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Abstract —

A monolithically integrated microstrip waveguide in a
0.5 um, Si bipolar technology is presented. This single mi-
crostrip line is a common type of on chip interconnnect. The
waveguide is characterized by S-parameter measurement in
a frequency range from 100 MHz to 80 GHz. After deem-
bedding the characteristic impedance, propagation constant
and telegraphers equation transmission parameter are ex-
tracted. Measurement Results are compared to simulation
results in detail.

Keywords — microstrip line, microwave guides, MMIC cir-
cuit design.

I. INTRODUCTION

Nowadays silicon-based monolithic microwave integrated
circuits tend to very high frequencies. The designer has to
pay attention to interconnect design which influences the
performance of ICs significantly [1]. The connection be-
tween circuit core and pads are very long on-chip intercon-
nects and in many cases realized as microstrip line. The
interconnect should meet many demands like low loss or
to match a certain Impedance. This paper presents a full
characterization of a single microstrip line to demonstrate
the electrical behaviour of such interconnects.

Recent papers have presented several methods for
characterizing transmission lines by the characteristic
impedance [2], [3]. An ideal transmission line is charac-
terized completely by the characteristic impedance Z; and
the propagation constant . The characterization of the
microstrip line is based on S-Parameter measurement [4]
with a thru-reflect-line (TRL) calibration [3], [5].

This paper shows an accurate characterization of a
monolithically integrated microstrip waveguide in a 0.5 pm,
Si bipolar technology up to 80 GHz. In Section II the tech-
nology and the microstrip line geometries are described.
For accurate measurement results in Section ITI the deem-
bedding procedure is explained. SectionIV discusses the
theory of S-parameter based transmission line character-
ization. In SectionV the experimental results of the mi-
crostrip line are presented and compared to simulation re-
sults in detail.
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Fig. 1. Cross section of the monolithically integrated microstrip line.
Microstrip line is Metal 3. Ground Plane is Metal 1

II. SILICON-BASED TECHNOLOGY AND METALLIZATION

A detailed cross-section of the 3 layer metallization is
shown in Fig.2. The conductor material is standard Al-
SiCu and has a conductivity of ¢ = 33S/um. The metal
layers are embedded in Silicondioxide SiO- with a relative
permittivity of e, = 3.9. The passivation is formed by a air-
proof protection coat and consists of Siliconnitride SizNVy
and has an e, = 7.5 . The substrate is a p~ doped Silicon
with a conductivity of o = 12.5S/m (8 Qcm).

The microstrip line is realized in Metal 3 as signal line
and Metall as ground plane. Metal2 is not used. A
cross section of the microstrip waveguide is illustrated in
Fig.1. The microstrip line has a width of w = 6 ym and
a conductor-height of 7' = 1.4 um (Metal 3 in Fig.2). The
spacing between Ground plane (Metal1) and conductor is
H = 2.9 ym. The width to height ratio of the microstrip is
W/H = 2.07.

III. DEEMBEDDING

To extract the electrical characteristic of the microstrip
line from the measurement data, deembedding test struc-
tures are necessary. A calibration method with ”short” and
”open” test structures applies correct characterization only
at low frequencies. To get accurate results at high frequen-
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Fig. 3. High frequency waveguide test structures layout. (a) Microstrip line test structure. (b) Deembedding test structure.
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Fig. 2. Detailed schematic cross section of the metallization.

cies up to 80 GHz, a thru-reflect-line (TRL) calibration
is required. Fig.3(a) shows a chip micrograph of the mi-
crostrip line teststructure with 40 um high frequency pads
on left and right side to contact with ground-signal-ground
probes. The total length of the microstrip line teststruc-
ture is 2800 um. Fig. 3(b) shows the chip micrograph of the
thru-reflect-line calibration test structure for deembedding.

If two-ports are connected in cascade the system can be
practically defined by the transmission matrix (T-matrix).
The measurement data is in the form of S-parameter and
therefore we need the equations to get the T-matrix of a

two-port.
1 1 — S99
T=— 1
521 ( Sll S ) ( )

where S = det(S) = 511522 — S12591 is the determinante
of the S-matrix. The T-matrix of the microstrip line test
structure in Fig. 3(a) can be written as

TMeasure = TPadleft ' TLine ' TPadright (2)

with T-matrix of the pads on the left and right side. On the
other hand the T-matrix of the deembedding test structure
in Fig. 3(b) can be written as

Trad = Tradis " TPad,ign: (3)

= v/Tpadq

Trad,.; Trad,ign
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Fig. 4. Measured and simulated characteristic impedance versus

frequency of the W/H = 6um/2.9um microstrip line.

With (2) and (3) we can extract the T-matrix of the mi-
crostrip line T, as follows

(4)

where E is the unity matrix. After extracting Tp;n. we
convert to the familiar S-parameter of the deembedded line.

1 To1 T
S= - 5
T11 ( 1 _T12 ) ( )

where T' = det(T).

_ -1 -1
E- TLine ‘E = TPadleft ' TMeasu're . TPadright

IV. PARAMETER EXTRACTION

After deembedding we have extracted the S-parameter of
the transmission line which describe the full electrical be-
haviour. A figure of merit is the characteristic impedance
Z and the propagation constant v = « + j3 where « is
the attenuation constant and 3 is the phase constant. The
S-parameter measured from a lossy unmatched transmis-
sion line with characteristic impedance Z and propagation
constant + in a Zy impedance system are [4]

) ©

1
s=5-

where Dy = 27 Zg coshyl+(Z?+ Z2) sinhyl. The S-matrix
can be solved in v and Z. The product v/ in terms of the

(Z% — Z2) sinh vl
2ZZy

97 74
(Z? — Z2) sinh vl
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Fig. 5. Measured and simulated phase of the characteristic

impedance versus frequency.

S-parameter can be written as

1- 5% +852 S% — 82, +1)2 —(2511)2
’yl:ln< nt QIi\/( 1 =55+ 1% —( 11)) e

2591 (2521)2

where [ is the length of the deembedded line (Fig.3). The
characteristic impedance Z in terms of the S-parameter can
be written as

(1+511)% - 53
7 =17 —_— 2o 8
°\/<1 B ) ®)

The solutions of (7) and (8) must be chosen to be physically
real.

A fundamental characteristic parameter of a waveguide
is the attenuation constant a. It represents dielectric and
ohmic losses of the waveguide. « can be calculated with
(9) where v was derived with (7).

a = Re{y} 9)

Not only the characteristic impedance and the propa-
gation constant must be observed: also the classical tele-
graphers equation transmission parameters (R, L, G and
C) give a fundamental insight. These distributed circuit
paramters describe per length unit and are not lumped
element values. From the well known relation of a lossy
transmission line

v =+/(R+ jwL) (G + jwO) (10)
R+ jwL
2=\ Grjec )

we extract the Telegraphers Equation transmission param-
eters (R, L, G and C) as follows:

R =
L

Re{~vZ}
Im{~Z}

(12)
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Fig. 6. Measured and simulated attenuation per mm versus frequency
of the W/H = 6um/2.9um microstrip line.

G = Refy/7)
Im{~/Z}

V. EXPERIMENTAL RESULTS

The microstrip line was designed to match 502. Fig.4
shows measured and simulated characteristic impedance Z
versus frequency. The unsteady peak at 50 GHz is due to
the different measurement setup in the range from 50 MHz
to 50 GHz and from 50 GHz to 80 GHz.

The characteristic impedance Z is separated into the ab-
solute value (Fig.4) and the phase (Fig.5) as a function of
frequency. At frequencies lower than 15 GHz the magnetic-
and electric-field is not in phase (-40° at 50 MHz) and the
microstrip line carries a slow wave mode. At high frequen-
cies the microstrip line exhibits a quasi-TEM mode.

At frequencies where the microstrip line length is a mul-
tiple of the half wave length the S-parameter measurement
is very sensitive [8]. In our case this effect causes measure-
ment errors at 27 GHz and 54 GHz. Due tue the measure-
ment errors at this frequencies the extracted characteristic
impedance Z, the characteristic series resistance R and the
characteristic capacitance C' are strongly influenced.

Fig. 6 shows the measured attenuation compared to sim-
ulations with Maxwell Field Simulator [6] and Momentum
Field Simulator [7]. The small deviation between measure-
ment and simulation verify the parameter extraction from
the S-parameter measurement. As expected the attenu-
ation constant increases with frequency. The increasing
attenuation can be explained with the skin effect and the
polarization losses of the dielectric.

Fig. 7 shows the measured and simulated characteristic
series resistance slightly increasing with frequency. The
calculated series resistance of 3.8 /mm matches the mea-
surement at low frequencies. The skin-depth at 20 GHz is
0.6 pm which is about a half of the conductor height T". The
series resistance is very sensitive to measurement errors of
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Fig. 7. Measured and simulated characteristic series resistance versus
frequency. The calculated series resistance of 3.8 /mm matches
the measurement at low frequencies.
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Fig. 8. Measured and simulated characteristic inductance versus

frequency of the W/H = 6um/2.9um microstrip line.

the phase of Z.

The characteristic conductance is very sensitive to mea-
surement errors of the phase of Z. The values of the char-
acteristic conductance over frequency is in the same range
as the measurement error and therefore not illustrated.

Fig. 8 illustrates the measured and simulated characteris-
tic inductance versus frequency of the microstrip line. The
inductance is slightly decreasing from DC up to 10 GHz due
tue the current crowding in the conductor. At frequencies
greater than 10 GHz the inductance is relatively constant.

The characteristic capacitance plot in Fig. 9 shows a high
capacitance at low frequencies and a relatively constant ca-
pacitance at frequencies higher than 10 GHz. The capaci-
tance from DC to 10 GHz is reduced because the propaga-
tion mode changes from a slow wave mode to a quasi-TEM
mode.
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Fig. 9. Measured and simulated characteristic capacitance versus

frequency of the W/H = 6um/2.9um microstrip line.

VI. CONCLUSION

We have presented an accurate characterization of a mi-
crostrip line on silicon up to 80 GHz. With the presented
deembeding algorithm the electrical behaviour of the mi-
crostrip line can be extracted. Measurement and simu-
lation of the attenuation shows good agreement over the
whole frequency range. The extracted parameters are very
sensitive at frequencies where the microstrip line length
is a multiple of the half wavelength. The characteristic
impedance, propagation constant and telegraphers equa-
tion transmission parameter of the microstrip line are pre-
sented to give a fundamental insight.
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