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mode. The inverted homo-heterojunction GaAsy_,Sby avalanche photodiodes devel-
oped in this program give 1.064y quantum efficiencies over 96%, and for
typical 3 mil diameter devices, have bulk Teakages of about 300 pA, total
leakages of about 3nA at -50 volts bias, and junction capacitances of only
€Cy=0.1pf. Since all of the 1ight absorption in the 1.0un to 1.08u spectral
width of these APD's is absorbed in the depletion region, for which the
transit time is under 50 ps, the intrinsic APD frequency response is of the
order of 10GHz. Peak avalanche gains up to 24dB at 273MHz have been cbtained
with these devices. The very Tow junction capacitance of this new APD makes
it possible to realize an extremely charge-sensitive receiver by hybrid
integrating the APD with a correspondingly low input capacitance preamp. This
ultra-low input capacitance is achieved in the receivers developed under this
program by the use of a GAASFET 1input stage, with the resistor thermal noise
minjmized by operating the input stage as an "operational amplifier" in the
negative feedback or "transimpedance" mode. For closed-loop bandwidths
approaching a gigahertz, of course, this “"op-amp" must be very fast to avoid
oscillation. In GAASFET preamp #8, fabricated in this program, the input
capacitance was approximately 0.28 pf (plus 0.1pf APD capacitance), the
open-loop "op-amp" gain was 20 with a gain-bandwidth of 5GHz, and the closed-
loop frequency response with a 5Kq feeback resistance was F3qp= 620MHz. The
response of the receiver to a short current impulse gives an output pulsewidth
of Ins (full width T0% maximum) and a pulse of only No = 347 electrons will
give a peak output equal to the rms noise output. With appropriate short
pulse sampling of the output, this receiver should be capable of achieving
10-6 bit error rate detection of PGBM modelocked laser data with a difference
in signal between a "1" and a “0" of only Npp = 3600/M photons/bit, where M

is the avalanche gain (for Tow M). Even for small avalanche gains, this is
the most sensitive 1.06u high data rate receiver available. Receivers of

this type were evaluated (also under NASA contract) in a 400 Mb/s Nd-YAG laser
communications system, achieving bit error rates in excellent agreement with
those calculated from preamp test data.
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ABSTRACT

The dévelopment of a combTetg solid state 1.06u optical receiver
which can be used in-optical communications at data rates-approaching 1.5 Gb/s,
or in other applications requiring éénsétive, short-pulse detection, is re-
ported. This work entailed bath the development of a new type of hetero-
junction III-V semiconductor alleoy avalanche photodiode and an extremely
charge-sens1tive wideband low-noise preamp design making use of GaAs
Schottky barrler-gate field effect transistors {GAASFET's} operating in
the negative-feedback "transimpedance” mode. The inverted homo-heterojunction
GaAsl_bex avalanche photodiodes developed in this program give 1.064u
quantum efficiencies over 96%, and for typical 3 mil diameter devices, have
bulk Teakages of about 300 pA, total leakages of about 3nA at -50 volis
bias, and junction Cabacitances of only CJ=G.1pf. Since all of the Tight
absarption in the 1.0p to 1.08p spectral width of these APD's s absorbed
in the depletion region, for which the transit time is: under 50 ps, the
intrinsic APD frequency response is of the order of 10GHz, Peak avalanche
gains up to 24dB at 273MHz have been obta1ned w1th these dev1ces The very
low junction capacitance of this new APD makes it possible to realize an
extremely charge-sensitive receiver by hybrid integrating. the APD with a
correspondingly Tow input capacitance preamp. This ultra-low input capaci-
tance is achieved in the receivers developed under this program by the use
of a GAASFET inp&t stage, with the resistor thermal noise minimized by op-
erating the input stage as an "operational amplifier” in the negative feed-
back or "transimpedance” mode. For closed-loop bandwidths approaching a
gigahertz, of course, this “op-amp" muét be very fast to avoid oscillation.
In GAASFET preamp #8, fabricated in this program, the input capacitance was
approximately 0.28 pf (plus 0.1pf APD capacitance), the open-loap "op-amp"
gain wa;/gplwffh a gain-bandwidth of 5GHz, and the closed-loop frequency
responae with a 5KQ feedbhack res1stance was FBdB 620MHz. The response

~5f the reciever to a short current impulse gives an output pulsewidth of
Ins (full width 10% maximum) and a pulse of only N, = 347 electrons will
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give a peak output equal to the rms noise output. With appropriate short
pulse sampiing of the cutput, this..receiver should achieve 10'6 bit error
rate detection of PGBM modelocked laser data with a difference in signal-
between a "1" and a "o" of only Nph = 3600/M photons/bit, where M is the
avalanche gain (for low M). Even for small avalanche gains, this is the
most sensitive 1.06u high data rate receiver available anywhere. Receivers
of this type were eya1uated (also under NASA contract) in a 400 Mb/s Nd-YAG
laser communications system, achieving bit error rates in excellent
agreement with those calculated from our preamp test data.
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1.0 INTRODUCTION AND SUMMARY

1.1 Introduction

The purpose of this work was to develop an optical receiver for
1.06u modelocked Nd-YAG laser pulses with greater sensitivity for high data
rate (400 Mb/s) optical communications than any other 1.06u receiver. We
have been successful in achieving this goal. This has been accomplished by
a dual effort in developing (a) a new type of avalanche photodiode detector
which gives 96% quantum efficiency at 1.06u and (b) a new wideband preamp
design which achieves a charge pulse sensitivity under 350 electrons. The
combination of these gives an integrated solid state optical receiver very
well suited for optical communications or other applications involving the
detection of short 1.06u optical pulses. Fig. 1.1 shows a photograph of
| one of these receivers together with its response to a very short input
pulse.

In satellite laser communications systems, the typical signal levels
at the detector will be of the order of 103 photons in a 100ps wide modelocked
laser pulse. The goal of the receiver is to be able to distinguish with a low
(<10'6) probability of error per bit (BER) whether the transmitter modulator
passed or deleted the pulse in each bit time. Tnis requires sensitivites
in the high-speed data receiver exceeding those of the low quantum effi-
ciency 1.06u detectors commercially available. In photomultipliers, for
example, the best 1.06u quantum efficiencies of the photocathodes, (of the
order of 1% for III-V alloy cathodes in delivered tubes) are not adeguate to
achieve this level of communications performance, ever ignoring their problems
of cathode 1ife and the excess noise mechanisms which prevent current tubes
from achieving low bit error rates.

In contrast to the photomultiplier, solid state avalanche photo-
diodes can achieve high quantum efficiencies as long as a material with
high optical absorption coefficient, 'K is used - which means a direct
bandgap semiconductor if photon energies near the energy gap are to be

. considered. Silicon, for example, is an indirect bandgap material with an
optical absorption coefficient of only 9 =10 em™! at 1.064u. In a




Fig. 1.1 Photograph of GAASFET Preamp #8 shown
with a signal-averaged oscilloscope
trace showing the subnanosecond response
of #8 (measured through cascaded B&H
preamps) to a current impulse input of
4125 electrons (25mV/cm vertical, Ins/cm
horizontal).




photodicde with depletion width, W, the quantum efficiency for 1light
absorbed in the depletion region cannot exceed n < 2o/ W, even assuming a
perfect mirror on the back for two passes of the Tight. Since the transit
time, TTR’ for carriers with drift velocity Vs will be TTR = N/VS, we

have a frequency-quantum efficiency tradeoff from F3db :;0.4/TTR of
ﬂf3dB<0'8aLVs-]'_ In a typical 1.06un siéicon reach-through avalanche photo-
diode, VS for holes would be under 5x10° cm/sec so that a silicon APD will
have a quantum efficiency-gain product of nJ.OGudeB <40 MHz (usually
considerably less). In order to attempt to achieve better results at

1.06u with a2 material so poorly suited for high speed 1.06u photodetectors,
some workers have carefully selected silicon APD's with identical breakdown
voltages and connected them optically in series {(electrically in parallel)
to achieve higher quantum efficiency with the same transit time, at the
expense of doubled capacitance, doubled dark current and degraded gain
noise factor from mismatches between the gains of the two devices. Such
devices were tested along with I1I-V alloy photomultipliers and the
receivers desc¢ribed here on an actual 1.06u 400 Mb/s PGBM modelocked laser
communications system at McDonnel Doug1és Astronautics under contract with
NASA, GSFC. In these tests, the silicon APD's indeed showed high avalanche
gains, M (as would be expected from a mature material technolegy), and
operated at M = 100, considerably out-performed the photomultipliers in
terms of thejsignaT required to reach any given bit error rate. On the
other hand, with normal defocused beams, GAASFET preamp #7 from this program
was able, using no avalanche gain at all (M ='1), to achieve 10'8 BER with
only a factor of 1.6 more signal power than the two silicon APD's in
parallel required at optimum gain. In other words, operated at any average
gain over M = 1.6, preamp #7 will detect 1.06u data at Tow BER with Tower
signal levels than any other 1.06u photodetector (other than GAASFET
preémp #8 from this program).  With appropriate short-pulse sampling

in the communcations receiver #8 should be able to attain the same BER

as preamp 7/ with 30% less signal level (or 30% Tess APD gain at the same
signal level). In other words, with hardly any avalanche gain (M > 1.13),
receiver #8 from this program should be able to achieve low bit error rates
with a Tower signal level than the best measured double silicon APD




structure. Also it might be mentioned that while the frequency response
of the double silicon APD device is barely sufficient for 400 Mb/s operation,
GAASFET receiver #8 is capable of data rates approaching 1.5 Gb/s.

The method for achieving such hiéh performance in these optical
recefvers is to "put the physics on your side" by starting with a direct-
bandgap 11I-V alloy semiconductor to achieve high quantum efficiency with
comfortably small depletion region and device sizes for short transit
times and low capacitances. For example, for GaAs;_ Sb, alloys with an
energy gap of Eg ~ 1.1 eV, the 1.064u optical absorption coefficient is
about @ = 104/cm, so with Vs = 107 em/s, the quantum efficiency-bandwidth
product is ”FSdB < 40 GHz. Hence attaining near-unity quantum efficiency
does not represent any significant speed compromise. A more subtle
advantage of the increased optical absorption coefficient in these direct
bandgap I1I-V alloys is the fact that it allows us to achieve lower device
capacitance. For exampie, in the silicon APD's discussed previously, the
depletion widths are of the order of several mils, which means that to
get the uniform fields required for uniform gains, the device diameter
must be at least an order of magnitude greater, or about 1 mm. Since the
device capacitance scales as area (diameterz), if the diameter must be
some constant times the depletion width, then the junction capacitance,

CJ = ¢ A/W will be proportional to W. For the double silicon APD structure,
the total junction capacitance will be about 2 pf. On the other hand, in
the GaAs.I be APD's described here, W = 5u is sufficient to attain

7 .06u > 96%, and a 3 mil diameter APD such as used in receiver #8 has

only CJ~ 0.1 pf. This means that a given number of photoelectrons in

a charge pulse will produce twenty times the voltage change across this
GaAs;_,Sb, APD as it would across the double silicon APD. Further,
considering that a given number of photons incident in a pulse on the two
devices will produce perhaps four times as many photoelectrons (before gain)
in the GaAs, _Sb_, APD as in the double silicon APD, it is very easy to

T-x""x

see why the silicon APD reguires a gain of 100 to do what the GaAs1_beX

APD with integrated GAASFET receiver can do with no avalanche gain at all.



1.2 Summarz

The central effort in thié'program has been to develop a high"'
quantum efficiency, low capacitance APD and an extremely charge-sensitive

~preamp. to be hybrid integrated with the APD to make a very Tow-noise data

receiver for 1.06u laser communcations. This work has necessitated a
number of coro]igry efforts including the development of special anéTytica]
tools such as a scanning Taser microscope for the avalanche photodiode
developmgnt, an analysis of the laser communciation detection problem with
special attention to the preamp noise-1imited case, and the development

of ‘detailed signal and noise models for the integrated GAASFET preamps,
along with special measurement. techniques using a Tektronix Digital

Processing Oscilloscope for experimentally determing the parameters of
these models.

Many different analytical techniqugs are used in the GaAs]_bex
APD "development work, varying all the way from specialized applications of
the scanning electron microscope in microscopic compositional analysis of
I1I-V alloy epitaxi;] layers to the use of our scanning laser microscope
for studying the UHF avalanche gain uniformity of compelted detectors.
Some of these analytical techniques are described in detail in Section 3,
but most are only briefly mentioned with references to more complete
descriptions (Section 3.3.1). Because the Digital Processing Oscilloscope
represents a new tool for electronics measurements, the application of which
will not be familiar to most readers, this system is described in Section
3.3.7 and the methods of applying this system to the particular preamp
Ti¢asurement probiems incurred in this work are discussed in Section 3.3.8.
Appendix A contains the computer programs developed for the DPO to do
everything from the measurement of noise histograms on preamps in order to
be able to accurafe]y predict their Tow bit error rate performance, to
calculating preamp performance from circuit models. Also described in
Section 3 are techniques for doing absolute noise measurements with
Tektronix 7L13 spectrum analyzer. It should be commented that the rapid
progress made in the integrated GAASFET preamp development (as seen in



Table 5.1 for example) is a consequence of the application of such sophisti-

cated analytical tools as the DPO -to gain an understanding of the problems
encountered at each stage of the work in order to overcome them.

To develop an optical receiver optimized for a specific system
application, it is first necessary to understand in detail the system so
that the appropriate parameters are optimized. In Section 2.1, the
detection process in an optical communications system based on on-off
modulation of short modelocked laser pulses is analyzed. Special consideration
here is given to the case where the preamplifier noise is dominant, as
applies for low avalanche gains in these APD receivers. As is shown in
Section 2.1.3, in preamp-noise~Timited detections, the difference in the
number of photons per bit between a "1" and a "0" required for optical
communications at a given bit error rate {(BER) is proportional to a factor
depending on the BER (given in Table 2.1), inversely proportional to the
quantum efficiency-gain préduct of the APD, and proportfonal to the "minimum
detectable current pulse”, No for the preamp. This No’ which is the number
of electrons in a current impulse into the preamp required to give an
output pulse with a peak height equal to the rms output noise, is the key
parameter to be optimized in the integrated GAASFET preamp. (Technigues
for measuring N0 directly are described in Section 3.3.70.) In the general
case of both preamp and APD noise (appropriate for higher avalanche gains),
discussed in Section 2.1.4 through 2.1.6, it is shown that as gain is
increased, the most important paraﬁeters of" the APD are quantum efficiency,
quantum efficiency-gain product, dark Teakage current and excess mu]fip]ica-
tion noise factor, in more or less that ovder. In general, the most
sensitive receiver will be the one with the highest quantum efficiency and
the Towest preamp noise (No), using just sufficient avalanche gain to raise
the signal shot noise above the preamp (and the lower are the APD dark
current and excess noise factors, the closer will be the results to those
of an ideal receiver).



— fhe design approach for attaining a high quantum efficiency 1.06u
avalanchie-photodiode are discussediin Section 2.Z. The inverted -homo~hetero-
junction designﬁérings the light directly into the depletion region through
transparant GaAs substrate and GaAsTLbex buffer layers, giving high

guantum efficiency, while the peak-field, high gain portion of the depletion
region is at a p-n homojunction formed in uninterrupted 1iquid epitaxial
growth by dropping a small amount of p-type dopant into the n_ active layer
growth melt. Keeping the gain region away from either a heterojunction or
epitaxial growth interface greatly reduces problems due to defect-produced
microplasmas liﬁiting gain. The results obtained with these GaAs] -x bx
homo-heterojunction APD's are discussed in Section 4.1. The "K-9" growth
devices used in the integrated preamps have M . 064y, > 96% and for a

3-mil diameter device have a bulk Teakage current of Ib =~ 300 pA, surface
leakage current of about 3nA at a 50 volt bjas increasing to ~ 100 nA near
V (“'120 volts), a junction capacitance of CJ 0.1 pf and a spectra1
response width of about 1000A. The peak high frequency avalanche gains

seen with these devices are up to 24 db in small areas, buf the gains are
nonuniform at the higher gain levels with only a few areas exceeding gains
of 15 db or so. The average gains seen in normal defocused beam operation
are typically 6-10 db. The principal limitations on the gains achieved

with these devices are fluctuations in the active layer thickness due to
surface morphology features in the liquid epitaxial growth and to the fact
that the wrong complementary device type was used (see Section 2.2.2).

The fact that the low-gain carrier was being used to provide the avalanche
gain greatly exaggerates the gain nonuniformities which arise because of the
fluctuations in the depletion region thickness. Future work will be
directed toward correcting these problems and attaining more uniform gains.

The basic approach toward developing highly charge-sensitive
(Tow N ) preamps is discussed in Section 2.3. To obtain low N,» one must
reduce the input capac1tance of the preamp and the resistor thermal
(Johnson) noise. The capacitance reduction is made possible by using a
GaAs Schottky barrier field effect transistor (GAASFET) input. For example,



GAASFET preamp #8 has an input capacitance of about Ciy =~ 0-28 pf (plus

CJ = 0.1.pf for the APD), much Tower than could. be obtained with a silicon
bipolar transistor input. The low Johnson noise is obtained by going to

a negativé feedback type of first stage. In this approach, the first stage
is used as an operational amplifier in the "transimpedance" mode with the
feedback resistance, Res connected between the output and the (inverting)
input. In this mode, Rf may be larger than a corresponding load resistance
(to give the same bandwidth) by a factor approximately equal to the
"op-amp" gain. Of course, for stable ¢losed loop operation at frequencies
approaching a gigahertz as desired here, the "op-amp" must have very low
phase shift. The "op-amp" in GAASFET preamp #8 has an open-loop gain of
about 20 with a gain-bandwidth product of about 5 GHz, enabling a closed-
loop receiver f3db of 620 MHz with a feedback resistance of Rf = '5000%.
The impulse response time for this receiver, shown in Fig. 1.1, is 1nS
full width at 10% maximum and the peak to 5% fall time (665ps) would allow
pulsed data reception to data rates on the order of 1.5 GHZ hefore the
onset of serious intersymbol interference. The minimum detectable current
pulse for this preamp is NO = 347 electrons, about an order of magnitude
better than typical 50a silicon bipolar wideband preamps for comparable
pulsewidths. The characteristics of each of the preamps deliversad to NASA
under this program are described in detail in Sections 4.2 through 4.4

and summarized in Table 5.1. '

The conclusions from this work are discussed in Section 5 and
will not be reiterated here. We have at the present the most sensitive
optical receiver for detecting short 1.06p modelocked laser pulses available.
With further improvements in the avalanche gain characteristics in the
GaAs.l_bex detectors, we could achieve sensitivities perhaps an order of
magnitude better than what we have now - a very exéiting prospect indeed.



2.0 PERFORMANCE GOALS AND DESIGN APPROACH

The purpose of this work is to develope a wide bandwidth 1.06u
optical receiver to be used as the data receiver in a 400 Mb/s satellite
optical communications system based on a modelocked Nd-YAG laser. Because
these systems require, along with very high speed, exceptionally high
receiver sensitivity (because of the low signal levels available over the
Tong path lengths), the use of conventional low quantum efficiency 1.06u
detectors is precluded. The approach adopted for this solid state receiver
is to combine a near-unity quantum efficiency 1.06n photodiode of very
tow capacitance (for high charge pulse sensitivity) with a very low current
noise, high charge sensitivity wideband preamp, with sufficient avalanche
gain in the photodiocde to attain the required performance. Since the
performance requirements on the avalanche. photodiode (APD)'and preamp
are dictated by the optical communication system application, it is
relevant to begin with an analysis of ‘the 'detector requirements in an
optical communications system.

2.1 Detector Requirements in a Modelocked Laser Communications System

2.7.1 Data Detgction in the Poisson Limit

Consider an optical cormunications system effectively consisting
of a modelocked laser putting out short light pulses (of width AT) at a
repetition frequency (data rate) R or period (bit time) T = 1/R (where
T>>AT), followed by an optical modulator synchronized to the modelocked
pulse stream. For our purposes, let us consider simple pulse-gate binary
modulated (PGBM) operation in which pulses are either passed or “deleted,"
rather than the more complex PQM operation in which the "zéro's" are not
discarded, since the reduction of signal level by going to PQM from

PGBM will be essentially the same for all detectors. The modelocked
laser-modulator is followed by transmitting optics and a long path length
to the receiving optics. While the number of transmitted photons per

bit for each "1" (where a "1" is taken as a pulse passing with minimum
attenuation through the modulator and a "0" is with maximum attenuation)



is relatively constant, the fact that over the long path lengths considered
only a tiny fraction of the transmitted photons are collected by the

receiver optics makes the received photon flux statistical in nature.

(Both these beam divergence or optical diffraction losses and the optical ab-
sorption processes in media are statistically random processes, making the
received signal pulses random when the received level js much less than the
transmitted level.) ‘

This statistically random nature of the received signal itself
sets a limit to the performance which can be attained in an optical
communications system. In concept, the very best performance that a
receiver could attain would be to count all the photons arriving from the
transmitter through to the receiver optics during each "bit time."

(We assume throughout that the clock has been accurately extracted from
the received data stream so that the bit interval is precisely known.)
‘The statistically random nature of the received photons means that, for
example, if when the transmitter is sending a "1" we receive an average
number of photons ny each bit time, then the probability for measuring
n photons (n is of course a positive integer) in a bit time is given
by the.Poisson distribution as

-ﬁ} n

e nl

Pl(n) = T ' (2.7)‘

An example of the application of Eq. 2.1 to ideal photon counting
detection is shown in Fig. 2.71. Here we consider the case when an average
of ﬁ} = 50 photons/bit is received on a transmitted "1" and 10% of this
or E; = 5 photons/bit is received on a transmitted zero (either because
of Timited modulator extinction, background light or a combination of
both). The probability distributions P1(n) for ﬁ} = 50 and po(n) for ﬁb =5
are shown in Fig. 2.1 by circles and x's respectively (the lines connecting
the points in some areas are for visualization purposes only; the Poisson
distributions are defined only at integral values of n). Optimum communica-

tion is achieved by putting the "decision level" near the crossover points
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of the probability distributions. In Fig. 2.1 for example, if we guess
that any time we count-20.or more photons, then a "1" was transmitted
and any time we count 19 or fewer photons a "0" was transmitted, we will
minimize the percentage of time our guess is wrong (the bit error rate).
Assuming equal numbers of "1's" and "0's" are transmitted, then the bit
error rate (B.E.R.) will be given by

B.E.R. =% [P.E. (1} + P.E. (0)] (2.2)
or
-~ 19 oo :
B.E.R. = & [E P-l(n) + 3 Po(n):] (2.3)
n= n=20

7 7

In Fig. 2.1, P.E. (1) = :f[-.79x'10'7 and P.E. {0) = 3.45x107', so B.E.R.=4.12x10"
for this ﬁ} = 50, ny = 5 case (S = Eb/ﬁi = 0.1). If we reduce the signal
level slightly, the B.E.R. will increase; for example, for n.l = 46.95
photons/bit, S = 0.1 we have B.E.R. = 10-5 (i.e., one error in one million
received bits).

In fact, there is no such perfect "photon counter" detector
which will give the performance described above. An electron multipiier,
however, can in principal come quite close to achieving photo-electron
counting. Hence in a photomultipiier with a cathode of quantum efficiency
17 electrons/photon, it should be possible to receive S = (.1 data with
ﬁéi = 47 photoelectrons/bit or E} = Ny = 47/m photons/bit. (Unfortunately,
"real 1ife" photomultipliers often do not achieve this because of other
extraneous noise sources). Other detector approaches such as the avalanche
photodiode receiver depart even further from this simple Poisson statistics-
photon (or photoelectron) counting model. Here the preamplifier noise
(Johnson noise), dark current shot noise, and excess avalanche gain noise

12



on the signal and dark currents must be considered over and above the
counting stattstics noise (shot noise) of the signal itself. While APD
-receivers do indeed have extra noise sources, it should be noted that

- their high quantum efficiencies can make it possibie for the APD receiver
to go to Tower signal levels for the same B.E.R. than a Tow quantum
efficiency "ideal" photomultiplier. To demonstrate this we must redo the
simple Poisson statistics analysis including preamplifier noise-which
means treating the Gaussian statistics case.

2.1.2 Modelocked Pu]se_Dete;tion with an Avalanche Photodiode Receiver

In an avalanche photodiode receiver, there exist both signal-
independent noise sources such as the preampTifier noise and signal-
dependent noise (i.e., the multiplied shot noise on the received signal).
In general we can treat this mixed noise case by using Gaussian statistics
which describe the preamp noise exactly and even give quite a good
approximation to the signal level results for the purely shot-noise<Iimited
~ case treated in Section 2.1.1 using Poisson statistics. When signal-
independent noise sources are presént (such as preamp Johnson noise or
shot noise on leakage current or background light flux), the width of
the received modelocked laser pulses and the bandwidth or impulse response
of the receiver become very important. In the following analysis, we
first describe the general pulse detection process in the presence of
certain Tevels of Gaussian noise on a transmitted *1™ and a transmitted
"o". We then consider the Timit of signaléindepéndent noise only (preamp
noise dominant) before going on to the general case of both signal
dependent and signal independent noise. ,

Let us specifically consider the cése in which the optical
communications data is transmitted as a binary modulation of modelocked
laser pulses, where the pulse width, AT, is much Tess than the repetition
period, T (T = 1/R, where R is the data rate). We wish to calculate the
number of photons per hit, N ph’ required to transmit data at some
specified bit error rate (B, E R.) where Nph photons are on the average

received at the detector during a transmitted “1", and SNph (where S<1)

13



is the mean number of photons received for a transmitted "0" (if we

ignore any background Tight, S is the moduiator "zero.feedthru" or
reciprocal of the modulator extinction ration [E.R.]). . For purposes of
our discussion the system is specified by S, AT and B.E.R., and the
detector performance is to be evaluated on the signal level, Nph’ required
to give that bit error rate (B.E.R.).

Figure 2.2, is a generalized description of the avalanche photo=
diode receiver portion of the system. Here the avalanche photodiode is
indicated by a current source, ip(t), in parallel with some shunt conduc-
tance, Gpy {GIN is typically a small capacitance). For short transit
times in the APD, the photocurrent, ip(t), will be a replica of the light
pulse; that is

'ip(t) = oMl (fqr Trp<<al). (2.4)

ph
Here, 7 is the quantum efficiency, M the avalarche gain, and Iph is the
"photon current® or q (the electronic charge, ].602x10']9 coul) times

the number of photons per second. Whether or not this "quasi steady state”
condition of the transit time TTR being much less than the pulsewidth is
satisfied, the integrated charge in the current pulse, Qp, will be given by

T
q, = f1p(t)dt=anNph @9

0

where Nph is the number of photons per bit arriving at the detector.

For our purposes only two characteristics of the preampiifier
-are of import; the output voltage pulse response to the input current
pulse ip(t) and the output voltage noise. Both of these must be specified
under the condition where the input is shunted by the APD shunt conductance,
GIN' In general, the exact current pulseshape, ip(t) must be used in.
determining the amplifier response Vo(t), but when the current pulse is
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Fig. 2.2 Schematic of Avalanche Photodiode Receiver Defining Response Parameters.
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. considerably faster than the amplifier pulse response, as shown in

Fig. 2.2, V (t) becomes essentially the s=function current pulse response,
with V (t) proport1ona1 to the charge in the current pulse, Q In
general, if we have the output response to a current 1mpu1se

[ (t) = Q a(t t )J , which we will refer to as V (t) then we can obtain
the response to any real input Tp(t) by conv01v1ng Y (t) with ip(t). For
acceptable application in communications, the trans1ent response Vo(t)
must have declined to some very small fraction of the peak response (Vp)
within one bit time of the peak response. (To the extent to which this is
not satisfied, succeeding pulses will overlap, causing the judgement of
whether a received bit is a "zero" or-a "one" to be infiuenced by whether
the preceding pulse was a “zero" or a "one"; this condition degrades the
accuracy of the decision process, making it necessary to increase Nph

in order to achieve a given B.E.R. in much the same way as the modulator
*zero feedthru", S, increases Nph' We assume here that Vo(Tp + 1)/

Vp<<S or Vno 50 that this "bit tailing" will have no significant effect.)

Attaining the Towest possible error rate from-the output of
this optical receiver requires using an extracted clock to effectively
sample the output when the signal-to-noise ratio is at its highest
{i.e., at time Tp in Fig. 2.2.) Hence, the critical parameters of the
preamplifier are the peak output voltage (Vp in Fig. 2.2), and the rms
output voltage noise, Vo Since Vp is proportional to Qp, we can
express this as

| (V/Q)p = /0 : (2.6)

For an impulse current input [ip(t) = Qpa(t)] , this quantity will be
referred to as (V/Q)S. In general, for input current pulse widths, -aT,
short with respect to the ocutput pulsewidth, (V/Q)p = (V/Q) 3 otherwise,
(V/Q)p is somewhat less than (V/Q)G by factor determined by convolving
ip(t) and Vs(t) as described previously.
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In order to calculate the error probability, let us assume the
preamplifier output noise is Gaussian with a standard deviation equai
to the rms noise voltage, v, - We also assume we have an jdeal sampler
and Tevel detector (comparator) following the preamplifier such that if
‘the peak output voitage at the sample time (Tp in Fig. 2.2) exceeds a
threshold Tevel Vg, then the received bit ig called a "1%, and if
VO(IPJ is less than Vj, the bit is identified as a "0". The probabiiity
of ervor on & transmitted "1" is Just the probability that the instan-
taneous signal plus noise when the sample is taken will be below VD
(where, of course, VD is between the mean signal for a received "1V,
Vp1 and the mean signal for a received ugit, Vpo). In analogy to Egs. _
2.2 and 2.3 for the discrete case, this can be expressed in terms of the
integral over the "tail" of the Gaussian prpﬁabi1ity density, Pl(v),
extending beyonq VB as

Vp B
Voo = V
P.E.(1) =f?](V)dV.= Q (—3\1,—-—-‘3_\ (2.7)
- i 1 n“ ]
where the Q function is the Baussian "tail" integral
. | o
1 T 202 '
Qx) = .}f ? ‘
) ol e dt (2.8)

which may be obtained in standard statistica] tab]es(32 and we have tazken

= Vprs the total output noise when a "1" is received. SimiTarly, we
have the error probability on a zero given by

: = ‘ Vo -V
_PEL(0) = f P(V)dy = 0 __ PO .9) .
T 0 ) : ( Vo (2.9)

P V.
IT we have equal numbers of transmittad "g's® and "1's", then we
can vary nearly optimize the decision Jevel VD for minimum total error
rate by letting P.E.(0) = P.E.{(1). (This equates the probability

integrals; for exact optimization we should equate the probability
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densities , but this approximation is extremely accurate for the cases
of interest here and leads to considerably simpler equations for the -
results.) Equating equations 2.7 and 2.9, we have

-

Vp1 - Vp  Vp - Vo _ VnoVp1 F m1Vpo
v Ty or Vp = V.. FV (2.10)
nl ng nl n0

Substituting VD back into the error expressions, we have

B.E.R. = P.E.(1)

Vi1 ¥ Yn0

‘ Vg = V
P.E.(0) = q(ﬂ_—i’-‘l) (2.11)

The expression in parenthesis is in effect a "signal to noise ratio"
and will be designated by

Vo, - V
S.T.N. = H (2.12)
ni nd

and in terms of this, the bit error rate is given by
B.E.R. = Q(S.T.N.) (2.13}

for exampie, for S.T.N. = 4.75342, the error rate is B.E.R. = 10‘5, the

nominal bit error rate specification for the APD receiver under this
contract. The relationship between B.E.R. and S.T.N. is given for decade

B.E.R. values in Table 2-1 (taken from Ref. 3).
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ST TABLE 2.1
B.E.R. - S.T.N. B.E.R. S.T.N.
107} 1.28155 1078 5.67200
1072 2.32635 1072 5.99781
107 3.00023 1010 6.36134
1074 3,71902 | 1071 6.70602
107° 4.26489 10712 7.03448
1076 4.75342 10713 7.34880
1077 5.19934 10714 7.65063
Table 2.1 Required values of "signal-to-noise ratio”,
V_.-y , ,
S.T.N. = o1 __p0 to give the given values .
_ Yn1"no
of received bit error rate.
2.1.3 Performance of the APD Receiver in the Preamp Noise Limited Region

Of particular interest for this work is the low APD gain 1limit
of signal-independent noise which leads to a simple closed form solution
for the required signal level to achieve a specified B.E.R. and identifies
the crucial preamp performance parameter for modelocked pulse optical
communication. For the specific case of preamplifer noise dominated
operation being considered here, we have the output noise independent of
the input signal level, i.e., Va1 = Yoo with both these just equal to
the preamplifier rms output noise voltage which we have previously referred
to as Vio {(i.a., Vel T Voo = Vno)' Also, we assume that since Nph(o] = SNph
where Nph is the mean number of photons received at the detector for a
transmitted "1" and § is the modulator "zero feedthru” (typically § is of
the order of 0.1), from Eq. 2.5 we have Qp(O) = SQp(T) and hence from
Eq. 2.6, Vp(O) = SVp(T) = SVp. Rewriting Eq. 2.12 for this case we héve
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S.T.N., = W (for' Vn1=VnD=Vno’ Vp(0}=svp). (2.14)

If we specify the value of S.T,N. to be the minimum acceptable to give

the desired B.E.R., then Eq. 2.14 can be used to determine the minimum

acceptable mean output pulse height for a received "1", Vp, as

) 2 Vng(S.T.N.)

v, = 00 (2.15)

Substituting Eq. 2.6 gives the expression for the minimum acceptable mean
charge in the photocurrent pulse for a received "1", Qp as

_ 2 Vno(S.T.N.)

Q= (v/Q3, (1-5) ‘ (2.16)

where (WQ)p is the preamplifier current pulse peak response parameter

(Fig. 2.2 and Eq. 2.6). Using Eq. 2.5, we obtain the key system performance

parameter Nph’ the minimum (average) number of photons/bit arriving at
the detector to obtain the desired bit error rate, as

) 2 VnO(S.T.N.)

Non = an(V/Q)p (1-5) (2.17)

It is instructive to rearrange Eq. 2.17 in terms of the
system, avalanche photodiode, and preamplifier parameters as

_{2(s.T.NN {1 v
"on = (q B )) (Eﬁ) (fv?gio) (2.18)

R e e g
SYSTEM APD  PREAMP
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Here the system is characterized by the modulator “zero feedthru" S and the
required “signal-to-noise-ratio”, S.T.N. (where Q(S.T.N.) = B.E.R. as given
in Table 2.1); the avalanche photodiode 75" ‘characterized by fts quantum
efficiency=gain product, nM;: and the preamp is characterized by its peak
current pulse response; (V/Q)p (see Eq. 2.6) and its rms output noise, Voo *
"The preamp response could also be expressed in terms of the ratio of v, to
(V—/Q)P which we shall call the "minimum detectable current pulse” of the

PR

preamp, No’ where No is given by

v
N = L (electrons).’ - (2.19)
0 qZWQ5p

N0 is just the number of electrons in the current pulse (Fig. 2.2) required
to produce -an output voltdge pulse of peak amp]itude,(vp) equal to the rms
output noise voltage+. Expressing the preamp respense in terms of No’

Eq. 2.18 factors into three convenient dimensionless quantities (actually,
‘the units of No for the preamp is electrons and the units of nM for the

APD is electrons per photon giving the units of Nph as photons):

2s.T.N.)) [ '
"on (—Ei—sj—)) (Eﬁ) oo (2:20)

R e
SYSTEM APD  PREAMP

v

T Actually the term Ny in Eqs. 2.19 and 2.20 might better be referred to as
Nop since it in general depends upon the Tnput pulse shape, reserving
the term Ny for the s-function -response case; Mg = vpg/q(V/Q)s. However,
for most of the cases. of interest the light pulse is considerably shorter

than the response pulse so (V/Q)p ~ (V/Q)s and with the Tight pulse as
described previously.
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We-see from Eq. 2.20 that in this low APD gain (low M) limit
of operation in which the preamplifier noise is dominant, -the required
signal Tevel is dependent on the system parameters of bit error rate and
(weakly) the modulator extinction ratio (through S.T.N. and S), the
" quantum efficiency-gain product of the APD, oM, and the minimum detectable
current puise of the preamp, No‘ Our approach to obtaining a high sensi-
tivity avalanche photodiode optical receiver is to combine an APD of
sufficient #M product with a preamp of very Tow No {(high charge-pulse
sensitivity) in order to obtain a high photon pulse sensitivity. This
charge pulse sensitivity figure of merit for the preamp, NO, can be
directly measured for a given discrete or hybrid preamp by using the
methods described under “measurements" in Section 3 of this report.

2.1.4 Performance of the APD Receiver With High Avalanche Gains

The general signal-dependent noise case {including both multi-
plied shot noise and preamp noise} cannot be solved in closed form for
the required number of photons/bit as in Eq. 2.20, but it can rather
easily be iteratively solved on a digital computer for given parameter
values. Recalling that the Gaussian noise analysis of Eqs. 2.4 through
2.13 apply to the general case of signal dependent noise, i.e., Vn1>vn0
(as opposed to Egs. 2.14 through 2.20 which apply only to VnO = an = Vno)’
what is required is to find the value of signal Tevel which will solve
Eq. 2.32 for the given parameter values. Writing Eq. 2.12 in terms of
equivaient input currents instead of output vo]tages+ will make the various
signal and noise terms clearer and more familiar. In terms of equivalent
input currents to the preamp, we must raise the signal level into the

preamp sufficiently so that we have an adequate value of “sfgnal to noise

" In general there will be some overall transimpedance for the preamplifer,
(V/1), which will relate steady state output voltages to the input currents;
Voo = (V/I)ino, Vp1 = (VY/1) I,, etc.
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ratio", S;;?ﬁ“‘

te give the required bit error rate (Eq. 2.13 and Table 2.1),
where S.T.N. is given hy

I - 4

S.T.N. = =
Tneﬂnl

(2.21)

Here I] and‘I0 are the peak equiva]eht input currents from the APD into
the preamp for a received "1* and "0" respectively, while inO and in1
are the equivalent input noise currents during received "0's® and "i's".
If Nph photons/bit are received on a transmitted "1" and the output
puisewidth is ATO in Fig. 2.2, then the equivaIent_average input "photon
current" over the pulse, th will be

q N, :
' = -—.-Eh.. .
(pnhy = 57 (2.22)
or the average signal current from the APD will be (Eq. 2.4)
anMN '
= - Bh
Il ATo— {(2.23)

for a transmitted "1", while Ig = SI; (where S is the modulator "zero
feedthru". .The total equivalent input noise current for the preamp,

- including both multiplied shot noise and preamp noise will be given for
& transmitted "1" by

N 1
. 2+%p { FNGh 4KTAF ‘
i s/ZqAFM \aT, - Ig) + () (2.24)

R

(1‘no is the same except for replacing Nph by SNph). The right hand term
in Eq. 2.24 is just the preamplifier noise contribution (squared), written
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in the form of the Johnson noise on a Toad or feedback resistance R
(4kT = 1.62904x10'2OJ at 295°K) times a noise factor accounting for the
excess noise of the preamp over and above the Johnson noise (NF = 10
{Noise Figure in db)/10)}. The lefthand term is the multiplied shot noise
on the photocurrent plus bulk leakage current term in parenthesis. Here
the quantity Xy is the excess avalanche gain noise teym for the APD, a
factor which depends on the APD device structure and the relative ionization
coefficient between holes and electrons (un and ap). If X = 0, the
signal-to-noise ratio {ratic of IT to inl in 2.23 and 2.24) would be
independent of M in the shot noise 1imited region where the preamp term
in 2.24 is negligible; the magnitude of L is a measure of what the use
of avalanche gain is "costing" in terms of enhanced shot noise. (xn is
about 0.3 for well-designed silicon APD's where un>ap and X0 ~ 1 for
germanium APD's.) IB in Eq. 2.24 is the bu]E or multiplied leakage;
surface or unmultiplied leakage in the APD produces 1ittle noise since it

is not multiplied by M a5 are I, and the photocurrent.

The only'term in Eq. 2.24 which is "not obvious" is what to
take as the noise measurement bandwidth, AF. We know, of course, that it
will be reciprocally related to the output pu]sem‘ctth3 ATO, but it is
important to have the correct proportionality constant or the magnitude
of the shot noise will come out wrong. We can simply obtain the correct
relationship between AF and ATO by considering an ideal photodiode
n=1,M=1, IB = 0 and no preamp noise) detecting a "square" pulse
of Nph photons of width ATO. From Eq. 2.23 and 2.24, we have as the
"signal-to-noise ratio",

th
1. I
-5N-=1] = -9 (2.25)
nl g/zmiq“h
9 &t
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We can obtain the correct value for S/N by applying Gaussian statistics
to the photon counting process, itself. For example, in Fig. 2.1, the
ﬁ} = 50 Poisson distribution curve is quite accurately approximated by
a Gaussian distribution with a standard deviation (rms noise) of

o1 7 /ﬁ{'= /50 electrons (a consequencé of the general theorem that the
" variance [02 in this case] is equal to the mean). Hence, we have the
correct shot noise Timited signal to rms noise ratio for counting Nph
photons as ’

N ,
SN =20 = R

\/Nﬁéi ph

Equating S/N expressions in Egs. 2.25 and 2.26 allows us to solve for AF:

(2.26)

1

AF = o
26T

(2.27)

as the correct relationship between the noise bandwidth in Eq. 2.24 and
the output pulsewidth, ATb to give the correct shot noise limit.”

The procedure for obtaining the required signal level for PGBM
aptical communication with a given bit error rate (S.T.N. value from
Table 2.1) is to pick a value for Nph’ calculate I], Iys 1n1 and ino using
the Nph.va1ue in Eqs. 2.23 and 2.24 along with the other reciever parameters

and solving for S.T.N. in Eq. 2.21. If the trial S.T.N. is less than the

+ That this is a reasonablé result can be noted by considering a pulse of
the form of one cycle (0 to 2r) of V(t) = 1-cos 2sAFt. The 50% points

gf tgezgu]se would be at t = 1/44F and t = 3/4AF, or ATq = 1/2AF as in
g. 2.27.
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required S.T.N. for the specified B.E.R., the Nph value is increased and
the process repeated to obtain the minimum Nph which will give the reguired
S.T.N. value. A listing is given in Appendix A.1 for a computer program
written in the APL language to carry out this iterative solution for Nph‘
The iterative process converges rapdily and takes Tittle computer time.

The parameter identification in the prdgram is the same as that used above
except that for the quantity "R" in the program, use 'I/ATo and ignore the
identification of R as the data rate (the program was originally written
for the special case of non-pulsed data transmission where I/ATO = R).
Actually, the definition of ATO from Fig. 2.2 is not precise, and the

best way to insure that the preamp noise contribution is accurately
accéunted for is to use Eg. 2.20 to determine the value of N h forM =1,
then run the computer program with M = 1 and adjusting 1/aT, ("R" in the

~ program listing) to give exact agreement with the result from Eq. 2.20.

If the correct value of current noise spectral density for the preamp has
been taken (INF] 4kT/RL) then the value of To should be close to the

. half width of the output pulse. A check on this preamp noise term is

that the total preamp equivalent input noise should be inp = [NF]ZKT/ATORL.
This correctly adjusted 1/ATO (or "R") value not only determines the correct
preamp noise Timit, but also determines the influence of the detector
Teakage (or background photocurrent), I. Further details on this
calculation including the effects of some of the major parameters are

shown ‘in Appendix I of Ref. 2.

2.1.5 Comparison of Various Receiver Approaches for Nd-YAG Laser
Communication )

The results of a calculation of the required signal Tevel,
Nph (photons/bit) for 10'6 bit error rate modelocked Taser PGBM communica-
tion system as is shown in Fig. 2.3 a function of the internal detector
gain, M, for several 1.06y receiver approaches. The "ideal photomultiplier®
curvés in Fig. 2.3 at high M values approach the photon counting 1imit
of Nph = 47/n photons/bit described in connection with Eq. 2.3 {and Fig. 2.1)
and hence in Fig. 2.3 a selected S-1 photocathede PMT with "1 .06, " 0.1%

26



Le

100,000

50,000}

20,000

10,000 —

5000

l

g

1000 f—

~REQUIRED SIGNAL LEVEL, N™ (PHOTONS/BIT}

500

i

200

Gals MESFET:
FEEDBACK-MODE PREAMP

DF!M Gliz BANDWIDTIE

¥ I T 1
5-1 PHOTOCATHODE
.06 "

- 51M

SYSTEM PARANETERS:
BIT ERROR RATE = 106

0N T0 OFF LIGHT POWER RATIO = 0,)
{10:1 HODULATOR EXTINCTION RATIO
WITH# KO SBACKGRBUHD)

PRESEMT 51 BIPOLAR
PREANP (500)
12.2db NL.F,  2.% Gliz

111-V ALLOY PUHOTOCATHODE
.06 "

IDEAL
PIOFOMULTIPLIERS
(N0 DARK CURRENT OR GAIN NOISE)

- ZhH*
— ]pH‘
3 .

i6.6uM

T11-¥ ALLOY AVALAMCHE
PHOTOBIODE
T =355 Ig » 10na ¥, = 0.25

™06 "

“EQUIVALENT 0,53 SYSTEN”

1

0.2

— 0.1

LY

= 50005 .1db H.F.

80nl

] 200l

=100

100

- § 10 20 50 100 200 500 1066 2040 5000
INTERNAL DETECTOR GAIN, M

10,000

Fig. 2.3 Comparison of the calculated Performance of Various 1. 06y Detectors as 400 Mb/s

PGBM Modelocked Laser Communtcat1ons Receivers.
per bit required for 10-6
detector gain.
goal; best performance achieved to date is Ny =

curve for which would Tie a factor of 2 above this for low M.

Plotted is the number of photons
bit error rate data reception as a function of internal
No = 175 electrons assumed for lowest curve GAASFET preamp as a

347 electrons for preamp #8, the

REQUIRED LIGHT POUER ASSUHING 400 MO/s RATE



could reach Nph = 47,000 photons/bit, while a III-V alloy cathode with ‘
.06y - 1% should be able to reach 4700 photons/bit. (In fact actual P.M.
tubes often don't. do this well because of extraneous noise sources, but

in principal they should be able to achieve this performance.} Also

shown for & rough comparison is an "equivalent 0.53u system corresponding
to a M.060 - 5% photocathode (assuming 10,53y - 25% and taking an estimate
from systems people that 0.53u frequency doubled photons are about 5

times as "expensive" at the detector as 1.06u photons), which indicates
that Nph values of around 1000 photons/bit (at 1.06u) would be required

to beat the 0.53p frequency doubled approach. Compared with these PM

tube approaches in Fig. 2.3 are twe avalanche photodiode receivers, one
using a conventional silicon bipolar transistor preamp (N0 ~ 2250 electrons
Lassumed) and the other u%ing a much more charge-sensitive GAASFET feedback
mode preamp (N0 = 175 electrons assumed as a possibly attainable value;

we have to date achieved twice this). We have taken ™.06p - 95% and

IB = 10nA as representative of our GaAs.l_bex APD's (actually our devices
are usually better than this) and we assume an X value of 0.25. We see

in Fig. 2.3 that the high Johnson noise 50Q preamp would require large
amounts of gva]anche gain (M>25) to achieve Nph < 1000 photdns/bit operation.
With a very charge-sensitive preamp, however, gains of only M>2 would be
sufficient to achieve this performance. The optimum gain for the latter
case (which depends strongly on the X and IB‘values assumed) is Tower
(Mopt'w 30) and the ultimate performance considerably better than could
ever be attained with a 50n preamp even if the Mopt ~ 300 gain values
required could be attained. It is for this reason that our 1.06u receiver
effort is directed both toward attaining a high quantum efficiency APD with
reasonably high gain and toward developing an extremely charge sensitive
wideband preamp for the APD.

2.1.6 Importance of Modulator Extinction Ratio with Different
Receiver Approaches

From discussions with various people, it appears that there is
a widespread misunderstanding regarding the significance of modulator
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extinction ratio on 1.06u laser communications. The point of confusion
centers: on‘the reasoning that 1) we know that in the 0:53y -approach

it is essential to have a high modulator extinction ratio for acceptable
system performance and 2} we know that in current technology the
performance of 1.06p modulators is not as. good as at 0.53p making such
high extinction ratios unattainable at present; hence 3) we must conclude
that the 1.06p appfpach to laser communications is impractical even if

a satisfactory high quantﬁm efficiency avalanche photodiode receiver is
available. This reasbning is in gross error and the conclusion totally
invalid,

The source of the confusion stems from drawing an invalid
analogy between the 0.53u (frequency doubled transmitter-photomulti-
plier detector) approach, which represents an almost ideal shot noise
Timited system, and the 1.06u (direct laser-avalanche photodiode '
recéiver) approach which is typically a preamp (Johnson) noise limited
system in which high sensitivity is attained by virtue of the high
detector quantum efficiency. In a shot noise limjted system, Egs. 2.12
or 2.21 can be rewritten in terms of the mean number of photoelectrons
in a detected modelocked laser pu1se; n, in the Gaussian approximation as

n, =1 n, - n
5.T.N, =—a1 0 = .1

0
17% YV

(2.28)

~

Using Eb = § ﬁa, where S is the "modulator zero feedthru" or reciprocal
of the extinction ration, and calling Nph = ﬁ}, we have

_ (1-8
S.TN. =\ 5“327?*) (2.29

or, the required signal level for a given S.T.N. (as obtained from B.E.R. -
from Table 2.1) will be '
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Fig. 2.4 Calculated Signal Level to Achieve a 10~5 B.E.R. Versus

Modulator Zero Feedthrough or Extinction Ratio for
Photomultipliers (or Other Poisson Statistics Receivers
as Compated to a Preamp-Noise-Limited Receiver (APD
Receiver at Low M).
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Nop = (S.TN) (7 *. /_-) | (2.30)

Equation 2.30 {s, of course, only an approximation since Gaussian
statistics have been assumed rather than the correct discrete Poisson
statistics appropriate fTor the photon counting mode of operation assumed
here. Even so, Eq. 2.30 is fairly accurate; particularly for higher
values of S, as is shown in Fig. 2.4 where Eq. 2.30 is ploted {"Gaussian
Approximation") for S.T.N. = 4.75342 (]0'6 B.E.R.) along with the results
from Poisson statistics for a 10'6 bit error rate (ca1cu}§ted using
Egs. 2.1 to 2.3 as in Fig. 2.1). The number of photo-electrons is indicated
on the scale on the right, while the number of photons incident on the
- detector, Nph js-shown,on.the left assuming & 5% effective 1.06u quantum
efficiency. The important thing to note from Eq. 2.30 and these photo-
multiplier curves of Fig. 2.4 is the strong dependence of the required
nunber of photons/bit on the modulator “zero feedthru", S, or extinction
ratio (scale at top of Fig. 2.4). With an extinction ratio ‘of 200:1
($=0.005) the 7 = 5% photomultiplier requires 454 photons/bit, while at
E.R. = 10:7(5=0.1) the signal Tevel must be increased a factor of 2 to
939 photons/bit. If the zero feedthru, $=0.2 (E.R.=5), the signal level
would have to be 1454 photons/bit, over triple that for the 200:1 case.

Hence, we coniclude that for this photomultiplier case
(1.06u or 0.53pu) with zero background light, it is indeed extremely
important to make the extinction ratio very high. However, this dis-
cussion and conclusion regarding the 0.53u approach have virtually no
relevance to the 1.06u approach using an avalanche photodiode detector.

For the A.P.D. receiver with integrated GAASFET preamp operating
with relatively low avalanche gain (in the Nph < 1/M region in Fig. 2.3;
M < 10), we can obtain N, from Eq. 2.20. For 1070 B.E.R. (S.T.N. = 4.7534)
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and taking 7 = 95%, and assuming as in Fig. 2.3 N0 = 175 electrons for
the preamp, we would have Nph = 1781/(1-S)M photons/bit. This is graphed
in Fig. 2.4 for ~values of gain of M = 1, 2.5 and 5 for comparison with
the photomultiplier results.

The important thing to note in Fig. 2.4 js the fact that,. as
opposed to the shot noise Timited photomultiplier case, the required
signal level for the preamp (Johnson} noise Timited avalanche photo-
diode receiver is only slightly dependent on the modulator extinction
ratio (E.R.) or "zero feedthru” (S). The fact that the APD reciever,
even at very modest gain levels of 2.5 or 5, shows a higher sensi-
tivity (considerably lower required signal level, Nph’ for the specified
10_6 B.E.R.) than the photomultiplier is a consequence of the fact that
the quantum efficiency of the APD (taken as 95%) is much higher than
the quantum efficiency of the photomultiplier (taken as T 06y " 5%).
(It should be noted that in fact no stable cross-field photomultipliers
with 1.06u quantum efficiencies of 5% have been developed or seem in
the offing; this figure of 5% is taken as an approximate equivalent
1.06u quantum efficiency for the frequency doubled 0.53u system.)

This relative insensitivity of the low-M APD receiver to
modulator "zero feedthru" (S) also applies to its sensitivity to back-
ground 1ight. The analogue to-Fig. 2.4 for background radiation would
have S being the fraction of the signal flux, Nph’ received during one
pulse response width, ATO at the detector due to background 1ight.

In this case the APD receiver at the lower gain levels wouid show no
dependence of Nph with S, while the photomultipiier would show only
s1lightly less slope than shown in Fig. 2.4. This requirement for Jow
backgfound Tight on photomultipiier detectors {particularly when
operated in a high extinction ratio modulator system) can make it
necessary to utilize a narrowband filter in front of the detector,
further reducing its quantum efficiency. Typically, the modest narrow-
band response characteristics of the III-V alloy avalanche photodiodes
are already sufficient to adequately 1imit background 1ight so that the

full quantum efficiency of the detector can be utilized.
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2.2 Avalanche Photodiode Design

As was pointed out in Section 2.1.5 (and is obvious from Fig. 2.3),
the ultimate in receiver performance will be attained by combining a
highly charge-sensitive preamp with an avalanche photodiode (APD) having
extremely low capacitance (for high charge sensitivity), high quantum
efficiency (near 100%), low leakage, low series resistance and sufficient
avalanche gain to raise the signal level above the preamp noise. The first
question to be addressed in the APD design is the cheoice of semiconductor
material. -Because the optical absorption coefficient in silicon {an
indirect bandgap semiconductor at 1.064ﬁ is only 10 cm'], silicon photo-
diodes at this wavelength have a serjous transit time-quantum efficiency
tradeoff (n1 061 fsdb = 40 MHz), which makes 1t impossible to achieve
acceptably high quantum efficiencies with 5111con avalanche photodiodes
(APD's) that are fast enough for these high data rate applications.
Direct-bandgap III-V alloys, on the other hand, exhibit optical absorp-
tioﬁ coefficients on the order of 'IO4 cm"] for photon energies just above
their energy gaps, so that photodiodes fabricated from these materials
can simultaneously exhibit high quantum efficiencies and short transit
times. The next question to resolved is the selection of a device
structure. After examining the design goals outlined in the RFP, we .
concluded that 1t was unlikely that these goals could be met, even using
ternary 111-V alloys, by “conventional" avalanche photodiode structures
such as Schottky barrier or diffused or implanted p-n diodes. The problems
in these conventional homostructures involve high series resistance, low
quantum efficiency, difficulty in contacting and guard ringing for
avalanche gain, and as a result, excessive capacitance and poor speed
of response. Because of these problems, we developed a radically different
approach to the avalanche photodiode design which, in addition to being
the structure most Tikely to be able to meet all of the design goals
for the system application, has the added advantages of making a very
convenient mounting configuration and providing a narrowband optical
response characteristic which makes the detector sensitive only to the laser
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radiat{an%\\ggr initial wqu on these APD's used a device structure
referred to as—gﬁg‘?nveFted heterojunction 1.06u microwave gva1ancﬁe"
photodiode - described in Section 2.2.1. Our later work has involved
a refinement of this original -approach designed for improved avalanche
gain characteristics referred to as the inverted homo-heterojunction
APD. This structure, described in Section 2.2.2, is used for the APD
in the deiivered integrated GAASFET receivers.

2.2.1 Inverted Heterojunction Microwave Avalanche Photodiode Design

In the device approach to the avalanche'photbdiode detector
described here, sophisticated heteroepitaxial fabrication techniques
using III-V compound and alloy semiconductors are used in order to c¢ircum-
vent the design tradeoffs (such as between speed and quantum efficiency,
etc.) usually entailed in photodiode design. The inverted heterojunction
microwave avalanche photodiode structure intrdduces the 1ight through the
transparent substrate into the three-layer III-V alloy (pr%ncipally
GaAs1__beX alloys have been used) detector- structure. The use of
substrate and alloys with E_ > hv as transparent, very low resistance
contacts and optical filters makes possible a device with very low series
resistance, high quantum effiéiency and controliabie narrowband optical
response. These factors, along with the mesa device structure, give a
device with extremely wide signal bandwidth capability, Tow noise (dark
current) and “the capability for avalanche gain.

Figure 2.5 shows a drawing of the 1.06y microwave avalanche
photodiode structure. The device structure shown starts with a p* GaAs
substrate and has alloy compositions selected for 1.06u peak response.

We have also fabricated devices of the complimentary type (i.e., startirg
with n-type GaAs substrate material) and with alloy compositions giving
peak responses in the 0.9 to 1.75u range (with wider ranges possible).
The substrate in this structure serves as a transparent low resistance
contact to the device, as well as the physical mounting base and
hermetically sealing optical window to the “outside". The 1ight entrance
window portion of the substrate is anti-reflection coated to minimize
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reflective 1ight loss. The substrate doping is sufficiently high to
give low resistance, but not so high~as to cause significant free carrier
absorption of the light.

The p+ alloy buffer layer grown on the GaAs substrate is a direct
bandgap III-VY alloy with composition such that its energy gap is slightly
larger than the photon energy of interest (1.165eV for 1.064u wavelength).
This means that this layer is transparent at the desired wavelength
{hence acting as a transparent low resistance contact to the junction)
but, because of the sharp absorption edge of the material, acts as a
cutoff filter defining the short wavelength (high hv) cutoff of the photo-
diode spectral response. This buffer layer also serves to minimize the
Tattice mismatch with the n™ active (absorbing) layer over what it would
be if it were a GaAs substrate (Eg-= 1.4eV¥) to n- alloy (Eg = 1.1eV¥)
interface. )

On top of the buffer layer is heteroepitaxially grown the n-
alloy "active" layer with energy gap somewhat less than the photon
energy (Eg < hv), such that the material has a very high absorption
coefficient (o “*104 cm"]) for the Tight of the wavelength of interest.
It is the absorption edge of this layer which defines the long-wavelength
cutoff of the spectral photoresponse of the photodicde, i.e., the layer
becomes transparent for hv < Eg. This combined buffer layer-active
Tayer cutoff action in producing a narrowband photoresponse characteristic
is 11lustrated in Fig. 2.6. Here actual transmission curves for a typical
GaAs substrate (T, , ) and a T0u thick epitaxial Ga;_,In As alloy film
(Tbuffér) are shown (corrected for reflection). For purposes of ilius-
tration, the absorption. curve for the active layer, Aactive = T'Tactive’
is taken as ]'Tbuffer’only shifted to longer wavelength slightly (since
the active layer has a smaller energy gap). The quantum efficiency
versus wavelength for this structure is given by the product of the
“transmission of the -device up to the depletion region (TGaAs Tbuffer)

times the absorption in the depletion region (Aactive; assuming the whole
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active layer is depleted). This product photoresponse curve, as shown in
Fig. 2.6 can be quite-narrow (260A full width at half height)-yet+have high
peak quantum efficiency (about 82% near 1.064u in the example}.

This n~ active layer is depleted from the p-n junction near the
interface with the buffer layer well into the layer. The width of the
depletion region is determined by the bias voltage and donor concentration
in the n~ layer. Typical values for W for Nd = 1016 cm'3 are about 3,2u
with a breakdown voltage ~ 70 volts applied (avalanche gain operation). In
certain circumstances it may be desirable to deplete all of the way through
this n~ active layer to the nt alloy contact layer, whereas in other cases
depletion only part way through the layer may be preferable (both types
have been fabricated). These various conditions of depletion layer width
and electric field distribution are obtained by varying the donor concen-

tration and thickness for this n~ alloy active layer.

The final heteroepitaxial layer in the structure is the n* alloy
contact Tayer. This layer is heavily doped to provide an ohmic contact
for the n™ active layer. In cases where the active Tayer is compietely
depleted it alse defines the edge of the depletion region. The alloy
content is adjusted to give the same (or slightly larger) energy-gap as
the n= active layer so that optical transmission measurements may be used
to monitor the active layer energy gap as a process control.

Because of the heavy doping of the p* substrate and nt contact
layer, it is easy to alloy metallic ohmic contacts to these regions and
to plate the contacts with thick gold for convenience in making contact
to the devices.

‘ The device structure is defined by photolithography and etching
of the mesa to the required shape and side contours as described in
Section 3.2. The angled sides of the mesa at the depletion layer are an
essential part of the device structure. The peak electric field in the
depletion region occurs at the p-n junction toward the substrate side

of the depletion region. If no special precautions were taken at the
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' surface, concentration of electric field at the edges of the junction
"would be expected to léad to surface breakdown before the“tenter of the ™ *
dunction zrz3 began to give significant avalanche gain. By sloping the \
junction edges, as shown in Fig. 2.5 by careful etching, the electric field
at the edges of the junction is reduced significantly below the values
toward the center of the device and hence the device may be used for
avalanche operation. The surface may be operated exposed, or covered with a
suitable passivation layer.

2.2.2 The Inverted Homo-Heterojunction Avalanche Photodiode

In the initial work on these III-V alloy 1.06p detectors {Ref. 1),
inverted heteraojunction GaAs}‘bex photodiodes of the type just described
were developed which had 1.064u quantum efficiencies over 95%, low leakage
currents, and low capacitances and transit times (bandwidths up to dc to

15 GHz into a 500 load). In addition to single detectors, of the type
" shown in Fig. 2.5, two dimensional arrays_were fabricated with this
structure (Ref. 2). The principal limitation in these earlier devices
was that the high frequency avalanche gain attainable was very limited and
the gain uniformity was poor because of microplasmas caused by hetero-
Junction interface defects at the peak electric field point in the deple-
. tion region. Such problems might reasonably be expected in the structure
of Fig. 2.5 because of the fact that at this pt buffer-n~ active layer
interface there will necessarily be both heterojunction lattice-mismatch
defects (because the “increased antimony composition in the active layer
gives it a larger lattice constant than the buffer) and growth-nucleation
non-uniformities caused by the interruption buffer layer melt is removed
and the active layer melt {s rolled on to the growth surface. Because of
the strong dependence of avalanche gain on local electric field or
ionizable defacts, any such non-uniformities or defects lead to local
areas in the junction with reduced breakdown voltages. Such areas will
undergo local microplasma breakdown, Timiting the useful (Tow noise) APD
reverse bias range to voltage below those-required to achieve high
avalanche gains over the bulk of the device.
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Figure 2.7 shows the device structure for an inverted homo~hetero-
junction GaAs1_Xbe 1.06p avalanche photodiode designed to circumvent-the
gain limitations inherent in the earlier inverted heterojunétion..design.
The device is fabricated by growing three liquid epitaxial layers of GaAsSb
on a GaAs substrate. The 1ight is brought into the device through the
n* GaAs substrate, which is, of course, transparent at 1.064y {hv = 1.165 eV)
since the photon energy is less than the energy gap (Eg = 1.4 e¥) and the
nt doping is not so high as to cause significant "free carrier" (intraband-
transistion) absorption. The n¥ GaAs]_ySby (y ~ 0.12) "buffer" layer
(Eg ~ 1.2 eV) is also transparent at 1.06u, but it does serve to define
the short wavelength cutoff of the detector, as well as to minimize the
lattice mismatch at the buffer-active hetercjunction. The active (absorb-
ing) layer of GaAs1_bex (x ~ 0.17) is the unique feature of the homo-
heterojunction device structure. Because its energy gap (~ 1.1 eV) is Tess
than hv, the 1.06p light is strongly absorbed in this layer, with most of
the 1ight absorbed within 1 or 2 microns of the active-buffer interface.
The active Tayer is started in the liquid-epitaxial growth process as an
n~ layer (ND *'1.5x1015 cm“a), but after about 3 to 5 microns of growﬁh,
p~type dopant is added to the melt so that a p-n homojunction is grown in
this active layer. This means that the peak field region of the depletion
region occurs at a grown homojunction free from either interlayer growth,
interface defects or heterojunction (lattice mismatch or other) interface
defects. In the particular devices used in the deiivered receivers, the
depletion region punches through the n~ active layer to the nt buffer at
a bias voltage of about 60 volis so that at normal operating biases
(VR.z.BG volts) all of the Tight is absorbed in the depletion region.

This means that the quantum efficiency will be nearly 100% with good
antireflection coating of the GaAs 1ight entrance window (we have obtained
1.06u reflectances undeyr 0.1% using A\/4 coatings of 513N4). The quantum
efficiency is relatively constant for wavelengths between 1.0p and 1.08u
for these particular detectors. '
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Fig. 2.7 Device Structure for an Inverted Homo-Heterojunction -GaAsy.ySby Avalanche
Photodiode. MNote.that as opposed to the earlier structure of Fig. 2.5, the
peak electric field is at a p-n homojunction produced during continuous
growth of the n~ active (absorbing) layer by adding a small amount of p-typ
dopant to the meit. The device is normally operated with the n™ layer
completely depleted.
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The principal advantage of this device structure (Fig. 2.7) over
that of Fig. 2.5 is that the p-n junction (the peak electric:field point
or highest avalanche gain region) occurs at a point in the grown epitaxial
Tayer where there is neither any change in lattice constant nor any
disturbance in the growth process from changing growth melts. The junction
is produced in the péocess of continuous growth of the n~ layer by adding
a tiny amount of p-type dopant to the 1iquid epitaxial growth melt during
growth. The thickness of the n~ layer is established by carefully timing
the dopant drop. In addition to giving a relatively defect-free p-n
Junction region, this structure has the added advantage of absorbing the
1ight in a Tow-field region of the junction (near the n* buffer layer)
and drifting one carrier through the high-gain regioh (somewhat 1ike the
silicon "reach-through" APD structure), which can give lower excess noise
factor for the APD,

There are a couple of disadvantages for the type of structure
shown in Fig. 2.7. One is that in punch-through operation (i.e., the
depletion region extending all of the way from the p-n junction through
the n~ layer to the nt buffer layer), the depletion width, W, is established
by the physical distance between the p-n junction and the buffer layer.

If there are local variations in W due to growth rate fluctuation over the
device, then for a given bias voitage there will be corresponding fluctua-
tions in electric field strength. Since avalanche gain is a very strong
function of electric Tield strength,-tﬁis can cause sizeable gain nen-
uniformities across the device. Another disadvantage of fully depleted
operation -is- that there will be fairlyvhigh electric fields {though not

as high as at the p-n junction) at the n* buffer-n~active layer hetero-
junction, This could lead to defect jonization problems. Both of these
sources of problems could be taken care of by altering the n~layer doping
level and distance from the p-n homojunction to n~-n* heterojunction
‘distance so that the depletion region almost - but not quite - reaches the
heterojunction. This would require some minority carrier diffusion to reach
the depletion region, of course, but if the thickness of undepleted absorb-
ing material were small enough (~ 1p), this should not significantly degrade
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quantum efficiency or rasponse time:

An interesting point about the structure of Fig. 2.7 is that one
would expect from the location of the p-n junction at the surface side of
the n~ layer that with the slope of the mesa edges shown, there would be
field concentration near the p-n junction at the device perimeter and hence
surface (rather thaﬁ bulk) breakdown. In fact, considerable effort at the
beginning of this work was extended toward developing "upside down" mesas
to avoid this problem. However, it was found that if surface passivations
. are used which tend to induce a p-type surface channel on the GaAs,_,Sb,
surface of the n~ layer, the channel effect works opposite to the geometrical
field concentration effect $o that devices of the type in Fig. 2.7 can be
fabricated without giving surface breakdown problems.

The performance obtained with these inverted homo-heterojunction
APD's is discussed in Section 4.1. While the performance of these detectors is quite

good, {we have obtained peak high frequency gains over 23 db in delivered receivers),
as it turns out, the complimentary detector structure should give much better
avalanche gain performanée. _The structure of Fig. 2.7 was adopted on the
basis of GaAs ionization data which indicates that hole ionization rates

- are larger than electron ionization rates. Hence, in this structure the
light is absorbed near the n* buffer n- active layer interface and the
photogenerated hales are drifted through the high field region (near the

p-n junction) for avalanche gain. However, recent ﬁeasurements on these
GaAsI_bex alloys (Ref. 4.) indicate that in the x range of interest, the
electron jonization rate is considerably larger than the hole ionization
rate (an>>ap). Measurements of gain versus wavelength on our experimental
diodes of the type shown in Fig. 2.7 support this conclusion. In this
structure, 1f (as originally assumed) holes had the higher ionization Fate,
then the shorter the wavelength, the higher would be the optical absorption
coefficient for the light, the closer to the n buffer-n~ active Tayer
heterojunction the carriers would be generated and the more electric field
the holes would get to pass through in transisting the junction. Hence,
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for X_>>Xn, we would expect the highest avalanche gain at the short wave-
length side of the photoresponse curve. In fact, just the opposite is ¢bserved
(Fig. 4.5). As the reverse bias on the djodes is increased, the gain increases
much sooner toward the long wavelength side of the response, causing, in

fact, the response peak at higher biases to shift out to a wavelength which
would have been on the Tong wavelength edge at Tower biases. Hence

we conclude that the original assumption of a§>>an must be wrong for this

alloy composition and in fact an>>ap. This means that the complimentary

APD structure (as Fig.- 2.7 but with all doping types reversed) should give
much higher, more uniform gains than were observed in the experimentally
fabricated APD's reported here.

2.3 Preamp Design Approach

As was discussed in Section 2.1.5 (see Fig. 2.3), in order to
attain the maximum possible receiver sensitivity, it is essential to combine
a very high quantum efficiency APD with a highly charge-sensitive preamp so
that minimum avalanche gain (to reduce excess gain noise) can be used in
the APD and still bring the signal shot-noise level above the preamp
noise. With avalanche phtoodiodes of the type described here in which the
gains have been marginal for attaining this end, it is even more important
to have an extremely charge-sensitive preamp (Eq. 2.20)}. The general
approach to attaining this is described in Section 2.3.1, with the specific
preamp designs employed in this work described in subsequent sections.

2.3.1 General Considerations for Attaining High Pulse Sensitivity
in a Preamp

Two fundamental 1imitations to the sensitivity of a preamp for
detecting photocurrent pulses exist: 1) the voltage noise - input capaci-
tance Timit and 2) the Johnson or thermal noise current in the load or
feedback resistance (Ref. 5). If a photodiode with junction capacitance
CJ is connected to a preamp with input capacitance CIN’ then a charge
pulse Qp from the photodiode will produce a voltage change AVng/(CJ+CIN)
(where the < is used since there may in general be other shunt conductances).
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If the preamp has a total rms input voltage noise €,s then the minimum
detectable charge pulse (amount of charge“required to make AV a‘en) will be -
Quin = &, (CJ + CIN}‘ or in terms of the number of electrons,

No_z e, (CJ + CIN)/q (2.31)"

where No is the "minimum detectable current pulse" or number of electrons
in a current impulse required to make the voltage change equal the rms
noise (q = 1.602x1071° coul).

From Eq. 2.31 we see that in order to attain high pulse sensi-
tivity in a ﬁreamp for a receiver (that is, Tow No) we must have a preamp
with Tow input voltage noise combined with a total input capacitance
(preamp plus photodiode) that {s extremely small. In practice, the input
voltage noises for wideband amplifying devices of high quality are not
widely different, so that the principal way to reduce N0 is to reduce the
capacitance (GJ + CINJ. "Here we -have an excellent start because a 3 mil
GaAs1_bex detector of the type described eariier has only CJ = 0.1 pf,
and has negligible series resistance so that there is no thermal noise
contribution to e, in the APD: In order to maintain this capacitance
advantage, we use a GaAs Schottky barrier field effaect transistor (GAASFET)
preamplifier, since the input capacitance of a 1n gate length GRASFET is
typically of the order of 0.2 pf. (Needless to say, in order to keep stray
capacitances down to this <0.1pf level, the APD must be hybrid integrated
with the preamp.) In comparison with the GAASFET, a silicon bipolar
tﬁfﬂ§T§I°r would have similar €, and typically 5 pf input capacitance, so

~<hat N0 would be over an order of magnitude larger.

To improve the preamp sensitivity (reduce NO), we must also
reduce the Johnson noise current in the load resistor, inj = YAKTAF/R.
The increase in R allowed, for the same bandwidth, by reducing (C +C.,)

) J "IN
helps, but is insufficient to achieve. the two order of magnitude increase
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in R required to achieve a one order of magnitude reduction in inj‘ In a
feedback mode, or transimpedance-type of amplifier with open-loop gain A,
the 3db bandwidth is given by fsdb = A/ZnRF(QJ'+ CIN)’ as compared with
f3db = 1{2nRL(CJ + CIN) for a simple load resistor configuration. Hence,
by going to a feedback mode GAASFET preamp with A = 10 having an order of
magnitude lower (CJ + CIN) than a simple bipolar transistor preamp, we .
can increase R by two orders of magnitude and obtain at least an order

of magnitude of reduction in i_. and No‘

nj
2.3.2 Signal and Noise Model for a Feedback-Mode Preamp

The detailed role of the input capacitance, input voltage noise,
feedback resistance, etc., in the overall signal and noise performance
of a negative feedback "transimpedance-type" preamp is-shown in Fig. 2.8.
Here we consider an ideal (zerc noise, zero output impedance, infinite
input impedance) operational amplifier with frequency-dependent gain
A(é) in the triangular block with the relavent departures from non-ideality,
a finite input conductance (usuaily a capacitance),-GIN and a finite
input voltage noise, e Since we are considering a frequency-dependent
noise analysis, e is a noise spectral density measured in volts/vHz,
as is the noise associated with the feedback resistor,'RF. The APD in
Fig., 2.8 a) is represented- by a signal current generator, i_, in parallel
with a conductance (virtually pure capacitance), GAPD' Because the series
resistance of the GaAs,
{a few ohms typically) we can ignore this resistance and its associated
voltage noise for our case. The solution for VOUT in terms of i_ and the

p
noise generators e and ey is

Sbg APD's we are considering here are so small

1 ip + EZGF+ET(GF+Gﬂ

v = .l
ouT (GF) 1+ 1/A(1+GI/G#)

2.32

[

where, of course, A, GF and GI = GAPD + GIN are complex frequency-dependent
values, and e and e, are in general frequency-dependent.
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fig. 2.8 Signal and Noise Models for Feedback-Mode (Trans-
jmpedance-Type) Preamps. a) General case of feed-
back element with (Frequency-dependent) noise voltage
ez. b} Usual case of feedback element a resistor
paralleled by a capacitance where we transform the
resistor noise to a frequency-independent jnput noise

i ..
current, nj
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Figure 2.8 b) shows a slightly simpier version of 2.8 a) more
specifically adapted to the preamp case. "Here a specific form is taken
for GF in terms of a feedback resistance in parallel with a small capacitance.
The e, noise voltage source has been replaced by the Johnson noise current
source, 1nj which is frequency independent (white noise) and is in parallel
with the signal source, ip. (Of course it is understood that ip includes
all of the relavent multiplied shot noise terms from Eq. 2.24, but here
we are concerned about the preamp contribution to the noise.) For this
case, we have

ool ) (V8) 0 eq(Ge * Gy) (2.33)

OUT = "T+ T/A (T + & /6r) ~ G ¥ /A (6 + Gp) ‘
where

inj = f4kT/RF ' (2.34)

is the Johnson noise current spectral density. WhiTe the signal term
(Eq. 2.33 with e = inj = 0) in 2.33 may be evaluated at any frequency
directly. to obtain the total noise output, we must integrate the square
(VOUT VOUT*) of Eq. 2.33 (with ip = Q) over the measurement bandwidth -
range and then take the square root of the result to get the total noise
output in the measurement bandwidth range. We note in Eq. 2.33 that the
response to the Johnson (white thermal resistor noise) is exactly the same
as the response to the photocurrent signal or signal Shot noise, with
the signal output at lower frequencies, i.e., approximately
bRy

Your =T+ 7 = Rl (2.35)
The response to the input voltage noise term e (which itself is a function
of w, particularly in the "1/f noise" region for the preamp input device),
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on the other hand, is strongly frequency dependent because it is propor-
tional to GI (GI = iji = jo KFIN + CAPD)) in the usual case. In the low
to mid frequency range, increasing RF (reducing GF) increases the magnitude
of the signal tgrm relative to the ey term. At high frequencies, GI

must be kept to a minimum (low CIN + CAPD) to reduce the e, contribution.
(0f course selecting an 1nput device with Tow voltage noise, e helps as
well.)

Because the various parameter terms in Eq. 2.33 are complex,
it is difficult to learn much more by just examining the response equation.
To model a preamp it is necessary to "put in the numbers" and compare with
experiment to determine the correct parameter values (e], etc.). A
computer program written for the Tektronix Digital Processing Oscilloscope
(DPO) in the TEK BASIC language is shown in Appendix A.2. This program
was written for the specific case of Fig. 2.8 b) with GI = ijI (CI=CAPD+CIN)
and A(F) = Aoi(l + jF/FA). The low frequency open—ioop gain, A Fas Cqs
RF and a white-noise voltage source e, (called EN in the program) volts/vHz
are. the input parameters. Lines 1100 to 1147 calculate the real and
imaginary parts of the signal term.(VOUT/ip with ey = inj = 0 in Egq. 2.33)
into arrays C and D and the magnitude squared of the last term (VOUTIE] with
ip = inj = 0 in 2.33) in array B. These 512 element arrays cover the
frequency range -255 DF to +255 DF or up to 2.55 GHz for DF = 10 MHz.
Positive and negative frequency values are used so that the impluse response
can be obtained using the inverse Fourier transform (IFT) of C and D

(line 1146, includes normalization) with the result into array A. The

‘peak value of A is (V/Q); from Eq. 2.6 or Fig. 2.2. A1l we need to know

to get the m1n1mum detegtable current pulse for the preamp, N (in Eq. 2.19)
is the rms OULput voltage noise with no signal (1p 0). HaVTng already
“obtained the pulse response through the IFT, we do not need the real and
imaginary parts of signal response any longer, but rather the magnitude

of V/I vs. frequency and the magnitude squared for the Johnson noise

(Tines 1156 and 1158). The rest of the program {to line 1186) is used

to carry out the noise voltage (squared) versus frequency, integrate to
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get vng and take the square root to cet Vo and No as used in Eqg. 2.19

and elsewhere. The outputs from this program include_frequency response

- &
(IncTuding Fadap @M Fygrop» where Fyaree = (VOUT/1p)f=O ufﬂ (VOUT/1P) df
the impuise response (including (V/Q)G), the noise output %pectra? censity,
the total output noise voltage and the minimum detectable current pulse, No’

2.3.3 Influence of Post-Receiver Amplifier Bandwidth on Pulse
Detection Performance

The program modelling for the feedback-mode preamps described
above (1isting in Appendix A.2) assumes a measurement bandwidth of 2.55 GHz
[for DF = 10 MHz per calculated point] following the receiver. Because
the response of the preamp to the resistor Johnson noise (inj in Eq. 2.33)
and the signal photocurrent, ip is the same, increasing the bandwidth
increases the signal peak height more rapidly than it increases the total
Johnson noise (white noise power is proportional to aAF; in = AF%), o)
that NO is improved {reduced) with increased bandwidth. However, the e
voltage noise term in Eq. 2.33 is frequency dependent, leading to a high-
frequency peak in the noise spectral density. If a reduced post-receiver
bandwidth is used it may be possible to actually improve No by reducing
the output bandwidth somewhat to some optimum (i.e., while reducing band-
width will cut (V/Q)p somewhat, it may cut Vo More rapidly for a while).

The TEK BASIC program listed in Appendix A.3 calculates (lines
8000-8192) starting with the noise spectral density (from the A.2 program) ,
the noise spectral density and total output noise if the output 1s passed
through a Gaussian filter with impulse response time, T1 (or standard
deviation frequency GW = 1/2wT1). A Gaussian fi1ter is taken there for
the non-ringing transient response characteristic. Also, because the
Fourier transform of a Gaussian frequency response is a Gaussian puise,
sampling the output data stream with a finite-width Gaussian sampling
pulse (i.e., sampling with a time weighting exp[~(t-Tp)2/2T}2] instead
of the a(t-Tp) sampiing assumed in Eq. 2.7 and Fig. 2.2) has the same
effect as the Gaussian frequency response filtering on the cutput noise
or signal puise. The result of the program is a modified noise voltage
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spectral density curve (displayed on the DPO in array B ["waveform B"]),
and a total voltage noise output.

The effect of the Gaussian filtering on the output pulse height

_“T?FBM‘themprogram in A.2) is calculated by means of convolution with the

Gaussian filter impulse response in the program in Appendix A.4 (iines

8300 to 8380). The result of this program is the reduced (V/Q)6 peak

height with the Gaussian filter. This, taken with the results of the

A.3 program, allows the N, with the bandwidth-1imiting output filter

to be determined. This program can also be used for determining (V/Q)p,

or the peak output when the input 1ight pulse is not a s-function, but

rather a Gaussian pulse with standard deviation Tl‘ (The short program,

1ines 8200-8260 is used to x2 expand and interpolate quadratically the

Sns/div pulse response calculated from the IFT in the program in A.2

to give-in two runs-the 1.25ns/div time scale chosen for this A.4 program.)

Hence,-these two programs can be used with the feedback preamp
model program to determine the influence of either finite sampling pulse-
width or Timited post-receiver bandwidth (of Gaussian response shape)
on the optical pulse detection capability of the receiver. In cases when
the voltage noise (el) contribution is not large, there is little influence
on N0 as long as the bandwidth past the preamp is well above the receiver
bandwidth. On the other hand, when the e contribution is larger, there
may be a significant reduction in No possible by choosing an optimum
output amplifier bandwidth (of perhaps 1.5 times the receiver 3 db
bandwidth) as compared to wider output bandwidths.

2.3.4 Basiclﬂesign of the GAASFET Feedback Preamps

.. " The feedback preamplifier model indicates that it is absolutely
essential to have very low input capacitance to the preamp {and APD
capacitance) in order to achieve high pulse sensitivity. Further, in
order that the feedback amplifier be stable, the phase shift in the
amplifier must be kept small. (Over most of the frequency range of interest
there is 90° phase shift due to RF - CI and the total open-loop phase shift
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may not exceed 180° when the loop gain is greater than or equal to unity.)
This requires an amplifying device of great gain-bandwidth capability. -
Fortunately the gallium arsenide Schottky barrier field effect transistor
(GAASFET) has the very Tow input capacitance and very high gain-bandwidth
product as required for this application. Three different preamplifier
designs of the transimpedance type using GAASFETs have been developed as
a part of this work. The basic approach to these designs with simﬁ]{f?ed
schematics are given here; the full schematic diagrams are included in .
the performance results in Section 4.

2.3.4.1 Mark IA Two~GAASFET Preamp Desigm

’ The first successful GAASFET feedback mode preamps were of the
"Mark IA" design shown (in very simplified form) in Fig. 2.9. This two-
‘GAASFET design is the simplest of the optical receiver designs and was
used in delivered preamps #4 and #5 (Serial Numbers 004 and 005). The
"operational amplifier* here is a single GAASFET, QI with a voltage level
shifter zener diode (shown as battery V7 in Fig. 2.9) to allow for the
dc offset between the Q1 drain (typically + 4V¥dc) and the Q1 gate (typically
-2¥dc). The gain of this "op-amp" will be of the order of ngL’ where g_
is the transconductance of Q.l at the operating bias. In order to obtain
sizeable voltage gains (Ao'~ 5 to 10) with reasonabie Q] transconductances
(gm ~ 10 to 20 mmhos), it is necessary to have‘impedance Tevels. at the
Q1 drain of the order of 500 ohms to 1K@ (RL in parallel with the drain
resistance, RD). The purpose of 02 is to serve as a Tow capacitance
buffer between the high impedance at the Q] drain and the required 502
output impedance. To Q], Q2 looks 1ike a capacitive load (often referred
to as CL) and CL must be kept small in order that an acceptable bandwidth
be maintained in the "op-amp® (Q1) stage.  For this reason a GARASFET
is used for 02 as well aS’QT.

The reason for using a single voltage gain stage for the
"op-amp” in the feedback preamp is to avoid instability due to accumulated
phase shift in several active device stages. Of course, Qq in Fig. 2.9
does not represent an "op-amp” at all in the sense of Fig. 2.8 because
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Fig. 2.9 Simplified Circuit Diagram-for the Mark IA
GAASFET Preamps Design. (Complete circuit
diagram is shown in Fig. 4.9.)}
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its output impedance is not low. However, since the only loading to the
stage is CL and RF’ if we- define A (w) in Fig. 2.8 in terms of -the voltage
gain of Q; with ¢, and Ry as loads, we can still use the formalism of
Section 2.3.2 to describe the preamps and their noise characteristics.

One of the major problems incurred in the earlier portions of
this work was that the hjbrid-integrated GAASFET receivers proved to
be better UHF or microwave oscillators than amplifiers. This is hardly
suprising in that this work represents the first effort to push negative
feedback "transimpedance amplifier" concepts to the near-gigahertz
frequency range. In this freduency range ft is possible for any stray
lead inductance, ete., in experimental preamps to serve as a feedback
element and push the already none-too-generous phase margin of the ideal
current-mode feedback configuration beyond the Nyquist 1imit into
osciliation. In order to deal with these problems, a detailed circuit
analysis of the Mark IA preamp first stage, including some parasitic
elements, was carried out on a digital computer.

Figure 2.10 shows the ac equivalent circuit of the first stage
of the GaAsFET preamp with parasitic source jmpedance considered (RS is
internal {o the chip, while LS would represent stray source Tead inductance
in the circuit or bonding wires). Here an elaborate MESFET model, (Ref. 6)
is used. The values quoted for the 2u gate Fairchild FMX 950 transistor
for this model are RG = 109, CG = 0.4pf, RS = TSQ,,RD = 625Q, CD = (0.05pf
© and Cdg = 0.01pf (CF = Cdg + stray would be ~ 0,02pf). The transconductance,
Oy would be about 20 mmho at ID'~ 50 mA for a good device, but 9 ~ 12 mmho
at the ID~ 10 mA hias used here. Note in this model that 9y does not
amp1ify Vgs’ but rather Va, the voltage across Cg. In the reduced ac
equiv?1ent circuit of Fig. 2.10 this problem is avoided by replacing 9
by 9 > a complex. quantity taking into account the.RG—CG voltage divider

action, so that the output current generator is 9 Vgs‘
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- . T
Gg = VR + J.mCF Gg = (RSI'!' Jc._,LS) o
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' gm

Sm ~ T+ JuRgCq
The Solution For Vo/ip is:

1 ]
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.-i__..
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Fig. 2.10 AC Equivalent Circuit of the First Stage of Mark IA
or Mark II Preamps Inciuding Parasitic Impedances.

This circuit is analyzed using the TEK BASIC program
Tisted in Appendix A.5.
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The model of Fig. 2.10 has three independent nodes; the source,
the gate,. and the drain (output)-nodes, with three independent,équations
to solve simultansously to give V /1p in terms of the seven complex
parameters (GI, F GD’ GG, GS’ GL and 9 ) The solution for VO/i
given by

is
p

Vg - G - (1/65)[6:(Gy*Ge+g  )+6,6,] (2.36)

2
1

P (Gp*G ) (B5%G;)+G (G +G, +G +6*g )

+ (1/85) (G 6 )16(Gytegray )+GpGgl+6; 6, (65*Gg)+Ges, ]

Eq. 2.36 is arranged to Tocus attention on the difference between the
parasitic contribution (arising from finite GS) and the desired 2-node
characteristics which would exist with the source grounded (GS infinite
or I/GS = 0). Appendix A.5 contains the Tisting for a TEK BASIC language
computer program to perform this circuit analysis on the D.P.C., along
with an explanation of the program. The program is somewhat similar in
concept, but much more elaborate than the program described in Section 2.3.2
for Eq. 2.33. In addition to the source lead parasitic impedance shown
in Fig. 2.10, the program can treat similar drain lead stray inductances
(and with minor modification, other effects). The use of this program
made it possible for us to understand the circuit and constructional
difficulties which caused the oscillation in the early "Mark I" preamps
and to attain stable operation with good performance in the modified '
"Mark IA" design.

2.3.4.2 Mark Il Three-GAASFET Preamp Design

In early evaluation work on GAASFET preamps of the "Mark IA"
design in a laboratory PGBM 400Mb/s 1.06u communication system at
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McDonnell Douglas, St. Louis (by Dr. Samuel Green), it became clear that
the "EMI" environment present in the evaluation facility could cause’
sufficient cable ground pick-up, power supply 1ﬁjected interference,

etc., to cause deg;aded B.E.R. results, The "Mark II" design was developed
as a simple extension of the "Mark IA" design only incorporating an
additional gain stage in the preamp itself to help raise the signal

level above the interference noise level. '

This "Mark II" GAASFET preamp design is shown in simplified
schematic férm in Fig. 2.11. The functioning of the "op-amp" stage, QT’
is exactly the same as in the “"Mark IA" design in Fig. 2.9. The only
change in design noted in Fig. 2,11 is the addition of the Q2 gain stage.
(Actually, the Mark II preamp is considerably more compiicated than the

_ Mark IA, with 5 silicon bipolar transistors and numerous other components
added, internal to the preamp for automatic output dc balance, bias )
generation, etc.; funétions not shown in Fig. 2.11.) Q2 is a simple
voltage amplifier stage with approximate gain gm2 (RL2 It RDZ) or 13db
in GAASFET preamp #7. As in the Q] "op-amp" gain stage, LLz is used to
"tweek" the high frequency response slightly to obtain a wider 3db
bandwidth and faster transient response (i.e., to go from a quﬁ simplie
single pale rolloff to a response with quadratic poles). The value of
LL2 is selected {in relation to RLz || Ry and C ) to give a crisp transient
response without undesired oscillatory behavior.

2.3.4.3 Mark III High Speed Three-GAASFET Preamp

The princjpa] Timitation of the "Mark IA" and "Mark II" preamp
designs is in’fhé%r'closed—loop bandwidths {of the order of 300-400 MHz
f/‘g,,iﬂfih& experimental preamnps with Re values of 3Kq-4Ka). For greater

sensitivity we would Tike o be able to obtain even wider bandwidths
with Targer values of feedback resistance, RF' For applications with
higher data rates (gigabit and higher) or very short pulse detection,
these improvements are essential. DeFailed analysis of the experimental

Mark IA (#4 and #5) and Mark II (#7) preamps indicated that the principal
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Fig. 2.11 Simplified Circuit Diagram for the Mark II GAASFET
Preamp Design. (Complete circuit diagram for preamp

" #7 is shown in Fig. 4.16.)
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problem was that the fﬁadigg\capgcitance on Q], CL (representing the
combined input capac$taq;é of‘Qé-and'stray capacitance to ground from the
level-shifting circuitry, VZ’ and dc-block, CB in Figs. 2.9 and 2.77)

was too large. If a large value of RL1 I RD1 is obtained, then A, the
open-loop "op-amp" low frequency gain,is high but the 3dB rolloff frequency,
FA’ drops accordingly increasing the high freqqency phase shift. In fact,
the gain-bandwidth product of this "op-amp" will be of the order of
gm1/2wCL, so that if CL is too large, there is no way we can cbtain higher-
frequency performance.

This problem with the earlier designs stems from the fact that
Q1 does not represent a true operational amplifier (as indicated (n
Fig. 2.8), because it does not have Tow output impedance. Hence the
loading effect of CL degrades the "op-amp”" gain bandwidth. The "Mark III"
preamp design was developed-as an extension to the Mark IA.design concept,
making the input stage a two-GAASFET true operational amplifier with low
output impedance. The simplified schematic diagram of the "Mark III"
preamp design is shown in Fig. 2.12. Here we see that the "op-amp"
voltage gain stage is a cascade arrangement with grounded-source Q]
driving a source follower Q2. The level-shifted (Vzﬁ output from Q2
is the output feedback point to the input (through RF), so that now we
quuire that the sum of the phase shifts in QI’ Qz and: the RF-CI feedback
network be less than 180°, while the open loop gain exceeds 1. This
makes it important to use very careful circuit layout as the combined
power gain of‘Q.I and Q2 can be very large (circuit osci]]at{ons at X-band
frequencies have been obtained with‘experimental Mark IIT preamps when
spurious feedback coupling was allowed -to exist). With the appropriate
precautions taken with circuit fabrication, we have obtained excellent
stable results with the Mark III preamps (#6 and #8}. ‘

The open Idop gain at Tower frequencies, Ao’ will be given in
the ¢ircuit of Fig. 2.12 by
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SR Ry)
o 1+ 1/gm2(R52 I RDZ)

(2.37)

(where RL It RD z 1/(]/RL+1/RD1), etc.) and the output impedance of the
gain stage w111 be approximately

Zoyr =1/ (G, + 1R, *+ 1/Rp.) (2.38)

For gmg =~ 12 mmho, ZOUT will typicaliy be about 75 ohms so that there

will be -virtually no loading effect from fractional pf load capacitances.
Hence, by inpreasing RL we can obtain higher gains without destroying

the banqwidth.(FA) due to CL loading. The principal capacitive loading
effect of concern is CD of Q1, CGD of 02, and the stray capacitance from
the drain of Q] (RL, etc.) to ground. Gain-bandwidth products of the
order of 5 GHz have been cbtained for the “op-amp" (QI'QZ) section of
“Mark III" GAASFET preamps. This makes it possible to obtain subnanosecend
preamp response times with RF = 50000 feedback resistance values.

2.3.5 GAASFET Voltage Gain Characteristics

The most important properties of the "op-amp” or input voltage
gain stage of the GAASFET preamps is their open-loop voltage gain, A,
and their input capacitance. One of the vexing problems encountered in
the early part of this work was that it was found that the voltage gains
in available GAASFET devices was disconcertingly low. The voltage gain
of Q1 in the Mark IA or Mark II preamps at low or mid frequencies should
be of the order of

g
~ m =

A
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Measuring 9, from the spacing of the ID Vs, VDS {with Vgs as the stepped
parameter) curves for typical.GAASFET"s might give < =0,012 mhos,

RD > 5KQ. Hence we would expect for RL'é 1K@, for example, Ao = 10.°
Experimentally, typical 1u gate GAASFET's were found to give Ao =2.,5 to 3.
(Needless to say, an open loop gain of 2.5 does not make a very effective
"op-amp".) The problem was found to be that RD’ the drain resistance

of the GAASFET, was much lower at high frequencies (above 104 or 10° Hz)
than measured from the "near dc" curves. RD values of 250 to 400 ohms
were found typical for lu gate devices (both Science Center - fabricated
devices and those obtained from outside vendors), while Zu gate FMX 950
devices gave somewhat higher values (6000-800q with an occasijonal sample
higher). '

This low output resistance of the GAASFET's is not, in fact,
a spurious effect (it is the high output resistance measured in the low-
frequency curves that is the spuricus effect-thought to be associated
“with trapping states at the n* GaAs-semi insulating GaAs interface).
In fact, 1n a GAASFET with a very narrow gate,there will be significant
coupling between the drain potential and the semiconductor potential under
the source side of the gate, just as there is in a triode vacuum tube
‘between the plate potential and the space charge region between the grid
.and the cathode. Just as in the trijode vacuum tube where this leads
to a finite plate resfstance,-in the GAASFET this leads to a finite
drain resistance. The narrower the gate region is, the larger will be
this drain potential coupling and the Tower RD.
‘One soluticn to this probiem might be seen, then, in using wider-
gate GAASFET's. This is completely unacceptable for our application,
however, because the input capacitance (Cgs or CIN) increases with gate
width and we must have low input capacitance for sensitive charge pulse
response. A better result that would work is to use a cascode GAASFET
pair for Q; as shown in Fig., 2.13 a). Here GAASFET #] is used in the
grounded-source configuration while #2 is used as a grounded-gate amplifier
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Fig. 2.13 Circuit Model For Cascode FET Arrangement I1lustrating

. the Greatly Increased Voltage Gain of a Dual-Gate
GAASFET Compared to a Single-Gate. a) Cascode equiv-
alent circuit for a dual gate GAASFET. b) Low=-freg-
uency (omitting capacitances) model for a). c¢) Equiv-
alent circuit for b) defining the equivalent drain
.resistance and equivalent transconductance for the
dual-gate FET' or cascode arrangement. Note that

(Rp)cas>>Rp-
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to raise the output impedance. The low-frequency (ignoring capacitances)
equivalent circuit of this cascode GAASFET voltage gain stage is shown
in Fig. 2.13 b). Solving for the gain, Vour/Viy» we obtain

o= Zour | Sw RPor (9nefpet?)
o Vin Ro1(Smafpz * 1) * Bpp * Ry

{2.40)

The effect of the cascode arrangement is more clearly illustrated by the
"equivalent FET" shown in Fig. 2.713 c), where the twa GAASFET's in Figs.
2.13 a) and b) are replaced by a single cascode-equivalent GAASFET having
transconductance (g_) and drain resistance (RD)CAS' In terms of these

“m°CAS
parameters, the gain will be

A = oot | (%) cas
o "V, /R * /R

_(in analogy with Eq. 2.39). From the analysis of Fig. 2.13 b), we obtain
for the cascode equivalent transconductance

(9m)cps = Sm {1 = 1/(90R01 * R]’“é *I)J (2.42)

and for the cascode output (drain)resistance

(Ro)eas = Rot (Sm2Ro2 * Roa/Rpy * 1) (2.43)

We note that since ngRD1 is considerably greater than unity, in general

(gm)cgs will be only slightly smaller than 91 ° while the output resistance,
(RD)CAS will be much larger than Rt which means that the available voltage

64



gains will be much higher. For example 1f we take for typical Tu gate
© GAASFETs, -, = g, = 0.015 mho andZRD1 = Rp,-=23000 we would ‘have for

a cascode arrangement (gm)CAS = 0.0127 mho and (RD)CAS = 1950 ohms. Hence

the open-circuit voltage gain (RL = o) o% the cascode arrangement would
be (g ) (RD)CAS = 24.75 as opposed to g Ry, = 4.5 with a simple
grounded emitter stage (a 15db improvement in open-circuit gain).

While the use of a cascode (grounded source-grounded gate)
GAASFET pair in place of Q] in all of the preamp designs would be called
for, in fact it is not necessary to bond up two discrete devices for the
pair. A "dual gate" GAASFET operated with the second gate grounded is
an operational equivalent to the cascode arrangement of single-gate
GAASFETs shown in Fig. 2.13. (This dual-gate GAASFET bears the same
relationship to a single~gate unit as a tetrode or pentode vacuum tube
bears to a triode.) Measurements on the dual-gate GAASFET chips indicate
‘that the output drain rgsistances are of the ordered of the 2K& values
pradicted by Eq. 2.43 and their performance in the delivered Mark III
preamps, particularly #8, has been excellent. It should be noted that
from a functional standpoint, the “op-amp" in a Mark III preamp (Fig. 2.12)

L,_WIth a dual-gate GAASFET as Q.i is effectively a three-GAASFET cascode-

cascade amplifier (grounded source-grourided gate-grourided drain [source

follower]). The low~frequency open~loop gain obtained in GAASFET preamp
#8 is approximately 20. )
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3.0 TECHNICAL APPROACH

3.1 Materials Technology

3.1.1 Materials Selection

The desired low Tleakage, high quantum efficiency and wide band-
width requirements for this avalanche photodiode place extremely stringent
Timitations on the materials which can be used. The most important
requirement is that the semiconductor must have a direct bandgap with
E._~1.16 eV¥ so that the photons are all absorbed within a small distance
(2-3u). There are no elemental or binary compound semiconductors which
can satisfy this requirement, thus one is forced to use a III-V ternary
alloy. A diagram of energy band gap vs. lattice constant is useful for
this selection because it shows the useful alloys, the potential substrate
materials and the degree of lattice mismatch between them. Such a diagram
is shown in Fig. 3.1. A1l of the potential III-V alloy combinations are
found by following & Tine of constant energy gap of Eg = 1,16 eV across
the intersection with each ternary alloy in Fig. 3.1. The possible choices
are as follows: Ga In. As, GaAs Sb InAs P In A1, _,As, GaP Sb

X7 T-X X 1-x’ X 1-x° 1 XT1-x?
InP Sby_.» Ga,Aly_,Sb and In Al,_ Sb. The requirement of a substrate
which is transparent at 1.06u and a reasonable lattice match between
substrate and epitaxial layer eliminates all but the first three choices.

At the start of this program, InP was not grown domestically, and that

- which was available was of very low quality, thus 1t was eliminated in

favor of GaAs as the choice for substrate material. Of the above three
alloys, only Géxlni_xAs and GaAsXSb.!_x will grow on GaAs. Both of these
ternaries have been grown successfully on GaAs and the choice between
these two alloys reduces to the one which has fewer interface problems,
better chemical homogeneity and fewer device fabrication probiems. Since
actual device fabrication and performance are the best measure of these
quantities, epitaxial layers of both GaxIn1_xAs and GaAsXSb]Qx were grown
and devices fabricated from both. The GaAsbe}_x system proved to be the

better system for our devices because of our device design. With the
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inverted mesa structure described in Section 2.2, the mesa must etch -
uniformly with no sharp etch pits or surface breakdown will occur before
any bulk avalanche gain is achieved. The orientation dependence of growth
for ternary alloys on binary substrates was the determining factor in our
choice. The best growth face for GaxIn]_xAs on GaAs is the <111>A face
while that for Gaﬂg §§l is the <100>. The <111>A face is the surface
most commonly used for etch pit and dislocation studies because the pits
are delineated better than on any other surface, thus the mesa etch proved
to be an almost insurmountable problem for the Ga, Inq _ As layers and

tipped the balance in favor of the GaAs Sb-1 - system.

3.1.2 Materials Growth and Evaluation

The phase diagram for GaAs Sb] X has been reported by Antypas, .
et al(]l) and Panish and I1legems. (12) A computer program was written to
solve the equations describing the ternary system. The approach was
identical to that of Panish and Il]egems(IZ) in which both the 1iquid ‘and
solid are treated as simple solutions. This phase diagram formulation is
well described by these authors and tﬁere is no need to restate the
equations here. The values of the parameters used to fit the ternary
diagram were as Tollows: .

TABLE 3.1
 Gafs GaSh Units
Tt 1238 710 ce
ast . 16.64 15.8 e.u./mole
a 5160-9.16T 4700-6.0T cal/mole
ape_cp = 750 Bonc_gasy = 2700 cal/mole

" 68



http:4700-6.OT

Ga LE LVs

1100°

1150° ——X = .98

1200°

Fig. 3.2

GaAs

Ga rich region of the GaAsSb phase diagram. The solid Tines are
liquidus isotherms while the dashed lines are GaAsySb(1.x) iso-
composition lines.
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The calculated Iiﬁuidus 1ines for the Ga rich corner are shown in
Fig. 3.2 and calculated and experimental points for the coefficient of -
© GaSb vs. Sb mole fraction in the melt with temperature as a parameter is'
shown in Fig. 3.3. This calculated phase diagrém is in reasonable agreement
with our experimental data on the composition of epitaxial Tayers and
it has proven to be very useful to determine the melt composition and growth
temperature to achieve the desired solid alloy compositions for the multiple
layers in the APD. .
From the data on the energy bandgap vs. composition for GaAsbeJ_x (}]?]3)
in Fig. 3.4, a composition of ~ 16% GaSb (i.e. x = .84} is required for the
active layer of the avalanche photodiode. In order to avoid Sb build up
and compositional changes during growth it is desirable to grow the ternary
in a region where the Sb mole fraction in the solid does not change rapidly
with temperature. From Fig. 3.3, one observes that temperatures of 750°C
or higher are required. We have elected to grow at 775°C with a AT of ~ 5°C
during growth of the epitaxial layers. The increasing GaSb fraction with
decreasing temperature is a desirable feature in our particular device
structure because the buffer layer will tend to be graded to more closely
match the active layer and reduce the number of edge dislocations at the
interface. Since both p* -n-n* and n* -p-p* structures are required to
study the electron and hole avalanche multiplication coefficients, both
p+ and n¥ GaAs substrates are required as well as either p or n doping for
each of the three epitaxial layers. For p-type doping Zn, -Ge and Si have
been used and for n-type Sn and -Te have been used. Ge, Si and Sn are
particularly useful dopants if more than one epitaxial layer is grown at
a time because they all have Tow vapor pressures and cause a minimum of
cross contamination between the melts. These are the only dopants used
in the APD structure because a 1ightly doped region with a moderately high
breakdown voltage is always required and the high vapor pressure dopants
would preclude the growth of this layer. As noted above, both n+-p—p+ and
p'*'-n-n+ structures have been grown, however, for simplicity, further
descriptions of the growth will refer only to the p*-n-nt structure. For
this structure, the buffer layer is Sn doped while both the active and
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contact layers are Ge doped.

The epitaxial layer growth'for any of the three layers follows
the same sequence with only slight variations in the 3b concentration or
the dopant to achieve the desired doping level and alloy composition. The
substrates are prepared by a standard technique of mechanical lapping and
polishing with successively finer grit alumina and finally a chemi-mechanica1
polish using Cabosil and IOHZO:lHZO2 in an oscillatory polisher. After
removing the substrates from the polishing block, they are cleaned in
trichloroethylene, acetone, water and methanol. The substrates are
etched in 3H2504:]H202:IH20 just prior to insertion into the furnace.
_The individual melts are made up with 6 9's Ga and 5 9's Sb from Alusuisse
and Asarco respectively with between 10 and 25 atom percent Sb depending
upon the desired solidus composition as shown in Fig. 3.3. Undoped poly-
crystal GaAs is used as the As source for saturating the melt. The substrate
and melt are raised to 775°C and allowed to equilibrate for ~1 hr. The
melt is then brought over the substrate and the furnace temperature
decreased at a rate of ~ 1°C/min. After the desired temperature drop,
a second melt is pulled over, then the final melt is pulled over and after
the desired AT, the melt is pulled free from the substrate. The furnace
is then cooled to room temperature and the structure is removed for
evaluation. '

After. the structure is remaved, routine evaluation consists of
cleaving along a <110> plane and etching for 2-3 sec. in the A-B etch(lg)
to delineate the junctions. The layer thicknesses are then measured under
an optical microscope. Next, "“quick diodes" are fabricated by etching a
mesa with a'wax dot on a portion of the wafer. Tungsten probes are
contacted to the diode and a phoforesponse measurement is made. This
measurement shows the bandgap of both the buffer and active layers and
can then be used as feedback on control of the epitaxial layer compositions.

During the course of this work, considerable effort has been
expended on studies of the microscopic operation of the APD. One of the
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Fig. 3.5Sb profiie obtained from X-ray emission on SEM for two GaAsSb Tayers groﬁn on a GaAs

substrate.

The melt composition for each epitaxial layer was identical but growth

conditions at the time the second melt was brought over the substrate caused the
Sb concentration to dip at the interface.

73



most useful tools is a scanning electron microscope (SEM), particularly when
combined ‘with an energy dispersive X-ray detector and a beam induced current
amplifier and monitor. This enables us to measure the chemical composition

vs. depth in the epitaxial layers, the current collection efficiency and muitipli-
cation as ' a function of position and bias voltage and to correlate these with

surface features and defects in the layers to determine if they are due fto growth

faults (metallic inclusions or precipitates) or substrate originated faults
(dirty substrate, poor wetting or high dislocation density).

Studies of these GaAsSb heterojunction APD's and comparison
with GaAs homojunction and GaAlAs-GaAs heterojunction didoes revealed
that the quality of the junction is adversely affected by mismatch between the
two layers. As the degree of mismatch decreased, the junctions improved,
The GaAsSb diodes did not, however, show the improvement we expected when _
we went to a homojunction GaAsSb diode (i.e., buffer and active layer
of the same composition). The problem with this sturcture is revealed
in the X-réy profile of Fig. 3.5. This is a plot of the Sb X-ray yield vs. posi-
tion for this GaAsSb homojunction structure. The interface beiween the two layers
shows a sharp drop in Sb at the interface. This drop is coupled with a
corresponding increase in the As ievel and is due to the condition of
melt non-equilibrium when the second melt {is brought over the substrate.
This makes it virtually impossible to achieve the high gquality junction
required in the APD by the use of two melts to grow the p-n junction.

The solution to this dilemma has been to grow a true GaAsSb
homojunction from a single meli by the addition of dopant during the growth.
In this way, the layer composition remains constant and the impurity
incorporation just changes from n-type and p-type. -

This dopant drop technique imposes a slight modification of the
original device.design. In the initial device, the p-n junction was
between the buffer and active layers. With the dopant drop technique, the
p-n junction occurs midway through the active layer as shown in Fig 2.7.
This places an additional constraint on the active layer thickness. In
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order to achieve the high quantum efficiency, the active layer must be
nearly punched through to.the buffer layer at the avalanche breakdown-
voltage. After several experiments with the dopant drop technique the
required growth conditions were achieved.

The dopant drop technique utilizes a boat much 1ike our earlier
versions, except a small shelf is built into the top of the slider. The
slider is moved with a gquartz push rod, just as earlier, except that now
the rod is pulled to move the slider and pushed to move across the shelf
holding the dopant. This boat and slider arrangement are shown in Fig. 3.6.

Once this doping drop technique was worked out, the resuiting
APD's exhibited improved leakage and avalanche properties. This change in
the growth hag improved the device performance, however, higher avalanche
gain is still necessary to achieve optimum system performance, Present
studies of avalanche gain non-unjformities show a high correlation with
the characteristic surface pattern of the GaAsSb heteroepitaxial structures.
This pattern is shown in Figs. 3.7 and 3.8. This "basKet weave" pattern
is aligned along <110> crystalographic directions and these surface features
are ~ 4000A high. This pattern is a result of the lattice mismatch
between GaAsSb and the GaAs substrate and it cannot be eliminated as long
as there is lattice mismatch. -

The results of this work strongly suggest that the area of
avalanche gain uniformity in ¢closely lattice matched structures is the most
pramising approach to the Tow uniform avaianche gain problem in the current
structures.

3.2 Device Fahrication

The sequence of process for fabrication of the deﬁice is shown
in Fig. 3.9. Each step in fabrication must be processed very carefully
to avoid unnecessary problems that might occur. The substrate side is
chemi-mehcanically polished to obtain a mirror-like surface. A clean
surface of the sample is essential before metf?s;are evaporated. AuGe
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Fig. 3.6 Graphite slider boat used for "doping drop"
growths. Top slider (small insert with holes)
is where the dopant is placed and the quartz
push rod is used to push this slider back to

. where the sets of holes 1ine up and the dopant
drops through into the melt to change the

doping.
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Fig. 3.7 Normarski phase contrast photomicrographs of the .
surface details of an APD structure. Note the
alignment of surface features along <110> directions.
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Fig. 3.8 Interference phase contrast photomicrograph of the
surface of an APD structure. These surface features
are between 1 and 2 fringes which corresponds to a
height of 2700 to 5400A.
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Layer Side

Apply resist and photo etch 5 mil
circular holes., Evaporate 1000A
of AuGe.

Remove resist 1ifting AuGe on top
of rasist and leaving 5 mil circular
dots of AuGe,

Substrate Side

Apply resist and photo etch 15 mil
circular dots with 50 mil square
outlines. Evaporate 1000A of AgMn.
Alignment of circular dots with
AuGe dots on the layer side is made
on an Infrared microscope.

Remove resist 1ifting AgMn on top
of resist and leaving 50 mil square

_of AgMn with 15 mil circular holes.

Alloy AuGe and AgMn at 500°C for
1 min.

Layer Side

Apply resist and photo etch 4 mil
circular holes over the AuGe dots.
Electroplate 1 um of Au. Remove
resist leaving 4 mil circular

dots of Au on top of AuGe dots.

Substrate Side

Apply resist and photo etch 15 mil
circular dots with 50 mi1 square
outlines, Electroplate 1 um of
Au. Remove resist leaving Au on
top of AgMn squares with a 15 mil
circular hole.




B. Anti-reflection Coating

Deposit 1450A of SisNg by sputtering
to the substrate side. Remove Si3Ng
on top of Au by scratching the sub-
strate side on a paper leaving Si3lNy
inside 15 mil circular holes only,

llllalllll

LA X XXX ]

C. Mesa Etch

@ 1) Apply resist on the layer side
and photo etch to leave 6 mil
@ dots over Au and AuGe dots.

Etch mesa through n* and n Tayers
and part of p™ layer.

Mask Remove resist.

D. Passivation

Apply surface passivation.

E. Device Mounting

Cleave the wafer into individual
diodes. Mount the diode

Fig. 3.9 Device Fabrication Procedure for the Inverted
Homo-Heterojunction Avalanche Photodiode
(starting with the 3-layer epitaxial growth
structure and ending with the APD chips ready
for mounting or packaging).




and AgMn are used on n-type and p-type GaAs substrate or GaAsSb layers
respectively for metallization. The photolithographical-alignment of the
metallization pattern on the substrate side to the metal dots already on
the Tayer side is made using a special mask aligner under the infrared
microscope. In the transmission mode the substrate metallization pattern
and the circular dots on the layer side can be seen at the same time. After
alloying the metal contacts, the ohmic contact resistance is checked. Au
is electroplated over the metal contacts to protect them from pressure
contacts or thermocompression bond contacts. The electroplated dots are
smaller than the mesa dots to prevent Au from hanging over the mesa and
shorting the diodes when undercutting occurs after the mesa etch. The mesa
surface is passivated to protect the exposed p-n junction and to decrease
the surface leakage current. To obtain maximum quantum efficiency, Si3N4
is deposited over the 1ight entrance window on the substrate side for the
anti-reflection coating. With a 1.06n laser, a reflection coefficient of
0.15% is measured for a 1450A layer of SisN, on the GaAs substrate. Careful
monitoring of the etch depth is important to obtain the desired mesa
geometry which reduces electric field concentration at the p-n junction.
The depth of the mesa is measured under a microscope after each mesa etch
and compared to the layer thickness which is known from the measurement

of the cleaved and stained edge of the layer. After checking the
current-voltage characteristics and spectral responses of diodes, they

are cleaved into individual diodes. Fig.3.10 shows reflection and trans-
mission photomicrograph of a diode taken through an infrared microscope.
The diode is mounted as shown in Fig. 3.11 or it is placed into the hybrid
microwave preamplifier package. The mount and the sample mounting

plate are designed so that the diode will be exactly over the spring
loading pin and will make contact only to the gold contact pad. The
general geometry gained by having the light brought in through the

81



http:Fig.3.lO

(a)

(b)

Fig. 3.10

a) Reflection photograph of a diode where the dark circular
dot is the mesa outline and the metal contact in the center.

b) Transmission photograph of a diode is taken by the infrared
microscope from the layer side. The dark square area is the
metal contact on the substrate side. The large bright circle
is the window on the substrate side. The dark circular dot

. :s the outline of the mesa and metal contact to the contact
ayer.

82




SPRING\

I//,r-Z MIL TEFLON INSULATOR

SAMPLE MOUNTING PLATE &
COVER PLATE

PHOTODIODE

~——_~1.06u LIGHT

—CONTACT PIN

~ 1uh INDUCTOR—/

Fig. 3.11
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New Compact 50Q Microwave Mount for Inverted
Heterojunction Microwave Avalanche Photodiodes.
Internal LC filter attenuates RFI on APD bias
power supply. Note that the front sample
mounting and cover plate floats at the APD
substrate bias, so exposed metal should be
covered with a suitable insulation if danger
of accidental contact exists. Fig. 4.3 shows
a photograph of this mount with an APD pulse
response.
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substrate, out of the way of microwave signal contacting to the mesa,
makes effective microwave mounting of the device especially convenient.
This package gives exceptional signal performance with very little
stray capacitance and is rugged and convenient for coupling to

optical systems.

Another method of device fabrication was established
for structures in which the p-n junction is on the surface side of the
active layer (rather than the substrate side). In this geometry
(as in the homo-heterojunction diodes used in the delivered GAASFET
receivers), the "normal" mesa etch would be expected to give surface
electric field concentration and surface breakdown. The proper
geometry would be to make mesas etched from the substrate side.
Two techniques for obtaining this inverted mesa geometry were developed
and discussed in Monthly Progress Reports. This process is a delicate
fabrication procedure compared to the mesa etching process from the
layer side. Fortunately, it was found that with proper passi-
vation techniques, mesas etched from the layer side (wrong geoemtry
for these homo-heterostructure diodes) gave the same measurement
results as the mesa etched from the substrate side (no surface
breakdown). Therefore this inverted mesa fabrication method did
not prove necessary and the procedures need not be described here further.
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33 Measurement Techniques

In a program of this type involving both the development of new
device technology (in the heterojunction III-V alloy detector) and new
circuit technology (the gigabit GAASFET transimpedance preamp), a key
element to success is the development of the state-of-the-art measurement
techniques with which to monitor progress. In this work, these measurement
areas go from microscopic properties measurements on the epitaxially
grown semiconductor materials through electrical and optical measurements
on the fabricated photodiodes, and from specialized measurements of key
characteristics of GAASFETs and other components for the integrated
preamps to detailed stage-by-stage measurements on the preamps to determine
the key parameters and predict system performance. It is only the results
of detailed testing and measurements that lead to an identification of
problem areas and provide a basis for an understanding of their nature
that makes it possible to solve them.

3.3 Measurement Techniques Employed, with References (only) to
Detailed Descriptions

Far too many different measurement technigues are employed in
this work to discuss them all in detail here. Separate subsections here
will be devoted to special pieces of equipment and techniques employed
in this work that have not been discussed in previous reports (Refs. 1
and 2). Some of the techniques employed which have been discussed else-
where include:

BASIC MATERIAL MEASUREMENTS APPLIED TO EPITAXIAL LAYERS:

OPTICAL ABSORPTION: We use a Cary 14R spectrophotometer with

beam reduction optics to measure energy gap of epitaxial layers

and (by a special deconvolution technique (Refs. 7 and 10)) bandgap
grading.

PHOTOLUMINESCENCE: We use a Jarrell Ash Model 78-466 1 meter
Czerny-Turner scanning spectrometer with a cooled S-1 PMT detector
to measure sample photoluminescence in a cooled dewar excited
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by either a Spectra Physics Model 125 50mw 6328A HeNe laser or
Metrologic 4416A HeCd laser.

HALL EFFECT: Carrier mobilities and carrier concentrations in

epitaxial layers can be determined by Hall effect measurements with

our automated system described in Ref. 8.

IR MICROSCOPE: We use a Research Devices Model D infrared
microscope to examine epitaxial layers for inclusions, etc.
(Ref. 1), as well as check on device processing.

SEM X-RAY EMISSION ANALYSIS FOR ABSOLUTE COMPOSITION: Special
computer codes for use with the X-ray analysis capability on our
ETEK Autoscan Scanning electron microscope have been developed
to give detailed composition (alloy content versus position)
data on a submicron scale (Refs. 2,9, 10).

SURFACE STUDIES: OQur HP 5950A ESCA spectrometer can be used
for surface studies on epitaxial layers, particularly for
determining the surface effect of such processing steps as
etching. In addition, our computer-controlled Auger electron
SEM can study surface composition on a microscopic scale and
measure surface potential variations over a junction region.

MATERIAL MEASUREMENTS MADE ON DIODE STRUCTURES:

SEM INDUCED CURRENT: We use our ETEK autoscan scanning electron
microscope for junction depletion region measurements by electron
beam induced current, in conjunction with other SEM measurement
techniques (Refs. 2,9, 10).

THERMALLY STIMULATED CURRENT: A TSC measurement system sensitive
to 10'14 ampere currents can be used to identify defect levels

in the depletion region of reverse-biased diodes (Ref. 9).

INJECTION LUMINESCENCE: The same spectrometer used for photo-
luminescence measurements can be used for injection luminescence
studies in heterostructures to identify where recombination is

taking place (Ref. 9.
86




3.3.2

RN W

CAPACITANCE-VOLTAGE OR CARRIER CONCENTRATION, n(x): Our
Materials Development Corporation-automatic doping profiler

is used both for C-V measurements on devices and for capacitance-
derived doping density versus depth, n(x) measurements for the
epitaxial photodiode layers on a routine basis.

SPECTRAL PHOTORESPONSE (m vs. A): Another key routine evalua-

tion made on the photodiode structures is the quantum efficiency
versus wavelength. For these measurements, our Cary 14R
spectrophotometer is operated with fixed sl1its and a feedback
control over the light source power derived from a special " flat"
detector in the reference compartment (Ref. 1) This fixes the
number of photons/sec/cm2 on the sample (independent of wavelength,

‘1) so that the photocurrent versus wavelength curves measured

thru a feedback preamp and PAR 121 lock-in are relative quantum
efficiency vs. A curves. A special micropositioner probe plate
is used so that measurements can be made on photodiodes at the

wafer stage, as well as on packaged devices (Ref. 1). '

ABSOLUTE QUANTUM EFFICIENCY: Reference photodiodes for measuring
absolute quantum efficiency (usually at 1.064n) have been
calibrated from NBS-standard calibrated thermopiles using the
techniques described in Ref. 1. OQur standard reference photodiode
is an EG&G Model SGD-100 silicon guard-ring diode operated at

a 60 volt bias which gives a quantum efficiency of n1_064u=20.2%
with our Nd-YAG Tlaser with defocused beam (numerical aperature

of light, N.A. ~ 0.2).

Electrical Measurements on Chip or Wafer Devices

One of the inherent difficulties in working with microwave

semiconductor devices such as the avalanche photodiodes or GAASFET's
involved in this program is that the device dimensions become very small.
In some of the dual-gate GAASFET's, bonding pad sizes are as small as

'd
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Fig. 3.12 Precision Micropositioner Probe Station
Fabricated for Working With Small. Geometry
Devices.
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2 mils x 2 mils (50 microns square; even in some of the silicon bipolar
transistor chips they are 3 mils square). With the types of micropositioners
we have emp1oyed previously in this work (Ref. 1), it is difficult to even
hit a spot this small, let alone guard against an accidental slip of the
probe which could wipe out the gate in a GAASFET worth $150.00. Similar
difficulties are found in doing electrical measurements on our APD's, some
of which have total mesa diameters of only 3 mils (and the contact area

is smaller than this).

To make it possible to work with such small-geometry devices
with safety, the precision micropositioner probe station photographed in

Fig. 3.12 was designed and fabricated. This station uses Line Tool Company
X-Y-Z stages with 1 mil/division micrometers on each of the four main probes,
with a ©-rotatable vacuum chuck and provision for a standard Signatone probe
for coarse (substrate) contact. A B&L-Stereozoom 7 microscope is used with
this station. Most device electrical measurements are performed with a
Tektronix 576 curve tracer (either for transistor characteristic curves

or APD leakage), though for very low leakage current devices, an external
power supply, current amplifier (transimpedance type) and X-Y recorder can
be used (Ref. 1).

T RF Measurements of Drain Resistance on GAASFET Chips

A specific problem encountered in the GAASFET preamp work is the
necessity to measure, on chip devices, the high frequency drain resistance
(RD in Section 2.3.5) or open circuit voltage gain of the GAASFET. Because
RD values (if tne device is to be useful!) are much higher than 50 ohms,
conventional S-parameter measurements are not very helpful. To solve this
problem, a special "active probe" was designed. The circuit diagram for
this "active probe" is shown in Fig. 3.13 . The circuit concept is to
essentially operate the GAASFET into an open-circuit load with a known
ac signal voltage applied to the gate, monitoring the drain voltage to
measure the open-circuit gain. The "open-circuit" load is provided by

the collector output resistance of a grounded base DN3250 PNP silicon
bipolar chip transistor with a 502 external source resistance. The collector
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resistance under these conditions is much higher than the GAASFET drain
resistance. The drain voltage (ac and dc) is monitored through the DN4209
emitter follower (also high impedance), An AERTECH A25087 diode chip is used
to protect the GAASFET drain from overvoltage. Of course, with high
impedances, it is essential to minimize capacitance, so all of the above
components are mounted on a 0.200 inch square hybrid substrate mounted
about 1/2 inch from the tip of the micropositioner probe which contacts the
GAASFET drain. On the GAASFET gate probe, a small MCL T1:1 wideband
transformer is used to add the ac signal to the dc gate bias. The bias
voltages are regulated from the control-power unit on the riqht of

Fig. 3.13 , with provision for setting gate bias voltage, drain current and
drain-source voltage stabilization. In typical measurements, a 10 MHz
internal oscillator is used for the generator with a GR1216-A 10 MHz IF
amplifier unit as the detector, but other appropriate RF sources and
receivers can be used. We have obtained good correlations with our RD
measurements from this equipment (RD = Aoc/gm) and the device performance
obtained when measured GAASFET chips were employed in preamps.

3.3-4 Optical Table and Scanning Laser Microscope

The key APD optical measurements of quantum efficiency, quantum
efficiency uniformity (spatial response),pulse response, avalanche gain
and gain uniformity, as well as overall receiver performance are made on
the optical table using Taser sources and a scanning light microscope
system. The optical table in a Newport Research Corp. MDL-RS-48-8 4 foot x
8 foot pneumatically isolated table. It holds three lasers: 1) a Quantronix
112A tungsten (quartz-iodine) lamp-pumped CW Nd-YAG 1.064n laser with a
model 305A mode selection aperture for TEMoo operation (unpolarized) and
a model 302A acousto-optic mode locker for 273 MHz modelocked operation,
2) a Metrologic ML 684 6328A internally modulable (to 100 KHz) He-Ne laser
and 3) a CW Radiation Model S-106 1.152u He-Ne laser. Fig. 3.14 shows
the layout of the optical table. The 1.152u and 1.064py beams are combined
in the beamsplitter near the 1.064u laser, which splitter also taps off .
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MICROWAVE AVALANCHE — PHOTODIODE AND WIDEBAND OPTICAL
RECEIVER OPTICAL MEASUREMENTS APPARATUS
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Fig. 3.14 Diagram of the optical table layout used for this work, including

the 1.06um (modelocked), 1.152um, and 6328& lasers and the scanning
light microscope.




part of the beams for the beam intensity reference photodiode (an EG&G
SGD-100). These two beams are -passed through the 1680 Hz chopper (if.
desired) down the centerline of the table, joining with the 6328A laser
beam in the second beamsplitter. Continuing down the table centerline

is provision for a focusing objective for a high speed (GaAs]_bex)
reference photodiode in a 502 mount for use with a sampling oscilloscope
to fine-tune the modelocker. The right angle path takes the combined
6328A, 1.064u and 1.152u beams through a single spatial filter into the
scanning 1ight microscope. Getting the three beams simultaneously through
the spatial filter requires that they be extremely accurately lined up

in position and angle. Special precision-adjustable mounts are used on
the two He-Ne lasers to make this possible (though still difficult).

The scanning laser microscope system is shown in detailed block
diagram form in Fig. 3,15 . The purpose of the system is to be able
to scan a finely-focused Taser beam over a sample (usually a photodiode)

in a TV-1ike raster pattern and to be able to measure and display the
spatial variations of the desired physical parameters of the samples.
Quantities which could be measured are things like optical transmission,
optical reflection, "dc photoresponse", chopped 1ight photoresponse, 273 MHz
modelocked pulse response, etc. Display modes include intensity modulation
(brightness proportional to photoresponse [B = P.R.], differential intensity
modulation [B =« (P.R. - ZREF)]’ contour plotting (of P.R. = (ZREF)1’
(ZREF)Z’ etc. lines), psuedo-color display by multiple exposures using
optical filters with variations in device parameters or measured quantity
for different primary color exposures, etc. In addition to these TV-like
display modes, "shift modulation" plots involving summing the photoresponse
and vertical scan signals are also useful.

In order to accommodate all of the desired operating modes, it
is necessary to have a rather sophisticated electronic system, along with
a versatile optical system capable of diffraction-limited performance.
The optical system is shown schematically in the upper right of Fig. 3.15, .
and a photograph of the scanner unit is shown in Fig. 3.16 . The laser
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Fig. 3.16 a) Photograph of the Scanner Unit of the
Scanning Laser Microscope taken along
the direction of the exit beam. Beam
enters the GC0401 spatial filter from

the right. .
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Fig. 3.15 Block-Diagram of the Scanning Laser Microscope System.

isjued SdusIdg


http:StIem.IN

Fig. 3.16 b) Another view of the Scanner Unit of the
Scanning Laser Microscope with the 40X 0.5NA
Catadioptric Mirror Objective at the right.

ORIGINAL PAGE IS
OF POOR QUALITY
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beams (0.6328u, 1.064u or 1.152u) are brought into the scanner through a
spatial filter, reflected off of the 45° mirror and passed through a

convex lens, the purpose of which is to image the spatial filter pinhole in
the "primary raster focus" plane (which is at the position of the field lens).
The beam is reflected off of an oblique mirror into the horizontal galvano-
meter mirror. The horizontal galvanometer is a General Scanning G-108

with a 5mm diameter circular mirror (fr = 1450 Hz) mounted with its
rotational axis 45" to the vertical. The beam reflects off of the horizontal
scanning mirror to the vertical scanning mirror on a G.S. G-115 (fr=900 Hz)
galvanometer with its rotational axis horizontal (perpendicular to the exit beam
and the axis of the horizontal scanning mirror). The separation between

the two scanning mirrors is only 0.43"; keeping this separation small is
required for the field lens to maintain proper illumination of the objective
under all scan conditions. The primary raster focus is in or very near the
plane of the field lens, with a raster size of 0.5" x 0.5" or less (typically
10mm wide by 8mm high to give a 10 mil by 8 mil raster on the device with

a 40x objective or a 1 mil/major division display on the CRT). The field
lens images the scanning mirrors into the input aperture of the objective.
Usually a neutral-density filter in the range of an optical density of

1 (10% transmission) to 4 (0.01% transmission) is used in front of the
objective to obtain the desired signal level. Various objectives are used,
depending on sample size, from 2X magnification (demagnification of the
raster onto the subject) up to 20X in normal microscope objectives, plus,

as shown in Figs. 3.15 and 3.16, a 40X 0.5NA Tong-working distance (1.7 cm)
catadioptric mirror objective. The diffraction-limited spot size of a
uniformly filled objective of numerical aperture, N.A. is given by

1.222
8Y = ~NA. (3.1)

where A is the wavelength and Ay is the radius of the first dark diffraction
ring or diameter of the central bright spot at the 37.7% maximum intensity
point. For example, the 40X, 0.5 N.A. objective should have ay = 1.54u
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(0.06 mils) at 6328A or Ay = 2.6u (0.1 mil) at 1.06u, while a 1CX, 0.25 N.A.
objective gives twice this spot size. Other commonly used objectives

such as the 10x, 0.17 N.A. (L.W.D.) and 5X, 0.10 N.A. microscope objectives
are proportionately poorer (the latter gives Ay = 13u [0.51 mils] at 1.064y)
in resolution but are useful for larger samples.

The horizontal and vertical scanning galvanometers are driven,
respectively, by G.S. RAX-100 and A-100 drivers, the latter with the input
retrace "halfway stepped" to give the same half-cycle resonant retrace
that the RAX-100 does (see waveforms in Fig. 3.15). The horizontal scan
generator is adjustable in frequency in 8 ranges from 2 Hz to 500 Hz max
or a manual (xREF) position adjust, while the vertical scan generator has
11 frame time-ranges from 30ms min to 1 minute min, plus manual (Y
For high—reso]utién photographs, a one-shot mode with a typical
one minute frame tiﬁé and ~ 25 Hz horizontal rate would typically be used
(for Timited signal bandwidths of 30 KHz or so; wider bandwidths allow
proportionately higher rates). The raster size may be adjusted for a
given objective to a desired exact scale factor display with the ganged
X and Y gain controls leading into the drivers.

REF)'

The most difficult part of the system electronics in Fig. 3.15
is involved with the processing of the device response signal. This is
best illustrated by an example, and the case shown in Fig. 3.15 is for
measuring the "dc" (actually dc to 307 KHz) phoforesponse uniformity of
an n* substrate - p* mesa photodiode. The measured device is biased with
a protected supply to its substrate and the photocurrent plus leakage
current (IP+IR) is measured with an appropriate transimpedance amplifier
such as the Keithley 427. The output of the 427 is a low-impedance voltage
v =--RF (IP+IR), typically in the 1 to 10 volt range, so that we have no
need for the input differential amplifier unit in the SLM system. This
preamp has gains from x0.2 to x500, with differential 10M @ inputs and
selectable bandwidths of 25 KHz, 250 KHz and about 4 MHz. For our case,
we can go directly into the baseline restorer unit, the purpose of which
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is to subtract off the device dark current from the photocurrent signal.
("Current bucking" in the 427 can do this to some extent, but for small
photocurrent signals we must do much better.) This is accomplished in

the baseline restorer in Fig. 3.15 by determining a time, just after

scan retrace, when the laser spot is not on the sample (Ip = 0; provision
is made at the primary raster focus for an occulting plate to insure this
if desired), measuring Ip at this time and storing it with the sample-hold,
and then subtracting this value from the IP+IR signal during the rest of
the horizontal scan. This process is repeated for each horizontal scan,

so that drift of IR does not interfere with the system. This circuit

can also be used as a phase-sensitive detector if the sync from the chopper
is inputted to the sample-hold instead of the horizontal scan signal.

Not shown in Fig. 3,15 1is an automatic default circuit such that if

no sync is provided within 20 seconds or so, the circuit defaults to a non-
baseline subtract mode (as in the manual, XREF scan mode).

Having subtracted off the dark current signal, we are still
faced with one additional problem in obtaining precision quantum efficiency,
N, versus position data. That problem is that there is considerable beam
intensity fluctuation from the laser source (sometimes up to 20% or so
from our Nd-YAG laser). Since we want precisions approaching 1% in n,
this must be corrected for. We accomplish this with the analog divider
(reference beam normalizer) circuit. Here the output current, iREF’ of
the SGD-100 reference photodiode (which monitors beam intensity through the
beamsplitter) is converted to a near -10 volt level by adjusting the
reference amplifier feedback resistance, RREF’ and gain factor, K. This
reference output signal is applied to the denominator input of the 4 MHz
analog divider, while the video signal (baseline subtracted) is applied
to the numerator input, giving a beam-intensity-normalized output.

The display mode selected in Fig. 3.15 1is an intensity-modulated
or differential intensity-modulated display, obtained using the video
differential output amplifier. This differential amplifier has gain ranges
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from x0.2 to x100 and has both a fixed gain video output signal and a continuously
variable gain output with blanking (-5V) pulses derived from the hori-
zontal and vertical retrace intervals. Usually the video signal is applied
to whichever input of the differential amplifier is required to make the
beam brighter with increasing signal (positive Z-axis signal for the
Tektronix R5103/D10 display unit shown), and the other input is connected
to a variable reference voltage, ZREF’ In this way it is possible to
increase the gain and do differential intensity modulated displays in which,
for example, black on the display might represent a 90% quantum efficiency
and bright white a 100% quantum efficiency (rather than 0% to 100%).
Another convenient mode of display is "shift modulation", where the fixed-
gain video output signal is summed with the vertical scan generator

signal in a differential amplifier Y plug-in for the monitor oscilloscope
to produce a series of traces representing n vs. x for-stepped values of Y.
This can be used simultaneously with intensity modulation to accent peaks.
It should be noted that while normally Polaroid film records are usually
made using the Tektronix C5 camera on the Tektronix R5103/010 display, we
have also used the Tektronix 7613 variable-persistence storage oscilloscope
for temporary display of these grey-scale images from the SLM with good
results. (However, the Z-axis input polarity is reversed so that the
signal and blanking polarities must be reversed from Fig. 3.15).

Another display mode is contour plotting, wherein a comparator
is used to trigger a one-shot to put a dot on the screen any time the
normalized video signal equals the reference setting, ZREF' By making
a series of exposures with different ZREF values, the resulting picture
will show equal quantum efficiency contours for the device. An example
of the application of these display modes in examining surface inversion
problems in a commercial (HP4220) silicon PIN photodiode from 6328& SLM
pictures is shown in Fig. 3.17. Pictures a) and b) in Fig. 3.17 are
“straight" intensity-modulated (ZREF = 0) displays of 6328A quantum
efficiency at zero bias and 20 volts reverse bias respectively (the
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(a) (b)

(c) (d)

Fig. 3.17 Scanning Tight microscope micrographs of response of
a Si photodiode at 6328A. (a) and (b) intensity modu-
lated display for diode at 0 and 20 volts bias respec-
ORIGINAL PAGE IS tively. The dark ring indicating no response is the
OF PoQR QUAL[Ty  Ohmic contact to the diode. (c) and (d) are a combined
intensity modulation and contour mapping display of the
same diode at 0 and 20 volts bias respectively.
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pictures are shown rotated 90° clockwise from the display orientation .

for conveniences the 10.div. side is "X" and-the~6 div. "Y");:The gold -
contact circle with four bonding pads and the gold TC ball bond to the

lower pad are clearly visible. Pictures c¢) and d) are combination contour
plots and di?ferential intensity modulation. Picture ¢), at zero bias shows
contours at-zREF = 0.1 (outer Tine), 0.2, 0.5, 1, 2,"3 and 4 volts, with
ZREF = 4 volts for the differential intensity modulation (DIM). Picture d)
in Fig.” 3.17 is for 20 volts reverse bias with contours for ZREF = 0.5,

1, 2, 4, 6 and 8 volts and ZREF = 8 volts for the DIM. Note how the
differential intensity modulation pictures bring out the photoresponse
irregularities, while the constant response contours show quantitatively
the extent of the silicon surface inversion channel response. (For example,
from picture d) we can see that the photoresponse.to uniform illumination
over the chip in this HP4220 will mostly come from the diode area within

the -contact at zero bias, but for -20 volts bias, far more response will
come from the surface inversion region than from the central diode Tegion.)

3.3.5 Application of the Scanning Laser Microscope to 273 MHz Gain
Measurements

While the examples just discussed (Figs. 3.15 and 3.17)
treated the use of the SLM system for “dc" quantum efficiency measurements,
this system is also very useful for high frequency gain and uniformity
measurements. In this application, the laser source is the 1.064u Nd-YAG
laser-gperating modelocked at a 273 MHz repetition frequency. The optical
receiver, followed by appropriate 502 amplifiers to give the desired signal
gain, feeds the input of a spectrum analyzer, operated as a narrowband
receiver tuned fo the fundamental or any of the harmonics of the 273 MHz
modelocked pulse repetition frequency that 1ie within the receiver passband.
For example, for fundamental detection with our Tektronix 7L13 spectrum
analyzer plug-in, the center frequency is adjusted to 273 MHz, phase locked, -
and the frequency span/division setting is unlocked from the resolution
bandwidth selector and set to 0 KHz/div. {fixed tuned) with the resolution
bandwidth set at 30 KHz and the 30 KHz video filter on. The 7L13 is used

102


http:photoresponse.to

in the "linear" display mode and the "video output" pin jack to the 7L13

is connected to the -positive. input of the ™input differential- amplifier”

of the SLM system (Fig. 3.15). The horizontal scan generator output from
the SLM may be used to drive the horizontal of the spectrum analyzer by
using the horizontal external input pin jack on the 7L13 and setting the
time/div. knob to "EXT", in order to provide a Tine scan display on the
spectrum analyzer to complement the SLM display. While the "video output"
from the 7L13 is a zero-center, -50mV bottom and +50mV top output format,
this doesn't represent a problem in the SLM system as Jong as the "baseline
restorer" is used, as this will add the necessary 50mV to produce the "zero
volts with zero 1ight" required by the divider (reference beam normalizer)
circuit for proper operation. In addition the baseline restorer will
exclude any modelocker drive rf leakage which may happen to be present in
the receiver output. In this configuration, the SLM system operates exactly
Tike the "dc" response examples described previously, except that the displayed
parameter is the high frequency quantum efficiency or gain. The same'types-
of display options are possible.

While the high frequency gain measurements using the SLM system
are most conveniently utilized with either 50 ohm packaged devices or
completed GAASFET preamp receivers, we have also been successful in making
these measurements on unpackaged wafer devices as well. The approach here
was to develop a micropositioner probe with a very small 50Q coaxial
1ine going to the probe tip (the tip is an extension of the center conductor)
and a shield ground 1ine which is connected to the device substrate through
a blocking capacitor. While the arrangement has too much spurious
inductance for transient measurements, the sine wave response is quite
adequate for gain measurements, even at frequencies approaching a gigahertz.
The most serious problem with this measurement is that there is considerable
rf leakage from the modelocker drive signal on the optical table and this
can easily produce a larger signal than the photocurrent. Fortunately,
while the fundamental (273 MHz) and 2nd harmonic (546 MHz) signals are
padly swamped out by this rf drive interference, there is very little
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interference at the third harmonic (819 MHz; actually this is the 6th
harmonic..of- the acousto-optic modelocker drive)., .and we have had excellent
results obtaining 819 MHz gain and uniformity measurements on unpackaged
devices by this technique,

~ In addition to the SLM measurements of high frequency gain
uniformity, the 7L13 can be used in this same "narrowband receiver" mode
to measure absolute responsivity, gain and N.E.P. for a receiver. In
these measurements, the SLM svstem is simply used in "Manual" X and Y
scan modes to focus the attenuated laser beam on the desired gain area of
the APD. The spectrum analyzer output is connected directly.to the Y-input
of an X-Y recorder, with the X-axis driven from the APD power supply, to
give gain versus VAPD plots. Usually in these measurements the "“LOG
10db/div." display mode is utilized so. that the divider (reference beam
normalizer} in the SLM canhot be used,as the video signal is not proportional
to Ip.‘ Figs. 4.6 and 4.21 were recorded in this way. R

The absolute output of the modelocked Taser at all harmonics may
be easily calculated from the dc output. (average photocurrent} given the
shape of the output pulSes. Consider a laser having repetition frequency
F (273‘MH2 for our laser) and having a short output pulse shape such that the
Fourier transform of a single output pulse gives an envelope with mdgnitudes
at dec, F, 2F, 3F, etc., of 1.0, f;, f,, f4, atc. Here (because 1ight
intensity cannot be negative) the various f's will be less than ons.
(However, if the Tight pulse width, AT, is considerably shorter than the
repetition period, T = IfF, the coefficient for at least. the first few
harmonjcs will be very close to 13 ile., f; =1 for aT<<T.) In terms of
the average output "photon current", I_ _, the laser output, iph (t), can

avg
be described as

1ph(t) = Iavg+21avgf1cos(ZwFt)+2Iavgf2cos(4wFt)+...ZIavgfncos(ZnﬂFt)+...
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Hence the rms value of the nth harmonic of the modelocked laser is
given by

(Iph)n (rms) = v2! f; I (3.3)

avg

where Iavg is the dc level {this equation applies to either the "photon
current” in the beam directly or to photocurrent in any linear detector
having response time much faster than AT). For frequencies nf less than
approximately 0.3/AT, where-AT is the pulsewidth, we have

(Ip o (rms) ==¢§_‘Iavg. Hence, we can calculate the absolute rms photo-
current from a dc or reference photodiode current using Eq. 3.3 and hence
obtain the absolute responsivity of the receiver at-a given harmonic by
measuring the signal output (usually by means of amplitude- ca?nbrated
reference substitution for-accuracy).

3.3.6 Current-Protected Precision 0 to 200 Volt Pdwer Suppliy for use
With GaAs be Avalanche Photodiodes

1-x

One of the problems with any microwave-responding semiconductor
device is that the small device geometries involved usually give the devices
a somewhat Timited ability to deal with gross power overloads. This
failure mode, sometimes referred to as "failing the smoke test" can be
avoided in these small avaianche photodiodes by using a carefully current-
protected‘power supply. (This is because the device power d1ss1ﬁat1on
is PD PL + g VAPD’ where PL is the 1ight power, or, from Ip o
Pp= P, {1+ M Yppp)- Withm = .96, M =10, hv = 1.765V and Vpop = 120 voits,
the b1as power term is a thousand times the input 1ight signal term, so by
"crowbarring" the bias at gross PL overload, we save the device.) Experience
indicates that with overload protected supplies these GaAs1_bex Operate
virtually indefinitely without problems, whereas with unprotected supplies
(batteries, etc.), it is usually just a matter of time before someone
makes a mistake (forgetting to insert the beam attenuator, etc.) that
destroys the APD. - :

H
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Figura 3.18 shows the schematic diagram for a precision current-
protected‘power supply which can give up to-200 volt outputs of either
polarity and has provision for internally monitoring either dc output
vpltdge -or dc output current.. Thé power supply i$ based on an INTECH A-300
high-voitage op-amp which amplifies a reference voTtage taken from a tempera-
ture compensated zener diode. The output voitage range of the op-amp when
used with the regulated = 120 volt supply shown in Fig. 3.19 1is about
+ 115 volts, but since only one polarity is required at any given time,
higher vé]tages are attained by adding the +90 volt "boost battery” to the
op-amp output to make its range -25 to +205 or +25 to -205 volts when
voltages over & 115 volts are required. Instantaneous current 1imiting
is provided by -making all load current pass through the feedback resistance,
Re, of the BB3521K FET op-amp (connected in the transimpedance mode) which
floats on the “high" side of the A-300 output {i.e., at the supply output
voltage with respect to common). Long-term (many u sec) overcurrent
protection is obtained by monitoring the dc load current by measuring the
voltage across RF (from pin 6 to the "floating .common™). If this voltage
exceeds the trip point voltage setting, VT’ the supply output is crowbarred
by turning on the triac between the common and the floating common by means
of the cptical isolator. A 4 1/2 digit digital panel meter reads the output
voltage (0 to £ 199.99 volts) from floating common to ground, and can also
be connected across Re to read load current. A more convenient approach,
however, is to have a separate meter between pin 6 of the BB3521K and
floating common with different series resistances for scales of 50mV to
10 volts full scale, allowing simultaneous readings of Toad current (to
small values) and supply voltage.

3.3.7 . Digital Processing Oscilloscope System

The most important tool utilized in the checkout and evaluation
of the hybrid integrated GAASFET optical receivers is our Tektronix Digital
Processing Oscilloscope systém. This system utilizes all of the versatility
of a Tektronix 7704A four plug-in oscilloscope as a data acquisition
input to a computer mounted on the scope cart. The computer is a PDP 11/05
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with a 24K (16-bit word) memory with interfaces to a Tektronix 4010-1D

- graphics terminal as well as the P700%1 processor. A Tektronix 4911 (Reinex)
high speed paper tape reader-punch is used to input or store software

or data. The P7001 processor stands between the upper (display) section

and the lower plug-in (signal acquisition) section of a conventional
Tektronix 7704A oscilloscope. The P7001 contains high speed analog to
digital converters to digitize signals from the plug-ins and a 4K (10-bit word)
memory divided into four waveforms (A, B, C and D). Each waveform consists
of 512 values of the measured vertical signal (i.e.., 512 horizontal points)
measured with 10-bit accuracy (1024 vertical resolution elements). Along
with each waveform is stored the scale factor and zero reference information
required to make the waveform meaningful. The P7001 contains a digital

to analog converter {display generator) which allows the 7004 to display
either the input analog signai(s) or one or more stored waveforms or both.
The processor waveforms may be transmitted to the computer memory (in
correspondingly named arrays; A, B, C and D) by either front-panel or
program contrel.

The power of the DPO system comeé, on the analog side, from the
selection of plug-ins for the 7704A. We regularly make use of such real-
time plug-ins as 7A26, 7R22 and 7A11 vertical amplifiers and 7B70 and
7B71 time bases along with a 7D12/M1 digital multimeter plug-in to monitor
bias voltage, temperature, etc. For sampling work we use a 7512 time
domain reflectometer and 7511 vertical sampling plug-ins with S-6 or
S-4 samp]eré with either an $-52, 25pS, 250mV pulse generator head for
TDR or preamp response tests or an S-53 trigger recognizer for sampling
modelocked pulse response, etc. In addition, the 7L13 spectrum analyzer
can be used with the DPG, aithough it is usually used with the Tektronix
7613 variable persistence storage oscilloscope as in Fig. 3.20. The
test equipment shown in this figure is what is typically used in the stage-
by-stage testing of one of the GAASFET preamps. The equipment shown
includes (from far left to far right), the 4010-1 terminal for the DPO,
the 7613 oscilloscope with 7L13 spectrum analyzer, the DPO cart with
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Fig. 3.20 Measurement Equipment Routinely Used For
GAASFET Preamp Evaluation, including the
Tektronix Digital Processing Oscilloscope.
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7704/P7001 (with sampling plug-ins) on top and the PDP 11/05 on bottom,
the HP435C power meter used in noise measurements, a Tektronix TM504
measurement system with DC505 counter, FG502 waveform generator, PG502

250 MHz pulse generator and PG506 calibration generator, GAASFET Preamp #8
with power supply-controller unit, and a B&L Stereozoom 7 microscope

probe station for open-package probe measurements (a dangerous procedure
used only when absolutely necessary).

Much of the saving in time and expansion in measurement capability
realized in using the DPQ system comes from the convenience and power of the
system software. The TEK BASIC software for the DPO system is an extension
of BASIC oriented towards applying the DPO measurement capabilities to
electrical engineering-type problems. It is a fairly large software
package, requiring nearly 16K of the 24K of core available in our PDP
11/05 computer, but the sophisticated command structure means that relatively
little additional space is required for user programs. The software contains
four permanently defined arrays (A, B, C and D) corresponding to the P7001
processor waveforms (which are called PA, PB, PC and PD in the language).

The command "LET A = PA", for example causes waveform A of the processor

to be transferred into computer array A with the correct vertical scale
factor and zero reference values noted so that absolute values of voltage

(or whatever) for each of 512 horizontal points are obtained in A (including
interpolation of points missing in PA). Arithmetic operations may be
performed "en mass" on the array with a single command, such as "LET C=log(D)"
or "LET PA=A-B", which subtracts array B from array A and sends the result

to the processor waveform A for display. The software allows direct manipu-
lation of the scale factors for the processor display without interfering with
the computer waveform (i.e., a trace stored at 10nS/cm, 5mV/cm can be displayed
at 1 nS/cm, 1mV/cm with selectable starting point for expansion).

While the convenient waveform-handling format facilitates the
use of the DPO, it is the power of the software system commands which makes
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the system so powerful. For example, the command "AVERAGE PA, 1024"
signal averages the waveform 1024 times to extract the repetitive signal
from the random noise. The command “INTEGRATE A, B" integrates waveform
A and places the resulting integral waveform in B, taking proper account
of horizontal scale factors and units. Similarly "DIFFERENTIATE C, D, 1"
carries out the derivitive with a two point or three-point algorithm with
step size selected by the final “1". The command FFT A, PC, PD takes the
Fourier transform of A, displaying the real and imaginary parts of the
result in processor waveforms C and D (and it accomplishes this 512 point
FFT in 2.5 seconds). Similarly, FFT A, PC, PD, POL does the FFT of a
pulse transient response in A with the magnitude and phase of the
frequency response (respectively) displayed in C and D. Similarly, the IFT
command can be used to go from a frequency-domain response to a time

-domain response. The command "CONVOLVE A, B, PC, PD" might be used to

convolve an input pulse waveform, A, with the §-function (impulse) response
of a circuit, B, to give the .output pulse waveform from the circuit _
(displayed in waveforms C and D). Similarly, CORRELATE is a single command
in TEK BASIC. In addition to the P7001 display capability via the 7704
oscilloscope screen, the command "GRAPH PA, PB" draws a reproduction of the
CRT face on the 4010 terminal storage screen and graphs the two processor
waveforms within this graticule. More general graphics capability is
provided by the "PLOT" command. While TEK BASIC contains many other
important special functions, etc., the examples cited illustrates what

the system can do and how easy it is to get it to do it, and should be
sufficient to allow a reader with some familiarity with BASIC to understand
the workings of the various user programs listed in Appendix A.

3.3.8 Use of the DPQ System for Noise Measurements for Determining the
N0 of a Preamp

In Section 2.1.3 the communications system performance of an
avalanche photodiode receiver was related (Eq. 2.20) to the "minimum
detectable current pulse", N° of the preamp (the number of electrons in a
charge impulse required to make the peak output voltage equal the rms
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noise output). N° is given by

_ o
N, = ETV767;‘ (electrons) (2.19)

no
of peak output voltage to the charge in the input pulse. Hence to measure

N,» We must measure both this pulse gain, (V/Q)p and the rms noise output
Yo for the preamp. Techniques for accurately measuring both of these
quantities using the Digital Processing Oscilloscope (DPQ) system have been
developed and are described here.

where v__ is the rms noise output and (V/Q)p is the "pulse gain" or ratio

3.3.8.1 Noise Characterization Using the DPO-Histogram Analysis

In fact, simply measuring the rms noise output, Yig* for a preamp
is not sufficient to guarantee its performance in low bit error rate (BER)
optical communcations. The assumption that is made in the analysis of
Sections 2.1.2 to 2.1.4 is that the noise is Gaussian, that is, defined
by the probability distribution or probability density

_ yn?
<3 a 202

aYem

P(V) = (3.4)

(the probability of measuring the voltage in any given range is obtained
by integrating P(V) over that range, as in Eq. 2.7). The quantity o is
the standard deviation of the distribution; for pure Gaussian noise, we have

v, (ms) = (3.5)

that is, o is just the rms value of V-V. The communcations performance

of the receiver is dependent on the probability distribution "far out in

the wings" (f the order of 5 standard deviations from the mean), whereas

most of the probability density that defines the rms of a distribution .
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is within 2 standard deviations of the mean. This means that two noise
distributions might have the same rms noise but give greatly different

' ~ error probabilities "out in the wings" at the 'IO-6 to 10'8 BER range.

Hence it is highly desirable to be able to test whether the output noise

is in fact Gaussian, with probability densities in the wings equal to those

predicted from Eq. 3.4 with o = Yo

The probability density or probability distribution, P(V), can
in effect be experimentally measured for a preamp by constructing a noise

histogram. For the wideband preamp measurements, this is accomplished
using the same 50 ohm amplifiers after the preamp and the same S-6 sampler
head in the 7S11 sampler that are used in the time response measurements
(Section 3.3.10), so that even if small gain calibration errors exist,
the same gains are used for v, and (V/Q)p so that the N, value will be
correct. The procedure is to sample the random noise output of the preamp
with the S-6 samp]erf at random intervals, constructing a histogram of the
number of times each discrete voltage range was measured from a large
number of such samples.

The TEK BASIC program for carrying out this noise histogram
measurement on the DPO is listed in Appendix A.6, Tines 100-181. A randomly -
sampled noise waveform in the P7001 consists of 512 horizontal points with
a 10 bit number (1024 vertical resolution elements) describing the noise
voltage measured at each point. For the noise histogram we specifically
select the 7511 voltage range so that all points measured fall within a
+ 2.5 cm CRT deflection,which corresponds to £ 256 vertical resolution
elements from center screen. The stored noise wavefcrms are in array B
in the program, while in lines 130-140, array A is set up as a noise

' Because the noise is truly random, it is essential to have the "dot
response” or sampler loop gain of the 7511-S4 sampler combination
accurately adjusted to unity. This is accomplished according to the
procedures described in the Tektronix manual for the 7S11.
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histogram array (and initialized to zero), with each horizontal address in A
(from 0 to 510) corresponding to a vertical resolution element in the
sampled noise waveform (B). Then each horizontal (time) address in the
stored noise waveform is examined and one count is added to the horizontal
address of the histogram array which corresponds to that voltage (line 172).
Hence, if a value of zero volts were measured at that point in the noise
waveform, a count of 1 would be added to element 256 of the noise histogram
waveform (this is the element corresponding to the left-right center of

the display screen which we take as 0 volts for the display, with + noise
excursions to the right and - noise excursions to the left). Similarly,

for each of the samples in the stored noise waveform, a count is added to
the element of the histogram array corrésponding to the measured voltage.
This process is repeated for many noise waveforms until a highly statistically
significant noise histogram is built up. Typically, from 105 to 106 total
points are taken for the histograms as this is required to verify the
extreme "wings" of the distribution corresponding to error rates of 10'5

to 1076, Reasonably accurate RMS noise values can be obtained with 10°

or fewer points, however, if that is all that is desired. (Processing

time is about 1500 points per minute.)

The rms noise is calculated from the completed noise histogram
(in array A) by the program listed in Appendix A.6, line numbers 200-240.
This program goes through the noise histogram, voltage slot at a time
(J from 0 to 511), and if there are S counts in a voltage slot J, then S
counts are added to the total counts sum, N, S(J-256) counts added to the
first moment count, N], and S(J-256)2 counts added to the second moment,
NZ‘ After going through all the J values, we have that the tatal number of
measured points is N, the mean value of the distribution is MI = N]/N
and the rms noise is RI =VN2/N - MIE resolution elements (converted
to voltage by the horizontal scale factor).

Given the noise histogram and the exact root mean square noise
of the distribution, we would 1ike to be able to see how accurately the .
distribution corresponds to a Gaussian distribution, particularly in the

115



wings. The program listed in Appendix A.7, line numbers 300-364, does this
comparison. Line numbers 300 to 312 generate in array B the log of a

slightly smoothed version' = of the original distribution. The log is used,

of course, in order to be able to see the probability densities "out in
the wings", hardly visible in a linear histogram display, with the same
relative resolution with which you see the distribution peak. The rest
of the program is used to calculate for comparison an exact log of a
Gaussian distribution in array C, i.e., of the form (from Eq. 3.4).

2
log P = k - {=fol (3.6)

In lines 316 to 328 Ko’ the height of the log distribution at the center
is determined from the log distribution in B by averaging over the * 0.3 @
range (and adding 0.015 to correct the average to peak). The calculated
log Gaussian is then obtained in lines 330-350 using for o, the rms of the
distribution obtained in the previous program, RI. Comparing the experi-
mental log histogram (in B) and the calculated Gaussian log histogram

(in C) shows very clearly whether the measured noise is Gaussian.

An example of the application of these three programs is shown
in Fig. 3.21, This ]06 sample noise histogram was measured for GAASFET
Preamp #6 at VAPD = 80 volts (dark) thru cascaded B&H (3 GHz) preamps with
a gain of 77.2 into the S-6 sampler with the 7S11 set to the 50 mV/cm
scale (and dot response adjusted to unity gain). The bell-shaped histogram
curve, with zero four divisions below center is displayed at 2500 counts/cm
vertical, 25mV/cm horizontal (512 total horizontal bins). The log curves,

™ The smoothing subroutine, lines 2200 to 2212, approximates convolving
the histogram in A with a Gaussian "window function" with a 1.5 element
standard deviation, with the smoothed result in waveform D.
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Fig.. 3.2]

10° Sample Noise Histogram Measured for Mark III
GAASFET Preamp #6 at Vppp = 80 volts Through
Cascaded B&H's. Histogram (lower curve, zero at
bottom) displayed at 2500 counts/cm vertical.
Horizontal for all curves is 25 mV/cm, positive
to right, zero center. The log of the experi-
mental distribution and the calculated log curve
(Ko = 9.628, o = 12.96 mV) are displayed at
el.535 per cm., or 1.5 divisions vertical equals
1 decade.
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1.535

displayed with zero at 3 div below center and e per centimeter vertical,
have one decade in probability density equal to 1.5 cm vertical (i.e.,

the 6.8 cm difference between the peak and the lowest log values corresponds
to a difference in measurement probability of 3x104). The rms value of the
noise histogram was calculated to be 26.54 elements or 12.96mV. Taking this
value for ¢ and taking Ko = 9,628 (eK° = 15,180 counts for the averaged
peak), the theoretical log Gaussian curve was calculated and displayed

in Fig. 3.21, superimposed over the experimental log distribution. As can
be seen in the figure, the experimental log distribution follows almest
exactly the calculated log Gaussian curve down to the last few counts in

the wings of the distribution. This means that the noise is almost
perfectly Gaussian and the analysis of Section 2.1.2 to 2.1.4 should
accurately predict the receiver communications performance. Noise outputs
measured using this technique have given excellent agreement with rms

noise values measured using our HP435A (with 8481A Sensor) power meter.

3.3.8.2 Measuring 1/f Noise With the DPQ System

The noise analysis in the previous section is based upon making
an amplitude histogram of randomly-timed samples of the noise output.
At sufficiently low frequencies, we can take time-sequential noise output
samples and infer from this the frequency spectrum of the noise. In the
DPO system, one-shot sampling at a rate of 0.5mS/cm will obtain virtually
a complete 512 point waveform, corresponding to a Nyquist frequency of
51.2 KHz. Of course, for accurate noise spectra, frequencies above the
Nyquist frequency must be filtered out as the short sampling times in the
P7001 will alias noise components of hundreds of MHz. The program listed
in Tines 400-440 carries out this noise spectral density by averaging
the magnitudes of the Fourier transforms of many one-shot noise waveforms.
This low-frequency noise spectrum shows clearly the 1/f preamp noise plus
any discrete interference frequencies (from power supply ripple, etc.)
which may be present in the preamp output. For more general noise spectral

density measurements, at higher frequencies, the 7L13 spectrum analyzer is
used.
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3.3.9 Use of the Tektronix 7L13 Spectrum Analyzer for Noise Spectral

Density and Total Noise Measurements

While it is the total rms voltage noise, ¥ and the shape
of its probability density that is most relevant to the optical communica-
tions performance of a preamp, total noise gives 1ittle information about
where the noise is coming from. Noise spectral density measurements, on
the other hand (as illustrated in the feedback preamp noise analysis in
Section 2.3.2) give detailed information about the noise mechanisms and
preamp parameters. What we need is to obtain absolute noise voltage spectral
density (volts/v/Hz ) data from spectrum analyzer measurements. We can use
this data to compare with the noise model (e.g., listing in A.2) to determine
critical noise parameters and to calculate N.E.P. at any given frequency,
or, if we integrate the noise curve (squared), we can obtain the total
preamp noise output (which should be the same as I measured by other
techniques - the difference is that here we know what part of the noise is
caused by each noise mechanism). While most of the procedures here would
apply to the use of any spectrum analyzer for noise measurements, some
details of the noise response depend on the type of IF detector in the
instrument (and the possibility of spurious responses), so we specifically
address the case of the use of the Tektronix 7L13 spectrum analyzer plug-in
for this purpose.

For our purposes, the 7L13 may be thought of as a narrowband
tuned receiver which measures either the average value of the magnitude
of the voltage received in its passband (the IF voltage) in the linear mode,
or the average of the Tog of the magnitude of-the IF voltage in the log mode.
A video filter with long time constant is used to average fluctuations in
the measured noise level with time. The absolute amplitude of the display
(either 1inear or log) is determined by inputing a sine-wave source of
known amplitude into the 50Q r.f. input of the 7L13 as a basis of calibration.
The 7L13 response is very flat over its dc-1.8 GHz range and hence it is
usually sufficient to calibrate the amplitude at a single frequency _ .
(typically 50 MHz). An input low pass (<1.8 GHz) filter is used so that
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there are no significant spurious responses and no noise aliasing in the
7L13.

Only two things are needed to obtain absolute noise spectral
density (volts/vHz ) data with the 7L13: 1) knowledge of the exact noise
bandwidth and 2) knowledge of the rms noise voltage within the passband.

The noise bandwidth of the 7L13 is selected by picking one of
six IF crystal filters giving "resolution" bandwidths as wide as 3 MHz
or as small as 30 Hz (in decade steps). The first order of business
is to measure the noise bandwidth for each of these filters. The noise
bandwidth, AF, is defined by

1 AT
oF = /A(f) df (5.7}
M

where AMAX is the peak (1inear) voltage gain and A(f) is the voltage gain
as a function of frequency. Actually, if several different crystal filters
are used and only one is used for the sine-wave amplitude calibration

(the 3 MHz resolution setting for the 7L13), then these small amplitude
variations can be taken into account in AF by using AMAX for the calibrated
scale instead of the peak response. This can be referred to as an effective
noise bandwidth, AF ' (where of course AF ' = AF on the amplitude calibrated
range. The AF calibrations for our 7L13 were obtained by installing and
calibrating the unit in our DPO system and scanning a stable (amplitude

and frequency) source with the 7L13 in the linear display mode, so that

the display is A(f). The computer was then used to square A(f), integrate

and either divide by MAX(A(f))2 or AMA§ for the reference filter setting
to get AF or AF-.
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TABLE 3.1

7L13 Spectrum Analyzer Noise Bandwidth Calibrations

NOMINAL NOISE BANDWIDTH NOISE BANDWIDTH WHITE-NOISE
RESOLUTION RELATIVE TO PEAK RELATIVE TO VOLTAGE OQUTPUT
BANDWIDTH AF ~3MHz PEAK RELATIVE TO 3 MHz

SETTING AF' (db)

3 MHz 1.897 MHz 1.897 MHz 0 db
300 KHz 200.2 KHz 200.2 KHz -9.6 db

30 KHz 26.79 KHz 26.07 KHz -18.7 db

3 KHz 2.597 KHz 2.590 KHz -29.2 db

300 Hz 246.1 Hz 217.3 Nz -30.5 db
30 Hz 22.53 Wz 22.28 Hz -49.3 db

The amplitude calibration of the 7L13 is based on a sine-wave
signal of known rms value, while we are in fact interested in measuring

Gaussian noise.

In fact, a correction factor must be used to correct the

measured amplitudes to real noise voltages, and this correction factor

depends on whether the "linear" or "log" display mode is used.

The "linear"

correction between an average (magnitude)-reading meter reading a sine wave
and a Gaussian noise distribution is easily obtained. Since the average

value of a sine wave Vs(t) =V sinwt fis Vs(avg) = (2/w)Vm while the rms
value is Vs(rms) = Vm/ff_, the sine wave meter calibration will incorporate

an average to rms correction factor of

Vg(rms)/Vs(avg) = n/2/2 = 1.11072 (sine wave). (3.8)
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The average value of Gaussian noise of rms value Vg(rms) is given by

s -a[wv (rms)]z
= B g =42
b & Lokl e

| bl I
or Vg (rms)/V, (avg) '/2—' 1.25331 (3.10)

Since the spectrum analyzer is calibrated with a sine wave source, the scale
reading, V¢, will be related to V(avg) by Eq. 3.8 as Ve = V(avg)r/2/2 .
Using this for V (avg) in Eq.3.10 we have the relationsh1p between the
actual Gaussian no1se rms voltage, V (rms) , and the scale reading, VS as

Vg (rms) =f3-_-_. Vg(rms) = 1.1284 V¢ (rms) (3.11)

T

for the linear display mode (i.e., in the linear display mode, we would

add 1.05 dB to measured voltages to convert to correct Gaussian rms noise
values).

When the display mode is "log", what is averaged is the log of
the magnitude of the IF voltage. Clearly, the average of the log is not
equal to simply the log of the average, so that additional correction is
required. This correction (which could depend on details of the log amp-
detector arrangement) was measured on our 7L13 to be an additional 1.35 db
between measuring Gaussian noise in the "LOG 10dB/div" and the "LINEAR"
display modes (determined by comparing white noise measurements directly to
a calibrated sine wave reference in each mode). That is, when measuring
Gaussian noise in the "LOG 10dB/div" display mode, we have
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[Vg(rms)]LOG = 1.318 Vs(rms) (i.e., +2.40 dB) (3.12)

(where the 2.40 dB figure comes from the sum of the linear correction of

1.05 dB plus the log correction of 1.35 dB.) This means, then, that if we
measure on the "LOG 10dB/div", then the noise voltage spectral density is

just (0dBm = V.05 = 0.2236 VOLTS)

(Vn(dBm)+2.40)
_ 0.2236 20
V, (prHz) = Jre. 10 (voLTS//Hz).  (3.13)

(If the spectrum analyzer amplitude is calibrated on the usual 3 MHz resolu- '
tion setting rather than the setting used, simply use AF' from Table 3.1
rather than aF.)

The total noise output for a receiver may be obtained by integrating
[Vn(erz)]2 from Eq. 3.13 over the measurement bandwidth (usually dc to
1.8 GHz) or doing the integral over the noise power, Pn(/Hz)

(Vn(dBm)+2.40)

-3
P (/Hz) = 12— 10 L (watts/Hz)  (3.14)

and converting total power to voltage at the end. The TEK BASIC program
listed in Appendix A.9 carries out this integral from manually-entered
Vn(dBm) vs. F points from 7L13 LOG 10dB/div display noise curves. The
calculational method is exact for any straight 1ine segment of the dBm (LOG)
curve given the endpoints, so a relatively few points is adequate to define

a typical curve. Note that in the program the 2.40 dB correction factor
is not included, so that it must be added to each input point or the end
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result corrected by +2.40 dB. The program is designed to integrate over a
number of curves covering different frequency ranges to integrate -from

1/f noise to the high frequency noise rolloff. Agreement between total
noises calculated from the spectral curves and rms noise values obtained
from histogram or power meter reading is good, with the spectrum analyzer
results usually giving a value of total noise voltage of the order of 95%
of the value obtained in the histogram measurements.

3.3.10 Measuring Current Impulse Response and (V/Q)p with the DPO
System for N, Determination

As discussed in Section 2, the important characteristics of a
preamp for an avalanche photodiode receiver are its response time (the
response must decay to a small fraction of peak response in one bit time
to prevent inter-symbol interference) and its minimum detectable current

" pulse, N_, which determines the required photocurrent level. To calculate -

]
N0 we need both the output noise Yoo (the measurement of which is discussed

in Section 3.3.8, and the pulse gain (V/Q)p. Described here is a method
for measuring the current pulse response, including (V/Q)p, for a preamp,
under appropriate small-signal conditions and with the preamp input
shunted by the avalanche photodiode conductance (capacitance).

Determining the current pulse response parameters for a preamp
is conveniently carried out using our Tektronix Digital Processing
Oscilloscope system with the 7512 TDR sampling plug-in. In general, instead
of trying to use the experimental light pulse shape to measure (V/Q)p,
we measure the response to a é-function current input and convolve the
s§=function resbonsp with any input light pulse shape to get the response
and peak response (V/Q)p for that light pulse input. (In most cases, the
light pulse width is sufficiently faster than the preamp response [AT<<AT0 in
Fig. 2.2] that (V/Q)p is only slightly less than (V/Q)G. Hence we will
discuss only (V/Q)G here.)
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The experimental measurement approach, illustrated in Fig. 3.22
is based on the use of an extremely small (2x10'14 pf) coupling capacitor
between a properly terminated puTsé (step) generator and the preamplifier
input in order to produce a short current pulse by a capacitive differen-
tiation of the fast rise step from the pulse generator. The current pulse,
i(t) in Fig. 3.22 is given by

(0 = g [Vt - vy(e)] (3.15)

where Vg is the pulse generator voltage appearing across the 502 line
termination, Cc is the tiny coupling capacitor between the pulse generator
line and the preamp input, and VIN is the (small) vo1tage_appearing across
the preamp input (VIN - i/(GIN + GI),where GI is the input conductance
(GI = 1/Ri) of the preamp and GIN is the shunt conductance (small capacitance)
- placed across the preamp input to simulate the avalanche photodiode
conductance). Integrating Eq.3.15 from a time prior to the input voltage
step (when Vg is constant) to some considerable time after the step, after

ip (and hence VIN) have returned to zero, we have

-

Qp B fip(t)dt ek (vg(T)-vg(o)-vm(o)-:-vm(‘r)) * Co Verep (3.16)
0

where we have used the fact that VIN(O) = VIN(T) = 0 and Vorep® Vg(T)- Vg(O)

is the input step height. The width of the current pulse, i(t), is

determined both by the risetime of the voltage step Vg{t) and by the RC

time of the capacitive differentiator. Since the impedance of the

generator side is 250 (50a termination in parallel with the 50Q Tine)
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and the 1nput resistance of a feedback mode preamp is about RF/A, with
C.* 2x1071% £ (typical) and taking for GAASFET Preamp #8 R. = 5000@,

F
A = 20, we have R = 25+5000/20 = 275Q or RC. = 5.5 pS, so the current

0

pulse width is 1imited by the generator risetime. For the S-52 generator
used with the 7512 TDR sampling system, T10-90 is about 25ps, much narrower
than the output pulsewidth, so we measure essentially the &-function

response.

This Cc coupling capacitance is built into the hybrid integrated
GAASFET preamps as the stray capacitance between a 50 ohm microstrip test
pulse line and the input (APD-QI gate tiepoint in the preamp). We have also
made Cc‘s by modifying a preamp cover plate to carry a 500 line with a hole
through the plate and line shield to accommodate a short probe leading
from the center conductor of the 1ine to the vicinity of the preamp input.
For measuring 500 preamps a coupling capacitor, C » was formed by making a Tee
out of a 3mm (SMA) elbow, adding a third cnnnector,the center conductor
of which does not actually touch, but only comes near, the center conductor
of the elbow. The signal, V_, from the generator comes into the original
elbow and a termination is placed on the other leg of the original elbow,
while the small capacitively coupled signal is coupled into the preamplifier
through the new connector. The value of the coupling capacitance was
measured two ways. The first was using a conventional Boonton capacitance
meter in a standard 3-terminal measurement with the shield conductor of
the connectors of course grounded. A value of 0.02pf was measured by
this approach. A second approach, more precise, was to couple the output,
not into a preamp input, but into the type S-4 sampling head directly -
(actually, through a 3db attenuator for isolation). This gives us an
accurately known 502 Toad across which to measure the induced voltage,
VL(t) = 50i(t). V. is very small (~ 6mV max), deep]y]gur1ed]én sampler
input noise, but signal averaging the waveform from 2'° to 2'° times using
the Digital Processing Oscilloscope (DPO) gives a nice clean signal. This
induced current pulse is then integrated (digitally on the DPQ) and the
resulting step is a good replica of the input step V (t), except for a .
difference in magnitude from which C is determined by
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Cc = -/f VL(t)dt where R0 = 50Q. (3.17)
o STEP

This is a very sensitive method of measuring tiny coupling capacitances. The
value of Cc determined by this approach was the same as that measured on
the capacitance meter (2x10'14f).

For the case of the hybrid-integrated preamps, the coupling
capacitance is built-in and cannot be connected to a capacitance meter or
known load for calibration. Fig. 3.23 shows the generalized "op-amp"
representation of a Mark III or IA GAASFET preamp. The voltage gain stage
has gain A1 and transimpedance R0 =~ RF/(1+1/A1) and is followed by an
internal line driver stage of gain Az.(into a 50 load). The preamp is
usually followed by cascaded B&D DC3002 and AC3020 amplifiers before going
into the 500 terminated S-6 sampler. The gain of these external preamps
is called AB&H‘ The overall input current to output voltage relationship for
the preamp will be given by (steady state)

VOUT = ROAZAB&Hip' (3.18)

With a short risetime step input, the measured output pulse, VOUT(t)’ which

is usually signal averaged 210 to 2]2 times by the DPO to remove noise,
represents the current impulse response of the preamp. It can then be
directly examined to determine the maximum data rates possible without

intersymbol interference, and the Fourier transform may be taken to find
the frequency-domain response.

However, to find (V/Q)é, we measure V_ (the peak value of
VOUT(t)), but we must know Qp. Since Cc is not, in general, known, we cannot
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use Qp = Cc VSTEP' However, integrating 3.18 we have

fVOUT(t) dt = R

Hence we have

oP2Paan J/.ip(t)dt = ROAZAB&HQp. (3.19)

J/.VOUT(t)dt
Q,* RAA (3.20)
or
R AsAngy V
(vQ =228 2 - | (3.21)
S vgr(tree

Similarly, we can obtain the response to any general input pulse shape by
convolving the input pulse with VOUT(t) for the §-function case (which will
reduce Vp somewhat) and then use Eq. 3.21 to find the new (V/Q)p. If we
have measured v__ as described previously, then, the minimum detectable

no

current pulse of the preamp is given by (substituting in Eq. 2.19)

N vno = Vno j-""OUT(t)dt (
o q(V/Q); ~ R ARz, V, ' 28

Each of these quantities is measured in the DPQ preamp measurements.
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Another method of determining Q is to calibrate C in the preamp.
This can be done by applying a tr1angu1ar wave input in p]ace of V in Fig. 3.22
or 3.23 (usually at least 10 V p-p, ~ 10 MHz). From 1p c (dVg/dt)

and VOUT = R A,i_ (no B&H's are used), we can obtain C as C V T/R A (dV /dt).

0o2p
This approach (and the similar approach using a sine wave v ) g1ve near1y

identical results to the pulse integral normalization method.

3:3.11 Techniques for the Use of the DPO System in Preamp Evaluation

While the most important noise histogram and current impulse
response measurement techniques for using the DPO system with the GAASFET
preamps have been discussed in Sections 3.3.8 and 3.3.10, there are a
number of additional routinely-used procedures and programs used in various
stages of the preamp evalpation that should be spelled out.

- In measuring the current impulse, the signal average command is
used. This is typed in as a direct keyboard command such as

AVERAGE PA, 4096

which averages the current impulse response into waveform a 4096 times
(usually 1024 to 4096 averages are used with sampling). In general, there
will be a baseline error in the average result which must be removed. If
the pulse response begins 2 cm from the left (102.4 horizontal elements)
the program listed in Appendix A.8 line numbers 1000 to 1074 would be used
to obtain the average value of A from J = 0 to 100 (for example) with this
result stored as the variable name "AV". Then the command

LET PA = A - AV

is used to correct the baseline in the computer and processor arrays (A and PA).

For an impulse response in A, the accuracy of the baseline is checked by
integrating A into waveform B, for example
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INTEGRATE A, PB

to check that both the regions left of the pulse and to the right of the
step in B are flat. Assuming the baseline is satisfactory, then the integral
step height (as required in the normalizations in Eqs. 3.17 through 3.20)

can be obtained by using the "Average" routine again (Appendix A.8 line
1000-1074) over a suitable portion of the right hand side of B (for example
J = 300 to 500) with the result AV =-/PV0UT(t)dt. For an impulse response
in PA, with the baseline corrected, the FFT may be used to obtain the
frequency domain response by

FFT A, PC, PD, POLAR

whiéh puts the magnitude of the frequency response A(f) into PC and the
phase (which will include a large linear phase shift because the pulse does
not start at t = Q; this can be subtracted off) in PD. To obtain the 3 db
bandwidth of the magnitude array in C, the program lines 600-640 in Appendix
A.8 is used. Starting at 1ine 600 it gives the 3 db bandwidth relative

to the peak amplitude, or by using

LET CP = C(256): GOTO 620
the result (F3) will be relative to the amplitude at dc. The noise bandwidth
(defined by Eq. 3.7) is calculated in the program lines 1300 to 1390

Appendix A.8. Again, straight execution from line 1300 gives the result
relative to the peak response, while

LET CP = C(256): GOTO 1346
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will calculate the noise bandwidth (NB) relative to the dc response.

While the foregoing was based on an impulse response measurement

(as in Section 3.3.10), many measurements are made of straight pulse

response (step in, step out). An example of this is in the hybrid preamps
when initially measuring the op-amp open-loop voltage gain, A,, (in Fig. 3.23)
by connecting the gate of Q.I directly to the 502 microstrip test line and

measuring

the pulse gain. The low-frequency gain, (A])0 will be given by

Ry
(&) = &, Vo 5TER)

(3.21)

where A2 is the output stage gain. We want to know, of course, the frequency
dependence of Al' We obtain this by taking the derivitive of the step
response with

where the

DIFFERENTIATE A, PB, 0

step size is determined by the final index (from -1 to 3 depending

on the resolution-noise tradeoff desired; it is sometimes desirable to
combine fast, noisy derivitives [index -1 or 0] at the step with slower,
smoother [index 1 or 2] derivitives away from the step). Since the
derivitive of the step response of a linear system in equal to the impulse

response,

as before.

we obtain the frequency response and bandwidths from

FFT B, PC, PD, POL
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In some cases of derivitive response measurements, considerable
“hash" from ground and transmission line, ringing from the input pulse
generator step may be noticed in the derivitive after the preamp response
has died out. While the amplitude of this tends to be small, the effect
of this is to considerably "roughen" the FFT-derived frequency response,
adding spurious responses outside of the passband, etc. The program in
Appendix A.8 Tines 1200-1250 can be used to attenuate this "hash" in the
derivitive response tail in B to make the results of the FFT smoother
and more meaningful (AF is usually taken as about 0.95).

134




4.0 RESULTS

The avalanche photodiodes used in all of the hybrid-integrated
optical receivers have been from the same epitaxial wafer (K-9) of homo-
heterojunction APD's. Hence the device characteristics for all of the APD's
are very similar, so that we can discuss the general characteristics of these
homo-heterojunction APD's in one section (4.1) and discuss the performance
characteristics of each type of hybrid-integrated GAASFET preamp in separate
sections (4.2 - 4.4).

4.1 Performance Results for the Inverted Homo-Heterojunction GaAs]_bex
Avalanche Photodiodes

A1l of the inverted homo-heterojunction GaAs1_bex avalanche photo-
diodes used in hybrid-integrated receivers were from the same epitaxial
growth (K-9). The device structure, as shown in Fig. 2.7 was grown using the
dopant-drop technique for producing the p-n homojunction discussed in Section 3.1.
The diodes were fabricated using the techniques described in Section 3.2 and
either mounted directly on the metallized alumina hybrid preamp substrate (for
the Mark IA preamps) or mounted on a small (100 mils diameter) gold plated
copper carrier which mounts on the hybrid substrate in the Mark II or Mark III
preamps to provide for APD interchangeability.

415 Doping Profile

Figure 4.1 shows the N(x) profiles derived from derivitive-capacitance
measurements on two similar K-9 devices. The carrier concentration in the active
n” layer (see Fig. 2.7) is of the order of Ny = 7.5x10'> cn™> and the full
depletion width at high biases is of the order of 5u (4-5u for most diodes).

The dropoff in N(X) at Tow depletion widths probably reflects grading effects

near the junction, while the rise in N(x) near 4.5 to 5u in Fig. 4.1 represents
punchthrough of the depletion region from the p-n junction through the n-active
layer to the n+ buffer layer. The sloping of N(X) near punchthrough is due either
to fluctuations in active layer thickness over the diode, doping density increase
near the n+ buffer -n~ active layer heterojunction, or (most likely) both. The .

punchthrough occurs at a bias of around 50 volts, and the typical breakdown
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voltages are about 120 volts, so that the peak electric field at the p-n
homojunction at breakdown is about 3x105 V/cm.

A 1.2 Junction Capacitance

The actual capacitance versus voltage curve for a 5 mil diameter
(0.127mm) K-9 APD is shown in Fig. 4.2. The zero-bias junction capacitance is
about 1.65pf, but the capacitance drops rapidly with reverse bias to a value
of 0.31pf above punchthrough (2450pf/cm2) The capacitance is nearly independent
of bias for VAPD>60 volts (because the depletion reg1on thickness is bounded by
the physical active layer thickness between the n buffer layer and the p-n
homojunction). A 3-mil (0.0762mm) diameter APD with a junction area of
A;=0.456x10"%cn? will have, in comparison to the 5 mi1 diameter (A;=1.27x10"%en’)
device a capacitance of CJ=0.1Ipf above punchthrough, or about one third of the
CAPD(VAPD) values of Fig. 4.2.

-4

'4.1.3  Response Time

The response time of these GaAs,_  Sb, photodiodes is so fast that for
all practical purposes, in the integrated preamps, the APD may be considered an
infinitely fast current generator with a small shunt capacitance, CAPD' The
maximum possible carrier transit time in the K-9 APD's, for example is
TTR=N/VSAT=5x107cm/sec=50ps (40ps 10% to 90%), which is much faster than the
preamp response time. Hence from a standpoint of receiver speed, the important
thing is the junction capacitance, CAPD discussed previously.

Since these inverted heterojunction GaAs.I_bex photodetectors are also
of interest for high-speed reference diodes in sampling oscilloscope measurements,
their high-speed 50Q response time is also of interest. Fig. 4.3 shows sampling
oscilloscope measurements of the output (double) pulse structure from our
modelocked Nd-YAG laser as measured simultaneously with two M8-1 growth 3 mil
diameter inverted heterojunction GaAs1_bex photodiodes. The upper curve (downward
response) was measured for the device in the older 50@ mount on the left (Ref. 1)
with a Tektronix S-4 sampler head, while the lower curve (upward response) was
measured using the new 502 APD mount (described in Section 3.2) with a Tektronix
S-6 sampler with precision 502 termination. The new mount is shown at the upper

137




JUNCTION CAPACITANCE, CAPD (pf)

HOMO-HETEROJUNCTION

GROWTH K-9

5 mil DIAMETER 5
. Capp (Vapp? ~
1.0 H =
0.5 — —
- &

3 | ! | I |

0 20 40 60 80 100

REVERSE BIAS VOLTAGE, VAPD (VOLTS)

Fig. 4.2 Capacitance-Voltage Relationship for a 5 mil diameter
K-9 APD. Capacitances for a 3 mil APD are about cne
third of this.
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Fig. 4.3 Response of Two 3 mil M8-1 Inverted Heterojunction
Microwave Avalanche Photodiodes to Modelocked Nd-YAG
Laser Pulses. Upper curve (inverted) is from older
mount (Ref. 1) shown on left into S-4 sampler, whereas
lower (upward-going) curve is for similar APD in the
new compact 502 mount shown at the upper right and
Fig. 3.11 into an S-6 sampler. Both curves at 200pS/cm.
Note the clean fall and return to baseline between the
two laser pulses for the new diode mount.
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right in Fig. 4.3. The output connector (3mm male) is coaxial with the light
entrance and is barely visible in the picture. * The upper Microdot connector

is the bias Tead, while the left-right opposing pair of 3mm Temale connectors
provide a feedthru bapacitive coupling test line to the output (Cc in Fig. 3.22).

As can be seen in Fig. 4.3, the response of the diode in the new mount
with the §5-6 sampier gives extremely “"clean" response with sharp fall time from
the first Tight pulse peak down to a flat baseline before the second (smalier)
pulse arrives 370ps after the first. The FWHM on the pulses is under 100ps and
the 90% - 10% fall time is about 60ps;: these figures probably represent a
fairly accurate estimate of the laser pulse parameters (as opposed to the APD
or sampling oscilloscope response times as both have frequency responses of
the order of 14GHz).

4.1.4 Dark Leakage Current

The surface passivated K-9 APD's have generally Tow leakage currents.
Fig. 4.4 shows the total dark reverse current, IR’ versus reverse bjas voltage
at room temperature for 3 mil and 5 mil diameter inverted homo-heterojunction
APD's. The total APD leakage current IR can be considered as the sum of a
"bulk" Teakage IB (essentially as used in Eq. 2.24) and a"surface" leakage, IS.
Calculation of the bulk leakage {thermal generation current in the depletion
region)} for these devices has been discussed in Ref. 5 and will not be repeated
here. Assuming Ni=109cm'3 and Te=10'8 seconds we have IB=qniAjW/TE=1nA for a
5 mil diameter APD or IB~0.35nA for a 3 mil diameter APD at punchthrough (W=5u).
At biases of a few volts, the Teakage current is predominantly bulk and the
ratijo between the leakage of the 3 mil device to the 5 mil device should be the
ratio of their junction areas or about 0.36. As seen in Fig. 4.4, this is
indeed the case for biases up to 4 or 5 volts (i.e., at 3 volts reverse bias
(IR)5 mi1=0.68nA while (IR)3 mi]=0'24"A or (IR)3 mﬂ/(IR)5 m11=0‘353)'

The bulk leakage would be expected to increase only very slowly with

bias above VAPD= 10 volts, and not at all abave punchthrough (VAPD=60 volts)

until avalanche gain sets in. In fact, as seen in Fig. 4.4 the total] reverse
current increases exponentially with reverse bias over this bias range where
the bulk leakage is constant. This leakage is the "surface" current, Is'
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This surface leakage increases the total leakages from the nancampere range
_of bulk Teakages at Tow biases to the 10 nanoampere range at mid biases
(punchtﬁrough) up to leakages of the order of 100 nancamperes in the avalanche
gain region near breakdown. If this "surface“ leakage is really due to the
surface of the junction, then IS should scale with the device perimeter (as
opposed to area for IB). At & bias of 50 volts we measure {I )5 i1 =5,1nA

and (IR)3 mi]°2-8nA. Assuming (T B)5 il =1nA and (I )3 1150 -36nA we have for

Is=Ip- B,(IS)5 mi]=¢.?nﬂ and (15)3 mi1=2‘44nA or (IS)3 mi]/(IS)S mi1=0'50’
exactly the ratio of the perimeters.

Both the surface and bulk leakage currents in these homo-heterojunction
GaAsl_be APD's are so low that they have no significant effect on the noise
properties of the integrated "GAASFET receivers. For example, for GAASFET
preamp #8, R =5Ka or 1 —1 8x10° -12 amps/#ﬁ_ﬂ whereas the shot noise from
the I¢ 100nA surface ]eakage of its 3 mil APD is only =1 79x107 1% amps/ VM,
or tak1ng M=10 and x =0.25, the multiplied shot noise from an IB=0 36nA bu]k Teakage'
is Tns*] 43¥;0 -13 amps/#ﬁ—'(for a 5-mil APD these would be about 2.5x107 A/JF_
and 2.4x10 A/VH respect1vely), well below the Jdohnson noise level. As h1gher
gain levels are atta1ned, the bulk leakage curvent will contribute significant
noise (which can be reduced by cocling, of course) but recalling that the
average pulsed photocurrent for Nph= 1000 photons/bit, 4T=0.5ns is 320 nA, a InA
bulk leakage current is not very significant.

4.1.5 Absolute Quantum Efficiency and Spectral Photgoresponse

The spectral photoresponse or quantum efficiency - gain product, M,
versus wavelength, A, for a K-9 APD is shown in Fig. 4.5. (More typical K-9
APD's have about & 15% to 20% higher breakdown voltage and 0.0Tp to 0.02u longer
wavaliength response then fhe particular device in Fig. 4.5, but are otherwise
the same). This measurement was made with uniform illumination over the
device area.

In a somewhat heuristic sense, the wavelength scale in Fig. 4.5 may
be visualized in terms of the physical depth in the device at which the light
absorption takes place; i.e., from the surface of the GaAs substrate (1ight
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wavelength response than this particular device.
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entrance window) for A<0.86u, the n' buffer Tayer from 0.9u<k<a.98u, the n~
active layer from 0.98u out to the p-n junction at A~1.08:. This position -
!waveTength correlation exists both because of the stepped reductions in energy
gap in the heterostructure going from layer to layer, and because of the fact
that in a single Tayer the optical absorption coefficient drops as the photon
energy is reduced toward its energy gap (i.e., longer A, deeper absorption
depth). Light of wavelength below 0.88u is absorbed largely in the GaAs
substrate, very near the surface at short wavelengths, so that no photo-induced
holes reach the p-n junction. " At 0.9 to 0.92u, most of the Tight is absorbed
near the GaAs substrate in the n° GaAsSb (E ~ 1-2¢V) buffer layer. from this
point the photogenerated holes have a considerabie distance (~4u) to diffuse
to reach the n~ active layer, and hence the photoresponse at 0.91u is only
about 5% to 15% of the response at 1.0Tu. At 1.01u, the 1ight absorption takes
. place in the n~ active layer very near the n+ buffer -n~ active layer hetero-
Junction. At‘iow biases, this region is neutral ds the depletion region is
near the p-n junction several microns away. Hence photogenerated holes must
diffuse several microns to cause junction photocurrent,which is why the 1.07Tu
quantum efficiency is only 15% at VAPD= 2 vo1t$. As the bias is increased to
punchthrough (where the depletion region reaches all of the way through the

n active layer to the n+ buffer), at 50 to 60 volts for the APD of Fig. 4.5,
the quantum efficiency at- this wavelength reaches nearly 100%. As bias is
increased further, considerable avalanche gain is seen, even with uniform
illumination, though not as much gain as is seen at longer wavelengths. The
implications of this (an>ap) were discussed at the end of Section 2.2.2.

At a wavelength of 1.08u in Fig. 4.5, the ]igh{ is absorbed in the
active layer, but at a much greater average depth. Here it is possible for a
significant fraction of the 1ight at Tow-bias voltages to penetrate through
the undepleted n  layer to the junction region giving the long - wavelength
peaking in quantum efficiency characteristic of a deep homojunction. Of
course at this wavelength the absorption depth {is comparable to the active
layer thickness so that a significant fraction of the 1light passes through the
device unabsorbed. Hence at higher biases the quantum efficiency at 1.08: is
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considerably below 100%.

_ As was mentioned previously, the typical K-9 device has a slightly
longer wavelength response than the device in Fig. 4.5 (which means that 1.064u
falls fairly close to the peak response at punchthrough) and typical 115 to
120 vo1t breakdowns, as opposed to VB"100 volts for the device in Fig. 4.5 {which
means that ‘a normal unity-gain bias will be ‘about 80 volts instead of 60 to 70
volts as in Fig. 4.5). We have measured the unity-gain 1. 064u quantum
efficiencies for the APD's in the receivers and have gotten values at VAPD=80 volts
of 106w =96% or 97%. These values are excellent, of course, but reasonable
since the substrates are carefully antireflection coated, the free-carrier
light-absorption in the substrate is low, and the optical absorption depth
(~1n) is sufficiently smaller than the depletion width (5 ) to insure that the 1.06u
1ight is absorbed in the depletion region.

Devices which exhlbit nearly 100% quantum efficiencies usuai]y show
a very fiat region in n vs. Vypp (SOV to 80. volts inm Fig: 4.5, part1cu1ar1y :
60V-70Y), a reasonably flat region in A(1. D1u to 1.06p in Fig. 4.5) and very
flat spatial photoresponse (i.e., virtually no fluctuation in sensitivity over
the device area when measured with bias and wavelength values in the "flat
regions"). These K-9 APD's show al1 of these characteristics (Figs. 4.5,4.7,4.21, etc

4,1.6 Avalanche Gain -

In measuring avalanche gain, it is important to be able to differentiate .
between useful (high frequency) bulk avalanche gain and the apparent (low
frequency only) gain associated with defect breakdown (microplasmas). To
. avoid possible confusion, we measure only the high-frequency avalanche gain
it 273 MHz (or a multiple of 273 MHz) using the 7L13 spectrum analyzer as a
receiver as discussed in Section 3.3.5.

The ‘high frequency avalanche gain measured on a 5 mil K-9 APD in
GAASFET preamp #7(a) is shown in Fig. 4.6. This 273 MHz gain curve was
measured with the modelocked 1.064n laser focused on the most sensitive gain
area on the APD with a light spot diameter of 7.6u(0.3 mils) and an average
1ight power of 33nW. At Tow biases, the capacitance of the APD increases,
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reducing the bandwidth of the preamp below the signal frequency, causing a
reduction in signal.amplitude greater than the reduction in quantum efficiency
seen in Fig. 4.5. {Preamp #7 has the Towest bandwidth of the delivered preamps -
about 290 MHz at punchthrough or higher APD biases). Taking VAPD= 80 volts as
our unity-gain reference,M=1, n= 97%, we see that the signal level increases
with yAPD from -43.7dbm at VAPD= 80 volts to -20 dbm at VAPD=122 volts.

However, there 1s an abrupt onset of detector noise at VAPD=121.7 volts (a
microplasma turning on), s¢ that the useful peak avalanche gain is about

23 db (M=14). It should be noted that this result is for the highest gain area
on the APD. At high gains on these devices the gain (for reasons which will be
discussed in the next section) becomes nonuniform and typically only a few areas
over an APD achieve gains over 5 or-so. The average gain, as measured with a
defocused beam, would typically be more Tike M=2 to 3, as seen in Fig. 4.5.

4.1.7 Spatial Uniformity of Quantum Efficiency and AvaTanche.Gain

The spatial uniform%ty of quantum efficiehc} and avaTEﬁche gain are
of interest not only from a device application standpoint, but also for the
insight they may provide about problems in the device itself. Fig. 4.7 shows
scanning 1ight microscope measurements of the 273 MHz, 1.064u response of a
5 mil diameter K-9 inverted homo—heterojunctien avalanche photodiode in GAASFET
preamp #4. The four photographs represent intensity-modulated displays of the
photoresponse for various reverse biases (VAPD)' Fig. 4.7a, for example, shows
the response at VAPD=80 volts, above punchthrough {i.e., the n~ active layer
is fully depleted), but below the onset of significant avalanche gain. As
would be expected for a photodiode of almost unity quantum efficiency, the
response is highly uniform. As we increase the APD bias to 100 volts in (b),
we begin to see some avalanche gain, but at the same time we begin to see a
pattern appearing in the photoresponse due to nonuniformities in this avalanche
gain. This pattern becomes considerably more noticeable in Fig. 4.7¢ for a
110 volt APD bias., as the avalanche gain is higher. Certain areas which have
clearly higher gain than the rest of the diode are obvious here. This effect is
most dramatic in Fig, 4.7d, VAPD=I15 volts, where very high gain is seen in
the two areas 1.4 and 2 mils below the center (because these areas are
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approaching breakdown), more modest gains are seen in a dozen or more other
areas, and the rest of the device has fairly low avalanche gain. It is

. important to note here that the areas approaching breakdown are not at the
device perimeter, so that surface breakdown is not a problem in this K-9 APD,
even though the p-n junctioh is toward the surface side of the n~ active
layer (see Section 2.2.2).

Clearly, the question to ask is why do some areas of these APD's

have lower breakdown voltages than other areas (which 1imits the maximum bias
to less than the breakdown of the lowest area and hence limits the available
gain everywhere except these few lowest breakdown areas)? Some insight into the
gain nonuniformity problem can be seen in Fig. 4.8. Fig. 4.8a shows an SLM
picture of the 273 MHz response of the 5 mil diameter K-9 APD in GAASFET preamp
#5 at a bias of VAPD=110 volts (fairly high avalanche gain). A characteristic
spatial gain pattern is seen, similar to that in Fig. 4.7. A very interesting
thing is to compare this high-gain pattern to the below-punchthrough pattern
shown in Fig. 4.8b, showing the variation of quantum efficiency (also
measured at 273 MHz) over the APD. Comparing Fig. 4.8a and 4.8b, we immediately
perceive a strong similarity between the general pattern of the high gain and
low bias spatial photoresponses, and on closer examination we find close
correspondence in their detailed features. In general, we find that points
with higher than average avalanche gain are points which give higher than
average quantum efficiency at low biases (before the n  active layer is fully
depleted). This immediately suggests a cause for this gain variation.
Remember, from Section 4.1.5, that the low quantum efficiency below punch-
through is caused by the fact that the 1ight is absorbed in the n~ active
layer close to the nt buffer layer (in Fig. 2.7), but at low biases this
region is not depleted. The closer the edge of the depletion region is
to the n+ buffer, then, the higher will be this before-punchthrough quantum
efficiency, since the photogenerated holes will have a shorter distance to
diffuse to the depletion region. This would say, then, that the variations

. in the Tow bias quantum efficiency represent variations in the thickness of
the n” active layer (epitaxial growth thickness between the n' buffer layer and
the dopant-drop produced p-n~ junction); high quantum efficiency regions
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Fig. 4.7 Scanning (Modelocked) Laser
M]croscope intensity-modulated
pictures of the 273 MHz photo-
response of Mark IA Preamp #4.
Scale is 1 mil/div, 10X 0.17
NA objective.
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Note that orientation of all
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into the preamp oriented hori-

zontally as in Fig. 4.1.
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corresponding to thin n~ layer regions and vice versa. This explanation also
accounts, then, for the high-gain response pattern, since the width of the
deplet1on region at high gain, W, is essentially this distance between the

n buffer layer and the p-n~ junction, and the average electric field is
VAPD/N' Hence points of narrow W are points of higher electric field and
hence higher avalanche gain. This explanation, then, associates points of
high low-bias quantum efficiency and high avalanche gain with points where
the n~ active layer is the thinnest, and vice versa. (That such variations in
the thickness of the n~ active layer exist in these K-9 diodes is already
suggested by the apparent gradual rise in N(X) with depletion region width

in the 3.5y to 5u range in Fig. 4.1.)

Such n~ active layer thickness variations as postulated here might
be expected to show up in the surface morphology of the epitaxial layer' 3
in a way that might be seen in ordinary microscopic examination. Fig. 4.8c
is a micro-photograph of the 5 mil K-9 APD in GAASFET preamp #5 (as in a and b).
The orientation of the photo is the same as that of the SLM pictures except,
of course, that since this picture in Fig. 4.8c was taken from the mesa side
of the APD (by removing the preamp cover plate) whereas the SLM pictures are
viewed through the GaAs substrate, Fig. 4.8c appears left-right reversed
from 4.8a and 4.8b. In this photo, the top of the mesa shows up as the
1ight round circle in the middle of the dark annular ring (the sloping sides
of the mesa.) Metallization can be seen over most of the central area of
the mesa, with gold-ball bond in the center with the bonding lead going
toward the lower left (out of focué). Comparing the photo of Fig. 4.8c
with the SLM response pictures in (a) and (b) (remembering the left-right flip),
we can indeed correllate between features in the response pattern with
topological "hills and valleys" in the surface of the device. In Fig. 4.8
a few of the more prominent comparison features between the three pictures
are pointed out with arrows labeled A through H. We see that in general the
high gain (thin n~ active layer) areas are associated with "hills" and the

. low gain, thick n~ active region, areas in the APD correspond to "valleys"
in the surface.
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Fig. 4.8

c)

K-9 5 mil Diameter APD in GAASFET Preamp #5.
a) 273 MHz Response at Vapp = 110 volts

b)

c)

(Avalanche Gain Region).

273 MHz Response at VAPD 20 volts
(Active Layer Not Fully Depleted).
Photograph of APD Mesa taken by

removing blank cover plate from preamp.
Since the 1ight in a) and b) is brought
into the APD from the substrate while
Photo c¢) is from mesa side, corresponding
features appear left-right reversed.
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4.2 Results for Mark IA GAASFET Preamps

4.2.1 Circqjt Description for GAASFET Preamps #4 and #5¢ .-

The simplified circuit diagram for the Mark IA preamps is
described and the circuit function explained in Section 2.3.4.1, Fig. 2.9.
The complete circuit diagram for the Mark IA hybrid-integrated GAASFET
preamps is shown in Fig. 4.9, with the power supply-monitor unit circuit
diagram shown in Fig. 4.10. Note that while the circuit diagrams for the
Mark IA GAASFET receivers #4 and #5 are the same, the mating power
supply-monitor unit for each preamp is adjusted for that particuiar
unit and must not be used with any other preamp. ‘

CAUTION: USE ONLY THE POWER SUPPLY-CONTROLLER MADE
FOR-A SPECIFIC SERIAL NUMBER PREAMP WITH
THAT PARTICULAR PREAMP. POWER SUPPLY '

CONTROLLERS ARE NOT INTERCHANGEABLE.

- In addition to the integrated preamp and the power supply-monitor units,
operation of the receiver also requires a‘current-protected stable
floating avalanche photodiode supply as described, for example, in Section
3.3.6 (Figs. 3.18 and 3.19}. '

The overall operation of the receiver can best be understood
by referring to the block diagram of Fig. 4.11, in which the receiver is
outlined in terms of the "op-amp" model of Fig. 2.8 (Section 2.3.2) with
key parameter values as experimentally determined from GAASFET Preamp #5.
As shown in Fig. 2.9, the "op-amp" in Fig. 4.11 is. a single GAASFET.
In the experimental Mark IA receivers (#4 and #5), QI was a 2u gate
Tength single-gate unit (FMX-950) operated at a drain current of about
10mA, giving a transconductance of about 12 mmhos (VDS=4V, ID=IOmA, Vg]=—1.7V).
The level shift of the output (indicated by battery Vz in Fig. 2.9) is
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GRASFET PREAMP #5 MARK IA
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Block Diagram of the Mark IA Preamps, with specific

values and performance parameters for GAASFET Preamp #5.
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provided by a zener diode chip, Vz in Fig. 4.9, shunted by a bypass
capacitor, with the ~ 0.7mA bias current for the zener obtained through

Rsh' With RL = 1Ka, Rsh = 20KQ and the GAASFET drain resistance RD = 850Q,
we have from Eq. 2.39, Ay = g (4502) = 5.4 as the open-lToop gain of the
op-amps. (Actually, A] is measured experimentally by measuring the "op-amp"
gain from a 502 source, and the value of drain resistance, Ry, is inferred
from A].) The open-loop gain in preamp #5 is 3db down at 320-MHz, with

" a gain-bandwidth product for higher frequencies of about 1.2 GHz. The
gain-bandwidth product for a capacitively-loaded current generator with
transconductance 9 and capacitance CL is

= = Qm
GBH = (A/F) = 5D 8.1

CL )

Hence, for GAASFET preamp #5 we have CL_esl.G pf for the first stage .
capacitive Toading (CL + CD in Fig. 2.10 a)). This rather sizeable Tload
capacitance represents a significant high-frequency performance 1imitation
in the Mark IA preamp (largely overcome in the Mark IIT design). (The
open-loop gain for Mark IA preamp #4 was 5.3 with a 3db frequency of

260 MHz and a gain-bandwidth product of about 1.35 GHz.)

Another performance Tlimitation in the experimental Mark IA
preamps is the relatively high input capacitance of the 2u gate GAASFET's
used for Q1. {(The manufacturer's figure for Cgs‘in Fig. 2.10 for the
FMX950 is 0.4pf.) The total input capacitance for GAASFET preamp #5
‘was 0.5-0.6 pf (plus 0.3pf APD capacitance). If Q.I in the Mark IA
preamps were a lu gate (dual gate) GAASFET, CIN would be significantly
reduced and the gain-bandwidth product would be improved because of the
higher 9n of these devices, so that better performance could be attained
than was achieved with the experimental Mark IA preamps (#4 and #5).

While the interstage coupling between Q] and Q2 is through a
.01uf blocking capacitor, the cutput stage, Qz is actually directly
coupled to the 502 output 1ine, with the dc balance adjusted by & trimpot
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in the power-supply monitor, The ocutput stage has its own internal
termination, RL2’ selected s0 that the parallel combination of RLZ

and RDZ (the Qz drain resistance)} is exactly 50 ohms. This means that
the output 1ine is almost perfectly terminated so that signal reflections
from following amplifiers (most commercial 50 preamps have poor input
VSWR's or bad reflection coefficients) will be totally absorbed in this
termination and will not cause intersymbol interference. Time-domain
raeflectometry measurements on preamps #4 and #5 give refiection coefficients
of +3% and -3% respectively for pulsewidths of the order of the signal
pulsewidth or greater. (An output TDR for GAASFET preamp #8 is shown

in Fig. 4.28.) The gain of the output stage will be essentially

A2 =g, (252), assuming the outpui is 500 terminated, or about twice
this open circuit. For the two experimental Mark IA preamps, we measured
Az = (0.34 for #4 and Az = 0.292 for #5. The output stage band¥8dth
‘1nc1ud1ng the interstage coupling capacitor is about 10 to 10

It would be relatively easy to extend this response to dc by re—1n3ect1ng
the dc photocurrent signal through the 200Kq Qz gate resistor, but this
was not done in the experimental preamps as dc response was not desired.

While the dc photoresponse is not carried to the 500 signal
output, the first "op-amp" stage is dc coupled and the dc photocurrent
is taken out through the power supply-monitor unit. As shown in Fig. 4.11,
the actual d¢ voltage across Re 1s monitored through the 200K2 isolation
resistors in Fig. 4.11 or 4.9 with MOSFET op-amps connected as voltage
followers (Fig. 4.10). A differential amplifier with a gain of 15 amplifies
this voltage drop across R% and presents the result at the "VF monitor"
jack on the power supply monitor. This signal is also used to drive a
pair of warning lights in Fig. 4.10. The first 1ight turns on at a
dc current of about 25pA which would indicate that the APD bias was so
high as to cause microplasma breakdown in the APD if this Tight is on
with no 1ight signal input. The second warning 1ight turns on at a dc
photocurrent of 250pA and means that the APD power dissipation Timit is
being approached (assuming VAPB near breakdown) and either the 1ight level
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or the APD bias, VAPD’ should be reduced immediately.

_ ‘The MOSFET follower connected to the:.gate of Q] also serves
to establish the floating potential for the APD supply. If the APD
supply were grounded, the actual bias voltage on the APD would be the
APD supply potential plus the magnitude of the negative bias on the QI
gate. By floating the APD supply. the valug of VAPD is exactly that
read on the digital voltameter in the APD supply (Fig. 3.18), and is

unchanged by drifts in Vg1.

4.2.2 Performance Results for GAASFET Preamp #5

The key performance parameter for a preamp for optical pulse
detection is the minimum detectable current pulse, N0 (the number of
electrons in a charge impulse required to make the peak output voltage
equal the rms noise output). This is determined experimentally from
current impulse response and noise measurements as described in Sections
3.3.10, 3.3.11, and 3.3.8. Fig. 4.12 shows the current impulse response
obtained with GAASFET preamp #5 (trace with zero three divisions below
center, 10mV/cm vertical, Ins/cm horizontal. This response was measured
using the $-52 pulse generator (24émV step, Tn =~ 25ps) through a cover
plate coupling capacitor, CC to the preamp inpui, with the preamp output
amplified through a B&H DC3002 50@ 3 GHz preamp followed by a 3db pad
followed by a B&H AC 3020 502 3 GHz preamp with its autput driving the
S-6 sampler head. The overéll gain from GAASFET preamp output to S-6
input for this amplifier chain (hereafier described simply as "cascaded
B&H's) is 77.2. The current impulse response was measured at a bias of
VAPD = 80 volts, but the response is virtually constant for APD biases
above 50 volts or so (since CAPD is constant). The peak output measured
under these test conditions was Vp = 73.0TmV.

Also shown in Fig. 4.12 is the integral of this current impulse
{which is also the step response), shown in the Tighter curve with zero
4 divisions below center (bottom of picture). ’The ordinate on this trace
is 10pVs/cm, again at Ins/cm. The 10% to 90% risetime of this step is
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Fig. 4.12 Current Impulse Response for Mark IA GAASFET Preamp #5

for.a current impulse input of No = 8154 electrons
(output through cascaded B&H 50 preamps). Current
impulse responsa displayed at 10 mV/cm (zero 3 div
below center), InS/cm. Also shown are the integral
response, displayed at 10 pVs/cm {zero at bottom),

and the frequency response obtained from the FFT of
the current impuise response, displayed at 500pV/cm
vertical (zero at bottom) and 256 MHz/cm horizontal

(f = 0 at left edge).



0.956ns; while the step~height is ./ﬁVOUT (t) dt = 7.496x10™'7 Vs. From

Eq. 2.35 we have R F/(1+1/A.) = 2543a (for Re = 3.02Ka'and A = 5.4),

50 that from Eq. 3 18 wé can obtain the magnitude of the charge 1n the
input pulse as Qp = 7,306 X 107 -15 coulombs or Ne = 8154 electrons (using

Ay = 0.2917, Age, = 77.2); From this we obtain (V/Q)g = 5.59 X 10'° volts/
cou!omb as the pulse gain for GAASFET preamp #5. The total noise output
for th1s preamp "with the same cascaded B&H 50 post-amplifiers was measured
w1th the $-6 sampTer by the histogram method and found to be Gaussian

with an rms value of 6.912 mV measured in a <2KHz to ~ 3 GHz bandwidth.

The N0 value obtained from this measurement is (Eq. 3.22) N0 = 770 electrons
for this non-optimum measurement bandwidth.

‘Also shown in Fig. 4.12 is the preamp frequency response, as
obtained from the Fourier transform of the current impuise response.
. The FFT trace in Fig. 4.12 is the “dashed 1iné" with zero at -4 divisions
below éenter, displayed at a vertical scale factor of 500uV/cm and a
horizontal scale factor of 256 MHz/cm with f = 0 at the left side of the
picture (each dash is a frequency interval of 50 MHz). Note that the
frequency response is quite flat out to 300 MHz, with the magnitude of
the transimpedance (VOUT/1 ) 3db down at fédb = 402 MHz. The "noise
bandwxdth“ ca1culated for thIS curve is fN = 412 MHz (Appendix A.8).

THe spectral dependence of the output noise for GAASFET preamp
#5 is shown in three frequency ranges in Fig. 4.13. These curves were
measured with the same cascaded B&H preamp arrangement discussed previocusly,
but with the Tektronix 7L13 used in place of the S-6 sampler. The scale
readouts here may require some explanation. For example, in Fig. 4.13 b),
the "10db/" at the Tower left means the display is log with 10 db per
major-vertical division, while the "-~30 dBm" at the upper left means that
the top of the scale (+4 div above center), is exactly calibrated for a
-30 dbm sine wave. Note that as discussed in Section 3.3.9 it is necessary
to add 2.40 db to the indicated dbm vaiues for absolute Gaussian noise
values. The "10 MHz" at the lower right means that the horizontal
frequency scale is 10 MHz/cm, while the "0050 MHz" at the top center means
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Fig. 4.13 Noise output spectra
from GAASFET Preamp
#5 through cascaded
B&H's,

a) 0 to 1820 MHz Frequency
Range (182 MHz/cm). The
thermal noise for Rg=3Ke
would be ~62.64dBm.

b) 0 to 100 MHz Frequency
Range (10 MHz/cm). The
thermal noise for Rp=3KQ
would be -72.4dBm.

c) 0 to 5 MHz Freguency
Range (500 KHz/cm). The
thermal noise for Rp=3KQ
would be -81.3dBm.




the scale center is at a frequency of 50 MHz. For all spectra reported
here, the 7L13.3s accurately adjusted-to-put ¥ = 0 exactiy at the far left
division marker. The "300 KHz RES" at the upper right is the nominal
resoiution setting, from which the exact noise bandwidth, Ar can be obtained
from Table 3.1. The "300 HZ VF" at bottom center simply describes the
amount -of time filtering used to provide good noise averaging and is not
related to the noise bandwidth for the noise measurement.

The four noise traces in each of the noise spectra in Fig. 4.13
simply indicate the noise contribution from each amplifier stage. For
example, in 4.137a), the lowest curve (-90.6 dBm) is the noise level
of the 7L13 itself, while the next higher curve (-86.5 dBm) is the noise
level when the B&H AC 3020 is connected to the 7L13 “input (with input
terminated). The next higher curve (-71 dBm) is obtained with the B&H
DC 3002 with terminated input driving the AC 3020 (through the 3dB pad
used to reduce cable reflections), while the uppermost curve was obtained
‘when GAASFET preamp #5 was connected to the input of the B&H DC 3002
(VAPD = 80 volts, no 1ight signal input). While it may appear from the
log display in Fig. 4.13 a) that most of the noise comes from the B&H
50@ amplifiers and only a Tittle from our GAASFET preamp, this is
not the case. For example, at 200 MHz the noise output with the GAASFET
preamp is 10dB above the B&H noise level. This means that 90% of the
measured noise power in the upper curve is from the GAASFET preamp and
only 10% from the B&H's, or in other words, the measured noise voltage
is only 5% higher than if there were no B&H noise at all. (If the noises
differ by 15dB the voltage error is only 1.6% and for 20dB it is only
0.5%.)

We note in Fig. 4.13 a) that the noise oveyr most of the receiver
passband is only slightly above the calculated Johnson noise from the
3Ke feedback resistance except for the high-frequency noise "bump" from
200 to 400 MHz (this is a reflection of the e, voltage noise term in
Eg. 2.33) and the "1/f" noise below 25 MHz. We should note that at
frequencies above 600 MHz the noise is due mainly to the Q2 cutput stage
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and the B&H preamps and we would anticipate that lower N0 performance
could be achieved by 1limiting the bandwidth to eliminate much of this noise.
The "1/f" noise, noticeable below 20 to 30 MHz in Fig. 4.13 b) and
dominating the preamp noise in Fig. 4.13 c), provides a significant
contribution to the overall output noise. This noise is caused by &

in Fig. 2.8 becoming very large at low frequencies (see Fig.4.38)
presumably because of noise-generating trapping states in the Q& GAASFET
at either the gate metal-GaAs interface or the n GaAs-semi insulating
GaAs interface. It is anticipated that technological improvements

in these devices in the future will reduce this 1/f noise. However,

for many applications the 1/f contribution can be reduced simply by
limiting the low frequency measurement 1imit with a high-pass filter

in the output. ’

As mentioned above, the 3 GHz measurement bandgwidth is, from
Fig. 4. 13 c), clearly too wide for optimum N performance with preamp #5.
For examp]e, §F we- convo]ve the impulse response of Fig. 4.12 with a double-~
'poIe f11ter response with a time constant of 0.2 nS (corner freguency
of 796 MHz.or f3db of 510 MHz) we obtain less than a 14% reduction in
peak height, but get rid of much of the unnecessary noise above 500 MHz
in Fig. 4.13 a). For example, experimentally when we used cascaded
HP 350024 preamps (A =100, fagp = 714 MHz) instead of the B&H's, we
obtarned a Tower N for preamp #5 (even though the noise figure for
the HP s is not as good as the B&H's). With the cascaded HP's, GAASFET
preamp #5 gave (V/Q)6 = 7.06 X ]013 V/ coul and Voo = 6.707 mV in the
40 KHz to 714 MHz bandwidth to give NO = 590 electrons. If Tower band-
width filtering were used with an appropriate high-pass filter for 1/ .
noise rejection, No values under 550 electrons could probably be achieved
with GAASFET preamp #5.

The noise equivalent power, NEP, at any given frequency may be
calculated from the noise output spectrum of Fig.-4.13 and the preamp
transimpedance (R0 and its frequency dependence as given in 4.12) and
associated gains. Over most of the preamp bandpass the noise output is
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http:Fig.4.38

reasonably close to the Johnson noise level from the 3Ke feedback

resistance. - For examp%e} at fi=:200-MHz, the NEP--obtained -from Fig: 4.13 a)
assuning M = 1, 7 = 0.96, hv = 1.165eV (1.064y) is (Eq. 4.2) NEP=4.2X107'2 W/vHz
whereas the theoretical NEP for Rp = 3ke.is 2.82 X 10712 W//AZ. Wnile

we can directly measure NEP values only at harmon1cs of our modelocked

laser frequency (Sect1on 3. 3), we ‘have obtained good agreement between

the measured NEP values and those calcu]ated from the no1se specirum.

The current 1mpulse response shape in F1g 4 12 is slightly
oscillatory, wh1ch could ltead to some 1ntersymbo1 Jinterference,
particularly if the data rate were of the ‘order- of 600 Mb/s. At a data
rate of 400 Mb/s this would not be s1gn1f1cant since ;he ringing is at
a null 2.5 ns beyond the peak."The.maximum usable dafa rate for s-function
pulsed data would be about 800-800 Mb/s before the "peak to zero" fall
time would bégin to generate massive infersymbp]:interference. Most of
~ the key performance parameters for this preamp are summarized in Fig. 4.11.
The area photoresponse or quantum efficiency-gain product verus positien
for the APD in preamp-#5 is shown in Fig., 4.8. The orientation of this
picture is as seen looking at the 1ight entrance window side of the
preamp with the signal output ¢onnector and power supply monitor cable
going to your left and the test input connector to your right (the
conical Tight entrance hole toward the right of center).

4.2.3 Performance Rasults fpr GAASFET Preamp #4

The Mark IA GAASFET preamp #4 is similar to #5 and most of the
same commente-apgiy. Fig. 4.14 shows the current impuise response for
preamp #4 with VAPD = 80 volts measured through casgaded_B&H‘s (20mV/cm
vertical with zerc 3 cm below center, Ins/cm, zero at 4 cm below center,
Ins/cm horizontal}, together with its integral (20 pVS/cm, zero at 4 cm
below center, 1ns/cm) and FFT frequency response displayed at 250uV/cm
vertical, 204.8 MHz/cm horizontal, with zero frequency at the left edge
{vertical zero 4 cm below center). For GAASFET preamp #4, RF = 3KQ and
A1 = 5.3, giving Ro = 2525Q, and the measured output stage gain is-
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Fig. 4.14 Current Impulse Response for Mark JTA GAASFET
Preamp #4 Measured Through Cascaded B&H's.
Input pulse was Ng = 8005 eiectrons. Current
impulse response displayed at 20 mV/cm vertical
(zero 3 div below center), InS/cm horizontal,
with integral at 20 pVS/cm. Also shown is the
FFT~derived frequency response, displayed at
250u¥/cm vertical (zero at bottom), 204.8
MHz/cm horizontal (zero at left edge).
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Az = 0.34 into a 500 load. From Fig. 4.74 we have Vp = 78.82mV and
thOUT dt = 8.501 X 10"H Vs, so the charge pulse magnitude was
Q= 1.28 X 10675 cou. or N, = 8005 electrons. The pulse gairi, then, is
(V/Q) 6.145 X 1013 volts/cou1 The measured rms noise ocutput with
these preamps using & 375 KHz high-pass filter (blocking capacitor) for
1/f rejection was 7. 822mV rms (Gauss1an), so for this 375 KHzZ to 3 GHz
measurement bandw1dth we obtain M = 795 electrons. From the FFT we have
(relative to the. response at 60 MHz) fagp = 303 MHz'and fy = 357.3 MHz,
considerably Tower bandwidth than preamp #5. However, the shape of
the current impulse response for #4 is nice, with only minimal overshoot,
though it is slower, dropping from peak to <5% of peak in 1.55ns, which
would make the receiver applicable for data rates up to about 650 Mb/s
before the onset of major intersymbol interference.

The spectral density of the noise output measured for Mark IA
GAASFET preamp 74 is shown in Fig. 4.15. As in preamp #5, the noise
output over most of the preamp passband is quite close to the -Johnson
noise on the feedback resistance. The NEP 1is calculated from the noise
voltage for M=1 by

. NEP, = Yy ' | (4.2)
L v M RF) Ay Agay VAF '

where Vn is obtained from Fig. 4.15 using Eg. 3.13 and Ro(f) is corrected

from the baseband value of R0 = 2525q for #4 using the FFT frequency

response in Fig.. 4.14. For example, at ¥ = 100 MHz we have the noise

level from Fig. 4.15 a) is -59.3 dBm or from Eq. 3.13 using aF from

Table 3.1, V_ =2.32 X 107 volts//Hz. Taking v = 1.165eV, 1 = 0.96,

Ay = 0.34, Age, = 77.2 and R (100 MHz) = 22480 we have NEP=4.77K107'2 u//FZ,

not quite as good as #5. The reason for the. poorer noise.performance of

#4 stems both from its more Timited bandwidth and from higher voltage noise,
ey, in the Q1 GAASFET. This is noticeable both in the 1/f noise, which

is typically 10db higher in #4 below 10 MHz as compared to #5, and in

the high- frequencx n91se “bump"; which extends well above 600 MHz in #4
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Fig, 4.15 Noise output spectra
from GAASFET Preamp
#4 through cascaded
B&H's,

a) 0 to 1820 MHZ Frequency
Range (182 MHz/cm). The
thermal noise for Rp=3KQ
would be -61.34dBm.

b) O to 100 MHz Frequency
Range (10 MHz/cm). The
thermal noise for Rg=3Ko
vould be -71.1dBm.

c) 0 to 5 mMz Frequency
Range (500 KHz/cm). No
high-pass filter used.
The thermal noise for
Rp=3Ka would be -80,0dBm.




~ as compared to 400 MHz in #5, even though the bandwidth in #5 is larger.
While some of this high-frequency noise could come from Targer CIN and Cg in
#4, it is most 1ikely that the FMX-950 GAASFET, Q1, in #4 is just

unusually noisy. '

*As with preamp #5, reducing the measurement bandwidth for #4
gave improved N0 results. With preamp #4 followed by a B&H DC 3002,
a blocking capaciter, a 3db-pad and an HP 35002 preamp into the S-6
sampier for a 375 KHz to ~ 714 MHz measurement bandwidth, we obtained
(V/Q), = 5.38 X 10'3 and Vo = 6.222mV rms for a value of minimum
detectable current pulse of No = 720 electrons. Somewhat smaller band-
widths would be closer to optimum for this preamp so probably better
No values could be obtained, but not as good as for #5 which would
probably give No under 550 electrons with the 1/f noise filtered out.
The spatial photoresponse (gain versus position) for the APD in preamp
#& is shown in Fig. 4.7,.with the same preamp orientation as discussed
for preamp #5. '

4.3 Results for Mark II GAASFET Preamp

4.3.1 Circuit Description for GAASFET Preamp #7

The "Mark II" GAASFET preamp design represents an extension
of the Mark IA approach directed toward obtaining neariy-optimum results
in the laboratory 400 Mb/s 1.06u communications system bit ervor rate
tests at McDonnell Douglas, St. Louis (carried out on these preamps by
Dr. Samuel Green). It became clear in this testing that the “EMI™
environment present in the test facility could cause sufficient pick up
through cable grounds, power supplies, etc., to degrade the bit error
rate performance of the Mark IA preamps. Hence extra internal gain
in the hybrid integrated preamp would be desirable. Further effective
wide-bandwidth, short sampling pulse data detection, as required for
the optimum communication performance of these wideband integrated
GAASFET preamps was not implemented in the McDonnell test facility, so
that a preamp optimized for Tower bandwidth would better match their
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measurement system. The "Mark II® preamp design, shown in simplified
form in Fig. 2.11, incorporates these changes, and Turther represents
a more sophisticated approach in terms of carrying out much of the
peripheral electronics handled in the power supply-controller in the
Mark IA preamps right on the hybrid substrate. (For example, instead
of the five power supply potentials required in the Mark IA preamps,
the Mark II operates off of a standard + 15 volt power supply.)

The circuit diagram for the Mark II GAASFET preamp #7 is shown
in F%g. 4.16, with the power supply-monitor unit shown in Fig. 4.17.
Fig. 4.18 shows a functional block diagram for the receiver, including
key performance parameters. The Q] "op-amp" stage in Fig. 4.16 and 4.18
is essentially identical to that in the Mark IA receiver design. QI is
a 2p gate, single gate GAA;FET with 9y = 13 mmho and RD = 1KQ (the best
value we have measured for a single-gate GAASFET), g?ving A1 = 6.4.
The gain bandwidth of this “op-amp" in #7 is about 50%-higher than in
the Mark IA préamps, achieved by careful redesign to minimize CL. The
feedback resistance is Rp = 4Ka or R0 = RF/(1+1/A]) = 34602. The Q,
gain stage is similarly designed, giving similar gain bandwidth product,
only in this case an FMX-950 with similar g_ (0.0127 mho) but lower
Ry (580Q) is used to give a Tower gain (A2 = 4,6) but wider bandwidth
stage (f3db = 500 MHz as opposed to ~ 375 MHz for the Q1 stage). The
second stage is, of course, operated open-loop, with bias stabilization
provided through a low frequency silicon bipolar transistor differential
amplifier hybrid integrated on the alumina substrate {indicated by
A = 160 in Fig. 4.18). A 50Q microstrip line from an extra 3mm connector
("2nd stage test input-output") is tapped into the Toad resistance RL2
at point 50Q from ground. This test port may be used to inject test
signals (such as a “"pedestal” pulse for data sampling, etc.) to be
summed with the photocurrent signal, or to tap off a signal from the Q2
stage.

The Q5 output 1ine driver stage is again of similar design
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GAASFET PREAMP #7 MARK II
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- . (v S8 1t Open-Loop Gain - BW = 1.8 GHz Pulse Response FUTM = 2nS
1,06p 6% (Vpp ~ 80 vo 5) 2nd Stage Gain A, = 4.6 At Preamp Output (V/Q), = 4,71x1012y/coul
Vp = 124.5 volts (.fBdB £z 500 MHz) Through Cascaded BRI Preamps: (A = 77.2)
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R = 4Ke R = 34600 v, = 27.48mV rms
No = 490 electrons

Fig. 4.18 Functional Block Diagram for the Mark II GAASFET Preamp Design
with specific values and performance parameters for Preamp #7.



to the Mark IA receiver, giving the same very low VSWR output (p = +2%).
However, since this is now the 3rd stage in the receiver where noise is
less important, Q3 is operated at a drain current of 30mA, giving higher
g, SO ?hat A3 =94 (250) = 0.37 and allowing larger output voltage
swings (+.75 V to <-1V.into RL = 50Q). The dc output balance in preamp
#7 is maintained by a differential amplifier similar to that used for the
Q2 stage. The preamp dc output is maintained at 0 + 2mV or less by this
bias feedback amplifier. It should be noted, however, that in preamp #7,
with the 0.01uf diff-amp output capacitor shown in'Fig. 4.16 and 4.18,
the output stage will gently oscillate at a Tow frequency if the oﬁtput
is not dc terminated with 502 (~ 100 ohms or less). If this capacitor

is changed to 0.1uf, the output stage should be open-circuit stable as
well. The power supply-monitor unit for the Mark II preamp #7 is simpler
than for the Mark IA's>since the power supply functions are done on the
hybrid-IC itself. A gain of ]0 is used in the dc photocurrent monitor
and, instead of warning lights, a meter’ is incorporated to directly '
réad the voltage across the feedback resistor (with ranges correspoﬁding
to 5mV, 50mY, 500mV and 1.5 volits across R where the dc photocurrent
is this voltage divided by RF’ 4000

F)’

4,.3.2 Performance Results for GAASFET Preamp #7

The current impulse vesponse for V o, = 100 volts for Mark II
GAASFET preamp #7 is shown in Fig. 4.19. The test charge pulse for this
figure was produced by applying a VSTEP = 244,2 mV {see Section 3.3.10)
puise from the S-52 pulse generator into the "502 test loop" of the preamp
with a 500 termination on the other end of the loop. The charge impuise
is produced by capacitive differentiation of the input step by the internal
proximity capacitance from the test loop to the input, Cc = 3.45 X 10_14 f
(as catibrated from Fig. 4.19). The preamp output in Fig. 4.19 is
connected directly to the S-6 sampling oscilloscope head and the signal-
averaged output is the {downard going) pulse with its zero 2 cm above
center (10mV/cm vertical, Tns/cm horizontal). The 5 GHz damped ringing
on the front of the puise has been smoothed out digitally in the upper
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Fig. 4.19 - Current Impulse Response for Mark I1 GAASFET Preamp #7
Measured With Output Directly into S-6 Sampler. Input
pulse was No = 53,000 electrons. The current impulse
response is displayed directly (zero at 2 div above
center) and digitally smoothed (zero at top), both at
10 mV/cm, InS/cm, with the integral response at 10 pVS/cm.
Also shown is the FFT-derived frequency response dis-
played at 500uV/cm vertical (zero at bottom), 256 MHz/cm
horizontal (zero at left edge). Note that thé bandwidth
of the Q2 internal gain stage is about 500 MHz.



curve (zero at 4 cm above center, 10mV/cm, Ins/cm) to simulate the response
which would be measured with any bandwidth-limiting preamp following the
GAASFET receiver. Also shown in the Tighter curve starting at 4 cm above
center is the integral of the current impulse response {10 pVs/cm, ins/cm),
with a step height of [ Voo dt = -5.068 X 10°1 Vs, Note that for the
Mark II preamps, the output polarity is negative for a positive photocurrent
'pu1se because of the extra inverting gain stage in the Mark II as compared
to the Mark IA or Mark III designs. From Eq. 3.20'we have, using

R, = 3460, A, = 4.6 and Ay = 0.375, Q = 8.5 X 107" coul or N, = 53,000
electrons. The peak height of the smoothed impulse response in Fig. 4.19
s V) = -40.02n/, 5o’ that we have (V/Q); = 4.71 X 102 volts/coul at the
preamp output (with any wideband amplifietr following, it would be
essentially this value times the amplifier gain). We have also measured
this pulse gain with cascaded B&H preamps (3 GHz BW) following #7, giving
(V/Q)a = 3.5 X 1014 volts/coul, and with the B&H DC 3002 feeding an HP 35002
(~ 714 MHz BW) 508 preamp, giving (V/Q), = 4.4 X 10'% volts/coul. The
voltage noise outputs for these amplifier arrangements were v,, = 27.48 mV
(Gaussian) for the cascaded B&H's {with 375 KHz hi-pass filter) and

Voo = 34.50 mY for the B&H DC 3002-HP 35002A configuration (also with
Hi-pass filter). The NO values for these two 500 amplifier arrangements
are No = 490 electrons for the 375 KHz to 3 GHz bandwidth and NO = 492
electrons for the 375 KHz to ~ 714 MHz bandwidth. This insensitivity

to the post-amplifier measurement bandwidth is reasonable, since the
measurement bandwidth and noise -level is in fact largely estabiféhed by
the internal gain stage (Qz) with about a 500 MHz bandwidth.

A1so'shown in Fig. 4.19 is the FFT~-derived frequency response
(frequency dependence of transimpedance) of preamp #7 (dashed curve
with zero 4 cm.below center, 500uV/cm vertical, 256 MHz/cm horizontal
with zero frequency at the left edge). (The display range of this FFT
does not show the high frequency ringing peak at 5 GHz; it is about
1 GHz wide with an amplitude of about 350pV.) The 3dB bandwidth
of the preamp is F3dB = 290 MHz as measured at the preamp output

(fN = 305 MHz), but note that this includes the 1imitation
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of the 2nd stage bandwidth. Assuming a 500 MHz bandwidth of QZ’ the first
stage "op-amp™ probably has a closed loop bandwidth of about f3db = 360
MHz, better than the Mark IA preamps even with a larger RF (4K rather than
3K). This is due to the impraved gain bandwidth product of the Mark II
preamp. The output pulse shape in Fig. 4.19 is very nice, with critical
damping and virtually no inter-symbol interference for its designed

400 Mb/s data rate. Its "peak to 5%" fall time is about 1.4ns, limiting
the maximum data rate to about 700 Mb/s before the onset of massive
intersymbol interference.

- The output ‘noise spectra for Mark II GAASFET Preamp #7 with
VAPﬁ = 80 volts are shown in Fig. 4.20. Figure 4.20 a) is the output
with cascaded B&H preamps (AB&H = 77.2), while 4.20 b) and ¢} are with
a single B&H DC 3002 preamp (A = 9.5). (Actually, Fig. 4.20 b} and c)
were measured with RF = 5Ke and.without an APD, but this will notlchange
_the noise {in the 1/f ‘region significantiy.)} We note in Fig. 4.20 a).
that in the receiver passband, the receiver output noise is about 25 db
above the B&H preamp noise, by virtue of the higher RF and extra Qz
gain between the "op-amp" and the output (A2A3 is + 4.62 db in #7 as
opposed to A2 = -10.7 db in preamp #5, for example). The noise level
.foﬁ‘the Qé gain stage (measured by saturating Ql“in the open-Toop testing)
would Tie at about -57 dBm in.the passband in Fig. 4.20 a) from about
180 to 360 MHz increasing gradually below 180 MHz to about -54.5 dBm
at -45 MHz and peaking on the high frequency side at 450 MHz at -55 dBm
before fa]]ihg off. We can use Fig. 4.20 a) to calculate the NEP
for receiver #7 by Eq. 4.2. At 200 MHz, we have a noise level of
-44.8 dBm or v_ = 1.23uV/YHz, so taking hv = 1.165eV, 7 = 0.96,
R, (200 MHz) = 2i2439’ A, = 4.6, AS = 0.37 and Ay = 77.2, we have
NEP = 3.85 X 10 ' watts/YHz. By a more accurate calibration method,
that of using a dc Tight source to inject a measured photocurrent for
which the shot neise can be calculated, a 100 MHz value of NEP=2.86X1O']ZN/VﬁE
was obtained in preamp #7 with RF = 49500, which would scale to 3.2x1o'12w/iﬁ5
with Rp = 4Kg {assuming injllimits NEP). These NEP figures are, of course,
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Fig. 4.20 Noise cutput spectra
from Mark II1 GAASFET

Preamp #7.

a) O to 1820 MHz Frequency
Range (182 MHz/cm).
Yapp = 80 VOLTS, through
cascaded B&H's. The thermal
noise for Rp=4Ke would
be -46.1dBm. The 2nd stage
preamp noise level would be
at about -57dBm in the pass-
band.

b) O to 100 MHz Frequency Range
(10 MHz/cm) measured through
B&H AC 3020 only (as in c).
W/o APD, Rp=bK@. The thermal
noise for Rp=5KQ would be
-73.7 dBm.

c) 0 to 5 MHz Frequency
Range (500K Hz/cm). W/0 APD,
Rp=5K@. The thermal noise
for Rp=5Ka would be -81.95dBm.
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with no avalanche gain (M = 1) and would improve as M'1 in the preamp
noise limited -region. -

The gain dependence of the NEP for GAASFET Preamp #7 can be
seen from Fig. 4.21, which shows the 273 MHz signal and noise outputs
of preamp 7 (as measured with the Tektronix 7L13 spectrum analyzer) with
a 19.6 mi signal input from our modelocked Nd-YAG Taser focused on the gain
area at the lower right in Fig. 4.22 ¢). (This measurement technique
was discussed in Section 3.3.5). The modelocked laser was "slow" (i.e.,
putting out wide pulses) during this measurement, but stable, so the
pulseshape was measured and the FFT taken with the DPO to give the
fundamental {273 MHz) form factor f = 0.785 for this waveform. (When the
laser is putting out short pulses, fT ~ 0.95 to 0.98.) Using Egq. 3.3,
we calculate the rms photocurrent as I1=18.68nA rms at 273 MHz. The NEP
will be given by

hv I-l Vnol (rms)

P = —
NE vaF  Vepg (rms)

(4.3)

where hv = 1.165 eV for A = 1.064p and AF = 26.79 KHz for the nominal
“30 KHz" resolutjon setting (Table 3.}). The noise and signal levels at
VAPD = 80 volts in Fig. 4.21 were accurately calibrated using an HP6OSC
generator as an amplitude reference.

The calculated signal level forn = 0.96, M =1 {(at VAPD = 80 volts)
would be

) = nMI.R A AA ) (4.4)

siG 1702 '3 B&H

(s

or with R0 (273 MHz) = (0.72)(3460) 2490q, AZ = 4.6, A3 = (.37 and
AB&H = 8.89 at 273 MHz, we have VSIG = 0.669 mV = -50.5 dBm, in excellent
agreement with the measured -50.9 dBm output at VAPD = 80 volts. We note
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Fig. 4.21 Variation of 273 MHz Signal Output and I1luminated and Dark Noise
Outputs for Mark II GAASFET Preamp #7 (b) with final delivered APD.

Noise curves are measured by detuning spectrum analyzer off of
modelocked laser frequency. '



in Fig. 4.21 that while the gain increases with increasing VAPD above
punchthrough, the preamp noise stays essentially constant to bias veltages
very near breakdown (125V). In the dark (lower noise curve near VB), the
noise increases by only 0.6 dB from VAPD = 80 volts (M =1) to

VAPD = 124.9 voits (M = 16.5 db) because of the low multiplied dark current
of the APD. With the 1ight signal applied, the multiplied shot noise

on the photocurrent increases the noise level up to several db near
breakdown, so that the optimum signal to noise ratio occurs at a lower
bias at higher signal levels. Another way of expressing this is that the
NEP at optimum bias is a function of the dc 1ight signal (or background
light) Tevel.

We can obtain the value of VnO/VSIG required to calculate NEP
directly as the vertical separation between the signal and noise curves,
i.e.,

] (V_(dBm)+2.4-V _(dBm))/20
Be » 10 " 5 (4.5)

Ys16

where the 2.4 db correction to the noise level is as discussed in
Section 3.3.9 (Eq. 3.13). Hence for VAPD = 80 volts, we have 5
V, = -83.7+2.4 dBm and V_ = -50.9 dBm or from Eq. 4.3, NEP=4.0x10 " “W/vHz at

= 273 MHz, M = 1. With this signal Tevel applied (19.6 nW), the optimum
bias for this spot on the device 15 VAPD = 124.3 volts, where V ~-81 0+2.4 dBm
and V. = -37 dBm for NEP = 1. 1x10712 w//Az (1ight on). On the other hand,
for low signal levels (dark noise curve) we would have at
VAPD = 124.9 volts Vn = -83.0+2.4 dBm and VS = -34.7 dBm for NEP=6.7X10']3w/ﬂﬂf
(low 1ight level or dark). This illustrates how the NEP at optimum gain is a
strong function of the light signal or background light level.

The spatial variation of the quantum efficiency and gain over the
area of the 5 mil GaAs]ﬁbex APD in preamp #7 is shown in Fig. 4.22 for
biases of a) 20 volts (below punchthrough; displayed at high contrast
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Fig. 4.22 Scanning 1ight micro-
scope pictures of the
273 MHz photoresponse
of Mark II GAASFET
Preamp #7. Scale 1s
1 mil/div.

a) VAPD = 20 volts
(high contrast display)

b) VAPD = 110 volts

Normal Contrast
Intensity Modulation

c) Vppp = 124 volts

Normal Contrast
Intensity Modulation




to show pattern effect), b) 110 volts showing the onset of noticeable
variation of gain with position, and c¢) 124 volts-with reduced -gain

to show the location of the high gain areas. The highest gain regions
are the area noted in Fig. 4.21 and the area 1.5 mils to the left and
just slightly above the APD center. The quantum efficiency of the APD
above punchthrough shows virtually no spatial variation over the device
until the onset of gain. WNote in Fig. 4.17 the correlation of the
crossings of the bright lines in a) with the high-gain points in c),

as discussed in Section 4.1.7.

4.3.3 Performance of Mark II GAASFET Preamp #7 in a 400 Mb/s PGBM
1.064u Optical Communications System

Because the Mark II preamplifier design was specifically
optimized for use with the 400 Mb/s PGBM communications test system at
McDonnell Douglas Astronautics, St. Louis, it is particularly interesting
to compare the results of their measurements on GAASFET preamp #7 with
our calculated pérformance.' %he test results are measured in terms of
the average Tiéht power level, PL’ required to achieve a given probability
of error per bit (or bit error rate, BER). In the test 63 bit PN code
used in the measurements there are 32 "1's" and 31 "0's" so that
PL~1/2 q hw R Ky where R fs the data rate (4X10%) and Ny i calculated
from Eq. 2.20. Actually, the factor of 1/2 assumes that a1l "1" are
exactly the same height and all "zero" are exactly zero, which is not the
case in the actual system. Figure 4.39 shows the 63 bit PN code data
stream measured on the McDonnell system. As can be seen, there is both
significant zero feedthrough (McDonnell estimates this at a worst-case
extinction ratio of 30:1 when the modulator is properly adjusted), and
sizeable variation in the transmitted pulse heights from the modulator
driver or laser output fluctuations. (In Fig. 4.3%a, the peak-to-peak
amplitude fluctuations for a transmitted "1" are ~ 12% of the mean). In the
BER calculation for preamp noise limited operation (Section 2.1.3), the
important signal quantity is the difference in amplitude between a "1"
and a "0". When these amplitudes are not exactly fixed, we might take
as a worst case treatment the difference between the lowest transmitted
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"1" and the highest transmitted "0" as the signal difference, i.e.,

—_— Dﬁ)mg ;g:o)r;mx (4.6)

as the worst case BER condition for Eq. 2.12. The average signal level,
however, will be

P = S (Fom) *(Fono) (4.7)

In other words the average light power measured experimentally depends on
the sum of the average pulse height on a one plus the average pulse height
on a zero, whereas the worst case BER depends on ;he“differencé between

the minimum pulse height on a one and the maximum pulse height on a zero.

. Using this worst case analysis assuming a worst case (NphT)MIN/ﬁ;;} of 0.94
(from Fig. 4.39) and a worst case E.R. of 30:1 with an average E.R. of

40:1 we would have as a worst case required signal Jevel PL = 0,565 ghvR Nph
where Nph is calculated from Eq. 2.20 with $S=0 (the S-factor is included

in the 0.565). Clearly this worst case analysis is too severe-as it would
predict that if we made a bad fluctuation in the height of a single bit

in the stream (as in transmitting a zere instead of a one for example),

the BER would go to 1/2 whereas in fact it would go to 1/64 for a 64 bit
code. In other words, a major amplitude reduction on a single bit
increases the error probability only on that bit, not on all of the others.
Hence we should adopt a slightly more liberal criterion for the pulse
height deviation and modulator extinction ratic than the absolute worst
cases assumed in 4.6. If we take, for example, an average 3,5% mean to
minimum puise height fluctuation (rather than the 6% worst case) and

assume a 40:1 value for average extinction ratio, we get
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P, = 0.545 q by RN = 1.09 9~§§—5 N, (S.TNL) (4.8)

ph

for the average light power, where the value of S.T.N. is obtained from

" the BER from Table 2.1.
In Fig. 4.23 (solid line), Eq. 4.8 is plotted for the parameters

measured for preamp #7; q = 1.6022x]0_19, hv = 1.165 eV, R = 4X108, n = 0.96,

M=1at Vy,) = 80 volts, and N, = 490 electrons. At BER = 107°, for

example, STN = 4.75342 and we calculate P = 197 nW average 1.064u Tight

power. The results of the McDonnell measurements of BER versus PL for

preamp #7 at VAPD = 80 volts (M = 1) are shown as the data points in

Fig., 4.23, and are seen to be in excellent agreement with our calculated

curve. - (For example, the PL for a BER of 10“? was measured to be 199 nW
at M = 1, with proportionately lower values of PL for avalanche gains
greater than unity.} This close agreement is satisfying in that it
validates both the theoretical detection model of Section 2.1 and our
preamp model and measurement techniques. Further, it allows us to
estimate with confidence the performance which can be obtained with such
high-speed receivers as the Mark III designs which reguire fast sampling
decision logic for optimum data detection (which was not available in
the McDonnell test facility).

4.4 Results for Mark II1 GAASFET Preamp

4.4.1 Circuit Description for GAASFET Preamp #8

The "Mark III" preamp design represents an extension of the
original Mark IA design in order to obtain both wider signal bandwidths
and {simultaneously) reduced minimum detectable current pulse values.

In order to improve bandwidth and reduce noise in the feedback-mode
preamp, we must improve the "op-amp" to a) reduce the input capacitance,
CIN’ b) increase the open-loop gain , A (so that we can increase Re
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Fig. 4.23 Compar;'ison of Calcuiated Average Power Required to

Achieve a Given BER for GAASFET Preamp #7 (Mark II)
With Experimental Points from McDonnell Douglas
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to lower Johnson noise) and c) increase the dain-bandwidth product of the
"op-amp". We can increase the open-loop gain and gain-bandwidth product by
using a GAASFET as Q] which has a higher transconductance, 9 We can further
improve the open-loop gain by increasing the output drain. resistance, RD, of
Q; by going to a dual-gate GAASFET (see section 2.3.5). Further, if we

use a dual Tp gate GAASFET instead of a 2u gate device as used-in the Mark IA
and Mark I1 preamps, we can reduce CIN‘ To improve the gain-bandwidth

product over and beyond the 9 improvement, we must greatly reduce CL’ which
we can accomplish by using a source follower directly on the drain of QI'
These changes are incorporated into the Mark IIT GAASFET preamp #8.

The simplified circuit diagram for the Mark III preamp design is
shown in Fig. 2.12. The c¢ircuit diagram for GAASFET preamp #8 is shown in
~ Fig. 4.24, with the power supply-monitor shown in Fig. 4.25. The block
diagram of the Mark III receiver design is -shown in Fig. 4,26 along with key
performance data for GAASFET preamp #8. The block diagram for the Mark III
receiver is very similar to that of fhe Mark IA, only the specifications of
the "op-amp" first stage are radically improved. The monitor portion. of
the power supply-monitor unit is identical to that of the Mark II, including
the meter to read dc photocurrent, but the power supply portion is more
complicated, since the Mark III requires several supply potentials. ({Note
that in the circuit diagram of Fig. 4.25, as in Fig. 4.10, the small-10Q or
100@-resistors used in the collector of each emitter follower to avoid high~
frequency oscillations have been omitted.)

The Q4 output stage in the Mark 1II preamp, Fig. 4.24 is essen-
tially the same as Q2 in the Mark IA except that the -3 volt source voltage
is derived 1nterna11y from the -15 volt supply with the 'DN3250 PNP transistor
chip, as in the Mark II. Unlike the Mark II, however, the output d¢ balance
adjustment is made from the power supply-monitor unit rather than from an
internal differential amplifier. Q3, a 1y gate GAASFET, operates at a bias
current of ID = 17mA with a transconductance of about 15 mmho as shown in
Fig. 4.27¢c). The actual Q5 stage gain, A;, was measured by bonding
(temporarily) theﬁ"Q3 test input” line to the gate of Q3 and measuring

186



MARK TI1 #8

'w’ [314]

°"I <& (INTERIAL TERMIHATION)
= <

81

38

Lo $00 MICROSIRIY -
ha = (B oot
o 5K
) .
v C&-- ‘l] 1 rl] - -
_L_. (34 W) . PROTOTYPE oot i ;I 4
A to CUAL-GATE - L | T Vs
01 D -
AT -+ $ ot |
ﬂ;lﬂ k‘ s l Joor
= = 4 INTERMAL
JIPER 1 [ ’_-l‘.'m
FOR 03 1651
AN MORIALLY l’]
"r " 5K REMOVID:
N .
T SOfIRTLROSTAIP Wy g, 15t
HH o IRPUT-DLTRE
h25K 2 0t [:'W
! =
> p -
& oo I T -
1 i * - O, uf
200% [
g (o 1
fon 4t —:J_: R
U APD - 3.7 voirs
"o - T Bt
TOC bl erovectf - Jo.otut bt |
Ags . 0.0l
* <
LW, . .
— = oo — L = . -l 'ﬁm‘g'"ﬁt s.a. o.;.;us'. SCHOTIRY BARRICR
Y Y on Y 0% + G 7 08 R
Ve vy, o Yoy eV o iy Y
. ules

Fig. 4.24 Circuit Diagram of the Mark III GAASFET Preamp
Design with specific values for Preamp #8.



a00q a0
81 EDVd Ty NTDp,)

RIrTviop

881

M HE VLTS

415 VOLTS
2004f
-3¢, -
4
ant Yo ;m oL
- +I0¥ SWPLY oy M R
1% CAID's ] + 92¢ H i
ERLNC ¥ wa ] i
no - ) )
b ouf 0 o ) ‘
- e T 1
@ AC =154 0 +10 YOUTS tvlluv e ] ]
3 g avn f i '
i “’LE‘E‘"‘ P ' : i Vyp WS HOT ¥
POMER t . ArD ik
Ol CKT BOAND : ?f:;;ur a . “;" u:gk_gﬁ,l m SIGAAL DUTRUT
200K% 20ke ' TEST ¥aer v, BIRS
A A | A= Ve REAP nd 3ThGE
i yooe w g Yir iy 1681 thepur
§ A "5 o ‘ i U i ! [ f
by e H
#7 £ 16 ot -2¢ 1ep : !
CHASSLS 10004 V 3 | i
PAREL oM ¢ ! H
LINE 1
3 1 1
OAL -158 L ]
CKT. 6D S15¥ ' )
TEST POINT ! - o2 F
13.55K - JALK L boyt v !
I [ [ o [ L
e [
v " ,/ a_d
DPEN. - g A SHiELD
o P S 3 20¢ Quss1s
ol ’ .
. e ;:Jlmg"”"—"gcus.m?t-_wm ! 108
: Y FGH IN1TI AL
15 VOLTS {1 5¥) 4 . OuTPyY
5 YOLTS (.5¥) OPLH-LOO PAEMEY CIECK TERD ABIUST
05 ¥YOLTS [S50¥) -4¢ . PANEL HOUAT A'D
005 YOLTS {5ey) b Youf SUPPLY OR PAHEL AC(ESS rfg.m:n o Sp——
i ]
o . T0 EAN3's SERE A0iusY e f 81 o} CORRENT-LIMATED
FEEDBACK 5, W f\ [ i o ' — | AVALANGIE
voLiAcK Y L it — | FdTo0toe
CVOLTAGE ACRDSS Hey Nl AT Vo= SwRLy
V[ WEF T0R APD SUPPLY vl = 10 VLTS WRlen,
. 91 [ t ‘.l =t
S o Vo8NS el MDA
1 . | ShIELD

=15 YGLES

KIICR R, » 35 5¢ (:[)j"

FLEDBACK ¥DLTAGE HONITRA
¢ ACCURALELY MATCIL THESE PAERS OF RESIST04S {1EH YIKES VDLRAGE ACRDSS R‘I

Fig. 4.25 Power Supply-Monitor Unit for Mark III GAASFET Preamp #8.



=y

= QUTPUT

BALANCE
ADJUST
APD ] :
BIAS
—Tle—OSHIELD | . ¥10 T DC PHOTOCURRENT
i Hiifes V)  MONITOR OUTPUT
1 ! = - T
~ 1 v
L APD =
GaAsSb_APD: PREAMP PARAMETERS: RECEIVER PERFORMANCE
DIAMETER: 3 MILS Cqy = 0.28 pf CLOSED-LOOP B.W. fo, = 600 MHz
Cy = 0.1pf (Vy > 80 VOLTS) OPEN-LOOP GAIN Aq, ~ 20 PULSE RESPONSE FUTM < 1nS
7 g6, = 96% (Vp 2 80 VOLTS) (faqp ~ 320 MHz) THRU CASCADED B&H PREAMPS: (A=77.2)
Vg = 114 VOLTS OPEN-LOOP GAIN-BANDWIDTH  (v/Q), = 2.1x10'% v/couL
PEAK GAIN Myay =10 ~ 5 GHz Voo = 12.15mV ms
Ay = 0.35 INTO 50q LOAD N, = 360 ELECTRONS
Re = s.oFKn Tpg = 250 pS Tpe = 450 to 600 pS
RQ = T;m-‘-i—z- = 47500
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the pulse gain, A3 = 0,36 into.RL = 500, with very wide bandwidth.

The output TDR for this Q3 output stage of preamp #8 is shown

" in Fig. 4.28,-along with the TDR trace when the preamp is repiaced by a
precision 500 termination (upper curve-without ripples-to the right of
center). The +5 cm step at t = 2 ns in Fig. 4.28 is the original S-52
pulse going through the S-6 sampler to fhe.output connector of preamp #8,
while the small fluctuations at t = 4.4 ns and t = 4.9 ns represent
reflections from the coax to microstrip connection and from the drain of
Q5 (with its bonding wires) respectively. The fact that the preamp #8
trace falls slightly belaw the 50R reference trace for t > & ns is a
reflection of the fact that the parallel combination of R 5 (54Q) and
RD3 is slightly less than 502. We see that the peak reflection coeffi-
cients are -11% at 4.85 ns and +10% at 4.90 ns, but these are seen only
by exceedingly short.(~ 50.-ps} pulsewidths, much less than the preamp signal
pu]seﬁidths. For reésonab?e'bUTSewidth55‘the reflection coefficient is

p ~ -2.8%. Note that-if the preamp power is turned off, Q, goes into
"saturation" {Vgs = 0 Vps ® 0 in Fig. 4.27¢), with Rpz very Tow so that

- a large negative reflection coefficient is observed.

In order to see the contribution of the output stage noise to
the total pfgampTifier noise output, Fig. 4.29 shows noise output spectra
from -the preamp with the gate of Q3 bonded to ground (through 25Q) instead
of to 02 (i.e., the same configuration used to measure A3). We see that
above the 1/f region, the output stage noise plus the B & H DC3002 noise
is only 2 db over the B&H noise itself, or the noise output of Q3 is
less than the input voltage noise of the B & H DC3002 preamp. Below 30MHz
the Q3 noise exceeds the B&H hoise, with the 1/f noise from GAASFET Qé
much greater (10 db or more) belaw 5MHz.

In the Mark III preamp design, a high open-Toop gain is attained
by using a high gy, high Ry dual-gate GAASFET as Q, with a high value
of RL' Fig. 4.27 a) shows the ID Vs, VDS characteristics of the prototype
dual 1u gate GAASFET used as 01 in preamp #8. This device has gm=18.1mmho
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Fig. 4.28 OQutput time domain reflectometry traces
" for GAASFET Preamp #8 and a precision 509
.. rreference termination (upper trace is right).
50mV/cm vertical, 1nS horizontal, 30 ps time
resotution.
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Fig. 4.29 Noise Output Spectra from
the output stage Preamp #8
with the gate of Q3 termi-
minated 250 to ground.
Measured through cascaded
B&H preamps.

a)- 0 to 1820 MHz Frequency Range
(182 Miz/cm).

b) O to 100 MHz Frequency Range

(10 MHz/cm).
Eﬁgﬁﬂﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁfﬁﬁﬁ it é) 0 to 5 MHz Frequency Range

T ST . (500 KHz/cm).
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at its ID = 13.3 mwA bias current. The output drain resistances for

single Ty gate GAASFET's of this-iype are usually about RD = 300¢, which
would give an open loop gain of less than 5.4, not nearly high enough.
However, as was discussed in section 2.3.5, the dual gate device looks Tike
a cascode amplifier of higher output impedance, given by Eq. 2.43. For
example, from Eq. 2.43 with RDI=R0223009 and 9mo=18.1 mmhos, we have
(RD)CAS=22309. In order to exploit this high RD, we must also have or
high R value {RL]=3K9 in #8) and hence a high supply voltage to give ade-
quate dc drain current (VDD1=+45 volts). With RD=22309, RL=3K9 and
gma]S.l mmhos, we calculate A3=23.2 (very close to our AI=23'5 experi-
mental value).

0f course, with such a high (13002) impedance .level at the drain
of Qs it is essential that the loading capacitance'CL_be held to an
absotute minimum. (A value of CL=1:6 pf as in preamp #5 would give an
open-loop corner fréquency of only 77 MHz, far too Tow to be useful.)
This is accomplished in the Mark III des%gn by buffering the cutput stage
and level shifter stray capacitances from the Q1 drain by the source
follower, Qy. In preamp #8, Qz is a 2u gate lenath, single gate GAASFET
(see Fig. 4.27b) with gm2=12.1 mmhos at IDZ=]O‘3 mA and RDZ= 800s. The
gain of the Q2 source follower should be approximately

Ay = 1/11+1/g 5 (Ryol [ Re, )] (4.9)

or for R32=12509+SOQ, RDE=8009 and gm2=12.1 mmho we get A2=O.85, or
A]2=A]A2=20 as the open-loop gain of the "op-amp”.

It should be noted that operating Q1, which has a breakdown voltage
of the order of VDs ~ 10 volts from a 45 volt power supply represents a
dangarous condition in that if V 1 becomes too negative, VD2 will rise and
QT may very well "fail the smoke test". 1In order to avoid this possible
disaster, a diode is connected from the drain of Q1 to a +5 volt zener-
limited potential. This diode is normally reverse biased, but if VDI
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exceeds 5.5 voits or so, this diode will begin conducting and keep Vo1
from exceeding. a safe VDS=6 volts. The diode used is a special ultra Tow
capacitance (< .05 pf) beam-leaded GaAs Schotlky barrier mixer diode fab-
ricated at the Science Center. The open-loop (i.e.. Re open)“dc transfer
characteristic" of this "op-amp” Q]-Qz stage is shown in Fig. 4.30. The
horfzontal scale is the applied Q-l gate bias, V g1’ with zero at the right
hand sidesdisplayed at 0.5 volts/cm, while the vertlcal in Fig. 4.30 is
the voltage on the Tower side of the level shifter (pin #7 in-Fig. 4.24)
as taken from the output of the Tower CA3130 voltage follower in Fig. 4.25
(Tlet us call this VF). VF’ displayed at 1 V/cm goes from -6 volts at the
bottom to +2 volts at the top of Fig. 4.30. VF differs from VUI by V
(-2.0 volts) and thg Tevel shifter zener voltage, Vs (8.2 volts), or
VF = VD] -6.2 volts. For 0 > Vo1 > 1.5 volts, 0; is "saturated" (below
pinchof? Vis ),.as Vpp is increased from about -1.55 to -1.65 volts, Q

passes through its normal high-gain active region from VF~-5 to -0.5 volts
or VD] 1.2 to 5.7 volts. For Vm < -1.7 volts the GaAs protection diode
begins conducting, and finally for Vg1 < =2.5 volts Q1 is essentially cut
off (IDS = 0; see Fig. 4.27a) so that VF increases no further with increasing
Vg1. The normal operating point of the Q] - QZ "op amp" will be at

VF = Vg1 = -1.65 volts and the slope of the transfer characteristic

(measured on an expanded scale) here is a dc voltage gain of 42. This is
higher than the ac gain because of the high GAASFET dc R..discussed in
section 2.3.5 and thermal feedback.

gs2

D

The variation of the open-loop 100 MHz ac gain (AI2) of @y - Q,
in preamp #8 as Vg] Fand consequently VF) are varied is shown in Fig. 4.31.
This is a 1inear display of the spectrum analyzer output (-30 dBm full
scale) with a -47 dBm input into the gate of Q. The horizontal is V
at 0.5 volts/cm with zero at the right side. At the far left, \fg-f is
about -1.5 vo'lts,‘vm = +1,2 volts, so that 01 is nearly saturated,
giving low ac gain. As Vg1 is increased (negatively), Q; comes out of
saturation and the ac gain increases. As we proceed further to the right

F

195



Fig. 4.30 Open-Loop dc Transfer
characteristic of the
Q1-Q2 "op-gmp" in Pre-
amp #8. Horizontal is
Vg1 (1 V/cm, zero at
right) and vertical is

. VF., the op-amp dc out-
put voltage (0.5V/cm,
zero 2 cm from top).
Normal feedback opera-
tion point is at
Vp = Vp1 = ~1.65V.

Vps of Q1 =~ VfF + 6.2
volts.

Fig. 4.31 100 MHz Open-Loop Gain
of Mark ITI GAASFET Pre-
amp #8. Vertical is
linear dispiay of 100 MHz
output, -30 dBm full scale,
Horizontal is Vg, 0.5 volts/
cm (zero at right). Meas-
ured gain at balance is
Alz A3 = 17.5 dB.

Open-Loop Gain and noise,
GAASFET Preamp #8, 0 to
1820 MHz frequency range.
Preamp output straight

into 7L13. Discrete
frequency Tines are inputs
at frequencies of 20, 42,
50, 100, 150, 200, 250, 300,
196 350, 400, 450 and 480 MHz.




in Fig. 4.31, the 100 MHz gain is nearly constant until the timifing diode
begins to conduct, reducing the gain sharply (and finally to zero when Q

is cut off). Then.the normal operating point, Vg = -1.65 volts, is near the
maximun 100 MHz gain value, with an input to output gain of 17.5 dB or -

7.45 (A, = 20.7 for Ag = 0.36). :

The variation of open=loop gain with frequency is shown in
Fig. 4,32, a?ong'w%th the output noise, with the output of preamp #
connected directly into the 7L13 spectrum analyzer input. The discrete
frequency spikes are with an rf signal of -60 dBm applied to the gate of
Q] at the various frequencies indicated in the caption. Fig. 4 32 (and
the FFT of the pulse response-not shown) indicates that, due t0 a -sTight
"ringing" tendency at 100 MHz, the 100 MHz gain shown in Fig. £.31 is
s1ightly above the "baseband gain", so that an open-loop gain value of
‘ATZ = 19.5 is.probably a more accurate figure than the 20.7 f1gure obtafned
. at 100 MHz above, The 3 db bandwidth of this open- 1oop ga1n is about
f3 dp = 320 MHz and the open-Toop gain-bandwidth product for the op-amp
is about 5 GHz (a remarkable improvement over the Mark IA design).

The open-Toop noise output spectrum from GAASFET preamp 78,
again taken«wi‘th.q1 in balance {VF = ‘Jg1 = -1.65 volts), is shown in
Fig. 4.33." This output noise should be approximately

Vno(f) = e (f)A z(f)A (4.70)

3 'Bé&H
where e is the equivalent input voltage noise (see Fig. 2.8). ‘Wefshould
note that over most of the preamplifier passband, the closed-loop output
noise (i.e., with Re installed) will .be less than this open-loop noise.

by an amount which could approach the open-loop gain. In order to obtain

an accurate value for ey at a selected frequency (250 MHz), the noise output
was measured through the 7L13 in a 26.79 KHz bandwidth. An 1nput signal

was applied to Vg] and its amplitude increased until the signal + noise’
exceeded the noise by exactly 3 db (signal level =-117.9 dBm), at wh1ch

we should have- V sig = ey. From this we obtain e /VH" 1.74 X TO Vo]ts/ﬂT"
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Fig. 4.33 Open-Loop Noise-Out-
put Spectrum from
GAASFET Pream #8.
Q7 in balance,
Vg = -1.65 Vdc, gate
of Q7 terminated 25¢
to ground. Measured
through cascaded B&H
preamps.

é) 0 fo 1820 MHz frequency
range (182 MHz/cm).

b) 0 to 100 MHz frequency
range (10 MHz/cm).

c} 0 to 5 MHz Frequency
Range (500 KHz/cm). With,
(lower traces) and without
(upper traces) 0SM model .
0S 201103A blocking capaci-
tor between output of B&H
DC3002 and 3db pad at input
of B&H AC3020.




at 250 MHz. Using the nbise output from 4.33a) at 250 MHz (~47.4 dBm+2.4 dB
Gaussian correction, we get eq/VHz = Vo! ByoAahg ey AF = 1.73 nV/vHz
(fortuitously close to the more accurate s1gnai substitution 'result).

F1g 1.1 shows a photograph of the completed Mark III GAASFET
receiver #8. The conical hole is for Tight entrance intoc the APD substrgte.
The large fins are not because the power dissipation is high, rather they
are only o maintain temperature stability of the preamp to keep the APD

- temperature (and hence Vg) constant. The preamp unit dissipates only
about 7.5 watts.

4.4.2 _ Performance Results for GAASFET Preamp #8

The voltage output pulse produced from Mark II1-GAASFET preamp 78
with VAPD 100 volts by a s-function input of N = 4125 electrons is -
shown in Fig. 4.34. The upper trace-shows the output as seen d1rect1y on
the samprng'osci11pscope with the preamp output connected to the. $-6. _
sampler -input through the cascaded B&H preamps (#8-B&H 'DC3002 -3.-db’ pad- -

B&H AC3020-S6) with Agan = 77.2. The input pulse was generated from a ~
25.38 mV step from the S-52 pulse generator (with 20 db attenuator) through
the C. = 2.60 X 1071 F internal coupling capacitor (see F1g '3.22 or 3 23)
.(C and N were calibrated from pulse measurements without the B&H pre-

amps for greater accuracy.) The signal pulse in the upper trace of Fig. 4.34
rides on a V = 12.15 mV Gaussian noise Tevel (as measured both by the ’
noise h:stogram technique of Section 3.3.8 and with an HP435% power meter)
which is removed in the lower frace by signal averaging with the DPO

(see section 3.3.11). '

This s1gna1-averaged current impulse response from F1g 4 34 is-
more readably d1sp1ayed in Fig. 4.35 (25 mV/cm vertical and Ins/cm. and
200 ps/cm horizontal). The peak height is Vp = 0.7443 volts, so for
Qp = C. Vstep = 6.61 X 10"]6c0u1 . w$4have the pulse gain through. the
cascaded B&H's as (V/Q), = 2,19.X 10°" volts/coul (this is nearly four.
times. that obtained for the Mark IA preamps). From Eqg. 2.19, we have as’
the minimun detectable current pulse of preamp #8, NG-Vnolq(V/Q)p=347 aTectrons.
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http:Fig.'3.22

Fig. 4.34 Current impulse response of GAASFET Preamp #8
{with Vppp = 100 volts) to a 4125-electron
current impulse (receiver output amplified thru
cascaded B&H wideband 502 amplifiers). Upper
curve output directly as seen on sampling
oscilloscope (12.15 mV rwms voltage noise). Lower
curve is a 1024 waveform signal average of output.
Both curves at 50 mV/cm, 1 ns/cm.

200



Another method of calibrating N0 is to use the integral of the current
impulse response in Eq. 3.20. The-integral curve (not shown) of Fig. 4.35
has a rise time (10% to 90%) of 634 ps and a step height of 9.0 X 10711

volt seconds. From Eg. 3.22, then, with Ry = 47500, A, = 0.36 and Ag,,=71.2,
we have N = 358 electrons which .is reasonabTy c1ose to- the more accurate
capacitor—ca11brated value (N, = 347 electrons). S

The current 1mpu]se response waveform of F}g 4.35 is very fast,
Ins wide at the 10% points (FHTM) and W1th v1rtua11y no overshoot or tail.
The peak to 5% fall. time, 650 ps, would allow over 1.5 ‘Gb/s §-function
pulse communication, or about 1.4 Bb/s with reasonable modelocked laser
pulsewidth,before the onset- of maégive'intersymbo] 1ﬁtenférence. The
frequency response of GAASFET‘preamp‘#B is shown in Fig.. 4.36 from the Fourier
transform of the current impUise‘résﬁoﬂsé'without thé B&H preamps. Shown
are the current impulse response (5mV/cm, 1nsfcm), its 1ntegra1

(2pVs/cm, Ins/cm) and its FFT (150uV/cm, 256 MHz/cm). The:

integral step is 1.085 X 10°'" Vs or from Eq. 3.20, Q, = 6.35 X 107° coul
(39,600 electrons), or since V., = 0.2442 V, C_ - 260 X 1074 £, The
"10-90" risetime of the integral step is 585 p§; The FFT-derived frequency
response (magnitude of transimpedance versus frequency),_the dashed curve
in Fig. 4.36,shows nearly-flat response to over 300 MHz, with fagp at

620 MHz. Not shown in this display 4% the high-frequency ringihg response
which is about 1 division vertical in the 4-6 GHz .region (not seen through
a 3 GHz preamp).

-5

" The noise spectral output for GAASFET preamp #8 with VAPD=!OO voits
is shown in Fig. 4.37. The interpretation of these noise output curves
was disussed in conjunction with Fig. 4.13 (section 4.2.2). We can use
Fig. 4.37a) with Eq. 4.2 to calculate the NEP for the receiver. From
Fig 4.13 a), at ¥ = 200 MHz we have Vro = 55.5 dBm which gives for
= 0.96, hv = 1,165 eV, N.E.P. = 3.3 X 107 -12 W/Hz , or at f = 273 MHz,
-54 dBm noise gives N.E.P. = 3.9 X 107! H//ﬁf'(hlgher, due to increased
g “(Cin + CAPB) noise). However, in 273 MHz measurements with AF=26.79 KHz
using an’ amplitude reference generator to determine the noise level more

accurately, a noise output of -74.5 dBm was measured, giving
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Fig. 4.35 Current impulse response of Mark III GAASFET
Preamp #8 (signal-averaged result from Fig. 4.34)
displayed at 25mV/cm vertical, Ins/cm and (1ight
trace) 200ps/cm horizontal.
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Fig. 4.36 Current impulse response of GAASFET Preamp #8
with Vapp = 100V measured directly into S-6
(without B&H preamps). Input Step; Vgppp=0.2442
volts through internal C.. Current impuise at
5mV/cm, 1 ns/cm, zero 3 cm below center. Integral
at 2pVs/cm, Ins, zero at bottom (-4cm). FFT at
150uY/cm, 256 MHz/cm horizontal, with f=0 at left
edge (vertical zero at bottom).
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N.E.P. = 3.1 X 10 2 y//Fz.which would give about N.E.P. = 2.7 X 107 %W/ i

.at 200 MHz. "These should be more accurate values:than those above. Since
éc’ the 50Q test Toop coupling capacitor, s accurately known for preamp #8
(2.6 X 10']4f), a more accurate method of measuring N.E.P.,given n, hv,
and C,,would be to apply an rf signal to the (terminated) 50 test line
and reduce the amplitude until the signal + noise output on the spectrum
analyzer is 3dB over the noise output (call this input signal level (Vs)BdB.
Then the N.E.P. would be given by (for M = 1}

3

27F hv C
N.E.P. = m— S (Y

{4.11)
nvAF

S)3d8 S+N/N

where f is the generator frequency (or this divided by M for small avalanche
gains). This approach doesn't require knowing the preamp transimpedance,
Rb* or the other_amp?ifier gains, but it does assume, as do Egs. 4.2-and 4.3
of course, that the APD transit time is much faster than 1/f so that-

n or nM equal their-dc values {well satisfied for tﬁése'GaAs1~Xbe, APD's
below 5 GHz). +We did not use this approach for measuring N.E.P. values

of these experimental preamps.

The noise spectral outputs for GAASFET preamp #8, both closed-
Toop and open-loop are shown in Fig. 4.38. Here the data from Figs. 4.37
and 4.33 are reduced to output voltage noise/vHz as a function of frequency
from 20 KHz to 2 GHz,as measured through the cascaded B&H preamps. Also
shown is the closed-Teop gain from Fig. 4.36 and the calculated Johnson
noise from the RF = 5000q feedback resistor (which takes into account this
gain for f > 300 MHz). We see that over most of the frequency range, the
noise output in normal closed-loop operation {given by Eq. 2.33) is less
than the noise output measured under open-Toop conditions (Eq. 4.10) due
to the fact that the amplified e noise gets fed back through RF to almost
completely cancel this voltage noise contribution out (except at higher
frequencies where IGIi>>IGF!). Of course at frequencies near the closed-
Toop f3ap and above, the feedback, due to phase shift through the "op-amp”,
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~ 4.37 Closed-Loop (Rp=5Ke)
- Noise Output Spectra
from GAASFET Preamp
#8 through cascaded
B&H's.

a) 0 to 1820 MHz Frequency
Range (182 MHz/cm). The
thermal noise for Rp=5Kg
would be -58.62 dBm.

b) 0 to 100 MHz Freguency
Range (10 MHz/cm). The
thermal noise for RF=5KQ
would be -68.38 dBm.-

¢) 0 to 5 MHz Frequency
Range (500 KHz/cm). The
thermal noise for Rp=5Kq
would be -77.24 dBm.
Noise output measured
through OSM 201103A
blocking capacitor (375
KHz hi-pass filter).
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Fig. 4.38 Spectral Dependence of Noise Output Voltage (Open-Loop and Closed-Loop)
for Mark III GAASFET Preamp #8.



A, and the RF - CI feedback path {which approaches 90° above its 80 MHz
corner frequency) is actually positive and so the combination of amplified
ey noise plus RF Johnson noise exceeds the open-loop noise. At frequencies
of the order of 1 MHz and below, the total output noise is comparable to
the noise of the output stage alone (compare Fig. 4.37 with Fig. 4.29;
noting.that_ﬁtgjg) is with a blocking capacitor and 4.29 ¢) is without).

An extra gain stage, as used in the Mark II preamp design, could probably
minimize this contribution of the output stage 1/f noise to the total noise
output at Tow frequencies, since in the Mark II GAASFET preamp #7, the

~ 500 KHz output noise in closed-loop operation is about 8 db above the
output noise with 01 saturated (the 02 and Q3 noise).

'To summarize, the Mark III preamp des1gn gave excellent results
(summarized in Fig. 4.26). As compared to the Mark IA or Mark II models,
GAASFET receiver #8 gave w1der bandwidth (f3dB = 620 MHz) and faster -
pulse response (Ins FWTM) even though it had 2 larger feedback resistance
(R = 5 Ko). At the same time it had lower equivalent input noise current
(1ower N.E.P.) and a lower value of minimum detectable current pulse
'(N = 347 electrons). In other words, from Eq. 2.20, with a properly
peak sampled detection approach this preamp should be able to achieve
unity gain (M = 1)}, 10 BER data reception with of the order of 3500
photons/bit (or proportionately less with gain). The response of GAASFET
preamp #8 to actual PGBM T1.06u modalocked laser pulses is shown in Fig. 4.39.
These sampling oscilloscope traces were obtained by Dr. Samuel Green at
McDonnell Douglas on their laboratory 400 Mb/s PGBM optical communications
system. At the time these measurements were made, preamp #8 had an earlier
5 mil diameter (175 volt VB) APD with higher capacitance than the final
3 mil K-9 APD with which the rest of the data in this section was taken.,
Hence the fall time of the current impulse response was a bit slower in °
the measurements of Fig. 4.39 than in Fig. 4.35. Other than that, Fig. 4.39c)
represents the convelution between the optical pulseshape of the McDonnell
laser and the current impulse response of preamp #8 (similar to 4.35). The
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Fig. 4.59 Response of GAASFET
Preamp #8 with 5 mil
APD to 400 Mb/s 1.06u
PGBM modelocked laser
data stream. Measured
on McDonnell-Doublas
Test Communications
System. 10mV/cm vert.
(through B&H DC 3002
preamp). {Ip)ayp=ivA.

Y

v e ae sl

a8
1
B
.

a) 20nS/cm showing entire 64
bit data stream (with some
repeated).

b} 5nS/cm showing response to
repeated "1's".

c) 500pS/cm showing response
to isoiated "1". This would
be the same as the current
impulse response if the
modelocked Taser pulsewidth
were short enough.




optical pulsewidth is sufficiently narrow that V_ is very close to the same
height as a é-function peak of the same charge so-that (V/Q) (V/Q)

. in Eq. 2.6 or (No) = (No)a in Eq. 2.20. Unfortunateiy, while opt1m1zed
communication w1th preamp #8 requires sampling pulse widths {for the
decision process) of the order of 200 ps, narrow pulse sampling was not
available in the McDonnell 400 Mb/s test system (in fact for much of their
.data, the sampler was not used). Hence, while the No for optimized,harrow
pulse detection is 350 electrons for #3 and 490 electrons for the Mark II
preamp #7 (which was slow encugh not to require short pulse sampling},

#8 required over 30% more photo~electrons per bit to achieve 10"6 BER
communication on the McDonnel}l test system than did preamp #7. (0f course,
the additional gain stage in #7 was probably of help here as well.) This
does point out, however, the necessity of mating the preamp properly with
appropriate "decision making" logic (sample and hold, threshold set, etc.),
-fgf optimum results to be achieved in a communications system application.
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5.0 CONCLUSIONS

The objective of this program was to develop a solid state receiver
for 400 Mb/s optical communications which would be able to achieve 10-6 bit
error rate data detection of pulse-gated binary modulated (PGBM) 1.06u mode-
Tocked Nd-YAG laser data with a signal level difference of 1000 photons/bit
(or fewer) between a transmitted "1" and a transmitted "0". The program
involved two major areas of effort: (1) the development of a high speed,
high quantum efficiency, Tow capacitance GaAsl_bex avalanche photodiode
(APD) and (2) the development of an extremely charge sensitive, low-noise
preamp using GaAs Schottky barrier FET's (GAASFET's) to be hybrid-integrated
with the APD. These two major areas of work have necessitated certain other
corollary efforts: (3) the development of special analytical tools for the
avalanche photodiode development, (4) the development of a model for laser
communications involving the detection of short PGBM modelocked laser pulses
and (5) the development of a signal and noise model for the GAASFET .pre-
amps and special preamp measurement technigques capable of experimentally
determining the parameters required for this model. Our achievements in
each of these areas are reviewed in the summary, section 1.2, and need not
be repeated here. Suffice it to say that we have developed ultra low ca-
pacitance GaAsl_XSbi inverted homo~heterojunction avalanche photodiodes
with nearly 100% quantum efficiencies and with peak rf gains up to 24 dB which,
when hybrid-integrated with the wide bandwidth feedback~mode preamp give
better detection performance than any other 1.06p receiver. The pulse-mode
communications detection analysis of section 2.1 has been used with the
preamp model, the parameters of which were determined using special measure--
ment techﬁiques developed for use with our Tektronix Digital Processing Os-
cilloscope system,to accurately predict the results of actual 400 Mb/s,
1.06u optical communications system measurements of bit error rate perfor-
mance of the receiver at McDonnel Douglas (Fig. 4.23). This excellent
agreement between the calculated system performance based on our models and
receiver measurements and the actual PGBM data detection performance gives
us confidence in the validity of our system analysis, preamp model and re-
ceiver measurement techniques and our ability to calculate the performance
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which can be obtained in different types of electro-optical systems.

The key performance parameters obtained for each of the four
GaAsl_bex APD-GAASFET integrated preamp receivers are indicated in Table
5.1. The Mark IA modification of the original 2-GAASFET preamp design,
used in preamps #4 and #5 represents the starting point for this hybrid-
integrated transimpedance-mode GAASFET preamp technology. Here it was
demonstrated that indeed it was possible to construct an "op-amp” so fast
that it could be used in the negative feedback mode for frequencies of a
sizeable fraction of a gigahertz and still be stable. Extension of feedback
mode “op-amp" circuit concepts to a frequency range far beyond where they
have been used before must be considered a major accompiishment of this
work.

The Mark II and Mark III preamp designs represent more complex
(3-GAASFET plus bipolar transistors) extensions of the Mark IA technology
base to achieve better performance in specified areas. The Mark II was
designed to have internal gain and lTimited bandwidth to perform best with
the broad-sampling-pulse 400 Mb/s PGBM modelocked Nd-YAG laser communica-
tions system at McDonnell Douglas Astronautics. As shown in Fig. 4.23,

Mark II"receiver #7 performed admirably in communication tests, giving al-
most exactly the BER performance caiculated from our test data, achieving
10"6 BER with no avalance gain at all with a Tower signal level than re-
guired for a III-V alloy photocathode photomultipiier tube and requiring

less than twice the signal Tevel required by two silicon avalanche photo-
diodes opticaliy in series (electrically in parallel) operated at an avalanche
gain of 100. Since average avalanche gains of 6 to 10 db are available in
the K-9 GaAs,  Sb, APD's in these receivers, even with these modest avalanche
gains, the receivers developed in this program have demonstrated the best
performance for 400 Mb/s 1.06u laser communication of all available 1.06u
detectors. In future- work, as nigher APD gains are attained in.these

GaAs be APD's, these receivers could achieve performances perhaps 20 dB

1-x
better than competing 1.06p detectors.
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The Mark III preamp was designed to make a major improvement in
the performance of the "op-amp", increasing its gain to 20 and its gain-
bandwidth to a remarkable 5 GHz. This allows the use of a higher feed-
back resistance (Rf=5Kﬂ) to achieve lower current noise (better NEP) and
at the same time achieve higher bandwidths and pulse gains nearly four
times that of the Mark IA's. Mark III receiver #8 achieved a minimum de-
tectable current pulse (number of electrons in a charge pulse required to
give a peak output equal to the rms noise output) of only N0=347 electrons.
While this is fully 3 dB better than the Mark II #7 receiver which performed
so well in the communications tests, making use of this pulse sensitivity
requires sampling the output data stream at the peak with a short-gate
sample and hold. Since in the McDonnell Douglas test system only a rather
"vintage" discrete bipolar transistor data sample-hold was available
(and it seemed to have 1ittle effact, as the system worked about the same
when the sampler was inoperative), no such short pulse sampling was avail-
able, Hense it was not possible to demonstrate on their test system the
improved BER performance attainable from the Mark III GAASFET preamp #8.

In Table 5.1, the "bottom 1ine" in terms of preamp per-
formance for modelocked laser communications is the N or ph (required
photons/bit for 10 -6 BER communication). In this entry we see. as in many
of the preamp performance parametars, a rapid "learning curve" of improved
NO with each succeeding preamp (as we have improved NEP, etc.). Band-
width, or maximum data rate for optical communications might be considered
another key parameter, and again it improves to F3d3=620 MHz in #8, which
would be capable of modelocked laser communication at data rates of the order
of 1.4 to 1.5 Gb/s (depending on optical pulsewidth) before the onset of
serious intersymbol interference. There is no reason to assume that the
learning curve in Table 5.1 ends at preamp #8. It is probably reasonable
to expect that with additional work, maximum data rates of 2 Gb/s or possibly
more could be attained with this approach and N0 values of 200 to 250
electrons seem reasonable. With these preamp parameters with the present
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TABLE 5.1

GAASFET PREAMP SER. NO. 4 5 7 8
DESIGN MARK IA MARK IA MARK II MARK ITJ
Simplified Circuit biagram Figure 2.9 - Figure 2.9 Fioure 2.11 Figure 2.12
Block Diagram/Performance Model Similar to Fig. 4.1} Fig. 4.11 Fig. 4.18 Fig. 4.26
Open-Loop “op-amp” gain 5.3 5.4 6.4 19.5
Open-Loop F3dB(O'L') 260 MHz | 320 MHz ~375 MHz 320 MHz
Open-Loop Gain-Bandwidth Product 1.35 GHz i 1.2 GHz ~1.8 B4z 5 GHz
3 = i = = T o
Output Stage Gain A2-0.34 EA2—0.292 A2 4.6 (f3d8=500 Aa 0.36
' MHz)
A3=0.37
Feedback Resistance, Re i 30002 1 30200 40009 50009
Trans inpedance, R, (V¢/i,) " 25060 125509 34600 la7500
?reamp Output Voltage V, . 5 ) : Vout=858 Ip(V/amp) 'Vout=743 Ip(V/amp) Vout=-5890 IP(V/amﬁ.Vout=1712 Ip(Volts/amp)
Baseband, n=96% for V APD -80 Volts | V=824 M Iphat [V =714 M I . at V_ . 5-5650 M I, at:V . =1644 M I . at
out ™ 1 sy, | out T yPBgy, 1 out 1Pllga, | out 11,
3db Bandwidth (Closed-loop) Fadp 303 MHz + 1402 Milz 290 MHz at output :620 MHz
. - { 360MHz at Q, ;
Output Pulsewidth thru cascased 1.8 n5 FWTM {1.6 nS FWTH 2nS FUTH ‘InS FWTH
B &4 Preamps (8-Function Imput) _ : :
Pulse Gain (V/Q)s , through cascasded 6.15x10%2 voits/ 15.59x10'% vorts/  3.5x10 vorts/  (2.19x10 vorts/coul
B&H Preamps, A=77.2 ! Coulomb : Coul Coul({BaH) |
i 4.71x1012 yyCoul =~
: direct |
RMS Output Noise through €ascaded 7.822 mV¥ rms 6.912 aV rms 27.48 mV¥ rms 12,15 mV

B&H Preamps, 3GHz B.W.

Minimum Detectable Current Pulse, N0
(In best measurad Bandwidth)

Required Signal Level for 10™° BER
Modelocked Laser PGBM Communication

(Minimum Number of Photons on "1 minus

photons on “0")

200 MHz Noise Equivalent Power
NEP at 1.064u

(calculated from noise, assuming n=96%)

f 375KHz to 3 GHz -

720 Electrons

N = 2230 phybit

ph M

(valid for low M}

4.8x10"12
o

Watts/ VIiZ
(valid for Low M)

NEP=

+ 2KHz to 3GH=z

- 590 Electrons
. 375 KHz to 714 MHz

40 KHz to 714 MHz
(~550 E wfo 1/f)

y_ <5840

ph= 7 ph/bit

filtered)

4.2x10712
-

Watts/ vHz

NEP=

1
i
!
b,

3Nph‘ M
(~5450 p/b with I/f}(Experimentally mea~ (valid for low M with

" 375 KHz to 3 GHz

347 Electrons
375 KHz to 3 GHz

3756 KHz to 3 GHz

. 490 Electrons
375 KHz to 3 GHz

4850 3440

photons/bit

sured 4900 at M=1) fast sampling)

t :
! ' 12

 Ep= 3.2x2r:18x10"]2 NEp- 2:7-3:36107
Watts/ /HZ Watts/ /AZ



" 1,06y = 9§% APD performance, the communications system performance )
should be as given by the Tower curve in the Nph versus M plot in Fig. 2.3.
(Actually, even better performance could be obtained at higher gains.since
our bulk photocurrents, Ib ~ InA at room temperature, are lower than as-
sumed in Fig. 2.3.) ,

While significant preamp improvements remain to be made, and
these should be pursued,. the greatest achievements in performance will
be attained by improving the avalanche gain of the GaAsl_bex avalanche
photodiodes. While we might be able to achieve a 6dB improvement in NO
which would reduce Nph by édb, if we could obtain'uniform avalanche gains
of M=10 to 50, we could attain far greater reductions in the signal Tevel
required for communications. In terms of noise equivalent power, in the
McDonnell Douglas NEP measurements on preamp #7, reductions in NEP of
26.5db (M=21.1 in table 5.1, lower line) were obtained between unity gain
bias and optimum gain bias operation, but this is only in a small area on
the device. At a general point on the same device they obtained a much smaller
11.3db (M=3.7), improvement in NEP. Clearly what we would 1ike is to obtain
uniform APD gains so that the entire device is as good or better than the
highest gain areas are in the present APD devices. The K-9 growth inverted
homo-heterojunction GaAs.l_XSbX avalanche photodiodes used in all four of these
hybrid-integrated GAASFET receivers represents a considerable improvement
in gain characteristics over earlier approaches. As discussed in section
4.1, however, their performance is 1imited by a) the fact that the wrong
complimentary device type was selected (i.e., the holes are being drified
through the high-field region whereas it appears that electrons have the
higher fonization coefficients) and b) the fact that there are significant
fluctuations in the active layer thickness which leads to variations in
electric field and gain over the device. There is no reason to believe
that these problems cannot be rectified in these GaAs, ,Sb, APD's and the de-
sired uniformly high gains achieved. When this is attained, we may see the
number of 1.06y photons per bit, Nph’ required for high data optical communi-
cation drop,not only well under 1000 photons/bit, but possibly under 100
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photons/bit.

We have discussed only the application of this receiver to
400Mb/s optical communication using PGBM modelocked Nd-YAG laser pulses.
The capabilities of the Mark III integrated GAASFET receiver extend well
beyond this application. One simple extension, of course, is to higher
data rates (gigabit and above) where this receiver becomes "the only
game in town" so to speak, since the nearest competitor, the silicon APDs
is so slow at 1.06u as to be unuseable above 400 Mb/s. Another application
is for high speed fiber-optic communications, either at 1.06u or shorter
wavelengths (by varying the detector composition). An application of great
interest to NASA is in very high resolution satellite laser rangefinding. -
Recall that the Mark III preamp is designed as an exquisitely charge-
sensitive (350 electron), very fast (~250 ps risetime to an impulse)
amplifier for a photdiode which itself has a 50 ps transit time with almost
"~ negligible inherent time jitfer. With reésonabljfhigh avalanche gains
(M~ 10 to 100) a receiver of this type could give outstanding sénsitivity
and time resolution for laser rangefinding.

-

A further comment should be made regarding the application of
these receivers to systems. Connecting a receiver making use of the
latest super-speed GAASFET electronics technology to a system which has
limited bandwidth performance due to the use of older silicon bipoiar
transistor technology in certain of the key functions is very likely to
seriously compromise the performance which could be obtained from the
receiver. (A clear example of this was the data sample-hold in the
~ McDonnel 400 Mb/s test system.) From a system standpoint, serious considera-
tion should be given to applying. this superior GAASFET integrated circuit
technology to all of the critical performance limiting stages in the system,
rather than the receiver alone.
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11
1131
gz
11@4a
1186
1188
11g9
1113
111t
1112
1113
1114
I1is
1128
1121
1122
1126
11eg
‘11ag
1132
1134
11326
1138
1143
1142
1143
1144
1146
1147

1148

1149
1150
1154-
1156
1158
1162
1162
164
1168
170
1172
1i74
1176
1178
1188
1181
1182
1184
iI18s
1186

1188

REMARK RR  FEEDBACK OP-AMP CLOSED-LOOP NQISE ANALYSIS

LET DF=2E7

PRINT "SIGNAL AND NOISE ANALYSIS OF SIMPLE FEEDBACK PREAMD'™

PRINT "PF=""!RF3" OHMS. CF="CFxIEIZ2}" PF. CIl="3CI«IEL2:" DPF. A0="3A0

LET WO0=1/(RF#(CI+CFJ)}:LET WA=FA%6.238:LET WF=1/(RF+CF) '

PRINT "FO=":W0/6.238E55" MH?. OPEN-LOOP F3DE, FA="IFAx|E=-§;'" MHIY

PRINT “FF="JUF/6.238E6" MHZ"™:PRINT

LET WP=1/(l/YF+1/(a0ktU0)+ 1/ CAQxWA))

LET B=@:LET C=@:LET D=0

LET TB=25&6:LET TC=256:LET TD=258

LET SB=S51.2%#DF:LEYT SC=SB:LET SD=SB

LET HBS="HZ":LET HCS=""HZ":LET HDS="HzZ"

LET VEBSs"UV/HZ":LET VCS="VU/I1V";LET vDS="uy/1v

FOP K=6 TO 255

LET V=KeDF+*6.238

LET DR=1l+1/30- (tnel) / (AQFTIQLTA)

LET DV=DR&DR++W/ (URAYR)

LET PN=(DR+Q&V/ (WORXURII/DYV; LET JN=((DR-1)kW/URI/DV

LET C(2S6+K)=DFxDR/DY

LET B(256+K)==1/+PF/ (URk DY)

LET B(256+K)=RN*RN+JN+JN

LET C(256-K)=C(256+K)

LET D{256-H{)==D(256+I)

LET BL256-K)=B(2556+K)

NEXT ¥ ; i

LET HB=SB/2:LET HC=SC/2:LET HD=SD/2

LET PB=B:tLET PC=C:LET PD=D

iFT CoD,DPALX: INTEGRATE AsY:LET A=AxCL258)/Y (182D

LET VAS="U/COULY:LET PA=A:LET VQ=MANCAI:PRINT "(U/0)PEAK=";VQ3™
VOLTS/COULOUME": LABEL PA"IMDIULSE BESPONSE"

PRINT "“CALCULATION OF GAIN FACTONS COMPLETE. ENTER ANY NO. TO
START NOISE CALC."

INPUT NG .

PRINT "MOISE CALCULATION: TO CHAMNGE EXN VALUE,ETC. GCTO 1178"

LET PD=C*(C+D=xD -

LET PC=SQR(DY

INTEGFATE D. ¥

LET NB=Y(51@)/¢(2%D(256))

LET F3=(SC/5] «2)*%(CRS(C(256), «TATI=C(2546)3-2546

PPINT "CLOSED-LOQOP F3DB="4#F3:" HZ. NOISE Bl='"i;uS:" HzZ"

LET C=D

PEMARK P BESTART POINT AFTER CHANGIHNG EY FOR ¥013TZ CaALC

LET IN=].629E-28/PF

PRINT "EN=":ENM:" V/R0QT HZ. IN="3SQRCIN)I"™ AMPS/ROOT HZ."

LET D=EN®EN*B+Ij*C

INTEGRATE D.X

LET NI=X(Slgy/2

LET NO=(SAR(HIJ)I/(UQ*!.5682E~19)

LET PD=SQR{(D) . .

PRINT "TOTAL OUTPUT VOLTAGE NOISE=";SQR(NIJ;"VOLTS"

PRINT "MINIMUM DET'BL CURRENT IMPULSE WNQ="2NQ0;" ELECTRONS"

PRINT "PEAK NOISE=";MAX(D);"VU/RT HZ. HF=LF NOISE AT F=":(1E-&6

#SD/51.2)% (CRS(D(2583, D(2S4)3-256)
STOP
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APPENDIX A.3

8088 PRINT "“GAUSSIAN FILTERED NOISE OUTFUTs TIs=";TI%1EI25" PS."
8668 LET A=0

8019 LET GW=1/(6+283%xT1) _ _ _

8012 PRINT “STANDARD DEVIATION FREQUENCY='3GW;" HZ"
8326 LET JUW=GW*51.2/5D

8022 LET Cl=1/(2%xJWxJW)

8025 LET JI=ITR(4.515%JW)

8928 IF J1>255 GOSUB 81948

839 FOR J=8 TO JI

BF4LG LET AC(J+256)=EXP(~ (ClxJ*J))

8058 WNEXT J

8G66 FOR J=1 TO J!

8062 LET A(256-J)=A(256+J)

86864 NEXT J

8G66 LET TA=<254:LET HA=HD:LET SA=SD:LET HAS="HZ"
8078 LET PaA=A4 ’

8lg@ LET B=A%aA .

8165 LET PB=B%D*D

8119 INTEGRATE B,X

8129 LET NI=X(518)/2

§13¢ LET PB=3QR(B>

8148 PRINT "“TOTAL QUTPUT VOLTAGE NOISE=";SQR(NI)3;'" VOLTS™
8158 STOP

8199 LET J1=255

g8r92 RETURN

ORIGINAL PAGE IS
OF POOR QUALITY
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APPENDIX A.4

836¢ PRINT ™GAUSSIAN CONVOLUTION ON B« TI=";TI1%1E12:" PS. (Tl IS STD.
DEV.™

83092 LET A=0

8318 LET SA=1.25E-9:LET HAS="S§" ~ -

8323 LET JW=TI1*51.2/5A

8330 LET Cl=-1/(2%JWkJW)

8332 LET JI=ITR(4.515xJW)

8334 IF J1!<T@ GOTO 8348

8336 LET JI=TO

8343 FOR J=¢ TO J!

8342 LET ACTO+J)I=EXP(CliJ*J)

8343 NEXT J

8344 FOR J=1! TO JI

8346 LET ACTH-JI=A(TG+J)

8348 NEXT J

8349 INTEGRATE AsX:LET PA=(A/(4E18#X(518))) .

8350 PRINT. "GAUSSIAN SAMPLING PULSE CALC'D IN A. RESTART AT 8350."

83%2 LET PD=a : b

8360 CONVOLVE D-Bs,PGC.X :

8378 PRINT MAX(C),MAX(C)»/MAX(B).

8388 STOP

8209 FOR J=0 TO 255

8210 LET B(2%J)=C(J)Y:NEXT J

8228 LET B(1)=@:LET B(S@9)=3:+LET B(511)=¢

8230 FOR J=3 TO 587 STEP 2

8243 LET B(JI=(9%B(J=1)+9xB(J+])~-B(J-3)-BCJ+3))/16

8250 NEXT J

8268 STOP



APPENDIX A.5

The computer program written to solve 2.36 for both the’ frequen-
cy and time domain response of the circuit of 2.10 is 1isted in this Appen-
dix. The language is TEK BASIC, an extension of the Harvard BASIC for
the Tektronix Digital Processing Oscilloscope. The program will run with
TEK BASIC in a PDP 11/05 with 24K or more of memory {TEK BASIC uses nearly
16K, while this program with its defined arrays uses less than 8K). The
program is oriented for use with a Tektronix 4010 display terminal for
graphing, special function plotting, and rapid display of the extensive
parameter data. The complete calculation is carried out by calling suc-
cessively 1ine numbers 100, 200, 300 (+ 700 for hard copy) and 400 (+ 800
for hard copy), with Tines 900 and 1000 For additional parameter output.
Lines 100-154 initializes (if necessary) and'disp1ays the circuit parameters
. ai?ng with-the dc Vo/%b in aorder to verify fhat qveyythinghis right before
the calculation is begun. The frequency-domain solution of 2.36 is called
out in 1ines 200 to 260, with the actual calculation organized in the sub-
routine lines 2000-2244, Because of the complexity of the calculation and
the fact that most of the "action" is at low frequencies, in order to save
time; 2.36 is solved at every discrete frequency peint only from J = 0 to
J = 34 (where F = J x FE, where F.E. is the frequency per element; usually
40 MHz). For J = 35 to 64, only every other element is calculated exactly,
from J = 65 to 128 every 4th element, and from J = 129 to 256 every 8th
element is calculated from Eg. 2.36. The interpolation for in-between
points is made with parabolic approximation individually for the real part
of the numerator (NR), the imaginary part of the numerator (NI), the real
part of the denominator (DR) and the imaginary part of the denominator (DI}.
These Tunctions are interpolated individually before taking the complex
quotient in Eq. 2.36 because NR, NI, DR and DI are individually smooth
functions of frequency, but their quotient may not be (in fact it can be
singular if DR and DI both go to zero at some frequency). At the points of
actual calculation, the various complex G's in Eg. 2.36 are calculated in

ro
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1ines 2500-to 2570, the latter [{IIGS) - multiplied] terms in the numera-
tor and denominator ‘are calculated in lines 3000 to 3050 (these lines are
skipped if the parasitic impedance, 1/GS, is zero), while the rest of the
numerator and denominator terms are calculated in lines 3100 to 3126. The
resulting NR, NI, DR and DI resulis are stored in individual arrays for
interpolation and actually carrying out the complex quotient fo give

VD/i (the real and imaginary components of which are stored in arrays C
and D). A1l of the above subroutines are executed as a part of the pro-
gram at 1ine 200. The program at line 300 (to 392) caiculates the noise
bandwidth, NB, from this frequency response data, and also converts the
real and imaginary form of data into magnitude-phase form for display

in processor arrays A and B (with hard-copy by calling 1ine 700; see the
lower right-hand portion of Fig. A.1). The program at line 400 uses the
inverse.Fourier transform (IFT) to convert the real and imaginary form ‘
of frequency domain data to the time domain, The IFT directly gives an
unnormalized impuise response, but this is integrated to give the step
response and then both are normalized by noting that the magnitude of the
step at Targe time must equal the magnitude of VO/Ip at F =0 (called RO).
From the peak of the normalized impulse response and the Johnson noise
calculated from the noise bandwidth, the minimum detectable current pulse
is calculated. Line 800 displays this transient response data for hard
copy { as shown in the upper left portion of Fig. A.1. The plotting pro-
gram, lines 1000 to 1099 graphs individually the real and imaginary’ com-
ponents of the deneminator, DR and DI, along with the magnitude, DM =

[ DR2 + D12 ]%, for the frequency range 0 to 1.4 GHz. In this frequency
range the numerator of Eq. 2.36 is more or less constant (dominated by gm),
so that DR and DI are the keys to the response. In particular, if both

DR and DI approach zero at the same frequency, the amplifier will oscillate
at that frequency. Figure A.1 shows the results from this program for the
case with nor parasitic source impedance (1/GS = ) with typical parameter
values for a Mark IA preamp. Note that in this calculation, the GAASFET
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input voltage noise={sw¥not considered (‘e1 = 0 in Fig. 2.8), so -that the
—-—.output noise on No values will be too Tow.
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'APPENDIX A.5 COMPUTER PROGRAM FOR 3-NODE (PARASITIC)
MODEL OF MESFET PREAMP 1st STAGE (DPO TEK BASIC LANGUAGE)

}f;gi S S-HO0E uﬂHS FET FREAMP CALCULATION (SHORTEHEDY T4-Ef
3 RTINS DFﬁ TER BwnID Un1-01
1] FEMakE. B Z-NHODE CPRESSITIC Y MESFET FRESME CHL'ULQTIOH
131 PRINT " -E~L"
193 FESTURE )
Bt LET EM=1 LET "I=pU'LET Fll=a41:LET J=RL:LET EM=0 )
L% FRINT "FAFaMETERS FOR 3-MODE MESFET PRESMP CRLCULATION. RUH #":RH .
Lotey IF -J=00 COSE 0 . N
103 OUSUE 15
120 LET HE= P45 PR MCCHHC L, RO
122 LET CR=tR4n 1 RE+1. FLFL/RID
=1 LET HFP=Gh-1.PF-H& .
125 LET DR=0F+ ] +F5 PL+ES -FEYRD+1. RE+1-RL ORI
2 LET [F=0F+ 1L-FO+1-FL+l - EE+IRI+CH I/ RF
122 LEY Fo=lR-OR .
L30 FRINT -FRINT “FRINT "UD-IP FOR THIS CALCULATION WILL EE F=":R; " 0

1qH FRINT -FRINT  FRINT "FLERSE EXAMINE THE fEOUE CUAHTITIES CRREFULLY .
IF ALl RPE Gil, FPRESS RHV KEY T CONPLHIE. TO CHANGE AHY FREWMETERZ, HIT
"PRIET' OF CCTPL P ORHD STRRT QUER AFTER MAiIHG CHANGES .M
151 LET BZ=19040R
152 WAlIT
154 <TOP
‘}EQD FEINT FRINT "CRLCUL&TION OF FRECUEHCY RESPONSE HAS ETHFTED "
212 LET FlL=1.1F RS9 LET FL=Q.1F La! 3 LET FL=D
21z LET [=C-LET {=0 LET S0=9] 24FE:LET HCF="HIY
-4 LET 40=%%.LET HOS=HC¥
LET Gi=L-RI-LET GO=1-RO-LET CF=1-FF LET GE=1-FR

.
l—

232 DLN:H'IIH LS 2T2 5 DIHENSION UINET2r . OIMEHS IGH BRLZV2)

Ze? OINENE IO BloZTes

I LET. W=D LET UT=2:LET ER=0-LET BI=F:LET Ma=D

225 QlnzHzicn E/C?TQD OINENSInN ELC2723:0THEMSIOH, BMC2VE 2

&I LET o= LET Bl=0 LET EH-D - ) )

270 LET & . 28Z¥FR

DZ2 T 11715, ﬁ G000, ﬁ.n

2734 FERD Fn HELEZ TR AF ML E2 FS,F?

SR OGO V100

TES LET !. =1 B5EZFE

248 FEMAS N s TURL CALCULATION PROCEDURE 4T 2008

242 LET iN—

IS0 el 2000 - M EXIT TO ACTUAL R, vgﬁp) VS, F

e LET Epls=i CALCULATION AT L E 5‘0
TOSTOR
Ta FEMARFT, & CHLCULATE & DISFLAY GALM-PHASE ; .

1F_C{E52 =0 GISUE 7000
LET ﬁl=£:-§l:+[1:$[1

TECFHTE 7B

223 LET HE=3 9100 L IT0V 256))
334 LET U
390 LET 5=3060 5) AN CAL
T4z LET F2ePE LR AZTSEY, TOP1IRD)-E56) HAGITUDE-PRASE. FoRY
350 UET EViel LET GenTik GVE)'LET ENED '
350 LET TH=2SE LET H-=u SES LET Te=TarLET HB=HA

-
LN

o e
|

Lol baf el ad i) ot

I70 LET Fuzn-LET FE=2 SOSUE 7109

0 LASEL PR"DRCGHITUDE UST  F3=%:F3;"H2"

OO LAZEL PEYFHWIE OF Uﬁ/IP“

33 ST

$ 367 FERGE B CALCULATE ¢ IFTS 2 QISPLAY IMPULSE ANO STEP RESFOIZE

410 IF :r'qg\-ﬁ GO ﬁﬁg

410 u;}ua sl

420 IFT C.0.PW

130 MOIERUTE oo LET WP BUOIO0, oy TR
‘r' —— .' N el f:-_' 1

4(—2:1 L'.'T H__t{ 15 L tn s "Uf‘;H o 1PlIlL S-v RESULTS INTO TIME-DOMAIN {INPULSE

490 LET E=filF LET UET="UDLTS.AMP . AR ey

430 LET TR+ SB-51 2 V0CRECE. (S4R0I-CRICE.  LHRO D OR

470 LET UR=Hawr 1)

ALl LET Hu=tiflrc § fOZE=T4UP) 0 1GIvag, PAGR 15

aag LET M SE=3 LLT HE=HA ., ¥ POoR Qu.

432 LLT FyesniUREEL Fut INFULSE RESPONIE TR=":TR:"S ] ALITY

A0 LET K% LHL[L FBUSTLR REGPOHSE =, UPililu'"”‘EDUL"
SR RN .1
a2 SIOR

225
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-—Q TR0 FEMARK B GRAFH & HARD COPYV OF. GAIN-PHASE i /4/9/DW 4% /T 47 o) ( Cf?@ 7l
S0 PRINT "L - ' -
T GRS S0 1
vl FRINT “MAGHITURE AHE FHACE €0.5 PHD:DIU' oF UQxIP RE=";RF;", RL=Y;
RL:™ LL=";LLEIET:UNHY, LS";LS¥IER: "HHY" .
T4 GRAFH PH, FE "
voR FRIHT "F0=“Jﬁﬂ, FI0E="; F3X1E~5;" MHZ, MOISE Bb=";He "~L-W-L-L
TEL BTOR
& FEMAFN & GREAPH & HARD COPY IMPULSE aND STEP RES SPONSE
=19 FRINT v~LeoL”
EsE 2000 .
= FRINT MIMFLLSE &HD STEP PEQPDHkE RFE=";RF; ", PL"";PL;"J Li=4;1LLLIED
JUMEY. LEmYL LA LE=S; "NH'"' .
240 GrarHd Pa. PR et
:Eu PRINT "(Q00="; WPELELE: Y U/C, Hus“,NOJ" EL. FO=;RO:"™ ME=":HE:"~EnH

T STOR
t FEMAEK B OFRINTOUT OF CﬁLF DATA QHU FEPFQRNHHPE FRRAMETERS
- PRINT “-~L~L" .
3 Shese 200y
:R FR{MT :FRINT "PRINTOUT OF PPEHﬂ° PHFRNETER“ gH0 CRLT! G FERFOFMAMIE
REULTZ
Q70 FRINT "PREANF CIFCUIT ELEMEHT UQLUE »
40 SO 4100
S0 FRINT -FRINT YFERFOSMEHCE RESULTS:":PRINT'

l

(I,

t;'i I A Ry
.—l"\_l-___u
|"‘||'!’u

S FRINT 302 EH!EUIDTH F2=",F3It1E~6;" H”"

“£2 PRIMT “1@: TO S5 FISETIME, TR=":iTR;'

E54 FRINT "0C TRAHSIMNFEDANCE, R =";FU:" UDLTS/HNP (PQ=" R Y FROHM Gf C

wlg

256 FRINT "MOISE EatiDWIOTH, MB=";NERIE-6;° NHZ“

265 FRIHT “.JOMHSOH HOTIE, MH=";UH; " WILTS" . .

570 FRINT "PEdk I[NFULZE LESPOHEE, (U= UPEIELZ: » VOLTS COULCLNE"

??% P?%gT "MIMIHUN DETECTHELE CURFEMT FULSEv-HG"":Hﬂ  ELECTROMS™ 7. .

gy 5T . . . .
S8 1603 FEN FLOT=- OR.DI.OM FRC ‘ HZ RS .11 GRY J- N
-® 03 Pty & FLOT-OUT OF DR-DI.ON FROM @ T0 1.46HZ _ vy/ry « GG 5 o or o’

10 FOR I=7000 TD 1990 STER 102:PLOT €. 1, TR:FLOT 1, 1.07P0:HERT 1

O30 FOR I=T9 TO 773 STEFR 109:PLOT 9,300, 1:FLOT 1. 1068, [-HEKT 1

NIE LET 3= Z+1E-S

0I0 FOR Ind TOO1.3] STER SS:FLOT 9.(990%I+25T0.48-FRINT *~_ "3 I:HENT I

f130 FLOT G.235.52.PRINT "ALOH=@"

FLGT-B-&qsé:‘: FREINT "~_DR=8" -

FLDT O 2. Se2-PRINT "o Di=8"

FLOT €. 520, 259-PRINT "~ FFEDHEHC (GHZ A" :FPLOT 0,0, 1B0:PRINT "M
LET Si=FE-2Ez

LET EH— S 80000 IF BFLG THEH LET BH=EH/BEF -
PLOT 3. 3550, 7a0: PRINT "~li DIU VERT =" 100-BH
LET Im=l. 4ﬁ1EH/FE .

LET LF=270.5

0T D,EGQ-BB{D)¥SH+KF

FOR [=0 70 IM

LET FKe=gve I WERM+RF GOS8 1090

FLOT 1. I955+700 S,k HEST 1 .

LET ~H":EU’Eﬁ(0W IF BF >0 THEM LET EH"EH’SF

~
DR )

ST e [0

-
Y
¥
L

ﬁ,
Fohdnende oL

HHHD*#——GMIJLGMHb&HWO‘HM
(L N o]

0
s "o

1,

i

LK)

P PR B e

o

LET FF=Sr
PLOT &, ?n:u:- E1CROEEHAKF
P Lz o LOUSFREQUENCT VALUES OF THE REAL
.'.':F' r e el aQ : . -
LET el e e, 19se e 0 ey
LET fg?:ggﬁ% Efe % IF BEXG THEM LET SH=BH/EF T O o sentMIT OR. (DM
[SSy vy b N .
FLOT 9. 36481 3 »$BHEKF
FCR I=0 TO IM
LET w=Bi [ HEH+EF:GOSUR 1099
FLOT 1. 14532300, 9. 00 HEXT 1
FLOT @.0,7%0 FRINT “al® .
LET EM=is-FRINT "RUN® *;F:STOP - ORgpy
O IF kTrE adTo 1083 op p VAL p
IF ¥.0 GOTU 1933 vy 0og AGEIS
1092 RETUFN QUAL s
1653 LET 8H=BH 10 LET K=CH-iKF Y/ L10+KF
1w T prTE0 GOYO tu?’ )
1ikaS- IF g GOTd 10a7 —— L =
Lnde RETURH
IOST LET EH=EN1D:LET K=CK-KF 3/ 10+KF
100 BETUR . 226
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AN T A (¢ .4:«‘70/579-
D zo00 PENGRE B ORCWNIZING POUTINE FOR FPEMUENCY PESPONSE Cnl MU ATTOH
z

FOR J=0 TO 34 (F=0 TO 34*Ft WHERE FE [S THE. STEP SIZE-USUALLY
40 MMz} EACH POINT IS CALCULATED; NO INTERPOLATION

GOIIE a0
G FOm J=35 TO 54 STER 2

2 GHEUE mled FOR J=35 TO 64 EVERY OTHER POINT 1S CALCULATED, WHILE
LOSR sl . IN-BETWEEN POINTS ARE INTERPOLATED, INTERPGLATION IS
LET =)0 -GSUBR =200 INDIVIDUAL FOR NR, NI, DR, DI (4 FUMCTIONS) AND

2 OGOE S04 COMPLEX DIVIDE IS CARRIED OUT AFTER INTERPOLATION.

=0 HENT A

il LET J=S3: 00208 g

10 GOSUE Sian

208 P J=F72 TO 128 ZTEP 4 FOR J=65 TO 128 EVERY 4th PQINT IS CALCULATED
D OGONIE SO0 WITH IN-BETWEEN POINTS INTERPOLATED.

2 GIEE 2100 .

0 LET I=d-2-GOTUR a400

LIS 23

[ st AAN)

SOSUE 5200 -

LET I=J-17-GOEUE 62090
GOSUE =700

LET I=J=~15:50508 o288
GIEUE =308

0y e

fy
-

=t
R |
e |
&1
21
=1
21
c 178 LET I=1-2:GOSUE 200
C178 GOSUE &30
Tid0 LET [=1-7 GOSUE szod
2142 GOsilE 7040
2144
215980 D COTUR 09
clBz 1ag . .
=11 b3 =N TR p " .
Fi,'fi, ;,‘%Qm 2r: 2TEP a FOR J=129 TQ 255 EVERY 8th POINT IS CALCULATED
Sl = T WITH "IN-BETWEEN POINTS INTERPOLATED. -
o LEd joer -
2156 JH1Z-005UE 69480
g Rt £300
217 J=13-GOSUE 400
2172 ROSLE &Z00 .
2174 LET [=-21:CilB €209
JATE GOSUE STE00
FITELET I=1-1%-COHIE 200
2120 GoRlE 2200
19z LET I=ld-1:GOSUE G400
SiE
A

| e ks i =
-
b
o

iyt

g S I

MIAT . ' -

FEMMSE E THIS COMFLETES THE CALCULHTION OF THE 236 FREOUEHCY FT3

LET R=Lt 2585 . . .

IF Fr=g THENM LET J=255

é.ET,F,,L,.ﬁ” GIsLE T0g e Rgs Ly(V/1)) vs. FREQUENCY

aPapalafala

O FENWEY £ CHLEULATE CORFLEY §'S FOE GIVEH FRESUEHCY COMPLETE: RETURN TO 260
IF FF=1t FFINT 2500 .
L LET Webdvd: IF W= LET k=001 Gy=GI+jJI
10 LET JIs)¥CR.LET OF=RGC LET D1=-1-CWXCG) GOZIE T2 Gp=GF+jdF
LET GO=MZLET JG=Mi:LET D¥=1:LET QI=tPSios GoslE 3200 G =GE+JG
VET Ga=dHiRy . LET GlamiatlLET JO=CD:LET JF=hivlF G "% .
LET La=x3+FLEIE-20:LET O1=WiLs  GOaLE SE0) 9y ~CRHIE
LET GS=t17-LET J3=L+HCS-LET Da=Ri LET Ci=hill GOSUE Soo Gy=G0+jdD, ete.

REMAEK & LTHES 28445294g FOP "LQ" FORMN OF LOAD 2543 OMETT 'EN
B3 DN 2550 - .
CET 05=H3:LET 01=H1+MX0Q:GOSUE 5209 } SeanEeN oA AN R b | EXC. 1S CONSIDERED.
e LET QF-phLET Oi=di+RlkL0snGas S200 LINE 2543 NORMALLY EAUSES THEM TO BE SKIPPED.
LET. GLMIHGE LET JL=ri+HCL -
LET MR=D.LET HI=O:LET Di=0-LET O7=0
FETIFH

227


http:JFt"It.CF
http:CLCLTLi.TE
http:IJ--1:O-.JB
http:J=t3:l:Gc.UO

B 3000 PEMSEY £ UD<IF [ALCULATION: PORTION REQUIRED FOR RS,LS30 g—ggﬁ;@g&;@g@gﬁ POINT
3919 LET NO=C0+G5+G0 - LET HL=J0+JGHGLLET MO=GF:LET H1=JF GOSUE 5000 s
3013 LET Then:LET Ti=m1:LET HO=CO:LET Mi=JO:LET NMO=5G-LET Mi=JG GOSIE 5

2

3 LET MO=a0+T3 LET HI=a&1+TE LET DO=0S.LET Di=J5.0oEUe S108
LET HF=-HO LET HI=-M1-CET HO=GL+GRD-LET Hi=Jl+ 31 : G0 5066
LET OF=m-LET GT=31:LET HO=GL:LET Mi=JL:LET HO=G0+0G

LET Mi=J0+ 05 0SS SO00

LET“TH:HU LET Ti=R1 'LET t0=GG:LET M1=JG:LET MO=GI:LET M1=G1

Gos S

: LET Mo=nS+TO:LET tH=Al+T1:LET 00=G53:LET DI1=JS GOZUE S168€

-
!

IRTRIN
o ot g e o5

01Ty g

(11 ]

" ;'J

-
!

TaZe LET Ho=GI-LET H1=J1-GOSUB S080

040 LET OR=0R+nG-LET OI=01+ni ) ‘

TSR FETURM . ' ' :
%31!30 FEMSRR,  UQIF CRLCULATION-FIMNAL PART (FRRT REQ'D EVEN [F FS=LI=3)| COMPLETE CALCULATION OF

I101 IF FP=l FRINT 3199 REAL AND IMAGINARY

3%%” !Cg J;{*-'-PIE—EFHZETLET Hié-m“t.lg?mﬁ =GE+GLLET HE=JG+JI:GOSUE S040 ;gﬁgﬁi?‘i‘%&“gﬁgwﬂg“

114 =00+ GLALET Mi=sJ0+JL HO=GG+HGL : =JG+JI:GOSUE S q

F11% LET OR=0f+G:LET DI=01+AL LET MO=GF:LET MI=JF - ; EACH CALCULATED FREQUENCY.

2126 LET MA=GO+GLAGEEI+GI:LET HI=U0+JL+JG+II3G1:G0SUB 5000 :

Z1Z% LET DR=0F+al:LET O1=0I+Al - - -

FETIIZH

FEMSPE QUTIHE TO CHLCULATE (HR+JHE MAOR+JIDI D CARRIES OUT COMPLEX DIVIDE

IF FP=} FRINT 32u9 FOR vonp AT GIVEN FREQUENCY.
LET H=HR:LET HI=HI:LET 09=0R:LET D1=0I:00sUg S100 e

* LET URt Jo=MR:LET UK J2=HI:LET Br{J»=DR:LET BI(J>=DI T -

FETURH

REMHFY. B FRPAMETER ORTA FOR MESFET PREAMP ; S AR

LET FE=2E4:LET FO=rS0:LET FF=53030:LET RG=16-

A2 LET R{=SES-LET FL=1906-LET F3=1S ENTERS A STARTING SET OF
73 LET [0=SE-13:LET CF=2E-14:LET CG=4E~13:LET CL=1E-12 vk S,
£ LET CP=3E-13:LET CS=H ENTERED YET.
4o=g LET GM=.012:LET LL=2E~7:LET LS=0
428 LET FE=4E? . ' - ] e
4075 FETURH ’ . . . .
$41E’Jﬁ FRINT "INPUT CIFCULIT PARANMETERS:Y - . )
4102 FRINT "RI=";R1:" OEMS. CRED=CR="GCPRIELIR: Y PRV
<iohd PRINT FPIHT "FEEDRMLI. FOFAMETERS:
Ji0s PRUT "PE=":FEF " OHME. CE=".lF¥IEL2:® FF." - . T - .
4183 FFINT FRIMNT "SOURCE FPeRAsITIC FAFRMETERS: M - !
S0 PRINT “RE=:R5;" DHHS,  LES=":LSI1ED:" NAHNOHEHRIES. C2=":CSKL1EL2 R e L
S1is FRINT (PRIHY "L“Hg PHF\H”ETE—“:'“ i CAL{:“LATIQH)
é}i-* ,Ff:';I:H,T "RL=Y,EL: Y OHMS. FEEYGRE; M CHMS, LU= ;LLYIES:™ HHY. CL=";CLXl |
S115 PEINT -PEINT "MESFET Pﬁﬁ!—thTER . ; oo =
113 FRINT "OM="GM: " MHIZ, RG=";RG:M GHI']'S. £o="";COX1EL12:" FF. LO=";CD£L .
ELZ:" PF. PO=";F0:" OHMS.® :
412 PETY |s:rl -
@SGE@ FEMARK B CGMPLES MURTIPLY SUSROUTIHE: MsM=A COMPLEX MULTIPLY AsNXM
SIZ LET mO=HOMO-HUEMT(LET Al=tiasl+M130e ;
Sogd PETURN '
3?132 PEMASE F -EIFL’W PIVUIOE SUERPQUTIME: HoD=H . GOMPLEX OIVIDE M=N/D
S102 LET M= FEOR+00E0] - LET M= HEE0O0+MLE0L 2 CPLET Mi={H O -HGH0L 5 0M
S104 FETL iFH .
%‘3‘-' i PEMSR BOCOMPLEY THUSESION SUBROUTINE: 1-/D={ COMPLEX INVERSION M=1/D |
.:‘.: IESLF:'::DWCM{EHM LET Md=023-0M-LET Mi=-01-0M e e
. * _F; N T
%»r_}gﬂ;ﬂ} FPEMAEN R SUBSCUTIHE SEQUENHCER FOR EACH CALCULATED J VWALUE  prrerMines susROUTINES
gl 1P FP=l PRINT oigg . EXECUTED FOR EACH CALCULATED
Sain SOSUE 2S00 ' FREQUENCY -
251G LET HP=0-LET HI=0:LET 0R=0:LET 0I=0 . {(AS OPPOSED TO INTERPOLATED POINT)
£uov IF FL=0 GOSUE 3003 '
S07g GIsle 2o
g GOSUE 2200
EQS0 FETURH :
%:‘-1[‘-(‘ FEMARE, B riTw LG SUBRUATINE FOR CALCULATED POINTS
£101 IF FR=1 FRINT 6180 .
stad IF JI25S5 GOTO S1860
i:_}r;:, lI_fF::T( Fg'llf Ja -E‘;Z‘_TEEITi éF_JF?=G Gﬁﬁl.?B 7ren 0
125G LET 6 r2S5 =l LET Q0 2568 =1
£140 IF Fr=l GOTO S159 ORIGEMBP
£1%0 IF Jo 17 GOSUE 7750 a3 Pogp AQE 3o
5100 RETLRN . . QU4

228
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» coud REMERK P OINTERFGLATION SUERODTINE FOR STEF SIZE OF |
6391 IF FF=1 £FLINT ©Zom

J1 LET pR= 3R D= o0 URC T4 a=lR T-30-URC [+ 20716

—0 LET HI=CSiUio I=1 02 000 I+ 0 0-HIC -0 [+2) /16

LET OR="T0R T-1 321 BRC T+t =BR I-20-ERC1+300216

LET Of= 2B [T s+ BICI+H-BI I-3-B({ T+3 V0 16,

%E?nyﬁll' =2HRE-LET DIGT 3=HE-LET BRCII=0R:LET BICI =01

Edin
sl

=!
=t

IF FP=1 FEINT &390

IF 1-295 G070 2393

LET Ho=HF-LET Hi=MT:LET DO=0R:LET Ul 016038 S1ed
LET O 1+25¢8»=Ma:LET Ln I+258 =111

FETUSH

FEMARY R OINTEFFOLATIOH SUBROUTIHE FOF STEP SIZE OF 2
IF FR=1 FFINT &400

LET H==0 2Py [-Z2 b2 UE( T42 dLIRC [ =5 )- R T+50 0716

LET HI=  S¥OEL T2 2301 T+2-IC T-2 2~ UIE 14520218

LET OR=0 3FEFI-2 M SR I+ 0-BR [0 »~ER( 14500718

LET DI=iS3B 10 12458 B0 I+2 —BICI-5 »-EBI¢ [+5 23716
%E¥Ugﬁfz sHFGLET UICT2=HILET BRI =OR-LET BICIM=DI
FEMASH B IHNTEEPOLATION SUERQUTIHE FOR STER SIZE OF 4

e T o
v
b

i._l:.b—-l

-
—
<
=)

A
-

2
—
-
-

o0 L a3
o oy
1 b T T

P
180

L,

LX)

E
Al
=
=
o
=
=
=
-
=
LAY
=
£
5
=
=
S
=
£
=1
K

B e e i o I S T A |
YTy e Waf ot e 08

Mg

LET Fr=]
LET =0=tF LET Et=PL

11

DALY BN

Er 4
Ut et R

FETLRN

P

Tz

..
-
L=

‘F ETURH

o W RS
m
T -
Dl
-

o-2a PRECTSION Z-HODE GRa8 FET PREAMP CALCLLATIOH

ro
ro
[v»]

FRINT "FRECISION 3-HODE GRS FET PRERMP CALCULATIOH. -haH

F.

USED WHERE EVERY OTHER
POINT IS KNOWN

FEMARED & SUERCUTINE FOR (NP+JHI) COR+JOT Y} AT IHTERFOLATED FPOINT I

USED TO GET MIDPOINT WHEN
EVERY 4TH POINT IS KNOWR

USED TG GET MIDPOINT WHEN

FEM=FY ROSUBROUTINE FOR PPESERUVING LOW FREQUEHCY CEHOMINATOR VHLUES

2301 IF FP=1 PRINT &S50 EVERY 8TH POINT 1S KNOWN
So10 LET MesOfo R =g r+S IR0 T+4 =100 [=12-UR I+12) /16
2520 LET HI= 570D I=g vr S eI J4d 2-UT0 I-1 2 -UIC D412 30716
£330 LET UH""‘EClI S+OEERN T B [-12W-ERCE+12) ) 1
5340 LET O7=CS:Elr -4 3+378I0 [+d-E I I-120-BIC 1+12 20715
250 LET URCT v=lR:LET WICIO=ML-LET BERCI)=DR:LET 81(13=UI
[ PETH’H '
7aan FENAR) RSUEPUOTINE TO FILL CUT C.D ARRAYS - FILLS IN NEGATIVE FREQUENCY DATA’
Hal IF FF =1 PRINT 7600 AS THE COMPLEX CONJUGATE OF THE
Y010 FUE = 1 -T 283 POSITIVE FREQUENCY DATA
v adad HENT .
Veebd b T“EH
a Cled FEMRRI BOSUERCGUT THE TO CLEAR DISFLAY URRIMELES
Tidl IF FP=1 PRINT 7109
D103 RESTIFE (KOT PART OF CALCULATION)
U DT 23 00580, 9.0.0,0,3.9,0.0,0,0
vize E??% HH;TE;TE.TU:HﬁJHSvHE:HG:ZH;ZB;;C-ED-UQ:US:UC-UU;EH
Tl PETUR

FOp b=00 T ) LET Eﬂthbnwﬁﬂcaﬂ(VJﬁEH(i)+DICPJ BICRIMHERT K

a,197% P

. EQEH



APPENDIX A.6

1¢9
gl
g2
1ags

1eé
118
120
f2s
129
134
132
L35
tag
144
145
L46
156
ISl
1535
E56
I57
158
159
160
161
le2
164
178
[72
178
180
181

260
2g2
264
245
287
238
218
2i2
214
216
226
224
226
228
238
232

234

240

REMAPY PR MNOI'SE HISTOGPAN AIJALVYSIS

LET PB=8 ’

HOLD BLBOSFR, DG

DISPLAY "NQOISE HISTOGRAM. SET B VERT FOR <2.5 DIV PEAK-ZERQ CENTEP -
-AND PANEL STQFE."™

PRIMT "AFTER SETTING UP INPUTS., ENTER Y NUMBER"

INPUT 57

PRINT "HOW MANY WAVEFORMS DC YOl WANT:TO0 AVERAGE?"

INPUT NK

LET B=PB

GET B, @, 5F

LET A=0Q

LE? Ba=8F/2

LET Has=DUS

LET HC=182+4/85F

LET B=rB

LET WE=SB

REMARYK BM LOOP

FOR K=]1 TO NK

LET NG=@

ETR B

FORP WJ=g TO WE+.804 STEP .g82

LET NG=NG+T

NE¥T wJ

HOLD B

LET B=ng

LET B=B~-MEA(B)

LET B=B«HC+256.82

FOP J=g TQ 518

LET ACB(TII=A(BCJIYI+]

NE¥T J

NE¥T K

LET HC=O:LET PA=A:STOP

PEMAPK PR PM5S ANALYSIS OF NOISE HISTOGRAMS

LET N=@:LET N|=8:LET N2=0¢

FOR J=¢ TO 5!1!

LET S=a(J}

IF S=2 GoTO 216

LET N=N+&

LET DX=J-258

LET S=2%«=DX:LET NI=N1+3

LET N2=WN2+5+%DX

NEXT J

LET MI=NI/N:LET MS=C(N2/N)-(MIx«ML)

LET R1=SQR(MS5)

LET CF=5A/51+2:LET M=MI*CF

LET PHM=RI*«CF

PRINT "TOTAL OF™,N."PQINTS MEASURED." :

PRINT "DISTRPIBUTICN CENTER (MEAN)Y 15 AT".M,HAS, "(CENTER ZERO). ("
+MI+"ELEMENTS) .

PRINT "RQOQ0T MEAN SQUARE DEVIATION IS".Fi.,HAS.". (THIS IS ,RI."ELEL
MENTS) "

STOP . ORIGINAL PAGE IS
230 OF POOR QUALITY



APPENDIX A.7

338
30!
apa
aga
3ch
k{cki
aaR
316
KED!
312
314
316
318
326
32z
324

325
328
336
33z
334
334
a3e
d40
Ja2
348
3548
832
354
356
358
64
sz
364

2200
22q2
2294
2206

2208
2213
2212

4060
402
484
4@5
418
411
412
415
429
425
426
438
435
436
4443

PIMATK PR GANSSIAN FITTING TO HOISE HI1STOGRAM
GOSUB 2238

LE™ FM=]

LET PB=LOG(D)

LET EM=0

LET C5==2

HOLD B

HOLD ME.B;FP

LET SB=SA:LET HBS=HAS

LABEL PB,".0G OF HISTOGRAM"

LET PC=@:LET Cl=0:LET C2=6

LET AR=TR(G.3#P{)

LET AC=ITR(256+MI+.5}

FOM K=(AC-AP> TO AC+AR

LET Cl=Cl+]

LET C2=C2+B(I)

NEXT K

LET K@=.815+C2/Cl

LET C3=8.+5/(RI4FI)

FCP J=3 TO 511

LET D¥=J-(256+M[)

LE? C4=K@-D¥«Dy+C3

IF €4>C5 GOTO 348

LET €¢J)=0

GOTO 35@

LE™ CeJI=Cx

NEYT J

PRINT "GAUSSIAN CALGULATEC IN PC™
PRINT YLOC Z={Q-(XN-MI12/(2«PHr 200
PRINT "HG=") KOs TEVP(KS)I= ", LUPGHE) . - , :
PRIIT YFM, THE STANDARD DEVIATION., 13%. FI*CF:.HAS; YOrYL,RI."ELEMENTS.”
LET SC=SA:LET HCS=HAS

LET PC=C

sTQP

PEMAPK PFR GANSSIAN SMOOQTHING FOR HISTOGraMs
LET oD=@g:LET SD=FA:LET HEDBL=HAL:LET VD3=VAS

FOom-J=3 T0 E@8 *

LE™ DCJI=CACI~3)+25ACd =2+ AN (- 1 I +SeACSI+AFACT + 12 +Ex AT +2) +A4S+3))
/19

WEYT J -

LIT PD=D

RETI'H

TEMAPK PP NOISE AMNALYSIS IN FREQ TOMAIY

LEY A=Q

LET YE=£B

FOR J=@ TO JHM

STP PB

FOv Wwi=@G TO WE+.8084 STEP .002:NEXT WJ:HOLD PB
LET B=PB:LET B=B-MEA(B)

FFT B.PC,PD

LET PA=A+SQAR(C«C+D*x D)}

NEXNT J

LET 8A=SC:LET HASL=HCS:LET YAS=VU(S

LET C=A/JdM+1) .

LET TC=2546:LLT HC=8C/2:LET PC=C:LET TC=8:LET HC=0
HOLD ©PC "

STOP

231



APPENDIX A.8

620 REMARK PR PROGRAM FOF 3DB BANDWIDTH OF C

610 LET CO=MAMCC)

628 LET FJ3=(5C/51.2)x{CRS(C(258),,T7@8T71xCB)-256)

63C PRINT "JDB DBANCVUIDTYH OF C (RELATIVE TO0 MAXY 1§ FI="JFJ7HCS
648 sTOP

1368 LET ACG=Al:LET ni=g

1801 PPINT " ARPAY TO BE AVERAGED IS (Asl. B=2, C=3, D=4):"
1892 IN®UT Al

1ea4 1IF Al=1 THEN LET TUS="A"

1866 IF AlI=2 THEN LET TU3="B“

1808 IF AI=3 THEM LET TUS="C“

1610 IF Al=4 THEN LLT TuUs="D"

1812 IF AI=8 THEN LEY Al=A0

1826 PPINT "AVERAGE ROUTINE ON ARPAY "JTUSS": INPUT J START AND J FIlnaL™
1822 INPUT JS.dJdF

1824 LET AV=0:LET JW=JF-J8&+1

1825 IF aI=1 GOTO 1038

1826 IF Al=2 GOTO !848

1627 IF Al=3 GOTO 1859

1628 IF Al=4 GOTO 1868

1829 PFINT "INVALID ARRAY SELECTED (YOU GOOFEDR). ADORT.":STOP
1630 FOR J=J5 TO JF

1832 LET AU=AV+ALSD

1634 NEXT J

1836 GOTO 1673

1848 FOP J=J5 TO JF

1842 LET AU=AW+B{J])

1844 NEXT J

1846 GOTO 1878

1858 FOR J=J5 TO JF

1852 LET AV=AV+C(JD

1954 NEXT J

1856 GOTO 1874

I€68@ FOR J=J5 TO JF

1662 LET AV=AV+D(J?

1864 NEXT J

1878 LET AUV=AU/JW

1672 PPINT "AYEPAGE OF '3 TUS:™ FROM J="3Jd53% TQ "i;JF3" IS AU="iAY
1874 sTORP 7

1288 PRINT "ATTENUATE B BY FACTOR OF "JAF;'" PER EL STAPTING AT J="
1262 LET EM=1:LET MF=AF ’
1283 IF MF=@ THEN LET AF=0.98

1204 PRINT MATTENUATE B BY FACTOR OF "3 AF:* PER EL STARTING AT J="
1218 LET MF=1

1212 INPUT dJS

1228 FOR J=J& TQ 511

123¢ LET B(J)=B(J)*MF:LET MF=MF=AF ‘

1248 NEXT J:LET ®B=B

1244 LET EM=6

1256 STOP

1386 REMARK RR PROGRAM TO CALCULATE NOISE BANDUIDTH OF MAG ARRAY IN C

13156 DIMENSIQN X(5t12 .

1328 PRINT "NOISE BANDWIDTH OF C CALC. INPUT J1 (+ & - INTEGRATION LIN
EITSO™

1336 INPUT J1I

1348 LET CO=MAX(C)

1346 LET X=CkC ORIGINAL PAGE IS
1356 INTEGPATE X,X OF POOR QUALITY

1360 LET NB=(X(256+J1)-X(256~J12/(2%CE*CE)

1365 LLT NB=MB*(SC/51.2)

137¢ PRINT "NOISE BANDWIDTH OF C CALC'D FROM J="3286-JI:" TO":256+J1;"
Isl'

1383 PRINT NB;" HZ™

1396 STOP 232



APPENDIX A.9

6980 PRINT ' PROGRAM TO CALCULATE NOISE INTEGRAL OF DBM CURVES"™

6982 PRINT “THIS IS THE STARTING POINT: PROCEEDING CLEARS ALL ARRAYS."

6984 PRINT "INPUT ANY NUMBER TO PROCEED: "™ -

6966 INPUT K

6938 DIMENSION AF(SB):LET AF=0

6918 DIMENSION AD(SB):LET AD=¢

6912 DIMENSION AP(SG):LET AP=g

6914 ' DIMENSION IP(S@):LET IP=@

6916 LET K=@

6918 PRINT "INITIALIZATION COMPLETE: INPUT NQISE CURVES STARTING WITH
LOVEST FREQUENCY GCURVE"

£92@ GOTO 70840 -

695@ PRINT "FIRST POINT IN ARRAY: INPUT APPROPRIATE ZERO-FREQUENCY VaLUE

6952 INPUT DB

6954 LET AF(@)=0:LET AD(S)=DB:LET AP(@)=1@t{(DB/18-3)/DF

6968 RETURN

7666 PRINT "INPUT NOISE BANDWIDTH FOR CURVE (FROM RESOLUTION?:"

7892 INPUT DF

"7684 PRINT "INPUT FREQUENCY/CM FOR CURVE (DISPERSIOND: "™

7686 INPUT HD

7688 PRINT "BEGIN INPUT OF HORIZONTAL POSITION(CM)-DBM POINT PaIzs"

7818 PRINT "HORIZONTAL POSITION FIRST. DBEM LAST. USE CONTROL P TO STOP"

7612 IF X=d GOSUB 6958 . ’

7828 INPUT HP.DB - ) .

7821 IF HP*HDe=AF(K) GOTO 748d:I1F DB-~ADCK)>3d GOTC 748

7822 LET K=K+!

7824 LET AF(K)=HP*HD:LET ADCK)=DB

7826 IF DB-ADCK-1)>1 GOTO 7308

7628 IF AD(K-1)~-DB>1 GOTO 7399

793¢ GOTO 7286

7643 LET IPCKI)=IP(K-1)+DP

7642 LET APCKI=101(C. 1=AD(KII-3)/DF

7848 GOTO 7824 .

7168 PRINT "NOISE INTEGRAL CALCULATION DATA AND RESULTS" ——

7162 PRINT ;

7184 PRINT "FREQ(HZ) SIGC(DBM) NP(W/HZ> INTG'D POWER INTG'D
VOLTAGE NQISE™

7185 LET K=s-1

7186 LET K=K+1

7116 PRINT AFCH)»ADCKILAP(KY» IP(KY, CSQR(SE*IP(K) )

7111 IF X<5 GQTO 7106

7112 IF AF(K+1)>8 GOTO 7185

7126 STOP

7286 LET DP=CL{AF(K)=-AF{E-12)/DF)*{181{.85% CADC(K)+ADC(¥~-132-3))

7202 GOTO 784G

7380 LET DD=aD(K)-AD(K-1)

7302 LET DP=CC(AFCKI~AF(K={2)/DF )% (181 (. [*AD(K=1)-3)) % (1@t ¢ 14#DD)~1)/
(+23026%DD)

7384 GOTO 7348

7496¢ PRINT BAD POINT ENTERED (FREQ NOT ABOVE PREVIOUS 0R 308 DB CHANGE

IN SIG) TRY AGAIN™
7482 GOTO 7628



