PEASE PORRIDGE

BOB PEASE

What’s All This
Logarithmic Stuff,

Anyhow?

verybody knows that the Vpg of a
E transistor is a sort of logarithmic

function. After you get the tran-
sistor up to the right threshold volt-
age—about 0.6 V for silicon transis-
tors at room temperature—the
transistor’s collector current rises ex-
ponentially whenever the voltage in-
creases slightly. In other words, you
might say that the base-emitter volt-
age rises logarithmically as a func-
tion of the current.

Great! Now, we can cover a wide
range of signals by looking at a finite
range of voltages. The familiar slope
of 60-mV output per decade of input

seems hice and handy. You might just
put your current into a diode or tran-
sistor. Or, you might put the transis-
tor in the feedback loop of an opera-
tional amplifier (Fig. 1a).

But, this “expo-
nential” character-
istic is really not a
realistic, usable
curve (Fig. 1b).
Why not? Well, the
familiar “diode
equation” is not
usually properly
written in terms of
temperature. Igis
NOT temperature
invariant. It varies
wildly. If the tem-
perature of a
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small, that tempco
may be as big as
3 mV/°C. So, if the Vg changes by
18 mV, was this caused because the
sun went behind a cloud and the circuit
cooled off 9°7 Or, was it because there
was a 2:1 change of current? Kind of

hard to tell. So, the raw Vgg of a tran-
sistor is NOT a good, useful logarith-
mic detector.

What, then, IS usable? There have
been good log detectors around for
well over 30 years. You don’t just use
one Vpg; you use a difference between
two of them. This is much more pre-
dictable, and its temperature sensitiv-
ity isn’t as bad (Fig. 2a). When the
currents through the two transistors
are equal, the output is zero. That is
stable with temperature. The output
has a slope of 60 mV/decade at room
temperature (Fig. 2b). This circuit
can eagsily cover arange of 2 decades.
But, this logger still needs some more
improvements.

The seminal papers written by
Horn and Gibbons were done in the
late 1960s, showing that the logarith-
mic fidelity of the collector current of
the transistor is more accurate than
the emitter current. That’s much bet-
ter than most diodes. In Figure 2a, all
of the input current flows through the
npn’s emitter. In Figure 3, all of the
input current flows through the col-
lector, which makes for a much more
accurate log function—especially
when the transistor’s beta may fall off
at low currents.

The voltage at the base of Q2 will
move at 60 mV/decade. But, that is lin-
early proportional to Kelvin tempera-
ture. Not so good. So, how do we com-
pensate for that? Take a look at the
two resistors around A2. The input re-
sistor is a special wirewound resis-
tance specified at +3400 ppm/°C.
There are several suppliers of resis-
tors at this tempco. This compensates
for the “gain” of the logger, giving
pretty good overall gain.
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Of course, for best results,
you can’t expect perfect accu-
racy if you get far away from
room temperature or are tak-
ing extremely wide current
ranges. The example in Fig-
ure 3 covers the range from
10 wA up a couple of decades
(to1mA), and down to 0.1 uA.
Of course, to maintain full ac-
curacy, you would want an op
amp that starts out with less

> 0001

than 1 mV of offset. That way,
when you trim it down to 10

uV, it will stay there. Cheap
grades of OP-07 are often
suitable. BIFETs and CMOS
amplifiers are sometimes
pretty stable.

You should note also that
the dec output error at the
emitter of Q1 is not directly
affected by the offset voltage
of Al. If you have a 1.0-V sig-
nal input, the error caused by
1 mV of offset from Al will
only create a 26-uV error at
Q1’s emitter. That’s because
the emitter voltage is estab-
lished by the fact that the
base is tied to ground—NOT
to the summing point. If you
were using the circuit in Fig-
ure 2a, it would cause 1.026
mV of error. So, the Figure 3

circuit will cause less errors

in some cases.

Note the feedback capaci-
tor around the first amplifier.
The gain of Q1 makes it nec-
essary to add the resistor and
capacitor at its output, mak-
ing the loop stable. The rea-
son is that the transistor adds
so much gain to the loop.
When you add extra gain to
your feedback loop, it tends
to make the amplifier’s loop
unstable—unless you roll off
that gain propertly.

How can you cover a wide
range? Let’s say you want to
log some large currents,
more than 2 mA. The emitter
resistance of the logging
transistor will contribute to
error. Even 0.5 Q of Rgg’ can
cause a significant deviation
from the theoretical curve
(18 mV/octave). The im-
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proved circuit in Figure 4a

can make good compensa-
tion. For example, 10 mA X
0.5 Q =5 mV. Here, the sig-
nal input is permitted to rise,
permitting the transistor’s
base to be pulled up to com-
pensate for the I X R drop in
the emitter. The accuracy,
improved up to 20 mA, is
shown in Figure 4b.

Another version is shown
in Figure 5, where the cur-
rent input (a real summing
point) is held strictly at 0 mV.
A dummy current is gener-
ated through Q3 and this lets
A3 pull up the base of Q1. 1
tried this one at 100 mA, us-
ing a big power transistor. It
seemed to work OK, though
the self-heating in the tran-
sistor was not negligible.

Now, we indicated way
back at the beginning that
somebody might like to do
the logarithms of both posi-
tive and negative signals.
But, just using two diodes in
the feedback of an op amp—
as shown by the dashed lines
in Figure 1a—is a lousy way.
Yet, a thoughtful application
of the circuit of Figures 2a
and 3a can lead to Figure 6a.

This circuit was originally
designed as a log null indica-
tor—a semilogarithmic null.
It simplifies how you null in a
circuit as you trim it. It will
have very good resolution for
small signals, but you can still
see what is happening with
small changes of a large null
error. First designed as a
small, round, epoxy-potted
module, it was to be bolted
onto the back of an analog
meter and called a “meter-
mate” by the Nexus guys
back in’67. Cute idea.

Then, somebody discov-
ered that this ac null func-
tion—sinh! function—can
be used as a logarithmic
compressor function for au-
dio signals. Plus, when you
take a second one and con-
nect it as an expander, it
makes a compander (that is,
a compressor-expander)
function. One of these days I
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that you have to
blow a big air
blast—a steady flow
of room-tempera-
ture air—over the
DUTs. In fact, the
DUTs waiting to go
into the test should
be kept in that same
moving air.

After these tran-
sistors are matched,
it’s important to in-
stall them properly
to keep them at the

may even connect one of these up in
my phone system.

Note: the definition of sinh(x) is:
1/2(e* — ). Thus, the current in this
circuit (Fig. 6a) increases in magni-
tude exponentially as you get away
from the null. Conversely, when you
look at the inverse function, sinhl(y),
it has a flat slope near null. But, as you
get far away from null, it looks more
and more like a log function, with a
scale per Figure 6b.

Just what we wanted! That’s what
the compressor does—the circuit of
Figure 6a. To use this circuit as an ex-
pander, apply the input signal to point
A, and then connect the output of the
op amp from B to C.

Back in the Vietnam era, some
guys were proposing to insert this
compressor function right after a sol-
dier’s microphone to cut down the ef-
fect of the sounds of gunfire. These
guys were figuring they could bugger
around with the transfer function and
cut down on the noise of the shots. I
don’t know if they ever got that to
work. But, it was a cute concept. Re-
cently, a guy had a similar require-
ment: to cut down the impact noise of
bowling pins falling!

Of course, for all these logging appli-
cations, transistors should be matched
in pairs for Vg at a nominal tempera-
ture. Specifically, pick up the transis-
tors with tweezers. Insert them into a
socket that’s adjacent to a reference
transistor running at the same current
(Fig. 7). Any deviation between the
Vgg of the DUT and the reference
transistor’s Vg is used to grade the
transistors into bins such as 1 or 2 mV
wide. Then, when you take the transis-
tors out of that bin, they are well-
matched. Oops! I almost forgot to say

same temperature.
Use some epoxy and some metal or
junk as a thermal mass to keep the
transistors at a fairly constant and
equal temperature, along with the
temperature-compensating resistor.

Another way to get matched tran-
sistors is to buy matched pairs, such as
LM3046 or LM394. The ’3046s are typ-
ically matched to within 1 mV, but the
specs are about 3 mV max. You get a
quad of transistors at this price. The
L.MB394s are a bit more expensive for a
dual of WELL-matched transistors.
But, you get a spec of 300 uV max for
the LM394CH.

So, as you can see, there are many
games to play in the area of logarith-
mic and exponential functions. Stay
tuned. I might share some more of
them with you. Let me know if you’d
like to see more on this subject. But
this should give you enough to think
about for now.

All for now. / Comments invited!
RAP /Robert A. Pease / Engineer
rap@qalaxy.nsc.com—or:
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PMIS are
difSicult 4o use.

Connect to +5 VDC

Connect signal
connector

Step 1:
Step 2:

Step 3:
Now, how hard is that?

With Hamamatsu’s HC Series
PMT modules, all you do to plug

superior light detection into your
system is make two connections.

Count photons

Just choose the module that
suits your needs, which is as
simple as picking up the phone.
Our applications engineers are
standing by for your call.

Talk about plug and play.

To find out more about
Hamamatsu’s HC Series PMT
modules and our complete
line of PMT and solid-state
detectors, call us today at
1-800-524-0504. You can

also check out our Web site
at http:/pmt hamamatsu.com.
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WHAT'S ALL THIS LOGARITHMIC
STUFF, ANYHOW? (PART 2)

The I. versus Vg of modern transistors has some excellent log
characteristics, as we have discussed.* If you ground a transis-
tor’s base and compensate for its Vpi with a matching Vg,
you can do some good logging over a wide range, from 1 mA
to 1 pA, and really quite accurate from 100 pA to 100 pA.

That's six decades where the limitation of Rgg’ on the high end
is the major limitation. Input leakage currents on the low end are
not really a limitation, these days, as good CMOS amplifiers have
Iy smaller than 1/1000 of the 100-pA signal. Of
course, this works best around room temperature.
The compensating resistor Ry (1-k€2 wirewound
resistor at +3500 ppm/ °C) works fairly weli for a
moderate temperature range, and it works best
around room temperature. Figure 1 shows a stan-
dard log ratio circuit, found in AN-29 and in many
books. Its output is -1 V per decade for inputs larg-
erthan 0.2 pA.

However, there are definite limitations in speed
of response. A large input current requires a large
feedback capacitor, such as 500 pF, because the
transistor adds so much gain to the loop that it
ruins the loop stability. When |y is as large as 1 mA, the transistor
has a gain of 800—too much gain to add to an op amp. (Op amps
are happy with attenuation in the feedback loop, but they don’t
like gain added.) So we have to add a large Cg, such as 500 pF, to
make the loop stable at high frequencies.

Now when Iy is decreased down to 1 LA, the loop is very stable
and very slow. The 500 pF is much too big. The bandwidth falls
below 1 kHz. A feedback capacitance of 2 pF would be plenty.
Some of our customers needed a logger with good audio band-
width over a wide range of input currents. What to do?

| remembered that some engineers back in the 1960s had this
problem and used some diodes to solve it. But | never saw how
they did it. So | went back to the scene of the crime. All | needed
was a feedback capacitance that was big when the signal was
big, and small when the signal was small.

I figured out that the circuit of Figure 2 might do it. All | had
to do was build it up and try it out. Do a cut-and-fit on the
capacitance sizes. Sure enough, it worked quite well. The effec-
tive feedback capacitance increases as the output goes more
negative, and the diodes start to conduct. | used a fairly spa-
cious layout, so the stray feedback capacitance (Cp) was only 1
or 2 pF, due mostly to the amplifier's socket and the 1N914. If
you made a really good layout, you could get the strays even
lower than that and get fast response below 1/10 pA.

| kept a bandwidth of 12 kHz, from 1/4 pA up to 0.4 mA. | did-
n't really try hard to optimize it further. | stopped, as it was work-
ing entirely well enough for me. It did overshoot a bit, but it did not
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ring at any signal lev-
el. You have my per-
mission to optimize it
as needed. You
might use three or
four diode-R-C net-
works to cover a
wider range or to get
cleaner response at
all levels. So there's
an old trick that has-
n't been seen for about 40 years, but when we have to recon-
struct it, it works pretty well. 00 iy Chbiiene 21300
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Comments invited! rap@galaxy.nsc.com —or:
Mail Stop D2597A, National Semiconductor
P.O. Box 58090, Santa Clara, CA 95052-8090

* “What's All This Logarithmic Stuff, Anyhow?” Electronic
Design, June 14, 1999, p. 111; ED Online 6068 at
www.elecdesign.com
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