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Abstract-Ion-implanted GaAs photoconductive (PC) switches
have been used as an optical-microwave frequency mixer and
electrical waveform samplers in a real-time sampling system. Thk
high fidelity system has a bandwidth of 1OO-GHZ,time resolution
of 4-ps and a measurement sensitivity of 5-pV/ @. Because of
this high sensitivity capability, the magnitude of the testing signal
can be maintained sutliciently small to allow network analysis of
a device or circuit in the linear mode without signal distortion. In
this paper, a linear time-domain network analysis of a broadband
monolithic microwave integrated circuit (MMIC) amplifier has
been demonstrated in real-time by the optoelectronic technique. A
measurement time of less than 40 KSis used to acquire waveform
data. The dynamic range of the system can be further improved
to 40 dB by reducing the repetition rate of the step recovery diode.
Since the PC switches are fabricated with processes compatible
to MMIC manufacturing, this real-time system is well-suited for
on-wafer MMIC characterization.

I. INTRODUCTION

cONVENTIONAL frequency-domain network analyzers
have been used to measure frequency response of mi-

crowave components and MMIC’s. Recently, efforts are be-
ing pursued to extend the measurement bandwidth into the
millimeter-wave (MMW) frequencies with a single coaxial

system. However, to achieve broadband characterizations into
the high MMW regime, multiple systems (coaxial and wave-

guide) are still required.
Optoelectronic techniques can offer wider measurement

bandwidth, and allow on-wafer MMIC characterization
[1]–[5]. These techniques do not have the problems associated
with the direct launch and detection of microwave/millimeter-
wave signals onto MMIC’s on-wafer. Real-time optical
sampling can be achieved with either frequency-domain

or time-domain measurement techniques. The frequency-

domain approach has a limited bandwidth due to the operating
frequency range of the required millimeter-wave signal source;

this is the same limitation that occurs in standard electronic
network analyzers. On the other hand, the time-domain
measurement technique can offer a much higher bandwidth by
using multi-picosecond electrical pulses as the signal source.
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It can be readily shown that the accuracy of S-parameter

characterization does not depend on the contacting positioning

of measuring probes, because only low frequency signals
are needed to be detected from MMIC’s. However, since

each picosecond pulse transmitted to the device/circuit under

test (DUT) contains a broadband frequency spectrum, time-
domain measurements can result in saturating the DUT more
readily than frequency-domain measurements. Therefore, the
measurement sensitivity of the time-domain sampling system
is critical to ensure linear characterization of the DUT. Of all

the optical measurement approaches, techniques, PC sampling

offers the best sensitivity [5]–[ 10]. One can use an input test

signal of a lower magnitude for PC sampling, without the

possibility of saturating the MMIC, while maintaining a good

dynamic range for the measurement system. Consequently, PC

technique incorporated with real-time response is more suit-
able for the testing of linear frequency response of MMIC’s.

In sampling’ system, the time coherence between the test
signal and the sampling signal is critical. The time coherence
for standard optical pump and probe method is achieved by

the beam splitting of the same optical signal. This method,

however, can not perform real-time display of the sampled

waveform, except at a slow measurement speed and/or short

optical delay paths [11 ]. Other techniques would require two

synthesizers with the same internal clock to synchronize the
test signal and sampling signal [12]. In the present experiment,
a free running microwave oscillator is phase-locked to a laser

pulse train with only one synthesizer (i.e. the mode-locker for
the laser). This scheme can be applied to the phase-locking
of any free-running oscillator on the MMIC wafer [13]–[14].

In a present study, a PC switch was first used as an

optical-microwave (OM) mixer to phase-lock a free running

microwave oscillator to mode-locked laser pulse train. A step

recovery diode and additional PC switches were used for

signal modulation and as electronic samplers, respectively, for
the characterization of a DUT. As a demonstration, this real-
time waveform sampling system was used to characterize a
MMIC broadband amplifier. The measured gain response was
compared with that from a conventional microwave network
analyzer.

II. OPTICAL-MICROWAVEPHASE LOCJSENG

The optical system used is a continuous wave mode-locked
Nd:YLF laser which generates 50-ps pulses at a 75.7-MHz

repetition rate. These laser pulses are compressed to 3 ps,
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Fig. 1 Power spectrum of the frequency-doubled mode-locked laser pulse
train measured at the 106th harmouic of the repetition rate (center frequency:
8024 GHz, resolution bandwidth: 10 Hz).

which are then frequency-doubled to produce green light. The

timing jitter, rST. of the green laser pulses can be calculated
as follows [15]

(1)

where n is the number of the harmonic, ~1is the laser repetition
rate, P, is the electrical signal power and Pn is the noise
power. Fig. 1 shows the power spectrum of the green laser
pulses at the 106th harmonic of its fundamental repetition rate.
The root-mean-square timing jitter was estimated to be about
1 ps for a measurement time of 5 ms.

The green beam is then split into two beams, one for

optical-microwave phase-locking (OMPL) and the other for

waveform sampling. The time coherence between the test
and sampling signals is therefore maintained. Fig. 2 is a
schematic diagram of the optic&microwave phase-locked
loop (OMPLL). The laser is directed to a GaAs PC switch
whose substrate material has been deliberately ion-damaged
to reduce the carrier lifetime. A 30-V DC is superimposed
onto the output of a voltage-controlled oscillator (VCO) to
bias the PC switch. This results in enhancing the signal to
noise ratio (S/N) of the intermixed signal by more than 25

dB as shown in Fig. 3. The intermixed signal is then amplified
through a high gain intermediate frequency (IF) amplifier. The

IF phase is compared to a reference signal which is frequency
divided from the laser mode-locker frequency. The resulting
error signal is then delivered through a loop filter to tune the
VCO. Fis. 4(a) and 4(b) shows the typical spectra of an OM
phase-locked oscillator and a free running one. Once OMPL
is achieved, the reference and IF waveforms can be displayed
on a conventional oscilloscope, as indicated in Fig. 4(c); either
one can be used as the trigger source.

For a first order approximation, the combined effect of the
PC mixer and the low pass filter (LPF) provides a frequency
down conversion, with a conversion factor of &. Since
the bandwidth of the LPF is much wider than the loop filter,
the effect of the LPF is transparent to the frequencies of
interest. The closed-loop transfer function (H(s) ) of the IF
and reference frequencies can be derived as follows:

8“(s)
H(s) = —

or(s)

kOk~AOA(s)

kOk~AOA(s) + (MIV + 1)S
(2)

f k~ A(s) A. k.
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Fig. 2. Schematic diagram of the OMPLL.

where A(s) is the transfer function of the loop filter, and it
is equal to

A(s) =
1 + SR2C

1 + S(R1 + R2)C”
(3)

RI, R2 and C are the resistances and capacitance in the loop
filter. A lead-lag low-pass filter was used as the loop filter.

In order to gain a better understanding of this OMPLL,
all the significant loop parameters were measured, as listed in

Table I. The IF used was 4.75 MHz. Fig. 5 shows the measured
frequency-to-bias conversion gain, ko, which indicates that the
change of VCO frequency is a linear function of the applied
tuning voltage. It results in a linear dependence of the relative
phase between the reference and intermediate signals to the
tuning voltage. This capability provides an easy selection of a
time window for display of the waveform.

The calculated H(s) for three different values of RI is
depicted in Fig. 6 and their corresponding spectra of the phase-
Iocked oscillator is shown in Fig. 7. Fig. 7(a) shows the best
S/IV obtained, which is close to that of the intermixed signal.
The corresponding peak amplitude of H(s) is about 2.5 dB for
RI = 9620, as shown in Fig. 6 which is generally accepted
as an optimum value [16]. Based on (2) and (3), the frequency
of the resonance peak

w~=

where T1 = RI C, 7-2

(tin) can be estimated

s ‘4)

= R2C
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Fig. 3. (a) The intermixed signal (lefthand sideband) with 30 V DC bias.
(b) The intermixed signal is smaller than the noise level of the spectrum
analyzer, when there is no dc bias.

III. WAVEFORM SAMPLING

The schematic diagram of the waveform sampling system is

shown in Fig. 8. After the microwave source was phase-locked

to the laser pulses, the output signal was delivered to another
fast PC sampling switch for waveform display. The response

of the PC switch measured by the standard pump and probe PC

sampling technique is shown in Fig. 9 [6]. The autocorrelated
pulse width was measured to be 14.5 ps, which corresponds to
an actual FWHM of 10 ps after deconvolution. The rise time
of the PC response is about 3 ps which is limited by the laser
pulse width. The measurement bandwidth can be calculated (c)
based on the rise time, which is more than 100 GHz [17], [18].

.,

Fig. 4. (a) OM phase-locked microwave oscillator spectra; (b) free-running
Since the frequency of the microwave oscillator was selected ficrowave o~cillator spectrnm (center frequency: 988 MHZ, spau: 200 kHz,

to be about 1 GHz, signals of up to the 100th harmonic of the resolution bandwidth: 10 kHz); (c) reference signal (4.75 MHz, trigger sonrce,
top trace), amplified and digitized intermediate frequency signat (bottom

IF should be detected to achieve a 1OO-GHZ sampling system. mace)

The value of the interniediate frequency (fif) is based on a “

tradeoff between time resolution and noise. The time resolution

depends on the intermediate frequency, the laser repetition rate oscillator (~mw), which is equal to ~,fj (.fmw x ~t ); therefore, a

(~1) and the frequency of the voltage controlled microwave lower fif value will result in better time resolution. However,
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TABLE I
OMPLL PARAMETERS
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Fig. 5. Measurement of the VCO conversion gain, kO (slope of the curve).
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Fig. 6. Closed loop OMPLLtransfer function.

when the ~,f falls within the laser noise bandwidth, phase-
locking of the source signal becomes more difficult and the
resultant sampled waveform will be noisy. Low distortion
is also a consideration in selecting the ~if. In general, the
following criterion should be satisfied to avoid interference
from the laser mode-locker frequency (~1/2)

(5)

where f~ax is the highest desired measurement frequency,
which is 100 GHz in the present case.

Taking the above factors into consideration, the fif was
selected to be 300 kHz, which corresponds to a time resolution
of 4-ps. The phase-locked 1-GHz signal is shown in Fig. 10.

To validate this OM sampling system, we first tested the
system using a low frequency signal, which was generated by
saturating the phase-locked microwave signal. The waveform

(a)

(b)

Fig.
RI
200

7
—

i

(c)

Spectrum of the phase-locked oscillator for (a) RI c 962
10.1 M2, and (c) RI ==36.2 K? (center frequency: 979 MHz

Hz, resolution bandwidth: 10 kHz).

Cl, (b)
z span:

was measured with both a conventional sampling oscilloscope
(TeKl 1802/SD-24, 20-GHz bandwidth) and with the present
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Fig. 8. Schematic diagram of the OM sampling system.
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Autocorrelation measurement of the PC sampler response.

optical system. Fig. 11 shows the comparison of the wave-
forms obtained by these two methods, indicating that excellent

agreement was achieved.
The phase-locked microwave signal was then used to drive a

step recovery diode (SRD) in order to generate high frequency
signals for circuit characterization. The measured waveform
is compared in real-time with that obtained from a sampling
scope, as shown in Fig. 12. The OM sampling system clearly
shows a faster response, as indicated in the inset of Fig. 13.
To demonstrate the high sensitivity of this system, the SRD

output was reduced to 200-mV magnitude, and the sampled

wavefotm is shown in Fig. 14.
To further improve the system sensitivity, a study of noise

sources was performed. We first estimated the potential noise
contribution in the OMPLL. The noise was determined to orig-
inate from three sources as shown in Fig. 15. The dependence
of the phase of IF, O., as a function of O,n, OvcOn,and 6$., are
given by the following equations [16]. For a linear system, the

Fig. 10. Phase-locked 1-GHz signal with 300-kHz IF (center frequency: 984
MHz, sparx 200 kHz, resolution bandwidth: 3 kHz),

superposition principle can be used to find the total 00

6+)(s) 1—
Orn(s) 1+ kfNkl

6’. =0 –B,n=o..0. —
kdko AoA(s) s

00(s) _ l/(MN + 1)

‘Vcon(s) -1 + “j$&(s) :OT=f),n=o,n=o

00(s) l/M—
Oln(s) k k(jAoA(s) ~ “

O,=O,.= O....=O 1 + ‘L!fiva s

(6)

(7)

(8)

The measured phase noise of the mode locker, laser and
VCO at 10 kHz from their center frequencies is –96, –94,
and – 82 dBc/Hz, respectively. According to (7) and (8),
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Fig. 11. Measured waveform comparison using a conventional sampling
scope (solid line) and the OMPL technique (dashed line).

Fig. 12. Real-time display of the SRD output waveform using a sampling
scope (top trace, 200 ps/div) and with the OMPL technique (bottom trace).

the noise from the VCO should be divided by a factor of

(~+~) to compare the relative effect of the VCO and
the laser phase noises at the IF. The equivalent VCO phase
noise becomes —102 dBc/Hz and is less than the laser phase
noise. In addition, since the laser phase noise is close to the
mode-locker noise, we concluded that the major noise source
in the phase-locked loop is from the mode-locker. When the
phase-locked signal is delivered to the second PC switch, laser
intensity noise (below 1 MHz) may leak through the PC switch

and interfere with the IF. Depending on the amplitude of
the phase-locked microwave signal, the system noise may be
dominated by either mode-locker or laser intensity noise on the
second PC switch. In this experiment, the sensitivity of the PC
switch was measured to be about 5 pV/ ~, which is more
than an order of magnitude more sensitive than that offered
by other optoelectronic sampling techniques. The minimum
detectable signal was then estimated to be about 30 mV, which
is consistent with the measurement results shown in Fig. 14.

Although it is difficult to eliminate low-frequency laser
amplitude noise, a high-pass filter with a cutoff frequency set
at 300 kHz could be used to filter out a major portion of the

laser intensity noise.

$ -0.4
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Fig. 13. Measured waveform comparison using a conventional sampling
scope and the OMPL technique. Inset shows a time scale enlargement at
1400 ps.

Fig. 14. Sampled waveform for a 200-mV SRD generated input signal (10
mV/div).

IV. REAL-TIME MMIC CHARACTERIZATION

To measure the small signal S-parameter of a MMIC, the

magnitude of the test signal should be small enough to prevent
the device in the circuit from being saturated. The MMIC used
for this experiment was a multi-stage X/Ku band amplifier
with a 7-GHz bandwidth. A SRD and electronic sampling os-
cilloscope were used as a time-domain scalar network analyzer
to determine the threshold voltage when nonlinear response of
the circuit under test occurred. Fig. 16 shows the measured

ISZI I around center frequency of the MMIC’S gain bandwidth
with three different test signal magnitudes. A strong nonlinear
response was observed for a 2-V magnitude input signal from
the SRD. For the time-domain method, since the spectral
response is broadband and measured at the same time, the
nonlinear S21 amplitude may be higher than its corresponding
linear S21 at certain frequencies due to the re-distribution of
frequencies. This measurement suggested that the test signal
magnitude should be kept below 1 V to avoid a nonlinear
MMIC response.

Fig. 17 shows the experimental set-up of the real-time

OM network analyzer. The fabrication process of the PC

sampling switches are compatible with that of the MMIC.
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The turn on resistance of the PC sampler is larger than 50
kf2; therefore, the invasive electrical effect of the PC switches
in the measurement is negligible. A test signal with a 900-

mV magnitude was used for this experiment. Because of the

narrow bandwidth of the MMIC, the measurement of the

output waveform had to extend to more than 1 ns. Therefore,

the repetition rate of the input signal was reduced to about 833

MHz to cover a time-window of 1.2 ns.

Fig. 18(a) and 18(b) depicts the time domain waveforms
of the input signal to the MMIC amplifier and the corre-
sponding output signal, respectively. Eight waveforms were
taken and averaged in a total data acquisition time for both
input and output signal of less than 40 ps. The frequency
response measured using the present optical technique and the
conventional frequency-domain method is shown in Fig. 19.

Both techniques show similar band-pass characteristics. The
present optical-microwave system provides a lower dynamic
range, which can be improved as discussed below. Based
on the following three facts, we can conclude that if the
bandwidth of the circuit under test is so narrow that the
temporal wavefotm of its impulse response is longer than the
period of the testing impulse train, the differences in the in-
band frequency response between the optical and conventional
measurement techniques can increase. 1) When the temporal

spread of the output waveform is short, we have very good

agreement between the optical and conventional measurement
techniques as shown in Fig. 11. 2) We had measured the
output waveform of the MMIC using standard optical pump
and probe method with low repetition rate of impulses (76
MHz), and found that the output waveform lasted more than 2

ns. Therefore, for the present real-time technique, overlapping
of pulse signal among consecutive pulses did occur, which
resulted in the in-band discrepancy. 3) The data shown in
Figs. 18 and 19 are reproducible so that the discrepancies
in Fig. 19 is not resulted from noise or lack of sensitivity.
A lower repetition rate SRD could be used to eliminate the
pulse overlapping. The lower dynamic range result in the out-
of-band response is mainly due to the time windowing effect

[6] and can be readily correct by a lower repetition rate SRD.

V. CONCLUSION

The technology involving the interaction between ultrafast

optical pulses and microwave signals offers a number of
potential new applications. A real-time sampling system with
1OO-GHZ instantaneous bandwidth has been developed using
optoelectronic techniques with high sensitivity, low signal
distortion, minimum electrical invasiveness and picosecond
time resolution. This optical system has been further enhanced
to demonstrate real-time linear network analysis. The measure-
ment of the frequency response of a broadband MMIC amplif-
ier has been demonstrated. The time-domain data acquisition
time is less than 40 ps. Additional data analysis to achieve
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the frequency-domain response only requires less than a few
hundred microseconds with thelatest commercially available
signal processing chip [19].1 For monolithic integration of
the optical test structure onto the MMIC wafer, size of the
optical structure can belessthan 500pm inlength to conserve
valuable wafer real estate [20]. Further development of this
real-time network analysis technique should provide potential
applications in the microwave area.

lThe processing time for lKFFTis 299 ps,
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