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High-Speed Pulse Transmission along a
Slow-Wave CPW for Monolithic
Microwave Integrated Circuits

CHING-KUANG C. TZUANG, MEMBER, IEEE, AND TATSUO ITOH, FELLOW, IEEE

Abstract —~High-speed pulse transmission along a coplanar waveguide
(CPW) integrated on a monolithic microwave integrated circuit (MMIC) is
analyzed. The time-domain waveform is obtained by the inverse discrete
Fourier transform (IDFT) of the frequency-domain data, namely, complex
characteristic impedance and propagation constant. The full-wave mode-
matching method (MMM) is employed to analyze the dispersion of the
CPW. A simple wide-band matching scheme is found to be effective to
make the slow-wave CPW a viable circuit element in applications such as a
delay line or an interconnection line.

I. INTRODUCTION

DVANCES IN monolithic microwave integrated cir-
cuits (MMIC’s) and picosecond devices have con-
tinuously improved the switching speed of the active de-
vices and pushed real-time high-speed signal processing
into the picosecond range [1], [2]. For operating speeds
higher than gigabits per second, the conventional lumped
capacitance approximation of an interconnection line in an
MMIC may no longer be accurate. Instead, field-theoreti-
cal considerations are required in the logic, circuit, and
layout of very high speed integrated circuits [3]. In ad-
dition to the propagation delay, it is. important to know
the actual signal waveform after its propagation along an
interconnection line which connects both the source and
the load. This is because the waveform parameters such as
rise time, fall time, settling time, overshoot, and preshoot
play a fundamental role in the success of a very high speed
digital or wide-band analog integrated circuit. The signal
degradations stemming from the dispersive characteristics
and improper terminations of a slow-wave coplanar wave-
guide (CPW) integrated on an MMIC will be discussed in
this paper.
The CPW has also become.an important transmission
line element in MMIC technologies because of its easy
access for the ground plane, reduction in crosstalk between
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adjacent transmission lines, and lower radiation at discon-
tinuities as compared to a microstrip line [4], [S]. When a
CPW becomes part of an integrated circuit, slow-wave
propagation may occur. Planar metal-insulator-semicon-
ductor (MIS) and Schottky contact CPW’s were examined
and the existence of slow-wave propagation was both
experimentally and theoretically confirmed [6], [7]. As the
physical dimensions of the CPW become smaller, the finite
conductor thickness of a CPW is no longer negligible.
Therefore, it is clear that only accurate field calculations of
a CPW can result in accurate simulation of an ultra-high-
speed narrow pulse transmission on an MIS or Schottky
contact slow-wave CPW.

It was reported that severe signal degraduations can
occur for pulse transmission along a well-matched semi-
infinite lossless microstrip line and a CPW for distances
less than 1 cm [8]-[10]. The case of pulse transmission with
the possible existence of slow-wave propagation was re-
ported in [11]-[13]. The purpose of this paper is to present
a detailed analysis of pulse transmissions on an MIS or
Schottky contact CPW integrated in a microcircuit under
various kinds of input excitations and arbitrary combina-
tions of source and load terminations. First, frequency-
domain characteristics of the slow-wave CPW are ob-
tained. A hybrid TE and TM full-wave analysis based on
the mode-matching method (MMM) is applied to our
model, shown in Fig. 1. Once the complex propagation
constant is obtained, the field distributions inside a slow-
wave CPW are known. The Poynting power and currents
flowing on the surface of the signal (or center) conductor
of a CPW can be obtained by integrations. This leads to
the determination of the complex characteristic impedance
based on the power—current definition. The validity of the
accuracy of the characteristic impedance defined by the
power—current definition is checked against that obtained
by the power-voltage definition based on the spectral-
domain analysis (SDA).

After the accuracy is confirmed, the inverse discrete
Fourier transform (IDFT) is invoked to convert the
frequency-domain data for a CPW connected with a source
and a load into time-domain waveforms. It is found that
an impedance matching scheme can be useful in making
slow-wave CPW a good interconnection line or a delay line
with very little degradation on the propagating waveform.
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Fig. 1. The slow-wave coplanar waveguide model.

II. MODEL AND METHOD OF ANALYSIS

A. Physical Model

The slow-wave CPW model shown in Fig. 1 was used for
the analysis. The coplanar waveguide with finite conductor
thickness is located on top of a layered structure. It
consists of metal, insulator (or depletion region for
Schottky contact), semiconducting layer (or epitaxial layer),
and semi-insulating substrate. By setting the conductivity
of the semiconductor layer to zero, Fig. 1 may represent a
conventional lossless CPW. This model is general enough
to analyze most CPW’s integrated in MMIC. By knowing
the integrated circuit (IC) processing data and physical
dimensions, one should be able to compute the time-
domain pulse waveform propagating on such a CPW.

B. Frequency-Domain Analysis

The mode-matching method which has been widely used
to analyze various waveguide structures [14], [15] was
applied to the frequency-domain analysis of the slow-wave
CPW shown in Fig. 1. The technique itself does not result
in a unique formulation for the same problem. Instead,
many possible formulations can yield the same solution for
the propagation constant. Because of the even symmetry
for the propagating mode of interest, a magnetic wall is
placed at the center of the guide. Electric walls are placed
at a large distance to simplify the analysis [7]. The modal
field expansions in each region shown in Fig. 1 can be
expressed in terms of TE-to-y and TM-to-y Hertzian
potentials. For instance, the potential functions in region 1
are

M
PHx,y)= 3 A, cos(B,x)e @nty—0
. om=1

M
¢1(X, )’) = Z Bmsin(ﬁmx)e*%m(y-t)

m=1
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In region 2, the potential functions are

P002)= L sin[B(x- @)l {Gsin(az,y)
+éncos(a2ny)}
‘252(3@)’): gl cos[,BZn(x—a)]{Dnéin(aZny)

+Dncos(a2ny)}
B, = (” “‘1)77/(17 - a); a%n +:822n +y?i= wzﬂofofRz (2)

where ez, =€, — jo,/wey, and €; and o; are the relative
dielectric constant and conductivity of the ith dielectric
layer, respectively, with o, = 0 except for i = 4. The poten-
tial functions in regions 3 through 5 can be derived in a
similar way such that they satisfy the boundary conditions
imposed by the radiation condition and by both magnetic
wall and electric walls.

By matching the adjacent tangential fields in regions 3
through 5 and applying the orthogonality relationships
between potential functions, the coefficients of the modal
field expansions in these regions can be eliminated. Next,
we match the adjacent tangential fields in regions 1 through
3at y=0and y=¢, respectively. Finally, a homogeneous
matrix equation of dimension (2N —1) by (2N —1).can be
derived:

G
() ¢ Qrunl¥) C B i
[k’m'n'('yj"'s,;;('y')' 5|70 (ax=0. ()
b

The expressions for P,.(y), Q,.(v), R,,.(y), and
S,.,(Y) are functions of the unknown complex propagation
constant y. To obtain a nontrivial solution for the column
vector X of (3), part of the unknown coefficients of the
modal field expansions in region 2, the determinant of
matrix A has to be zero. The real and imaginary parts of y
correspond to the slow-wave factor (A,/X) and the at-
tenuation constant, respectively, A, being the free-space
wavelength.

C. Complex Characteristic Impedance

Once the complex propagation constant y is obtained,
the unknown field coefficients C, and D, are found within
a constant multiplicative factor. The field distributions in
each region are solved immediately. Based on the
power—current definition, the characteristic impedance is
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where the subscript k denotes the subregion k, and S is the cross-sectional area of the CPW.

D. Time-Domain Analysis

An equivalent linear 2-port ABCD matrix representation of the CPW can be applied to derive the complex transfer
function, at a distance z from the source, of the terminated slow-wave CPW shown in Fig. 2 at each incremental angular
frequency step. The transfer function can be written in terms of y and z, as

Vo(no) _

Zleff(nw)

V,(nw) B {COS(YZ)Zleff(nw)+ JZysin(yz) + [jSin(YZ)Zleff(nw)/ZO +COS(YZ)] Zs}
cos[Y(L —2)]Z, + jZ,sin[y(L - 2)]

Zleff(nw) =

where # is an integer.

The corresponding time-domain function is recovered
by means of a standard inverse discrete Fourier transform
(IDFT) procedure. Both a rectangular pulse of finite rise
and fall times and a Gaussian pulse of finite width are
applied to analyze time-domain waveforms. Note that the
case for a lossless, well-matched, and semi-infinitely long
transmission line is a special case obtained by setting
Z;,=Zyand Z =0 in (5).

IIIL.

Figs. 3(a) and 3(b) are plots of the normalized propa-
gation constant and the characteristic impedance of an
MMIC CPW with both undoped and lightly doped ep-
itaxial layers. To check the accuracy of the present mode-
matching method (MMM), the results for a lossless
(undoped) CPW with extremely thin metallization (with
the conductor thickness one hundredth of the half center
strip width a) have been compared with those by the
spectral-domain method (SDA). The latter can handle only
the structure with an infinitely thin conductor (¢ = 0). The
normalized propagation constants (slow-wave factors) ob-
tained by the two methods differ by less than 0.5 percent.
The results of the characteristic impedance by the MMM
cannot be distinguished on the graph from those by the
SDA, identified as curve (1) on Fig. 3(b).

As the conductor thickness is increased, both the slow-
wave factor and the characteristic impedance decreased.
Fig. 3 also shows the case with a thin semiconducting
epitaxial layer which has finite resistivity of 10 £-cm
corresponding to an n-type GaAs substrate with a light
doping level of 1014 cm™3 [16].

The dispersion characteristics in Fig. 3(a) indicate that
the CPW’s with the structure parameters chosen here
retain the quasi-TEM nature up to a frequency of around
100 GHz. The discrepancy of the characteristic impedance
data shown in Fig. 3(b) above 100 GHz is not caused by a

FREQUENCY-DOMAIN SOLUTIONS

jsin[y(L=2)]1Z, /Zy+cos[y(L - z)]

(5)

physical mechanism, but rather by the definitions used. In
the case of SDA, the power—voltage definition is used. The
voltage is calculated as the integration of the electric field
across the slot. On the other hand, the power—current
definition is used for the MMM in this paper. This choice
is due to the fact that in the SDA the formulation starts
with the slot field while in the MMM the current on the
center strip can easily be found from the discontinuity of
the magnetic field. Data by the two definitions are basi-
cally indistinguishable up to 100 GHz. This fact further
indicates that a quasi-TEM approximation can be used up
to 100 GHz for these specific structures which are con-
sistent with the findings in Fig. 3(a).

Another slow-wave CPW structure with smaller dimen-
sions is analyzed. The results are shown in Fig. 4 for both
slow-wave factor and attenuation constant versus
frequency. The physical dimensions are chosen to comply
with the current integrated circuit technology. The real and
imaginary parts of the characteristic impedance are shown
in Fig. 5.

IV. TiMe-DOMAIN RESULTS

- When a slow-wave CPW is excited by a rectangular
pulse of 80-ps (picosecond) rise and fall times (measured
by 10-90 percent rise or fall) and 300 ps wide with zero
source impedance and a 10-fF (femtofarad) load, a damped
oscillatory output waveform is observed (Fig. 6). Fig. 6 is
obtained by means of IDFT (inverse discrete Fourier
transform) that converts the frequency-domain data of
Figs. 4 and 5 from 0.1 GHz to 20 GHz at 0.1-GHz
incremental frequency steps. When the output load capaci-
tance (C,) is increased from 10 fF to 80 fF, the output
waveform is almost identical. This fact suggests that the
output loading has little effect on the oscillation and that
the slow-wave CPW itself has inductive, capacitive, and
resistive components. As the transient voltage waveform is
excited at the input end of the CPW, the spike will occur
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Fig, 2. Equivalent circuit representation of a slow-wave CPW.
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Fig. 3. Propagation constant and characteristic impedance versus

frequency obtamed by both MMM and SDA methods. The results by
MMM for t=a /100 cannot be distingwshed on the graphs from the
SDA results (1). (a) Slow-wave factor (solid line) and attenuation
constant (dashed line) versus frequency. (b) Real and imaginary parts
of the characteristic impedance versus frequency for the same CPW
with dimensions shown in Fig. 3(a).
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Fig. 5. Real and imaginary parts of the characteristic impedence versus

frequency for the same CPW shown in Fig. 4.

Jjust as in the case of an inductor. Once the input excitation
is settled to a dc voltage, the slow-wave CPW has to reach
the final steady state in a damped oscillation manner
because the slow-wave propagation of this type usually
exhibits a large capacitance in the low-frequency limit [17]
and the CPW itself is lossy, as shown in Fig. 4.

Referring to Fig. 8, the case to be discussed later, one
will find that the propagation delay per unit length for the
same slow-wave CPW structure is approximately 350
ps/cm. The corresponding propagation delay of the slow-
wave CPW analyzed in Fig. 6 is 350 ps/cmX1 cm/10
mm X 1.5 mm = 53 ps. On the other hand, the rise and fall
times of the input pulse excitation are 80 ps, which is
larger than 53 ps. As a result, the output waveform, curve
(2) at the load end in Fig. 6, shows little delay. This is
actually close to 50 ps, as illustrated in Fig. 6, noting that
one half of the smaller division is 50 ps, and is excited
almost instantaneously by the input pulse if one considers
it has considerably slow rising and falling edges, 80-ps rise
and fall times, and a wide pulse width (300 ps).

It is then plausible to consider that the results obtained
in Fig. 6 can be explained by lumped circuit approxima-
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Fig. 6. Transient excitation of a slow-wave CPW with frequency-
domain data shown in Figs. 4 and 5 with a short-circuited input and a
capacitive load (/=1.5 mm).

tions. A simple calculation based on the equivalent RLC
circuit of the slow-wave CPW, Fig. 7(a), can estimate the
damping factor k and predict the second peak approxi-
mately.

In terms of normalized coordinates, the maximum and
minimum responses of the circuit model (Fig. 7(a)) to a
unit step input occur at [18]

x,=m/2(1-k?)"* y, =1—(—1)"exp(—2mkx,,)
(6)
woL

and k=ﬁ:'.

where
/2 (1 :
LC,

It follows that
y1=18 =1-(—1)exp[— k/(1- k2)1/2]

for m =1, the first peak, that the damping factor k£ = 0.071,
and that .

y3=1—(—1)3eXP[(—3k/(1— k2)1/2] =15

for m =3, the second peak. The second peak in Fig. 6 is
1.65, which is 10 percent away from the quick estimations
based on the simple RLC model.

From the theory of a uniform transmission line, the
characteristic impedance Z,= R,+ jX,=(Z/Y)/? and
the propagation constant y = a+ jB = (ZY)}2. Thus, we
should obtain four nonlinear equations for the component
values of the slow-wave CPW model. To avoid iterative
numerical solutions for these unknowns, a linearized set of
equations are listed:

2
Ro=(L/G,)Y
X, =0.5R,g,/wC,

(7)
(3)
Ao/ = slow-wave factor = 3x108(LC,)">  (9)
8,/C,=6x10%_/[(Ao/7)8.6859%x1073]  (10)

where A, = the attenuation constant (dB/mm) = 8.6859 X
10 3. a. However, these linearized equations (7)-(10) are
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Fig. 7. (a) RLC equivalent circuit model for a short slow-wave CPW.
(b) Complex conjugate matching scheme for the slow-wave CPW with
complex characteristic impedance shown in Fig. 5.

not all independent. Combining (7) and (9), one may
calculate L (inductance per unit length) and C, (effective
capacitance per unit length). The ratio of g, to C, can be
determined from (10), and the value of X, can be com-
puted by (8) to check against that shown in curve (2) of
Fig. 5.

Some numerical results are L =4.83X10"" H/m and
C,=2299%107° F/m. At 1 GHz,

g, =0.127 < [wc, =14.445].
At 10 GHz,
g, =9.53 < [wc, =144 45].
At 20 GHz,
g, =138.6 < [we, =288.9].
Note that the estimated values of X, the imaginary part of

Z,, at 1 GHz, 10 GHz, and 20 GHz by means of the
simplified equivalent circuit model and those of the com-
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TABLE 1
COMPARISONS OF Xy, THE IMAGINARY PART OF Z,,
OBTAINED BY THE THEORETICAL
MODE-MATCHING METHOD
AND THE EQUIVALENT RLC MODEL
X () k
Fre(q;lll{ency [equivalent )1(30. (%) [damping
(GHz) circuit model] [Fig. 5] factor]
1 0.063 0.0466 0.00138
10 0.478 0.509 0.104
20 0.955 0.954 0.414
1.4
w ) (1) INPUT tp=tg=80PS tw=300PS
2 1 (2) L=1cm
3 (3) L=2cm
; .9 (4) L=den
< g (5) L=8cm
N ' IDFT: .1GHz-20GHz, AF=.1GHz
RE
.6
5 2) (4) 5
4
o
2]
.1
0
SATTTITTTIIT T T T O AT T I T T T I T T T T TR T T T TP T T T I T T Y
0 Ins 5ns

" TIME  (.1°NS/DIV.)

Fig. 8. Transient pulse waveforms with matched source and load
terminations for the slow-wave CPW’s with lengths ranging from 1 cm
to & cm.

puted X, based on the mode-matching method (Fig. 5) are
tabulated for comparison (Table I). It is clear that solu-
tions from both the equivalent circuit model and the
MMM are consistent.

To make the slow-wave CPW a useful MMIC element
requires good wide-band matching circuits. Ideally, if both
source and load impedances are complex conjugately
matched to the complex characteristic impedance (Z, = R,
+ jX,) of the CPW at each incremental frequency, the
oscillations associated with the transient input excitation
will be suppressed according to the theory of complex
normalization of scattering parameters [19]. If the imagi-
nary part of the characteristic impedance of the MMIC
CPW is positive (reactive), then that of the source or load
matching circuit should be negative (susceptive) to have a
matched termination. Therefore, it is evident that a simple
parallel resistor and capacitor (RC) network can be ap-
plied as a wide-band matching circuit for the CPW under
study provided the value of the capacitor does not change
too much in the frequency band of interest. This idea is
illustrated in Fig. 7(b):

ZiRycey= Ry /(1+ jwCRy)
=Ry~ joCR{ =R, — jX,
provided wCR, < 1.
Under the assumption that the value of X, is much

smaller than that of R, one can obtain the expression for
the value of C, the capacitor of the parallel RC matching

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. MTI-35, NO 8, AUGUST 1987

1.2

(2) INPUT ty=t§=12PS, tw=70PS
L1 AS=10
. A5<20
| RS=40
9 AS+80
.81 AS=160
w7 IDFT: 1GHz~100GHz, AF=1GHz
g L= .5mm
= -5 CL = ILOfF
L}
g‘ .51
= 4
231
.21
+ J
0-
~1 \/ﬂ
SR T T T T T T T T I T T T T T T T T Ty
0 .2ns .3ns .4ns .5ns
TIME {20 PS/DIV. )
(a)
1.2
(1) INPUT  tp=tg=12PS, tw=70PS
L [P (2) CL=10fF
o A (3) CL=20 fF
(4) CL=40fF
.91 (5) CL=BOfF
8- (6) CL=1B0fF
g 7 —(2), (3}, (4), II‘2F§;N1GHZ-IOOGHZ, AF=1GHz
5),(6 :
'2 61 3.8 Z_ = 14.5 ohms// 35fF
-t - s
& .5
g -
43
-3+
.21
B
n—.
-"—
-e 0 Tt |.1Insl T .5“5' i T. nSI T ].4'1’}5' re .5ns
TIME (20 PS/DIV. )
(b)
L2 INPUT 1285
(1) ty=tf= 2
15 IR (2 Let.0 m | cwmjor
1- AN o L2
(4) 1=4.0 om
- (5) L=8.0 on
8- (6) 1=16 mm
. IDFT: 1GHz~ 100GHz,
§ N AF=1GHz
2 5 z, =D
3 27y = 14.5 ohms//35£F
o 5
x
=
N
R
A
0
- l—
T T T L T T T e T T R T

Ns

TIME (20 PS/DIV. )

©

Fig 9. Transient pulse excitations on the slow-wave CPW with
frequency-domain data shown in Figs. 4 and 5. (a) Transient pulse
excitations with resistive source and capacitive load terminations. (b)
Transient pulse excitations with matched source and capacitive load
terminations. (c) Transient pulse excitations with short-circuited source
and matched load terminations.

circuit:
C=X,/(wR})
where w is the angular frequency.
Examining curve (2) of Fig. 5, it is evident that the
imaginary part (X;) of the characteristic impedance 7, is

(11)
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1.2 -
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11 3z =4 am
(4)v =6 =
-9 (5)z =8 mm
.8 IDFT: lGHz-100GHz,AF=1GHz
FWHM: full-width half maximum

(2)

AMPLITUDE
I

+ shorted source impedance

matched source impedance

-1
T.e TT 1T 7vT17T 1 11T TUTd
0 JIns

LI l3 T T T TT1

. )
114" (20 PS/OIVY]
Fig. 10. Transient Gaussian pulse excitations with a matched output

load and matched or short-circuited source terminations for a 10-mm-
fong CPW with frequency-domain data shown in Figs. 4 and 5.

approximately proportional to the angular frequency. This
suggests that a constant value of C can be employed for
wide-band matching since C is proportional to the ratio of
X to w (eq. (11)). Detailed calculations show that the value
of C starts from 35 fF, stays relatively constant till 20
GHz, and then declines gradually to 25 fF at 100 GHz. In
what follows, a parallel RC circuit comprising a 14.5 Q
resistor and a 35-fF capacitor is employed for matching
the specific MMIC CPW with complex characteristic im-
pedance.

Under the matched source and load terminations, Fig. 8
shows that the rectangular pulse can propagate 8 cm with
little degradation and is delayed by approximately 2.6 ns.
The ringing shown in Fig. 6 is completely suppressed.

Next, the MMIC CPW is excited with a rectangular
pulse with smaller rise and fall times, 12 ps. Under the
unmatched terminations, the output waveform can have
overshoot or preshoot with some ringing (ripple) superim-
posed on it as shown in Fig. 9(a) depending on the value of
the source resistance [13]. When the input source is
matched, the output waveform has very little degradation
for driving an output capacitive load up to 160 fF as
shown in Fig. 9(b). Fig. 9(c) displays the dispersion of a
rectangular pulse for different lengths of the CPW with
zero (short-circuited) source impedance and a matched
output load. ,

Finally, the case of a low-loss semiconducting layer is
examined. Fig. 10 shows the propagation of a Gaussian
pulse of 15 ps FWHM (full-width at half maximum) with a
matched output load and either a short-circuited or a
matched input source termination. The results shown in
curve (3) of Fig. 3(a) and (b) actually correspond to such a
case. These data imply that there exists no slow-wave
mode or mode transition in the structure under analysis
since the imaginary part of the complex characteristic
impedance is very small and approaches zero at higher
frequencies. Fig. 11, obtained by converting the
frequency-domain data shown in curve (2) of Fig. 3(a) and
(b) into the time-domain waveform, compares the results
of a Gaussian pulse of 5-ps FWHM observed 1 cm and 2
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Fig. 11. Gaussian pulse transmission along lossless or low-loss CPW’s

under matched terminations with and without semiconducting layer at
different locations of the CPW’s.

cm from the source end for substrate with and without
semiconducting layer. In this CPW structure, the effect of
the semiconducting layer with small conductivity or low
doping concentration attenuates the pulse waveform and
alters the shape of the Gaussian pulse in a way similar to
those reported in [8}-[10] for the cases of a microstrip and
a CPW.

V. CONCLUSIONS

Time-domain response of picosecond pulse transmission
along a slow-wave MIS or Schottky contact CPW is pre-
sented. Severe drawbacks such as overshoot, preshoot, and
ringing in applying the slow-wave CPW [12], [13] are
eliminated almost entirely by an appropriate wide-band
impedance matching technique proposed in this paper. As
a result, a slow-wave CPW can be a useful interconnection
line or a delay line in MMIC’s provided careful matching
between the slow-wave transmission line and terminations
is practiced. All of these applications are analyzed sep-
arately with examples in the time domain. We may antic-
ipate that other slow-wave structures, such as an MIS
microstrip line and MIS coupled microstrip lines, shouid
exhibit similar properties found in this paper. The theoreti-
cal approach presented in this paper proves to be a versa-
tile tool for the solutions of very high speed pulse
transmission on an MMIC CPW.
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