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Abstract -Transmission line properties of typical high-speed 
interconnects are experimentally investigated by fabricating and 
characterizing coplanar strips on semi-insulating GaAs sub; 
strates. The strips have thicknesses of about 2500 A or 5000 A 
and widths of 4, 6, or 8 pm so as to be representative of on-chip 
interconnects in high-speed GaAs digital circuits. Measure- 
ments are carried out up to 18 GHz, and the pertinent line 
parameters, such as resistance, capacitance per unit length, and 
characteristic impedance, are extracted using the measured S 
parameters. The measurement results confirm the quasi-TEM 
properties of such interconnects. In all cases, the measured 
distributed capacitance and inductance are insensitive to fre- 
quency whereas the resistance is found to increase as much as 
38% for the widest and thickest conductors. 

I. INTRODUCTION 

HE intense research efforts expended on the devel- T opment of high-speed GaAs digital integrated cir- 
cuits over the last decade have resulted in high-perfor- 
mance circuits with integration levels exceeding several 
thousand gates [l]. The continuing improvements in speed 
and complexity of such circuits, however, generate new 
problems that must be overcome for further development. 

One of these problems is caused by the conductors that 
interconnect various gates. In high-speed GaAs digital 
circuits, as a result of the very short rise and fall times of 
the digital waveforms, frequency components' extending 
well into the microwave range are typically encountered. 
Furthermore, the average interconnection line length in- 
creases with the increasing complexity of the circuitry. 
Hence some of the interconnect lengths may be compara- 
ble to the wavelengths associated with the high-frequency 
components of the digital waveforms, and undesired wave 
effects associated with transmission lines, such as distor- 
tion and cross talk, can be observed on such intercon- 
nects. Therefore, such phenomena could be among the 
bottlenecks in improving the speed of GaAs digital cir- 
cuits. 
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In recent years, there has been much theoretical work 
undertaken to predict the parameters and performance of 
interconnects in integrated circuits [2]-[9]. On the experi- 
mental side, Getsinger proposes different methods for 
measuring the characteristic impedance of a microstrip 
line [lo]. Shepherd and Daly model and measure the S 
parameters of step-impedance microstrip lines on Duroid 
board [ll]. Gopinath compares a Green's function ap- 
proach that is used to predict the conductor, dielectric, 
and radiation losses with measurements of resonator 
structures on microstrip lines [12]. Lee and Itoh charac- 
terize a slow-wave coplanar waveguide structure and com- 
pare their measurements with the so-called PEM method 
[13]. The only available extensive measurements so far 
that cover a wide range of frequencies for rectangular 
conductors of different widths and thicknesses are those 
published by Haefner in 1937 [14]. To our knowledge, 
however, experimental characterization of such transmis- 
sion lines as on-chip high-speed GaAs interconnects has 
not been reported in the literature. 

The objective of this research is to provide experimen- 
tal evidence which will be helpful in validating various 
possible theoretical approaches to the modeling of such 
interconnects. Although our emphasis will be on digital 
circuits, the results can be used for analog applications as 
well. Our findings show that quasi-TEM theory yields very 
good qualitative and quantitative results in the frequency 
range of this investigation. 

In the next section the fabrication of representative 
on-chip GaAs high-speed digital circuit interconnects is 
described. Next the experimental setup and the method 
used to extract line parameters from measurement results 
are outlined. In Section V, the results are discussed; 
finally, conclusions of this work are given. 

11. FABRICATION 
Various test patterns were designed for an experimen- 

tal study of the typical interconnects that are encountered 
in high-speed digital integrated circuits. Most intercon- 
nect lines used in practice are coplanar strips on semi- 
insulating GaAs substrate without a ground plane or at 
least with the ground plane so far removed compared 
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with the strip spacings that it has negligible effect on the 
signal propagation. The aim of the experiments is to 
measure the essential parameters of these interconnect 
transmission lines, such as loss, attenuation and propaga- 
tion constants, characteristic impedance, and phase veloc- 
ity, as a function of frequency and line dimensions, and to 
compare these results with approximate theoretical pre- 
dictions. Fig. 1 shows a schematic of the basic coplanar 
strip geometry used in the experiments. 

Conductor widths (w) of 4, 6, or 8 p m  and spacings 
between the conductors (s) of 4 or 8 p m  were used in the 
experiments. All possible permutations of these w and s 
values were combined, resulting in line structures of dif- 
ferent dimensions. Four different length values (I) of 1, 2, 
3, and 4 cm were fabricated for each line. For classifica- 
tion purposes, the notation #-wsZ was used, where # is 
the specimen number. At least seven of each of these 
patterns were fabricated, allowing for possible low yields. 
The layout of the mask was done using Magic, an inte- 
grated circuit layout tool developed at the University of 
California at Berkeley. 

The patterns on the mask were transferred to a 2 in. 
semi-insulating GaAs wafer about 670 p m  thick, using a 
lift-offa technique. Ljnes with the two thickness values of 
2500 A and 5000 A were fabricated. The metallization 
consisted of Au and Ti, the latter to promote the adhe; 
sion of Au to GaAs substrate. The Ti thickness was 500 A 
for both cases. Conductor thickness measurements on the 
fabricated samples showed that t,he thickness of t,he lines 
varied between 5300 and 55!0 A for the 5!00 A target 
and between 2700 and 3000 A for the 2500 A one. There 
was a small offset in the lateral dimensions from the 
design values caused by a slight offset in the dimensions 
on the mask itself and also by line width variations in 
photolithography. Generally, the widths of the lines were 
larger by abut 0.5 pm, and the spacings were smaller than 
the design values by the same amount. In the calculations 
and processing of the measured data, these measured line 
dimensions were used in place of the nominal design 
values. 

111. MEASUREMENT SETUP 

A schematic of the experimental setup used in the 
measurements is shown in Fig. 2. The microwave mea- 
surements on the lines were performed in the 45 MHz-18 
GHz frequency range using an HP8510B automatic net- 
work analyzer. Transmission lines were probed on wafer 
using a Cascade Microtech probe station. The lines were 
excited in a balanced mode (i.e., odd mode) using 3 dB, 
180" power dividers (microwave baluns). Two different 
sets of baluns were used for the measurement frequency 
range. One covered the 45 MHz-2 GHz range, the other 
the 2-18 GHz range. This excitation is typical of lines 
driven by a device connected between them on the sur- 
face of the substrate, and the single-mode excitation 
simplifies the interpretation of the measured data. The 

100 pm 
w 

Fig. 1. Schematic of the basic coplanar stripline geometry used in the 
experiments. 

Controller: 1 HP9000/236 1 

Semi-Rigid Cable Pair Microwave Balun 

1 BalancedProbes \ 

Fig. 2. Schematic of the experimental setup used in the measurements. 

balanced Cascade microwave probes via a pair of phase- 
matched semirigid coaxial transmission lines. Phase trim- 
mers were also installed at the ends of the semirigid 
cables to correct for possible nonideal phase match in a 
pair. To give an idea of how good the match in lengths 
should be, it suffices to note that a difference in length of 
0.5 mm between the cables gives rise to about a 15" phase 
difference at 20 GHz. Calibration was done and verified 
using an impedance standard substrate ( I S )  supplied by 
Cascade. Excellent calibration was obtained, with sll and 
s12 less than 0.1 dB for open and short, flat to less than 
0.1 dB of its value for the load used, and s2, and s12 
within 0.1 dB of zero dB for through transmission across 
the whole frequency range. 

IV. ANALYSIS OF THE MEASUREMENTS 

An easy way to analyze the measurement results is to 
utilize ABCD parameter formulation. If we refer to the 
source and load reference impedances as 2, and to the 

balanced signals were transmitted to a pair of high-quality line impedance as Z,,, the ABCD matrix of the transmis- 
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sion line section will be rived from the measurements: 

cosh ( y l )  [G :] = [ sinh(y1) 
Z,,/ sinh ( y l )  

cosh ( y l )  
ZI)/ 

cosh ( y l )  

[ G :] = [ sinh ( y l )  
Z,,/ sinh ( y l )  

cosh ( y l )  
ZI)/ 

L J 

while the ABCD parameters are related to the S parame- 
ters by [15] 

One finds the characteristic impedance and the propaga- 
tion constant of the transmission lines as 

where 1 is the length of the transmission line. In finding 
y ,  the matrix element D can also be used. This was 
checked in the measurements, and it was found that the y 
calculated using the matrix element D yielded the same y 
as that found from the matrix element A within the 
accuracy of the measurements. 

The propagation constant y can further be decom- 
posed to its components as y = CY + j p ,  where CY is the 
attenuation constant (Np/m) and p is the phase constant 
(rad/m). Note that in (3b), y is double valued. The 
physically meaningful y value is the one with positive 
attenuation constant, a. This criterion was used to choose 
the proper root of (3b). 

Based on the previous theoretical estimations [ 161, we 
postulate that we can use the well-known quasi-TEM 
model to describe these interconnects. In the quasi-TEM 
model, the propagation constant and the characteristic 
impedance are given by 

where R is the resistance per unit length, C is the 
capacitance per unit length, L is the inductance per unit 
length, and G is the shunt conductance per unit length, 
which accounts for the dielectric loss in the transmission 
line. 

Hence, once the two-port S parameters of the line are 
measured, ABCD parameters and y and Z,,) are deter- 
mined using (2) and (3). Then using y and Z,,,, the 
transmission line parameters can be extracted with the 
following formulas. The subscript m is used in the dcsig- 
nation of these parameters to denote that they are de- 

In extracting the line parameters for a geometry of 
particular cross-sectional dimensions, data from at least 
six lines of the same cross-sectional dimensions were 
used. In the case of lines with w = 4  p,m and s = 8  pm,  
data were taken from ten line measurements. Once the 
propagation constant, the characteristic impedance, and 
the distributed parameters of all the transmission lines of 
the same cross-sectional dimensions were found, their 
statistical means and standard deviations were calculated. 
The statistical formulas used are [171 

1 N  
x = -  Ex, (6a) 

N I = ,  

for the mean and the standard deviation respectively. 

V. DISCUSSIONS ON THE RESULTS OF THE EXPERIMENTS 
The distributed line parameters can also be calculated 

assuming the quasi-TEM model. Then C becomes the 
static capacitance per unit length, and is calculated using 
a simple method of moments approach [18]. In this calcu- 
lation, the dielectric losses were taken to be zero and the 
relative permittivity, E , ,  of the GaAs substrate to be 13. 
The thickness of the substrate was taken to be semi- 
infinite, which should be a good approximation since the 
line spacings are very close relative to the substrate thick- 
ness of 670 pm. 

The inductance per unit length, L ,  can also be repre- 
sented as 

(7) 

whcre the first term is the external inductance contribu- 
tion. In this expression, Cair is the static capacitance per 
unit length of the structure when dielectrics are replaced 
by air. Li,,, is the internal inductance of the interconnects 
which results from magnetic energy storage in the con- 
ductors, and it was assumed to be equal to pt/3w, where 
t is the thickness and w is the width of the conductor [19], 
[20]. At least for the lower frequencies, the resistance per 
unit length, R ,  can be approximated by the dc resistance 
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Fig. 3. A comparison between the measured and calculated character- 
istic impedances for the coplanar strip transmission lines with w = 4 p m ,  
s = 8 p m ,  and t = 0.5 pm.  The dashed lines correspond to the calcu- 
lated values and the solid lines to the measured values. The calculated 
values fall exactly on top of the measured ones in (a) and thus are not 
shown. 

per unit length of these lines; the conductance per unit 
length, G ,  is neglected since its effect is believed to be 
very small compared with WC in the frequency range of 
interest. 

Figs. 3-8 show the measured parameters for a group of 
lines together with the values calculated using the method 
outlined in the previous paragraph. Fig. 3 shows a com- 
parison between the measured and calculated chdracteris- 
tic impedance versus frequency. The behavior of the 
characteristic impedance can be readily understood by 
looking at (4b) closely. At low frequencies, W L  can be 
neglected compared with R ,  yielding 

Thus we see that at low frequencies Z,, has equal real 
and imaginary parts with opposite signs, and these go to 
infinity as the frequency goes to zero, all of which we 
observe in Fig. 3(a). At high frequencies, in (4b), R could 
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Fig. 4. A comparison of measured and calculated attenuation and 
propagation constants for lines with w = 4 pm,  s = 8 p m ,  and t = 0.5 
p m .  The calculated attenuation assumed that the line resistance remains 
constant at its dc value. Dashed lines are the calculations, and solid lines 
are the measurements. Note different ordinate scales in (b). 

be neglected compared with W L  since it has a depen- 
dence of only 0 owing to the skin effect; thus the 
characteristic impedance should tend toward the real 
value 

(9)  

which is observed in Fig. 3(b). 
Fig. 4 shows a comparison of the calculated and mea- 

sured attenuation and phase constants. The attenuation 
curve varies at low frequencies approximately as fi. TO 
understand this behavior, let us consider (4a). Again 
neglecting the effect of W L  compared with R at low 
frequencies, the propagation constant becomes 

l + j  
y = ,a 
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Fig. 5 .  The measured phase velocity for a group of lines with M' = 4 
p m ,  s = 8 p m ,  and f = 0.5 pm. The calculated high-frequency asymp- 
totic value is l',, = 1," = 11.7 cm/ns. 

from which we get the low-frequency a and p as 

(y = p {F-. (11) 

We observe these phenomena in Fig. 4(a). 
A second observation on the theoretical attenuation 

curve in Fig. 4(b) is its relative flatness across the fre- 
quency range of interest. To give an explanation for this, 
we again take (4a) and make a Taylor series expansion of 
the terms in the square root assuming a situation in which 
R / w L  << 1; in this way we obtain 

The theoretical curve was computed using the constant dc 
value for R. The higher value for the experimental atten- 
uation is due to an increase in R with frequency, as will 
be discussed below. 

The linearity of /3 with respect to frequency as ob- 
served in Fig. 4(b) is also apparent from (12). We note 
that the skin depth for gold is approximately 6, = 2.5 
p m / f i  (GHz). We can assume that the skin effect starts 
to dominate when 6 , ~  t / 3 ,  where t is tbe thickness o,f 
the conductor. For our case of t = 5000 A, 6,. = 1670 A 
would imply f = 225 GHz, suggesting that we are quite 
far away from the frequency region where the skin effect 
starts to dominate. 

Another parameter that is directly calculated from the 
phase constant /3 is the phase velocity, i',, = w / p .  This is 
shown in Fig. 5. Using (ll), it is expected that I , , ,  will go 
to zero with fi as the frequency tends to zero, a trend 
which has begun in this figure. 

Figs. 6 and 7 show the measured distributed capaci- 
tance and inductance per unit length of the transmission 
lines. The capacitance and inductance look quite fre- 
quency independent, with a slight decrease in the induc- 
tance as the frequency increases. This may be attributed 
to the decrease in the internal inductance caused by 
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Fig. h. The capacitance per unit length for the interconnects with 
1%' = 4 p m .  .\ = 8 p m ,  and r = 0.5 pm.  The calculated quasi-TEM capaci- 
tance value is 0.85 pF/cm. 
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Fig. 7. The measured inductance for the interconnects with w = 4 p m ,  
s = 8 pm, and f = 0.5 p m ,  which also includes the internal inductance 
contribution. The calculated quasi-TEM inductance and the low- 
frequency internal inductance values are 8.50 and 0.93 nH/cm, respec- 
tively, giving an expected low-frequency inductance of approximately 9.4 
nH/cm. 

nonuniform distribution of currents at high frequencies, 
or, in other words, the decreased penetration of current 
into the conductor. The close agreement between the 
calculated and measured capacitance and inductance val- 
ues justifies the use of quasi-static methods in the calcula- 
tion of the capacitance, as is done in [18]. 

Standard deviations of the measured line parameters 
are also shown in Figs. 5-7. The very small standard 
deviation values indicate good accuracy and repeatability 
for the measured values. 

Fig. 8 shows the measured resistance variation versus 
f:equency for osamples of two different thicknesses, 2500 
A and 5000 A. For each thickness, two different width 
values, w = 4 pm, and w = 8 p m  for a separation of s = 8 
p m  were considered. The approximate resistance varia- 
tions from the low- to the high-frequency end, together 
with the percentage differences in the high-frequency 
resistances over the low-frequency values, are given in 
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Fig. 8. The  distributed resistance for interconnects with w = 4 and 8 
p m ,  s = 8 p m ,  and thickness t = 2500 A and 5000 A. 

TABLE I 
RESISTANCE VARIATIONS FROM THE Low TO THE HIGH FREQUENCIES 

IN THE 2-18 GHz RANGE FOR SAMPLES OF VARIOUS 
WIDTHS AND THICKNESSES 

Sample Sample 
Width Thickness 
w (pm) t (A) Range of R (fL) Percent Variation in R 

4 5000 240-310 29 
8 5000 130-180 38 
4 2500 620-670 8 
8 2500 320-360 12 

Table I. The variation of resistance versus frequency 
increases with wider or thicker strips. The increase in the 
percent difference is smaller, however, when the strip 
width is doubled than that when the strip thickness is 
doubled. From these observations, we can conclude that 
both the transverse and the vertical distribution of current 
vary appreciably with frequency within the range of our 
measurements. The current penetration from the surface 
decreases as the frequency increases, thereby increasing 
the line resistance [211, [22]. At very high frequencies, the 
amount of penetration would be given by the skin depth. 
Also at high frequencies, current flow should tend to be 
concentrated near the inner sides of the strips, resulting 
in higher effective resistance. At least when the thickness 
is of the order of a skin depth and the strips are several 
skin depths wide, the frequency dependence of the verti- 
cal penetration of current appears to be much larger than 
that of the lateral distribution of current. One can readily 
see this by examining Table I. When the width is changed 
from 4 to 8 pm, the percent variation in theoline resis- 
tance increases from 8% to 012% for the 2500 A and from 
29% to 38% for the 5000 A thick lines. oHowever, owhen 
the line thickness is increased from 2500 A to 5000 A, the 
percent variation in the line resistance increases from 8% 
to 29% or from 12% to 38% for the 4 p m  and 8 p m  
widths, respectively. 

The extracted shunt conductance per unit length, G, 
comes out to be quite noisy. This can be attributed to the 

fact that it has a small value compared with the other 
parameters and hence is overwhelmed by experimental 
error. It is therefore not shown. 

VI. CONCLUSIONS 
The analysis of measurements performed on represen- 

tative interconnect structures reveals several important 
points. First, the capacitance and inductance come out to 
be very nearly frequency independent and agree well with 
the static calculations, which justifies both the use of 
quasi-static methods in the calculation of capacitance and 
the assumption of a quasi-TEM model. The slight de- 
crease in the inductance as the frequency increases may 
be attributed to the decrease of the internal inductance 
contribution. Furthermore, the propagation and the at- 
tenuation constant values calculated using a quasi-TEM 
model agree both quantitatively and qualitatively with the 
experimental results. 

From the resistance extractions, we observe that both 
the lateral and the vertical distribution of current must 
vary significantly with frequency. Within the range of our 
measurements, the frequency dependence of the narrow 
vertical distribution, however, is much larger than that of 
the relatively wide lateral distribution. We also observe 
that using the dc resistance value of the lines for the 
calculation of attenuation constant is a very good approxi- 
mation at low frequencies. For higher frequencies, for 
example at 10 GHz, this has yielded an error of no more 
than 8% in the attenuation constant for the experiments 
carried out so far. This relatively small error in the 
attenuation assuming frequency-independent resistance 
should make possible the use of simulation programs such 
as Spice along with a quasi-TEM transmission line model. 
For example, in Spice an LC transmission line model 
could be periodically loaded with a frequency-indepen- 
dent resistance to account for the loss, and hence time- 
domain analysis of logic gates using reasonably realistic 
interconnect modeling could be performed. 
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