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domain impedance mismatch corrections and error v Yy, '3)
estimates for temporal electro-optic sampling ? AVAYA
systems. The mismatch corrections, which we IN@ éYS \/S%YMJ,Y12 Yo+, % a éYL
presented in [1], allow us to determine Thévenin and |
Norton equivalent circuits for electrical sources, as (oh ostggccgiver) - (Jrfgggiggg ) (vabogi ston)
well as the voltage they would deliver to an ideal _. - .
50Q load. We apply the system to characterizing aFIg' L. A schematic diagram of our electro-optic

" sampling system (top), a top-view schematic (center),
photoreceiver. and an electrical equivalent circuit (bottom).

Figure 1 shows a schematic diagram of our
electro-optic sampling system, which is similar to o
those described in [2]. The laser produces a train oPPtical éxcitation beam are so short, compared to the
roughly 100 fs déng pulses in an open collimated "€SPonse time of the photoreceiver, that the electrical
beam. We split the laser output into two beams: arSignals generated by the photoreceiver are nearly
“excitation” beam, and a “sampling” beam. We use €dual to the receiver's electrical impulse response
the excitation beam to excite the photoreceiver thafhat we would like to measure.
we wish to characterize. The photoreciever has an ~ The electrical impulses generated by the
optical input and a coaxial electrical output. It Photoreceiver propagate through the probe head and
consists of a short length of optical input fiber, a 4own to a coplanar waveguide (CPW) fabricated on
photodiode, biasing circuit, and electrical matching @0 €lectro-optic y-cut LiTapwafer 0.5 mm thick.
network. The direction of propagation in the CPW is parallel
When illuminated by the optical excitation beam, 10 the x-axis of the LiTaQwafer. The probe head,

the photoreceiver creates a series of electrica®PW, and CPW termination in the electro-optic

impulses at its coaxial output. The pulses in theSampling system distort the electrical impulses
emanating from the photoreceiver.
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Fig. 2. Two waveforms measured by our electro-optic Fig. 3. A comparison of the corrected power spectra of

sampling system. Except for the two CPW terminations,Vs, for the two waveforms shown in Fig. 2. The

all of the conditions in the experiment were identical. uncorrected spectra¥f are shown in dashed lines. The
curves are normalized to 0 dB at DC.

We use the sampling beam to reconstruct theesistor with a DC resistance of 328 The figure
distorted electrical waveform in the CPW. We passshows that the CPW resistor sharpens the main pulse
this sampling beam through a variable optical delay,and quickly, although not entirely, dampens the
linearly polarize it at an angle of 2%o the x-axis of  multiple reflections.
the LiTaQ, and then focus it through a small gap in To correct for the frequency response of the
our coplanar line, as illustrated in Fig. 1. The electricprobe head, for its connection to the lossy and
field between the CPW conductors changes thalispersive CPW, and for the CPW termination, we
polarization of the optical beam passing through theused the method described in [1]. We first performed
wafer. We chop the excitation beam and use a locka coaxial frequency-domain short-open-load-thru
in amplifier to detect this change in optical (SOLT) vector-network-analyzer calibration at the
polarization. By changing the delay of the samplingcoaxial reference plane in the system, and then
beam, we incrementally adjust the relative time atmeasured the reflection coefficiemt(f) of the
which the optical sampling pulse reaches the surfacehotoreceiver over the frequency range 0-40 GHz.
of the wafer: we are thus able to trace out the = We then performed a second-tier multiline thru-
electrical waveform on the wafer as it evolves with reflect-line  (TRL) vector-network-analyzer
time. calibration [3] whose reference plane corresponded

to the point at which the electro-optic measurements
II. MisSMATCH CORRECTIONS were made, and set the reference impedance( 50
using the method of [4]. This calibration is based on

Figure 2 shows two sampled voltage waveformsdirect broadband measurements of the traveling
measured in the substrate between the centawaves in the CPW, and avoids systematic errors
conductor and one of the ground planes of the CPWnhherent in on-wafer SOLT calibrations. We
by our electro-optic sampling system. Both measured the reflection coefficidni(f) of the CPW
waveforms were generated by the same photoreceivderminations with this calibration and determined the
under the same bias and excitation conditionsscattering parameteg(f) of the probe head from
However, one of the waveforms was measured in dhe “error boxes” determined by the second-tier TRL
CPW terminated with an open circuit, while the other calibration [5].
was measured in a CPW terminated with a planar We used standard transformations [5] to



detremine the admittanc¥sof the photoreceiver and

Y, of the CPW load and the admittance parameters | S S o pe (mgrinde) ] »
Y; of the probe head froin, I', , andS;. Finally, we i -~ Nosctomnose calibrated oscilloscope (phse)
constructed the equivalent circuit shown in Fig. 1, & - N e d10g
which is based on these measured quantities. =l g‘*
To determine the photoreceiver’'s Norton % SN
equivalent currenty in the frequency domain, we E"m? / 10
first obtained the Fourier transfovg(f) of the time- & 1| N4 §
domain waveform(t) measured by the electro-optic .5 L\\ ' fesonance .10
sampling system. Then, using Kirchhoff’s laws, we LA N[ ossible surfacek
calculated the internal currei(f) from i \N | | (Wé“ve interaction)
20 e e o
lip = VoYL + Y5 +Yi5), ) ° o Freque?wocy (GH2) ® “

Fig. 4. Comparison of calibrated oscilloscope
measurements to an electro-optic-sampling-system

_ -1 measurement.
Vs - I12Y2 , (2)

the voltage/; at the coaxial reference plane from

and the photoreceiver’s Norton equivalent curkgnt

from
Ill. SYSTEMATIC ERRORS

Iy = Ve(Ys+ Y +Y1,+Y,), 3)
Our electro-optic sampling system does not
exactly measure the voltage on the wafer, but rather
Y, = [_le—l +(Ypt Yy, +YL)-1]—1_ (4) measures a voltage waveform that is slightly
broadened by the finite response time of the LiJaO
From I, we can aobtain the photoreceiver’'s substrate, a finite optical pulse width and optical
Thévenin equivalent voltagé (f) and the voltage beam waist, penetration of the electric field into the
V() that the photoreceiver would generate across aubstrate, and multiple optical reflections in the
perfect 5@ load at the coaxial reference plane from substrate. The errors due to these mechanisms
increase roughly quadratically below 40 GHz. Table

where

| ) . . o
N = I Z Y >0 (5) 1 contains our estimates of coefficients describing
Y.

S

S : 50 T ! . g
S0+Zg these systematic errors and uncertainties.
To derive the coefficients in Table 1, we used an
X autocorrelator to estimate the width of our optical
source impedance. o ) o
excitation and sampling pulses, and transmission

Figure 3 compares the power spedfaf the . through small holes to estimate the beam waist of the

uncorrected waveform measured by the electro-optic__ . : :

: optical sampling beam. We estimated the effect of
sampling system to that df, the voltage the

. . : multiple optical reflections inside the substrate from
photoreceiver would deliver to a perfecttb@oaxial the index of refraction of the LiTaOsubstrate
load. Figure 3 shows two comparisons c:orrespondinq:inally we performed full-wave electromagnétic
to the two time-domain waveforms of Fig. 2. The ’

corrections not only reduce the “ripple” due to the calculations using the method of [6] to estimate the

multiple reflections in the measurements, but theytIme that the op'E|caI sar_nplmg p_uls_es sp(_end
. : traversing the CPW's decaying electric field, which
also correct rigorously for the attenuation and

distortion of the probe head, and for the broadeninggem:"traItes approximately 100 um into the LifaO

. . ubstrate.
and narrowing of the main pulse caused by the two : : . .
: o Multiple optical reflections in the substrate can
different CPW terminations.

V; =

where Z, = Y;! is the photoreceiver’s electrical
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Table 1: Systematic-Error Estimates

Error magnitude phase
mechanism dB/GHZ  deg/GHZ [9] K. Rush, S. Draving, and J. Kerley, "Characterizing
LiTaO, response time <10 <10° high-speed oscilloscopedEEE Spectrumpp. 38-39,
September 1990.
optical pulse width -1.2x190 0
optical beam waist -3x10 0
multiple reflections -4x10 +10°

CPW field penetration  -1.4x¥0  +5x10°



