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Characterization of Picosecond Pulse

Crosstalk Between Coupled Microstrip

Lines with Arbitrary Conductor Width
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Abstract— The propagation and crosstalk properties of pi-

cosecond electrical pulses along coupled microstrip lines with

arbitrary strip widths are investigated. The current distributions

and propagation constants of the dominant c- and n-modes in
these asymmetric coupled striplines are calculated by using the

spectral domain approach; and the full-wave analysis results

obtained are incorporated into an FFT algorithm to simulate
pulse distortion and crosstalk in the coupled transmission lines.
Several samples of asymmetric coupled microstrip lines are fab-
ricated and their characteristics are measured, The results of
experiments are found to be in good agreement with those of
computer simulations. This paper provides, for the first time,
rigorous results of picosecond pulse distortion and crosstalk in

asymmetric coupled transmission lines.

I. INTRODUCTION

A S smaller interline spacings and higher integration den-

sities are required for further development of MMIC’S

and high-speed digital circuits, the effect of signal coupling

between adjacent transmission lines becomes a problem of crit-

ical importance. For the transmission of pulses with ultrashort

durations, the existence of closely located strip conductors will

introduce coupling distortion to the signal pulse in addition

to the intrinsic frequency dispersion and propagation attenua-

tions, and will cause unexpected crosstalk to the neighboring

lines.

Early studies of pulse coupling and crosstalk were almost

exclusively based on the TEM approximation [1], [2]. As

shorter pulses with picosecond durations are employed to

realize increased signal information, full-wave analyses are

required for the accurate characterization of pulse behaviors

in these transmission lines. For this purpose, the spectral

domain approach has often been used to obtain the frequency-

dependent phase velocities of the propagation modes [3]-[5].

Time-domain investigation of pulse distortion including both

frequency and coupling dispersion effects was first reported by

Gilb and Balanis [6], where an even- and odd-mode approach

was applied for simulations of pulse propagation and crosstalk

in a pair of symmetric coupled microstrip lines. Carin and

Webb [7] have studied pulse isolation effects by introducing

grounded isolation lines. Pulse distortion and coupling in

lossy coupled lines [8] and dispersion characteristics of square
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pulses with finite rise time in coupled microstrip lines [9] have

also been reported recently.

Since the coupled transmission lines investigated in the

above-mentioned literature were almost exclusively of sym-

metric geometries, the even- and odd-mode approach can be

simply applied. For the general case of coupled lines with

arbitrary strip widths, however, the problem becomes more

complicated since the current distributions as well as the

amplitudes of current densities on the conductors are no longer

the same. It is required that the current distributions on each

strip conductor be treated independently, and the coefficients

of the current densities be computed after the propagation

constants of the coupling modes have been determined [10].

To the authors’ knowledge, there have been no detailed reports

characterizing pulse propagation in these generalized coupled

transmission lines.

In this paper we concentrate on the studies of pulse propaga-

tion and crosstalk in a pair of asymmetric coupled microstrip

lines. The current distributions (eigenfunctions) as well as

propagation constants (eigenvalues) of the dominant c- and

n-modes are first calculated by using the spectral domain

approach. The results obtained with the full-wave analysis are

incorporated into an FET algorithm to study pulse distortion

on the signal line and crosstalk to the adjacent line. Computer

simulation results of pulse waveform evolution along coupled

microstrip lines of various interline spacings are presented.

We have also fabricated several patterns of asymmetric cou-

pled microstrip lines for the experimental evaluation of pulse

distortion and crosstalk. A fairly good agreement has been

found between the measured pulse waveforms and those of

computer simulations.

11, FULL-WAVE fWuYsIs

Fig. 1 shows the cross-sectional view and geometries of the

asymmetric microstrip lines under investigation. The two strip

conductors are assumed to be negligibly thin and perfectly con-

ducting, and the dielectric substrate is lossless and isotropic.

This transmission line structure can be readily analyzed by

using the spectral domain approach. Details of the numerical

method are not repeated here since they have been well

documented in the open literature [11]. We concentrate our

study on the current distributions on the strip conductors. Since

WI and W2 are different, there is no longer any symmetry in the

current distributions on the two lines, and the current densities
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Fig. 1. Cross-sectional view and geometries of the asymmetric coupled
microstrip lines for analysis.

must be expanded with independent basis functions. Referring

to Fig. 1, we can assume the longitudinal and transversal

components of the current density in the air~ielectric interface

plane to be

Jz(x) =

1

‘m=l

-(b, + w,/2) < x < -(bl - ‘@2) (la)
Nz

x c2m J2zm (z)

Wl=l
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15
(I!ImJlzm ($)
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m=l

bz – w2/2 < X < bz + w2/2

where bl = (s + wI)/2, bz = (s + wz)/2, and cl~, cz~, dl~,

and d2m are unknown coefficients. The basis functions are

chosen as follows:

Jim(x) =
G[2(x + bl)/wl]

~1 – [2(z + bl)/wl]2

Jzm(z) =
Tn[2(x – bz)/w2]

/1 – [2(x – b2)/w2]z

(2a)

(2b)

Jlzn(z) =jUn[2(x + bl)/wl]@ – [2(z + bl)/w1]2(2c)

J2zn(x) =jUn[2(z – b2)/w2] ~1 – [2(z – b2)/w2]2(2d)

where Tm (x) and Um (x) are Chebyshev polynomials of the

first and second kind, respectively. The Fourier transforms of

these basis functions are readily expressed in closed forms

[10], which are employed to form a set of homogeneous

equations for obtaining the propagation constant (eigenvalues)

and current densities (eigenfunctions) in the coupled lines

structure.

For a pair of asymmetric coupled microstrip lines, the

dominant propagation modes are the c- and ~-modes, whose

longitudinal current densities are in-phase and out-of-phase,

respectively, just as with the even and odd modes for the

case of symmetric structures. Fig. 2 plots the normalized

longitudinal and transverse current distributions of the c- and

m-modes for several values of the number of basis functions

(M= N =2,4,8) at the frequency of 1 GHz. The dimensions
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Fig. 2. Convergence of strip current distributions with respect to the number

of basis functions: (a) c-mode and (b) r-mode. (Other parameters: WI = 1.2
mm, W2 n 2.0 mm, s n 1.0 mm, h n 1.3 mm, e, = 10.5, andj n 1 GHz.)

of the coupled lines structure are: W1 = 1.2 mm, wz = 2.0

mm, s = 1.0 mm, h = 1.3 mm, and’&r = 10.5. It is seen that a
very good convergence of the longitudinal current distribution

is obtained when M = N = 2, while the convergence

of the transverse current requires M = N = 4 for the

present structure. A greater number of basis functions will be

required with increased frequency, as has also been discussed

by Kobayashi et al. [12].

After the current distributions are obtained, they are inte-

grated over the strip width to give the total currents on the

conductors. The longitudinal currents on the two microstrip

lines, llZ and 12., can be calculated as follows:

NI

J
-(b, -w, /2)

Il. = ~ Clm Jlzm(x) dx (3a)
‘m=o -(bl+wl/2)

Nz

/

bz+wz/2

12Z = ~ c2m Jzm(x) dx. (3b)
m=o b2–m2/2

For the case of symmetric coupled lines, we have Il. = 12Z

for the even mode and IIZ = –12Z for the odd mode at all

frequencies. When the two coupled lines are not identical,

the current distributions are no longer symmetric, and the

current ratio, 11, /12,, is not constant for different frequencies.

Fig. 3 shows the frequency-dependent current ratios for the
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Fig. 3. Frequency-dependent propagation constant for the c- and r—mode

in asymmetric coupled microstrip line.

c- and ~-mode, respectively. Note’ that the current ratios in

Fig. 3(b) are of negative values, which reveals the out-of-

phase characteristics of the longitudinal current densities for

the ~-mode. For the case of traveling wave propagation, these

current ratios are identical to the ratios of voltage amplitude,

which are important parameters for time-domain simulations

of pulse propagation and crosstalk in asymmetric coupled

microstrip lines.

Fig. 4 shows the numerical results of the normalized propa-

gation constant, ~//30, of the c- and n-modes for several values

of line spacings, s. The frequency dependence of the propaga-

tion constant can be approximated by the following empirical

formula through a least-square curve-fitting procedure [13]:

where F = (f /c)4h~~ is the normalized frequency,

@TEM is the propagation constant assuming the quasi-TEM
approximation, and a and b are constants which depend on the

dimensions of the transmission line. For the case of s = 1.0

mm, we obtain a = 0.466, b = 1.562 for the c-mode, and
a = 1.319, b = 1.978 for the x -mode, and the above formula

is accurate to within 1?ZOin the frequency range 1–100 GHz.
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Fig. 4. Frequency-dependent ratio of longitudinal current densities in asym-

metric coupled microstrip lines: (a) c-mode and (b) ~-mode.

III. COMPUTER SIMULATIONS OF PULSE PROPAGATION

For a pair of symmetric coupled transmission lines, there

is a simple way of analyzing the pulse response by splitting

the input signal into even and odd modes. In the even

mode, two in-phase signals of half the amplitude of the

original signal are launched into both of the microstrip lines,

while in the odd mode, the same two signals are fed but

are 180 degrees out of phase with each other [9]. In the

case of asymmetric coupled microstrip lines, however, the

amplitudes of the current densities on the conductors are

not the same. In general, to completely characterize an iV-

conductor system, it is necessary to determine N different

propagation constants and an IV by N matrix, [A(w)], that

specifies the relative magnitudes of the current densities on

each of the N conductors for each of the N modes at the

angular frequency u [10]. If we define the ratios of current

densities shown in Fig. 3(a) and (b) to be azc(u) and a2T (u),

respectively, we have

[A(u)] = [a2~~)az;(~)
1

(5)

which is also true in describing the ratios of voltage ampli-

tudes on the conductors. On the other hand, to characterize

pulse propagation and crosstalk along the coupled lines, it is

necessary to find a linear combination of the c- and n-mode

which gives a unit amplitude signal on one line and no signal

on the other. This linear combination can be expressed by the

following matrix:

(6)

which, according to [10], is simply the inverse of the current

coefficient matrix, [A(w)]. Since azc and az~ have been
numerically calculated over the frequency range of interest,

the constants of linear combination are readily obtained as
follows:

[: 3]=[;. ;.]-l (7)

The computer simulation of pulse propagation and crosstalk
is carried out by using an algorithm similar to that described
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Fig. 5. Computer simulation results of the propagation of a 30 ps (FWHM)

Gaussian pulse along asymmetric coupled microstrips with 5 = 4,0 mm: (a)

signal line and (b) neighboring line.

in [14]. We used the following Gaussian pulse as the input

signal to line 1:

v(O, t) = VOe–41n2(t/rJ2 (8)

where ~ represents the FWHM (Full Width at Half Maximum)

of the pulse. The input signal is Fourier-transformed into its

frequency spectrum, ~(u). Multiplying this by the appropriate

coefficients of the linear combination and current amplitude

as well as the propagation factor, ~(u), and taking an inverse

Fourier transform, we obtain the pulse response on the two

lines after a propagation distance of L as follows:

tq(L, t) = .F-l{CC1(W) ~(w)e–vc(u)~

+ cm~(w) ti(u)e-~”fu)~} (9a)

W2(L, t) =7–1{a2C(ti) CC2(W) ~(w)e–7ctW)~

+ azm(ti) cnz(ti) ~(u)e-v”(u)~} (9b)

where 3– 1 denotes the inverse Fourier transform, and

%(~) (Z = C,fi) is the propagation constant for the c-
canal~-mode, respectively. A complete description of vi(u)

should include both the attenuation constant, CYl(w), as well

as the phase constant, &(w). Since in this paper we are

considering pulses of a few tens of picosecond, whose

frequency components are also within a few tens of gigahertz,

signal attenuation due to conductor and dielectric losses as

well as radiation losses is usually small and can be neglected

without much influence on the simulation results of pulse

propagation [15]. For simplicity, only the imaginary part of

the propagation constant, pi(w), has been considered in the

simulation program.

Time (PS)

(a)

Time (ps)

(b)

Fig. 6. Computer simulation results of the propagation of a 30 ps (FWHM)

Gaussian pulse along asymmetric coupled microstrips with s = 1.0 mm: (a)

signal line and (b) neighboring line.

Figs. 5 and 6 show some of the computer simulation results

of the distortion as well as crosstalk of a Gaussian pulse along

two pairs of asymmetric coupled microstrip lines with line

spacings of 4 and 1 mm, respectively. The input signal, which

is a 30 ps (FWHM) Gaussian pulse with a rise time (10–90%)

of 22 ps, is sent down line 1. The distorted pulse on the signal

line and crosstalk pulse to the neighboring line are plotted

at several different locations along the coupled lines. When

the two lines are separated by a relatively large distance, the

coupling effect is weak. There is only a small crosstalk to

the adjacent line, and pulse distortion along the signal line is

similar to that in single microstrip lines. In Fig. 5, the 30 ps

(FWHM) input Gaussian pulse is broadened to 65 ps (FWHM)

and with a rising time of 83 ps after a propagation distance of

50 mm. The amplitude of the signal pulse is 56% of that of the
original signal, and the crosstalk pulse has a peak amplitude

of 23% of that of the input pulse.

Fig. 6 shows the pulse distortion and crosstalk along a pair

of more tightly coupled lines with s = 1 mm. Since the

difference between the propagation constants of the c- and

r-mode becomes larger with decreased interline spacings, as

shown in Fig. 4, the signal pulse on line 1 experiences more

broadening in pulsewidth. As can be seen in Fig. 6(a), the

signal pulse is seriously distorted. After a propagation distance

of 40 mm, the main peak is separated into two peaks because

of the different traveling speeds of the c- and n-modes. The

pulse width at L = 50 mm is 117 ps, which is nearly 4 times
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Fig. 7. Photograph of the asymmetric coupled microstrip lines fabricated for

experiment measurements.

that of the input pulse (30 ps), and about 2 times broader

than that of the signal pulse in Fig. 5(a). Meanwhile, the pulse

crosstalk, as shown in Fig. 6(b), is also much more significant

than the case of s = 4 mm. The amplitude of the pulse on

line 2 at L = 30 mm is 49% of the amplitude of the original

signal. Further propagation along the coupled lines makes no

significant difference in the amplitude of the crosstalk pulse,

but shows a gradual broadening in the pulsewidth.

IV. EXPERIMENTAL RESULTS

To confirm the validity of the theoretical predictions of pulse

distortion and crosstalk effect, we fabricated several samples

of asymmetric coupled microstrip lines for experimental mea-

surements. Fig. 7 is the top-view photograph of one of the

patterns fabricated. The two coupled lines, which are 1.2 and

2.0 mm wide, respectively, and 1 mm separated from each

other, have a variable coupling length of L. The substrate is the

DI-CLAD 810 produced by Arlon, which is 1.3 mm thick and

has a dielectric constant of 10.5. To connect the microstrips to

SMA connectors, 90 degree curved line sections are used to

decouple the two microstrips at both ends. The 2.O-mm-wide

line is linearly tapered at each end to offer a good match with

the 50 0 coaxial connectors.

In the experiment, the 1.2-mm-wide and 2.O-mm-wide lines

are used as the signal line and neighboring coupled line,

respectively. The experiment system is similar to that de-

scribed in [16]. A Gaussian-like pulse of approximately 35 ps

(FWHM) is launched into one port of the signal line, and the

two ports on the other end are connected to the sampling heads.

of a digital oscilloscope (Tektronix 11802). The sampling

oscilloscope is controlled via GPIB by a personal computer

(NEC PC-9801) for data transference and processing. The

sampling head of the oscilloscope (SD-30) has a frequency

bandwidth of 40 GHz, which corresponds to a time resolution

of 8.8 ps.

Fig. 8 shows some experimental as well as simulation results

of pulse distortion and crosstalk along two pairs of fabricated

coupled lines with L = 20 and 30 mm, respectively. The

same input pulse as. for experiment was used for computer

simulations in order to offer a rigorous comparison between

theory and measurement. The 90 degree curved line sections

were approximated by microstrip lines with equivalent lengths.
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Fig. 8. Experimental (solid lines) and simulation (dotted lines) results of

pulse propagation along the fabricated coupled microstrip lines: (a) L = 20
mm and (b) L = 30 mm.

In Fig. 8(a) and (b), the time delay of the measured pulses has

been shifted slightly to compensate for the time offset caused

at the SMA connecting parts. The reason for doing this is that

all the measured pulses need the same time shift to lie atop

those of computer simulations, while the relative delay time

between two places along the coupled lines is the same for

both experiment and simulation. As ‘can be seen in Fig. 8, the

input signal pulse experiences serious distortion and causes a

substantial amount of crosstalk to the neighboring line as it

propagates along the coupled microstrip lines. For the coupler

pattern for L = 30 mm, the output pulse on the signal line

has broadened from 35 (FWHM) to 82 ps, the 10-90% rise

time has expanded from 25 to 90 ps, and the voltage amplitude

has dropped to 55% of that of the original pulse. Meanwhile,

the crosstalk pulse on the neighboring line has reached an

amplitude of about 37% of that of the input signal, which
indicates a significant amount of crosstalk. While there exist

some slight discrepancies between the computer simulated
pulses and those of experimental measurements, which may

have been caused by the approximate treatment of the curved

and tappered line sections, the comparison as shown in Fig.

8(a) and (b) reveals a fairly good agreement in both waveforms

and peak amplitudes, confirming the validity of the simulation

procedures as described in the previous section.
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V. CONCLUSION

In this paper we have investigated the pulse propagation

and crosstalk characteristics in a pair of coupled microstrips

with arbitrary widths. By calculating the current distributions

and propagation constants of the dominant c- and fi-mode in

these asymmetric coupled striplines using the spectral domain

approach, and combining the full-wave analysis results with

an FFT algorithm, we have been able to investigate pulse

distortion and crcrsstalk in the coupled transmission lines

through computer simulations. We have also fabricated several

samples of asymmetric coupled microstrip lines to characterize

pulse performance in these transmission line structures exper-

imentally. For the first time, we offer a rigorous, quantitative

comparison between theoretical and experimental results of

picosecond pulse distortion and crosstalk in such kind of

asymmetric coupled lines. Our experimental results are found

to be in good agreement with those of computer simulations.

The contents of the present paper can be readily extended

to studies of more general, multiconductor interconnects in

MMIC’S or high-speed digital circuits.
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