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50 Years of RF and Microwave Sampling

Mark Kahrs Member, IEEE

Abstract—Measurement of microwave and UHF signals is often
done with sampling techniques. In this paper, the techniques and
technology of sampling of electrical signals is reviewed from 1950
to the present. It includes both references to the open literature,
as well as an extensive review of relevant patents. It also provides
an overview of sampling applications and the use of computer
technology to compensate and correct for errors in the sampling
process.

Index Terms—Microwave instrumentation and measurement,
network analysis, oscilloscopes, RF sampling, samplers, sampling
oscilloscopes.

. INTRODUCTION

HIS PAPER places the improvement in sampling tech-

nology in context with the circuits used by RF samplers
in RF and microwave instrumentation. This paper emphasizes
electronic (as opposed to photonic or electrooptical) sampling.
Sampling oscilloscopes are a particular focus.

Sampling systems were originally developed to overcome
frequency limitations of electronic instrumentation. The
fundamental principal of sampling is the repeated quasi-instan-
taneous capture of a time-varying waveform by a sampling
gate The gate is open and closed by a narrow pulse, which is
triggered repeatedly by a time base. This paper will examine
the design of sampling gates, time bases, and other aspects.

The time line of sampling instrumentation can be (arbitrarily)
divided into four sections: early instruments before the creati@ly. 1. mcQueen's sampling oscilloscope [3] (Republished with permission,
of commercial instrumentation, the early commercial era begi@MP Media LLC, Manhasset, NY).
ning with the Lumatron models, technological improvements
due to semiconductor technology, and finally, the sophisticatedble to the test circuit could be eliminated and subsequent
use of sampling in modern instruments following the introdueneasurement distortion greatly reduced. A 500-ps “pre-pulse”

tion of monolithic samplers and digital processing. (trigger) was externally provided. A “anti-jitter” unit used
the time difference between the gate pulse and the “locking
A. Post-War Prototypes pulse” to control the position on the screen. The use of a time

The post-war publication of Janssen’s (Philips) oscilloscopeterval presages the introduction of “random sampling” (see
design [1], [2] is often cited as the first modern sampling instrection [1-F.2). As shown in Fig. 1, this oscilloscope was about
ment. In his two papers, Janssen described in great detail thethe-size of a refrigerator. This instrument also used a shorted
sign and implementation of an instrument capable of sampliignsmission line in the pulse generator; this concept was
waveforms to 30 MHz. The input sampling gate was a EF-3tgveloped further by Magelby and Grove [5] for the HP 185A
pentode with the input signal applied to a control grid and tHgee Section II-A).
strobe applied to the anode. The pulse generator was a 100-kH2ugarman’s oscilloscope [6], [7] was noteworthy for the fol-
multivibrator differentiated by a passive network. lowing three reasons:

McQueen [3], [4] described a remarkable sampling oscillo- 1) use of a semiconductor diode (a Philco Ge 1N263) as the
scope (good to 300 MHz) that featured a pentode input gate in ~ sampling gate (earlier attempts to use planar triodes as
a probe. By moving the input gate to the probe, the connecting a sampling gate were unsuccessful due to the frequency

response of the tube);

Manuscript received June 10, 2001; revised January 18, 2002. 2) use of a coax delay line (56 ft, 17 m) to delay the signal
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Fig. 2. Sugarman’s sampling oscilloscope (figure from the patent [7]).

The “stretcher” was a sample and hold that held the charge untiBell Laboratories built an experimental sampling oscil-
the next sample. The strobe was 500 ps and was generatedolsgope [13] with the notable achievement of fabricating a
differentiating a 7-ns step (in this case, the stretcher hold tirpeint contact GaAs diode [14] for use as the gate diode; the
was 300us). The block diagram is shown in Fig. 2. Sugarman’s6-dB point was 5.5 GHz. They were unable to test the full
oscilloscope can be seen as the foundation for all modern sgrmafformance of the instrument (which was calculated to 100 ps)
pling oscilloscopes. because they lacked a sufficiently fast pulse generator.

Simultaneously, and across the Atlantic, Chaplin [8] de- In 1960, IBM described an experimental oscilloscope [15].
scribed the first transistorized sampling oscilloscope. Thahe sampling gate was an IN21B with stray capacitance as the
used avalanche mode [9], [10] to generate fast gating puldesid capacitor. It was good to 350 ns.

(1.0 ns) for the sampling gate, time base, and trigger. TheAll of these early instruments were more concerned with in-
sampling gate was a Philco surface barrier SB100 transistoeasing the frequency range through the introduction of faster
with the pulse generator driving the base. The constructigates and strobing pulses than they were about issues of sam-
of the sampling gate was also novel: the pulse generator waisig efficiency or sophisticated time bases. The introduction of
placed on the opposite side of the sampling gate in a separ@denmercial instruments would change this emphasis.

probe to shorten the delay from the trigger to the gate.

Amodei [11] (RCA) combined Sugarman’s basic instrument
(Fig. 2) with the avalanche mode described just two years before
by Chaplin [9], [10]. The sampling pulses were 400-ps wide and
the venerable 1N23E was used as the sampling gate. The Lumatron model 112 sampling oscilloscope [16] was the

Farber [12] described what must be considered a real-tidarliest commercial instrument. The design was clearly derived
sampler: the input signal was assumed to have a high-speed fegm Sugarman including the use of the 1N263 as the gate. A
etition rate (approximately 30 MHz) and, therefore, eliminate®b-ns delay line was used before the input to derive the trigger. A
both the need for a precise trigger and the accompanying def#}0-ps pulse was used to strobe the gate diode and advance the
line. A phase-shift control enabled the operator to vary the locgtaircase generator for the horizontal deflection. The follow-on
tion of the pulse on the screen. The sampling pulse was a diffarstrument from Lumatron, the model 220, was an outboard
entiated squared sine, fed to the “coincidence detector” (sasampler, with connections to a conventional oscilloscope as the
pling diode, a 1N263) in a waveguide. readout display.

Il. COMMERCIAL INTRODUCTION. FROM 1959
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Resst pared with a staircase, then the sampling pulse was generated
and the staircase was stepped. The staircase will be reset at the
r full-scale horizontal deflection. The comparator was designed

Trigger Fast to be precise and, therefore, reduce time base jitter. For wave-
ramp forms with low repetition rates, the screen will be updated very
Strobe slowly; therefore, Carlson devised another sweep circuit [24]

Comparator to perform multiple samples per time point to accommodate

Horizontal rapidly changing waveforms.

g;i;iif; The quel 186A “switching time tes_ter” [25] p_lug-in was in-
troduced in March 1962. This system-in-a-plug-in included two
Advance bias supplies (0 tat30 V) and (0 to+10 V), a pulse gener-

ator (less than 1 ns) using step recovery diodes (SRDs) and a
Fig. 3. Sequential sampling time base. four-diode bridge sampling gate. The 186A was the first use of
the newly developed SRD [26] in sampling literature.

Although tunnel diodes have largely faded from view, at this

It was not long before the Hewlett-Packard Company (HRhint they were among the fastest diodes available. HP patented
and Tektronix Inc. got into the act. HP was first, with Tektron%ne design using back-to-back tunnel diodes [27] and a two-

Inc. following close behind. .. diode gate [28]. In 1964, Grove described the model 188A ver-
tical amplifier with a 4-GHz bandwidth [29]. This novel am-
A. HP 185A plifier featured several innovations including: 1) a feedthrough

1960 brought Kennedy to office and the model 185A to HPRath suitable for time-domain reflectometry (TDR) [30]; 2) two
Carlsonet al. [17] gave an overview of the 185A in 1959 atseparate inputchannels; and 3) aninternal (i.e., not probe-based)
WESCON. The firsHewlett-Packard Journabf 1960 [18] de- sampler. The sampler itself was notable for being a two diode
voted the entire issue to the 185A with a quote from Bill Hewlegwitch and was patented by Magleby and Grove [5]. A front
stating: panel control allowed restricted changes to the sampling diode

“The accompanying article describes what we believe biasing (by decreasing the pulsewidth), therdbgreasingam-
to be a fundamental breakthrough in the field of high fre- Pling efficiency, but increasing bandwidth.
qguency oscilloscopes. The instrumentcombines great The sampler pulse generator used an avalanche transistor to

bandwidth and high sensitivity with basic ease and sim- créate an initial pulse; this pulse was shortened by two-SRDs

eral purpose instrument.” line reflected the pulse back toward the generator and created

The 185A had a plug-in vertical amplifier and an internal tim@ Sampling pulse that is capacitively coupled to the sampling
base. The first vertical amplifier, the model 187A, had a bangliodes. This classic design would be used many times by sam-
width of 500 MHz [18]. In two years, HP introduced the 1878Pling gate designers.
with a bandwidth of 1000 MHz [19]. The 187 (both A and B) put ,
the sampling gate in the probe since this was done in previddis Tektronix Model N and 661
noncommercial instruments as described by McQueen (see Sedhe Tektronix model N was designed to plug into the 500
tion I-A) and others. The sampling gate used the four-dioderies oscilloscopes. It was notable for being an example of a
bridge; this switch had been known since at least Rad Lab dégpen cycle” (i.e., not feedback) system. The model N lacked a
[20]. The diodes were matched to keep the bridge balanced.delay line, so the trigger had to arrive 45 ns before the signal or

The 187A introduced the use of a positive feedback loop b delayed externally. A single diode was used as the gate (as
bring the charge on the sampling capacitor to input level, i.e.,to Sugarman’s design in Section I-A) before being stretched,
bring the sampling efficiency to 100%. Since the time delay @mplified and held in the “memory” capacitor. The timing unit
the loop is small compared to the stretcher time, it is consideragduld generate an “amnesia” pulse to reset the capacitor before
inconsequential. The gain of the loop could be varied by a catfte next sample was taken. Due to the design, input waveforms
trol labeled “smoothing”; by reducing the gain, noise, and jittavere limited to 120 mV.
in the system would be diminished. This feedback loop was de-The model 661 mainframe was introduced in 1963. Unlike
scribed by Magleby and Van Duzer in a patent filed in 1959 [21fhe 185A, the 661 featured separate vertical amplifier and sweep
An earlier patent on use of feedback with a four diode gate wpkig-ins The vertical amplifiers (4S1, 4S2, 4S3) were feedback
filed by Stocker in 1953 [22]. It should be noted that feedbadkesigns (like the 185A) and introduced the use of dc offset to the
is not without problems: amplification after the sampling gatieedback loop. DC offset enables the user to effectively sample
will amplify noise as well as signal. These problems will be adit a higher voltage level. The feedback loop of the 661 vertical
dressed by subsequent designs. amplifiers used a Miller integrator in the memory gate (called

Carlson described the time base circuitry of the 185A in‘@achet memory”) that had low output impedance and improved
patent filed in 1960 [23]. His circuit includes improvements taccuracy [31].
reduce jitter and permit the use of time base “magnification.” The sweep units (5T1 and 5T3) offered both “equivalent
As shown in Fig. 3, the trigger fires a ramp; the ramp was cortime” and “real time” sampling. Tektronix Inc. was aware that
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Fig. 4. Cutaway of Grove's two-diode sampling head from the patent [37].

sampling in real-time mode could exhibit beating with the inpu
signal and, thus, they added a front panel control to modula
the sampling clock (by using the noise on the 60-Hz heate
supply?).

The 4S2 dual-trace amplifier could be used with the P603
sampling probe (patented in 1963 [32]). In the P6038, a differ
ential amplifier was used to account for different ground poten
tials, as well as the feedback node for the closed sampling loo
Also notable was the use of a SRD [33] as the sampling puls
generator (concurrent with HP).

C. HP 140

In 1963, HP introduced the 140A oscilloscope system wit
both horizontal and vertical plug-ins. The sampling plug-in , . .
were introduced n 1966 [34]. The samping ime-base camelfi, e acirot®l,£10°920" “ineleiett Packard Journal(©1966
two models, the 1424A single time base and 1425A dual timeilent Technologies Inc., Reproduced with permission, courtesy of Agilent
base with delayed sweep. The sweep circuits were described§finelogies Inc.).
two patents [35], [36]. The patents describe how to use a an ad-
ditional timing ramp (“delay ramp”) to measure the time aftetapacitor was included in the package. The fast pulse was
the trigger, as well as how to intensify the trigger on the screagenerated using the same shorted transmission-line idea as
The vertical amplifier came in two basic models: the 1410A vethe earlier 188A, but, in this case, the pulse propagates via a
tical amplifier (with both line inputs and probe inputs) and thbiconical transmission line in the internal cavity. The resulting
1411A vertical amplifier with an external sampler. The externalwitching time was 28 ps (12.4 GHz). The only difference be-
samplers included the 1430A, 1431A, and 1432A. tween the 1430A and 1431A samplers was the introduction of

The 1432A contained the same sampler as the 188A. Tadditional inductance in the cavity in the 1431A. The additional
1430A and 1431A were different models of the same newductance forms a low-pass filter in combination with the
design. This new design set the standard for sampling until thiede capacitance and results in a lower voltage standing-wave
new generation of monolithic sampling heads. Grove patentextio (VSWR), but at the cost of additional overshoot.
the design of the two diode sampling head in 1965 [37] (Fig. 4 The two diode sampler was first analyzed by Beistl. in
shows the patent illustration: notice the injection of the pulsE966 [38]. Another analysis was detailed by Grove in 1966 [39].
on the right-hand side). It featured a dielectric filled biconicalhe 1430A was extensively studied by Riad before 1978 [40]
cavity (Fig. 5 clearly shows the cavity, as well as the verticaind finished for journal publication in 1982 [41]. He disassem-
diode mounting) with a thin coaxial pulse transmission linbled a 1430A sampling head and measured the dimensions of
leading to the diode-to-diode connection. The sampling diodé transmission lines, as well as the internal cavity. TDR was
were also special: they featured a very low chip capacitangsed to measure the parameters of the lumped parameters in
(0.2 pF), low package inductance (250 pH), and the samplitite diode equivalent circuit. From these parameters, Riad was
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able to compute the step response of the sampling head in cle 68) T2 gp 28GRt T ©
agreement with the specifications published by Grove. Gro\ '
and Riad’s model continues to find use as the primary model «
the two diode sampling gate (see Section 1V-B.3). | ; oy “STROBE
Interest in TDR was rapidly increasing following publication !

of Oliver's paper [30]. The 1415A TDR unit [42] was also intro-
ducedin 1963. Itincluded a built-in 50-ps tunnel diode step getr
erator. The 1415A used the same sampler as the earlier mo
188A plug-in. The vertical axis was calibratedinthe reflec-
tion coefficient and the horizontal axis was calibrated in time
and distance per unit time.

(88

TRIGGER
CIRCWIT

D. Tektronix 1S Series

After the 661, Tektronix designed two plug-ins for the 500 se
ries oscilloscope mainframes. The 1S1 (introduced in 1965) wi
a single-channel sampler with a 40-ns delay line in front of th
four diode sampling gate. It included a time base with a sing| m;ﬁi‘“\? 8 |
time/division switch unlike the 5T3, which had two switches: :H"“‘ﬂ_ﬂ e
one for real time and one for equivalent time. Triggering wa o aa E"‘i?_(o; . PREAMP |
done with tunnel diodes, which was novel at the time. R e e T L\’;H

The 1S2 [43] (introduced in 1967) was a TDR unit, with two STROBE CIRCUIT
pulsers (1V, 1 ns, and 0.25V, 50 ps) and a horizontal calibratic |90
in either time or distance. Like the HP 1415A, the vertical axi
could be adjusted for differing dielectric constants, specificagy_ ’ _ _
air, Teflon, or polyethylene. The sampling bridge on the 1 0. 6. Frye’s traveling-wave sampling head (from the patent [50]).
was the now familiar two diode bridge driven by the SRD and
shorted transmission line. Now the response time of the 1S2 viziggrammable sweep speeds. The remotely programmable de-

:Lg e

22
:

up to the speed of the 188A and 1432A. lays were implemented with a simple current digital-to-analog
converter (DAC) controlling the delay circuitry. The 3T5 and
E. Others 3T6 series switched to “real-time” mode when the sweep speed

was low enough (less than 1 ms). The 3T77A was related to the

Stuckert [44] (IBM) described a novel sampling gate co “T1A it and tional in desian. H th
structed from two sampling bridges as part of a early com- Sweep unitand was conventionalin design. However, the

puter-controlled oscilloscope system [45], [46]. The samplin y2 s;{ve(?,p unit ISS mtj_ly nlcltht;Ie for the introduction of *random
pulse was delayed by differing amounts and, thus, the inp mpling” (see Section II-F.2).

gate would conduct while the second gate was shut off. Conse-l) S Series Sampling Headsith the 352, Tektronix Inc.

quently, the first gate would shut off and the second gate WOLHHroduced the S series sampling heads. In total, T_ektror?ix Inc.
conduct, thereby isolating the input bridge. produced seven models of sampling heads gnd five miscella-
neous heads (e.g., pulse generators and a trigger countdown).
. The S-1 and S-2 heads were simple two-diode samplers with
F. The 3 Series: 3S and 3T bandwidths of 1 and 4 GHz, respectively. The S-3 was a four-
Responding to the 1430 series, Tektronix introduced the 3@ de probe unit with a 1-GHz bandwidth.
series of vertical amplifiers and the 3T series of sweep units fol-The S-4 [49], however, was different. This design featured
lowing the introduction of the 560 series of oscilloscope maifﬂhetraveling wave sampleand was patented by Frye [50]. In-
frames [47] The 3S1 was adual'channel Vertical ampliﬁerWimead Of using the Samp“ng pu'se to positively bias the sam-
a 1-GHz limit and external probes. With the 3S2, 3S5, and 3S§ling diode, it used the trapped charge in the transmission line
Tektronix Inc. introduced the S series sampling head plug-ig$ switch the diodes. The advantage is that the switching time
(see Section II-F.1). The 3S5 and 3S6 were notable becauseghge diode depends only on the fall time of the pulse generator
input channel gains were programmable by binary coded degrq the time difference between two diodes (i.e., the transmis-
imal (BCD) inputs: they were designed for use in an early adion-line delay), not the pulsewidth of the pulse generator. Fig. 6
tomatic measurement system [48]. The 3S7 TDR sampler agbws the construction of the head from the patent. This design
3T7 TDR sweep were essentially a two plug-in version of thgas also used in S-6 head. The S-5 was also a traveling-wave
1S2 with the addition of a calibrated time—distance dial.  gesjgn, but was built from discrete components instead of thick
There were four different sweep units: the 3T2, 3T5, 3Tim and was designed for lower frequencies (less than 1 GHz).
and 3T77A. The 3T5 and 3T6 were, like the 35S and 3S6, de-|n 1971, Andrews [51] described how to interface the HP
signed for the R230 automatic test system and featured BGB30A sampling heads to the Tektronix 3S2 vertical amplifier.

1The 1415A manual included transparent overlays for the screen that EE&‘e most awkward part_was the direct coaxial connection of the
crude conversion betwegnand complex impedancg. output from the 1430A into the 3S2.
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Fig. 7. Random-sampling block diagram.
Eventually frustrated by their inability to obtain 1430 sam
plers, Andrews and DeWitte [52] bought Merkelo’s HP 5340/
thin-film sampling gate (see Section I1I-C.1) from HP. This sarr
pling mixer was used as the sampler for the Picosecond Pu Strobe Strobe

I B »)
Labs S-1430D and S-1430E single- and dual-channel sampli Sequaetscer Generator

heads. These heads were designed to be used with either the
140 or 180 series or as a Tektronix S series plug-in.

2) Random Sampling and the 3TZ&lthough one can treat 0 Fixed stop
— e ” : . Delay
McQueen’s “anti-jitter” unit as a form of random sampling,
the modern implementation and design dates back to Frye ¢ Horiz. Memory Hold
Nahman’s paper [53]. The bagic idea, as th(_ay describe itz is Timing T Horizontal
move the delay from the vertical amplifier input to the timez;qq,, ramp Voltmeter

base. It begins by triggering a timing ramp by the input wave-

form. The sampling pulse imdependendf the input trigger. Fig. 8. Andrews’ random-sampling time base [56], [57].
When the pulse is generated, the sample is taken and the ramp

is stopped. At this point, the sweep is reset and a new inlomr‘i:ﬁnp) with the time/division staircase; this difference will be

awai.teq. Since the delay. and input waveform are independeémded into the delay of the trigger ratemeter. Without jitter, the
the timing of the sample is “random” compared to a phase syQ. - will be zero

chronous trigger unit. Therefore, this method has the advantageA novel random-sampling time base was designed by An-

of avoiding the delay line required for synchroni.zed sampling, ...« [56], [57] to measure high-speed switching waveforms
On the other hand, the qumber of sweeps required can be Sflt’Br'n a low-repetition mercury switch. It was compatible with
stantial for slowly periodic waveforms. the 560 series oscilloscopes and, thus, is included here. It is
Horfiak's patents [54], [55] describe a sweep unit that encolifpst notable for having a “strobe predictor” with a random vari-
passes both random and synchronized sweep. His randomigggn. The block diagram is shown in Fig. 8. As shown in this
sweep is different from Frye and Nahman's conception becaygfure, the coincidence of the trigger and the free-running os-
the horizontal position is derived from an asynchronous osciiiator is used to measure the time interval. The probability of
lator gated by the input pulse instead of a staircase. coincidence can be improved if the oscillator is phase locked
The Tektronix 3T2 was novel since it made random samplinig the trigger input. In the ideal case, the oscillator is locked
commercially available. The unit was designed to be used eitlzrd the result is a single dot. The voltage-controlled oscillator
with a conventional trigger or without a trigger. Fig. 7 shows th@/CO) can be intentionally jittered by addition of random noise
random sweep block diagram. As shown, the input trigger stagsnerated by a reverse biased base—emitter junction. This de-
a downward timing ramp (called the “ratemeter ramp”); aftersign can be seen as the first step toward coherent sampling (see
delay set by the “trigger ratemeter,” it starts another downwagection Il1I-B).
ramp (called the “slewing ramp”); when it equals a downgoing Stuckert's CAOS system [45], [46] must be seen as the
staircase (time/division), then the sampling pulse is fired. Afirst truly computerized sampling oscilloscope. He used a
other comparator stops the ramp and thereby sets the horizom&ktronix 564 storage mainframe with 3S2 and 3T2 plug-ins.
position of the sample. A servo loop is constructed by conthe waveforms were digitized and then transmitted to a remote
paring the output of the horizontal position (the stopped timin@M model 360 computer mainframe.
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G. 7000 Series and 180 Series charge-coupled device (CCD) delay lines; the samplers were

By the early 1970s, Tektronic Inc. and HP were focusing the?;robed in an interleaved fashion. Buchele [66] described a

efforts on the introduction of new oscilloscope mainframes af@stin slow-out (FISO) sampling system with the same tapped
new plug-ing’ delay line, but with more modern A/D converters. Conweagl.

1) Textronix 7000 SeriesTektronix Inc. continued refine- [67] implemented a microwave receiver with a switched tunable

ments of the 3T2 when they introduced the 7000 series of osé“t-er before the meandering transmission line as an option, as

loscope mainframes. The 7T11 time base [59], [60] is a furth&f Iltas d|s;:uss tr'\1/|e Ese of gg degséampl(ljn% to tgovxins:]lmpile the
refinement of the 3T2. Instead of measuring the ratemeter ral ut waveform. McEwan [68], [69] updates the technology,

against a staircase, it measures it against a constant limit; w é‘ﬁ the conce.pt Is identical to Kerns original mven'upn.
S o . " enq [70] discusses the spectral effects of nonuniformly sam-
that limit is reached, a separate “slewing ramp” is generate

which, in turn, generates the sampling pulse. This scheme P ing a signal along a delay line. He also proposed a digital

duces the jitter that would otherwise result from strobe delay]ségczld zg)rﬁif:rlg%;2§;§/iigll;[é?l:]st[;;lletge?;;rsecnon of inter-

The 7S12 TDR plug-in included a calibrated time base SO Ap optical approach was taken by EG&G [72]. They con-

that dlstapce could be measured accurately. Itrequired two S\?@Fted the electrical pulse into a light pulse via a laser. The light
ries plug-ins: one sampler and one pulse generator. The mtt:g@l
a

time base triggered the pulse generator and then reset the i se was transmitted down an optical transmission line (Kerr
) ) ) ) that was sampled at multiple points by samplers; each one

ramp. Like the HP 1415A (Section II-C), Tektronix Inc. also mwi) digitized by ag A/D convelraterp y P

cluded an impedance overlay for the oscilloscope screen. The '

7514 plug-in was an interesting attempt to make sampling palgt- Time-Base Design

able to the nonsampling user; the “user interface” was nearly_.. N . . .
) . . . Time-base (sweep) circuits are eitleguivalent timeor real
identical to a nonsampling oscilloscope.

2) P 160 SoresHP noduced samplers for the 15T SIS Imenose, hesampingstobes oot at e
oscilloscope mainframe in 1971 [61]: the 1810A and 1811,&] gger. y 9gerp P

Mhd of the sweep. In thendommode, the delay between adja-

nation of the smoothing control and design of oscilloscope-like, . samples is not constant. In teherentmode, a sampling
triggering. The 1811A used the same Grove samplers (Sc%ck is locked to the incoming trigger frequency.

Section 1I-C). HP provided two TDR units: the 1815A TDR 1y jjtter and Drift: As alluded to earlier, the precision of the

plug-in has an outboard sampler (the model 1817A) with 0Rge hase (including jitter and long-term drift) is also important
1430A sampler and one slow-speed pulser (a tunnel diogleye gesign of the sampler. Jitter in the time base results in
mount), whereas the model 1818A had a 170-ps pulser built igymjing the input waveform at the wrong time and, therefore,

in the wrong place. Jitter is a short time phenomenon often re-
[ll. TECHNOLOGY IMPROVEMENT sulting from noise. Drift is a long-term phenomenon resulting

Unheralded technological improvements are constantly ma§@m many causes, particularly temperature dependencies in the
that may or may not find their way into commercial productd!Ming circuits. . _ . _
The following sections review specific technologies developed LUscher [73] described a time base with low trigger delay

before the introduction of integrated sampling gates. (20 ns) and low jitter using tunnel diodes and transistor cur-
rent switches. The time base was good to approximately 5 GHz.

Uchidaet al. [74] (Iwatsu) used a “flywheel” circuit to main-

) ] ] ) . tain synchronization over blanking intervals. A related patent by
Previously, we have assumed the input signal is repetitive @ same group [75] automatically synchronizes the input wave-

penod.lc.ln nature. However, certain wave_forms, like the outpg by amplifying (or attenuating) the input to the sync circuit
of radiation detectors from nuclear explosions, only occur ONGepending on the derivative of the input waveform. Since non-
If the waveform can sampled at multiple points in time SimUItEh'nearity in the timing ramp effects jitter, Todzt al. proposed
neously, then it should be possible to sequentially display eagfiing a correction lookup table before the step generator DAC.
sample. _ _ Elliot [76] compensated for drift by employing a lock-in
Kerns' patent [62] proposed using multiple samplers a&fyjifier [77] to adjust the horizontal position (time base) by

regular points along a transmission line (e.g., cable) outiykking to a fixed frequency. Improving horizontal position
to sample-and-holds, which were displayed sequentially. Egzq improved the vertical resolution as well.

penla_u_Jb and Leotta [53] essenti_ally de_scribe the same concepd)y Coherent Samplingin random sampling, the “Missing
spemflcally for a coaxial transmission line. S.chwarte [64] als@/aveform Phenomena” [78] is due to the varying and nonra-
discusses a 40-tap delay line with 40 two-diode gates. Berggfa| relationship between the sampling clock frequency and
and Lejeune [65] used multiple samplers connected to a singlg, ;t frequency. The missing waveform phenomena can be ame-
input point. The output of the samplers were connected [igrated by the addition of pseudorandom noise [79]-[81] (also,

2Addis [58] tells the story of the Tektronix 7000 series versus the HP 168F€ Andrews’ t'me bage in Section II-F.2) to the sampling clock,
series; it makes for an amusing and cautionary tale. but long acquisition times may result before the clock phase

A. Transient Sampling
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Fig. 9. Lockwood’s sampling gate (from the patent [91]).

is randomized. In one method of coherent sampling, the samere beam lead (low inductance) connected to a slotline. The
pling clock is generated by a phase-locked loop with a VCO. Abltage standing-wave ratio (VSWR) was only 1.7 over a broad
Tektronix Inc., Agoston [82] used a microprocessor to modiffrequency range.
the strobe timing by programming a DAC with a frequency Lockwood [91] further modernized the sampling gate by in-
offset (to the VCO). The microprocessor also controlled a timieoducing transmission-line construction including directional
measurement section and triggering. Earlier, he also used a oaiuplers for the trigger pickoff and pulse injection. This con-
croprocessor to perform pseudorandom sampling by intengituction is clearly seen from a patent figure (Fig. 9). The use
measurement [83]. A similar idea used a time base to phadalirectional couplers for pulse injection reduced kickout. This
lock an oscillator to the input waveform [84] so that, by propetesign was furtherimproved by using a shorted slotline to reflect
choice of the loop bandwidth, jitter would be reduced. The Mpulses generated by the SRD pulse generator and a coplanar
crowave Transition Analyzer [85], [86] used fast Fourier transvaveguide [92]. Axell [93] described a very similar sampler.
form (FFT)-based analysis of the IF waveform (after the sam-The HP 5356A/B/C counter sampling heads [94] used an up-
pler) to adjust the frequency of the sampling clock oscillator. date of Merkelo’s sampler (see Section I11-C.1) to implement a
3) Other Time-Base Developmentistakaya [87] described harmonic heterodyne counter. The new sampler used a thin-film
how to do time-base “magnification” for a triggered samplin@ybrid that included a two-diode GaAs sampling gate chip to-
time base by changing the sweep waveform. Best's earlier patgather with a SRD pulse generator. This design was fully inte-
[35] magnified by using a second “delayed sweep,” as megrated into GaAs by Gibson [95] for the HP 5350/1/2A counter.
tioned in Section II-A. Arelated patent by Soma and Kohno [88] Prevot [96] described a two-diode waveguide sampler that in-
describes automatic adjustment of the trigger delay by findirdudes the pulse diode at the end of the waveguide. One problem
waveform peaks. with this arrangement is the impedance mismatch of the wave-
guide-to-coaxial transition.
2) Gate Circuit Design: Sampling bridges must be turned
off precisely (symmetrically) by removing the bias on the two
Since sampling gates are one of the most critical parts obeadge midpoints. Benson described a four-diode sampling
sampling system, there had been considerable time and effmitige with a feedback loop that balances the dc offset and
spent on improving the technology behind these circuits. In ains off all diodes together [97]. Gloaguen [98] described a
dition to improving switching times, correcting for lower sammodification with a single switch for both branches of a two
pling efficiency during slow repetition rates is also a concerdiode gate. Uchida [99] proposed a number of small changes
Also, since strobe kickout (feedthrough of the sampling strobbe the basic four diode gate to: 1) better match the pulse
through the gate to the input) and blowby (the transmission génerator VSWR and 2) reduce blowby by changing circuit
high frequencies through the open sampling gate due to the tiare constants.
pacitance of the sampling diodes) can also effect the charge o®ne can also use the modern day equivalent (FETSs) of the ear-
the sampling gate capacitor, effort has also been expendediest sampling gates (pentodes). Due to their high impedance,
reducing the effect through careful circuit design. FETs can offer better isolation from the input when switched
1) Sampling Gate Technologyverkelo [89], [90] de- off. However, the gate capacitance can be problematic because
scribed the design of a thin-film sampling head. Essentiallgf kick-out and blowby. Liechti [100] first described the use of
it is a technological update of Grove's sampler—the diodesdual-gate GaAs MESFET as a pulsed amplitude modulator.

C. Sampling Circuit Improvement
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Fig. 10. Hamilton’s sampling gate (from the patent [127]).

Akers and Vilar [101] constructed a dual-gate MOSFET samand simulation of the traveling-wave sampler in his Ph.D. dis-
pling gate good to 9.4 GHz. A single-gate MESFET was usegrtation. His experimental sampler was operational to 26 GHz.
by Hafdallahet al. [102] to construct a sampling gate good ta'homannet al. [118] proposed using the traveling-wave gate,
2.4 GHz. A further study [103] compared the step responselmit with corrections for the blowby distortion, and claimed a
a large-signal MESFET model with the measured results [102]L-GHz bandwidth with discrete components.
One can also use MESFET nonlinearity for pulse shaping [105].5) Kickout Reduction:Since strobe kickout can also effect
The latest result [106] combined the pulse shaping of the nahe hold capacitor, Bosselaers [119] isolated the sampling
linear transmission line (NLTL) (see Section 1V-A.1) togethediodes from the sampling pulse by coupling the pulse via a
the earlier sampler to demonstrate a hybrid MESFET samplmlun and then increased the dynamic range and simultaneously
with a 28-ps resolution. sampling efficiency by using a traveling-wave gate, much in
Heterojunction technology can also be used to constrube manner of Frye (see Section II-F.1).
high-speed sampling gates. LeCroy experimented with thisDobos and Metz [120] used a unity buffer amplifier as an
technology circa 1994 [107] and achieved high speed (10 GHgdlator in front of the sampling bridge followed by a differ-
together with good linearity. ential amplifier to accommodate changes in ground potential.
Differential samplers [108] find use in TDR as well as netMadani and Aitchison [121] described a sampling hybrid good
work analysis. McEwan combined a differential sampler [1099 20 GHz. Like Dobos and Metz, they used an amplifier before
with a resistive bridge to create a directional sampler, e.g.ttee sampling diode pair as an isolator; this prevents kick-out as
sampler and directional coupler. A fully integrated version willvell as improved VSWR. Careful design produced fairly flat
be discussed in Section IV-A.1. spectrum. Most recently, Goumaz [122] describes a sampler
3) Stretcher ImprovementAnother approach to increasingwith a common base transistor switch as an isolator, followed
sampling efficiency is to take more samples per dot. Such an d&y-a charge amplifier and current-to-voltage conversion.
proach was originally proposed by Carlson [24] and was again6) Nonlinearity Correction: Browning [123] proposed
outlined by Hansen [110]. In another way to increase the samsing multiple point sampling (just as Carlson [24] did earlier
pling efficiency, Frye [111] introduced a capacitively coupleds well as Hansen [110]) as well as digitizing with an A/D and
feedback loop after the input sampling gate. He also introducethtching multiplying D/A in the feedback loop.
a resistive feedback loop after the memory gate to increase d@ilterijst [124] (Philips) attacked the problem of maintaining
stability for low-repetition rates. a balanced charge by using a symmetric microstrip transmission
Nakayaet al. [112] addressed problems of droop in thdine as a distributed capacitor rather than a discrete capacitor.
memory (stretcher), as well as noise produced by the gain affdre patent also described improvements to the SRD pulse gen-
the sampling gate by using additional feedback paths in teeator to improve the symmetry of the pulse.
vertical amplifier. HP also used a A/D- DI/A circuit in the 54 120 sampling
4) Blowby CompensationMetz [113] proposed the use ofoscilloscope [125]. They introduced a memory between the two
a balancing bridge after the sampling bridge to minimize stroloenverters to correct for nonlinearity in the sampler transfer
feedthrough and decrease blowby. Agoston [114] addresg$adction.
blowby compensation by using a current steering network to7) Josephson JunctionsThe extremely fast switching
charge the capacitor. Another approach is to add a feedforwé#irde and low noise of Josephson junctions led to their use in
frequency compensation network [115] to correct for distortiosampling (the cyrogenic temperatures are also beneficial to
The traveling-wave sampler [49] (see Section II-F.1) used fime-base jitter and drift). A Josephson junction sampler was
the Tektronix S-4, S-5, and S-6 samplers has two problems: fifitst described by Hamiltoet al.[126] and subsequently filed
the sampling pulse must be large enough to turn on all of the g a patent [127]. They recorded a time resolution of 9 ps, but
verse-biased sampling diodes; this also limits the dynamic rangas not capable of measuring arbitrary waveforms. A block
of the input signal. Second, blowby effects the trapped chargedimgram from the patent is shown in Fig. 10, with the Josephson
the delay line of the sampler. Agoston [116] modified the trajyunctions shown ag/1 and J2. Concurrently with Hamilton,
eling-wave sampler to include a microcontroller that digitizelSaris of IBM was also building a sampling circuit [128] that
the output of the track and hold (i.e., stretcher) and digitalpdjusted bias and pulse timing to scan the input waveform
controls the gate bias. Chang [117] provided the first analygigaris filed later the same year [129], [130]). Time resolution
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as low as 2.1 ps was reported by Wolf [131]. Kobayashi and IV. INTEGRATED (MONOLITHIC) GATES AND
Tazoh (lwatsu) also filed a patent for an improved version of COMPUTER INTERFACES

Hamilton’s sampling gate shgrtly f';n‘ter Far|s [132]. . . Grove’s 1430 sampler (see Section 1I-C) can be seen as the
There are at least wo difficulties with Josephson junctiqqg; step in sampling gate development before the wide-scale
samplers: first, the dynamic range is limited by flux quantizatiofyoqyction of custom integrated circuits. Merkelo’s thin-film

insid_e the loop; second, the tr_ansition back inFO the SUP?rC(HEte (see Section IlI-C.1) marked the beginning of a new era
ducting state at the sample point. Sagal. described two dif- ¢, sampling gate-based instrumentation since it depended on

ferent circuit modifications that produced a 10-GHz 6-bit Sa”ﬂ)‘recise thin-film technology. Frye's earlier S-4 traveling-wave
pler. sampler (see Section II-F.1) used thick-film technology on a ce-

Bodin et al.[133] describe in great detail the construction ofamic substrate.
a 5.6-ps experimental sampling system including details of theThe 1990s can also be seen as the introduction of computer
flip-chip bonding. technology to all aspects of sampling measurements from con-
A detailed analysis of the Josephson junction sampling gdtel of the sampling gates to time bases and use of measure-
was done by Van Zeghbroeck [134], who pointed out fundasents.
mental tradeoffs between speed and accuracy. A simultaneous
paper was published by Wolf [131]. A related study of the efs. Sampling Heads—Monolithic Samplers

fect of pulsed Josephson junctions was done by Kratz [135]. H . .
compared simulation with the equations and found good agr?:The rapid advancement of semiconductor technology led to

) . he inevitable construction of monolithic samplers. Further de-
ment in a proposed sampling gate.

R ) ) velopment of process technology enabled the construction of
The commercialization of Josephson junctions technology pined RE and optical circuits.

was done by Hypres Inc. They obtained an 8-ps risetime using &) NLTLs: NLTLs were described in 1960 by Landauer
silica substrate with a corner cooled by the liquid Helium flov[l150]’ [151] at IBM, and later by Jager [152], [153]. However,
[136]. Whiteley's patent [137] included numerous circuit deg e NLTL was not really brought to fruition until the work by
tails. Other patents, filed by Hypres [138], [139] described thgq el et al. [154]. They built a 20 1 scale model using 45
TDR circuitry details. discrete diodes; the resulting NLTL compressed a 525-ps fall
New highT. materials led to a 120-GHz sampler [140]yjme 1o 100 ps. This design is further described in a related
[141]-{143] operating at 40 K to be used in measuring 40-Ghsant [155] and Rodwell's dissertation [156]. All the steps
wav_eforms. A notable achlevement is the measurement of essary to design and fabricate an NLTL in GaAs are given
device-under-test (DUT) operating at room temperature. in a patent by Bloom’s group at Stanford University [157]. By
careful scaling of the devices in the NLTL, the input and output
impedances can also be made to match without a transformer
D. Dual Samplers [158]. These NLTLs are typically made using Schottky diodes
as variable capacitance elements. However, they sharpen the
In systems that require dual samplers (such as network @irse only on the falling edge. If the circuit is designed using
alyzers or two channel TDRs), there is a potential for phag@tiparallel diode pairs [159], then both edges can be sharpened.
mismatch between the channels. Furthermore, in a samplingsy et al. of HP patented a completely integrated sampler
frequency converter, the SRD may require 4-5 W of powqi60] that included an integrated NLTL [161] and a two-
One solution to these problems is the use of a power ampliode sampling gate. The NLTL was implemented using a
fier per channerather than use a lossy power splitter. To limiteries of varactors. However, this presented a number of
the phase shift, a temperature compensation circuit can be ugggblems, most notably, turn-on time, diode nonlinearity, and
Both of these methods were described in a Wiltron patent [144jismatched impedances. A subsequent patent [162] described
Agostonet al. [145] proposed a different approach to a duahow to choose the diode values to accommodate these design
channel TDR: use a single SRD and a coplanar waveguidey@blems. Whitelegt al.[163] described the complete sampler
waveguide coupler is used for each channel. hybrid circuit including the SRD pulser, balun, and NLTL
enhanced sampler (shown in Fig. 11). This borrows heavily
from the Stanford group and Rodwell’s dissertation [156]
E. Optical Strobing work in particular.
The sampling gate design combined with the NLTL was
One alternative to using electrical switching of samplindescribed in patents [164], [165], as well as a paper [166].
gates is the use of optical pulses. Andrews and Lawtdmater, Rodwell and his group used Schottky diodes as nonlinear
[146]-[149] described a dual-channel sampling head (corshapers as part of a monolithic GaAs circuit that generates
patible with the HP 1411A vertical amplifier) that used a@&xtremely fast pulses for millimeter-wave sampling [167],
bulk GaAs semiconductor as the photoconductor and a la§e88]. His group also developed a simpler three-mask GaAs
diode as the stobe. There are two principal advantages to ussampler using the NLTL [169]. In this design, a 30-ps pulse
a photoconductive sampling gate: first, since the strobe vims compressed to 2 pis by the NLTL. This pulse is then
optical, kickout is eliminated; second, dynamic range is greatiyjected to a coplanar waveguide, which fed the two sampling
increased since diode breakdown is not an issue. diodes. This design was used as part of a TDR unit for use
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Fig. 11. HP’s sampler (figures from the patent [163]). The circuit is shown at the top, the mask layout on the bottom. It includes a balun (12), NLTL pulse

sharpener (“shockline,” 20), clamping section (30), and sampler section (44).

in time-domain network analysis [170]. Rodwell’'s group alsasing small probe tips. Fig. 12 shows a newer design [176] using
achieved a fall time of 680 fs (725 GHz) by using elevated micromachined probe tip. Shakoeti al. measured a 880-fs
coplanar transmission lines and reduction of parasitics [1713ll time (500 GHz) with this apparatus. van der Weide [177]
Marsland [172] points out the shortcomings in the HP 851@ported a 480-fs fall time measured by an on-chip sampler at
Network Analyzer Wheatstone bridge [173], particularly theoom temperature in 1994,
difficulty in constructing a wide-band bridge. Also, since the An interesting example of the application of the NLTL is
sampling gate was not floating, it had to be connected to a baltime combination of a Schottky photodiode with a sampler. Rod-
Marsland then described how to design and fabricate a two-gatell’s group [178] and the Stanford group [179] designed these
floating directional bridge. This patent is very complete and irgircuits to measure very fast laser pulses.
cludes fabrication recipes. However, the directionality was lim- 2) Resonant Tunneling Diodes (RTDIRTDs have less
ited by the resistor fabrication. The use of integrated directiorjater than other triggering methods and have been shown to
couplers and the NLTL was used in a frequency-domain nédtave extremely fast rise times and triggering (up to 110 GHz)
work analyzer [174]. [180], [181]. Instead of using an SRD with an NLTL, another
Using an NLTL and a directional sampling bridge, &ual. sampling head integrated circuit was fabricated using RTDs
[170] designed and fabbed a monolithic TDR chip that exhiy182], [183] in place of the SRD. The bandwidth was calculated
ited a 2.3-ps fall time for use in atime-domain network analyzés be 26 GHz. A recent realization used RTDs at the top and
[175]. This circuit was mounted directly on the wafer probbottom of a four-diode bridge [184].
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counter acting as the integer part of a delay. A separate 18-bit
register serves as the fractional part. This digital design is more
precise than the timing ramps used in the earlier time bases.

Coherent sampling (see Section IlI-B.2) can be obtained
when the ratio of input frequency to the sampling frequency
are relatively prime. The problem is how to adjust the sampling
frequency to closely approximatebeing relatively prime.
Reynolds and Slizynski [188] propose searching Farey series
to find an optimal ratio. Kimuraet al. [189] present a simpler
mechanism for finding a relatively prime time interval. The
implementation was described in great detail in patents by
Uchida and Kobayashi [190]-[192].

2) Time-Base CorrectionDistortion resulting from
time-base error (including jitter) can be corrected if the time
base can be characterized. Jitter limits the input bandwidth,
therefore, compensation will produce a wider measurement
bandwidth [193], [194]. An early study of this error was done
by Gans [195]. He was able to deconvolve the probability
density function of the sampling jitter from the input wave-
form. One approach to drift compensation is to process the
waveform in the frequency domain and apply an inverse phase
main body 2 mil thick BeCu flexure tip package shift and transform back [196]. Time-base nonlinearity can be
characterized or measured with a sine input and comparing
he expected zero crossings with the measured crossings. A
spline function can then interpolate the points and correct for
nonlinearity [197].

10 pin low frequency
ribbon connector

Fig. 12. Bottom view of a 500-GHz wafer probe with sampler an
micromachined tip (reprinted with permission from [176]).

Sampling Comng':gaﬁon Shinagawat al.[198] provides an early model for separating
Head Vernier signal source jitter from sampling gate jitter. Soudsiral.[199]
examined the bias resulting from time-base jitter with mono-
Sampling Delay ton_ic wgveforms. They__proposed both a_median and Markov
Head Con:/r::isef:ﬁon estimation method for jitter characterization. Verspecht [200]
further extended Gans work by easing restrictions on waveform

shape and analyzing the effects of additive noise. He further ex-
amined the effect of phase errors resulting from errors in the

2.62144
, = timing of the sampling pulse [201]. Phase demodulation of the
Input Trigger Gated Delay . . . . . )
e N e P —= Counter = vamier sine input together with windowing, can produce accurate mea
Trigger | Recognizer Oscillator . . . .
surements of time-base distortion [202], [204]. However, win-
dowing also produces discontinuities in the corrected output.
. - - Many of these results are discussed in his dissertation [204].
|Integer (30 bits) [ Fractional (18 bits) l . .
: : Another method proposed uses a pure sine tone as input and
Programmed Delay Register (48 bits) then calculates the fit against the measured output [205]. This
Fig. 13. Time base of the Tektronix 118018 [186]. assumes a perfect time base, so Pintelon and Schoukens [206]

presented one method to compensate for distortion due to “sys-
. tematic errors” in the time base (as opposed to jitter). Sten-
B. Digital and Computer Control bakken and Deyst [207] compared the various approaches; later
The introduction of digital technology improved many asthey described an iterative sine-fitting method [208] that ac-
pects of sampling functionality, as well as providing concegommodates harmonics and noise. More recently, Vidral.
tually simpler designs. Unfortunately, the detailed design cof209] described a different least-squares approach. Vandersteen
cepts and algorithms are not publicly available. Modern corand Pintelon [210] show that maximum likelihood (ML) esti-
puter control has enabled more accurate time bases, as welinasors are just as effective. The ML estimator was compared
sampling gate characterization and compensation. against earlier methods and the results clearly illustrate varying
1) Time-Base DesignDobos [185] first described measuretime-base distortion, as well as the robustness in spite of non-
ments of the time base for the Tektronix model 11 801 digitizingnearities. More recently, Kobayasét al. [211] analyzed and
sampling oscilloscope. A further description [186] gives monmeasured the effects of jitter and the finite aperture on signal-to-
details on the design, shown in Fig. 13. Like the locked oscitoise ratio in a sampling gate system.
lator schemes mentioned earlier (see Section 11I-B), the time3) Calibration and Characterization:Another example of
base used a triggered VCO [187] as the source of timing. Themputer use is for calibration and characterization of samplers.
output of the oscillator serves as the clock for a pre-loaded 30-Bitad’s early work (see Section 1I-C) was devoted to detailed
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Fig. 14. Time line of sampler development.

modeling of the 1430 sampling gate so it could be deconvolvedecht and Rush [223], [225] detailed the procedure and com-
from the digitized waveform. Further work on deconvolutiopared it against measurement and theory.

was motivated by measurement noise and other computationaAdditionally, the interconnection network between the sam-
difficulties since inversion of the convolution of the input signapling diodes and the inputs can be analyzed and the modeling
with the gate impulse response can be considered an “ill-posdor can be shown to be bounded and small [226]. Riad’s model
problem” particularly when the signal is contaminated by noisef Grove’s two-diode sampler (see Section 1I-C) can be ex-

Guillaume and Nahman [212] explored the use of the Fourignded to include the strobe pulse generator impedance, diode
transform for deconvolution under experimental conditions af@bPalance, and nonlinear diode capacitance [227]. This model
studied the use of filters for noise elimination. One of Riad’das been taken further: the nonlinear diode junction capacitance
students studied the design of an optimal compensator that nfaD Produce an error, even in the nose-to-nose calibration [228].
imizes error energy and limits noise [213]. Riad [214] corfFurther, modeling the time-varying junction capacitance is not
ducted an overview of deconvolution circa 1985: another &gifficient to capture all of the error seen in nose-to-nose calibra-
his students (Bennia) described how to perform a filter desigRn [229]- Despite these nonlinearities, the nose-to-nose cali-
optimization to reduce noise and the resulting computatiorffiation method (and normalization) can be shown to have good
difficulties [215]. Bennia and Nahman [216] modified Guil-2greement with swept sine methods [230]. A detailed study of
laume and Nahman’s method to ensure a causal filter. This wdfie effect of offset voltage showed that bandwidth limitations
was further extended to combine the best features of the G@fCUr when the offset is too large [231].
laume—Nahman method with the Bennia—Riad iteration method
[217]. A noniterative approach to filter optimization together V. PREVIOUS REVIEWS

with analytic reconstruction filtering for deconvolution was re- . . . .
The earliest review of sampling oscilloscopes formed a sec-

cently proposed [218], [221]. tion in a book on short pulse measurements [232]. A very early
Another approach is to model the sampling gate as a d$§urnal paper [233] featured a comparison of an experimental
crete time system and then apply system identification [22QB\ sampling oscilloscope [15] and the Lumatron models and
For weakly nonlinear systems, a truncated Volterra series cantgg Tektronix Type N. A book published in the former East Ger-
used to model the transfer characteristics of a sampling oscilfﬁany and translated and reprinted in the west also covered sam-
scope [221]. After finding the Volterra kernels, a compensaticming oscillography as part of a chapter on testing [234]. An
procedure can be applied. early review by Tektronix Inc. [235] covered the Type N and the
Of course, compensation methods are only good when tmedel 661. Tektronix Inc. described their sampling technology
model is well characterized. As the gates get smaller, charactgrea 1970 [236] in a compendium of sampling circuits from
ization becomes more difficult. Rush and his colleagues [22@4rious models dating back to the 1S1.
realized that the kickout of the sampling pulse would representNahman [237] reviewed subnanosecond pulse measure-
a good way to characterize the sampler. Further work by Vanent technology circa 1967. His paper included looks at
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other nonsampling-based measurement techniques includiigdager, R. C. Melville, and J. J. Larkin have been enthusiastic

real-time oscillography. He updated his paper three more timmgoporters of the author's sampling habit. N. Moayeri and

[238]-[240]. His last review included extensive mention ob. DiGiacomo helped with paper preparation.

electrooptical methods. Concurrently, he also reviewed andThe encouragement and comments of J. R. Andrews,

compared the state of deconvolution [241]. Picosecond Pulse Laboratories, Boulder, CO, enriched this
Riad [243] gave a short overview of sampling including vampaper considerably. ThisSRENSACTIONS Editor-in-Chief D.

ious gates and their implementation in various sampling oscillButledge, California Institute of Technology, Pasadena, and

scopes. In a more modern and comprehensive review, Cochréorener Associate Editor R. York, University of California at

[244], [245] surveyed both the theoretical and practical aspe@anta Barbara, helped with the final submission of this paper;

of sampling technology circa 1989. additionally, the referees offered many helpful comments and
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