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Abstract—Wide-band high-efficiency optical-to-electrical con- conductors have been mainly used for the OE converters.
version stimulus probe heads have been developed for testing Traditionally, wirebonds or beam leads are used to connect
large-signal responses of high-speed electronic devices. Two tyPesiviernal photoconductors to the DUT or monolithically in-

of such probes were demonstrated using a 1.56m 85-GHz- ¢ ted phot duct dt ission || d
bandwidth waveguide p-i-n photodiode. The type-I probe employs ‘€9rateéd photoconductors and transmission lineés are used as

a simple semirigid coaxial cable with a bias network for the Part of the test wafer. For both cases, flexibility in probing
electrical-signal transmission, resulting in a very low modal dis- points and reproducibility of the stimulus signal are heavily
persion of <1.0 ps. The highest-3-dB bandwidth of 60 GHz was sacrificed.

obtained for an output voltage of 250 m\{-,,, and was maintained Recently, a picosecond OE conversion stimulus probe head

beyond 50 GHz for output voltages of up to 400 my-,. The h b d | d f ) b
type-Il probe employs a broad-band InP high electron-mobility NaS Deen developed for use in pump-probe measurements

transistor distributed amplifier that boosts the electrical output [11]-[14] where photoconductors are put onto the probe tip.
signal amplitude over 1 V,-,. The —3-dB bandwidth is 40 (35) The photoconductive probe can be moved to contact various

GHz for output voltages up to 500 (1000) m¥-p. sites on a wafer, then drastically improved the testing flex-
Index Terms—Amplifier, coaxial cable, optoelectronics, photo- ibility and reproducibility. The sensitive bias dependence of
diode, probe head. 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
R ECENT progress in semiconductor devices has brougfitcellent bandwidths exceeding 200 GHz, pulse-pattern injec-
near 100-GHz bandwidth to electronic analog and digitgbns over 10-Gb/s with>100-mV height have not been at-
integrated circuits (IC's) [1], [2]. Optoelectronic techniquegained because of their low responsivities of less than 0.1 A/W
using picosecond or femtosecond laser pulses are the mgsy/or saturation limit, those of which are inherent properties
promising methods for characterizing these ultra-broad-bagglthe photoconductors. To achieve large-signal pulse-pattern
electronic devices. Ultrafast time-domain electromagnetic lRssponse measurements at real operating bit rates in analog
sponse of these devices has been observed by meansff digital IC’s near 100 Gb/s, highly efficient OE conversion
pump-probe techniques based on electrooptic [3]-[6] or photgropes with flat broad-band response as well as ultrahigh
conductive [7]-{10] sampling. Over the past 20 years, variog§-rate optical pulse-pattern generators are essential [15].
high-speed optoelectronic wafer-probing techniques have beefry cope with large-signal injection at high data rates, the
developed. The fundamental optoelectronic wafer-probing sgithors have reported on the first trial of an OE conversion
ups include ultrafast optical-to-electrical (OE) converters t@imulus probe head employing a waveguide p-i-n photodiode
generate ultrashort electrical pulses to excite the device—und@/(,GpD) with a high responsivity of 0.75 A/W, an output
test (DUT), and electrooptic' materials or photoconductokgration voltage of 400 M, and a bandwidth of 50 GHz
to detect the electromagnetic response of DUT's. Photas) 117]. However, its current performance does not meet the
Manuscript received March 14, 1997; revised November 25, 1998. requirements for measurements of high-end (beyond 40 Gbit/s)
T. Otsuji was with the Nippon Telegraph and Telephone Corporation (NT‘Qna|Og and digital IC’s. The coplanar waveguide (CPW)
Ngtwork Innovation Laboratories, Kana_gawa 239—10847, Japan. He is nﬂﬁ'at configured the transmission line degraded the waveform
with the Department of Control Engineering and Science, Kyushu Institute
Technology, Fukuoka 820-8502, Japan. symmetry because of its modal frequency dispersion, which
K. Kato is with the Nippon Telegraph and Telephone Corporation (NTT)mjts the effective—3-dB bandwidth [17]. It is also true that
Photonics Laboratories, Kanagawa 243-0198, Japan. gear 1-\},-, output voltage is essential for testing high-speed

S. Kimura is with the Nippon Telegraph and Telephone Corporation (NTT)~<
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(NTT) System Telecommunications Energy Laboratories, Kanagawa 248— . . . .
0198, Japan. E conversion stimulus probe heads for testing large-signal
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I. INTRODUCTION
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Fig. 1. Schematic of optoelectronic active stimulus probe head. The Type-I|

probe employs a broad-band amplifier. 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.

employ a 1.55:m 85-GHz bandwidth WGPD. The Type-

| probe is an improved version of the first trial probe. It ) o )

employs a simple semirigid coaxial cable with a bias netwolRProves undesired gain ripple at low frequencies caused by
for the electrical-signal transmission, resulting in a very lowC resonance, although the bias voltage is offset according to
modal dispersion 0&1.0 ps over a bandwidth of 100 kHz tothe load impedancef{;) at the probe tip Brir). To decouple

60 GHz. The Type-Il probe newly employs a broad-band Irif€ cathode electrode (power-supply pBitp) of the WGPD
high electron-mobility transistor (HEMT) distributed amplifieffom the dc ground of the tip (GND), the bypass capacitor

that boosts the electrical output signal amplitude over 1 V pe&fypass1 1S inserted between ground patterns of the alumina
to peak with a bandwidth of 100 kHz to near 40 GHz. CPW transformer and that of the semirigid coax. The dc bias

(reverse bias) for the WGPD is supplied to the @Bt as an
offset from the portBpc so that a weak dc photodiode (PD)
current goes througlBpc to Bpp. 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
Fig. 1 shows a schematic of the Type-I optoelectronic actiyg pias to the PD, the gain flatness of the RF signal line
stimulus probe head. Optical beams coming from the fibghs peen improved, although the dc-biasing procedure for the
concentric connection with standard physical contact (FC/PS) must follow a few relatively complicated steps and an
connector are introduced to a single mode fiber. A pair ¢{put dc resistance of the DUT must be known beforehand.
optical lenses collimates and focuses the beams onto the 3"';‘)@ value of the decoupling capacitBf,;...; determines the
edge of the photo absorption layer of a 1/585WGPD. This |ower cutoff frequency of the electrical circuit. We put 0.2-
lens-based rigid assembly allows good reproducibility against of ferroelectric capacitor plates and microchip capacitors
overdriving stresses that arise when the probe tip is contac%jcbvpaSsl to assure a lower cutoff frequency of less than
to the device under measurement. The WGPD employspgg kHz.
novel multimode optical waveguide structure with doped In- T show how the tip and the WGPD are dc biased, Fig. 2
GaAsP intermediate-bandgap layers between the InGaAs cgf& shows the setup for connections of external dc power
layer and the InP clad layers [16]. This permits waveguidg,pplies and the DUT with shaded lines. Here, we assume that
multimode propagation resulting in a high external quantugie probe tip Brip) is to be biased aVi.s and the WGPD
efficiency of 60% or 0.75 A/W. The optical waveguide has @& g pe intrinsically biased a4 and that the DUT has an
mushroom-mesa structure [16] providing a 85-GHz bandwidtiyyyt dc resistance aRy. Biasing the WGPD and probe tip

The WGPD output is introduced to a 4@@s-long CPW on requires the following procedures: 1) bias the pBrc (from

the InP substrate followed by a short-length (1.5 mm) CPWe GND) to

transformer on an AlOs; substrate with silver epoxy adhesive,

and then connected to a 1-mm-diameter 25-mm-long semirigid Voc = [(Br + Ruias) / Br]Viias

coaxial cable (coax). The far end of the coax is formed ag ;

X . : . 7and 2) bias the porBpp (offset from the portBpc) to

an air-coplanar probe tip. This coax-based structure provides ) POy ( portBne)

modal-dispersion-free transmission from dc to 125 GHz (the Vep = Vpa — [Bbias/(Bbias + Br)]Vpo-

cutoff frequency of the coax). . : Co
The bias network, which provides the dc bias for the WGPD_The S-parameters of the electrical-signal transmission line

and the probe tip, was implemented with a resistor and byp%éhoUt the WGPD chip were measured before assembling

Il. STRUCTURE OF OE RROBE

A. Type-I Probe

capacitor. Its equivalent circuit, including the WGPD, ar € WGPD. The measured3-dB bandwidth was 100 kHz to
shown in Fig. 2. The equivalent-circuit parameters for th 4 G,HZ' A gqod return loss of less thanl0 dB was also
WGPD wereli,, junction resistance’;, junction capacitance, obtained in this frequency range.

R,, series resistance, adgh,, photogenerated current. The dc

bias portBpc has a role to provide a dc bias to the probe tiff: TYPe-Il Probe

and is connected to the WGPD output node via a Q8#hip- As shown in Fig. 1, the Type-ll probe newly employs a
resistor Ry,;.s) instead of an inductor. The resistive biasindgproad-band InP HEMT distributed amplifier IC in order to
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capacitors Cypass1), and the amplifier groundHgnp) is
decoupled byCh,ypass2 from the dc ground of the tip (GND)
so that the dc bias of the tip may be controlled by offsetting
the dc bias aBgnp from GND appropriately. The values for
Chypasst @nd Chypass2 Were the same as that 6fi,ypass1 in

the Type-l probe. The dc bias (reverse bias) for the WGPD is
supplied to the porBpp as an offset from the poBgg so
that a weak dc PD current goes throuh; to Bpp.

To show how the tip and WGPD are dc biased, Fig. 4 also
shows the setup for connections of external dc power supplies
Lens and the_ DUT with shaded I_ines. Here, we assume that: ;) the
housing  WGPD Amplifier CPW to coax probe tip Brrp) is to be biased av},i,s and the WGPD is

A . . to be intrinsically biased akt},q, 2) the amplifier IC normally
operates with a dc current flofy,; and a dc biad/;, from the
output node to the amplifier grounBignp, and 3) the DUT
has an input dc resistance &f-. Biasing the WGPD and the
probe tip requires the following procedures.

1) Bias the portBgnp (from GND) to

Vand = Viias — Vs

2) Bias the portBpp (from the Bgnp) to

(®) Vop = (1 + Raa/Rr)Wiias + Raalaa.
Fig. 3. (a) Appearance of OE probe. (b) Microphotograph of the distributed
amplifier IC assembled in the Type-Il probe. 3) Bias the portBgg (from the Bgnp) to a specific level
Vae according to the amplifier specification so as to
Bawo make the amplifier operate normally.
veo L4 v 4) Bias the portBpp (offset from the portBge) to

BoD Vep = Vid — [By1/(Bg1 + Bp2)Vaa-

Fig. 5 shows the circuit diagram of the HEMT amplifier.
The distributed amplifier has a 5®@input impedance to match
the characteristic impedance of the CPW on the WGPD. The
s amplifier consists of six-section cascode amplifier cells. Their

ﬁz,‘:ﬂ GNP input and output nodes are serially connected with artificial
f I | transmission lines and are terminated with impedance-matched
‘4,1\ _J‘w resistors so as to perform velocity-matched traveling-wave
vann signal amplification between the input and output transmission
Fig. 4. Equivalent circuit of the Type-Il probe head. The portion blockeli€S [18]. The input and output terminations are constructed
by the dashed line corresponds to the WGPD and the shaded area showswit dc matching terminations and dumping resistors [18]
amplifier IC. Drawings With_shaded lines indicate the setup for connectiogé achieve a flat gain starting from 0 Hz and to reduce the
of external dc power supplies and the DUT. .. . . .
parasitic effects of external inductances at the bias terminals.
The cascode connection of HEMT's in the amplifier cell is
boost the electrical output signal amplitude over L\ This to reduce the influence of the Miller capacitance and can
is essential for applications to high-speed digital IC testingompensate for frequency rolloff loss, resulting in the increase
where most circuits operate with near 1:Y input/output in bandwidth [19]. For the common-gate HEMT, a self-bias
interfaces. Its structure is basically the same as that of Typeikcuit is configured with a gate—drain feedback resistance
except that the amplifier is inserted between the WGPD aadd two series diodes. Loss compensation circuitry [18] was
CPW transformer. A microphotograph of the probe assemtdyso implemented to enhance the bandwidth of the amplifier,
is shown in Fig. 3, and an equivalent circuit of the prob& which two artificial transmission linesL¢, and L.,) are
is shown in Fig. 4. The resistancd&y, f7,;, and R, are inserted in the amplifier cell to compensate for the output-
internal bias resistors of the amplifier IC. The WGPD outplihe loss at high frequencies [18]. The transconductagtg)(
(CPW on an InP substrate) is directly connected to tlwirrent—gain cutoff frequencyff), and unilateral-gain cutoff
amplifier input CPW with Au ribbon wire. The output CPWfrequency {...) of the HEMT's are 1.0 S/mm, 174 GHz,
of the amplifier is introduced to the CPW transformer oand 200 GHz, respectively. The typical dc gain and8-dB
an AlOs3 substrate to connect to the semirigid coax. Thigandwidth of the fabricated chip are 11 dB and 87 GHz,
ground plane of the InP CPW is decoupled from the amplifieespectively. The saturated output level at 1-dB compression is
ground plane via ferroelectric capacitor plates and microchigh.6 dBm. The maximally rated dc current at the output port

Amp.
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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 Soliton pulse generator 500 MHz,
750 fs FWHM

£1 V under the 502 termination condition. | |

The S-parameters of the electrical-signal transmission line com H Lb H “DSFH EDFAH DDF A
(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 tharl0 dB was also
obtained in this frequency range.

[ll. EXPERIMENT _ to Lock-in amp
am
A. Measurement Setup (a)
For fabricated Type-l and Type-ll probe heads, impulse Soliton pulse generator 9 GHz,

response measurement was conducted by a pump-probe tech-
nigue using electrooptic sampling (EOS). The measurement
setup is shown in Fig. 6(a). The probe tip was contacted to
the near end of a 5@ 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

| 750 fs FWHM

A
LD H HDSF H EDFA HDDF h—\

72-Gbls RZ,
40-Gb/s NRZ

T .
direct sampling scheme [20]. An adiabatically compressed
soliton pulse with a 750-fs full width at half maximum 50-0 CPW —a

(FWHM) and a 500-MHz repetition was used as the pump on GaAs
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 — 2¥r28%
response on incident pulse power. It was confirmed beforehand (b)

that the pump pulse shape was not affected by its peak heigig. 6. Optoelectronic measurement setup. (a) Impulse response measure-

After the impulse response measurement, the responsemg@t. (b) Pulse-patte_rn response measurement. COM: com_b generator, LD:
laser diode, HDSF: highly dispersion-shifted fiber, EDFA: erbium-doped fiber

several pr_aCt'Cal optlcal pulse-pattern streams (generated In 9Iifier, DDF: dispersion-decreasing fiber, FR: Faraday rotator, and PD:
electrooptic pulse-pattern generator block) was also measupaétodiode.

with synchronization sampling using a high-repetition-raté (
GHz) soliton pulse, as shown in Fig. 6(b).

probe beam

average power attenuated to 2V, an average photocurrent
of 15 uA was obtained, which implies a responsivity of
B. Type-I Probe 0.75 A/W. The output waveform shows a good symmetrical
Typical measured output waveforms and pulsewidths amesponse, except for small side peaks caused by multiple
shown in Fig. 7(a) and (b), respectively. When the inciden¢flection. The pulsewidth slightly decreased with increasing
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(b)
) ) Fig. 8. Frequency response of the Type-l probe calculated using FFT from
Fig. 7. Measured impulse response of the Type-l probe. (a) Output wavyga results in Fig. 7. (a) Attenuation. (b) Group delay.
forms for 750-fs FWHM incident pulses with various power levels. (b)
Pulsewidth in FWHM.

(b)

T L T T ¥ T T T 1 T T T T T T T T T 11

o 1 0110100

5 L+ Lz i 5, i
average photocurrent up to 1BA. At this point, a mini- % B 5
mum pulsewidth of 5.7-ps FWHM with an output voltage of 2 i i
240 mV,,-, was obtained, which is 30% faster than that of the PO S N
conventional model [16]. The pulsewidth gradually increased g | A PRI QJ_I DN J'i,
with further increases in incident signal power. When the S v \/ d ”w’ V Y]
average photocurrent becomes;25, the pulsewidth widened AN,
to 6.4-ps FWHM and output saturation became evident. 1-dB Time (10 ps/div.)

compression output voltage was 400 gy at the probe tip. _
. Fig. 9. Measured output waveform of the Type-I probe for a 72-Gbit/s RZ
The frequency response was calculated using fast FOUred,e 10110100 repetiiive pattern,

transform (FFT). Note that the incident optical pulse has

a repetition rate of 500 MHz, so the frequency respongfnough the pulsewidth is enlarged and extinction is slightly
that can be calculated is beyond 500 MHz. The effect gfgraded. The extinction at this rate is far better than that
bandwidth limitation ¢750-fs FWHM) of the pump and for the conventional CPW-based OE probe at 64 Gbit/s. This
probe pulses were deconvolved assuming an ideal hyperbolgc-mosﬂy owing to the improvement of the modal frequency

secant-soliton pulse shape. For simplicity, the gain and ph%ﬁ§persion along the electrical transmission line.
of the fundamental frequency component (500 MHz) were

normalized to be 0 dB and 0O ps, respectively. This treatment,
however, is valid for estimating the-3-dB bandwidth and C- Type-Il Probe
the group-delay dispersion. The results are shown in Fig. 8.Typical measured output waveforms and pulsewidths are
The highest—3-dB bandwidth was 60 GHz at an outpushown in Fig. 10(a) and (b), respectively. The minimum
voltage of 250 m{,-,, (an average photocurrent of 1&). The pulsewidth of 8.3-ps FWHM with an output voltage of
calculated group-delay dispersion was no more than 0.8 ps580 mV,,-, is obtained when the average photocurre,)X
frequencies below 100 GHz, and near dispersion-free respoisé5 p/A. The pulsewidth gradually increases to 9.2 ps with
was obtained over the bandwidth. increasing/,,;, to 30 :A. The 1-dB compression output voltage
The response to a 72-Gbit/s return-to-zero (RZ) repetitiand saturation voltage are 820 and 1000 nVrespectively.
pattern “10110100 --” was observed. The incident opticallntroduction of the wide-band amplifier successfully improved
pulse pattern was generated using an electrooptic pulse-pattemconversion efficiency and output saturation voltage.
generator [17], [22]. The pulsewidth of the generated signal The output waveform shows a slightly asymmetrical re-
was 4.9-ps FWHM. The result is shown in Fig. 9. A cleasponse with side peaks, which is caused by the amplifier.
72-Gbit/s RZ electrical signal was observed from the probe tiphe details will be discussed later. The frequency response
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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) 10 ps/di
Pulsewidth in FWHM. PR
(c)
0 l R ' I Fig. 12. Measured output waveform of the Type-Il probe for a 40-Gbit/s
1 NRZ-mode pseudorandom pattern. (a) Input. (b) 480-mV output. (c) 1.01-V
g 3 output.
= Iph =10 pA
5 ©1 15 uA -
§ 4] 30 pA L delay dispersion is no more than 1.6 ps at frequencies below
& ] [ 100 GHz.
< 12 r The response to a 40-Gbit/s nonreturn-to-zero (NRZ) pseu-
15 J dorandom pattern was observed. The incident optical pulse
0 100 pattern was generated using an electrooptic pulsation technique
Frequency (GHz) [20]. The results are shown in Fig. 12. Clear 40-Gbit/s, NRZ
@ electrical signals with voltage swings up to 1, were
obtained from the probe head, although the eye-opening was
3 bt . ‘ slightly degraded by increasing the voltage swing.
g 2] :
g ] IV. DISCUSSION
a In the results of impulse response measurements for both
§- 01 Iph = 12% 3 Type-l and Type-Il probes, ringing with a main satellite pulse
G -1 30 LA a 10 ps after the first pulse was observed. It is thought that
. this is due to multiple reflection between the PD output
'2 LA L S AL A R L R R A R A SR S B

0 20 40 60 80 100
Frequency (GHz)

(b)

and CPW far end on the InP substrate. This is because the
PD output impedance was not matched to{30Adding to

the equivalent circuit for the WGPD shown in Fig. 2, the
bandwidth limitation along with the electrical transmission

Fig. 11. Frequency response of the Type-Il probe calculated using FFT frdine, including discontinuities at the CPW connection (InP

the results in Fig. 10. (a) Attenuation. (b) Group delay.

CPW to ALO3 CPW and AbO; CPW to coax) was simply
modeled, and then the impulse response for the Type-I probe

was calculated using FFT. The results are shown in Fig. Mas simulated. The CPW’s on the InP and,®} substrate
The effective—3-dB bandwidth is 40 GHz whefy,, is below were modeled as 50- transmission lines with a monotonic
15 A (corresponding to an output voltage of below 53@bss of 0.5 and 1.6 dB at 100 GHz, an electrical delay

mV,-p), and is 35 GHz when/,y, is increased to 3QuA

of 4.7 and 13.5 ps, and a linear group-delay dispersion of

(an output voltage of 930 m\,,). The calculated group- +0.3 and+0.9 ps at 100 GHz, respectively. The coax was
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0 Time (10 ps/div.)
. . @
Time (5 ps/div.)
15 —
Fig. 13. Simulated impulse response of the Type-I probe (open circles). The 3
solid circles are results in the case of a@0natched termination condition 10 3 2
at the WGPD output. The solid line is the measured result. @ 54 1‘\ ’g
T 3 ~
g 07 | g
modeled as a 5@ transmission line with a monotonic loss = .5  at272-mVppinput o
of 1.5dB at 100 GHz and with an electrical delay of 100 & .10 &
ps. The equivalent-circuit parameters for the WGPD were: P
Ry =100 MQ, C; = 20.3 fF, and R, = 102. According 20 E

to [24], it is well assumed for high-speed p-i-n PD’s that

T ) . _ 0 20 40 60 80 100 120
the intrinsic (or active) layer thickness is far less than the
inverse absorption coefficient and that an appropriate reverse- Frequency (GHz)
bias condition can makes the intrinsic layer fully depleted (b)

and makes Carri?rs travel at the saturation velocity duri%. 14. The impulse response of the HEMT distributed amplifier IC used in
most of the transit. Consequently, the photocurigatt) for  the Type-Il probe. (a) Upper: 132-m\, 6.0-ps FWHM input pulse injected

uniform and instant illumination at = 0 to the WGPD was Using the Type-I probe, lower: output waveforms for an incident pulse with
132 mV,-, (solid line) and with 272 my-, (open circles). (b) Calculated

approximated as frequency response. The dashed line shows the result of the small-signal
) ) ) vector network measurement. The solid lines are the FFT results for 132-
ipa(t) = () +in(t) and 272-m\}-, incident pulses.
1e(t) = gnAve /d(1 — v /dt), 0<t<d/ve
=0, t<0,t>d/v. the parellel-capacitance series-resistance product (CR) time
in(t) = qnAvy,/d(1 — v, /dt), 0<t<d/u, constant and carrier tr_ansit time. It should be quantitatively
—0, t<0,t> d/on analyzed. When the input power becomes higher, excess

carrier inside the depletion region reduce the electric field,
where ¢ is the electron charge; the photogenerated elec-Which increases the carrier transit time resulting in pulsewidth
tron—hole pair density at= 0, A the effective junction area, broadening [25].
v. andw, the saturation velocity for electrons and holes, and The response speed of the Type-II probe also has a similar
d the active layer thickness. We assumed af 0.2 um, av. dependence on optical input power, but the probe bandwidth
of 6.5 x 10* m/s, and av;, of 4.8 x 10 m/s. is further limited than is expected from the PD response when

When the characteristic impedance at the contact betwdBf incident power increases over the fastest response level.
InP CPW and AJO; CPW was assumed to be @3, the The amplifier bandwidth was then measured for several input
simulated results expressed the satellite pulse in measup&wer conditions by means of the pump-probe technique. The
waveforms well, as shown in Fig. 13. It also suggests th&ype-l probe was used for electrical impulse injection to the
when a 502 matched resistor is incorporated, the satellitamplifier. The measured time-domain responses are shown in
pulse peak can be suppressed below 1% as short as fig 14(a). The upper trace shows a 132;m\6.0-ps FWHM
main pulse height even though the output signal amplitudeiigput pulse injected using the Type-I probe. The lower traces
sacrificed to be a half. Recently developed unitraveling-carrighow typical output waveforms for an incident pulse with
PD’s with extremely high output saturation characteristics will32 mV,,-,, (solid line) and with 272 my.,, (open circles).
have the potential to enhance the probe output saturatioer a large incident pulse with 272 gy, we see a dull
beyond 1 \}-, even under the 50 matched condition [23]. transition at the falling edge.

The response speed of the Type-I probe depends on thé&ig. 14(b) shows calculated frequency responses. The solid
average photocurrent (or optical input power), as shown lines are the FFT results for 132- and 272-mV incident
Fig. 7(b). When the average photocurrent is low, the resporagses. For comparison, th&,; magnitude obtained by the
is rather slow and becomes slightly faster with increasing tisenall-signal vector network measurement is plotted by the
input power up to the minimum point. The optically excitedlashed line. The calculated bandwidth clearly exhibits the
carriers will perturb the conductivity at the intrinsic layer edgeaturation characteristics of the amplifier. When the input
and then the depletion layer thickness, which may affect bagblse height is 132 m\,, 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 heigl{tl]
becomes 272 my.,,. The group delay dispersion was 4 ps at
100 GHz. Thus, the asymmetrical waveform measured for thigl
Type-ll probe is mostly caused by the amplifier dispersion.
The overall probe bandwidth calculated using the measurgg
results for each component (82 GHz for the amplifier and
others equivalent to those for a Type-l probe) was 47 GHZ[A]
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 amplifigf]
calculated from the impulse response exhibits steep cutoff
characteristics at 108 GHz, which coincides well to the smallp;
signal vector network measurement. Therefore, an effective
measurement bandwidth of the Type-I probe exceeds 100 GH&
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 conversioqi]
stimulus probe heads were developed for testing large-signal

responses of high-speed electronic devices. Both of th
employed a 1.5%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 [14

60 GHz was obtained for an output voltage of 250 ;my

and was maintained beyond 50 GHz for output voltages of
up to 400 m\}-,. The Type-l probe successfully converted?]
a 72-Gbit/s RZ optical pulse pattern to an electrical pat-
tern with a good extinction. The Type-Il probe employed a
broad-band InP HEMT distributed amplifier that boosts thiéél
electrical output signal amplitude over 1 V peak to peak. The
—3-dB bandwidth was 40 (35) GHz for output voltages up7]
to 500 (1000) mV peak to peak. The Type-Il probe converted
an optically generated 40-Gbit/s NRZ pseudorandom pulse to
a 1-V,-, swing electrical pulse with a good eye openingusg)
Currently the probe head bandwidth is mainly limited by

worse return characteristics of the PD output.{b@ratching

of the PD output impedance should be introduced for further,
speed improvement even though the output voltage swing is

sacrificed.
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