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The other day, | was walking past the Applicati@mgineering area, when | heard a grouchy debatecleeta couple
of guys over in the corner. As they saw me walkihgy called out, "Bob, come on over here, and ragyu can solve

this problem for us." | looked at their problem.
"Bob, we were trying to use the standard diode &gi# compute the tempco of a transistor's VBi i doesn't
seem to make any sense." | looked at their staretaretion:

Ic = i x JqVBE/Kt)

Yes, there was a term for temperature, 't' in theueit wasn't a very prominent term. Obvioushgyt had tried to see
how this equation responded to temperature. Theg pezzled because it does NOT respond propetinperature.

It doesn't give anythinfjke -2 mV/degree C. | began assisting them by expigirlWhen they give you this equation
in school, they neglect to tell you that thésh't a constant, but rather a very wild functadtemperature. This function

is so wild that they won't tell it to you, becaiitsg not very useful. You can't successfully diéfetiate it versus
temperature. So you're better off NOT having suthrausable equation.”

They responded, "Okay, what are we supposed td useglied, "Ah, let's do a graphical approacht tree= make up a
couple of sketches." First | scribbled out Figursowing the log of collector current versus VBE.

| went on to explain, "That school-book linear ppdtVBE versus Ic isn't very useful, because it glows a severe
knee. | never use that one. Look at the middledifihis plot. It shows that at room temperatulne, $lope of the log of
Ic versus VBE is quite linear over seven, eightpioe decades of current. Only at high currentsdbe curve bend,
due to emitter resistance. And, only at very smaidtents do you get errors due to leakages. Sbgimhole mid-range,
you get a wide range of conformity to the slop@é@imV/decade." The two guys agreed with what | $eid.

After this, | pointed to the upper line. "At a hetmperature such as +127 degrees C, the curveyisweilar. But, at a
shallower slope, the millivolts per decadeviwrse, very close to 80 mV/decade. Indeed, this numbaeriltivolts per
decade is predicted by the diode equation." Thethén agreed that my explanations seemed corrkd, Pshowed the
guys that the lower sloping line is sort of like tturve for -73 degrees C, but it's at a slopedah¥/decade -- a rather
higher gain, with a higher gm. Fine.

Also, it's possible to see that all the curves tiencbnverge or extrapolate to a single high patrgvery high base-
emitter voltage, perhaps + 1.24 V, ateay high current, maybe 10,000 Amperes. Based orotltimgeously high
theoretical current at an absurd voltage, one c@ihibretically) compute what the VBE is really mpi-not very
accurately, or usefully.

But | pointed out that this curve is just good §iring a ball-park overview of what goes on. Yesconcept this could
be used for computing the actual VBE of the transist various currents and temperatures. Battat crude and too
broad to be useful. What we want to use is clos&idure 2.

| sketched away madly to get this figure, showimg plot of VBE versus temperature. This illustratesbias of
transistors at various constant currents, versupéeature. "THIS," | said, "igseful--and let me show you where and
why." | stated that it was based on the real datea real standard transistor, and it's what Itossompute biases for
real precision linear circuits, such as band-gégreaces or temperature sensors. This and a slid€ar a little hand-
held scientific calculator) lets me compute therafirg points | need.

| pointed out the middle, solid, sloping line. "$Hine is based on some measured data. This transidien used in a
band-gap reference, has a Magic Voltage of ab@401V. That's where the band-gap runs flattesth&dine is drawn
in order to go through 1.240 V dc at absolute zenoperature. That's where the VBE extrapolatesf the transistor
were cooled off--and that is not real data."

"The other point of calibration is where it goesotigh 0.640 V of VBE at 10 uA at room temperatatsgut +27
degrees C. That's a simple, factual, measuredpd@ta” Then one guy asked, "But why +27 degree\@y not
+257?" 1 replied that +27 C is, with an accuracydyahan 0.2 degrees C, exactly 300 degrees Kélviarefore, it
makes the math much easier to work with, at +2@00+and +400 degrees Kelvin. They agreed.

Furthermore, | pointed out that the voltage represby this line is just the nominal VBE of thartsistor versus
temperature, at a constant emitter current. Thesshaominal slope which is quite close to -2.00 d@gtee C. THIS is
a very useful thing to know -- the bias at which transistor runs at -2.0 mV/degree C -- becauswilsoon see that
at many other operating currents, the tempco is NOQ0.



Next | stated to them, that IF the voltage betwiersolid, slanting line and the horizontal linel&40 V is studied,
you can see that it's a Voltage Proportional TooNte Temperature (VPTAT). Therefore, when we warituild a
band-gap reference that's 1.240 V, all we haveotis dDD to the VBE a voltage that's VPTAT. Therg wan make a
band-gap reference.

This is all you have to do: if you have a VPTATtth&®0 mV at room temperature, and you can amgiif/with a gain
of 10, then you can add that onto a VBE to makeralkgap reference--as Mr. Widlar proved, about&fry ago. They
agreed, that made sense as well.

I had to admit that the solid, sloping line appdarke nominally linear, and | drew it as more-esd linear--but it's
NOT truly linear. The VBE curve actually is boweovehward at both hot and cold temperatures, peragpsuch as 2
to 4 mV. But for many uses, that's a negligibl@envhich is easy to make corrections for, later.

| explained further: let's take a look at the uppgetted line of Figure 2 (and Figure 3). Thisds the transistor running
at 100 uA. It, too, extrapolates back toward thahpat absolute zero. This line does NOT havepesbf -2.000
mV/degree C, but instead -1.800. This line isntafhal to the other line. It's set above it by 60/decade at room
temp, by 80 mV at +127 degrees C, and by 40 mV78tdegrees C. This difference is very accurataPaAT

The LOWER dashed line is the line for a bias ofAl it has a slope of -2.200 mV/degree C. It's dffse60
mV/decade at room temperature, more when hot,essiwhen cold. The tiny segment of the line ishu@, and has
a slope of -2.400 mV/degree C (Fig. 3).

So, all lines for VBE at a constant current ardaihed out, radiating from that point at absohéso. THIS is the
curve from which it's easy to compute temperatoedficients and operating points. Now, an expanulet] Figure 3,
depicts only the central portion of Figure 2.

Let's say we want to estimate a VBE at some otiaeeb. I'll take you through some examples. Thenmpaint is,
though, that you can fairly easily compute the figasany normal situation.

Okay, we agree that we know the VBE at those sigglcdonditions: 640 mV at 10 uA and +27 degreekefs say |
want to compute the VBE of the transistor at theesaurrent, but at a different temperature, liké degree C. In the
example shown, the temperature coefficient of VBE2.000 mV/ degree C. A shift of -27 degree G eause the
VBE to increase by (-27) x (-2.0) = +54 mV, up #48 mV. That's not very hard. For any change mferature, at a
constant bias current, simply multiply the changéeimperature by the tempco of VBE. But the tempfc@.0
mV/degree C only applies at 10 uA in this exampteany other current, the tempco will be differeviore on this
later....

What if we want to start from our initial conditisiand move to a different current, such as 1.8tu#® degrees C?
For this case, where things are at a constant tettyse, you can use the diode equation:

IC1 = lo x e9VBEKt or its inverse:
VBEL1 - VBE2 = kt/q In(IC1)/(IC2)

The ratio of currents is 0.18, and the naturaldbg.18 is -1.7148. At +27 degrees C, the factfq kt26.06 mV per
factor of e, which is the same factor as 60.0 muéde.

Therefore, the delta VBE will be - 1. 7148 x 26rQ¥, or -44.7 mV. The VBE will decrease from 640 /(640 -
44.7) = 595.3 mV. This isn't a surprise. Any tirhe tollector current of a transistor changes airestant temperature,
the VBE changes in a nice logarithmic way. But @&06 mV is only at that value at +27 degrees tGllPother
temperatures, it's different, as a linear functibabsolute temperature.

Another useful way to look at it, is that any tigu change the current by a factor of 10 at roamptéabout +27
degrees C), the VBE will shift by 60 mV, up or dgvais appropriate. For many cases where decadesrefitare the
important factor, the multiples of 60 mV make cédtions simple. No computers or calculators araiireql.

Now, let's consider the case where you want to edenfhe VBE when both the current and the temperatte
changed. There are two ways to compute this. Aath bf these computations had better give the sarawer.

Let's say we want to compute the VBE at 1.8 uAdé@rees C. You could first change the temperatfiiee 10-uA
transistor to zero degrees at constant currenttt@mchange the current at a constant temperature.

Let's do that: We just agreed that the VBE would®®é mV at 10 UA at 0 degrees C. How much will V8tange if
we then go to 1.8 UA? At 0 degrees C, kt/q isn:086nV, but 273/300 x 26.06 mV, or 23.712 mV, astémperature
has decreased by that factor. Therefore, as weaserthe current by a factor of 0. 18, the VBE gharby -1.7148 x
23.712 mV, or -40.7 mV, so the VBE decreases to358/.



What if we arrive at this point by the other roofdirst decreasing the current, and THEN decrep#ie temperature?
We just computed that the VBE at +27 degrees Caadd3 UA was 595.3 mV. What is the tempco Of VBHHIS
current? Itisn't -2.000 mV/degree C, as it is@uA. And, and it isn't -2.200 mV/degree C likésitat 1 uA. It's at an
intermediate value. These slopes are all Propatioo Absolute Temperature, as they intercept albsalero at 1240
mV. So the slope of (1240 mV - 595.3 mV)/300 degr€ds 644.7 mV/300 degrees C, or -2.149 mV/de@rdéyou
multiply this tempco by a -27 degree C changesttif will be 58.02 mV. When you add this to 59:¥, the answer
is 653.32 mV. So, fortunately, we get the corredvéer when we compute it either way.

If you need to know the tempco of VBE, it normadlyanges - 200 uV/degree C every time the curreweidigced by a
factor of 10. Thus while the transistor of this exde had - 2.000 mV/ degree C at 10 uA, it ha0@.mV/ degree C
at 1 uA, -2.400 mV/degree C at 0.1 uA, -2.6 mV/réegC at 10 nA, and -3.0 mV/degree C at 100 PAl&\thost
people don't bias transistors down there, that 8i2% mean that the tempco isn't surprisingly welflised down there,
and it's a LOT bigger than just -2.0 mV/degree C!

What other factors should we take into account wikiernwant to compute VBE? With monolithic npn tratais, it's
fairly safe to assume that the transistors' VBIesfairly well matched and predictable. We needrily take into
account a difference of about 5 or 10 mV, if ttengistors are designed with similar geometriest'Jleaen if no
special care is taken to match them perfectly. Wisigrete transistors from the same batch, thehiragenay be
similar, or it might be POOR if the transistors @afrom different batches. There could be a lotefidtions, but you
can't count on that.

As mentioned earlier, the curvature of VBE versmperature will cause the VBE to be 1 or 2 mV senaét O
degrees C and also at + 70 degrees C, comparkd timé¢ar predictions. It could easily be 3 or 4 taWer at -55
degrees C or +150 degrees C -- it really is qudsecto a parabolic eror.

Additionally, Earley Effect will normally cause aw-beta transistor (beta = 50 or 100) to run 1 or\2lower in VBE,
if the VCE is as high as 20V, rather than 0.6 W.lgh-beta transistors (beta = 200 or 400), thea#se in VBE may
easily run 3 or 4 mV. (At another time, we can di&scthe complete ramifications of this Earley Bff&uiffice it to say
here, transistors with high beta might have sm&ldRRENT errors, but they tend to have correspagidipoorer
VOLTAGE errors.)

Of course, if you run the transistor at high cutsemhere V = IE x RE is significant, that effechdae additive
(approximately) and is usually fairly linear an@gictable (not to mention self-heating). If thedCE are small, then
the leakages may cause significant deviations.,Als& becomes quite small, some transistors naxeha rapid fall-
off of beta, so you cannot be sure the base cuiserdgligible any more! And if you ever let tharisistor saturate, the
VBE can rise or fall considerably, depending on hbevtransistor was made. Still, these graphicdini&ues can do a
pretty good job of helping you to estimate the V&8Ea bipolar npn transistor--and of a discrete pap,

Now, you could write a fancy equation to computethds, but | prefer a graphical approach. That waget good
insights into what's going on, and | don't get émbby computational mistakes.

P.S. If you really want to use a big unwieldy equation, be my guest:

I (uA) = 99.8 x 109 x elV 1 XR_-1.240V) x /it

where g/kt = (1/26.06 mV) x (300 degrees Kelvin/t) Of course, your transistor will surely have a scale factor different
from99.8./ rap



What's All This V g Stuff, Anyhow? (Part 2)
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I've been debating with a guy who argues thatrestséor won't work as a transistor unless its-V
is bigger than its \{ (see figure beloyv.

The upper curve represents a 2N3904 biased up with Ig = 7 pA,
Vge = 700 mV, and I; = 1.05 mA. As Vi decreases from 0.7 V
(at the right-hand arrow) to Ve = 0.25 V (at the left-hand
arrow), this transistor obviously is acting like a transistor in its
active region, even though Vo is well helow Vg, 0f course!

He keeps reading this in books. Also, he pointstioait if the base and collector are nominally tied
together to make a diode, you might think thatokay. But actually, he says, the | x R in the
collector path makes the £ lower than the base voltage, so it won't work. Wale been looking

in some of those books, and they sometimes dohsdyBut when they do, they're wrong.

When a transistor's M. is slightly less than its )\, it keeps right on working like a transistor. Can

| prove this? Sure. Look in the NSC linear Datababkircuits such as the LM10. The LM10
wouldn't work on a 1.1-V power supply, if the trestars aren't working well with M/ as low as

350 or 250 or even 150 mV, which is far beloyVOf course, you have to be a good engineer to
make these circuits work well.

NSC guys (like Bob Widlar) have been doing this40ryears. Look at the \{ curves of any
transistor. When Vfalls below ., it's not a disaster. Put a transistor on a ctraeer. Apply a

bias like 1 pA per step to the base. When you ahaing \ - from +1.0 Vt0 0.6 V to 0.5 or 0.4 V,
|- doesn't change much, does it?



Okay, maybe when you get.Ydown to 0.35 V, the gain starts to degrade someaBave that, at
room temperature, it's not a big deal. There isemarcation betweend{> Vg and V. BE. No
inflection. The beta doesn't even change more pleainaps 2% per volt, and it does so smoothly.

Now run the temperature up to 125°C. Can you designcuit that works up there? It's not easy.
But if you don't need a lot of swing, some spee&di circuits work just fine. Look at the LM4041-
1.2 or the LM185. Many of their \s are about 0.3 V, yet they work hot and cold.

How about 160°C? How about 260°C? | can't, but Widbuld, and did, in the LM12. After all, in
the old days, a pentode could run with a very IdMXTE—much lower than VSCREEN. It's hard
to comprehend this, but after a while, you getridarstand and believe it. It's an analogous
situation that the output voltage is so low, yon'thelieve it will work. But it's true. It does wo

NEXT TOPIC
When ;. = approximately zero, changes ig Mcertainly have no effect og,Iright? Wrong. In

Widlar's LM12, some of the transistors are so lhaséen \éE: 0, the \éE can still influence the
collector current (and vice versa) whether the 16 a few millivolts positive or negative.

Admittedly, you can't see this easily in a silidoemsistor at room temperature. But you can see thi
in a silicon transistor at 220°C, or in a germaniwsamsistor at room temperature, which is about the
same idea. Go ahead and measure it. When | dids impressed by Bob Widlar's brilliance.

Also, the beta of a transistor can still be impatitaven when V- is about zero. That's because as
Vgg moves up and down a few millivolts compared to z#éve base current needed may be small,
but finite—not negligible. The base current ancthanges are necessary. And if you starg at0
and pull the base negative, the collector currantdecrease.

I must remind you that high-beta transistors (300 ap) still have disadvantages in terms of
voltage gain or mu. When the beta gets too higtl,mtause mu is inversely proportional to beta,
the voltage gain is hurt. | remember a test thieeédsow much voltage gain a particular amplifier
design has. The answer was supposed to be 20,00thdBgain was really 9000, as the betas were
too high and the Early Effect was too strong. Isgaisthe test after | explained my solution.

As a rule of thumb, | use mu x beta = 2 million. €dme devices, that product is only as good as 1
million, or even 4 million on LM194. If the betatgebetter, the mu = 1/ gets worse, and the

voltage gain suffers. Be careful not to allow @ansistors with too high beta in circuits where poor
mu could cause poor performance. Beta is often itapt Too much of it can do harm. So can too
little.



