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0.8. In fact, the error is less than 1 percent for 8 = 0.95. On the

other hand, (33) is accurate for small values p. These expansions

also give the limiting behavior of the capacitance as 8 and p

approach zero.

AppENDIX

The expansion for ~ in terms of 8 given in (28) requires more

terms in the expansion for K’/K in terms of k than are generally

known. For future possible interest, the first 12 terms in this

expansion are

K’ 16 1

(-) [
Ty. log ~ –~ k2+; k4+; k%-

;::&8 ‘%%’”

146749

;i::2k12 +
+—

kld

1835008
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4346533901 kzo + 1k22+...(34)
85899345920 188978561024

The method used to determine these coefficients is detailed in

Riblet [3, p. 665]. The identity [4, p. 73]

when

K(ko) K( kl)

K’(ko) ‘2 K’(kl)

26
ko=—

l+kl

(35)

can also be used to find them as the solution of a set of linear

equations if an expansion for K’/K of the required form is

substituted in (35). In fact, it is the complete agreement between

the decimal values obtained from these independent procedures

which provides the author with the confidence to present these

computer-generated rational values.
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I. INTRODUCTION

The S parameters of planar microwave devices may be mea-

sured accurately and efficiently wit h coplanar probes [1]. Using

coplanar probes to measure the S parameters of monolithic

microwave integrated circuits (MMIC’S) based on microstrip

transmission lines is difficult, however, because the ground plane

of the microstrip transmission lines k not easily contacted by the

coplanar probe. Moniz [2] and Harvey [3] have used plated

substrate via holes for this purpose, but the difficult processing

required to form these via holes inevitably raises the circuit

fabrication cost and lowers the yield. For these reasons it is often

desirable to use a transition which cloes not require substrate via

holes, especially if the circuit to be fabricated does not require via

hole grounding.

In this work a transition between a coplanar probe and a

microstrip transmission line which does not require substrate via

holes and which is suitable for performing S parameter measure-

ments of microstrip MMIC’S is described. The method used to

de-embed and unterminated the transition is discussed and the S

parameters of tlhe transition deduced from this procedure are

presented. The accuracy of the de. embedded measurements is

estimated.

II. COPLANAR PROBE TO ~ICROSTRIP TRANSITION

The coplanar lprobe to microstrip transition investigated in this

work is shown in Fig, 1. The center signal pad on the coplanar

probe contacts the microstrip line into which the signal is

launched. The outer two ground pads on the coplanar probe

contact the microstrip radial stub near its center. The microstrip

radial stub provides a low impedance between the microstrip

ground plane and the coplanar probe ground contacts. (Other

stub types could be used but would exhibit a more narrow band

performance.)

If the fringing fields at the stub edges can be ignored, the

electrical reactance X between the probe ground and the micro-

strip ground can be estimated from the formulas given by Atwater

[4]:

x= (h/2mr,) Zo(rl)(360/fl) cos(9, -@,)/sin (@l “%) (1)

where
York: Dover, 1961, pp. 56-69

tan(el) =No(krl)/Jo(krl)
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tm(@,)=–Jl(k~,)/~l(k~,) (i=l,2)

.[.J~(kr,)+ iV/(kr,)]-”2

and O is the angle subtended by tlhe stub, e,, is the effective

dielectric constrmt (which maybe approximated by the substrate

relative dielectric constant c, for large O), h is the substrate

thickness, X. is one free-space wavelength, 3(x) ~d M(x) are
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Fig 1. The coplanar probe to mlcrostrip transition mvestlgated m this work
IS shown from above. The 180° radial stub provides a low Impedance
between the mlcrostrlp ground plane and the top surface of the substrate.
The outer two (ground) coplanar probe pads contact the radial stub near its
vertex The microstrip line is contacted by the center (signal) coplanar probe
pad, The alignment holes on the radial stub tud m achiewng repeatable
probe placement

Bessel functions of the first and second kinds of the i th order, rl

is the inner radius, rz is the stub outer radius, and 1 = rz – rl as

defined in Fig. 1. (The quantity rl is defined for a circular inner

stub contour. Since the inner stub contour used in this work was

not circular, the distance from the center of the stub to the

leftmost vertex, as drawn in Fig. 1, was used in place of rl. This

approximation is reasonable given the approximations already

made in deriving (1).) Atwater [4] also shows that if fringing

fields can be neglected, the stub angle is large, and the stub inner

radius rl is small compared with a wavelength, the lowest stub

impedance is achieved by a stub of length [4]

l= Ao/’(271&). (2)

It is easy to show that, under the same assumptions used to

derive (2), the stub reactance becomes infinite when

1 = 3.832 X0/(2 n4c,). (5)

(The frequencies at which the stub impedance is zero and nearly

infinite are actually somewhat lower than crdculated here because

of fringing effects, which were not taken into account in (l), (2),

and (3).)

For any given frequency of operation, the optimum stub has a

length given approximately by (2), since the impedance of the

stub is both low and insensitive to the substrate thickness at that

length. (Insensitivity to substrate thickness can be an important

advantage when making measurements on many wafers of differ-

ing thicknesses.)

At the frequency at which (3) is satisfied, the coplanar probe

ground and the microstrip ground plane decouple. Equation (3)

thus determines approximately the highest frequency at which the

stub may be used.

From (1) it can be seen that the stub reactance is inversely

related to the stub angle 0. The bandwidth of the stub, defined as

the frequency range for which the impedance of the radiaf stub is

below some threshold impedance, thus increases as the stub angle

0 increases. A stub angle O of 180° results in a large bandwidth.

A larger stub angle was deemed undesirable as the transition

would consume too large a surface area, an important considera-

tion in GaAs MMIC’S, while not greatly increasing the stub

bandwidth.

Using (1), (2), and (3), a transition was designed for optimum

operation at 10.6 GHz with a maximum operating frequency as

given in (3) of approximately 40 GHz. The stub length 1 was

1250 pm long, the stub inner radius rl was 125 pm, and the stub

angle 6 was 180°. The transition was fabricated on a semi-in-

sulating GaAs substrate with a thickness of about 92 pm and a

relative dielectric constant of about 12.9. The transitions were

patterned in a 1.7-~ m-thick layer of evaporated gold with a

500-A-thick titanium adhesion layer using lift-off techniques.

Alignment keys in the form of small 5 pm by 5 ~m holes were

printed on the radial stub as an aid in controlling the probe

placement.

III. DE-EMBEDDING THE TRANSITION

While (1) is adequate for design purposes, it is not accurate

enough to determine the electrical characteristics of the transition

for purposes of de-embedding, as both the effects of fringing

fields and circuit excitation were neglected in (l). Therefore an

experimental procedure, referred to as unterminating [5], was

used to electrically characterize the transition for purposes of

de-embedding. Unterrninating is the. process of deducing the

electrical characteristics of a transition from a series of s param-

eter measurements performed with known devices, which we will

refer to as “standards,” connected to the transition. The proce-

dure used here is described in detail by Bauer and Penfield [5]. It

is based on the fact that at any given frequency the transition is

described by three complex S parameters (since the transition is

reciprocal, ,S12= S21), and so three or more measurements per-

formed with different” standards” connected to the transition are

adequate for uniquely determining the S parameters of the

transition.

The accuracy with which the S parameters of the transition

can be determined is, for the most part, limited by the accuracy

with which the “standards” have been characterized electrically.

Microstrip loads are especially difficult to fabricate and char-

acterize electrically. For this reason a set of planar offset micro-

strip opens were used as “standards.” These offset opens are

shown in Fig. 2. In order to electrically characterize these offset

microstrip opens it was necessary to determine the attenuation

constant a, the characteristic impedance 20, the propagation

constant ~, and the effective length extension lcyt (due to frin-

ging capacitance at the end of the microstrip line) of the micro-

strip transmission lines.

The loss of the 90-pm-wide microstrip line was measured and

tiie attenuation constant a found to be about 0.0053 nepers/mm

at 17 GHz by comparing the return loss of severaf offset opens

whose lengths differed by integer multiples of a half wavelength.
(In this way, the effects of the transitions on the measurements

was minimized.) The attenuation constant was then assumed to

be proportional to the square root of the frequency, and was

calculated from the measured loss at 17 GHz. This assumption is

valid when the skin depth of the metal is much smaller than the

metal thickness. This assumption breaks down at the lower end

of the frequency range, but is a reasonable assumption above 10

GHz, where the calculated skin depth is 0.6 pm, about a third of

the 1.7 pm metal thickness.

The dispersive characteristic impedance ZOIO,,l.,, and the prop-

agation constant ~lO,,le,, for the microstrip transmission lines

were calculated by LINECALC [6] (which includes the effect of a

finite metal thickness but neglects the effect of losses) at a set of
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Fig. 2. Offset microstrip open “standards.” The actual length 1 and the
effective electrical length leff of these offset microstrip opens differ by the
short length [ext, as defined in the text, due to the excess capacitance of the
microstrip open.

discrete frequencies and then curve fitted. The lossless character-

istic impedance and propagation constant were found to be well

approximated by

z Olossless~ k. + klf + kzf2 -t k3f3 (4)

and

where

Ceff = co + c~f + c2f2 + c3f3

between 5 GkIz and 25 GHz tid where k.= 43.2714 Q kl =

– 0.00635 L?/GHz, k2 = – 0.000557 Q/GHz2, k~ = 0.0000094

$2/GHz3, ~ = 8.4009, Cl = 0.00178 GFL- 1, C2 = 0.000295

GFk - 2, C3 = – 0.00000445 GW - 3, and f is the frequency. The

actual impedance of the lossy line was then calculated from [7]

~,o,,,e,,(l+(l- j)~/Bh,,dZo=z (6)

and the actual propagation constant /? was calculated from [7]

B=/%s,.ss(1+ ~\&osskss). (7)

The propagation constant was checked experimentally by com-

paring the resonant frequencies of the two microstrip resonators

shown in Fig. 3(a) ahd (b). These two resonators were identicaf

except that the second was constructed to be half a wavelength

longer at the resonant frequency of 9.84 GHz. This allowed the

actual propagation constant to be easily calculated from the

measured resonant frequencies (which should be identical if the

propagation constant was calculated correctly) without knowing

the exact electrical properties of the gap in the microstrip. The

measured and calculated propagation constants were found to

agree within the +0.3 % accuracy of the measurement.

As is well known [8], the fringing fields at the end of an open

microstrip line give rise to an “excess” capacitance at the end of

the line. This “excess” capacitance may be modeled electrically as

an extension of the length of the line by a small amount, which

we will cali lex,. This length extension was determined from an

internaf model for a microstrip open by the computer-aided

design program TOUCHSTONE [6] to be l,X, = 0.025 mm. This

value was verified with the resonant structure shown in Fig. 3(cj.

The length of the resonant section in Fig. 3(c) was chosen to be

0.025 mm less than one half of the length of the resonimt section

in Fig. 3(a) (which is just slightly less than one wavelength at the

(a)

+
90 pm

1%‘m I
~10.27 mfitI@j

(- Ik at Resonance)

? *15.495 mm—-~

90 ~m (- 1.5k at Resonance)

Fig. 3. Resonant structures for verifying the calculated propagation constant
and effective length extension of ‘the microstrlp lines (a) A two-port reso-
nator approximately one wavelength lorig at its resonant frequency of 9.846
GHz. (b) A two-port resonator identical to that in (a) but approximately
one aud a half wavelengths long at its resunant frequency of 9.83 GHz. (c)
A one-port resonator approximately one haff wavelength long at its reso-
nant frequency of 9.845 GHz. The resonators in (b) and (c) were designed to
resonate at the same frequency as the resonator in (a) The resonator in (b)
was used to verify the calculated propagation constant. The resonator in (c)
was used to verify the calculated vafue of I,Xt.
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Fig. 4 The transmission and reflection coe Fficients of a single microstrip to
cophrnar probe transition are plotted. The .S parameters of the transition
were deduced by the unterminatmg procedure described in the text

resonant frequency). At resonance there is a current troll at the

center of the resonator pictured iti Fig. 3(a). Thus the resonant

frequencies of the two circuits would be identical if 16., were

equal to its calculated value of 0.025 mm. This was found to be

the case. This procedure allowed the verification of Ic,l to within

+0.01 5 mm, altlhough the measurements were not accurate

enough to correct for possible errors in the calculated value of

1em.

Once the offset microstrip open “ :st~dmds” had been char-

acte&ed by the procedure described above, the transitions were

unterminated. The. analyzer and probe tips were first calibrated

to a reference ‘plane at the end of probe tips using planar

standards provided by the manufacturer.1 A set of 11 offset opens

1Impedance standard substrate 1SS12-39 manufactured by Cascade Micro-
tech was used to calibrate the Cascade Micmtech WPH-105-1O probe heads
and the Hewlett ,Packard 8510 network anafyzer as recommended by the
manufacturer A Cascade Microtech manual probe station (model 42) was
used for the measurements
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5 The calculated and de-embedded transmission and reflection coefficients of an 8-mm-long, 90-pm-wide mlcrostrip transmis-
sion lme on a 100-# m-thick GaAs substrate are compared. The discrepancy at low frequencies M caused in part by the lack of
suitable standards and in part by the reduced couphng of the probe and rnlcrostnp grounds

TABLE I

ERRORSESTIMATEDFROMTHEDE-EMBEDDEDMEASUREMENTSOF

MICROSTRIPOFFSETOPENS,MICROSTRIPTHROUGH LINES,

MICROSTRIPGAPS,AND THE MICROSTIUP RESONANT

CIRCUITS SHOWN IN FIG. 3

1 I

Quantity Estimated Error Fraquency Measurement

(G Hz) Condition

Raturn Loss +.1 dB +.5” 5-15 GHz o >lsl , ] >0.7

t.1 dB i.2” 15-25 GHz o >lsl , I >0.7

Transmission i.05 In Magnituda 5-25 GHz o >[sl , I >0.7

+.1 dB +.1”/GHz 5-15 GHz o >lsl *I >0.7

f.1 dB t.1 “/GHz 15-25 Ghz o >lsl ~1 >0.7

with lengths of 0.5 mm, 1.0 mm, 1.5 mm, 2.0 mm, 3.0 mm, LO
mm, 5.0 mm, 6.0 mm, 7.0 mm, 8.5 mm, and 10.0 mm were then

used as “standards” to unterminated the transition by performing

a least-squares fit to the S parameters of the transition using the

algorithm described by Bauer and Penfield [5]. The transmission

coefficient of a single transition, determined by the unterminat-

ing process described above, is shown in Fig. 4. Referring to Fig.

4, a single transition is seen to have less than – 0.15 dB transmis-

sion loss and greater than – 20 dB return loss from 5 to 25 GHz,

making them suitable for performing accurate S parameter mea-

surements of microstrip circuits over more than two octaves.

IV. MEASUREMENT VEMFICATIONS

De-embedded measurements of the offset microstrip open

standards allow the determination of random measurement errors

for large reflection coefficients. Systematic errors, such as those

due to errors in the calculation of the characteristic impedance

and effective dielectric constant of the microstrip lines used to

fabricate the microstrip impedance standards, can not be easily

estimated from measurements of these “standards.” This is be-

cause the “standards are mapped into their definitions by the

de-embedding process, even when four or more “standards” are

used. In order to better estimate systematic measurement errors

in the de-embedding and unterminating process, de-embedded

measurements of single gaps in microstrip lines were used to

predict the resonant frequencies, quality factors, and insertion

losses of the resonant structures in Fig. 3(a) and (b). Compari

sons of the actual resonant frequencies, quality factors, and

insertion losses of these resonant structures with those derived

from the de-embedded S parameter measurements of the gaps

allow the measurement accuracy at high reflection coefficients

and low transmission coefficients to be estimated. In this case,

the differences between the measured and expected resonant

frequencies are related to the error in the atigle of the de-

embedded reflection coefficients while differences between inser-

tion loss and quality factors are related to the error in the

magnitude of the de-embedded transmission coefficients. Mea-

surements of microstrip through lines of different lengths (through

lines were not used as standards in the de-embedding ‘process)

allowed estimates of measurement errors at low reflection coeffi-

cients and high transmission coefficients. In this case, the mea-

sured and expected transmission and reflection coefficients can

be compared directly to estimate measurement error. Such a

comparison for an 8-mm-long through line is shown in Fig. 5.

Worst-case estimates of the de-embedded measurement errors so

derived are listed in Table I.

V. CONCLUSIONS

A transition between a microstrip line and a coplanar probe

suitable for measurements between 5 and 25 GHz was described.

The transition was de-embedded and estimates of de-embedded
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measurement accuracy performed. The high measurement accu-

racy obtained with these transitions allows coplanar probes to be

used to test rnicrostrip circuits without via holes at the wafer

level. The need for mounting circuits in fixtures for testing is

eliminated, resulting in lower testing costs.

The transition may prove especially useful at millimeter wave-

lengths, where its size can be reduced. Work to characterize this

transition at millimeter wavelengths is in progress. Work to

determine the S’ parameters of the transition as a function of

substrate thickness is also in progress.
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Puke Dispersion Distortion in Open and Shielded

Mlcrostrips Using the Spectral-Domain Method

TONY LEUNG, STUDENTMEMltl?R,IEEE,AND

CONSTANTINE A. BALANIS, FELLOW,IEEE

Abstrucf —The spectral.domain methud is usedl to compute tbe effective

dielectric constant [c,,, (~)] of open and shielded microstrip fines to

anafyze the dispersion ktortion of short electrical pulses. Precise expres-

sions for the Iongitttdirtaf and transverse curreut distributions allow a high

level of accuracy for &(~), It is determined that computation time can be

minintkd for the open microstrip cafcufatiorm by using the shielded

microstrip formulation provided large dimensions for the conducting walls

are taken.

I. INTRODUCTION

The analysis of the transient signal response in microstnp

transmission lines is important in microwave integrated circuits

(MIC’S) when large-bandwidth signals or high switching speeds

are considered. Electrical pulses generated from optoelectronic

switching typically have wide spectra that extend into the disper-

sive frequency region of microstrip lines. In the past, transient

signal behavior in microstrip lines was analyzed with quasi-static

form&s for the effective dielectric constant, c,,,, (~), of the
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Fig. 1. Configuration aud psmrneters of (a) open microstrip snd (b) shielded
microstrip lines.

fundamental mode [1]–[5]. However, detailed pulse dispersion

has not yet been examined with c,,,, (j) obtained from rigorous

full-wave analyses such ag the spectral-domain method [6], [7].

Neither have comparisons been made of distorted pulses using

full-wave methods and quasi-static techniques.

This paper considers the dispersion of short electrical pulses

propagating along open and shielded tnicrostrip lines (Fig. 1)

with c,.,, (~) calculated from the spectral-domain method. The

accuracy of this method can be increased systematically by

including more basis functions for the longitudinal and trans-

verse currents (.lZ (x) and JX( x ), respectively). However, as

pointed out by Kobayashi, only one basis function for each

current component is sufficient if these distributions are very

good approximations of the exact currents on the strip conductor

[8], [9]. Therefore the expressions for JZ(x) and JX(x) considered

in this paper are accurate formulas which allow the currents to be

represented by only one basis function. This corresponds to the

“first-order” solution of [6] and [7], while neglecting the trans-

verse current corresponds to the “zero-order” solution. For com-

parison purposes, the zero- and first-order solutions are used to

compute the dispersion curve of open and shielded microstrip

lines. Also, the current expressions considered here will be used

for both the open and the shielded lines so that their dispersive

characteristics may be compared. It is shown that computation

time may be minimized by using the shielded line formulation for

the open line calculations. Finally, pulses calculated with e,,,, (~)
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