
Wide-band high-efficiency
optical-to-electrical conversion stimulus
probe heads for testing large-signal responses
of high-speed electronic devices

著者 Otsuji Taiichi, Kato Kazutoshi, Kimura Shunji,
Nagatsuma Tadao

journal or
publication title

IEEE Transactions on Microwave Theory and
Techniques

volume 47
number 5
page range 525-533
year 1999-05
URL http://hdl.handle.net/10097/47758

doi: 10.1109/22.763150



IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 47, NO. 5, MAY 1999 525

Wide-Band High-Efficiency Optical-to-Electrical
Conversion Stimulus Probe Heads for Testing

Large-Signal Responses of High-Speed
Electronic Devices

Taiichi Otsuji, Member, IEEE,Kazutoshi Kato,Member, IEEE,Shunji Kimura,Member, IEEE,
and Tadao Nagatsuma,Member, IEEE

Abstract—Wide-band high-efficiency optical-to-electrical con-
version stimulus probe heads have been developed for testing
large-signal responses of high-speed electronic devices. Two types
of such probes were demonstrated using a 1.55-�m 85-GHz-
bandwidth waveguide p-i-n photodiode. The type-I probe employs
a simple semirigid coaxial cable with a bias network for the
electrical-signal transmission, resulting in a very low modal dis-
persion of<1.0 ps. The highest�3-dB bandwidth of 60 GHz was
obtained for an output voltage of 250 mVp-p, and was maintained
beyond 50 GHz for output voltages of up to 400 mVp-p. The
type-II probe employs a broad-band InP high electron-mobility
transistor distributed amplifier that boosts the electrical output
signal amplitude over 1 Vp-p. The �3-dB bandwidth is 40 (35)
GHz for output voltages up to 500 (1000) mVp-p.

Index Terms—Amplifier, coaxial cable, optoelectronics, photo-
diode, probe head.

I. INTRODUCTION

RECENT progress in semiconductor devices has brought
near 100-GHz bandwidth to electronic analog and digital

integrated circuits (IC’s) [1], [2]. Optoelectronic techniques
using picosecond or femtosecond laser pulses are the most
promising methods for characterizing these ultra-broad-band
electronic devices. Ultrafast time-domain electromagnetic re-
sponse of these devices has been observed by means of
pump-probe techniques based on electrooptic [3]–[6] or photo-
conductive [7]–[10] sampling. Over the past 20 years, various
high-speed optoelectronic wafer-probing techniques have been
developed. The fundamental optoelectronic wafer-probing set-
ups include ultrafast optical-to-electrical (OE) converters to
generate ultrashort electrical pulses to excite the device-under-
test (DUT), and electrooptic materials or photoconductors
to detect the electromagnetic response of DUT’s. Photo-
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conductors have been mainly used for the OE converters.
Traditionally, wirebonds or beam leads are used to connect
external photoconductors to the DUT or monolithically in-
tegrated photoconductors and transmission lines are used as
part of the test wafer. For both cases, flexibility in probing
points and reproducibility of the stimulus signal are heavily
sacrificed.

Recently, a picosecond OE conversion stimulus probe head
has been developed for use in pump-probe measurements
[11]–[14] where photoconductors are put onto the probe tip.
The photoconductive probe can be moved to contact various
sites on a wafer, then drastically improved the testing flex-
ibility and reproducibility. The sensitive bias dependence of
the photoconductors are utilized as a fast voltage sensor so
that both stimulus and/or detection functions can be easily
performed by a single probe head [11]–[14]. This is another
merit for the use of photoconductors. However, in spite of their
excellent bandwidths exceeding 200 GHz, pulse-pattern injec-
tions over 10-Gb/s with 100-mV height have not been at-
tained because of their low responsivities of less than 0.1 A/W
and/or saturation limit, those of which are inherent properties
of the photoconductors. To achieve large-signal pulse-pattern
response measurements at real operating bit rates in analog
and digital IC’s near 100 Gb/s, highly efficient OE conversion
probes with flat broad-band response as well as ultrahigh
bit-rate optical pulse-pattern generators are essential [15].

To cope with large-signal injection at high data rates, the
authors have reported on the first trial of an OE conversion
stimulus probe head employing a waveguide p-i-n photodiode
(WGPD) with a high responsivity of 0.75 A/W, an output
saturation voltage of 400 mV- , and a bandwidth of 50 GHz
[15]–[17]. However, its current performance does not meet the
requirements for measurements of high-end (beyond 40 Gbit/s)
analog and digital IC’s. The coplanar waveguide (CPW)
that configured the transmission line degraded the waveform
symmetry because of its modal frequency dispersion, which
limits the effective 3-dB bandwidth [17]. It is also true that
near 1-V - output voltage is essential for testing high-speed
digital IC’s.

This paper describes two types of wide-band high-efficiency
OE conversion stimulus probe heads for testing large-signal
responses of high-speed electronic devices. Both of them
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Fig. 1. Schematic of optoelectronic active stimulus probe head. The Type-II
probe employs a broad-band amplifier.

employ a 1.55-m 85-GHz bandwidth WGPD. The Type-
I probe is an improved version of the first trial probe. It
employs a simple semirigid coaxial cable with a bias network
for the electrical-signal transmission, resulting in a very low
modal dispersion of 1.0 ps over a bandwidth of 100 kHz to
60 GHz. The Type-II probe newly employs a broad-band InP
high electron-mobility transistor (HEMT) distributed amplifier
that boosts the electrical output signal amplitude over 1 V peak
to peak with a bandwidth of 100 kHz to near 40 GHz.

II. STRUCTURE OF OE PROBE

A. Type-I Probe

Fig. 1 shows a schematic of the Type-I optoelectronic active
stimulus probe head. Optical beams coming from the fiber
concentric connection with standard physical contact (FC/PC)
connector are introduced to a single mode fiber. A pair of
optical lenses collimates and focuses the beams onto the side
edge of the photo absorption layer of a 1.55-m WGPD. This
lens-based rigid assembly allows good reproducibility against
overdriving stresses that arise when the probe tip is contacted
to the device under measurement. The WGPD employs a
novel multimode optical waveguide structure with doped In-
GaAsP intermediate-bandgap layers between the InGaAs core
layer and the InP clad layers [16]. This permits waveguide
multimode propagation resulting in a high external quantum
efficiency of 60% or 0.75 A/W. The optical waveguide has a
mushroom-mesa structure [16] providing a 85-GHz bandwidth.
The WGPD output is introduced to a 400-m-long CPW on
the InP substrate followed by a short-length (1.5 mm) CPW
transformer on an AlO substrate with silver epoxy adhesive,
and then connected to a 1-mm-diameter 25-mm-long semirigid
coaxial cable (coax). The far end of the coax is formed as
an air-coplanar probe tip. This coax-based structure provides
modal-dispersion-free transmission from dc to 125 GHz (the
cutoff frequency of the coax).

The bias network, which provides the dc bias for the WGPD
and the probe tip, was implemented with a resistor and bypass
capacitor. Its equivalent circuit, including the WGPD, are
shown in Fig. 2. The equivalent-circuit parameters for the
WGPD were , junction resistance, , junction capacitance,

, series resistance, and , photogenerated current. The dc
bias port has a role to provide a dc bias to the probe tip
and is connected to the WGPD output node via a 384-chip-
resistor ( ) instead of an inductor. The resistive biasing

Fig. 2. Equivalent circuit of the Type-I probe head. The portion blocked by
the dashed line corresponds to the WGPD, and drawings with shaded lines
indicates the setup for connections of external dc power supplies and the DUT.

improves undesired gain ripple at low frequencies caused by
LC resonance, although the bias voltage is offset according to
the load impedance ( ) at the probe tip ( ). To decouple
the cathode electrode (power-supply port ) of the WGPD
from the dc ground of the tip (GND), the bypass capacitor

is inserted between ground patterns of the alumina
CPW transformer and that of the semirigid coax. The dc bias
(reverse bias) for the WGPD is supplied to the port as an
offset from the port so that a weak dc photodiode (PD)
current goes through to . Compared to the prior
art [16] in which the bypass capacitor and an inductor are
implemented on the RF signal path to supply an independent
dc bias to the PD, the gain flatness of the RF signal line
has been improved, although the dc-biasing procedure for the
PD must follow a few relatively complicated steps and an
input dc resistance of the DUT must be known beforehand.
The value of the decoupling capacitor determines the
lower cutoff frequency of the electrical circuit. We put 0.2-

F of ferroelectric capacitor plates and microchip capacitors
as to assure a lower cutoff frequency of less than
200 kHz.

To show how the tip and the WGPD are dc biased, Fig. 2
also shows the setup for connections of external dc power
supplies and the DUT with shaded lines. Here, we assume that
the probe tip ( ) is to be biased at and the WGPD
is to be intrinsically biased at and that the DUT has an
input dc resistance of . Biasing the WGPD and probe tip
requires the following procedures: 1) bias the port (from
the GND) to

and 2) bias the port (offset from the port ) to

The -parameters of the electrical-signal transmission line
without the WGPD chip were measured before assembling
the WGPD. The measured3-dB bandwidth was 100 kHz to
94 GHz. A good return loss of less than10 dB was also
obtained in this frequency range.

B. Type-II Probe

As shown in Fig. 1, the Type-II probe newly employs a
broad-band InP HEMT distributed amplifier IC in order to
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(a)

(b)

Fig. 3. (a) Appearance of OE probe. (b) Microphotograph of the distributed
amplifier IC assembled in the Type-II probe.

Fig. 4. Equivalent circuit of the Type-II probe head. The portion blocked
by the dashed line corresponds to the WGPD and the shaded area shows the
amplifier IC. Drawings with shaded lines indicate the setup for connections
of external dc power supplies and the DUT.

boost the electrical output signal amplitude over 1 V- . This
is essential for applications to high-speed digital IC testing,
where most circuits operate with near 1-V- input/output
interfaces. Its structure is basically the same as that of Type I,
except that the amplifier is inserted between the WGPD and
CPW transformer. A microphotograph of the probe assembly
is shown in Fig. 3, and an equivalent circuit of the probe
is shown in Fig. 4. The resistances , , and are
internal bias resistors of the amplifier IC. The WGPD output
(CPW on an InP substrate) is directly connected to the
amplifier input CPW with Au ribbon wire. The output CPW
of the amplifier is introduced to the CPW transformer on
an Al O substrate to connect to the semirigid coax. The
ground plane of the InP CPW is decoupled from the amplifier
ground plane via ferroelectric capacitor plates and microchip

capacitors ( ), and the amplifier ground ( ) is
decoupled by from the dc ground of the tip (GND)
so that the dc bias of the tip may be controlled by offsetting
the dc bias at from GND appropriately. The values for

and were the same as that of in
the Type-I probe. The dc bias (reverse bias) for the WGPD is
supplied to the port as an offset from the port so
that a weak dc PD current goes through to .

To show how the tip and WGPD are dc biased, Fig. 4 also
shows the setup for connections of external dc power supplies
and the DUT with shaded lines. Here, we assume that: 1) the
probe tip ( ) is to be biased at and the WGPD is
to be intrinsically biased at , 2) the amplifier IC normally
operates with a dc current flow and a dc bias from the
output node to the amplifier ground , and 3) the DUT
has an input dc resistance of . Biasing the WGPD and the
probe tip requires the following procedures.

1) Bias the port (from GND) to

2) Bias the port (from the ) to

3) Bias the port (from the ) to a specific level
according to the amplifier specification so as to

make the amplifier operate normally.
4) Bias the port (offset from the port ) to

Fig. 5 shows the circuit diagram of the HEMT amplifier.
The distributed amplifier has a 50-input impedance to match
the characteristic impedance of the CPW on the WGPD. The
amplifier consists of six-section cascode amplifier cells. Their
input and output nodes are serially connected with artificial
transmission lines and are terminated with impedance-matched
resistors so as to perform velocity-matched traveling-wave
signal amplification between the input and output transmission
lines [18]. The input and output terminations are constructed
with dc matching terminations and dumping resistors [18]
to achieve a flat gain starting from 0 Hz and to reduce the
parasitic effects of external inductances at the bias terminals.
The cascode connection of HEMT’s in the amplifier cell is
to reduce the influence of the Miller capacitance and can
compensate for frequency rolloff loss, resulting in the increase
in bandwidth [19]. For the common-gate HEMT, a self-bias
circuit is configured with a gate–drain feedback resistance
and two series diodes. Loss compensation circuitry [18] was
also implemented to enhance the bandwidth of the amplifier,
in which two artificial transmission lines ( and ) are
inserted in the amplifier cell to compensate for the output-
line loss at high frequencies [18]. The transconductance (),
current–gain cutoff frequency ( ), and unilateral-gain cutoff
frequency ( ) of the HEMT’s are 1.0 S/mm, 174 GHz,
and 200 GHz, respectively. The typical dc gain and3-dB
bandwidth of the fabricated chip are 11 dB and 87 GHz,
respectively. The saturated output level at 1-dB compression is

5.6 dBm. The maximally rated dc current at the output port
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Fig. 5. Circuit diagram of HEMT distributed amplifier IC.

is 20 mA. This means the probe tip can be dc-offset within
1 V under the 50- termination condition.
The -parameters of the electrical-signal transmission line

(from the input pad of the amplifier to the probe tip) was
measured before assembling the WGPD. The measured dc
gain was 9 dB, and the 3-dB bandwidth was 100 kHz
to 90 GHz. A good return loss of less than10 dB was also
obtained in this frequency range.

III. EXPERIMENT

A. Measurement Setup

For fabricated Type-I and Type-II probe heads, impulse
response measurement was conducted by a pump-probe tech-
nique using electrooptic sampling (EOS). The measurement
setup is shown in Fig. 6(a). The probe tip was contacted to
the near end of a 50- CPW on a GaAs substrate with the
far end terminated. The GaAs substrate was also utilized as an
electrooptic transducer. The electric field close to the contact
pad of the OE probe was detected using the back illuminated
direct sampling scheme [20]. An adiabatically compressed
soliton pulse with a 750-fs full width at half maximum
(FWHM) and a 500-MHz repetition was used as the pump
and probe pulse [21], which is generated in the optical pulse
generator block. The pump pulse power or the peak height
of the pump pulse was controlled using an optical variable
attenuator in order to measure the dependence of the probe
response on incident pulse power. It was confirmed beforehand
that the pump pulse shape was not affected by its peak height.
After the impulse response measurement, the response to
several practical optical pulse-pattern streams (generated in the
electrooptic pulse-pattern generator block) was also measured
with synchronization sampling using a high-repetition-rate (9
GHz) soliton pulse, as shown in Fig. 6(b).

B. Type-I Probe

Typical measured output waveforms and pulsewidths are
shown in Fig. 7(a) and (b), respectively. When the incident

(a)

(b)

Fig. 6. Optoelectronic measurement setup. (a) Impulse response measure-
ment. (b) Pulse-pattern response measurement. COM: comb generator, LD:
laser diode, HDSF: highly dispersion-shifted fiber, EDFA: erbium-doped fiber
amplifier, DDF: dispersion-decreasing fiber, FR: Faraday rotator, and PD:
photodiode.

average power attenuated to 20W, an average photocurrent
of 15 A was obtained, which implies a responsivity of
0.75 A/W. The output waveform shows a good symmetrical
response, except for small side peaks caused by multiple
reflection. The pulsewidth slightly decreased with increasing
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(a)

(b)

Fig. 7. Measured impulse response of the Type-I probe. (a) Output wave-
forms for 750-fs FWHM incident pulses with various power levels. (b)
Pulsewidth in FWHM.

average photocurrent up to 15A. At this point, a mini-
mum pulsewidth of 5.7-ps FWHM with an output voltage of
240 mV - was obtained, which is 30% faster than that of the
conventional model [16]. The pulsewidth gradually increased
with further increases in incident signal power. When the
average photocurrent becomes 25A, the pulsewidth widened
to 6.4-ps FWHM and output saturation became evident. 1-dB
compression output voltage was 400 mV- at the probe tip.

The frequency response was calculated using fast Fourier
transform (FFT). Note that the incident optical pulse has
a repetition rate of 500 MHz, so the frequency response
that can be calculated is beyond 500 MHz. The effect of
bandwidth limitation ( 750-fs FWHM) of the pump and
probe pulses were deconvolved assuming an ideal hyperbolic-
secant-soliton pulse shape. For simplicity, the gain and phase
of the fundamental frequency component (500 MHz) were
normalized to be 0 dB and 0 ps, respectively. This treatment,
however, is valid for estimating the 3-dB bandwidth and
the group-delay dispersion. The results are shown in Fig. 8.
The highest 3-dB bandwidth was 60 GHz at an output
voltage of 250 mV- (an average photocurrent of 15A). The
calculated group-delay dispersion was no more than 0.8 ps at
frequencies below 100 GHz, and near dispersion-free response
was obtained over the bandwidth.

The response to a 72-Gbit/s return-to-zero (RZ) repetitive
pattern “10110100 ” was observed. The incident optical
pulse pattern was generated using an electrooptic pulse-pattern
generator [17], [22]. The pulsewidth of the generated signal
was 4.9-ps FWHM. The result is shown in Fig. 9. A clear
72-Gbit/s RZ electrical signal was observed from the probe tip,

(a)

(b)

Fig. 8. Frequency response of the Type-I probe calculated using FFT from
the results in Fig. 7. (a) Attenuation. (b) Group delay.

Fig. 9. Measured output waveform of the Type-I probe for a 72-Gbit/s RZ
mode, “10110100� � �” repetitive pattern.

although the pulsewidth is enlarged and extinction is slightly
degraded. The extinction at this rate is far better than that
for the conventional CPW-based OE probe at 64 Gbit/s. This
is mostly owing to the improvement of the modal frequency
dispersion along the electrical transmission line.

C. Type-II Probe

Typical measured output waveforms and pulsewidths are
shown in Fig. 10(a) and (b), respectively. The minimum
pulsewidth of 8.3-ps FWHM with an output voltage of
530 mV - is obtained when the average photocurrent ()
is 15 A. The pulsewidth gradually increases to 9.2 ps with
increasing to 30 A. The 1-dB compression output voltage
and saturation voltage are 820 and 1000 mV- , respectively.
Introduction of the wide-band amplifier successfully improved
the conversion efficiency and output saturation voltage.

The output waveform shows a slightly asymmetrical re-
sponse with side peaks, which is caused by the amplifier.
The details will be discussed later. The frequency response
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(a)

(b)

Fig. 10. Measured impulse response of the Type-II probe. (a) Output wave-
forms for 750-fs FWHM incident pulses with various power levels. (b)
Pulsewidth in FWHM.

(a)

(b)

Fig. 11. Frequency response of the Type-II probe calculated using FFT from
the results in Fig. 10. (a) Attenuation. (b) Group delay.

was calculated using FFT. The results are shown in Fig. 11.
The effective 3-dB bandwidth is 40 GHz when is below
15 A (corresponding to an output voltage of below 530
mV - ), and is 35 GHz when is increased to 30 A
(an output voltage of 930 mV- ). The calculated group-

(a)

(b)

(c)

Fig. 12. Measured output waveform of the Type-II probe for a 40-Gbit/s
NRZ-mode pseudorandom pattern. (a) Input. (b) 480-mV output. (c) 1.01-V
output.

delay dispersion is no more than 1.6 ps at frequencies below
100 GHz.

The response to a 40-Gbit/s nonreturn-to-zero (NRZ) pseu-
dorandom pattern was observed. The incident optical pulse
pattern was generated using an electrooptic pulsation technique
[20]. The results are shown in Fig. 12. Clear 40-Gbit/s, NRZ
electrical signals with voltage swings up to 1 V- were
obtained from the probe head, although the eye-opening was
slightly degraded by increasing the voltage swing.

IV. DISCUSSION

In the results of impulse response measurements for both
Type-I and Type-II probes, ringing with a main satellite pulse
10 ps after the first pulse was observed. It is thought that
this is due to multiple reflection between the PD output
and CPW far end on the InP substrate. This is because the
PD output impedance was not matched to 50. Adding to
the equivalent circuit for the WGPD shown in Fig. 2, the
bandwidth limitation along with the electrical transmission
line, including discontinuities at the CPW connection (InP
CPW to Al O CPW and Al O CPW to coax) was simply
modeled, and then the impulse response for the Type-I probe
was simulated. The CPW’s on the InP and AlO substrate
were modeled as 50- transmission lines with a monotonic
loss of 0.5 and 1.6 dB at 100 GHz, an electrical delay
of 4.7 and 13.5 ps, and a linear group-delay dispersion of

0.3 and 0.9 ps at 100 GHz, respectively. The coax was
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Fig. 13. Simulated impulse response of the Type-I probe (open circles). The
solid circles are results in the case of a 50-
 matched termination condition
at the WGPD output. The solid line is the measured result.

modeled as a 50- transmission line with a monotonic loss
of 1.5 dB at 100 GHz and with an electrical delay of 100
ps. The equivalent-circuit parameters for the WGPD were:

M , fF, and . According
to [24], it is well assumed for high-speed p-i-n PD’s that
the intrinsic (or active) layer thickness is far less than the
inverse absorption coefficient and that an appropriate reverse-
bias condition can makes the intrinsic layer fully depleted
and makes carriers travel at the saturation velocity during
most of the transit. Consequently, the photocurrent for
uniform and instant illumination at to the WGPD was
approximated as

where is the electron charge, the photogenerated elec-
tron–hole pair density at , the effective junction area,

and the saturation velocity for electrons and holes, and
the active layer thickness. We assumed aof 0.2 m, a

of 6.5 10 m/s, and a of 4.8 10 m/s.
When the characteristic impedance at the contact between

InP CPW and AlO CPW was assumed to be 65, the
simulated results expressed the satellite pulse in measured
waveforms well, as shown in Fig. 13. It also suggests that
when a 50- matched resistor is incorporated, the satellite
pulse peak can be suppressed below 1% as short as the
main pulse height even though the output signal amplitude is
sacrificed to be a half. Recently developed unitraveling-carrier
PD’s with extremely high output saturation characteristics will
have the potential to enhance the probe output saturation
beyond 1 V- even under the 50- matched condition [23].

The response speed of the Type-I probe depends on the
average photocurrent (or optical input power), as shown in
Fig. 7(b). When the average photocurrent is low, the response
is rather slow and becomes slightly faster with increasing the
input power up to the minimum point. The optically excited
carriers will perturb the conductivity at the intrinsic layer edge
and then the depletion layer thickness, which may affect both

(a)

(b)

Fig. 14. The impulse response of the HEMT distributed amplifier IC used in
the Type-II probe. (a) Upper: 132-mVp-p 6.0-ps FWHM input pulse injected
using the Type-I probe, lower: output waveforms for an incident pulse with
132 mVp-p (solid line) and with 272 mVp-p (open circles). (b) Calculated
frequency response. The dashed line shows the result of the small-signal
vector network measurement. The solid lines are the FFT results for 132-
and 272-mVp-p incident pulses.

the parellel-capacitance series-resistance product (CR) time
constant and carrier transit time. It should be quantitatively
analyzed. When the input power becomes higher, excess
carrier inside the depletion region reduce the electric field,
which increases the carrier transit time resulting in pulsewidth
broadening [25].

The response speed of the Type-II probe also has a similar
dependence on optical input power, but the probe bandwidth
is further limited than is expected from the PD response when
the incident power increases over the fastest response level.
The amplifier bandwidth was then measured for several input
power conditions by means of the pump-probe technique. The
Type-I probe was used for electrical impulse injection to the
amplifier. The measured time-domain responses are shown in
Fig. 14(a). The upper trace shows a 132-mV- 6.0-ps FWHM
input pulse injected using the Type-I probe. The lower traces
show typical output waveforms for an incident pulse with
132 mV - (solid line) and with 272 mV- (open circles).
For a large incident pulse with 272 mV- , we see a dull
transition at the falling edge.

Fig. 14(b) shows calculated frequency responses. The solid
lines are the FFT results for 132- and 272-mV- incident
pulses. For comparison, the magnitude obtained by the
small-signal vector network measurement is plotted by the
dashed line. The calculated bandwidth clearly exhibits the
saturation characteristics of the amplifier. When the input
pulse height is 132 mV- , the calculated 3-dB bandwidth
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is 82 GHz. This value is slightly lower than the result (87
GHz) of the small-signal vector network measurement. The
bandwidth reduces to 40 GHz when the input pulse height
becomes 272 mV- . The group delay dispersion was 4 ps at
100 GHz. Thus, the asymmetrical waveform measured for the
Type-II probe is mostly caused by the amplifier dispersion.
The overall probe bandwidth calculated using the measured
results for each component (82 GHz for the amplifier and
others equivalent to those for a Type-I probe) was 47 GHz,
which is wider than the experimental result of 40 GHz. The
major cause is thought to be the multiple reflection between
the PD output and amplifier input because of the unmatched
output impedance of the PD.

It is also noted that the frequency response of the amplifier
calculated from the impulse response exhibits steep cutoff
characteristics at 108 GHz, which coincides well to the small-
signal vector network measurement. Therefore, an effective
measurement bandwidth of the Type-I probe exceeds 100 GHz
and is close to the cutoff frequency (125 GHz) of the coax
inside the probe when the probe is utilized in a pump-probe
measurement.

V. CONCLUSION

Two types of wide-band high-efficiency OE conversion
stimulus probe heads were developed for testing large-signal
responses of high-speed electronic devices. Both of them
employed a 1.55-m 85-GHz bandwidth WGPD. The Type-I
probe employed a simple semirigid coaxial cable with a bias
network for the electrical-signal transmission to reduce the
modal frequency dispersion. The measured results assured a
good symmetrical impulse response with a very low modal
dispersion of 1.0 ps. The highest 3-dB bandwidth of
60 GHz was obtained for an output voltage of 250 mV- ,
and was maintained beyond 50 GHz for output voltages of
up to 400 mV- . The Type-I probe successfully converted
a 72-Gbit/s RZ optical pulse pattern to an electrical pat-
tern with a good extinction. The Type-II probe employed a
broad-band InP HEMT distributed amplifier that boosts the
electrical output signal amplitude over 1 V peak to peak. The

3-dB bandwidth was 40 (35) GHz for output voltages up
to 500 (1000) mV peak to peak. The Type-II probe converted
an optically generated 40-Gbit/s NRZ pseudorandom pulse to
a 1-V - swing electrical pulse with a good eye opening.
Currently the probe head bandwidth is mainly limited by
worse return characteristics of the PD output. 50-matching
of the PD output impedance should be introduced for further
speed improvement even though the output voltage swing is
sacrificed.
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