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Abstract —We have develoved a

and David H. Auston,

theoretical model to investi-
gate the propagation char;cteriistics of picosecond electrical
pnlses on a coplanar waveguide capacitively coupled to periodi-

cally spaced sampling channels. Various factors which affect the
signal waveform were analyzed in both the frequency and the

time domain, The results showed that in addition to modal

dispersion, conductor loss, and radiation loss of the electrical

signals, multiple reflections among the sampling gaps constitute

another feature of the signal transfer along the waveguide. ”We
have measured the picosecond pulse dispersion using the opto-
electronic correlation technique. The experimental data were

compared with the theoretical results.

I. INTRODUCTION

R ECENTLY, the generation and detection of ultra-

short electrical pulses with femtosecond lasers [1],

[2] have received much attention in the characterization

of materials and high-speed devices [3]–[5]. It is also of

great interest to study the behavior of these ultrashort

pulses as they propagate along a transmission line. Some

theoretical work has been done on this subject [6]-[8].

The comparison of theory with experimental results ob-

tained from electro-optic sampling [9], correlation sam-

pling [10], and sampling oscilloscope measurements [11]

has shown a number of similarities on the main features

of the dispersed pulse shapes. In this work, we concen-

trated on the studies of pulses propagating on a coplanar

waveguide periodically loaded with sampling channels. A

very similar structure has been commonly used for the

experimental determination of picosecond pulse disper-

sion [12], [13]; however, the influence of multiple reflec-

tions among the sampling gaps has not been addressed.

The device structure also has a potential application in

broad-band optoelectronic time division demultiplexing

[14]. Therefore, it is important to develop a theoretical

model to predict the propagation characteristics of the

signal pulses. We will present a model which takes into

account the effect of multiple reflections. The calculated
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Fig. 1. Top view of the periodically loaded coplanar waveguide,

pulse waveforms at various sampling distances showed an

agreement with the experimental observations.

H. THEORY

We consider a coplanar waveguide capacitively coupled

to periodically spaced sampling channels (Fig. 1). A sub-

strate material with picosecond photoconductive response

is assumed. Suppose an electrical pulse is launched into

the waveguide by applying an optical puIse at the first

channel gap, which is biased with dc. The signal which has

propagated for a certain distance and then been sampled

by optoelectronic correlation will be calculated.

The initial pulse, V(O, t), at zero propagation distance

has a fast rise time determined by the laser pulse width

and the time constant of the circuit. The fall time, which

is usually longer, depends mostly on the decay of the

photogenerated carriers. In order to compute the sam-

pled waveforms, it is more convenient to work in the

frequency domain and then convert the results back to

the time domain by Fourier transform. The sampled pulse

in the frequency domain is given by

s(L, f)=v(o, f)x T(L, f)xv(f) (1)

where L is the pulse propagation distance, V(O, ~ ) is the

Fourier transform of the initial pulse, T(L, f) is the
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Fig. 2. Electrodes showing amplitudes of traveling waves at two adja-
cent channels.

transfer function determined by the material and the

geometry of the waveguide, and V’(f) is the frequency

response of the sampling gap.

Our goal is to find an expression for the transfer

function of the structure in Fig. 1. The sampled waveform

at each channel can then be evaluated using (l). Fig. 2

shows the electrodes of two adjacent channels with the

symbols Ui,j representing the amplitudes of the traveling

waves at a particular position. Applying circuit laws to an

arbitrary channel (denoted by n), we obtain

Vin+vrn=ut>n+vbn (2)

Vi, n – V, ~ Ul ~ – Vb ~ Vt, n ~ Vb, n

Z. = Z.
‘+ (3)

zo–~
2!rfc

“2 – – 1, ZO is the characteristic impedance of thewhere j –

waveguide, C is the coupling capacitance between the

waveguide and a side channel, and the voltage amplitudes

are defined in Fig. 2. For simplicity, the dark conductance

of the gaps has been neglected. This is justified for

high-resistivity semi-insulating substrates.

Combining (2) and (3) and rearranging, we obtain

(Hv t,n l–K ‘K LJi,n
.

‘b, n K
)( )

1+ K Z)r,n
(4)

with

Z.
K=

f ;\.
(5)

(2 zo–~
27rfc J

The signals at the nth channel are related to those at the

(n+ l)th channel by the propagation factor 7(f), where

Here a(f) and (?(f) are the attenuation factor and the

phase factor of propagation, respectively. Thus,

(’Hvi ~+~ )( )(1– K)e=’(f)l – Ke-~(f)[ Vi,n
.

KeY(f)l
‘r, ni-l

(1+ K)e~(f)~ U,,n ‘7)

where 1 is the separation between two channels. Equation

(7) shows a recursive relation for the signals at adjacent
channels for n = 2 to m – 1, where m is the total number

of channels in the structure. By applying (7) repeatedly,

we obtain

where the matrix

M= ((1 - K)e-’(f)l – Ke-’(f)l

KeY(f)l (1+ K)e~(f)~ )

can be diago~alized in the eigenspace spanned

eigenvectors A ~ and A-2, with

( 2Ke-7(f )1

“= (l- K)e-’(f)’-(l+ K)(f)f~’-~
)

( ‘2 Ke-Y(f)l

‘2= (1- K)e-~~f)’ -(l+ K)e~(f)’+~ )

and

4=[(1– K)e-’(f)~+ (l+ K)e’(f)q2_4.

The corresponding eigenvalues are

(1- K)e-’(f)’ +(l+K)e’(f)’+fi
A 1,2 = 2

respectively. Let us denote

(8)

by its

( 9a)

(9b)

( 9C)

(10)

(11)

where P is the 2 X 2 matrix composed of the eigenvectors

A-l and A-2. With a proper termination on the coplanar

waveguide, there is no signal reflection back to the last

(rnth) channel. Applying straightforward voltage and cur-

rent relations and combining them, we have

KVi ~ +( K+l)lJr, m=o. (12)

Replacing n + 1 by m in (8) and substituting it into (12),

we obtain a relation between vi, ~ and V,,2: ‘

[KLZn_2 +(K +l)cn_2]ui,2

+[Kb~_2+ (K+l)d~-2]Ur,2=O. (13)

Equation (8) can then

(’) [

vi ~+~

v
=~n-l

r,n+l
—

be rewritten as

1

)

KUn_2 +(K +1) Cm_2 e–l’(f)~t,
‘t,l

Kbm_2+(K+l)dm_2

(14)

where we have used the relation vi, z = e – Y(f )1~t ~, ,Jiith

Vt ~ being the input electrical signal at the first c’hannel.

The transfer function

,n+l+~,>n+l
T’(L, f) = ‘“’

Uf,l
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Fig. 3. Frequency dependence of the amplitude of transfer function

caused by multiple reflections of signals among the sampling channels.

where L = nl, is given by

[

Ka~_2+(K+l)cn–2

. an_l+cn_l –(bn_l+dn-l)Kb 1+( K+l)d~_2 om—2

(15)

The frequency dependence of the transfer function is

determined by the propagation factor y(f) and the muhi-

ple reflections through K = K(f) in (5). For dc input,

K(f) = O and (15) reduces to T(L, f) = 1. At very high

frequencies, K approaches 1/2 and T(L, f) will reach a

limiting value determined by the propagation distance

and the total number of channels in the structure.

Fig. 3 shows the frequency spectrum of IT(L, f’)1 with

the coupling capacitance as a parameter. The curves are

plotted for the case of m =9, relative permittivity = 13.1,

propagation distance = 4 mm, and a spacing of 1 mm

between adjacent channels. Attenuation and dispersion

caused by the frequency dependence of the propagation

factor have been neglected for the moment. There are a

number of interesting features in the plot. Each curve is

bounded by two envelopes. These are the maxima and

minima of the interference patterns generated by the

multiple reflections. As an illustration, consider the sim-

ple case of two gaps in the structure. Suppose F is the

amplitude at a particular frequency of the incident signal

and RI and Rz are the reflection coefficients. The maxi-

mum amplitude, F+, will be given by the constructive

interference of the multiple reflections:

F+= F + F(RIRz)exp( –j~21) + F(RIRZ)2

“exp(–j~41)+ ““. =F/(l– RIRz). (16)

Similarly, the minima correspond to destructive interfer-

ence of the multiple reflections.

F_= F– F(RIRz)exp( – j~21) + F(RIRZ)2

“exp(–j~41)– ““. =F\(l+RIRz). (17)

Thus, the ratio of the maximum and minimum amplitudes

provides information on the reflection coefficients at dif-

ferent frequencies. In the case where the signal attenua-

tion caused by the conductor loss, the dielectric loss, and

the radiation 10SS cannot be neglected, (16) and (17) have

to be modified and they can be used to derive the loss

spectrum of the signal transfer along the waveguide.

The spacing of frequency modes can also be obtained

from

‘v= ;21
(18)

where c is the velocity of light in free space and c, is the

relative permittivity. For c, = 13.1 and 1 = 1 mm, AU k

equal to 41.4 GHz, consistent with the results in Fig. 3.

The curves also show fine structures of oscillations at

-10 GHz. These are caused by resonating modes at

longer wavelengths, which satisfy the boundary conditions

from the end channels 4 mm apart.

When the capacitance is large, IT(L, f)l decreases

rapidly with increasing frequency and it saturates at a

value depending on L and the total number of channels.

As the capacitance becomes smaller, IT(L, f)l decreases

slowly with increasing frequency because of weaker signal

reflections in the structure. However, at sufficiently high

frequencies, all the curves in Fig. 3 will eventually merge.

In the following, the frequency dependence of the

propagation factor is taken into consideration. The phase

factor ~(~) is given by

27rf~~
P(f)= ~ . (19)

The effective permittivity, e.f~( f ), depends on frequency

and causes dispersion of signals on the waveguide. Part of

the traveling wave propagates in free space on the surface

of the material rather than totally inside the substrate,

resulting in a smaller effective permittivity. This effect is

stronger for lower frequency components, which will then

have higher velocities of propagation. In the model, we

used the following dispersion formula, derived in [15] and

subsequently modified for coplanar structures in [8]:

where e~ff(0) is the effective permittivity at the quasi-static
limit [16], F = f/f~~ with fTE = c/[4h(~, – 1)1/2 being

the cutoff frequency for the lowest order TE mode, h is

the substrate thickness, and a and b are dimensionless

parameters depending on the geometry of the waveguide.

Fig. 4 plots the frequency dependence of J~ with

fTE = 34 GHz, e,= 13.1, a = 180, and b = 1.7. These val-

ues will be used in the calculations in Section IV for

comparison with the experimental results. One should

notice that the modal dispersion affects only the phase

factor, whereas the multiple reflections modify both the

magnitude and the phase of the transfer function.
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Fig. 4. Frequency dependence of the square root of effective permit-
tivity.

Attenuation of signals in the coplanar waveguide caused

by frequency-dependent conductor loss is given by [16]

P’ s

()
a== 4.88x 10–4R~(~)~.ffZO” ;W “ 1+ ~

dB/unit length (21)

where 11~(~) is the surface resistivity of the metal and has

a square root dependence on frequency, W’ is the width of

the center strip, S is the spacing between the strip and

the ground planes, P’ is a dimensionless parameter de-

pending on W and S, and t is the metal thickness.

At 10 GHz, the signal will have an attenuation of 0,15

dB/mm in our case. This value is relatively large for the

coplanar waveguide owing to the use of thin metal layer

and narrow center strip. The signal attenuation caused by

the dc conductor loss is relatively small, and has been

neglected in our calculation.

Another cause of attenuation is the radiation of wave

in the substrate upon propagation [17]. The loss factor is

given by

58.7 (1–1/er)2 (W+2S)2
—— dB/unit length

‘f’ – K’K ~~ A;

(22)

where K’ and K are elliptical integrals of the first and

second kind and are functions of W and S, and Ad is the

wavelength in the dielectric. In our case, a, is calculated

to be 2.38X 10-34 ~3 dB/mm.

The frequency dependence of the conductor loss, the

radiation loss, and their sum are plotted in Fig. 5. At

relatively low frequencies, the conductor loss is dominant.

As the frequengy becomes higher, the radiation loss in-

creases substantially because of the cubic dependence on

frequency. The crossover point for the losses is at 132

GHz. Attenuation resulting from dielectric loss in the

substrate is comparatively unimportant. Thus, the effect

has been omitted in the calculation.
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Fig. 5. Calculated conductor loss, radiation loss, and the total 10SSon

the coplanar waveguide as a function of frequency,

III. EXPERIMENT

The device structure was prepared on an undoped

semi-insulating GaAs wafer. The coplanar waveguide was

formed by Au–Ge/Ni metallization using photolithogra-

phy and the standard lift-off technique. Subsequent rapid

thermal annealing at 400 ‘C for 20s turned the metal into

an alloyed ohmic contact. The sample was then implanted

with 200 keV protons at an ion dose of 7 X 1014/cm2 and

a beam current of 50 PA. Following the implantation, it

was wire-bonded for external electrical connections and

was mounted on a sample holder for measurements. The

structure consists of a coplanar waveguide of width 50 pm

loaded with nine channels (Fig. 1). The width and the

spacing of the, channels are 25 ~m and 1000 ~m, respec-

tively, The waveguide and the channels are designed to

have a 50 f2 characteristic impedance. At the end of each

channel is an 8 pm photoconductive gap for either the

generation or the detection of ultrafast electrical signals.

For the measurement, we used the standard “pump

and probe” technique as described in [1]. The optical

source was a balanced colliding pulse mode-locked (CPM)

Rh 6G dye laser at a center wavelength of 620 nm. The

pulse width (FWHM) was 60 fs and the repetition rate

was 100 MHz with an output energy of 0.2 nJ per pulse. A

beam splitter was used to split the laser beam into two

paths, The pump beam was modulated by a chopper and

was focused on the photoconductive gap at the first

channel, which was biased at 3 V. An ultrashort electrical

pulse was then launched into the coplanar waveguide

transmission line. The probe beam, variably delayed, was

focused on a downstream photoconductive gap to provide

gating of the propagated signal. Total electrical charge

through the sampling channel was measured by a lock-in

amplifier. The output was plotted as a function of the

delay time between the two synchronized laser beams.

IV. RESULTS AND DISCUSSIONS

To determine the system response, an autocorrelation

measurement was carried out on an optoelectronic switch

fabricated together with the waveguide. A response I:ime

(FWHM) of 1.4 ps was obtained. Next, the signal on the
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Correlation curves at a propagation distance of 1 mm to 4 mm:

(a) measured results; (b) calculated results.

coplanar waveguide was sampled at a propagation dis-

tance of 1 mm to 4 mm, i.e., from the second channel to

the fifth channel. The correlation results are shown in

Fig. 6(a). The horizontal axes of the curves have been

shifted for a clear comparison. The rising front is related

to the photoconductive response of the sampling gap and

the dispersion on the rising edge of the original pulse

signal. The trailing part is mainly determined by a convo-

lution of the response of the pulse generating gap and the

propagation characteristics of the waveguide. Asymme-

tries of the waveforms are due to a combination of

factors. One main cause is the circuit response in the

discharging of the pulse generating gap and the charging

of the sampling gap [7]. In addition, modal dispersion,

skin depth loss, radiation loss, and multiple reflections of

the signals also play an important role in the resulting

asymmetry.

Fig. 6(b) depicts the correlation waveforms calculated

from (l). The input signal has a rise time of 0.5 ps, a

primary decay time of 0.8 ps with a weight factor of 0.95,

and a secondary decay time of 100 ps with a weight factor

of 0.05. The coupling capacitance is 40 fF. The calculated

results and the experimental data show an agreement on

the main features of the waveforms. As the pulse propa-

gates downstream, the high-frequency components atten-

uate strongly, causing an increase in the rise time. Similar

observations on microstrip lines [11] and coplanar

striplines [9] have been reported. In our case, the effect is

more significant because of the additional reflections at

the periodic sampling gaps, which screen away the high-

frequency components. A good match between the theory

and the experiment is also obtained on the broadening of

pulse width and the reduction in peak amplitude relative

to the tail. Minor differences between the curves can be

attributed to back-plane reflection of the signals [13],

which have ‘not been included in the model.

Time delay

Calculated correlation curves at 4 mm propagation distance.
The coupling capacitance is used as a parameter.

To study in more detail the effect of periodic loading

on signal propagation, a series of correlation curves are

calculated using the coupling capacitance as a parameter

(Fig. 7). The initial pulse and the propagation parameters

are the same as those in Fig. 6(b). The propagation

distance is taken to be 4 mm. The oscillations immedi-

ately following the main peaks are caused by modal

dispersion. They appear because the low-frequency com-

ponents propagate faster and “catch up” with the high-

frequency components. When the capacitance is small,

the multiple reflections are weak and are hardly observed.

The effect becomes stronger as the capacitance increases.

As a result, the high-frequency components in the main

peak and in the oscillations are reduced. Another feature

to be noticed is the appearance of a subsidiary peak on

the tail caused by the reflections. With a further increase

of the capacitance, an overall broadening in the trailing

part of the curve is observed.

V. CONCLUSIONS

We have presented experimental data and theoretical

work on the propagation of picosecond electrical pulses

on a periodically loaded coplanar waveguide. The results

show that multiple reflections of the signal among the

sampling channels constitute an important factor in deter-

mining the pulse waveform. They lead to a reduction in

the amplitudes of the high-frequency components and

cause an additional broadening of the pulse.
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