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Abstract

A real-time, 1OO-GHZ, higj-ficleliiy

sampling system has been tlcmoustrateci.

pbotoconductive

The system pro-

vides a 4-ps time resolution, and 5-pV/& sensitivity.

Potential ~lpIJication of this techuique is the rwa- time char-
,.

actt~riza,tioll f]f~nt~ll[~lit,llic l]licrcjwal~c~ rndlirneter-wav einte-

grated circuits with bandwidths higher than a conventional

network analyzer.

I. Introduction

optical sampling teclmiques offer a much higher mea-

surement, bandwidth than t,hat, “obtained from a conven-

tional electronic sampling scope and network anajyzer

[1],[2]. Real-time use of these optical techniques us-

ing clcctrc~-optic effect can be achieved through optic-

microwave intermixing [3]. A new microwave waveform

replica tcx+uique [4] has also been demonstrated which

elIll)loys \]()tJl optic-microwavep hase-locJtirlg(O MPL) ancl

l>llc)toc(}lldllcti~ ~e(PC)salllpIil~g. Using this technique, any

free runuing microwave source can be phase-locked to the

mode-h?cked laser, and its waveform can be displayed by

a Iow-frecpency repIica cm a conventional low-bandwidth

oscilk>scol)e. Fast PC response time and careful selection

of intermediate fr-eciucncy are esseutial in order to achieve

high measurement, bandwidth, precise time resolution, ancl

low distortion in the waveform replica. In this paper, a

real-time waveform samplings ystem with a bandwidth ex-

ceeding 100 GHz, atilme resolutionof 4ps, and sensitivity

of 5-tl,V/JZ is described.
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II. Experiment

The optical system used is a contiuumrs wave mode-

locked Nc1:YLF laser which generates 50-ps pulses at a 76-

NfHzrcl~ctitic)llrate. Thcselaser pulses arecornpressedto

3 ps, followed by frequency-doubling to green light. The

light is then split into two Lcams for phase-locking and

waveform sampling,

Figure 1 is a schematic diagram of the optic-microwave

WaVef(Jrm smupIing system. The huser is applied to a PC

switch in which the gallium arsenide ( GaAs ) substrate has

been deliberately ion-damagwl to reduce the carrier Iife-

time. Thirty V DC is superposed on a voltage-controlled

oscillator (VCO] to bias the PC switch, and the intermixed

signal is then amplified through an IF amplifier with a gain

of 75 dB. The iutcrmeciiate frequency phase is compared to

a reference signal which is frequency divided from the laser

mode-locker frequency (i.e. fixed frequency from a synt he-

simr ). The error signal is then delivered through a loop

filter to the VCO, This phase-locking scheme can bc ap-

plied to ally free-running oscillator.

The wdue of the intermediate frequeucy (jif ) is based

on a t ra,deoff bet wcen time resolution and phase noise.

Since time resolution is equal to ~if /(f,n ~ x .fl ), the lower

the ~1~, the better the time resolution (~~W is the frequency

of microwave oscillator, and ~~ is the laser pulse repetition

frequcmcy}. However, when the f,f falls in the laser noise

band, phas(’-locking of the source signal becomes more diffi-

cult, and the subsequently sampled waveform is noisy. Low

distortion is also a consideration in selecting the intermedi-

ate frequency. IXLgeneral, the following criterion should be
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satisfied to avoid interference from the laser mode-locker

frcquellcy(,fl/2) :

(1)

where f“~~~ is the highest measurement banclwidth, which

is 100 GHz in the present case.

I
Sampling Scope

F’ig. 1. Schematic diagrani of the optic -microwave

W(ZIJefOTTn sampling .S@f?TIL

Taking all the above ct>rlsici~:ratiolls, the ~if was se-

lectf><l tol~(;300kHz. Thisgives 4-pst,ime resolution. .4fter

thenlicrowa vcsourcewa sphase-lock edtothe laser pulses,

the [nltput, signal was delivered to another fast PC sam-

pling switch for waveform clisplay. The response of the

PC swit c+ mca,sured by PC sampling is shown in Figure 2.

The autocorrehtted prdsc width is measured to be 14.5 ps,

which decreases to 10 ps after deconvolution. This electri-

cal pulse contains frequency components up to about 100

GHz. Since the .f~~?~was selected to be I GHz, signals of

up to the 100th harmonic of the intermediate frequency

(which is 30 MHz) should be detected on a 1OO-GHZ sam-

pling system.
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Fig. 2. Awtocorrelation measurement of

PC ,witch.

III. Results and Discussion

300

response of

The phase-locked 1-GHz signal is shown in Figure 3.

To generate a signal of high frequency content, two ap-

proaches can be used. A step recovery diode or a non-

linear transmission line [5] can be driven by this 1-GHz

signal to achieve ultrahigh frequency content. In this ex-

periment, a step recover-y diode was used, and the output

waveform was detected by both a conventional sampling

scope (TeKl1802/SD-24, 20-GHz bauchvidt,h) and the sec-

ond PC switch f{ x waveform sampling. Figlu-e 4 depicts

the wavefcmns sarnpleci by both methods. The optical sam-

pling system possesses a higher measurement bandwidth,

as indicated by the inset in Figure 4. The measured pulse

widths using both the optical sampling technique and a

conventional sampling scope, were 40.2 ps and 54.8 ps, re-

spectively.

Fig. 3. Phase locked 1- GHz signal with 300-kHz

termediate frcqmmcy.
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Fig. 4. Sampled waveforwu by optic- micr-owuve

phase-locking and electronic sampling scope.

To further increase system sensitivity, noise sources

should be identified. We first estimated the potential noise

contribution in the optic-microwave phase-locked loop.

The noise was determined to come from three sources as

shown in Figure 5. The dependence of 00 on O,n, ~,,ca~,

and Oln is shown as the f( Jlowing equations. For a linear

system, the superpositi( m principle can bc used to find the

total 00.

o~(s) 1

em(s) = 1+- ‘fN+l
(2)

0,=0”... =6,.=0 kdko AoA(s)s

!9”(s) l/(A’fN+ 1)

Lm(.$)
—

kdko%. +i(s) I
(3)

o,=o,”=o,n=u 1+ MN*1 s

The measured phase noise of the mode locker, laser,

and VC!O at 10 kHz from their center frequencies is -96, -

94, and -8’2 clBc/Hz, respectively. Therefore, phase noise of

the laser conms mainly from t,he mode-locker. According to

Eq. 3 and 4, the noise from the VCO should be divided by a

factor of (N + ~ ) 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 laser

phase noise. Combining these two results, we note that

em

e. Pc
Mixer

t

7eh f, (ivcon

&=N f,*~

f,=M&

e, : Input signal (phase of reference frequency)

60 :Output signsl (phaseof intermediate Ilequrxrcy)

em : Phasenoise of reference frequency

e,cOn:Phasenoise of VCO

eh :Phasenoise of laser repetition rate

lb : Phasecomparator wnversion gain (V/rad.)

h : VCO mnversion gain (rad./V-sec)

& : Amplifier gain

A(s) : Transfer function of loop filter

Fig. 5. $2(JTMI1flOW d&JTW7L

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

intermediate frequency. Depending on 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 y of

the PC swit eh was measured to be about 5 pV/ ~, which

is more than an order of magnitude better than electro-

optic sampling.

Although it is difficult to eliminate low- frequency

noise from the laser, a high-pass filter with a cutoff fre-

quency set at 300 kH~ can be used

part of the laser intensity noise.

to filter out the major
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IV. Conclusion

The interaction between ultmfast optics and a mi-

crowave signal offers a number of potential new applica-

tions. A 100-GHz bandwidth sampling system has been

developed with low dkt orticm, low uoisc, and high time res-

olution. This system is simple and economical, and could

be further enhanced to perform network analysis with a

nmaauremcnt bandwidth higher than a conventional net-

work anidymr. Phasv control of the microwave signal is

also possible, since the microwave oscillator is slaved to

the laser pulses t,hrough phase-locking.

This work was supported by the Maryland Industrial

Partnership Program.
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