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Abstract

A number of aspects of usage of a logarithmic
amplifier for data compression and low level resolu-
tion are given. These include an example of data
interpretation and a derivation of error figures.

An appendix contains a circuit and specifications

of the logarithmic amplifier used.
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{. Introduction.

Outputs of some physical and biological detection instruments contain
information over a very wide range of values. In the case of a mass
spectrometer this range can exceed 1 : 30,000. Visual interpretation of
analog signals has a normal resolution of only 1 : 100 to ! : 1000. Ana-
log to digital conversions may be used, but also seldom exceed | : 1000.
In cases where visual interpretation is made from strip chart recordings,
some improvement is obtained by multiple trace recordings, each trace at
a different gain so that at least one of the traces has a usable range in
all points of interest. Similar digital techniques, however, are dif-
ficult and awkward.

A logarithmic data transformation can make a very useful data com-
pression device. Such techniques have been employed here with some suc-
cess and much promise. An amplifier based upon a circuit reported by
J.F. Gibbons and H.S. Horn' has been built by the Genetics Department
Instrumentation Research Laboratory, Stanford Medical School, and used
there and in the Chemistry Department, Stanford University (See Addendum
to this report detailing a Model 100-9 Logarithmic Amplifier.) Particu-
lar applications have included analog to digital recording of mass spec-
trometer data and logarithmic analog to strip chart recordings of similar
data to detect very low level metastable ion phenomena. A forthcoming

. . . . . 2 .
communication in Analytical Chemistry describes the uses and advantages

of logarithmic data transfer to the identification of metastable ions.
In this case the useful information was at an amplitude of only 1 part in
100,000 of the peak amplitudes.

This (logarithmic) system has been used in the author's
laboratory in conjunction with an Atlas CH-4 mass spec-
trometer, the recording system of which suffers from the
disadvantage that it requires manual attenuation in the
recording of a given mass spectrum, necessitating several
scans if one wishes to obtain accurate intensities of
both the strong and weak peaks. This is especially true
if one is trying to observe metastable ions which appear
as weak broad peaks. 3

Further, it was noted that the logarithmic plots show a considerable num-

ber of metastable peaks not apparent in linear recordings, but also pro-

duce a spectrum which is far easier to count. The logarithmic plot was
1.



able to record all the information in one scan.

Logarithmic data transfer promises to be very useful as a prior step
in analog to digital conversions for digital computer analysis of mass
spectra and other similar signals. Analog to digital conversion ef-
fectively wipes out all linear low level signals that lie below the mini-
mum analog to digital resolution. An improvement in resolution by a fac-
tor of as much 10° can be obtained by means of the logarithmic transforma

tion.

Il Effect of Linear Error on Transmission of Logarithmic Data.

The errors resulting from noisy handling of logarithmic analog sig-
nals are quite different from those produced by normal linear analog data
processing. In this section the error expressions are derived from re-
trieved data. It will be shown that for large signals the error ratio is
increased and that for small signals it is decreased. 1In all cases the
error is proportional to the signal.

The logarithmic analog signal will in almost all cases be handled by
some |inear data transmission device. This may be a strip chart recorder,
magnetic tape, meter movement, analog to digital converter or some com-
bination of these. It is typical of this class that they have an uncer-
tainty or error that is a constant percentage of the maximum signal proc-
essible.

The following model is assumed. An ideal logarithmic function is as-
sumed for the amplifier and an ideal antilogarithmic output function is

assumed at the output. All errors are assigned to the data transmission

device.
| ]
X4 Log Xg Linear data Antilog
| + b\\\\\L\ transmission Device or
- LogK X1 + Xt Xo
_
—J ~ Calculation[ =
Log X, .

Logarithmic amplifier

Figure 1. An assumed model of data transmission.




Logarithms are defined only for positive numbers; hence the log ampli-
fier has an‘output for only positive values. Furthermore, the output of
the model 100-9 log amplifier has a minimum output corresponding to
roughly 1, or X; = X And there is a maximum limit of x, X ax’ imposed
by physical limitations of the logging amplifier. Hence the log ampli-
fier may be used over a range of X, < x; < X ax It should also be noted
that the user may elect to scale his input to some X nax less than that of
the amplifier.

The log amplifier has an output
X, = logb k(xi/xr)

where logb k is a scale factor of the log amplifier. If k= x.
x; = logb X,

If k.#xr it only applies a scale multiplier to the output and does not
enter into the error analysis.

Let the dynamic range used be R, defined as R = xmax/xr

The output of the log amplifier will range from Iogb er to Iogb kxmax.

X, max - x,min = logb er - Iogb kxm

i ax

- logb R

Note that b is undefined. The output curve of the log amplifier could
represent log X to any base. Selecting the base simply puts analog
numerical values at points on the curve. R may be expressed as a ratio,
decades, nepers, or octaves. For example, with R = 109 » R is 9 decades,
20.7 nepers, or 29.9 octaves. Similarily log x, may be expressed or con-
verted to any of these quantities.

It is normal in linear data transmission devices to express noise as
a fraction of the maximum signal. Following this custom and assuming

that logb R is scaled to be equal to this maximum signal,
e= N logb R

where N is the noise ratio of the linear data transmission device.



The output of the linear data transmission device has an output of:
X, = log, X, + e (assumed k = xr)

N
= Iogb X, + logb R

N
- !ogb xiR
After taking antilog to base b through the antilogarithmic device,
X = x.RN

If N is small compared to R,

X, = X, ( 1 4 NlnR)

where In is the natural logarithm.
Letting xo = xi + eo where eO is error at the output,
X, + e = x, 4 x. NlnR
i 0 i i
e = x, NInR
o i

It can be seen that the uncertainty (error) after data retrieval
by the antilog operation has a value equal to a constant ratio of the
input signal, X, And this ratio is the noise factor of the data
transmission device times the natural logarithm of the allowed range of
X .

An interesting value to investigate is that value for which the er-
rors of a linear and logarithmic signal are equal. This would be the
value of X, which would produce equal uncertainty whether transmitted

in linear or logarithmic form:

e = ¢
o

log R = N x

o N 2 "max

where NI is the noise factor during the logarithmic transmission and N2
is the noise factor during linear transmission. If indeed logR = X ax

in the two cases, then N] - N2.




If R is In decades In R is approximately 2.3 R.

x /%o = (1/2.3R) (nzlul)

Therefore, for a value of X, below that given by the above equation,

the accuracy of the retrieved values of x, is improved by logarithmic pro-

i
cessing, and for values above that the accuracy decreases.

The following example illustrates these points: the linear transmit-
ting device is a strip recorder with an accuracy given as 0.2% of full

scale, 5 inches. X, was selected as 1| mv and set at 1 inch.
Nl calculated as a ratio over the 4 inches used Is

N, = ,002 (S/h)

1
- .0025
R over this same range is 4 decades = th. Inr=9.2

L
Xpax then 1s 1 mV x 10" = 10 volts

Error ratio of retrieved data is then
Nl InR= .0085 x 9.2 or 2.3 at any amplitude.

The point of equivalent error as compared with linear chart record-
ing can be found. If X ax of the linear recording Is 5 volts, then

N, = .001 referred to 10 Inches full scale (10 volts)

x; = 1 x 002 x 10= .4l volt
9.2 . 0025

Figures 2 and 3 illustrate what may be expected. Figure 2 is a
l1inear recording of an event. At the right are plotted values of ex-
pected uncertainty. Figure 3 is the recording on the same recorder of a
logarithmic signal with, again, the expected uncertainty. By comparing
Figure 2 with Figure 3 it can be seen that L has the same value on both
plots at .4 volts. Also eo/x‘ has the same value at .44 volt. At sig-
nal points above this voltage the linear recording can be expected to
have greater accuracy. For signal points lower than .4k volts greater
accuracy can be expected with the logarithmic processing.

5.
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(Note: Figure 2 and 3 are of similar, but not identical, signals.)

1l An Illustrative Example of Data Interpretation.

Figure 4 is a reproduction of a logarithmic plot from a mass spec-
trometer. This has much usable information, but is also a severe ex-
ample of an effect a logarithmic amplifier will accentuate: 'drifting
base line'" in the signal. The very high resolving power of the logar-
ithmic amplifier at very low signal levels will make what was an other-
wise acceptable zero drift appear to be a major portion of the signal.
However, upon careful examination it will be seen that no information
is actually lost.

The ''drifting base line'' deserves some special explanation and
evaluation. The signal of Figure 4 is from an amplifier on a mass spec-
trometer that has a O to 20 V dc output range. The amplitude of the
signal between well defined peaks is theoretically zero, but some drift
is inevitable. Only the amount of drift is subject to criticism or per-
haps engineering improvement. Since this signal was normally recorded
in a linear manner at about O to 5 V range, a drift of 0.1%, or 5 mV,
would probably be acceptable. The instrument would be adjusted so that

this drift was plus or minus about zero.

If this signal is to be processed through a logarithmic amplifier,
other considerations must be made. The log of a negative number is un-
defined and the log of zero is minus infinity. Both lie out of the
range of physical realization by an amplifier. The logarithmic ampli-
fier used has a number of reference settings, from 1 uV to 10 mV. When
set at a particular reference, only signals between that reference and
the upper input limit of the amplifier give meaningful output. Signals
below the reference are lost in negative saturation (actually a toler-
ance of about .5 to .7 of the reference is permitted, giving an output

of about .8 as a minimum.)

To insure that the signal to the logarithmic amplifier is never nega-
tive, it Is recommended that the zero set of the signal be offset in the

8.




positive direction so that the lower excursions of the signal remain with-
in the allowable limits of the logarithmic amplifier; i.e., above the ref-
erence selected. Since this can be as low as 1 uV, this ‘‘offset positive'
can be almost arbitrarily low. In fact it turns out that the logarithmic
amplifier is by far more sensitive to detection near zero than any other
detector used normally on such systems, and hence the ''offset positive'
can be nearer zero than supposed zero settings using linear detectors.

The Model 100-9 logarithmic amplifier has '"Reference' and ''Scale'’ set-
tings; with these, an output corresponding to log (signal/reference = 1)
and log (signal/reference = lOn) may be obtained. In Figure 4, the re-
corder was adjusted so that reference (1 mV) was set at 1 inch; log 10,
or one decade (10 mV) was set at 2 inches; two decades at 3 inches, etc.

Conveniently, this has now scaled the chart so that the inches, ex-
pressed in decimal form &+ from the first inch level, are the logarithm
to the base 10 of the amplitude divided by the reference. The ''zero
o) 0.65) = kb mV. This
drifts downward until it passes below the reference and then rises to
about 10 mV.

drift' can be seen to begin at about I mV (log

Examples of calculation of peak amplitude (all values expressed in mV):
Peak amplitude of '"A" = antilog 1.58 - antilog .55

= 38 (peak) - 3.5 (zero offset)

= 34.5

Others are:

"B'"' = antilog 2.29 - antilog .48 = 195 - 3 = 192

""C"" = antilog 3.57 - antilog .70 = 3720 - 5 = 3715
'"D" = antilog .84 - antilog .0 = 6.9 -1 =5.9

"E'" m= antilog .9% - 7 = 8.7 7 =8.7
Information about zero line is lost.

“F'" = antilog 3.28 - antilog 1.0 = 1910 - 10 = 1900
The local rise in base line here appears to be lack of resolution be-
tween peaks within the spectrometer.

"G" = antilog 1.23 - antilog 1.02 = 17.0 - 10.5 = 6.5



Inctes

_—
O
<<

l ' \p] 1OG my

EE & 10 mv
| ;D V M i Lﬂ"‘

Sl
| S
|
3
<

Time

A

Figure ii. An example of a recorded - pectrunm.

Vol tage




It was shown in Section Il that the uncertainty due to errors in the
data transmission would be a constant percentage of the signal. |In this
case the recording and reading back of the signal on a strip chart record-
er would be the data transmission. Assuming a .5% accuracy of full scale
inches of the chart, N = .005. The range is five decades or IOS;

In IO5 = 11.5. The uncertainty is then n InR = 5.75%.
A summary of the above values with expected uncertainty versus the

expected uncertainty in linear recording is informative:

Peak  Amplitude Expected uncertainty Expected uncertainty
mV with log transmission with linear transmission

mV percent mV percent

A 34,5 2.0 5.8 % 25 73.0 %

B 192.0 11.0 5.8 % 25 13.0 %

c 3715.0 212.0 5.8 % 25 1%

D 5.9 0.3 5.8 % 25 k25.0 %

E 8.7 0.5 5.8 % 25 285.0 %

F 1900.0 108.0 5.8 % 25 1.3 ¢

G 6.5 0.4 5.8 % 25 390.0 %

Iv Further Work Indicated.

The signal of Figure 4 was an example of very severe base line drift,
and is not supposed toc be an example of a desirable signal; however, the
problem does exist to some extent with any real analog signal. |In general
it may be said that use of the logarithmic amplifier with signals that
have base line drift does not result in the loss of any information, but
base line drift does limit the usefulness of the logarithmic amplifier to
resolve very small signals.

Further work is being done to investigate the possibility of using
the logarithmic amplifier itself to detect base line drift and to gener-
ate an appropriate error signal. Then this error signal could control a
dc bias applied to the original signal to drive the base line to a pre-

selected reference.



v Sources of Logarithmic Transfer Elements.

The amplifier described in Appendix A uses a Fairchild FSP-30 PNP
silicon transistor as the logarithmic element. This is employed as de-
scribed in reference (1).

Other commercial elements are available. Nexus Research Labora-
tory, Inc., Canton, Massachusetts has a Type LGR-6 Logarithmic Ratio Mod-
ule. George A. Philbrick Researches, Inc., Boston, Massachusetts, has a
type PLl module and others under development.

Principle manufacturers of oscilloscopes and x-y recording equip-
ment are known to be developing instruments with electronic logarithmic
conversions. It is expected that such instruments, with visual logarith-

mic displays, will soon be announced as commercially available.

12.
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AN OPERATING MANUAL FOR THE MODEL 100-9

LOGARITHMIC AMPLIFIER



SPECIFICATIONS

The Model 100-9 logarithmic amplifier will give an output of log

xinput/xref.' Xref. is manually selectable from 100 pA to 1 uA in

decade steps. The output is usable over an input range in excess of

8 decades.

Power requirements: Nominal 110 V ac or 220 V ac, selected by a safety
strapped switch on the chassis. 60 cps.

Useful and permissable input limits:

Minfmum: 70 x 10-'12 A (70 pA) or +0.7 uV at the input.

(Smaller voltages or negative values to -10 V are per-
missable, but will give no useful output.)

Maximum: 10 x 10“3 A (10 mA) or 100 V at the input.

Input Impedence: 10 kilohms.
Output (Two levels are provided):
Low: Output #1.
Range 0.5 to 10 mV.
Output impedance 10 ohms
Minimum recommended load, 50 kilohms
High: Output #2.
Range 0.1 to 2 V.
Output impedance 6 ohms.
Minimum recommended load, 50 kilohms.

Noise: Less than 2.5 puV at the input.

Reference levels internally generated and manually selectable:

Current: Voltage equivalent:
100 pA 1 uv
1 nA 10 uv
10 nA 100 uVv
100 nA 1 mV

1 uA 10 mV
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RESPONSE TIME

The response time of the logarithmic amplifier is decidedly non-linear.

In general, the response time is inversely proportional to the input
signal level. Rise time is faster than fall time. During the response

to a positive step input the amplifier is going from a slow response

area to a faster response. The converse is true for a negative step input.

Time Constant:

Below a certain value of input current (approximately 1.3 upA), the prin-
cipal time constant, T, is inversely proportional to input current:

T = 1.8 usec I, > 1.3 uA
in
-11
_ 2.4 x 10
T = ———ET———~—— sec Iin < 1.3 uA
in

Representative values are: Iin T
1 mA 1.8 usec
1 pA 24 usec
1 nA 2 400 usec

Measured rise and fall times:

Certain rise times and fall times were measured and are recorded below.

An attempt was made to follow the 10-90 convention in recording these times.
Unfortunately, this became difficult - if not impossible - to do and still
retain any useful information with the logarithmic conversion. The levels
used and their relationship are illustrated in Figure 1.

Time is given in microseconds between the indicated points on a normalized
1.00 pulse.

Range of Input Rise Time Fall Time Rise Time Fall Time
Current Step Output .04 OQutput .96 Output .28 Qutput .96
to .96 to .04 to .96 to .28
(Input .01 (Input .90 (Input .10 (Irput .90
to .90) to .01) to .99) to .10)
(Cne decade pulse:) Time in microseconds —
1.0 to/from 10 16. 75. 14. 24,
0.1 to/from 1.0 160. 750. 140. 240,
0.01 to/from 0.1 1600. approx.8000 1400 approx.3000
OQutput .04 Output .96 Output .2b Output .96
to .96 to .04 to .96 to .28
(Input 0.002 (Input .83 (Input .054 (Input .83
to .83) to 0.002) to .83) to .054)

(Two decade pulse:)

/from 10 25. 1400. 20. 280.
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OPERATING INSTRUCTIONS

Turn the Reference selector switch to 10 nA or higher range.

Connect the instrument to a power source of 110 or 220 V, as pre-
selected by the internal power selector switch. (If this switch is
placed in the 220 V position, be sure to engage the safety strap to
make it impossible to inadvertently turn the switch to 110 V.)

Check that the ON-OFF indicator light is out. Press the ON-OFF switch
to extinguish it if necessary.

Connect the signal source to the Input Jack at the rear.

Connect the #1 or #2 Output Jack to the recording or sensing system
being used. Select #1 or #2 according to level of output desired.
See Specifications.

Press the ON-OFF switch to turn the power on. The indicator light
will come on.

After three to five minutes, to allow the circuits to stabilize, turn
the Operate-Balance-~Scale switch to BALANCE. The output of the ampli-
fier now corresponds to 1°g10(1)’ or the output that would result in

normal operation if the input signal equaled the reference selected
(see step 10). This output reference level should be noted on the
recorder or other sensing device used. If a strip chart recorder is
used, it is often desirable to adjust the recorder so that this value,
the output reference level, falls on a pre-selected base line.

Turn the Operate-Balance-Scale switch to SCALE and the Reference
switch to 1 yA. The output of the amplifier will now be 1°g10(10)'

The indication of this output should again be noted, as this will be
the scale factor of one decade above the output reference level of
step 7. Again, with a recorder it will be helpful to adjust the gain
of the recorder so that this is a pre-selected amount above the base
line chosen in #7. Turning the REFERENCE switch to 100 nA and 10 nA
will give outputs of log 100 and log 1000, respectively.

I1f adjusting the gain and zero set of a recorder, repeat steps #7 and
#8 until readings give the desired base line value and scale.

Select the input reference desired for operation by the position of the
REFERENCE switch. Turn the Operate-Balance-Scale to Operate. Table 1
will be useful in selecting the reference desired and interpreting the
range being used. -

Adjust the nominal zero level of the signal being observed to, or just
above, the reference selected. (If the signal drops to below this point
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| INITIAL CALIBRATION ADJUSTMENT

WARNING The REFERENCE selector switch must be in the
high ranges, 10 nA, 100 nA, or 1 uA, when
‘ turning the Logarithmic Amplifier main power
switch to ON or OFF.

Adjustments:

a. Connect load that will be driven by amplifier. (This may be omitted
if the normal load is over 100 kilohms.)

f b. With the Operate-Balance-Scale (0-B-S) switch set to BALANCE, adjust
the potentiometer on the chassis back of the output meter to obtain
a voltage of + 0.1 V at tie point number one (TP#1) on terminal board
number one (TB#l). Use an external voltmeter.

c. With the 0-B-S switch still set to BALANCE, adjust the trimpot on
TB#1 to obtain a meter reading on the output meter of 0.0. This cor-
responds to 0.2 V at Output #2 and the log of 1.0.

d. Scale Factor checks. With the 0-B-S switch set to SCALE, readings of
the output meter and at the outputs should be:

Setting of Output meter Volts at Volts at Represents:
REFERENCE reading Output #1 Qutput #2
1 nA 4,0 5.0 mV 1.0V 4 decades
10 nA 3.0 4.0 mV 0.8V 3 decades
{ 100 nA 2.0 3.0 mV 0.6 V 2 decades
1 yA 1.0 2.0 mV 0.4 V 1 decade

The outputs in (d) above are useful in calibrating a strip chart recorder
or other data transmission devices used in conjunction with the logarithmic
amplifier.




TABLE 1

Input Signal Voltages*for Observed Logarithmic Amplifier

Outputs and Reference Settings

Meter #1 Low #2 High Reference Setting
Indication| Output Output
100 pA 1 nA 10 nA 100 nA 1 pA
9 10 2.0
Corresponding Input
8 9 1.8 100 Signal Voltage in Volts.
7 8 1.6 10 100
6 7 1.4 1 10 100
5 6 1.2 107! 1 10 100
-2 -1
4 5 1.0 10 10 1 10 100
3 4 .8 1072 | 1072 107} 1 10
2 3 .6 107 1073 1072 107! 1
1 2 v 107 107 1073 | 1072 107!
0 1 .2 108 | 107 107% | 1073 1072
Reference
Amplifier is clamped at a minimum =0.6 x reference.
-1 0 0.0

* Signal current inputs are the above voltage figures x 10 .

4
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there is no way by observing the output of the logarithmic amplifier
to determine whether the signal is indeed at zero or some negative
level.)

A convenient way to adjust the zero set or balance adjustment of the
external signal source is to observe the meter on the logarithmic
amplifier. The nominal zero level should cause the meter to indicate
as close to zero - but not less than zero - as is possible. At an
indication of zero, the signal is equal to the reference, but at an
indication of less than zero the signal is something less than the
reference, and may be considerably negative. At a meter indication
of 1, the signal is 10 times the reference; at a meter indication of
2, the signal is 100 times the reference, etc.

Often it will be found that the optimum adjustment of the
signal level zero, and the reference chosen, is to select
the lowest reference that still allows the zero set on the
observed signal to control the nominal zero so that the log
amplifier meter indication will remain between 0 and 1.

The system is now ready for use. Section III of the report, ''The Use
of a Logarithmic Amplifier in Data Processing of Analog Signals", by
Walter Reynolds, March 9, 1965, gives an example of how to interpret
the results from a chart recording. Table 2 is a useful table of
antilogarithms.

To turn off the amplifier, set the REFERENCE switch to 10 nA or higher.
Press the On~Off switch. The indicator light in the On-0ff switch
will go out.
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COMMON ANTILOGARITHMS

ANTILYGS

LUG  ANTILOUGS Lda LUG ANTILNG: LOG  AWNTILUuS

==y ==5 == ==5 =y ==5 =) ==5
00 100 1vil 23 178 180 30 316 320 W75 562 H69
01 102 1v4 + 20 182 1384 51 324 327 oTh DTS Hdu?2
V2 105 1Vé o2f 146 1438 5?2 331 3135% oIl  S5H9  HY6
03 107 1vu8 20 191 173 53 339 1343 78 603 610
V4 110 111 29 195 197 oS4 347 351 T9 617 H24
«05 112 114 e 3V 200 202 5% 385 359 .80 631 638
.06 115 116 «31 204 <207 56 363 347 .81 646 553
W07 117 119 32 209 211 57 372 376 .87 661 68
08 120 122 «33 214 216 «H58 380 13RS B3 676 584
U9 123 124 e384 219 221 «H9 3839 394 84 692 700
10 126 127 «32 224 226 60 398 403 .85 708 716
11 129 130 30 229 232 61 407 41412 86 (24 733
w12 132 133 o371 234 237 b2 417 422 87 Tunr 750
«13 135 136 38 240 243 «53 427 43> .88 759 767
«14 138 140 39 245 248 64 437 442 B89 Tk I8S
15 141 143 o4V 251 2014 65 447 459D L90 794 H04
016 145 146 D 257 260 66 457  NA2 91 B13 322
17 148 150 W42 2?63 206 AT U4AB  n73 W97 832 B4y
18 151 103 M3 269 277 «O8 479 434 «93 851 8ol
«19 155 107 44 275 279 69 490 498 L4 B71 4381
020 158 16V 4> 242 285 70 501 507 «95 891 402
21 162 104 W40 288 2972 o1 513 9519 96 Y12 923
22 166 1068 A0 298 299 o2 525 5131 97 933 Yuud
23 170 172 [.aa 302 305 73 537 543 .98 955 Yoéb
24 174 376 | L49 309 313 74 S50 556 W99 977 989

Table 2. A Table of Common Antilogarithms.




