THE BEST OF BOB PEASE

What's All This VBE Stuff, Anyhow?

Fieur €L, Vyevi Lo 1,

- Hg-i‘ The other day, I was walking past the Applications
19 ' ] Engineering area, when I heard a grouchy debate
o ;’f £ between a couple of guys over in the corner. As they
_[B‘A_ —(L"ﬁtﬁg%m‘r—-—‘-‘ﬁ ——x=== saw me walk by, they called out, "Bob, come on over
.-,;‘{#”/ LA here, and maybe you can solve this problem for us." I
T Y . ”:},“"’ A looked at their problem.
_d’f N
il L & [T
_F]’,..Dq_ 2 v = ] g.i;'—’ - -_—I— "Bob, we were trying to use the standard diode
41:’, gLt ) vy : | equation to compute the tempco of a transistor's VBE,
) P _«‘;; nL . ' ] and it doesn't seem to make any sense." I looked at
— ‘g T e El ITD their standard equation:
— — ; L= Py =
lﬁ]ﬁ!ﬂﬂ _. e l L 1 A? Ie=1ix aVBE/KD)
- |
163 . .
Legs Yes, there was a term for temperature, 't' in there, but it
wasn't a very prominent term. Obviously, they had

tried to see how this equation responded to
temperature. They were puzzled because it does NOT respond properly to temperature. It doesn't give anything
like -2 mV/degree C. I began assisting them by explaining, "When they give you this equation in school, they
neglect to tell you that the i isn't a constant, but rather a very wild function of temperature. This function is so
wild that they won't tell it to you, because it's not very useful. You can't successfully differentiate it versus
temperature. So you're better off NOT having such an unusable equation."

They responded, "Okay, what are we supposed to use?" I replied, "Ah, let's do a graphical approach. Let me
make up a couple of sketches." First I scribbled out Figure 1, showing the log of collector current versus VBE.

I went on to explain, "That school-book linear plot of VBE versus Ic isn't very useful, because it just shows a
severe knee. I never use that one. Look at the middle line of this plot. It shows that at room temperature, the
slope of the log of Ic versus VBE is quite linear over seven, eight, or nine decades of current. Only at high
currents does the curve bend, due to emitter resistance. And, only at very small currents do you get errors due to
leakages. So, in the whole mid-range, you get a wide range of conformity to the slope of 60 mV/decade." The
two guys agreed with what I had said.

After this, I pointed to the upper line. "At a hot temperature such as +127 degrees C, the curve is very similar.
But, at a shallower slope, the millivolts per decade is worse, very close to 80 mV/decade. Indeed, this number of
millivolts per decade is predicted by the diode equation." They further agreed that my explanations seemed
correct. Plus, I showed the guys that the lower sloping line is sort of like the curve for -73 degrees C, but it's at a
slope of 40 mV/decade -- a rather higher gain, with a higher gm. Fine.

Also, it's possible to see that all the curves tend to converge or extrapolate to a single high point at a very high
base-emitter voltage, perhaps + 1.24 V, at a very high current, maybe 10,000 Amperes. Based on this
outrageously high theoretical current at an absurd voltage, one could (theoretically) compute what the VBE is
really doing--not very accurately, or usefully.
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But I pointed out that this curve is just good for giving
a ball-park overview of what goes on. Yes, in concept
this could be used for computing the actual VBE of the
transistor, at various currents and temperatures. But,
it's too crude and too broad to be useful. What we want
to use is closer to Figure 2.
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I sketched away madly to get this figure, showing the
plot of VBE versus temperature. This illustrates the
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{;E-;;-)__(__m} ﬁt E;t :::,t ,,_F::ﬂ) sensors. This and a slide rule (or a little hand-held
| B scientific calculator) lets me compute the operating

points I need.

I pointed out the middle, solid, sloping line. "This line is based on some measured data. This transistor, when
used in a band-gap reference, has a Magic Voltage of about 1.240 V. That's where the band-gap runs flattest. So
this line is drawn in order to go through 1.240 V dc at absolute zero temperature. That's where the VBE
extrapolates to--if the transistor were cooled off--and that is not real data."

"The other point of calibration is where it goes through 0.640 V of VBE at 10 uA at room temperature, about
+27 degrees C. That's a simple, factual, measured data point." Then one guy asked, "But why +27 degrees C?
Why not +25?" 1 replied that +27 C is, with an accuracy better than 0.2 degrees C, exactly 300 degrees Kelvin.
Therefore, it makes the math much easier to work with, at +200, +300, and +400 degrees Kelvin. They agreed.

Furthermore, I pointed out that the voltage represented by this line is just the nominal VBE of the transistor
versus temperature, at a constant emitter current. This has a nominal slope which is quite close to -2.00
mV/degree C. THIS is a very useful thing to know -- the bias at which the transistor runs at -2.0 mV/degree C --
because we will soon see that at many other operating currents, the tempco is NOT -2.00.

Next I stated to them, that IF the voltage between the solid, slanting line and the horizontal line at 1.240 V is
studied, you can see that it's a Voltage Proportional To Absolute Temperature (VPTAT). Therefore, when we
want to build a band-gap reference that's 1.240 V, all we have to do is ADD to the VBE a voltage that's VPTAT.
Then, we can make a band-gap reference.

This is all you have to do: if you have a VPTAT that's 60 mV at room temperature, and you can amplify this
with a gain of 10, then you can add that onto a VBE to make a band-gap reference--as Mr. Widlar proved, about
30 years ago. They agreed, that made sense as well.

I had to admit that the solid, sloping line appears to be nominally linear, and I drew it as more-or-less linear--but
it's NOT truly linear. The VBE curve actually is bowed downward at both hot and cold temperatures, perhaps as
much as 2 to 4 mV. But for many uses, that's a negligible error, which is easy to make corrections for, later.

I explained further: let's take a look at the upper, dotted line of Figure 2 (and Figure 3). This is for the transistor
running at 100 uA. It, too, extrapolates back toward that point at absolute zero. This line does NOT have a slope
of -2.000 mV/degree C, but instead -1.800. This line isn't parallel to the other line. It's set above it by 60
mV/decade at room temp, by 80 mV at +127 degrees C, and by 40 mV at - 73 degrees C. This difference is very
accurately a VPTAT.
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“Figare 3 - Errmidel- SeAcE The LOWER dashed line is the line for a bias of 1 uA.

il BN F 5'1':34 AN It has a slope of -2.200 mV/degree C. It's offset by 60
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L T £i27% biases. I'll take you through some examples. The main
SR —-”—Fujﬂ““-m point is, though, that you can fairly easily compute the
e bias for any normal situation.

Okay, we agree that we know the VBE at those
specified conditions: 640 mV at 10 uA and +27 degrees C. Let's say I want to compute the VBE of the transistor
at the same current, but at a different temperature, like at 0 degree C. In the example shown, the temperature
coefficient of VBE is - 2.000 mV/ degree C. A shift of -27 degree C will cause the VBE to increase by (-27) x (-
2.0) =+54 mV, up to 694.0 mV. That's not very hard. For any change of temperature, at a constant bias current,
simply multiply the change in temperature by the tempco of VBE. But the tempco of -2.0 mV/degree C only
applies at 10 uA in this example. At any other current, the tempco will be different. More on this later....

What if we want to start from our initial conditions and move to a different current, such as 1.8 uA at +27
degrees C? For this case, where things are at a constant temperature, you can use the diode equation:

IC1 =10 x e VVBEX orits inverse:
VBEI - VBE2 = kt/q In(IC1)/(IC2)

The ratio of currents is 0.18, and the natural log of 0.18 is -1.7148. At +27 degrees C, the factor kt/q =26.06 mV
per factor of e, which is the same factor as 60.0 mV/decade.

Therefore, the delta VBE will be - 1. 7148 x 26.06 mV, or -44.7 mV. The VBE will decrease from 640 mV to
(640 - 44.7) = 595.3 mV. This isn't a surprise. Any time the collector current of a transistor changes at a constant
temperature, the VBE changes in a nice logarithmic way. But that 26.06 mV is only at that value at +27 degrees
C. At all other temperatures, it's different, as a linear function of absolute temperature.

Another useful way to look at it, is that any time you change the current by a factor of 10 at room temp (about
+27 degrees C), the VBE will shift by 60 mV, up or down, as appropriate. For many cases where decades of
current are the important factor, the multiples of 60 mV make calculations simple. No computers or calculators
are required.

Now, let's consider the case where you want to compute the VBE when both the current and the temperature are
changed. There are two ways to compute this. And, both of these computations had better give the same answer.

Let's say we want to compute the VBE at 1.8 uA at 0 degrees C. You could first change the temperature of the
10-uA transistor to zero degrees at constant current, and then change the current at a constant temperature.

Let's do that: We just agreed that the VBE would be 694 mV at 10 UA at 0 degrees C. How much will VBE
change if we then go to 1.8 UA? At 0 degrees C, kt/q isn't 26.06 mV, but 273/300 x 26.06 mV, or 23.712 mV, as
the temperature has decreased by that factor. Therefore, as we decrease the current by a factor of 0. 18, the VBE
changes by -1.7148 x 23.712 mV, or -40.7 mV, so the VBE decreases to 653.3 mV.
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What if we arrive at this point by the other route of first decreasing the current, and THEN decreasing the
temperature? We just computed that the VBE at +27 degrees C and at 1.8 UA was 595.3 mV. What is the
tempco Of VBE at THIS current? It isn't -2.000 mV/degree C, as it is at 10 uA. And, and it isn't -2.200
mV/degree C like it is at 1 uA. It's at an intermediate value. These slopes are all Proportional To Absolute
Temperature, as they intercept absolute zero at 1240 mV. So the slope of (1240 mV - 595.3 mV)/300 degrees C
is 644.7 mV/300 degrees C, or -2.149 mV/degree C. If you multiply this tempco by a -27 degree C change, the
shift will be 58.02 mV. When you add this to 595.3 mV, the answer is 653.32 mV. So, fortunately, we get the
correct answer when we compute it either way.

If you need to know the tempco of VBE, it normally changes - 200 uV/degree C every time the current is
reduced by a factor of 10. Thus while the transistor of this example had - 2.000 mV/ degree C at 10 uA, it has -
2.200 mV/ degree C at 1 uA, -2.400 mV/degree C at 0.1 uA, -2.6 mV/ degree C at 10 nA, and -3.0 mV/degree C
at 100 PA. While most people don't bias transistors down there, that does NOT mean that the tempco isn't
surprisingly well defined down there, and it's a LOT bigger than just -2.0 mV/degree C!

What other factors should we take into account when we want to compute VBE? With monolithic npn
transistors, it's fairly safe to assume that the transistors' VBEs are fairly well matched and predictable. We need
to only take into account a difference of about 5 or 10 mV, if the transistors are designed with similar
geometries. That's even if no special care is taken to match them perfectly. With discrete transistors from the
same batch, the matching may be similar, or it might be POOR if the transistors came from different batches.
There could be a lot of deviations, but you can't count on that.

As mentioned earlier, the curvature of VBE versus temperature will cause the VBE to be 1 or 2 mV smaller, at 0
degrees C and also at + 70 degrees C, compared to the linear predictions. It could easily be 3 or 4 mV lower at -
55 degrees C or +150 degrees C -- it really is quite close to a parabolic eror.

Additionally, Earley Effect will normally cause a low-beta transistor (beta = 50 or 100) to run 1 or 2 mV lower
in VBE, if the VCE is as high as 20 V, rather than 0.6 V. On high-beta transistors (beta =200 or 400), the
decrease in VBE may easily run 3 or 4 mV. (At another time, we can discuss the complete ramifications of this
Earley Effect. Suffice it to say here, transistors with high beta might have smaller CURRENT errors, but they
tend to have correspondingly poorer VOLTAGE errors.)

Of course, if you run the transistor at high currents where V = IE x RE is significant, that effect can be additive
(approximately) and is usually fairly linear and predictable (not to mention self-heating). If the IC or IE are
small, then the leakages may cause significant deviations. Also, if IE becomes quite small, some transistors may
have a rapid fall-off of beta, so you cannot be sure the base current is negligible any more! And if you ever let
the transistor saturate, the VBE can rise or fall considerably, depending on how the transistor was made. Still,
these graphical techniques can do a pretty good job of helping you to estimate the VBE of a bipolar npn
transistor--and of a discrete pnp, too.

Now, you could write a fancy equation to compute all this, but I prefer a graphical approach. That way, I get
good insights into what's going on, and I don't get fooled by computational mistakes.

All for now. / Comments invited! RAP / Robert A. Pease / Engineer rap@galaxy.nsc.com -- or:

Mail Stop D2597A National Semiconductor Corp. P/O Box 58090 Santa Clara, CA 95052-8090

P.S. If you really want to use a big unwieldy equation, be my guest:
IC (MA) =998 x 109 X e(VBE-IExRE- 1.240V) x q/kt

where q/kt = (1/26.06 mV) x (300 degrees Kelvin/t) Of course, your transistor will surely have a scale factor
different from 99.8. / rap


mailto:rap@galaxy.nsc.com

(This column was originally published in Electronic Design's Analog Applications Supplement, June 26, 2000.)




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


