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Study and Characterization of

Photoconductor-Based
Robert H. Voelker, Senior Member, IEEE, Michael Y. Frankel,

Abstract— Photoconductor sampling probes are important
for optoelectronic device and circuit measurement applications.
We use the finite-difference transmission line matrix (FD-

TLM) method to characterize the tdtrafast photoconductor

sampling probes’ fundamental performance limits imposed by
electromagnetic constraints. Both on-wafer and free-standing
photoconductor probes are investigated as applied to microstrip

lines found in millimeter-wave integrated circuits and as applied
to coplanar strip lines found in tdtrafast device characterization

systems. Localized invasiveness, distributed loading, and
measurement accuracy are investigated for various probing

configurations and orientations. Localized invasiveness is small
for all our simulations. Distributed loading is negligible for
cases where the guided-mode field confinement is tighter than

the spatial separation between the probe support structure
and the transmission line. Measurement accuracy is acceptable
for simulated structures, but amplitude calibration precision

may be compromised. We also study photoconductor probes

for high-bandwidth signal generation on transmission line
structures. The generated signals follow the photoconductor

switch photocurrent signal for cases where both the probe and

the transmission line form well-matched guiding-wave structures
but are attenuated and dktorted for other cases.

I. INTRODUCTION

P HOTOCONDUCTOR (PC) sampling probes are impor-

tant for device and circuit measurement applications. The

integrated on-wafer PC probe concept has been developed in

detail by Auston [1] as applied to microstrip (MS) transmission

lines. The response of the on-wafer PC microstrip sampling

probe has been explored based on a lumped-element approach,

with the emphasis placed on accounting for the PC switch

response limitations. Such approach is expected to be accurate

for the MS transmission lines with bandwidths constrained by

the mechanical substrate thickness. The MS transmission lines,

combined with integrated on-wafer sampling and generation

probes, have been used in a many applications from microwave

signal generation [1] to high-bandwidth characterization of

transistors [2], [3] and circuits [4]. The PC sampling technique

has been extended to wide-bandwidth photolithographically-

defined coplanar strip (CPS) transmission lines with on-wafer

probe geometries which need to reproduce signals with fre-

quency components up to roughly one terahertz [5]. The
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lumped element approach to evaluating the response of a PC

probe on CPS lines is unlikely to produce accurate results at

such frequencies.

Integrated on-wafer PC probe structures require substantial

substrate area and are unable to be repositioned. Conse-

quently, considerably more flexible free standing photoconduc-

tor probes have been developed and applied to measurements

on MS and CPS lines at arbitrary points [6]–[8]. Free standing

probe measurement linearity and sensitivity are determined

primarily by the photoconductor switch response and have.

been explored experimentally [9]. The distributed loading of

the CPS lines due to the probe support structure has been in-

vestigated experimentally also [9]. However, the localized and

distributed effects of the PC probe on the signal propagating

on the MS and CPS transmission lines and the accuracy with

which the actual propagating signal is measured have not been

explored quantitatively. Addressing such issues is important

if the free-standing probes are to reach their full potential

as flexible instruments for high-speed signal measurement in

microwave and millimeter-wave devices and circuits, and if

they are to find wider uses outside of the research laboratory.

We use the finite-difference transmission line matrix (FD-

TLM) [10] numerical technique to investigate the fundamental

limits placed by electromagnetic effects on the performance

of both on-wafer and free-standing PC probes. The effects of

the PC switch itself have been explored in detail by others

and will not be considered here [1], [8], [9], [1 1], and [12].

Section II presents and discusses the performance of on-wafer

probes as high-bandwidth signal measurement and generation

tools. Much experimental data is available in the literature for

on-wafer configurations that validate the FD-TLM results and

provide a baseline for comparisons to free-standing probes.

Section III presents and discusses the performance of free-

standing photoconductor probes.

II. FD-TLM SIMULATION OF MS AND

CPS WITH ON-WAFER PROBE

The FD-TLM full-wave time-domain numerical method

solves for electromagnetic fields at nodes situated on a graded

rectangular mesh of transmission lines in three-dimensional

space [10]. There is a one-to-one correspondence between the

FD-TLM nodes and points in the structure being simulated.
It is important to note that although space is discretized into

cells by transmission lines, completely arbitrary guiding and

nonguiding structures discretized on a graded rectangular mesh

can be modeled by the FD-TLM method.’ Good agreement

between FD-TLM simulations and experiments on coplanar
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striplines at frequencies up to hundreds of gigahertz [13]

demonstrates the suitability of the FD-TLM method for mod-

eling structures discussed here. Limitations on the accuracy

of the FD-TLM simulations are numerical dispersion and

resolution of the conductor widths. Numerical dispersion is

minimized by using an FD-TLM grid spacing no larger than

a tenth of a wavelength for the highest frequency signals

propagating along the structure [13]. The conductor widths

are well resolved by using for the 70-#m-wide MS 25 cells

with grid spacing as small as 2 ~m, and for the 10-~m-wide

CPS conductors, five cells with a 2 fim grid spacing, FD-TLM

modeling techniques such as pulse excitation of guided-wave

structures and calculation of guided-wave voltages, currents,

and frequency-dependent impedance, attenuation, and effective

relative permittivity are discussed in [13]. The conductors are

assumed to be ideal in all our simulations, but resistive effects

could also be included at the expense of significant additional

computer resources. Since this effort concentrates on localized

and distributed electromagnetic coupling effects rather than

attenuation caused by resistive effects, perfect conductors are

used in the simulations.

To validate FD-TLM modeling of optoelectronic photo-

conductor samplers, simulations of an MS and a CPS with

an on-wafer sampling probe are performed for which much

experimental data is avaiIable. The 50-Q MS in Fig. 1(a)

is first simulated without the PC probe to verify proper

modeling of the MS itself. The 70-pm-wide MS, as well as

all conductors in the simulations presented, is modeled as an

infinitesimally-thick, perfectly-conducting material. The MS

left edge is positioned 1.007 mm from the left wall of the

perfectly-conducting rectangular box of size 2.794 x 0.608 x

5.884 mm:~ (x, y, z). At the front of the box on the O.l-mm-

thick GaAs substrate is the E: electric field excitation which

develops a 1-V peak amplitude, 3.25-ps full-width at half-

maximum (FWHM) Gaussian pulse. A 50-!2 resistor modeled

as a lossy conductor is in series with the excitation to drive

the MS, and roughly halves the actual injected signal. A 50-Q

load resistor terminates the MS far end to the ground plane.

Fig. 2 compares the frequency-dependent MS effective rel-

ative permittivity calculated from MS voltages at 0.225 mm

and 1.475 mm from the box front with the effective permit-

tivity from a semi-empirical dispersion formula [14]. Good

agreement for all frequencies up to 300 GHz validates the

FD-TLM MS propagation modeling. The large variation in the

effective permittivity, even at comparatively low frequencies,

indicates the high] y dispersive nature of the MS. Also, no
signal attenuation is observed in the FD-TLM results, in

accordance with the expected absence of attenuation assuming

perfect conductors.

The PC sampling probe is modeled as a 70-~m-wide, 50-0

probe MS placed 10 &m from the right edge of the main MS

[Fig. l(a)]. The probe MS, on top of the substrate, is spaced

2.907 mm from the front of the box to provide sufficient

temporal separation between the incident pulse and the pulse

reflected by the probe discontinuity (Fig. 3), The localized

invasiveness of the PC probe is evaluated from the incident

and reflected pulses traveling along the main MS which are

calculated 1.725 mm from the front wall and are plotted in
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Fig.4. Reflection (S1l) and transmission (S21) S-parameters due to the

integrated on-wafer probe for the MS (solid) and the CPS (dotted) lines. The
dashed line isan Sll parameter calculated assuming amicrostrip probe line
coupled to the main MS line by a 6-fF capacitor.

Fig. 3. The pulse transmitted past the probe is calculated 8

~mfromtheprobe edge. Bywindowing theincident, reflected,

and transmitted pulses in the time domain, performing anFFT

on each, andthen calculating the ratios, S-parameters S11 and

Szl are determined (Fig. 4), Fig,4 shows S11 and S21 for

the probe structure near the MS. Ripple in the MS S1l is

caused by higher-order non-TEM modes at about 230 and 350

GHz being excited by the probe discontinuity. This conclusion
is supported by a ripple observed to develop on the reflected

signal in the time domain. The dashed line, coinciding with the

FD-TLM results at low frequencies and following the overall

envelope at higher frequencies, is developed from a simple

model consisting of a main MS with a probe MS coupled via

a 6-fF capacitor. Also in Fig. 4 is the FD-TLM-calculated MS

S21 which is very close to O dB, indicating that the sampling

probe has little effect on the transmitted signal.

Fig. 5 shows the actual MS voltage calculated at the location

of the sampling probe and the voltage calculated across the

sampling probe gap. The actual MS pulse is dispersed, as

,expected from the Fig. 2 data, with trailing ripples indicating

the reduced velocity at high frequencies. The probe gap voltage

represents the signal that would be measured by a PC switch

with an ideal instantaneous response, providing an amount

of charge to the detection electronics that is proportional

to the voltage across the gap at the time defined by the
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Fig. 5. Actual transmission line guided-mode voltages (solid) and the volt-

ages across the on-wafer probe gap (dotted). The inset shows the long tail
present across the CPS on-wafer probe gap.

optical sampling impulse trigger. The actual current signal

is determined by semiconductor switch parameters which

ideally set a constant of proportionality between gap voltage

and current. The gap voltage follows the actual MS voltage

with a slightly reduced amplitude and with only a minor

loss of high frequency information signified by somewhat

reduced trailing ripples, supporting the accuracy of many

PC sampling measurements on MS lines that have been

reported [1 ]–[4]. The probe frequency response cancels in

those measurements that rely on taking the frequency-domain

ratio of measured signals, for example as is done for device

S-parameter measurements [4].

The performance of the PC probe as a generator of signals

on the main MS is also investigated. Such signal generation

may be useful for applications in device and circuit charac-

terization. Fig. 6 shows the MS voltage at a point 4 pm from

the probe edge as a result of a 20 mA peak amplitude, 3.25-ps

FWHM Gaussian current pulse injected by the PC switch gap.

The current-source pulse generation, rather than the voltage-

source, is believed to better represent the actual PC switch

behavior. A current source is created by exciting the magnetic

fields in a small loop closely surrounding the PC gap. The

current induced in the gap is equal to the line integral of the

magnetic field around the loop, A voltage source is created

by exciting the longitudinal electric field between the ends

of the metal conductors in the PC gap. The gap voltage is

then equal to the line integral of the electric field. Under ideal

circumstances, and assuming a 50-fl MS impedance, such

generation should produce a O.S-V-peak propagating voltage

pulse. The well-behaved generated signal has nearly negligible

ripples following the main Gaussian pulse which is identical

to the behavior in experimental data reported in the literature

and validates the applicability of the on-wafer photoconductor

probe signal generation on MS lines.
The same type of FD-TLM simulations performed on

the MS are also performed on the CPS structure shown in

Fig. l(b). The 10-pm-wide CPS conductors are separated by

10 ~m and are mounted on a 0.2-mm-thick GaAs substrate to

form an approximately 80-Q line. The E= electric fields are

excited in the gaps between the 40-0 resistors and the front
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F1g 6, Voltages generated vlaanon-wat’er probe onthe MS (solid) and the

CPS (dotted) IInes. Tbe reset shows a typ[cal experimentally-measured signal
generated on a CPS Ilne vla an on-wafer probe

wall tocreate a differential l-Vpeak amplitude, 0.5-ps FWHM

Gaussian pulse, with the source resistance approximately

halving the actual injected signal. At the other end of the CPS,

an 80-!2 load resistor is implemented to reduce reflections.

The left CPS conductor is spaced 0.2 mm from the left box

wall. The rectangular GaAs substrate extends to within 8

pm of the rear of the 0.442 x 0.408 x 0.42 mm3 (r, y, z)

perfectly-conducting shielding box.

Fig. 2 shows the frequency-dependent CPS effective relative

permittivity and attenuation calculated from voltages between

the CPS conductors at 68 pm and 108 @m from the front

wall. For comparison, the effective permittivit y and the atten-

uation based on semi-empirical analytic formulas [15] are also

shown. Compared with the MS, the CPS line shows negligible

dispersion up to 400 GHz indicating an order of magnitude

bandwidth improvement. However, the attenuation, which is

dominated by radiative losses, is present even for an ideal

conductor case and is rapidly increasing at higher frequencies

[15]. Good agreement between FD-TLM simulation and the

experimentally-verified formulas for all frequencies up to 2

THz validates the FD-TLA4 CPS modeling.

Fig. 3 shows the pulse incident toward and the negligible

reflected pulse from the 10-~m-wide sampling probe MS

mounted 10 pm from the right CPS conductor and 0.204

mm from the front wall (Fig. 1(b)). The time scale for the

CPS simulation in Fig. 3 is an order of magnitude shorter

than for the MS simulation. From Fig. 3, it is clear that the

discontinuity presented by the on-wafer probe structure to the

CPS is much smaller than the on-wafer probe discontinuity

presented to the MS, even considering that the CPS signal

bandwidth is an order of magnitude larger. This is expected

since the probe structure for the CPS is high-impedance

and is only weakly coupled to the guided mode which is

primarily confined between the CPS electrodes. whereas the

probe structure for the MS appears as a low impedance MS

line capacitively coupled to the main line.
Fig. 4 shows the frequency-domain S1l and S’21 for the

sampling probe structure on the CPS. Again, tbe smaller S11 of

the CPS compared with the MS S1l indicates that the sampling

probe has less effect on the CPS performance than on the MS

performance. The actual S’ll magnitude for the CPS case may

be smaller than indicated since only four significant digits

of the double-precision FD-TLM numerical results are used

when performing the FFT. The transmitted voltage pulse is

calculated 1‘2 ~l,m from the probe edge, and tbe S21 deviates

negligibly from O dB over the whole 1-THz frequency range

indicating negligible transmitted pulse loss.

Fig. 5 shows the actual CPS voltage calculated at tbe

location of the sampler probe and the voltage calculated in

the sampler probe gap. The time scale for the CPS waveform

is an order of magnitude shorter than for the MS one. The

CPS has a smaller ratio of gap voltage to transmission line

voltage than does the MS, indicating that the sampling probe

is less effective at measuring CPS voltages than MS voltages.

The bandwidth of the PC switch gap signal compared with the

actual one is somewhat reduced, as manifested by the reduced

trailing ripple. A more significant parasitic effect appears as a

long positive tail in the probe gap voltage (inset, Fig. 5), which

may invalidate low-frequency calibration procedures as well

as introduce deleterious truncation errors when performing

FFT’s. This effect is attributed to a slow discharge of the

parasitic probe capacitance and the high effective Impedance

of the probe line structure.

Fig. 6 shows a CPS voltage calculated 16 ~m from the

probe conductor edge produced by a 12.5 mA peak amplltude,

0.5-ps FWHM Gaussian current pulse generated by the PC

switch gap. Under ideal circumstances, and assuming an 80-Q

CPS impedance, such generation should produce a 0.5-V-

peak propagating voltage pulse. The amplitude for the CPS

signal is a factor of 2.25 smaller than for the MS indicating

a significantly less efficient signal generation on the CPS by

the on-wafer probe. Furthermore, a long positive shoulder is

observed to form following the initial pulse. The fundamental

difference between the two cases appears to be that the MS

generation takes place from a guiding-wave structure which is

well matched to the main MS, while the CPS generation takes

place from a relatively high-impedance unguiding structure

completely unmatched to the main CPS.

The inset of Fig. 6 shows an experimentally-measured sig-

nal generated via an on-wafer PC probe into a CPS line. The

experimental arrangement is similar to that shown in Fig. 1(b).

A dc bias is applied to the PC probe line and the PC switch

gap is excited by a 100-fs laser pulse. The electrical signal

injected into the CPS line is measured by an electro-optic

sampling technique with sub-picosecond time resolution [17].

Whereas we expect a single-picosecond-pulse response, the
observed waveform is followed by a long positive shoulder

in qualitative agreement with simulations. In contrast, clean

single-picosecond-pulses can be easily generated on the CPS

line via a guidiizg-}vave on-wafer probe structure [17].

HI. FD-TLM SIMULATION OF MS AND

CPS WITH FREE-STANDING PROBES

The successful FD-TLM modeling of MS and CPS with

the on-wafer integrated samplers leads next to modeling of

these lines with free-standing sampling probes. Fig. 7 shows

the construction of such probes, with probe length L, width
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Fig.7. Side, end, and bottom views of free-standng probe geometiy

W, and thickness T. In the simulations, the probe substrate

thickness T extends to the top of the shielding box. The top

of the box serves as the ground plane for the MS of the

free-standing probes. All probes have in common a solid tip

mounted on a pad which is separated from a narrow microstrip

by a PC gap. In FD-TLM modeling of the probes, the probe

tip, touching the metal conductor, is centered along the width

of the metal transmission line at the same distance from the

front wall as the on-wafer probe in the original simulations.

During the simulations, the probe’s support arm substrate

length L is either perpendicular to the main transmission line

and over the substrate area where the on-wafer probe was once

located ~’perpendicular” orientation) or parallel to the main

transmission line directly over the conductors and extending

toward the load resistor (“parallel” orientation).

The FD-TLM simulations of Section II are repeated with the

free-standing probes in perpendicular and parallel orientations

replacing the on-wafer probe. The perpendicular probe support

arm substrate used for MS sampling is 0.984 mm wide (W)

and its length L extends to the right box wall, while the parallel

probe support arm substrate has a width of 0.994 mm and

length extending to the rear wall. The perpendicular probe

for CPS measurements has support arm substrate width W

extending from the front to back box walls and length L

extending to the right wall, and the parallel probe support

arm substrate width spans from the left to right walls and its

length reaches the rear wall.

Fig. 8 shows the incident and reflected signals according to

probe orientation and transmission line type. The signals are

calculated at the same positions along the main transmission

line as when the on-wafer probe was used. The 1-V peak

amplitude Gaussian pulses used for each simulation are 3.25 ps

FWHM for the MS and 0.5 ps FWHM for the CPS. For the MS

line, the signal reflected from the free-standing probe is similar

in amplitude to the reflection produced by the on-wafer probe,

indicating a similar magnitude discontinuity. In contrast, the
reflection produced by the free-standing probe on the CPS line

is considerably larger than in the on-wafer probe case, and

approaches the MS reflection in amplitude. This is caused by

the presence of the free-standing probe dielectric immediately

above the CPS line electrodes and a concomitant distortion of

the guided mode field distribution leading to reflection.
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Fig. 8, Incident and reflected voltages on the mam line due to the
free-standing probes with parallel and perpendicular orientation on the MS

(solid) and the CPS (dotted) lines.
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Fig. 9. Reflection (SI I ) and transmission ( S21 ) S-parameters due to the
free-standing probes for the MS (solid) and the CPS (dotted) lines.

Fig. 9 shows the frequency-domain S11 and S21 plotted

according to free-standing probe orientation and transmission

line type. As previously indicated, the reflections from the

free standing probes on the MS and CPS are comparable in

amplitude, especially at higher frequencies. However, these

reflections are still sufficiently small to cause acceptably small

errors in most applications. The nearly O dB S21 for all

combinations indicates that the probe contacts have little effect

on the signal propagating past the probes and that the localized

invasiveness is small.

In addition to the localized effect of the probe contact

itself, there is also a distributed effect of the free-standing

probe dielectric in the parallel configuration. In Fig. 10 we

compare the voltage signal at the terminating resistance for

the transmission lines with no probe loading to the voltage

signal obtained with the parallel probe loading and observe a

substantial dielectric loading and a corresponding signal delay

in the MS case. The signal delay of 3.54 ps is induced by

the propagation under the 2.9-mm-long MS section capped
by a probe Superstrata. There is also some minor signal

amplitude reduction primarily due to the reflection loss at the

probe contact (see S21, Fig. 9). In the CPS case, the probe

contact induces some high-frequency losses as well (see S21,

Fig, 9), but there appears almost no measurable delay induced

by the 210-#m-long superstrata overlap. The experimental



.336 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL 44. NO 2> FEBRUARY 1996

Coplanar strip time (ps)
o

,

], . . . . . . . . . . . . . . . . I I
o 10 20 30 40

Microstrip time (ps)
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Fig. 11. Actual transmission hne guided-mode voltages (sohd) md the
volt~ges across the free-standing probe gap (dotted).

measurements reported in the literature [9], [18] do show

some probe-induced delay for the CPS lines. However, in the

experiments the probe superstrata is a factor of two closer to

the main CPS line resulting in a larger perturbation.

The actual transmission line voltages and the voltages

across the sampling probe gap are plotted in Fig. 11 for all

investigated free-standing probe orientations and transmission

line types. The perpendicular probe orientation results for both

the MS and the CPS are similar to the on-wafer probe results,

with a somewhat reduced bandwidth due to the increased probe

parasitic. There is also a small, and for most applications

inconsequential, delay introduced by the 8-~lm probe tip length

separating the probe gap from the main line. However, the
probe in the parallel orientation with the MS line shows a

roughly three-fold reduction in the measured signal amplitude

caused by a strong direct coupling of the guided signal to

the probe which bypasses the probe contact. This coupling

is not seen for the CPS case, as also supported by the

nearly negligible CPS loading observed in Fig. 10. The CPS

guided mode appears as a differential signal between the

conductors, and for closely-spaced conductors, the signal

induced into the probe by one CPS conductor would be

cancelled by the other. This may not be the case for wider

CPS conductor spacings and/or for smaller probe-superstrate

separations, possibly causing distortion. Such strong coupling

Coplanar strip time (ps)
o 1 2 3

I

+, ,
0 10 20 30

Microstrip time (ps)

Fig. 12. Voltages generated by the free-standing probe on the MS (solid) and
the CPS (dotted) hnes under parallel and perpendicular probe orientations.

and orientation-dependent effects may hamper integrated cir-

cuit measurement applications. A possible solution is to orient

the sampling probe structure normal to the circuit surface [16],

or to shield the probe conductor. FD-TLM simulations may be

used to explore various alternative designs.

The effectiveness of the free-standing probes at generating

signals on the transmission lines is indicated in Fig. 12. The

Gaussian current pulses generated by the PC switch gaps

are 20 mA peak and 3.25 ps FWHM for the MS. and

12.5 mA peak and 0.5 ps FWHM for the CPS simulations.

The transmission line voltages are calculated 34 ~~m and

16 pm from the probe edge for the MS and CPS lines,

respectively. The signal generated at the parallel free-standing

probe on the MS line shows a well-behaved response closely

following the current waveform. Yet, the amplitude of the

pulse is a factor of five lower than expected, which may be

attributable to the coupling effects observed in the parallel

probe MS measurements (Fig. 11). The signal generated at

the perpendicular probe on the MS line shows an amplitude

much closer to the expected due to the reduced coupling in

analogy to the MS measurements (Fig. 11). However, there

is a trailing shoulder present due to the increased mismatch

between the structures. The signal generated on the CPS at

the parallel probe closely follows the injected current shape,

albeit with a lower than expected amplitude. The signal

generated on the CPS at a perpendicular free-standing probe

is similar to the signal generated via an on-wafer probe

and shows a trailing positive shoulder. The formation of the

positive trailing shoulder with approximately 10-ps duration
after current injection from free-standing probes into CPS

lines has also been observed experimentally [16], [18]. The

injection efficiency is lower than expected due to the overall

mismatch of the nongttiding probe and the CPS guiding-wave

structures. However. it is similar to the on-wafer probe case,

indicating that the additional free-standing probe parasitic do

not degrade the performance.

We

wafer
signal

IV. SUMMARY

have numerically investigated the performance of on-

and free-standing photoconductor probes for ultrafast

measurement and generation. The photoconductor
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probes have been applied to microstrip lines, as would be

applicable for nearly 300 GHz bandwidth internal node

measurements in microwave and millimeter-wave circuits.

The performance of similar probes has also been characterized

for ultrafast measurement applications on coplanar strip

transmission lines capable of supporting terahertz-bandwidth

signals. Parameters such as localized invasiveness, distributed

loading, and the accuracy of waveform measurement have

been analyzed. In general, the probes show a potential for

subpicosecond time-resolution measurement and minimal

localized invasiveness. However, the free-standing probe

shows strong coupling effects to the microstrip line under

parallel orientations that increase the distributed circuit

loading and introduce uncertainty into the measured waveform

amplitude. In addition, we have explored the applicability of

the same probes for signal generation on transmission lines.

For all cases, with a notable exception of the microstrip

line with an on-wafer probe, the generation efficiency is

compromised by the localized mismatches between the probe

and the transmission line structures. The mismatches between

the nonguiding ‘probes and the guiding-wave lines also results

in generated signal distortion exhibited as a positive trailing

shoulder.

The results of this study show that care must be taken

in applying free-standing probes for signal measurement and
generation. For accurate measurements, coupling effects need

to be eliminated either by proper probe orientation or by

shielding, For clean signal generation, matched guiding-wave

structures need to be used.
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