designfeature By Jim Williams, Linear Technology Corp

PDs (AVALANCHE photodi-
A odes) or APDs, are common

components in laser-based

FEEDING AND READING AN AVALANCHE PHOTODIODE
TAKES A HIGH DEGREE OF CIRCUIT SOPHISTICATION.

Bias-voltage and current-
sense circuits make avalanche
photodiodes work
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optical data into electrical form.
The bias voltage and cur-
rent measurement require-
ments constitute a significant de-
sign challenge, and common
circuit approaches do not meet
APD signal-conditioning require-
ments. More sophisticated tech-
niques are necessary, particularly
with any additional performance
requirements for high-accuracy, low-noise, and digital
outputs.

The usual APD package includes a signal-conditioning
amplifier in a small module (Figure 1). The APD mod-
ule contains the APD and a transimpedance (current-to-
voltage) amplifier. An optical port permits interfacing
fiber-optic cable to the APD’s photosensitive portion. The
module’s compact construction facilitates a direct, low-
loss connection between the APD and the amplifier, which
is necessary because of the extremely high-speed data rates
involved.

The receiver module needs support circuitry. The APD
requires a relatively high voltage bias—typically, 20 to
90V—to operate. The bias supply’s programming port sets
this voltage. This programming voltage may also include
corrections for the APD’s temperature-dependent re-
sponse. Additionally, it is desirable to monitor the APD’s
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A typical APD module contains an APD, an amplifier, and an optical port. A power supply pro-
vides APD bias voltage, and an APD current monitor operates at a high common-mode voltage,
complicating signal conditioning.

average current, which indicates optical signal strength.
Feedback techniques can combine this information to
maintain optical-signal strength at an optimal level. The
feedback loop’s operating characteristics can also deter-
mine whether deleterious degradation of optical compo-
nents has occurred, permitting the circuit to take correc-
tive measures. APD current is typically 100 nA to 1 mA, a
dynamic range of 10,000 to 1. This measurement, which
requires accuracy of at least 1%, normally must occur in
the APD’s “high side,” which complicates the circuit de-
sign. This restriction applies because the APD’s anode is
committed to the receiver amplifier’s summing point.
The APD module, an expensive and electrically delicate
device, requires protection from damage under all condi-
tions. The support circuitry must never produce spurious
outputs, which could destroy the APD module. You must
devote particular attention to the bias supply’s dynamic
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Instrumentation amplifiers extract current measurements from modest common-mode voltages but have limitations. One approach
requires separate amplifier power and bias-supply connections (a); a similar approach derives both connections from a single point (b).
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designfeature Avalanche photodiodes

response under programming and pow-
er-up and -down conditions. Finally, it is
desirable to power the support circuitry
from a single 5V rail.

SIMPLE CURRENT MONITORS HAVE PROBLEMS

Straightforward approaches attempt
to address the current-monitor problem
(Figure 2). An instrumentation amplifi-
er powered by a separate 35V rail meas-
ures current across the 1-k() shunt resis-
tor (Figure 2a). A similar circuit derives
its power supply from the APD bias line
(Figure 2b). Although both approaches
function, they do not meet APD current-
sensing requirements. APD bias voltages
can reach 90V, exceeding the amplifier’s
supply and common-mode-voltage lim-
its. Additionally, the measurement’s wide
dynamic range requires the single-rail-
powered amplifier to swing within 100
WV of zero, which is impractical. Finally,
it is desirable for the amplifiers to oper-
ate from a single, low-voltage rail.

An alternative circuit divides down the
high common-mode current-shunt volt-
age, theoretically permitting the 5V-pow-
ered amplifier to extract the current
measurement over a 20 to 90V APD bias
range (Figure 3). In practice, this
arrangement introduces prohibitive er-
rors, primarily because the circuit also di-
vides down the desired signal. The cur-
rent-measurement information is buried
in the divider resistor’s tolerance, even
with 0.01% components. The circuit can-

1k*

not achieve the desired
1% accuracy over a 100-

1k
1%

AAA

BIAS OUTPUT

VI
. 20V TO 90V
nA to 1-mA range. Final-
0.01% $

990k <
20.01% S

VVv

TO APD
2.23k

990k < 5v

ly, although the amplifi-
er operates from a single
5V supply, it cannot

swing all the way to zero. 10k <
AC-carrier-modula- oot A’g

tion techniques help to

meet APD current-mon- Figure 3

itor requirements (Fig-
ure 4). This circuit fea-
tures 0.4% accuracy over
the sensed current range, runs froma 5V
supply, and has the high-noise-rejection
characteristics of carrier-based “lock-in”
measurements. Such measurements
modulate the desired signal on a carrier,
effecting narrowband amplification with
extremely high out-of-band rejection.
An internal oscillator clocks the
LTC1043 switch array. Oscillator fre-
quency, set by the 0.56-WF capacitor at
pin 16, is approximately 150 Hz. S, clock-
ing biases Q, via level shifter Q,. Q, chops
the dc voltage across the 1-k{) current
shunt, modulating it into a differential
square wave signal, which feeds instru-
mentation-amplifier IC, through 0.2-pF
ac coupling capacitors. IC’s single-end-
ed output biases demodulator S,, which
presents a dc output to buffer amplifier
IC,.IC’s output is the circuit output.
Switch S, clocks a negative-output
charge pump that supplies the amplifier’s
V— pins, permitting output swing to 0V
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OmA TO 1mA =0V TO 1V

LT1789

[
Il_VVV
1

Dividing down the high-common-mode
voltage introduces huge errors, even with

precision components, making this approach impractical.

and below . The 100-k(} resistors at Q,
minimize its on-resistance error contri-
bution and prevent destructive potentials
from reaching IC, (and the 5V rail) if ei-
ther 0.2-pF capacitor fails. IC,’s gain of
1.1 corrects for the slight attenuation in-
troduced by IC,’s input resistors. In prac-
tice, it may be desirable to derive the APD
bias voltage regulator’s feedback signal
from the indicated point, eliminating the
1-k) shunt resistor’s voltage drop (see
sidebar “Low-error feedback-signal-der-
ivation techniques). Verifying accuracy
involves loading the APD bias line with
100 nA to 1 mA and noting output agree-
ment. Appropriate high-value load resis-
tors, perhaps augmented with a moni-
toring current meter, are available from
Victoreen (www.ohmite.com/victoreen/)
and other suppliers. Tight resistor toler-
ance, although convenient, is not strictly
necessary because the current-meter in-
dication sets the output target value.

FOR OPTIONAL “ZERO CURRENT” FEEDBACK TO
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A lock-in amplifier technique permits 0.4%-
accurate APD current measurement over a
range of 100 nA to 1 mA.
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designfeature Avalanche photodiodes

A dc-coupled current monitor is sim-
ple but pulls more current from the APD
bias supply (Figure 5). IC, floats, pow-
ered by the APD bias rail. The 15V zener
diode and current source, Q,, ensure that
IC, never is exposed to destructive volt-
ages. The 1-k() current shunt’s voltage
drop sets IC’s positive input potential.
Feedback via Q, to the negative input bal-
ances the inputs of IC,. As such, Qs
source voltage equals IC s positive input
voltage, and its drain current sets the
voltage across its source resistor. Q,’s
drain current produces a voltage drop
across the ground-referred 1-k() resistor
identical to the drop across the 1-kQ} cur-
rent shunt and, hence, the APD current.

This relationship holds across the 20 to
90V APD bias-voltage range. The 5.6V
zener diode assures IC’s inputs are al-
ways within their common-mode oper-
ating range, and the 10-M() resistor
maintains adequate zener current when
APD current is at very low levels.

Two output options are possible. IC,,
a chopper-stabilized amplifier, provides
an analog output. Its output can swing
to zero or lower because its V— pin is
supplied with a negative voltage. To gen-
erate this potential, IC,’s internal clock
activates a charge pump, which in turn
biases IC,’s V— pin. (Circuit veterans ex-
ercise extreme wariness when they con-
front this type of bootstrapped biasing

scheme (Reference 1).

A second output option substitutes an
A/D converter, providing a serial-format
digital output. This option requires no
V— supply because, the LTC2400 ADC
converts inputs to—and slightly lower
than OV.

Resistors at strategic locations prevent
destructive failures. The 51-k{) unit pro-
tects IC, if the APD bias line shorts to
ground. The 10-k(] resistor limits current
to a safe value if Q, fails, and the 100-k(}
resistor serves a similar purpose if Q, mal-
functions. As in Figure 4, the circuit can
take APD voltage-regulator feedback at
the current shunt’s output to maintain op-
timal regulation (see sidebar “Low-error

LOW-ERROR FEEDBACK-SIGNAL-DERIVATION TECHNIQUES

Various circuits either detail or
make reference to counteracting
loading effects of the APD (ava-
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lanche-photodiode) bias supply's
output feedback divider. If the di-
vider location is before the 1-k()
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Feedforward from the programming input compensates for
the output voltage divider's current-loading error.
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current shunt, the current moni-

tor's output does not include its

current drain, and the circuit in-
curs no error. A potential
difficulty with this ap-
proach is that the 1-k{)
shunt appears in series

mum 1-mA shunt cur-
rent produces a 1V out-
put-regulation drop. In
some cases, this drop is
permissible, and no fur-
ther consideration is nec-
essary. Circumstances
dictating tighter load reg-
ulation require compen-
sation techniques.

When the shunt is in

shunt resides in the “high side.”
Such arrangements involve high
common-mode voltages, seem-
ingly mandating a high-voltage
buffer amplifier to isolate the di-
vider's current loading. However,
you can alternatively use stan-

TO APD . o ; .
oms l DIVIDER ERROR CURRENT with the bias supply's dard low-voltage amplifiers to
< E, . . E .
—3 ' Roioen output, degrading Iqad process hlgh—vol‘tage signals (Fig-
3 DiioeR CARDR CORRENT — .75 regulation. The maxi- ure B). IC,, sensing after the 1-

k) shunt, isolates the feedback
divider's loading while permitting
the APD bias regulator to include
the shunt within its feedback
loop.

The bias regulator’s high-volt-
age output directly powers IC,,
but the zener diode clamps the
IC's V— pin with respect to its
V+ pin. Current sink Q, main-
tains this bias over the range of
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IC's follower floats from a high-voltage rail and
eliminates feedback-divider current-loading error.

a transformer’s return path
(“low-side shunt”), you can can-
cel divider error by introducing a
compensatory term into the APD
current-monitor circuitry (Figure
A). This scheme prevents the
output-voltage divider's current-
loading error from appearing in
IC,'s output by feeding forward a
compensatory current from the
APD bias-programming input.
The circuit scales the compensat-
ing current, arriving at IC, via
R uce T0 precisely balance out
the portion of shunt output that
the voltage divider's loading er-
ror contributes.

The situation differs when the

possible APD-regulator outputs.
Although IC, processes high-volt-
age signals, the circuit holds the
voltage across it to safe levels.
The 5.6V zener diode in the APD
bias line ensures that IC,'s inputs
are always inside their common-
mode operating range. The 10-
M resistor maintains adequate
zener-diode bias when APD cur-
rents are extremely low. A 51-k€)
resistor protects IC, from destruc-
tive high voltage if the APD bias
output shorts to ground. Similar-
ly, the 100-k€2 resistor prevents
high voltage from appearing on
the 5V supply if Q, fails.
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feedback-signal-derivation
techniques). This circuit
requires no trimming and
maintains 0.5% accuracy.
It does, however, pull cur-
rent approximately equal
to the current delivered to
the APD, in addition to
Q,’s collector cur-
rent. This current
can be an issue if the APD
bias supply has restricted
current capability.

All these examples are
current monitors. The cir-
cuit in Figure 6a, which
Linear Technology appli-
cation engineer Michael
Negrete developed is a
high-voltage APD bias
supply (Reference 2). The
LT1930A switching regu-
lator and L, form a fly-
back-based boost stage. The flyback
events pump a diode-capacitor network
tripler, producing a high-voltage dc out-
put. Feedback from the output via the R -
R, combination stabilizes the regulator’s
operating point. D, and D, protect the
switch and feedback pins, respectively,
from parasitic negative excursions, and
the 104} resistors prevent exces-
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IC, and Q, float at the high-voltage rail and measure APD current to 0.5% via the 1-k(} shunt. Q,'s ground-referred
drain current provides a high-impedance output, but you can also choose a buffered-analog or digital-output option.

feedback comes via IC,. IC, sensing after
the 1-k() current shunt, isolates the R -R,
path loading, preventing loading from in-
fluencing the shunt’s voltage drop. IC,’s
action also ensures tight output regula-
tion, despite the current shunt’s presence
(see sidebar “Low-error feedback-signal-
derivation techniques”).

The current monitor borrowed from
Figure 5 measures across the 1-k() current
shunt, presenting its output in Q,’s drain
line. The output has an output impedance
of approximately 1-k(), but you can also
use one of Figure 5’s output options.

When considering circuit operation,
note that the charge pump’s high-voltage

. . RS
sive switch current. C and C,; se- D> 1000 Vour
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- ... S100 D4 1uF 7
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. i — c3
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proximately 2 mA of current o 2AM q
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Circuit output noise is quite IééU o L sov
ircuit output nc q Te sw =
low (Figure 6). With 500 pA - risaon | & 06
i = i R6é R RI*
loading at VO.UT SQ\L the ripple o = Re R
and harmonic residue in a 10- SHDN  FB «.L, AN
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mately 200 V. This noise level is
adequate for most APD re-
ceivers.

ADD A CURRENT MONITOR

Figure 7, named the Martin
configuration for work by Alan
Martin, an application engineer
at Linear Technology, combines
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C1: TAIYO YUDEN JMK212BJ475MG

C2 TO C4: MURATA GRM42-2X7R105K050

C7: TAIYO YUDEN HMK316BJ104ML

C8, C9: VISHAY 695D154X9050AZ

D1 TO D7: CENTRAL SEMI CMDSH2-3TR

L1: MURATA LQH32C2R2M24 100 pV/DIV

AC COUPLED

the previous circuit with Figure
5’s current monitor, providing a
complete APD signal condition-
er. The programmable APD bias
supply is as before, except that
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A boost regulator and charge pump
supply APD bias of 30 to 90V (a)
with only 200 wV p-p ripple and
harmonic residue in a 10-MHz
bandwidth (b).

200 nSEC/DIV
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output powers both amplifiers, and the
circuit returns its V— pins to the “2/3
Vour point. This biasing permits the
amplifiers to process high-voltage sig-
nals, although the voltage across them
never exceeds 30V.

Another complete APD bias supply
and current monitor uses techniques
that differ from the previous example’s
(Figure 8a). Advantages include 0.25%
bias voltage and current-monitoring ac-
curacy, compactness, and fewer high-
voltage components for greater reliabil-
ity. The LT1946 switching regulator and
T, form a flyback-type boost configura-
tion. T’s turn ratio provides voltage
gain, and the diode and capacitor in T ’s
secondary winding rectify and smooth
the high-voltage flyback events to dc.
The circuit divides down this dc poten-
tial and feeds the resultant signal back to
IC,. IC, compares this signal with the
APD-bias programming input and sets

the LT1946’s operating point, closing a
control loop. A local roll-off at IC, and
a lead network across the 10-M() feed-
back resistor furnish loop compensation.
This loop establishes and maintains the
APD bias output in accordance with the
programming input’s value. IC,, active at
Vuppy = 1-2V; prevents output overshoot
at power turn-on by grounding the pro-
gramming input command while forc-
ing IC,’s output low. This action shuts off
the switching regulator, which then stops
producing a high voltage. When turn-on
power reaches approximately 4V, IC,
changes state, and IC,’s positive input
ramps to the programming voltage. The
switching regulator’s output follows this
turn-on profile, and no overshoot oc-
curs. The LT1004 clamps spurious pro-
gramming inputs beyond 2.5V, prevent-
ing excessive high-voltage outputs.
Optional circuitry allows input clamp-
ing at any desired voltage (see sidebar

APD-PROTECTION CIRCUITS

“APD protection circuits”).

The circuit’s current-monitor portion
takes full advantage of T ’s floating sec-
ondary. Here, the 1-k() current shunt re-
sides in T ’s secondary return path (Pin
3), eliminating the high common-mode
voltages that the previous “high-side”-
sensed examples encountered. Circuit
ground is at the shunt’s uncommitted ter-
minal, meaning that Pin 3 of T, under-
goes increasing negative excursions with
greater APD current. Inverter IC, con-
verts the shunt’s negative voltage to a
buffered positive output. IC,’s gain, which
the circuit scales 1% above unity, com-
pensates for the input resistor’s shunt-
loading error. The circuit facilitates a volt-
age swing to zero by returning IC,’s V—
pin to a small negative potential derived
from the LT1946’ V pin switching. A
compensatory current from the APD
bias-programming input prevents the 10-
M(/287-kQ) divider’s current-loading er-

APD (avalanche-photodiode)-re-
ceiver modules are electrically
delicate and expensive devices.
Thus, protection circuits may be
of interest. Protection circuits can
protect the APD module from
bias-programming overvoltage
error (Figure Aa), excessive cur-
rent (Figure Ab), or destructive
voltage (Figure Ac). In Figure Aa,
Q, is normally off, and program-
ming voltage passes to

applicable. As long as the shunt
current’s absolute value is below
the current limit point, IC, is sat-
urated high, and the associated
APD bias regulator functions
normally. Shunt overcurrent
forces IC's output lower, pulling
the regulator’s control pin (V,)
lower and limiting current. The
100-pF/1-M€) combination stabi-
lizes IC,, and the bias regulator

assumes the characteristics of a
current source.

Figure Ac is an overvoltage
crowbar. This circuit's purpose is
as the last line of defense
against uncontrolled APD bias-
supply high-voltage outputs.
Normally, the LTC1696 crowbar
ICis below its 0.88V trigger
threshold, and the SCR is off. If
the APD bias rises too high, the

LTC1696 triggers, firing the SCR.
SCR turn-on “crowbars” the APD
bias line, arresting the high volt-
age and maintaining a short
across the line via its latch char-
acteristic. If the APD bias supply
has significant output imped-
ance, prolonged SCR loading is
not deleterious; if not, you
should put a fuse in the bias
supply line.

th b g | t |t g TO BIAS
€ Dias regu a' or voltage INPUT FROM 1K '_\rj[E)ETuALéAETOR
programming input. Ab- Figure A prograING voLTAGE (D PROGRAMMING
normally high inputs, de- o INPUT
fined by the potentio-
, . 4.7k Ql
meter's setting, cause IC, IN3906
to swing low, biasing Q, 50k S
and closing IC's feedback SLAP.
|00p. This situation causes TO UNGROUNDED (a) TO APD BIAS
Q,'s emitter to clamp at SIDE OF Lkl SHUNT . B ouTPuT
the potennome_ter_ WIper's SHUNT DERIVED™ " REGULATOR V¢ PIN 5v 0.001pF
voltage, safely limiting the CURRENT <_ﬁ |__L
bias regulator's program- LIMIT =
o 7.5M +V R 2N5063
ming Input. OURREN T, TRIG AT °
Figure Ab is an APD 088y Pl LTELe96 OUTI L
T ) ) CURRENT LIMIT INPUT 88.7k* GND =
current limiter. The circuit 0V 70 1V= 0mA TO 1mA
works with “low-side” ® © e =7o3V = =
shunts in transformer- =
8 NOTES: * = 1% METAL FILM RESISTOR
coupled_APl_D supplies, o
such as in Figure 8a of
the main text, although Protection-circuit options include a programming-voltage clamp (a), a current limiter (b), and a bias-voltage crow-
the technique is generally  bar (c).
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C1: TAIYO YUDEN JMK212BJ475MG
C2 TO C4: MURATA GRM42-2X7R105K050
C7: TAIYO YUDEN HMK316BJ104ML
C8, C9: VISHAY 695D154X9050AZ
D1 TO D7: CENTRAL SEMI CMDSH2-3TR
L1: MURATA LQH32C2R2M24

ror from appearing in IC,’s output. The
circuit scales this compensating current,

arriving at IC, via the 100-k()/3.65-k(}/1-
M resistor network, to precisely balance

Figure 5’s current monitor joins with Figure 6's bias supply to provide APD bias and 0.5% current
measurement. IC, buffers the LT1930A’s feedback-path loading from the bias supply’s output, elimi-

nating current error.

out the shunt’s output portion due to the
10-M€)/287-k() path’s loading error (see
sidebar “Low-error feedback signal deri-
vation techniques”).

Output noise for this circuit is approx-
imately 1 mV p-p ina 10-MHz bandwidth
(Figure 8b). This noise level is character-
istic of flyback regulators and somewhat
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(a)

IC, controls an LT1946 boost regulator to provide a bias supply of 20 to 90V (a). IC,
senses APD current to 0.25% across the 1-k() shunt in T s output return. Output
noise measures 1 mV p-p in a 10-MHz bandwidth (b).
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higher than Figure 7’s charge-pump-
based arrangement. This noise is still ac-
ceptable for most APD receivers, al-
though special switching-regulator
techniques can considerably re-

duce this figure.

You can borrow from Figure 8’s fly-
back technique to form a simple, small-
area APD bias supply (Figure 9a). This
circuit provides only the bias supply
and deletes Figure 8a’s current-moni-
tor function. Additionally, a two-ter-
minal inductor replaces Figure 8a’s
transformer. The circuit is a basic-in-
ductor flyback boost regulator with a
single important deviation. Q,, a high-
voltage device, sits between the LT1946
switching regulator and the inductor,
which permits the regulator to control
Q,’s high-voltage switching without
undergoing high-voltage stress. Q,, op-
erating as a cascode with the LT1946’s
internal switch, withstands L ’s high-
voltage flyback events (Reference 3).
The diodes associated with the source
terminal of Q, clamp L, -originated
spikes arriving via Q,’s junction capac-
itance. The circuit rectifies and filters the
high voltage to dc, forming the circuit’s
output. Feedback to the regulator stabi-
lizes the output, which you can vary by
appropriate biasing at the V... in-
put. Components at the LT1946’s V. pin
compensate the loop. Over a 20 to 90V-
output range, the circuit remains within
2% of the V| ...\ input’s dictated out-
put voltage. Switching-related output
noise is approximately 1.3 mV p-p in a

Fi

5v
L1
6.8puH
BAV21 1000 APD BIAS
OUTPUT
1uF 1pF 20V TO 90V
ure 9 Q1
4 5V < —" 100v —T— 100V
1pF - =
=  1N4148 "1
i MBR0540
v = ‘: 1IM*
| b3
% Ve
57— SD NOTES: * = 1% METAL FILM RESISTOR
g eHd Ql = ZETEX ZTN4424
or—= | L1 = SUMIDA CDRH4D28-6R8
M | v FB GND 1yF 100V = TECATE CMC100105MX1825
= L
43k =
1500pF b 3
T 3
VPROGRAM
0V TO 1V = 90Voyr TO 20V0uT ®
@ 500 pV/DIV

Q,, in a cascode configuration with
LT1946, controls L, switching to provide
an APD bias output of 20 to 90V (a). Bias-
supply noise in a 10-MHz bandwidth is

approximately 1.3 mV p-p (b). (h)
10-MHz bandwidth (Figure 9b).

Some APD-receiver applications re-
quire extremely low noise in an extend-
ed bandwidth. An APD bias supply can
use special switching regulator tech-
niques to achieve 200-.V noise in a 100-
MHz bandwidth (Figure 10a). The
LT1533 is a “push-pull” output-switch-
ing regulator with controllable switch-
transition times. Slower switch transi-
tions notably reduce output harmonic

5v
16k Vin Figure 10
" YW—{ Rt
~ 510pF B
J_—| gl
13 L2 L1
= LT1533
0.02yF JONN P 33uH 33uH 20V T0 90V
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= - 1pF 1pF
sak —— 100V —— 100
_[~MW—{Ryst COLB = =
24k 133k*
_Elvw— Rest  FB *— W\
= G_'t) 2.49k*
= = 200 pV/DIV
VproGgrAM INPUT 7.5k*
OVin TO 4V)y = A transformer-coupled 20 to 90V APD bias

90Vout TO 20VouT

supply controls the LT1533’s switch-transi-
tion times to achieve spectacularly low out-

NOTES: * = 1% METAL FILM RESISTOR
1pF 100V = TECATE CMC100105MX1825
L1, L2 =COOPER SD12-330
L3 = COILCRAFT BO7T
T1 = COOPER CTX-02-16004

—Pp}- =BAV2L
(a)

put-harm

94 epN | MARCH 6, 2003

noise is less than 100 .V, and fundamental
ripple is approximately 200 p.V over a
measurement bandwidth of 100 MHz (b).

onic residue (a). Switching-related

(b)

200 nSEC/DIV

content, or “noise.” Noise contains no
regularly occurring or coherent compo-
nents. As such, switching-regulator out-
put noise is a misnomer. Unfortunately,
undesired switching-related components
in the regulated output are almost always
called noise. Accordingly, although tech-
nically incorrect, this article refers to all
undesired output signals as “noise” (Ref-
erence4).

Resistors at the R . and R, pins con-

2 pSEC/DIV
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90VouT TO 20VouT
dramatic decrease in

output noise (Figure
10b). The ripple and
switching-related resi-
due of 200 wV in a 100-
MHz bandwidth is much less than that of
conventional regulators, meeting the
most stringent noise requirements.

You can build on the previous circuit’s
performance to form a complete, high-
performance APD-signal conditioner
(Figure 11). The bias supply is identical
to Figure 10a’s low-noise example, with
the addition of the IC,-based feedback
buffer. This stage, similar to the one in
Figure 7, isolates the regulator’s feed-

Figure 11

—p|- =savl

16k

Augmenting Figure 10a with a feedback-divider buffer and a current monitor provides a complete

APD signal conditioner with 100 pV of noise.

back-path current from the 1-k{) shunt,
preserving current-monitor accuracy.
IC,’s zener-current source-power biasing
scheme permits this amplifier to process
high-voltage signals even though it is a
low-voltage device (see sidebar “Low-er-
ror feedback-signal-derivation tech-
niques”). You can select the current mon-
itor for this circuit, which the schematic
shows in block form, from many circuits,
depending on requirements.

Some APD current-monitor applica-
tions call for high accuracy and stability.
An unusual optical-switching-based ap-
proach achieves 0.02% accuracy over a
sensed range of 100 nA to 1 mA (Figure
12a). This scheme measures shunt cur-
rent by switching a capacitor using
switches S, and S, across the shunt
(“ACQUIRE”). After a time, the capaci-
tor charges to the voltage across the
shunt. S, and S , open, and §S,, and S,

FOR OPTIONAL “ZERO CURRENT” CONNECTION TO

1K APD BIAS REGULATOR, SEE SIDEBAR "LOW-ERROR
H 0.01% FEEDBACK-SIGNAL-
Figure 12 20N TO 90V A BIAS OUT TO APD DERIVATION TECHNIQUES"
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(a)
A 0.02%-accurate APD current monitor uses optically driven FETs and a flying
capacitor (a). Clocked, cross-coupled capacitors (traces A and B) in 74C02- D=5mA/DIV
based network result in nonoverlapping drive (traces Cand D) to S's and S,’s
(h) 2 mSEC/DIV

actuating LEDs (b).
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Adding an A/D converter to Figure 12a’s optically driven FET-based current monitor provides for a digital output with 0.09% accuracy.

close (“READ”). This action grounds one
capacitor plate, and the capacitor dis-
charges into the grounded 1-pF unit at
S, ;- This switching cycle continuously re-
peats, resulting in IC’s ground-referred
positive input, assuming that the same
voltage that is across the floating 1-k(}
shunt. The specified LED-driven MOS-
FET switches have no junction poten-
tials, and the optical drive contributes no
charge-injection error. A nonoverlapping
clock prevents simultaneous conduction
in$ andS,, which would result in charge
loss, causing errors and possible circuit
damage. The 5.1V zener diode prevents
switched-capacitor failure if the bias out-
put shorts to ground.

IC,,a chopper-stabilized amplifier, has
a clock output. After level-shifting and
buffering by Q,, this clock drives a logic-
divider chain. The first flip-flop activates
a charge pump, pulling IC’s V— pin
negative, which permits amplifier swing
to and below 0V. This scheme is a vari-
ant of the one in Figure 5. The divider
chain terminates into a logic network.
This network provides phase-opposed
charging of the 0.02-pwF capacitors
(traces A and B in Figure 12b). The cir-
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cuit arranges the gating associated with
these capacitors, so the logic provides
nonoverlapping, complementary biasing
to Q, and Q,. These transistors supply
this nonoverlapping drive to the S, and
S,actuating LEDs (traces C and D).
The extremely small parasitic-error
terms in the LED-driven MOSFET
switches result in nearly theoretical cir-
cuit performance. However, S ,’s high-
voltage switching, which pumps S, ’s 3-
to 4-pF junction capacitance, causes
residual error of approximately 0.1%.
This error results in the transfer of a
slight quantity of unwanted charge to the
1-wF capacitor at S,,. The amount of
transferred charge varies with the APD
bias voltage (20 to 90V) and, to a lesser
extent, the varactorlike response of S, s
off-state capacitance. The feedforward of
dc components to IC,’s negative input
and ac feedforward from Q,’s gate to S,
partially cancels these terms. The correc-
tions compensate error by a factor of five,
resulting in 0.02% accuracy.
Optical-switch failure could expose IC,
to high voltage, destroying it and possi-
bly presenting destructive voltages to the
5V rail. The 47-k(} resistors in IC’s pos-

itive input prevent this unwelcome state
of affairs.

ADD DIGITAL OUTPUTS

You can modify many of these circuit
types to have digital outputs. An optical-
ly based current monitor with a digital
output (Figure 13) is essentially identi-
cal to Figure 12a with two significant dif-
ferences. In this case, the LTC2431 A/D
converter supplies a digital output. The
converter’s differential inputs allow the
same feedforward-based error correction
as in the previous example. The divider-
chain countdown ratio is different to ac-
commodate a higher speed clock, which
the LTC1799 oscillator supplies. This
higher speed clock, which times the con-
verter’s operation, centers the ADC’s in-
ternal notch filter at the optical switch-
es’ commutation frequencies to maxi-
mize rejection. The LTC2431’s internal
digital filter’s first null occurs at 1/2560
of the frequency at the F pin. (See the
data sheet for more details.)

This circuit’s 0.09% accuracy does not
equal the previous analog output’s ver-
sion because of the LT1460 reference’s
0.075% tolerance, which you cannot
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trim. You can adjust the circuit to 0.02%
accuracy by trimming the 1-k() shunt so
that the measured output current direct-
ly corresponds to the A/D output.

The current-monitor in Figure 13
furnishes a digital output from a ground-
referenced A/D converter fed from ana-
log level-shifting stages. Alternatively,
Figure 14 directly digitizes shunt current
by floating the converter in the APD bias
line. The circuit level-shifts the A/D out-
put in the digital domain, presenting
ground-referred digital data. This simple
approach is attractive, although the avail-
able APD bias supply must supply ap-
proximately 3 mA to the A/D converter
and its attendant circuitry.

The LTC2410 and its LT1029 reference
receive power directly from the high-
voltage APD bias-supply input. Current
sink Q, and the LT1029 bias the LTC2410
V— pin, maintaining 5V across the con-
verter over the 20 to 90V bias-rail range.
The converter’s differential inputs meas-
ure across the 1-k{) current shunt. Re-
sistors and a zener-diode clamp protect
the converter from excessive voltages if
the APD bias line shorts to ground. The
digital outputs, floating at high voltage,
drive level-shift circuits that provide
ground-referred data. The schematic
shows one of the two identical stages and
another in conceptual form. The design

FOR OPTIONAL “ZERO CURRENT”
FEEDBACK CONNECTION TO
APD BIAS REGULATOR, SEE

1k
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o

Vi ANA
20V TO 90V ™t BIAS OUT TO APD
S S
5.1k 5.1k
1N4689 [
5.1V VRer~ VREF
ld .
- B 1
1762410 | (11009, 4s 1OF
cs 5v AA—® TRIM
(SEE
M NOTES)
+ V|-
SDO  SCK v 47k -
MPSA42
oot LEVEL SHIFT
ouT
@ IDENTICAL 2.2k
T0 Q1-Q2
STAGE —
470pF
10k a
2N5400

Figure 14

The A/D converter floats at a
high voltage, forming a digi-
tal-output current monitor
with 0.25% accuracy (trim-
mable to 0.05%).

of the level-shift stage provides for low-
quiescent and dynamic current con-
sumption and maintains data fidelity.
This type of design is necessary to mini-
mize current drain from the APD bias
supply and to avoid modulating the sup-
ply with transient loading artifacts. High-
voltage common-emitter Q, sources cur-

33k
$ 33
< =

NOTE: LT1029 TRIM
PERMITS HIGHER
ACCURACY

(SEE DATA SHEET).

rent to Q,, which provides a ground-
referred, logic-compatible output. Ca-
pacitive feedforward maintains data-
edge speed and minimizes standing cur-
rent requirements.

This circuit’s 0.25% untrimmed accu-
racy is due to shunt and LT1029 toler-
ances. Trimming the LT1029 permits
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In this APD bias supply with digital-output 2%-accurate current monitor, T,'s primary winding supplies the APD high-voltage source, and the secondary

winding furnishes power to the floating circuitry.
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higher accuracy of 0.05% (see data sheet).

Figure 15 also floats an A/D converter
across the shunt and includes an APD
bias supply. The LT1946 switching regu-
lator and Q,, operating in nearly identi-
cal fashion to Figure 9a’s circuit, gener-
ate the bias supply. The primary
difference is that a transformer replaces
Figure 9a’s inductor. The transformer’s
primary winding furnishes high-voltage
step-up, similar to the one in Figure 9a.
The floating secondary drives an isolat-
ed LT1120-based 3.75V regulator. This
floating regulator’s output, stacked on top
of the APD bias line, powers the LTC2400
ADC. The isolated 3.75V supply permits
the A/D converter to measure across the
1-kQ) shunt without pulling operating
power from the APD supply. Resistive
current limiting and the 5.1V zener diode
protect the converter from high voltage
if the APD bias output shorts to ground.
Low-power  optoisolators  provide
ground-referred digital output and elim-
inate floating-supply “starve-out” due to
cross-regulation interaction with the

APD-regulation loop. Specifically, low-
power APD bias outputs could result in
insufficient transformer flux to furnish
the floating supply’s loading require-
ments. Common optoisolators require
significant current, mandating the spec-
ified low-power types. The previous cir-
cuit’s discrete level-shift stage would draw
even less power, but the optoisolators are
simple and adequate.

The LT1120 2.5V reference and 1-k()
shunt tolerances dictate 2% circuit accu-
racy. If you use the tighter tolerance com-
ponents noted in the schematic, 0.1% ac-
curacy is practical.

A table in the Web version of this arti-
cle summarizes all of the previous circuits
(www.ednmag.com). The chart reviews
salient features, but such brevity breeds
oversimplification. No substitute exists
for a thorough investigation of any ap-
plication’s requirements.C]
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