverse and longitudinal currents, respectively, In many stud-

ies the procedure at this stage is to assume a current distribu-

tion and to solve for the propagation constants using (l). In the

present device it is more accurate to approximate the electric

fields in the regions between conductors and use the inverse of

(l). The electric fields must be chosen such that they are zero on

the strips and nonzero in the gaps. Longitudinal fields (Ez ) are

assumed zero since their contributions to the effective dielectric

constants are not significant over the frequency range to be

considered [6]. The following closed-form expressions for the

electric field distributions are used:

–1

[(1]

2

EXI = — 3+ +1,
2W1 1

for the odd mode and

—x [()]
2

E,,l = —
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O< IXI<W1 (2)
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W2<IXI<W3 (5)
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Fig. 2. Effective odd- and even-mode dielectric constants of a coplanar
waveguide coupler (solid lines) and a microstrip coupler (dashed lines).
Both devices have access ports with 50 Q characteristic impedance.

for the even mode, where 2S = W3 – W2. These expressions are

similar to those used in [5] except that allowance is made in this

work for different values of WI /S.

The effective dielectric constants of a coplanar forward cou-

pler with 500 access ports on a 100-~ m-thick GaAs (c, = 13.2)

substrate were calculated and are plotted in Fig. 2. This sub-

strate thickness was selected to minimize radiation and higher

order mode losses at higher frequencies. According to [8], a

conservative guideline to avoid all potential problems is to

operate below the cutoff frequency of the TEO mode; i.e., the

substrate thickness should be less than 0.12 Ad, -where Ad is the

dielectric wavelength. Since the GaAs substrate is 100 ~m thick,

frequencies should be equal to or less than 100 GHz. Specifica-

tions of the coupler are E,O = ●,z =1, ~,1 = 13.2, a = 10 mm,

d=10 mm, t=100 pm, h+t=10 mm, WI=15 pm, W2=

225 pm, and W3 = 325 ~m. For comparison, the dielectric

constants of a microstrip coupler with 50 0 access ports on a

GaAs substrate of the same thickness were also calculated using

the spectral-domain method. These results are shown in the

same figure. Both ‘couplers have the same line impedance and

30 pm gap separating the two lines so that coupling and pulse

propagation characteristics can be compared. Conductor losses

for both structures were calculated using [3, eqs. (2.133) and

(7.32)1. For l-pm-thick gold lines, the coplanar coupler has a

conductor loss of 0.6 dB/cm at 100 GHz while the microstrip

coupler has a conductor loss of 1.4 dB/cm at that frequency.

It is seen in Fig. 2 that over the frequency range considered,

the difference between odd- and even-mode dielectric constants

in the coplanar coupler is lower than in the microstrip coupler.

This arises from the greater similarity in the odd- and even-mode

electric field configurations in the coplanar device. Further-

more, the difference between the dielectric constants in the

microstrip coupler increases with frequency over the lower half

of the frequency range, whereas the corresponding difference in

the coplanar coupler decreases with frequeney over the entire

range. The significance of this is seen when considering the

crossover efficiency between ports 1 and 3, given by the coupling

coefficient [1],

‘31= -isin(=AYLf)
(6)
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Fig. 3. Coupling coefficients(IS311) for the coplanar waveguide coupler
having effective dielectric constants as shown in Fig. 2.

where f is the frequency, c is the speed of light in vacuum, and

Anefi is the difference between the square roots of the odd- and

even-mode dielectric constants. The smooth decrease in 1~n ~fi

with frequency for the coplanar waveguide structure providles a

qualitative indication that S31 can experience little change over

a broad frequency range. This is evident in Fig. 3, where the

coupling coefficients of the coplanar device for various lenigths

are plotted. At 10 mm the coupling coefficient is almost unity

for a wide range of frequencies. This arises from the decreasing

difference between odd- and even-mode dielectric constants as

frequency is increased, thus slowing the variation of S31, as can

be seen by inspection of (6). For the microstrip device, complete

crossover at a given frequency is achieved over a shorter length

than in the coplanar device because of a larger difference

between the dielectric constants. However, the microitrip cou-

pler bandwidth is narrower than that of the coplanar coupler,

since the microstrip An ~ff either increases or remains relatively

constant as the frequency is raised.

In the coplanar coupler, An ~ff was found to decrease with

increasing frequency if t/(W2 – Wl) is less that 2, WI/( W3 – W2)

is less than-0.5, and the upper frequency limit is below twice the

TEO mode cutoff frequency. This is in agreement with the data

reported in [5]. In the microstrip coupler, An ~ff always increases

with increasing frequency in the lower frequency range.

III. PROPAGATION OF PICOSECOND PULSES

To study the behavior of both the coplanar waveguide and

microstrip couplers under pulsed operation, a computational

routine was performed in which a Gaussian input pulse at port 1

was propagated to the outputs at ports 2 and 3 according tc~ the

dispersion models formulated in Section II. The input pulse

assumes the form V(O, t) = VO.XP [ – (4 ln2)t2/~21, where 7 is
the full width at half maximum of the pulse. The pulse is

Fourier transformed and split into even and odd modes as in [9]

so that, at the input, V(O, o) = V,(O, o) + VO(O,o). After propa-

gating through a length, L, the Fourier transform of the pulse

becomes

V(L, f3) = Ve(O,o)e–ip’(o)L + Vo(O, ti)e-’@.(o)L (7)
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IV. CONCLUS1ON

The spectral-domain method was used to calculate the effec-

tive odd- and even-mode dielectric constants of coplanar wave-

guide and microstrip forward-coupling structures. Coupling and

dispersion of a 10 ps Gaussian pulse were computed in selected

structures. It was shown that when compared with a microstrip

coupler on an identical substrate a coplanar waveguide coupler

can be designed to have less conductor loss and greater band-

width and can produce less pulse distortion.
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Fig. 4. Responses of the coplanar waveguide and microstrip couplers
to a 10 ps input pulse: (a) coplanar waveguide direct port: (b) coplanar

waveguide crossover port; (c) microstrip crossover port.

where ~e(LO)= ca/c~m and @O(ti) = u/c~m. The

outputs at port 2 (direct port) and port 3 (crossover port) are

given by

V3(0) = ~V(O, o){e-’pe(o)L – e-Lp”(o’)L}. (9)

The inverse transforms of V2(0) and V3(0) give the time-depen-

dent output pulses at the direct and crossover ports, respec-

tively.

A 10 ps FWHM Gaussian pulse was input to port 1 of both

couplers. Conductor losses were neglected because their influ-

ence on this pulse is small. The resulting waveforms at the direct

and crossover ports for various coupler lengths were calculated

and are shown in Fig. 4. At 5 mm, the crossover response of the

microstrip coupler is larger than that of the coplanar coupler, as

a result of a larger coupler coefficient. At 10 mm, the waveforms

at port 3 for both couplers have almost the same amplitude and

width. At 15 mm, the coplanar coupler output pulse exhibits a

larger amplitude and is narrower.


