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Asymmetric Coupled CMOS Lines:
An Experimental Study

Uwe Arz, Dylan F. Williams, David K. Walker, and Hartmut Grabinski

Abstract

This paper investigates the properties of asymmetric coupled lines built in a 0.25 µm CMOS

technology over the frequency range of 50 MHz to 26.5 GHz. We show that the frequency-

dependent line parameters extracted from calibrated four-port scattering-parameter measurements

agree well with numerical predictions. We also demonstrate by measurement and calculation

that the two fundamental modes of the coupled-line system share significant cross power.

To our knowledge, this is the first complete experimental characterization of asymmetric coupled

lines on silicon ever reported.

Index Terms

Coupled mode analysis, integrated circuit interconnections, measurement, multiconductor trans-

mission line, parameter estimation, silicon.

I. INTRODUCTION

Transmission lines on semiconducting substrates have been investigated for many years. In

1971 Hasegawa et al. presented an analysis of microstrip lines on a Si − SiO2 system [1]. Since

this classical work numerous papers have been published, mostly dedicated to quasi-TEM analyses

and the development of simple equivalent-circuit models.
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Most of the publications dealing with the experimental characterization of these transmission

lines have been restricted to the single-mode transmission line case [2]–[5]. References [6] and [7]

report on scattering-parameter-based coupled-line measurements on conductive substrates. How-

ever, [6] and [7] assume that the relationship between modal and conductor quantities is fixed and

frequency independent. As a result, the measurement methods described in these references are ap-

plicable only to symmetrical coupled-line systems. References [8] and [9] investigate asymmetric

coupled lines on insulating substrates.

In this work we study asymmetric coupled lines built on a conductive substrate. We extend the

study reported in [10], examining not only the matrices of transmission-line parameters, but also

the effects of substrate conductivity, the relationship between modal and conductor representations,

and the modal cross powers.

The high conductivity of the CMOS substrate leads to a complex frequency-dependent behav-

ior. The conductors are built in the second metallization layer of a six-metal-layer 0.25 µm CMOS

technology. The vias connecting the probe contact pads on the top metal layer (metal 6) with the

second metal layer (metal 2), where the coupled-line systems are built, may affect the measure-

ments. The access lines that connect the via stack below the contact pads with the coupled-line

segment in the second metal level are subject to the same substrate effects as the coupled-line

segment, and must also be accounted for.

In our approach, which is based on the method presented in [8], we express the electrical

characteristics of the coupled-line system in terms of the frequency-dependent transmission-line

parameters. The analysis uses the electrical model for multiconductor transmission lines and the

nonlinear-regression method presented in [8]. However, [8] utilized a series of two-port measure-

ments to characterize the coupled lines. Here we investigate the more general problem of asym-

metric coupled lines on a conductive substrate with the aid of fully calibrated four-port scattering-
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parameter measurements of the coupled lines, using the state-of-the-art on-wafer measurement and

deembedding techniques described in [11],[12], and [5]. We pay special attention to the parasitic

effects in the test structures (contact pads, vias between different metallization layers, and access

lines).

Wherever possible, we use the quasi-analytical method of [13] to verify the experimen-

tal data. This procedure calculates the frequency-dependent line parameters of multiconductor

transmission-line systems on conductive substrates from their cross-sectional data. This is based

on the assumption that the skin effect in the conductive substrate affects only the calculation of

the impedance parameters. Furthermore, the skin effect in the signal and ground conductors is

neglected. We also use the quasi-analytic calculations of [13] to demonstrate the influence of the

substrate conductivity on the transmission-line parameters.

In the last section of the paper we investigate the modal behavior of the asymmetric coupled

lines by determining the ratio of conductor voltages for c- and π -mode excitation, and by calcu-

lating the cross power shared between the two fundamental modes from measured and predicted

line-parameter values.

II. EXPERIMENTAL SETUP

The cross section of the lines we studied is shown in Fig. 1a, and the top view of the coupled-

line system is shown in Fig. 1b. The coupled conductors are fabricated in the second level of metal,

which has a thickness of 0.7 µm and a metal conductivity of 27.8 × 10 6 S/m. The first conductor

has a width of 1 µm, the second a width of 10 µm, and the two coupled conductors are separated

by a gap of 1 µm. The conductivity of the silicon substrate is 10 4 S/m. Two 20 µm wide grounds

composed of via stacks connecting the substrate and all 6 metallization layers together are located

on each side of the coupled lines. The distance between the grounds and the center of the coupled-

line structure is 65 µm.
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Fig. 1. Test structures.

We used on-wafer probes to connect to the four 50 µm by 50 µm contact pads on the top

metal layer. Via stacks connect the contact pads to the access lines of the coupled-line system,

which were fabricated in the second metal level. The width of the access lines is 1 µm, and their

length is 200 µm. The lengths of the coupled-line segments are 0.5 mm, 1.0 mm and 2.5 mm.

We also fabricated test structures to characterize the single-mode access lines. These 1 µm

wide lines were built in the second metal level and had lengths of 0.5 mm, 1.0 mm and 2.5 mm.

III. MEASUREMENT AND DEEMBEDDING PROCEDURE

We used two-port measurements to characterize the contacts and access lines. We first per-

formed a 50 � multiline thru-reflect-line (TRL) reference calibration [11] in coplanar lines fabri-

cated on a semi-insulating gallium arsenide substrate, and moved the calibration reference plane

back to the probe tips. We then performed a second-tier TRL calibration in the access lines on the

silicon substrate in which we had fabricated the coupled lines. Here we employed the “calibration
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Fig. 2. Characteristic impedance Z 0 and propagation constant γ = α + jβ of the 1 µm wide access lines in metal 2.

comparison” method [5], which is designed to be insensitive to large contact-pad capacitance, to

determine the characteristic impedance Z0 of the access lines. We then used this information to re-

set the reference impedance of the second-tier TRL calibration to 50 �. This procedure determined

an “error box” describing the electrical behavior of the contact pads, vias, and access lines.

Figure 2 shows the characteristic impedance Z0 and the propagation constant γ of the 1 µm

wide access lines fabricated in the second level metal. The solid lines indicate measurement results

obtained using the method of [5], and the dashed lines correspond to calculations obtained using

the quasi-analytical procedure of [13]. The negative phase of Z0 indicates that the longitudinal

losses are dominant.

The agreement is excellent over the entire frequency range of 0.2 − 40 GHz. The maximum

deviations observed between the measured and calculated values of Fig. 2 correspond to relative

errors of less than 2.5 %. Considering the difficulties typical of on-chip probing on silicon these

results rank among the most accurate ever reported.
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The calibration procedure used for the four-port measurement is described in [12]. It eliminates

the need for orthogonal calibration standards, and requires only three in-line calibrations. To this

end, we again used the multiline TRL procedure [11]. Since the initial reference-plane position of

the four-port calibration was “at the probe tips”, we used an additional deembedding step for the

access lines. We employed the error boxes determined by the second-tier TRL calibration in the

access lines for this purpose, using the propagation constant from the TRL calibration to set the

reference planes to the beginning of the coupled-line segment (marked A in Fig. 1).

IV. COUPLED-LINE ANALYSIS

The coupled lines we study support two dominant modes, which are commonly called the

c- and π -modes, and which correspond to the even and odd modes in the symmetric case. The

relationship between modal (subscript m) and conductor representations (subscript c) of the voltage

and current vectors in a multiconductor transmission line is given by [14]

vc = Mv vm and ic = Mi im . (1)

These vectors satisfy the transmission line equations

dvc/dz = −Zc ic and d ic/dz = −Yc vc , (2)

where the matrices of conductor impedances and admittances per unit length are defined by Zc ≡
Rc + jωLc and Yc ≡ Gc + jωCc.

We chose the voltage paths between each of the two conductors and the ground. We then used

the method of [8] to determine Mv, Mi, and the matrices of the line parameters Rc, Lc, Gc, and Cc

in the conductor representation of [14]. The vectors vc and ic are power-normalized according to

the theories presented in [14] and [15]. This is equivalent to the requirement that the total complex

power p carried in the forward direction is

p = im
† Xvm = ic

†vc , (3)
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where the diagonal elements of the cross power matrix X are equal to 1 and † indicates the Hermi-

tian adjoint (conjugate transpose).

We estimated the line-parameter matrices from the four-port measurement data using the

weighted orthogonal-distance regression algorithm of [16] and the procedure in [8]. This procedure

solved for all of the elements of Rc, Lc, Gc, and Cc at each frequency point independently.

Using the method of [13], we calculated the starting values for the lowest frequency. We then

used the results of the optimization at each frequency point as starting values for the optimization at

the next higher frequency point. Additional investigations showed that the optimization algorithm

converged to virtually identical results even when the DC values were chosen as the starting values

over the entire frequency range.

Reference [8] compares two methods of determining Rc, Lc, Gc, and Cc. The first method,

which we employed here, determines Rc, Lc, Gc, and Cc directly, but ignores the four-port error

boxes describing the discontinuities where the access lines connect to the coupled lines. The second

method studied in [8] requires that the capacitance be flat and Gc be small, but accounts for the

four-port error boxes.

In our analysis we ignored the four-port error boxes that represent the discontinuities between

the single-mode access lines and the multi-mode coupled-line segment. We felt that this was justi-

fied by the small sizes of those discontinuities. Although we did not implement the second method

of [8], which does account for these discontinuities, the measurements we reported here indicate

that Cc is flat enough and Gc small enough to allow its use.

We also used the regression method of [16] to characterize the random error in the redundant

four-port measurement data. The analysis determines 95% confidence intervals for the estimated

results over the entire frequency range under the assumption that the error sources in the experiment

are entirely random, independent, and normally distributed. Figures 3, 4, and 5 show the estimated
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line parameters of the asymmetric coupled-line system (labelled “measurement”), the lower and

upper bounds for the 95% confidence intervals, and the line parameters calculated from the quasi-

analytical formulas given in [13] (labelled “calculation”).

The values estimated for the elements Gc, which are not presented here, are all smaller than

0.02 S/cm over the whole frequency range and do not have a significant effect on the signal propa-

gation behavior of the coupled-line system. We verified this assertion by fixing all elements of G c

to zero during the nonlinear optimization process. The results for Cc and Lc were virtually indis-

tinguishable, and the elements of Rc deteriorated only slightly when compared to the calculations

of [13].

The agreement between measured and calculated values is good over the entire frequency

band. However, some of the calculated values fall outside of the 95% confidence intervals for the

estimated parameters. This is a clear indication that there is still some systematic error in either

the measurements or the calculations. Sources of systematic error in the measurements include our

neglect of the four-port error boxes describing the transition between access lines and coupled-

line segment. Errors in the calculation using the method of [13] can probably be traced back to

uncertainties in the information from the manufacturer about the cross-sectional parameters of the

six-layer CMOS process.

V. SUBSTRATE EFFECTS

Hasegawa et al. [1] identify three typical regions of operation1 in their classic paper on the

analysis of microstrip lines in Si − SiO2 systems: the “slow-wave” region, the “skin-effect” region

and the “dielectric quasi-TEM” region. However, this classification is introduced for the case of a

single-mode transmission line system only. It is the purpose of this section to investigate whether

similar phenomena can be observed in coupled CMOS transmission lines as well.

1 In [1] Hasegawa et al. are speaking of “modes” of operation. In order to avoid confusion wih the c- and π-modes discussed in
Section IV we prefer to speak of “regions” of operation, which we believe to be a more appropriate term.
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Fig. 6. Influence of substrate resistivity (σ = 10000 S/m vs. σ = 0.01 S/m) .

From the results reported in [8] we know that the resistances and inductances per unit length

only show a weak dependence on the frequency for insulating substrates. We tried to examine

this aspect for the CMOS coupled-line system too by calculating the line parameters for the test

structures of Fig. 1, but assuming that the substrate conductivity is very low. The comparison to

the actual values is shown in Fig. 6.

The resistances and inductances per unit length on an insulating substrate stay nearly constant

with frequency. However, the resistance and inductance of our structures is clearly frequency de-

pendent. This leads to the conclusion that the measured frequency dependence must be attributed

to the skin effect in the substrate. This is also confirmed by the fact that the skin depth at our high-

est measurement frequency of 26.5 GHz is 0.59 µm in the conductor metal and 30.9 µm in the

substrate. Thus the skin effect in the conductor metal plays only a minor role and can be neglected.
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VI. MODAL CROSS POWER

Figure 7 shows the ratios of conductor voltage magnitudes |vc1 /vc2| for the c- and π -mode

determined from our measurements and calculations, which we determined from eqn. (1) using

vc1

vc2
= Mv11

Mv21
(c-mode) and

vc1

vc2
= Mv12

Mv22
(π -mode) . (4)

Figure 7 shows that these ratios are strongly frequency-dependent, and confirms that the ele-

ments of Mv, which describe the relationship between modal and conductor voltages, cannot be

treated as fixed values. This clearly shows that the assumptions of the methods in [6] and [7] would

fail in the case of asymmetric lines.

Figures 8a and 8b compare measurements of the off-diagonal elements of the modal cross

power matrix X (see eqn. (3)) to calculations based on the line parameters determined by the

quasi-analytical method of [13]. Measurement and calculation are in fair agreement.
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Figure 8a shows that the cross power shared between the c- and π -mode of the asymmetric

coupled-line system cannot be neglected, even at moderate frequencies. The physical reasons for

this behavior have been investigated in [17] for the case of a non-conductive substrate. Despite the

fact that the line parameters of the coupled-line structures investigated here have a much stronger

frequency dependence than in [17], we also observe a significant rise in the cross power at inter-

mediate frequencies.

We also tried to identify the frequency region where the cross power rises by examining

the frequency-dependent propagation constants γc and γπ . References [17] and [18] predict a

rise in the cross power at frequencies where γc and γπ are close. The corresponding curve of

|γc − γπ |/√|γcγπ | in Fig. 8b shows that the difference between the propagation constants de-

creases with frequency. This indicates that the physical mechanisms leading to increased cross-

power levels on lossy conductive substrates might be different from the ones observed in low-loss

waveguides, where the cross powers rise over narrow frequency bands when the propagation con-

stants of different modes become extremely close.
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While the experimental data were available only up to 26.5 GHz, we were able to carry out the

calculations of the line parameters with the method of [13] to 100 GHz. One obvious difference

between the results reported here and in [17] is that the modal cross powers for the asymmetric

structures investigated here do not vanish for the limiting case of very high frequencies, as can be

seen from Fig. 8b. Further investigations will be necessary to clarify the behavior predicted by [13]

at the highest frequencies.

VII. CONCLUSION

In this work we investigated the properties of asymmetric coupled transmission lines built in

a six-metal-level CMOS process. The on-wafer measurements presented here agree closely with

quasi-analytical calculations over a broadband frequency range. Measurement and calculations

show that the skin effect in the highly conductive silicon substrate leads to a strong frequency

dependence of the line parameters Rc and Lc. This effect was further investigated by comparing to

calculations with a low conductivity substrate.

We also demonstrated by measurement and calculation that the relationship between modal

and conductor quantities is frequency-dependent, and that the two dominant modes share signifi-

cant levels of cross power at moderate frequencies. This investigation shows that, for the important

and practical case of CMOS transmission lines, power-normalized equivalent-circuit theories such

as those outlined in [14] and [15] are required for an adequate treatment of these common circuit

elements.
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