Optically coupled electrical sampling system with 4-GHz bandwidth
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A new approach to the design of a fiber-optic interface that links a commercial sampling head
to its matching time-domain reflectometer (TDR ) /sampler oscilloscope plug-in unit is
reported. Three fiber-optic links replace the wired signal paths of the original design that
convey the vertical error signal, the feedback signal, and the horizontal sampling command
signal between the sampling head and the oscilloscope sampling plug-in. The dielectric fiber
pigtails allow the use of the sampling head inside objects that need to be electromagnetically
insulated from the instrumentation systerm. Low-freguency analog links are used to convey the
error and feedback signals. The sampling command signal is conveyed via a link where a
poweriul, fast-rise infrared laser pulse is generated. The laser pulse is used to trigger an
avalanche transistor in the strabe generator circuit of the sampling head by directly coupling
the optical energy to the transistor chip. This direct method of detection minimizes the time
jitter introduced to the strobe signal, resulting in a bandwidth of 4 GHz. Some of the results of
the tests which were carried out on the system are reported.

INTRODUCTION

In some electromagnetic scattering measurements, it is nec-
essary to probe the time-domain currents induced on the
surface of a metallic scatterer as a result of an impinging
high-frequency electromagnetic field. For such a measure-
ment, a surface-current probe’ may be used in conjunction
with a samphling head thai can be placed inside the scatterer if
it is a closed object. High-frequency sampling systems are a
convenient means of observing repetitive wavefornis with a
frequency content in excess of | GHz. Conventional systems
consist of a sampling head that may be connected via an
extension cable to a mainframe oscilloscope sampling plug-
in unit. In a scattering measurement, the extension cable
causes a disturbance of the incident and scattered electro-
magnetic {EM) fields; such a disturbance cannot always be
controlled through geometrical rearrangement. Also, the
high-frequency EM fields may induce noise voitages in the
extension cable, thus rendering the measurement results nse-
less. To soive these problems, Holbrook and Dyer™™ con-
structed an optically coupled sampling system in which the
errvor, feedback, and sampling command signals (usually
carried by the extension cable) were conveyed over fiber-
optic pigtails using three fiber-optic links. By replacing the
metallic cables with the very thin dielectric fiber pigtails, the
probiems of field disturbance and electromagnetic interfer-
ence could be essentially eliminated.

The system constructed by Holbrook and Dyer utilizes
the Tektronix S-6 sampling head in conjunction with the
7512 time-domain reflectometer (TDR)/sampler unit. Hol-
brook and Dyer used two low-frequency analog fiber-optic
links to deliver the error and feedback signals. The sampling
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command signal in the Holbrook—Dyer system was deliv-
ered from the sampling plug-in unit via a laser pulse gencra-
ted by a fast, low-power, cw laser diode, and was detected at
the sampling head with an avalanche photodiode. The out-
put of the photodiode was used to drive an avalanche buffer
stage that, in turn, triggered the avalanche transistor in the
S-6 strobe gencrator circuit.” The Holbrook-Dyer system
manifested a nominal bandwidth of 1 GHz, with a maximum
of 2 GHz under ideal conditions. The bandwidth was limited
mainly by the time jitter introduced to the sampling com-
mand signal.

Lawton and Andrews®* have patented 2 dual-mode sys-
tem for sampling fast electrical or optical signals. In that
system, the sampling gate, which is built around two GaAs
photoconductors, is strobed with narrow optical pulses to
acquire an electrical waveform. In the Lawton-Andrews
system, the error and feedback signals are transmitted using
hardwired links. If, however, those signals along with the
optical strobe are coupled using fiber-optic pigtails, a system
which performs a function similar to the function of the one
presented here could perhaps be realized.

The present work adopts the Holbrook configuration in
an effort to obiain improved performance. This configura-
tion has the potential for a large bandwidth.

i. SAMPLING OSCILLOSCOPE OPERATION

This section provides a brief overview of the relevant
fonctional aspects of the sampling system used. This infor-
mation is detailed elsewhere,”*'° and is synopsized here for
the sake of completeness. A simplified block diagram that
compiements the following discussion is shown in Fig. 1.
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A key element of the sampling head is a high-speed di-
ode sampling bridge that is used to capture sampies of the
observed signal. The bridge circuit is followed by a preampli-
fier with a slightly capacitive input, which serves to stretch
the sample signal in time and thus reduces its bandwidth
considerably. The sampling bridge is controlied by a strobe
generator which, upon receiving a command from the main-
frame sampier plug-in, produces very narrow (subnanose-
cond ) strobe pulses to open the sampling gate. The sampler
plug-in contains the horizontal timing circuits that generate
the sampling command signal, which determines when 2
sample is to be taken. Samples are acquired sequentially in
time with respect to a time reference (trigger} point on the
observed signal. The sampling plug-in also contains vertical
amplifiers which make the acquired samples available for
the oscilloscope display section. The value of a sample is
communicated between the sampling head and the main-
frame sampler using a so-called error signal scheme. The
mainframe sampler retains in an analog memory the value of
the last sample and sends it to the sampling head over a
“feedback” line . When the sampling head acquires a new
sample, it sends to the mainframe sampler the difference
“error’”’ between the value of this sample and the last one.
This error updates the output of the analog memory circuit
(and also the display) after passing through a gate at the
memory input. The memory gate is an analog gate which is
opened only for a brief time duration to capture the transient
error signal. The acquired samples are displayed on the
screen in the proper temporal order for a coherent reproduc-
tion of the high-frequency signal.

it. DESIGN OF THE FIBER-QPTIC LINKS

In order to successfully replace the conductors indicat-
ed in Fig. 1 with optical fibers, the required bandwidths of
the optical analog links had to be determined. This informa-
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tion was inferred from the specifications and circuit dia-
grams of the sampling system used.™'® The bandwidth cf the
error link was determined by assaming the duaration for
which the memory gate opens (approximately 0.4 us) to be
twice the reguired rise time of the link. Thus using the for-
mula, rise time X bandwidth = .35, a value of 1.8 MHz was
obtained. The bandwidth of the feedback link was estimated
from the maximum number of samples that can be obtained
per second, and was found 1o be 43 kHz. The main reguire-
ment on the sampling command Xink is that it should intro-
duce minimum time jitter into the sampling command sig-
nal.

The block diagram of the optically coupled sampling
system is shown in Fig. 2. A brief description of the three
fiber-optic links built for this project follows,

A. Fiber-optic error link

Figure 3 shows the fiber-optic error transmitter and re-
ceiver circuits that were constructed. The error link is built
around a matched fiber-optic transmitter and receiver pair
that was obtained commercially. The nominal bandwidth
presented by this pair is 1 MHz.

R1 and R2 in the circuits of Fig. 3 set the input dc level
at the center of the linear region of operation of the trapsmit-
ter. The inverting amplifier at the output of the link serves to
compensate for the phase reversal introduced by the fiber-
optic receiver, along with providing a means to adjust the
averall link gain to unity. This amplifier is built around a fast
operational ampilifier 1o minimize degradation to the overall
link output rise time.

Tests on the error link showed that it has a bandwidth of
810 kHz. This bandwidth is about one half the nominal
bandwidth of the original error circuits in the sampling sys-
tem. Due to the nature of operation of the sampiing system,’
the limited bandwidth could be counteracted simply by com-
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pensating for the delay in the error signal caused by the in-
troduction of the fiber-optic error link. For this purpose, the
adjustable memory gate width'’ in the sampling plug-in unit
was increased to its maximum value (approximately twice
its nominal value) to enable the memory circnit to capture
the error signal before the gate closes. This necessary adjust-
ment increases the noise allowed into the memory circuit
during the opening time of the gate. The consequences of the
additional noise are discussed in Sec. I1L

B. Fiber-optic feedback link

The feedback link (Figs. 4 and 5) is dc coupled to facili-
tate transmission of the dc voltage injected into the feedback
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signal at the sampling plug-in unit.” The first stage in the
feedback transmitter is an amplifier whose gain can be set to
5,2, or 1, depending on whether the sampling signal is small,
medium, or large in amplitude, respectively. This technique
allows enhancing the signal-to-noise ratio (S$/N) of the link
for small- and medium-amplitude signals. In Fig. 5, the gain
of the inverting amplifier circuit at the output of the fiber-
optic feedback receiver can be set to 1 i, 1 or 1, to cancel the
gain introduced at the transmitter. The last stage at the re-
ceiver provides a means for adjusting the dc level of the feed-
back signal delivered to the sampling head. Tests showed the
feedback link to have a bandwidth of about 80 kHz, which is
above the minimum value required for proper operation.

FOT110KG : BURR-BROWN TIBER +5V
FOR110KG : BURR-BROWN
71 D LM318 2 R4
c1 3 - K
ERROR o_,._§ A “ ERROR
SIGNAL cn o ITTE
FROM S-6  g.1UF FOT110KG TRANSMITTER
+5V
15 18 __\_ﬁ:r
+15V 16 ez
’ T 22uF
+15V L *
FIBER F16G. 3. Circuit diagram of the fiber-optic error
l‘t‘} C6 ,5p¥F transmitter and error receiver, The transmit-
l i ey 35 IIL ting packag‘e (FOT110KG) and the receiving
22uF R1C, 10}1( K9, 10K packe'zge (FOR1I0KG) were obtained com-
-15\:/;; 4 281 t}}\’ A i SO oy DO mercially.
5 1 TH+L5V
wa _L B FOR110KG R6 ? R8, 15K 1,
L 8 100 g ,
e 18 R7 cs ]
Veerid — 16 17 3.3K 47pF 0. 1uF
,JT /7)"77 OUTPTT
fTL77 7 -isv  TO 7812
.- ERROR RECEIVER
82 Rev. Sci. instrum., ¥ol. 58, Ne. 1, January 1987 Sampling system 62



FIBERFL]
2

FROM
7512 LK
°1.
10K
LOOK
RS y

A

20K
-15v

T

R6
100K 415V Ul: LF353

FOT110KG: BURR-BROWN

C. Fiber-optic sampling command link

Figure 6 shows the circuit used to drive a high-power
infrared gallium arsenide injection laser diode designed for
pulsed operation. The diode was mated by the manufacturer
to 20 ft of a high-quality glass fiber pigtail. The power
faunched into the fiber is 1.2 W when 2 maximum pulse
current of 106 A flows through the diode. The circuit of Fig. 6
utilizes four transistors operated in the avalanche mode to
generate a total estimated pulse current of about 6 A through
the laser diode. The falling edge of the sampling command
signal causes the four transistors to avalanche simultaneous-
Iy. The charges stored in the small capacitors C1-C4 are
dissipated through the collectors of the respective avalanche
transistors, causing a current surge to pass through the laser
dicde LB. The current pulse can be observed with a wide-
band oscilloscope as a voltage drop across the monitoring
resistance R,, . The current pulse was found to have a first
transition duration of I ns.

At the sampling head, the infrared sampling command
iaser pulse is directly detected by the avalanche transistor
(Q70, see schematic’ ) in the first stage of the strobe gener-
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22uF mercially.

ator board. In the original (hardwired} sampling system
configuration, this avalanche transistor is electrically trig-
gered by the sampling command signal. The technique of
triggering the avalanche transistor directly by the laser
pulse'"'? was implemented by shaving off the top of the
metal cap on the transistor, then securing the end of the glass
fiber to the top surface of the exposed transistor chip with the
aid of a quick self-bardening epoxy (Fig. 7). The infrared
radiation imparted intc the transistor chip is powerful
enough to penetrate the silicon chip and reach the reverse-
biased collector-base junction. The infrared energy causes
some electrons to be removed from the valance band into the
conduction band, where they are accelerated by the high-
intensity electric field in the reverse-biased junction, thus
removing other electrons and eventually starting the ava-
lanche breakdown. This detection technigue eliminates the
need for extra detection devices, and thus reduces the noise
and consequently the time jitter introduced to the sampling
command signal.

Figure 8 shows a photograph of the optically coupled
sampling system. The remote part of the system was
powered using four sets of rechargeable NICAD batteries.
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The batteries supply the low voltages and power a de—dc
converter that is used to obtain the + 50 and — 50 V re-
guired by the sampling head.

itl. SYSTEM PERFORMANCE

The tests conducted on the fiber-optically coupled sam-
pling system fall into two categories: in the first, a visual or
gualitative evaluation of system performance was sought; in
the second, a quantitative evaluation was carried out. A step
signal with a transition duration on the order of 100 ps and
two different amplitude fevels was used to conduct the tests.
A large signal amplitude (approximately 270 mV) was re-
quired to characterize strobe jitter, along with distortions
introduced by the analog links. A small test signal with an
amnplitude of approximately 15 mV was used to qualitatively
characterize the noise behavior of the optically coupled sys-
tem. In addition to testing the fully optically coupled sam-
pling system, other tests were carried out with certain links
being optically coupled while others were left hardwired.
This approach was necessary to separately identify the fac-
tors affecting system performance. The system configura-
tions tested are as follows:

(1) fully optically coupled sampling system (FOCSS):
all links are fiber optic;

{2) laser strobed sampling system (L$SS): the sam-
pling command is delivered by the laser link, while the error
and feedback links are hardwired;

(3} error and feedback optically coupled sampling sys-
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tem (EFOCSS): error and feedback are fiber-optically cou-
pled, while sampling command is hardwired.

In addition to the above three configurations, the noz-
mal (hardwired) sampling system was also used to acquire
waveforms to serve as reference.

For the system configurations (1), (2), and (3) above,
the memory gate was opened to its maximum width. Al-
though this was not necessary for (2), it was done for the
sake of uniformity. The transmitter-gain/receiver-attenu-
ation ratio of the fiber-optic feedback link was set to 1/1 for
large test signals, and 5/5 for small signals (see Sec. I1). The
“smoothing” function in the sampling system was turned off
for all tests to avoid noise correlation between sequential
samples.

A, Gualitative tests

Figure 9(a) shows a single acquisition of the leading
edge of the large reference test signal acquired using the
hardwired sampling system. Figures 9(5)-9(d) show the
same waveform acquired by the three test configurations
listed above. The strobe jitter introduced by the laser link is
apparent on the rising edge of the waveform in Fig. 9(c).
Thejitter is nominal in the case of the waveform in Fig. 9(d),
but the vertical noise level is seen to be higher than that of the
reference waveform. The higher noise level is due to both the
widely opened memory gate and the noise introduced by the
analog links. The waveform in Fig. 9(b), acquired with the
fully optically coupled system, shows the effects of both the
superimposed noise and the strobe jitter. The spikes associat-
ed with strobe jitter are less pronounced here than those of
the waveform in Fig. 9(c). The smocthing of jitter spikes is
due to the lowpass nature of the error link.

Figure 10 shows the resuit of applying additive signal

averaging'® to 100 acquisitions of the waveforms of Fig. 9.
The 109%-90% transition duration (7, ) indicated on the
waveforms of Fig. 10 is a subjective parameter, and is mea-
CASE S b b N sured between the points marked 1 and 2 . The transition

F1s. 7. Mating the glass fiber to the avalanche transistor chip.
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duration of the waveform in Fig. 10(¢) is longer than that of
the reference waveform. The increased transition duration is
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the first indication of the lowpass nature of the optically
coupled sampling system, caused by the jitter introduced to
the sampling command signal by the laser link."**® The
transition duration of the waveform in Fig. 10{d) is slightly
higher than that of the reference, indicating a slight lowpass
effect introduced by the analog links, mainly the error link.

Figure 11 illustrates the result of averaging 100 acquisi-
tions of the leading edge of the small test signal. The vertical
noise level in these waveforms is more evident than in the
farge-amplitude waveforms of Fig. 10. The transition dura-
tions of the different waveforms of Fig. 11 do not bear the
same relationships to each other as those of Fig. 10, due to
the error introduced into the trassition duration measure-
ment by the supertmposed noise.

B. Quaniitative tests

The aim of these tests was to find frequency-domain
Fourier transform functions that characterize the perfor-
mance of the fully (or partially) optically coupled sampling
system configuration(s) relative to that of the standard
(hardwired) system. Such transform functions were ob-
tained simply by acquiring & signal using both the system
configuration under study and the hardwired system, and
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then dividing the discrete Fourier transform (DFT) of the
first waveform by that of the second.

The waveforms used to compute the transform func-
tions were the result of additively averaging 100 acquisitions
in a time window of 5 ns; they had 128 sample points and
were steplike in nature, beginning and ending at different
voltage levels. The direct transformation of such waveforms
waould yield erroneous transform functions due to the abrupt
time-domain discontinuity at the end of the sampling win-
dow.'® To circumvent this difficulty, pulselike waveforms
were synthesized out of the steplike waveforms before trans-
formation, using a method developed by Gans and Nah-
man.'® The transform functions presented later in this sec-
tion have a frequency resolution of 100 MHz. Although
these functions are strictly defined only at a discrete set of
frequencies, they will be shown as continuous functions for
convenience.

Frequency-domain transform functions were obtained
using large-amplitude test signals (approximately 270 mV)
for the fully opticaily coupled sampling system (FOCSS)
and the two other partially coupled system configurations
(LSSS and EFOCSS). These functions are denoted by
Sp(f3, 8. (), and 8. ( /), respectively. Figure 12 shows
the magnitude part of the three transform functions, while
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Fii. 10. The waveforms resulting from averaging 100 acquisitions of the
teading edge of the large-signal test pulse of Fig. 9: (a) hardwired (refer-
ence) system, (b) futly optically coupled sampling system, {c) laser strobed
sampling system {error and feedback were hardwired), and (d) error and
feedback coupled sampling system (sampling command was hardwired).
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FiG. 11. The waveforms resulting from averaging 100 acquisitions of the
feading edge of the small-signal test pulse: (a) hardwired (reference} sys-
tem, (b) fully optically coupled sampling system, (¢} laser strobed sam-
pling system {errur and feedback were hardwired), and (d) error and feed-
back coupled sampling system (sampling command was hardwired).
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Fig. 13 shows the phase part of these functions. The lowpass
nature of the sampling system due to the increased strobe
Jitter is evident in the magnitude part of §, ( /). The magni-
tude part of Sx. ( f) is only slightly lowpass. The slight low-
pass behavior of the latter function could be due to a sam-
pling loop gain which is slightly less than unity.!” The
overall system bandwidth is seen to be 4 GHz, as measured
at the 0.707 level of 5,,( /). Above a frequency of about 6
GHyz, the spectra of the transform functions are dominated
by noise.

The phase part of S, ( £), S, (), and Sg( F) is essen-
tially zero except for a linear component of about 0°-20° in
the range 0—6 GHz. The linear phase can be attributed tc a
slight displacement of the test waveforms in their time win-
dows.

Transform functions were also obtained for the case of
small test signals {approximately 15 mV) using the same
procedure as for the large signals. The small-signal functions
{not shown here) were noise corrupted due to the low sig-
nal-to-noise ratio of the small-ampilitude test signals. One
method of improving the S/N ratio of the small-signal test
waveforms would have been to significantly average more
than 100 acquisitions; this was not done, however, since the
remote sampling head was operated with an unregulated re-
chargeable battery pack, and extended acquisition times
would have resulted in excessive horizontal and vertical
drift, distorting the resulting waveform averages.

1V. CONCLUSIONS AND RECOMMENDATIONS

The transform function S,.( /') obtained in the previous
section can be regarded as being essentially the transfer func-
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tion of the optically coupled sampling system. This assertion
is valid since the useful range of frequencies of S, ( /) is well
within the flat region of the response of the normal (hard-
wired) system, which is known to have a bandwidth of 11.5
GHz.” Thus the bandwidth of the optically coupled sam-
pling system is that of 8, ( f }, namely, 4 GHz. The lowpass
behavior of the optically coupled system is due mainly to the
strobe jitter introduced by the sampling command laser link.
This can be seen from the lowpass nature of Sz(f) and
S, (f), while S.2( /) is only slightly lowpass (Fig. 12).
The above conclusion is further supported by the fact that
the phase of . ( £) and §; ( f) is essentially zero, except for
a linear component due to temporal waveform displace-
ments. This zero phase shift, along with the Gaussian-fike
shape of the magnitude parts of S (f ) and S, { /) (in the
frequency range of interest), is exactly what Gans'* has pre-
dicted for a system where additive signal averaging is em-
ployed in the presence of strobe jitter. In his treatment, Gans
has shown that when additive signal averaging is applied to
an infinite number of acquisttions in the presence of normal-
ty distributed strobe jitter, the resulting effect is that of intro-
ducing to the sampling system a lowpass filter whose time-
domain impulse response is a Gaussian function of the form

g(t) = Kexp| ~0.5(¢/5,)°], (1)

where X is a constant, and o, is the standard deviation of the
jitter in the sampling strobe. The frequency-domain transfer
function of this filter is

G(f) = Cexp| —0.5(f/0,)%1, (2)

where C = Ko, /2m and o, = 1/(2w0, ). The previous equa-
tions were used to arrive at an estimate of the standard devi-
ation of the sampling command jitter introduced by the laser
link. Thus for the LSSS, which has a 3-dB bandwidth of 4.8
GHz, Eq. (2) gives, 0, = 5.76 GHz. From this, the standard
deviation of the intreduced sampling command jitter is seen
to be o, = 28 ps.

The vertical noise introduced to the waveforms ac-
quired with the optically coupled system is due to two fac-
tors. The first is the widely opened memory gate, which ad-
mits more noise to the memory circuit. The second is the
poise introduced to the error and feedback signals by the two
analog links.

Improvements in the noise and bandwidth performance
of the optically coupled sampling system can be achievedina
future version of the system that takes into account the fol-
lowing points.

(1) If a fiber-optic error link of Yimited bandwidth is
used {(in order to limit the noise bandwidth), then the mem-
ory gate generator in the 7812 sampling unit must be modi-
fied to allow delaying the memory gate pulse by up to about
0.5 ps. This technique would eliminate the need for widely
opening the memory gate, and thus reduce the noise super-
imposed on the acguired waveforms,

(2) Analog links with a2 maximum noise level of less
than about 0.1 mV rms must be used to reduce the noise
introduced to the error and feedback signals. Careful shield-
ing and grounding of the links is recommended.
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(3) Onboard voltage regulation must be added to the
remote part of the system to avoid the drift caused by the
drop of the voltage supplied by the rechargeable battery
pack.

(4) A higher bandwidth thun 4 GHz may be obtainable.
If the present sampling command link is to be used, a reduc-
tion in strobe jitter may be achieved by increasing the current
through the laser diode to its maximum allowable value,
and/or experimenting with different avalanche transistors
to be used for detecting the laser pulse in the strobe generator
boeard of the sampling head. In addition to avalanche noise,
the jitter in the sampling command is believed to be due to
the scintillation of the optical intensity of the laser diode
between consecutive pulses. The scintillation, which is on
the order of a few percent, contributes to the jitter by varying
the time that the detecting avalanche transistor needs {o inte-
grate enough infrared energy to avalanche. To minimize this
effect, commercially available pulsed laser diodes whose op-
tical output is more than 10 W may be employed.
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