
(19) United States 
US 20010020908A1 

(12) Patent Application Publication (10) Pub. No.: US 2001/0020908 A1 
Prucnal (43) Pub. Date: Sep. 13, 2001 

(54) HIGH-SPEED SERIAL-TO-PARALLEL AND (52) US. Cl. ....................... .. 341/137; 359/238; 359/123; 
ANALOG-TO-DIGITAL CONVERSION 359/350 

(75) Inventor: Paul R. Prucnal, Princeton, NJ (US) 

Correspondence Address: 
PENNIE AND EDMONDS (57) ABSTRACT 
1155 AVENUE OF THE AMERICAS 
NEW YORK, NY 100362711 

(73) Assignee: The Trustees of Princeton University 

(21) Appl. No.: 09/836,604 

(22) Filed: Apr. 16, 2001 

Related US. Application Data 

(63) Continuation of application No. 08/941,364, ?led on 
Sep. 30, 1997, noW Pat. No. 6,265,999. 

Publication Classi?cation 

An optical-to-electrical converter includes an input port 
con?gured to receive an optical signal. The converter further 
includes a splitter con?gured to split the received I optical 
signal into a plurality of optical signals. An optical stage has 
a plurality of parallel stages, and each parallel stage receives 
a corresponding one of the plurality of identical signals and 
outputs a corresponding one of a plurality of sampled optical 
signals Within a corresponding sampling Window. Aplurality 
of delay circuits receive a clock signal having a plurality of 
clock pulses separated by a clock period. The delay circuits 
respectively output a plurality of control pulses at a plurality 
of delayed timings With respect to each clock pulse of the 
clock signal. An electrical stage receives the plurality of 

(51) Int. c1.7 ........................... .. H03M 1/00; G02B 1/00; sampled Optical signals and processes the Optical signals at 
H04] 4/00; H04] 14/00; G02B 26/00; a sampling rate corresponding to the clock period of the 

G02F 1/01 Clock signal. 

(209) 
BELECT=1 GHz BELECT=1 GHz 

202 205 (204 SAMPLE I (215 (216 
ANALOG (203 f bits TOAD PHOTO- __,ELECTFIICAL_ 

WQSPQSEM #1 I I DETECTCR ND @220 
(201) "4 LT‘‘ PS 

W 206 ASAMPLE 2 GT0 ELECTRICAL p222 
P” E TOAD PH - __ __s 

B°P“°AL=25°GHZ T #2 I I DETECTOR A/D DIGITAL 

CH *1 ‘*4 PS r221 ELECTRlIJCTAL 207“ = ER LINE, CUMULATIVE OUTP \_ 1 4ps DELAY P PROCESSOR 
210'” GATING PULSES MEMORY 

MODE-LOCKED I , , 
LASER PULSE . , , 

TRAIN _ _ _ 

KAMPLE N L’; TOAD ' ° ' ' PHOTO- ELECTRICAL __ 
#N l l DETECTOR A/D 

—I/B J9_-J 4 PST‘ l‘ T_ ELECTRICAL Hwy: 
OPTICAL ' ELECTRICAL 



Patent Application Publication Sep. 13, 200 1 Sheet 1 0f 10 

BEAM 
SPLITTER 

US 2001/0020908 A1 



Patent Application Publication Sep. 13, 2001 Sheet 2 0f 10 

IZBI 29 \ 
CLOCKING SOURCE 

BEAM 
SPLITTER 

31A 31B 

F1593 

SIC 
31D 

(32A) (32B) (320) I320) 

2O 

(27) 2% 
CLOOKING SOU RCE 

MODULATOR 

26 
UNIT 

\_ f (25) 

BEAM 
SPLITTER 

111g 4 31A 31B 
MO 

US 2001/0020908 A1 

\1 

(32A) (32B) (32C) (32D) 00. 

20 \\ 

<21) 2% 
26 

Flg5 

BLOCKING SOURCE 

UNIT 
MODULATOR 

/ 
24 

34 \ 

I35) 
/ (25) 

BEAM 
SPLITTER f... 

31A 31B 
31D 

33\ L36 
PHASE CORRECTION‘ 

UNIT 
37 

(32A) I328) I320) (32D) u. 



Patent Application Publication Sep. 13, 2001 Sheet 3 0f 10 US 2001/0020908 A1 

32A 

'2 14A 
TIME 

328 

Fig- 6 g 145 

TIME 

320 

g 140 
ME 

32A 

5 14A 

TIME 

32B 

?g 7 g 148 
TIME 

320 

g \ 140 
TIME 



Patent Application Publication Sep. 13, 2001 Sheet 4 0f 10 US 2001/0020908 A1 

_ ‘ F 50/50\ 18 T» \ 
DATAIN (41) DATAOUT (4) ’ 

Hg 8 

0.16 , , 

0.12 g 0.08: 4P8 0.14 0'00 -8 (3 a A M16 

TIMEDELAY(PS) 

Hg. 9 



Patent Application Publication Sep. 13, 2001 Sheet 5 0f 10 US 2001/0020908 A1 

2000 
FWHM = 43 PS 

TIME (PS) 

?g. 11 



Patent Application Publication Sep. 13, 2001 Sheet 6 0f 10 US 2001/0020908 A1 

122 

114 (129m 112 \ / / 
m DEVICE _ DELAY ATTENUATING 

UNDERTEST UNIT UNIT 
103 116 119 117 

\ 1110) 1115) 120) 
SPLITTER TOAD —§— 

(104) 121 
105 109 

ANPLIFIOATION VARIABLE 
UNIT DELAYUNIT 

/—J / 
106 (107) I127) 

126 

111g. 12 

137 
/ 

ATTENUATING 
129 UNIT 

131 135 141 144 

OPTICAL 130 (134] H 146 W 
SOURCE ( ) SPLITTER TOAD ( ) 

1132) 

133 ANPLIFYING 
UNIT 1 

138 



Patent Application Publication Sep. 13, 2001 Sheet 7 0f 10 US 2001/0020908 A1 

50 60 /99 70 
10 \ 1 ‘ 

(14A) / 0E (54) D (64) PROC. 
(14B) 15B CONVERTER / A’ 5 UNIT 

CONVERTER (140) 5 - 

(14D) 15D 1 
_____c’ 

Fig 14 

45 98 

1o\ 5A290R \\ 
(4A) / > 7 SAMPLE HOLD 
4B 55 UNIT 

s/P ( ) 102/ 
'— CONVERTER (4C) / . 

(4D) 2900 : 
\€ 

3 5D 290D 



Patent Application Publication Sep. 13, 2001 Sheet 8 0f 10 US 2001/0020908 A1 

H 5O\ M 54,55 
4 
—-—y CONVERTER —5— 

5 UNIT 

56/’ 51/] ‘\55 
Egg. 16‘ 

65 

60\ C (64! 
[54) AID 
——f55 CONVERTER 

I 

2 

66/‘ 57% ‘\55 
111g 17 

71 

70 I 75 \ (64) PROCESSING UNIT/ / (74L 
65: 

MEMORY 
UNIT 

0 i 

i i 

M M M 
Hg. 18 



Patent Application Publication Sep. 13, 2001 Sheet 9 0f 10 US 2001/0020908 A1 

EH 8 

a 

g 

NEE 
a 

g I mm ww 

3 @E 

a a a 

@558 % 

:75 :2: :23 czwém DEE 23% 
y \ / / 

x / r2 
cm 

i 

E: / 

, mm 

ow 

8 

a 

e w 
w 



Patent Application Publication Sep. 13, 2001 Sheet 10 0f 10 US 2001/0020908 A1 

mm mm 

Q PAz+ l :QEQHMQTP 
1 1 w < P \ Q2 \ 555% _ _ 7; i i2 r 

#95831 -055 22 1 .PA . 

z mag/a \?molmvv ENV< O m P 

0 o 0 . . . main. 5% . . . 560382 

All. E052 

mOmwmoOmml . mmm15m wz_.._.<w ‘(05 
SEE Q M25328 m2: mm: 23% avg w/(sm 

2950mm am a v _ b 

4565 Q2 @0553 i" “4 g F 

45.586 1} -055 i 29 i 588L555 

mum) 

mmiz<m< 8N gig 
a} _4 

g? _ cg \ 5% 
253 y y f 8% @252 3m 2w Biz/‘m EN 8m New 

NIQ £86m 

N16 T655 

sou 



US 2001/0020908 A1 

HIGH-SPEED SERIAL-TO-PARALLEL AND 
ANALOG-TO-DIGITAL CONVERSION 

BACKGROUND OF THE INVENTION 

[0001] 1. Field of the Invention 

[0002] The present invention relates generally to the ?eld 
of optoelectronic devices and, more particularly, to devices 
Which function as extremely high speed optical shutters, and 
to applications of such devices. 

[0003] 2. Description of the Related Art 

[0004] A number of important commercial, scienti?c, 
medical and military signal processing or sampling appli 
cations require high speed conversion of time-varying ana 
log Waveforms into digital form. Such higher digitiZation 
speed is useful because, among other reasons, it provides 
better spatial resolution for lidar and range-?nding, better 
time resolution for clock synchroniZation protocols, better 
instrumental resolution for sampling oscilloscopes, and bet 
ter channel separation for Wideband receivers. Higher speed 
analog-to-digital converters are additionally sought 
because there is often a threshold conversion rate beloW 
Which the application requiring the samples is infeasible, 
such as digital receivers operating in a particular microWave 
band. 

[0005] It is knoWn that an analog serial-to-parallel (S/P) 
converter can be used to parcel out portions of a time 
varying Waveform to parallel A/D converters Working in 
parallel. In such systems, the quality of the S/P converter 
stage bounds the subsequent ?delity of the overall converter, 
so manufacturability and control of noise are crucial con 
siderations. Unfortunately, today’s all-electronic S/P con 
verters operate Well beloW 60 gigasamples per second 
(GSPS), Which is not much faster than today’s state-of-the 
art electronic A/D converters (e.g., 6 GSPS claimed by 
Rockwell in the laboratory, for Which, to applicants’ knoWl 
edge, no publicly-available enabling disclosure exists), so 
there is little fan-out by the S/P converter. By Way of 
comparison, all-optical sWitching/sampling phenomena can 
occur at intrinsically higher speeds than analogous elec 
tronic phenomena, since electron mobility in the solid state 
is up to 10,000-fold sloWer than the speed of light; the 
advantage is lessened by the ratio of device siZes. 

SUMMARY OF THE INVENTION 

[0006] Accordingly, it is among the objects of the instant 
invention to provide one or more of the folloWing: an 
improved A/D converter operating at optical speeds yet 
bene?tting from progress in the speed of electronic devices 
(ii) an integrated, fast A/D converter; (iii) an improved A/D 
converter With calibrated outputs and servo-controlled input 
range; (iv) an improved A/D converter With a parallel output 
signal; (v) an improved A/D converter in a circuit; (vi) an 
A/D converter embedding a fast analog S/P converter (vii) 
an integrated fast analog S/P converter; (viii) a fast analog 
optical S/P converter employing a TOAD (as de?ned 
beloW); an improved, fast analog S/P converter With 
adjustable input dynamic range; an improved S/P con 
verter With physical clocking; and a device capable of 
converting an optical Waveform into pieceWise portions 
employing a TOAD. 

[0007] In accordance With these and other objects, there is 
provided an analog-to-digital converter, Which includes a 
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?rst input port con?gured to receive an analog optical 
Waveform. The converter also includes a splitter connected 
to the ?rst input port and con?gured to split the analog 
optical Waveform into a plurality of identical Waveforms. 
The converter further includes a second input port con?g 
ured to receive a clock signal having a predetermined clock 
period. The converter also includes a delay circuit con?g 
ured to receive the clock signal and to output a plurality of 
delayed clock signals each having different a different delay 
With respect to others of the delayed clock signals. The 
converter still further includes a plurality on optical shutters 
con?gured to respectively receive the plurality of identical 
Waveforms on an input port thereof, and con?gured to 
receive a corresponding one of the plurality of delayed clock 
signals on a control port thereof, each of the plurality of 
optical shutters having an output port for outputting the 
corresponding one of the identical Waveforms Within a time 
period in a range of 0.01 psec to 100 psec. The converter also 
includes a plurality of photodetectors respectively connected 
to the output ports of the plurality of optical shutters and 
con?gured to convert an input optical signal into an output 
electrical signal. The converter further includes a plurality of 
electrical analog-to-digital converters respectively con 
nected to the output ports of the plurality of optical shutters 
and con?gured to perform an analog-to-digital conversion of 
the corresponding electrical signal into a digital signal. The 
number of electrical analog-to-digital converters in a fully 
populated con?guration is such that a conversion time of 
said analog-to-digital converters divided by the number of 
electrical analog-to-digital converters is slightly less than the 
time period of the optical shutters. 

[0008] Aspects of the system and method according to the 
invention exploit and improve upon recent advances in high 
speed optical shutter technology, notably the TerahertZ Opti 
cal Asymmetric Demultiplexer (TOAD), disclosed in US. 
Pat. No. 5,493,433, Which is incorporated in its entirety 
herein by reference. Whereas most optical shutters require 
impractically long interaction lengths, high poWer, or both; 
the TOAD is compact and loW poWer. 

[0009] The TOAD exploits a strongly non-linear optical 
effect Which alloWs a gating pulse to cause either 0 or pi 
radians of phase delay in a signal introduced into an inter 
ferometer. The phase delay sWitches off after a brief interval, 
of the order of 1 picosecond (psec), so a signal beam meeting 
With itself in a TOAD interferometer Will emit only the 
Waveform sampled by the 1 psec shutter WindoW. In contrast 
to conventional semiconductor logic gates, the TOAD does 
not try to sWitch and reset in a small multiple of the shutter 
cycle time. Rather, the TOAD can undergo an Open/Off 
cycle only once before it needs to recover, typically for 100 
psec. When combined With a precise optical delay line, each 
TOAD can be used to sample (read) or inject (Write) a 
signal’s amplitude or intensity in the shutter WindoW time. 
The TOAD is then latent, Waiting for the electronics to 
invoke it again (e.g. every 4 nanoseconds (nsec) for 250 
MHZ CMOS). 
[0010] UtiliZing such high speed optical shutters, in accor 
dance With the system and method according to the inven 
tion, it is possible to provide high speed, high quality S/P 
conversion, and therefore high speed A/D converter systems 
embedding a fast analog optical S/P converter With fan-out 
to Whatever degree is necessary to support operation beyond 
1000 gigasamples per second (GSPS). Also, in accordance 
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With the invention, systems may include all-electrical A/D 
converter devices, thus providing a back-end With optimal 
price/performance. Preferably, the balance betWeen more 
fan-out in the S/P converter and more, loWer-cost sloW 
electrical A/D converters in the back-end is optimally 
selected, based upon overall price, performance, manufac 
turability, or other criteria. While the present invention may 
be, and preferably is, practiced using the TOAD, the con 
cepts, teachings, and applications described herein beloW are 
by no means limited to TOAD-based systems, and Will Work 
With other optical shutters, other sequences of functional 
units, and With novel electrical A/D converters. 

[0011] In accordance With the invention, the TOADs Will 
preferably be solid state and formed by mass production 
processes. For instance, integrated semiconductor optical 
ampli?ers (SOAs under development at Princeton Univer 
sity, British Telcom, NEC, and elseWhere can be combined 
With integrated optical paths to form complete TOAD 
devices. SOAs can advantageously be formed using mate 
rials from columns III and V in the periodic table (e.g. 
GaAs), or II-VI materials; a plurality of optical paths can be 
formed on a loW cost substrate; and the tWo monolithic 
constructions bonded together. Additionally or alternatively, 
a plurality of optical paths may be formed on the same 
substrate as the TOADs by additive, subtractive, or even 
selective phase-change direct-Write processes. One may 
apply light, charged particle beam, heat, or other knoWn 
methods to cure the Waveguide material or optical intercon 
nects. 

[0012] In accordance With a preferred embodiment of the 
instant invention, the time-varying magnitude of an input 
signal is modulated by amplitude or intensity. In more 
general embodiments, modulation of the magnitude com 
prises a combination of amplitude modulation, polariZation 
modulation, phase modulation, and frequency modulation. 
These can all be exploited in their oWn right by appropriate 
TOAD embodiments, or reduced to amplitude or intensity 
modulation and treated as in the preferred embodiment. For 
instance, a polariZed signal can be converted into an inten 
sity modulated signal by being passed through a cross 
polariZer. A frequency modulated signal can be converted 
into an amplitude modulated signal in a number of Ways, 
including ?ltering With a color-sensitive transmitter or 
re?ector; or diffracting or refracting and then using position, 
time of ?ight, or phase information. A frequency modulated 
signal can be converted into an intensity modulated signal 
by interfering it With a coherent reference beam of compa 
rable intensity and sampling the beat frequency. In general, 
modulation can be permitted to occur Within the TOAD, 
instead of just prior to it. For instance, a phase modulated 
signal can be converted into an intensity modulated signal 
by being superposed on a coherent reference signal of 
comparable intensity Within the TOAD interferometer itself, 
thus replacing the input splitter described in the ’433 patent 
With a bypass on one side and a reference beam for differ 
ential measurement on the other side. This brief description 
is exemplary and not comprehensive. As those skilled in the 
art Will appreciate, other methods are knoWn, and it is 
anticipated that there Will be future embodiments of optical 
shutters Which Will be appropriate for use in this invention. 

BRIEF DESCRIPTION OF THE FIGURES 

[0013] Various aspects, features, applications, and advan 
tages of the instant invention are depicted in the accompa 
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nying set of draWings, Which are intended to be exemplary 
and not limiting or exhaustive, and in Which, brie?y stated: 

[0014] FIG. 1 illustrates a preferred embodiment of an 
analog optical S/P converter in block form. 

[0015] FIG. 2 illustrates an analog optical S/P converter in 
greater detail. 

[0016] 
source . 

FIG. 3 illustrates a beam splitter used in a clocking 

[0017] FIG. 4 illustrates a clocking source including a 
modulator unit. 

[0018] FIG. 5 illustrates a “physically clocked” embodi 
ment of a clocking source. 

[0019] FIG. 6 illustrate the use of delay lines to retard 
clock signals. 

[0020] 
signals. 

[0021] FIG. 8 illustrates an optical shutter unit imple 
mented in TerahertZ Optical Asymmetric Demultiplexer. 

[0022] FIG. 9 shoWs a measured TOAD Waveform. 

[0023] FIG. 10 plots the shape of a fast analog Waveform 
using an optical correlator. 

[0024] FIG. 11 shoWs a measurement of the same analog 
signal by a TOAD acting as an optical shutter. 

FIG. 7 illustrate the use of delay lines to retard data 

[0025] FIG. 12 illustrates an apparatus in the manner of a 
sampling oscilloscope. 

[0026] FIG. 13 illustrates a sampling oscilloscope using a 
TOAD acting as an optical shutter. 

[0027] FIG. 14 illustrates an optical A/D converter system 
embedding an analog optical S/P converter. 

[0028] FIG. 15 illustrates an alternative embodiment of 
the sloW A/D converter back-end. 

[0029] FIG. 16 illustrates a preferred sloW O/E converter 
unit. 

[0030] FIG. 17 illustrates a preferred sloW electrical A/D 
converter unit. 

[0031] FIG. 18 illustrates a preferred processing unit. 

[0032] FIG. 19 illustrates an A/D converter system With 
analog electrical input and digital electrical output. 

[0033] FIG. 20 summariZes an alternative A/D converter 
embodiment. 

DETAILED DESCRIPTION OF THE 

PREFERRED EMBODIMENT(S) 

[0034] Reference is noW made to FIG. 1, Which illustrates 
a preferred embodiment of an analog optical S/P converter 
in block form. Optical input signal (1) enters an optical S/P 
converter (10) by means of an optical path Signal (1) is 
preferably coherent light, such as 1.5 pm light, and com 
prises a Waveform, such as shoWn in FIG. 9. Preferably, but 
not necessarily, signal (1) has already been amplitude or 
intensity modulated With certain data of interest. Path (2) is 
preferably an integrated Waveguide, although a variety of 
designs for optical paths through free-space and guided 
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paths (e.g. optical ?bers) can be substituted, as Would be 
appreciated by persons skilled in the art, e.g., optical engi 
neers. 

[0035] A plurality of output signals emerge from S/P 
converter (10), illustrated as signal (4A) on path (5A), signal 
(4B) on path (5B), and so forth. The reader should interpret 
references to “signal (4)” Without a suf?x as applying to a 
plurality of (4A), (4B), etc., and similarly With “path (5)” as 
applying to paths (5A), (5B), etc. Output signals (4) contain 
information from the input signal (1), and are preferably 
optical replicas of input signal (1), although a plurality of 
them may be scaled to different amplitudes from the input 
signal (1) and/or from each other. Optionally, output signals 
(4) may comprise functional modi?cations of input signal 
(1), such as lineariZation corrections, and/or may mix in 
other signal streams, such as a monochromatic reference 
beam. 

[0036] Reference is noW made to FIG. 2, Which illustrates 
an optical analog S/P converter in greater detail. In this 
embodiment, a beam splitter (12) replicates an input signal 
(1) into a plurality of output signals (14), Which exit on their 
optical paths (15). As persons skilled in the art Will appre 
ciate, one can purchase beam splitters With high uniformity 
and loW parasitic losses commercially from a number of 
vendors, and beam splitters can also be integrate With optical 
or optoelectronic subsystems using Well-knoWn lithographic 
or casting techniques. 

[0037] Each of a plurality of optical shutters (40) is fed 
both by a signal (14) along an optical path (15) from the 
beam splitter (12) and also by a clock signal (32) carried by 
an optical path (31). Each optical shutter (40) emits an 
output signal (4) on a path 

[0038] Clock signals (32) are illustrated schematically as 
originating from a single clocking source (20), but use of 
multiple clocking sources is permissible. The signal path 
(17) output of the input master clock (20) is used to 
synchroniZe the electrical A/D stages and subsequent latch 
ing circuitry. 

[0039] Reference is noW made to FIG. 3, Which illustrates 
a beam splitter (30) used in a clocking source (20). In this 
embodiment, a master clock signal (28) of periodic pulses is 
introduced along path (29) and distributed as clock signals 
(32) among paths (31). Optionally, output clock signals (32) 
may comprise functional modi?cations of master clock 
signal (28), for instance by pulse-sharpening, clock-dou 
bling, or polariZation. Other signals may optionally be 
mixed in With output clock signals (32), such as complex 
Waveforms. As one skilled in the art Will appreciate, a 
number of clock distribution topologies are knoWn to elec 
tronics engineers, With different topologies appropriate for 
different embodiments, such as a star-of-stars hierarchy for 
obtaining suf?cient fan-out With tight timing synchrony. 
Some of these topologies also include an ampli?cation unit 
Within the clocking source (20). 

[0040] Reference is noW made to FIG. 4, Which illustrates 
a clocking source (20) including a modulator unit (24) 
providing an optical signal (25) along optical path (26) to a 
beam splitter (30). A light signal (27) input from path (29) 
is preferably constant brightness from a coherent laser. The 
beam splitter could preferably be similar to the one illus 
trated in FIG. 3. If the modulator (24) is electro-optical, then 
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it Will preferably be fed by an RF electrical trigger signal 
(21) from an RF input path (22). If the modulator unit (24) 
is optoelectronic, then it Will preferably be fed by an optical 
trigger signal (21) from an optical input path (22). Mixtures 
of electrical and optical inputs may also be imposed as a 
trigger signal (21) along a suitable plurality of paths (22). 

[0041] Modulator unit (24) may require a poWer source, 
but such sources are Well knoWn to those skilled in the art, 
and are not depicted in the draWings in order to avoid 
distracting from the description of the present invention. 

[0042] Reference is noW made to FIG. 5, Which illustrates 
a “physically clocked” embodiment of a clocking source. 
Use of a beam splitter With one-more-than-2N outputs is 
preferred, but not required. The function of modulator (24) 
in this embodiment is to convert a “?yback” trigger signal 
(35) into a suitable input for beam splitter (30), preferably by 
ampli?cation and pulse-sharpening, so that a preferred 
clocking source (20) emits clocking Waveforms (e.g., 
pulses) in parallel at precise periodic intervals that do not 
depend on the coherence of an external clock. An optical 
clock signal (32C) is provided by optical path (31C) to 
optional phase correction unit (33), Which emits signal (35) 
after that time interval necessary to ensure that the period 
icity of pulses arriving at beam splitter (30) is a constant. 
There can be one or a number of pulses in transit traversing 

the circuit encompassing (34), (24), (26), (30), (32), and 
optionally (33); the circuit serves as a delay line. If optional 
phase correction unit (33) is omitted, path (31C) and path 
(34) number the same item. 

[0043] The optional phase correction unit (33) can serve to 
adjust the timing of the arrival of clock signal (35) at 
modulator unit (24), and can be internally controlled by a 
clock or externally controlled along a path (37), such as by 
“trimming” feedback from elseWhere in the S/P converter or 
a system embedding it. A number of units for phase correc 
tion are Well-knoWn, including stretching optical ?bers and 
tight temperature control. 

[0044] A starting signal is used for the clocking source 
(20), and the clocking can run thereafter Without requiring 
an external clock. There are a number of units for providing 
a starting signal. An optional input (36) may be provided 
through phase correction unit (33) or directly into modulator 
unit (24) to provide a pulse from outside as the starting 
signal; or, the starting signal can be generated internally, for 
instance by compounding its ampli?cation through repeated 
cycles until effective. 

[0045] Reference is noW made to FIG. 2, FIG. 6 and FIG. 
7, Which illustrate the use of delay lines to relate the relative 
timing of clock signals (32) and signal Waveforms Note 
that an optical path length is determined by a path’s index of 
refraction as Well as its physical length. In the embodiment 
shoWn in FIG. 6, the optical lengths of the signal paths (15) 
are all the same, but each clock path (31A), (31B), (31C), 
and so forth has an optical length chosen to provide timing 
delays in successive integer units of "c. In an alternative 
embodiment shoWn in FIG. 7, the optical lengths of the 
clock paths (31) are all the same, but each signal path (15A), 
(15B), (15C), and so forth has an optical length chosen to 
provide timing delays in successive integer units of "c. More 
complicated patterns can be utiliZed While remaining Within 
the scope of the invention as described herein. For example, 
in embodiments of most value in certain applications, manu 
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facturability considerations make it preferable for the 
ensemble of clock signals (32) and the ensemble of Wave 
forms (14) to intersect at a variety of times and places, in a 
matrix-like con?guration (e.g., clustered on chips in a mod 
ule). Nor must the intersections be regular; in some embodi 
ments for applications described beloW, they need not all 
have the same time intervals '5, nor comprehensive coverage, 
nor sequential ordering. 

[0046] Reference is noW made to FIG. 8, Which illustrates 
an optical shutter unit (40) implemented in a TOAD, such as 
the Mach-Zehnder version disclosed in the ’433 patent. 
Optical shutters can also be built using an amplitude 
modulating TOAD constructed from a Mach-Zehnder, 
Michelson, or Sagnac interferometer by means of techniques 
Well-knoWn to those ordinarily skilled in the art. There have 
been attempts to build a TOAD using a loop mirror. These 
and other forms of TOAD are all appropriate for use as 
optical shutter units in connection With the instant invention, 
Where each embodiment of an optical shutter (40) is pref 
erably a TOAD (41) Which gates a time-dependent input 
signal (14) With its time-dependent Waveform (42) to an 
output signal (4) With a modulated magnitude. 

[0047] Referring noW to FIG. 8, the TerahertZ Optical 
Asymmetric Demultiplexer (TOAD) comprises a ?ber or 
Waveguide loop joined at its base by the top half of a 
symmetric 2x2 splitter (18). The bottom side of the splitter 
(18) receives the signal input and transmits it to a photode 
tector at a receiver. In general operation, light from the input 
is split by the splitter into tWo identical Waveforms Which 
travel through the loop in opposing directions. Because the 
tWo signal components Will have traversed exactly the same 
distance When they meet again in the splitter (18), purely 
constructive interference occurs; the splitter (18) therefore 
re?ects all light back out the original input ?ber and passes 
no light to the detector. This loop-mirror also contains a 
nonlinear element (eg a semiconductor optical ampli?er 
(SOA)) located slightly off-center from the midWay point. 
The asymmetric placement is the reason fox the letter “A” 
in the Word TOAD. 

[0048] If injected into the loop before the signal pulse, a 
clock or pulse Will change the nonlinear element’s index of 
refraction for a brief period of time (the dWell time). This 
means that the light traversing the loop after the gating pulse 
has passed through the SOA Will encounter a different 
propagation delay than light traversing the loop before the 
gating pulse pumped the SOA. An important feature of the 
TOAD is that this delay is engineered to be exactly one-half 
of a Wavelength, or exactly enough to change the interfer 
ence condition from constructive to destructive. The coupler 
therefore expels light to the photodetector instead of back 
out the input. 

[0049] In accordance With Nyquist’s Theorem, for a sys 
tem With maximum frequency component 2/1, no informa 
tion is available about the shape (roughly speaking, (I) of the 
shutter Waveform so long as o<"c In practice, the shutter 
Waveform (32) has a ?nite rise time and fall time, so cross 
talk is reduced signi?cantly but not eliminated by making (I 
someWhat smaller than '5 (eg 50%). 

[0050] Reference is noW made to FIG. 9, Which shoWs a 
measured TOAD Waveform; in this case, 4 psec Wide. The 
measurement Was made by duplicating the output of a single 
TOAD device, delaying the second Waveform by a variable 
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interval (shoWn as the abcissa) and measuring the amplitude 
of the convolution of the ?rst against the second (shoWn as 
the ordinate). The delay Was sWept from 0 to 10 psec and the 
results plotted. 

[0051] Reference is noW made to FIG. 10, Which plots the 
shape (44) of a fast analog Waveform (actually, a laser pulse) 
as measured in the standard Way by an optical correlator. 
FIG. 10 is prior art. 

[0052] Reference is noW made to FIG. 11, Which shoWs a 
measurement of the same analog signal by a TOAD acting 
as an optical shutter (41) in the manner of FIG. 9. The 
measurement Was performed in the inventor’s laboratory by 
creating a rudimentary sampling oscilloscope using approxi 
mately 43 psec-Wide pulses from a 1.3 pm Wavelength laser. 
The repetition rate Was chosen as 10 nsec so that the output 
of the TOAD could be measured With a 100 MHZ photode 
tector. The clocking train Was shortened to 1 psec Wide 
pulses at 500 femtojoules of energy per pulse, and Was 
injected into the control port of the TOAD as gating pulses. 
A Weaker branch of the same train Was split from the ?rst, 
acting as the loWer amplitude signal to be measured, and Was 
time-lagged along a precisely varied delay path before being 
injected into the input port of the TOAD as signal pulses. 
The delay path Was then changed and the TOAD output 
measured again. The overall shape Was obtained by sWeep 
ing the delay path of the signal relative to the control over 
a range of 100 psec. The FWHM oi=43 psec, and the area 
under the curve corresponds to the intensity of the input 
signal integrated over the time When the TOAD acted as an 
open shutter. It is clear by inspection that the measurement 
provided at least 6 bits of resolution on the ordinate axis. 

[0053] The practiced sampling oscilloscope method indi 
cates a useful analog application of the TOAD. The embod 
ied sampling oscilloscope apparatus proves an alternative 
embodiment of the S/P converter Wherein the fan-out feeds 
a plurality of branches-in this example, 1—and the conver 
sion is repeated temporally at precisely knoWn phase offsets, 
not necessarily sequentially, in order to measure the shape of 
a repeated signal. The signal must be reproducible in a ?nite 
time domain. A number of means for reproducible signal 
delay lines With sub-psec precision are knoWn and could 
have been used instead to create the densely sampled phase 
offsets. 

[0054] Reference is noW made to FIG. 12, Which illus 
trates an apparatus in the manner of a sampling oscilloscope 
Which relies upon analog data measured by a TOAD optical 
shutter. A coherent optical signal (101) is fed on optical path 
(102) to a splitter (103) Which feeds an output signal (104) 
to optical path (105) and an output signal (110) to optical 
path (111). Signal (110) on optical path (111 ), even if 
Weakened, enters device-under-test (114) and emerges as 
signal (115) on optical path (116). There may optionally be 
a plurality of amplifying units (106) along optical path 
(105); and/or there may optionally be a plurality of attenu 
ating units (112) along the optical path traversing (103), 
(111), (114), and (116); in any case, at least one of these 
options must be implemented since the signal (115) must be 
Weaker than the non-linear regime of the TOAD device 
(117) and signal (104) must be stronger than the sWitching 
threshold and must arrive at the input port (109) prior to the 
arrival of signal (115) at input port (119). The plurality of 
attenuation elements is depicted explicitly as a single unit 
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(112) but could in practice be anyWhere along said path, 
including merged With other units; likewise With the plural 
ity of ampli?cation units depicted as a single unit (106). 
There must also be a plurality of variable delay units (107) 
and/or (108) Which introduce the phase offsets needed to 
sample the interval of interest. The control units can be 
internally controlled and/or externally controlled. 

[0055] External control signal (127) Would be introduced 
through path (126) and control signal (123) Would be 
introduced through path (122). The TOAD (117) emits a 
signal (120) on optical path (121), said signal being repre 
sentative of the convolution of the time aperture of optical 
shutter (117) With the amplitude of signal (115). Note that it 
is not strictly necessary for the elements mentioned-includ 
ing the device-under-test, splitter, delay units, ampli?cation 
units, attenuation units, and optical paths-to precisely pre 
serve the color of signal (115) With respect to signal (104), 
since the clocking signal entering (109) is not interfered 
against the data signal (115) entering (119). Therefore, 
optical to-electrical and electrical-to-optical converters may 
be used advantageously in device-under-test (114). 

[0056] Reference is noW made to FIG. 13, Which illus 
trates an alternative embodiment in the manner of a sam 

pling oscilloscope Which relies upon analog data measured 
by a TOAD optical shutter and uses the Waveform being 
measured additionally as its oWn clock signal. An optical 
source (129), Which may advantageously be an electrical 
to-optical converter, introduces a signal (130) onto optical 
path (131). A splitter (136) divides the signal (130) into 
signal (134) on optical path (135) and signal (132) on optical 
path (133). The embodiment attenuates (137) and/or ampli 
?es (138) the signal. There must be at least one variable 
delay unit (not depicted) along the upper or loWer path, as 
in FIG. 12. The clock signal is required to arrive at port 
(143) before the data signal arrives at port (141). The TOAD 
(144) emits a signal (146) on optical path (147). 

[0057] Other embodiments of sampling oscilloscopes are 
knoWn in industry and their reimplementation With TOAD 
based optical shutters Would be self-evident for one of 
ordinary skill in the art. 

[0058] Reference is noW made to FIG. 14, Which illus 
trates an optical A/D converter system (99) embedding an 
analog optical S/P converter. Preferably, an O/E converter 
(50) accepts an optical signal (14) from each of the paths 
(15) emitted from a S/P converter (10), and converts said 
optical signal into an electrical signal (54). AnA/D converter 
(60) accepts the electrical signal (54) from electrical lines 
(55) and produces a digital electrical representation (64). 
The electrical lines are likely to be transmission lines 
implemented as Wires for loW-speed operation and micro 
Wave plumbing or coaXial paths for high speed operation. 
Optionally, a processing unit (70) accepts said digital elec 
trical signal (64) along electrical lines (65) and delivers a 
corrected, buffered version. In an alternative embodiment, 
the A/D converter may incorporate the O/E converter inte 
grally, so (54) and (55) Would be omitted. 

[0059] Reference is noW made to FIG. 15, Which illus 
trates an alternative embodiment of the sloW A/D converter 
back-end: an all-optical A/D converter (98). An optical 
sample-and-hold unit (45) accepts the optical signal (4) from 
its optical path (5), and sloWly digitiZes it, such as by the 
method disclosed in US. Pat. No. 4,947,170, incorporated 
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herein by reference. The optical signal (4) may comprise a 
Waveform encompassing a plurality of copies provided to a 
common input line in time sequence. The time sequence can 
be constructed, for eXample, by merging optional delay lines 
(290) of differing lengths, With the delay lines originating 
from a common output of (10). 

[0060] Reference is noW made to FIG. 16, Which illus 
trates a preferred O/E converter unit (50) for converting an 
analog optical signal (5) into an analog electrical signal (54) 
representative of it. Techniques for increasing the range and 
sensitivity and limiting the noise introduced by optical-to 
electrical converters, such as photodetectors, are Well 
knoWn. Common commercially available optical-to-electri 
cal converters include avalanche photodetectors, 
photomultiplier tubes, charge-coupled devices, PIN junc 
tions, photosensitive resistors, photovoltaic devices, and 
photosensitive capacitors, among others. Certain O/E con 
verter implementations can advantageously be implemented 
With time-dependent control signals (56), such as a reset 
signal; With a poWering unit (57); and/or With scaling unit 
(58), such as for dynamic range, bias and gain, linearity, or 
sensitivity settings, possibly entailing connections to other 
units in the system (not depicted). Each input path (5) may 
in fact comprise a plurality of optical paths, each carrying its 
oWn coded version of optical signal (4); each output path 
(55) may in fact comprise a plurality of electrical lines, each 
conveying its oWn coded electrical signal (54). The coding 
may be trivial (e.g. none) or complicated for reasons arising 
from fault tolerance, poWer reduction, noise reduction, and 
packaging, among others. 

[0061] Reference is noW made to FIG. 17, Which illus 
trates a preferred A/D converter (60) for converting an 
analog electrical signal (54) into a digital electrical signal 
(64) representative of it. In general, each A/D converter 
requires a time-dependent control signal (66), preferably a 
clocking signal related to the clocking signal of its optical 
particular optical shutter (40). A time-dependent control 
signal Will also be provided to its processing unit (70) in 
order to knoW When to latch the signal, and analog sample 
and-hold units or digital latches may advantageously be 
added at other points in accordance With Well-known engi 
neering practices. Certain implementations of A/D converter 
(60) can advantageously be implemented With additional 
time-dependent control signals (66), such as a reset signal; 
With a poWering unit (67); and/or With scaling unit (68), such 
as for dynamic range, bias and gain, linearity, or sensitivity 
settings, possibly entailing connections to other units in the 
system (not depicted). Each input path (55) may in fact 
comprise a plurality of electrical lines, each carrying its oWn 
coded version of electrical signal (54); the coding may be 
trivial (e.g. none) or complicated for reasons arising from 
fault tolerance, poWer reduction, noise reduction, and pack 
aging, among others. Each output path shoWn as (65) Will 
generally comprise a multiplicity of electrical lines, each 
conveying its oWn coded electrical signal (64), Where the 
coding Will preferably be binary. 

[0062] Reference is noW made to FIG. 18, Which illus 
trates a preferred processing unit (70) for converting a 
plurality of digital electrical signals (64) into a different 
plurality of electrical signals (74) representative of it. In the 
preferred embodiment, processing unit (70) is optional. A 
poWering unit (77) Will advantageously be required for (70). 
Certain implementations of processing unit (70) can advan 



US 2001/0020908 A1 

tageously be implemented With time-dependent control sig 
nals (76), such as a reset signal or output bus system clock 
signal; and/or With scaling unit (78), such as for dynamic 
range, bias and gain, linearity, or sensitivity settings, possi 
bly entailing connections to other units in the system (not 
depicted). For each stage (70), custom calibrations can be 
measured through the individual path through (10), (40), and 
(50). The calibrations can be applied locally or later; a 
lookup table may advantageously be employed With or 
Without calibration data using memory unit (71) in order to 
expedite remapping signals to appropriate (e.g. linear) rep 
resentations of the original input Waveform’s magnitude at 
a given time. Examples of the other units in the system 
Would be from an input stage to serve the dynamic range. 
Each input path (65) generally comprises a plurality of 
electrical lines, each carrying its oWn coded version of 
electrical signal (64). The coding may be trivial (e.g. none) 
or complicated for reasons arising from fault tolerance, 
poWer reduction, noise reduction, and packaging, among 
others. 

[0063] In the preferred embodiment, the ensemble of 
electrical signals (74) Will be buffered, latched, and clocked 
onto a system bus by Way of lines (75), in Which case a 
memory unit (71) is also provided for the processing unit 
(70). For this reason, the synchrony of presenting the 
ensemble of electrical signals (74) to a system bus restricts 
the architecture in Which the processing unit (70) is imple 
mented. Simple digital systems require a master clock Which 
Will advantageously be the cycle time of the ?yback signal 
(35), so all the latched bits Will be injected onto the system 
bus simultaneously. Such an embodiment produces a large 
current impulse dI/dt, hence large simultaneous sWitching 
noise Which must be decoupled With a large, expensive 
capacitance betWeen poWer and ground. More complicated 
but affordable digital systems splay the latched bits onto the 
bus over a distribution of time slots, reducing the require 
ment for decoupling capacitance in proportion to the 
increase in the rise time WindoW, dt. 

[0064] Each output path (75) Will generally comprise a 
plurality of electrical lines, each conveying its oWn coded 
electrical signal (74), Where the coding Will advantageously 
be binary and optionally for error detection/correction. In 
alternative embodiments, the output path (75) may convey 
data other than binary electrical signals, such as multistate 
digital, accept/reject/don’t-care evaluations, alarms, acous 
tic signals, or mechanical action. 

[0065] Reference is noW made to FIG. 19, Which illus 
trates an A/D converter system With analog electrical input 
and digital electrical output. Note that in the preferred 
embodiment, processing unit (70) is optional. In the pre 
ferred embodiment, an input stage (80) is implemented as a 
laser modulator (90), such as the module sold by United 
Technologies Photonics (UTP). Other input stages may be 
advantageous, such as the method and apparatus disclosed in 
US. Pat. No. 4,681,449, incorporated in its entirety herein 
by reference. Laser modulator (90) receives an electrical 
input signal (7) and a constant, coherent light source (81); its 
output signal (83) is the modulation of light signal (81) by 
the amplitude or intensity of the electric input signal It 
may be advantageous to embed the A/D converter system in 
other circuitry, including front-end circuitry, in order to 
enable applications described herein beloW. 
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[0066] The dynamic range of the TOAD devices (41) is 
?nite, so resealing the input signal that reaches the S/P 
converter (10) advantageously broadens the dynamic range 
of operation for the system comprising (10) and (99). 
Attenuation can avoid non-linear and time-dependent satu 
ration effects While ampli?cation can avoid a noise ?oor. In 
the preferred embodiment, an optional electrical ?lter (97) 
can be employed to bias, attenuate or amplify the electrical 
input signal (7) from a microWave guide (8) into electrical 
signal (85) along path (86). In the preferred embodiment, the 
electrical ?lter (97) is a dynamically variable voltage divider 
and traveling Wave ampli?er. In an alternative embodiment, 
an optional optical ?lter (95) optically ampli?es or attenu 
ates a constant coherent signal (81) from path (82) as signal 
(87) on path (88). In an additional alternative embodiment, 
an optional optical ?lter (96) optically ampli?es or attenu 
ates a time-varying optical signal (83) from path (84) as 
signal (1) on path Note that path (84) is marked tWice 
since it may advantageously be accessible from outside unit 
(80). For instance, if an optical input signal is available 
instead of an electrical input signal, the ?lter (96)—Which is 
depicted as part of optional unit (80)—may still be advan 
tageously employed as front-end to the A/D converter sys 
tem (99) Without using electrical inputs. An optional refer 
ence beam (94) may also be fed into the system for various 
reasons, notably to convert a phase modulated signal (83) 
into an amplitude modulated signal (1), or to bias a signal 
(83). 
[0067] Typically, a ?rst control unit (not shoWn) Would 
provide a ?rst control signal (91) to ?lter (97), a second 
control unit (not shoWn) Would provide a second control 
signal (92) to ?lter (95), and a third control unit (not shoWn) 
Would provide a third control signal (93) to ?lter (96). The 
control unit Would be set by the doWnstream processing unit 
(70); processing unit (70) may establish the need to set 
control signals (91), (92), and/or (93) from data reported to 
it by (78) from externally or from units (50), (60), or (80). 
It may be advantageous to servo the input ?lters (95), (96), 
and/or (97) and performance characteristics of the back-end 
units (50), (60), and/or (70), for instance to diagnose prob 
lems or optimiZe performance. Some, none or all of these 
optional ?lters and connections to (70) may be employed. In 
the absence of unit (97), electrical path (86) is electrical path 
(8), and electrical signal (85) is electrical signal In the 
absence of unit (95), optical path (88) is optical path (82), 
and optical signal (87) is optical signal (81). In the absence 
of unit (96), optical path (2) is optical path (84), and optical 
signal (1) is optical signal (83). 

[0068] Reference is noW made to FIG. 20, Which con 
cisely depicts an alternative embodiment employing N=250 
fold fan-out in the S/P converter, a 1 psec external clock 
Waveform, Ti=4 psec TOAD apertures, and Be1ecmca1=1 
GHZ electronics to sample a Boptical=250 GHZ optical Wave 
form at 250 GSPS. This embodiment synchronously distrib 
utes a high-speed serial data stream into a large number of 
loW-speed parallel data streams. SloWer data streams are 
photoconverted, then sampled by all-electrical A/D convert 
ers, and then latched into a memory unit. 

[0069] An optical Waveform (201) enters at the upper 
left-hand corner of the diagram. The optical Waveform is 
distributed N-Ways by an optical splitter, Where the fan-out 
N is given by N=Bop?cal+Belectrical. The larger the electrical 
bandWidth Belecmcal, the smaller the requisite minimum siZe 
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of the splitter. For example, if the optical (input) bandwidth 
Were 20 GHZ and the A/D converter leaf nodes each oper 
ated at 1 GHZ, then at least a 20-Way splitter Would be 
required. The repetition rate of the mode-locked laser driv 
ing the system is chosen to correspond to the bandWidth of 
the electronics, that is, 1/T=Be1ectrica1=250 GHZ. Here, the 
fan-out is 250-fold by a star splitter hierarchy (202) into 250 
equivalent taps, each feeding an equal length delay line 
(203) folloWed by a TOAD (204). 

[0070] Each TOAD has tWo inputs, one for the signal 
(205) and one for the control or gating pulse (206). The 
gating pulses Will cause the TOAD to open a 4 psec 
sampling WindoW (209), alloWing that portion of the analog 
Waveform from the signal input to pass to the output of the 
TOAD and onWard. The remainder of the analog Waveform 
outside the 4 psec WindoW is suppressed and does not pass 
to the output of the TOAD. 

[0071] Each TOAD connects its gating input to a delay 
line (207) a unique distance from a mode-locked laser pulse 
source, most readily through a hierarchical clock distribu 
tion tree (210). Timing of the control pulses at each TOAD 
is staggered by a 'c_=i4 psec increment from its neighbors, 
so that the N samples produced at the outputs of the N 
adjacent TOADs monitor 4Npsec. The N samples are taken 
during a time period T=N'c_=NBOptica1=1/Be1ecmca1. Some 
time later, When the N samples have been taken, the neXt 
mode-locked laser pulse (211) enters the array of TOADs 
and another series of N samples is taken. A continuous 
sample is composed pieceWise as each TOAD takes a 
snapshot through its time-limited WindoW on the Waveform, 
shoulder to shoulder With the other TOADS. In this Way the 
sampling of the analog Waveform continues round-robin 
Without interruption. In practice, the repetition rate of mode 
locked lasers can be from kHZ to THZ. 

[0072] The pulse energy required after the splitter is 
approximately 500 femtojoules. This is readily achieved by 
using a conventional NdzYLF laser if N<100. Here, With 
N=250, an ampli?ed mode-locked ?ber ring laser or a 
mode-locked semiconductor laser may be used. If insuf? 
cient poWer is available from the laser, then several lasers 
may be synchronously mode-locked. 

[0073] Note that timing jitter Within the A/D is negligible: 
arbitrarily smaller than the Nyquist limit. The lengths of the 
(?ber optic or solid state Waveguide) delay lines are set at 
manufacturing time and can be compensated for foreseeable 
or measurable variations in temperature, humidity, vibration, 
or voltage supply. The system’s spurious free dynamic range 
Will therefore be limited by drift in the timing of the 
externally supplied control pulse and should preferably 
eXceed 120 dB Within the A/D module. 

[0074] The timing control pulse can be physically clocked 
as in FIG. 5 With a precision Well beloW the Nyquist limit, 
leaving no measurable jitter Within the speci?ed operating 
rate. 

[0075] Each of the TOADS then feeds a dedicated pho 
toconverter (215) (eg a semiconductor avalanche photo 
diode or PIN junction, depending on energetics). Note that 
the photodetectors under consideration can be ?lled at any 
rate (e.g. over 1 psec or 1 ysec) and can recover faster than 
the A/D converters (216) they feed, so ?nal loW-cost A/D 
conversion remains the rate-limiting event. 
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[0076] The output is subsequently electrical, and is digi 
tiZed by each A/D converter (216) at, for eXample, 1 GSPS 
With 8-bit resolution. The 1 GHZ cycle time is suf?ciently 
sloW that the photodetector and A/D converter electronics 
can respond and recover completely and be ready for the 
neXt sample. 

[0077] In the preferred embodiment, local control logic 
(220) remaps each A/D converter’s output channel against a 
calibration table to ensure linearity, and then either stores the 
data (221) for later doWnloading at leisure, or else Writes the 
electrical data to a very Wide synchronous bus (222). The 
bus (222) does not need to operate at the same speed as the 
(rate-limiting) A/D converters (216), and making the bus 
(222) faster or reading a sloWer input signal Would permit 
the bus (222) to be proportionately narroWer. 

[0078] While the foregoing description has touched upon 
various preferred embodiments and applications of the 
instant invention, those skilled in the art, having read the 
foregoing, Will immediately recogniZe that the concepts 
detailed therein can be implemented and/or used in numer 
ous obvious alternative structures and applications. Accord 
ingly, it is understood that the scope of applicants’ invention 
shall not be limited to those preferred and/or eXemplary 
embodiments described herein, but instead, shall be de?ned 
exclusively by the ?nally-issued claims (Which claims are 
intended to be read in the broadest reasonable manner), and 
any and all equivalents thereto. 

What is claimed is: 
1. An optical-to-electronic convertor, comprising: 

an input port, Which receives an optical signal that is to be 
sampled; 

an optical sampler stage including at least one high-speed 
optical shutter, Which samples the optical signal at a 
?rst sampling rate by opening and closing the at least 
one high-speed optical shutter and Which provides a 
plurality of sampled optical signals as a result thereof, 
the optical sampler stage including a plurality of par 
allel channels, each different channel providing a dif 
ferent one of said plurality of sampled optical signals, 
the optical sampler stage including a splitter for split 
ting the optical signal into a plurality of identical 
optical signals prior to the sampling at the ?rst sam 
pling rate; and 

an electronic analog-to-digital converter stage, Which 
converts the plurality of sampled output signals into a 
plurality of digital signals, the electronic analog-to 
digital converter stage performing the converting at a 
second sampling rate sloWer than the ?rst sampling 
rate. 

2. The optical-to-electronic converter as recited in claim 
1, Wherein the electronic analog-to-digital converter stage 
comprises a single analog to digital converter Which receives 
the outputs from each of the plurality of parallel channels in 
a time sequential manner. 

3. The optical-to-electronic converter as recited in claim 
1, Wherein the electronic analog-to-digital converter stage 
comprises a plurality of electronic converters disposed in a 
plurality of parallel channels, Wherein the plurality of chan 
nels of the electronic analog to digital converter stage 
respectively receive the sampled optical signals output from 
the plurality of parallel channels of the optical sampler stage. 
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4. The optical-to-electronic converter as recited in claim 
1, further comprising a conversion stage disposed betWeen 
the optical sampler stage and the electronic analog-to-digital 
converter stage, the conversion stage performing a conver 
sion of the plurality of sampled optical signals into a 
plurality of electronic sampled signals. 

5. The optical-to-electronic converter as recited in claim 
4, Wherein the conversion stage includes a plurality of 
photodetectors respectively disposed in the plurality of 
parallel channels of the optical sampler stage. 

6. The optical-to-electronic converter as recited in claim 
5, Wherein the optical sampler stage comprises: 

a plurality of terahertZ optical asymmetric demultiplexer 
assemblies (TOADs) respectively disposed in the plu 
rality of parallel channels of the optical sampler stage 
and each con?gured to sample a corresponding one of 
the plurality of identical optical signals at different 
times, 

Wherein the plurality of detectors are respectively dis 
posed betWeen the plurality of TOADs and the elec 
tronic analog-to-digital converter stage. 

7. The optical-to-electronic converter as recited in claim 
3, Wherein the plurality of parallel channels of the optical 
sampler stage corresponds in number to n, and 

Wherein n multiplied by the second sampling rate is 
approximately equal to the ?rst sampling rate. 

8. An optical to electronic converter, comprising: 

a ?rst input port con?gured to receive an analog optical 
Waveform; 

a splitter connected to the ?rst input port and con?gured 
to split the analog optical Waveform into a plurality of 
approximately identical Waveforms; 

a second input port con?gured to receive a clock signal 
having a predetermined clock period; 

a delay circuit con?gured to receive the clock signal and 
to output a plurality of delayed clock signals each 
having a different delay With respect to other of the 
delayed clock signals; 

a plurality of terahertZ optical asymmetric demultiplexers 
con?gured to respectively receive the plurality of 
approximately identical Waveforms on an input port 
thereof, and con?gured to receive a corresponding one 
of the plurality of delayed clock signals on a control 
port thereof, each of the plurality of terahertZ optical 
asymmetric demultiplexers having an output port for 
outputting the corresponding one of the plurality of 
approximately identical Waveforms Within a ?xed time 
period; 

a plurality of photodetectors, each different photodetector 
connected to a different one of said output ports of the 
plurality of terahertZ optical asymmetric demultiplex 
ers and con?gured to convert an input optical signal 
into an output electrical signal; and 

a plurality of electrical analog-to-digital converters 
respectively connected to the output ports of the plu 
rality of terahertZ optical asymmetric demultiplexers 
and con?gured to perform an analog-to-digital conver 
sion of the corresponding electrical signal into a digital 
signal, 
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Wherein a number corresponding to said plurality of 
electrical analog-to-digital converters is a value such 
that a conversion time of the plurality of electrical 
analog-to-digital converters divided by the number of 
said plurality of electrical analog-to-digital converters 
is approximately equal to the time period of the plu 
rality of terahertZ optical asymmetric demultiplexers. 

9. A method of optical sampling, comprising the steps of: 

receiving an optical signal that is to be sampled; 

splitting the received optical signal into a plurality of 
approximately identical optical signals; and 

respectively providing the approximately identical optical 
signals to a plurality of channels of an optical stage; and 

sampling, at the optical stage, the optical signal at a ?rst 
sampling rate by opening and closing a high-speed 
optical shutter and providing a plurality of sampled 
optical signals as a result thereof, each of the plurality 
of parallel channels of the optical stage providing a 
different one of said plurality of optical signals. 

10. The method as recited in claim 9, further comprising 
the step of converting the plurality of sampled optical 
signals into a plurality of electronic sampled signals. 

11. The method as recited in claim 10, further comprising 
the steps of: 

splitting the received optical signal into a plurality of 
approximately identical optical signals; and 

respectively providing the approximately identical optical 
signals to a plurality of channels of the optical stage so 
as to perform the sampling step. 

12. An analog optical sampler, comprising: 

a ?rst input port that is capable of receiving an analog 
optical Waveform that is to be sampled; 

a second input port that is capable of receiving a clock 
signal; 

at least one TerahertZ Optical Asymmetric Demultiplexer 
(TOAD) that is con?gured to receive the analog optical 
Waveform and the clock signal; and 

an output port, from Which is output a sample of the 
analog optical Waveform, the sample being provided to 
the output port based on an output of at least one 

TOAD; 

Wherein the analog optical Waveform is sampled When 
said TOAD is triggered by the clock signal. 

13. The analog optical sampler as recited in claim 12, 
Wherein at least one of the ?rst input port, the second input 
port, and the output port includes an optical Waveguide or an 
optical ?ber. 

14. The analog optical sampler as recited in claim 13, 
Wherein distinct polariZations or colors are used to multiplex 
the ?rst and second input ports on a same optical Waveguide 
or optical ?ber. 

15. The analog optical sampler as recited in claim 12, 
Wherein at least one TOAD includes a Mach-Zehnder inter 
ferometer. 

16. An optical sampler system, comprising: 

a ?rst input port, Which receives an optical analog Wave 
form that is to be sampled; 
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a second input port, Which receives an optical clock signal 
at a clock rate; 

a plurality of optical samplers, Which produce a plurality 
of sampled optical Waveforms from said optical analog 
Waveform at a rate dependent on said clock signal, at 
least one of said plurality of optical samplers including 
a TerahertZ Optical Asymmetric DemultipleXer 
(TOAD); and 

a plurality of output ports, Which output said plurality of 
sampled optical Waveforms. 

17. An optical sampler system, comprising: 

a plurality of ?rst input ports for receiving an optical 
analog Waveform; 

a plurality of second input ports for receiving an optical 
clock signal at a clock rate; 

a plurality of optical sampler nodes for respectively 
producing a plurality of sampled optical Waveforms 
from said optical analog Waveform at a rate dependent 
on said clock signal; 

a plurality of output ports for respectively outputting said 
plurality of sampled optical Waveforms; 

a ?rst optical distribution netWork for replicating and 
delivering a plurality of copies of said optical clock 
signal; and 

a second optical distribution netWork for replicating and 
delivering a plurality of copies of said optical analog 
Waveform, said second optical distribution netWork 
including delay lines of differing optical lengths so as 
to provide each of said plurality of optical sampler 
nodes With a substantially unique timeslice of said 
analog optical Waveform upon receipt of a correspond 
ing one of said plurality of copies of said optical clock 
signal. 

18. The optical sampler system as recited in claim 17, 
Wherein said plurality of copies of said optical clock signal 
are delayed With respect to each other by a preset delay 
amount. 

19. The optical sampler system as recited in claim 17, 
Wherein at least one of said plurality of optical sampler 
nodes includes at least one TerahertZ Optical Asymmetric 
DemultipleXer. 

20. The optical sampler system as recited in claim 17, 
further comprising an optical-to-electronic converter stage 
connected to at least one of said plurality of output ports, and 
con?gured to receive said sampled optical Waveform and to 
convert said sampled optical Waveform into an electronic 
Waveform. 

21. The optical sampler system as recited in claim 20, 
further comprising an analog-to-digital converter stage con 
nected to said optical-to-electronic converter stage, and 
con?gured to convert said electronic Waveform into a digital 
signal. 

22. The optical sampler system as recited in claim 21, 
Wherein said plurality of optical sampler nodes produce said 
plurality of sampled Waveforms on a plurality of parallel 
channels, respectively, the plurality of parallel channels 
corresponding to n in number, n being an integer greater than 
one, 

Wherein n multiplied by a ?rst sampling rate of the 
conversion by said plurality of optical sampler nodes is 
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approximately equal to a second sampling rate of said 
analog-to-digital converter stage. 

23. The optical sampler system as recited in claim 17, 
Wherein distinct signal levels of at least one of said copies 
of said optical clock signal and said copies of said optical 
analog Waveform through distinct paths in said ?rst and 
second distribution netWorks are provided as correction 
signals used to correct a calibration of subsequent magnitude 
measurements of said optical sampler system. 

24. An optical sampler system, comprising: 

a plurality of high-speed optical shutters, each having a 
signal input port capable of receiving an optical input 
signal, a trigger input port capable of receiving an 
optical clock signal, and an output port; 

a ?rst optical distribution netWork, Which receives an 
optical clock signal and delivers a corresponding opti 
cal clock signal to the trigger input port of each optical 
shutter; and 

a second optical distribution netWork, Which receives an 
optical analog Waveform and delivers a corresponding 
optical analog Waveform to the signal input port of each 
optical shutter; 

Wherein, for each optical shutter, the corresponding opti 
cal clock signal is synchroniZed With the corresponding 
optical analog Waveform to open and close a gating 
WindoW during Which the optical shutter produces an 
optical Waveform sample on its output port. 

25. The optical sampler system of claim 24, Wherein the 
high-speed optical shutter is a TOAD. 

26. The optical sampler system of claim 24, Wherein the 
high-speed optical shutter is open for a duration in the range 
from about 0.01 psec to about 100 psec. 

27. The optical sampler system of claim 24, Wherein the 
optical Waveform sample produced by each optical shutter is 
substantially unique. 

28. The optical sampler system of claim 24, Wherein the 
second optical distribution netWork comprises delay lines of 
differing optical lengths. 

29. The optical sampler system of claim 24, Wherein the 
?rst optical distribution netWork comprises delay lines of 
differing optical lengths. 

30. The optical sampler system of claim 24, further 
comprising an optical-to-electronic converter stage con 
nected to the output ports of the plurality of high-speed 
optical shutters. 

31. The optical sampler system of claim 24, Wherein the 
?rst and second optical distribution netWorks each include 
an optical path over Which correction signals are provided to 
correct a calibration of subsequent magnitude measurements 
of the optical Waveform samples. 

32. A method of sampling an optical signal, comprising 
the steps of: 

receiving a continuous optical analog signal having an 
intensity that may be any value Within tWo predeter 
mined intensity limits; 

receiving an optical triggering signal; 

providing the continuous optical analog signal to an 
optical shutter; 




