UGS for Dummies.
- The ins and outs of UGS Buffer -

This document is a translation from French to English, the grammar is therefore not perfect.

- How does it work?

If the diagram looks simple, then that’s because it is, but only on the surface. However, spite all the equations you will see
and encounter, you will be able to realize the circuit. In the end, it is not as complex as it might seem. As the main tool, you
will need Ohm’s law and Kirchhoff’s law of current, which is mostly it.

We will look at the function step by step. Take this paper as a modest tutorial and as a background analyze and you will re-
alize that the circuit can be applied to other designs.

- At rest.

We will start by looking at what happens at rest, which is to say in the absence of applied signal. So we'll start by looking at
what happens at rest (in the absence of signal). For this, we will simplify the scheme so as not to get confused. If you take
care of first from the input, and removing cascodes, current mirrors and counter reaction (Ry and Rgg), we get:

For what we are interested in, it is equivalent to more complex editing. J2a source re-
sistance (Rsj3) includes the VR2 trimpot (its half in fact) and the 22Q resistance for

1 Rd1 clarity, but overall, it must be said that all JFet source resistances are the same. In ad-
dition, the second half of the differential amp, is exactly the same thing (at rest).
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5 J1a, exits through its source with the same value, enters the source of J2a, and exits
through the drain to the least of the power supply. The two grids JFets are to ground,
because of R1 and the current infinitesimal grid.

Equation for signal input:

(1)
Ves1 + 2Rsl - Ves2=0
The current in the JFETs are:
(2)
= Vas: =Vast
2R,

If we consider that the JFets N and P are identical, it means, among other things, that Vgs: = -Ves2 = Vgs (these are JFets of
opposite polarity). So it simplifies the equation, and we end up with:

(3)

J = —_GS in other words Vus = —RS/

In parentheses, beware of these Ves: for a JFet N, grid voltage is less than the source voltage (Vss< 0) and for a JFet P, it is
obviously the reverse (Vss > 0). It can be a bit disturbing at first, but you get used to it soon enough.

If you take a closer look at the JFets, you can find in all the books that a good approximation of the drain current is given by:

(4)

Where Ipss is the max current of the JFet (saturation), and Visogis the pinch off voltage,
in other words, the tension between grid and source for which the drain current is no. These values can be found in JFETs
datasheets. These are two intrinsic characteristics of the JFets, linked to their construction. Then you think you're smart, so
you replace in this last equation Vgs with -Rsl (equation 3), and you end up with something complicated in the second order:
(5)
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So not to lose face, we plunge back into his second classes, we fight with the discriminating, and finally we get to:



(6)
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For the case we are interested in, if we take the datasheet of the 25K389, we can see that for an Ipss of 8mA, the GsogV is
about 0.6V. With a source resistance Rs = 47Q, we then obtain the polarization current of the JFets of 3.8mA. And that's
basically what we actually have.

All this to get to this point... | know we could have made it simpler by tracing the input and load rights etc... But | have every
right to have fun, right? And then it's a valid equation in a lot of configurations, and it allows, if you take the trouble to draw
the curve, to get an idea of the value of the current rest according to the source resistance.

In parentheses, you can also guess here why you can't make a UGS module with bipolar transistors as input, at least with
this particular topology... No volunteer? Well simply because bipolar scanning themselves in this way. They will have to an-
cillary current sources so that they can go into conduction, while there, a beast source resistance and a mass reference on
the grid are enough to polarize a JFet. The precious give it the name of "economic polarization", since it requires only a min-
imum number of components.

But back to our gigots. For the moment, we know that at rest the JFets are traversed by a current /5 that have been calcu-
lated by (6).

Y +y  Now we're going to go step by step to the entire schematic of the bazaar. We're going to do
for the time being the impasse on cascodes. They serve, so to speak, no purpose in calculat-

é . + é ing the rest configuration. Same goes for the counter-reaction. But by however, we will
- R have to be interested in current mirrors.
lleE Vb l;el , "
We're only going to look at one quarter of the editing before we go any further.
WbeZ bﬂi/ . _ . _ .
Ip is the current in the JFets that we have just calculated so painfully. And now we're going
¥ — & =4
o7 — - kq‘ to try to figure out what's going on in the two bipolar transistors.
Ih2 Ibl Ic
We start by looking at what the tension between the positive power rails is worth and the
lIunt common bases of the two bipolars. One can obviously write this tension Vg as:
Ibase ||Id
Vi = Rple1 - Ve but also Vi = Relgs - Vigea from here we can deduce that:
25K385 BL
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Rsj1 Rplgy =Vigy = Rel gy — Vs

To simplify our lives, we now assume that our two transistors are identical to the silicone
47 Fzj2  maximum operation, which leads us to admit that Vge; = Ve, Indeed, the basic tension
47 emitting a bipolar is a "basic" characteristic - funny, that -- of these components. To sim-
plify, we will say that it is constant and that it is worth in the 0.6V-0.7V, but it serves no pur-
523 pose.

25J108 BL . (7)
From there, it's easy to see that:

Well, we got a smooth relationship between the transmitter currents of the two bipolars, but what interests us in the end is
rather the /oyrcollector current, and how it is connected to the current /p in the JFets.

We're going to ask Gustav Kirchhoff for a little help, because according to him Ip = Ic+lgase and Igase = Iga+/52, which leads us
to:

(8)
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On the other hand, in a bipolar transistor, transmitter, collector and base currents are bound by the relationship:

lenirrer = lcoriector + Isase



This means that in the equation (8), the term I¢ - Ig; is actually the transmitter current of the first transistor, /1. So we get:

(9)
[n = ]/;1 + IH:
We are very lucky, because the equation (7) allows us to replace /¢; with an equivalence in /g, so that (9) can be written as:
(10)
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It is time here to call to the rescue the gain by running of transistors, the famous 8, which allows to link the different cur-
rents of a transistor between them:

(11)
ICullector = 6IBase and IEmitter: (6 + l)IBase
So in our case we can write:
(12)
R ( R
E ‘ E
I;= 2 (B+1),, +1,, =1, (B+ I)R +1
D \ D
But by the grace of (11), we also have /s, = Ioyr/ 8, so that in the end, you end up with:
(13)
f+1R 1
ln;(/ £+ Im,"r
\ B R, B
If we use transistors with a gain B - large enough, we can safely say that the ratio (B+1)/ 8 is very close to 1 and that the
term 1 becomes negligible in front of the other, which ultimately brings us back to:
(14)
R,
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So the current "mirror" output current is simply equal to the input current multiplied by the ratio of the two transmitter
resistances. Some would say that | could have gone much faster by saying that the transmitter currents are almost equal to
the collector currents, and apply (7) directly to the collector currents... But why make it simple when you can make it com-
plicated?

But it's time to make a little point about where we stand exactly. If we summarize the situa-
tion briefly, we saw that the source resistances allow us to fix (for given JFets) the current
Re Rd circulating at rest in the JFets. And the ratio of bipolar transmitter resistances allows us to
know the exit current of the mirror in relation to this JFets resting current. So far only a
small part of the entire scheme has been considered, but it is exactly the same for all the
other quadrants in the scheme, at least at rest. If we only look at the left half of the entire
scheme (without the cascodes or the counter reaction), we get:

a7
A
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The Ip current is therefore fixed by the JFets source resistances, and it is the same for both
J1a and J2a FETs. If we assume that all bipolar transistors have the same characteristics,
they will react in the same way, and as a result the current mirrors will behave in the same
Rout way.
It means that being driven by the same current, the currents out of the mirrors are going to
be the same. More precisely, the current provided by the top mirror (loyr?*) will be hair pile
equal to the required current (incoming) by the bottom mirror (/lour’).
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The result of all this is that the current circulating in the Rour resistance will be zero, since
Re Rd everything provided by Q7 is fully eaten by Q9, and no crumbs of current are allowed to es-
cape through Rout. And who says running zero in a resistance means zero tension at its lim-
its. Thank you Herr Ohm. This makes the module output voltage zero at rest. This famous

zero offset.



Well, so far, we've assumed - correctly - that exactly the same thing is happening in the other part of the circuit, the one on
the right. Everything is strictly the same, the offset output is zero, etc... But now, we're going to have to roll up our sleeves
and tackle the differential, we're not going to be able to do without.

- Things are moving... A little.
We're just going to do a little simplified reminder about what's going on in these
mysterious differential pairs. That the purists forgive me, but we will not go into too

- ln n l Rd2 much detail, it is not necessary here. And then we ate enough equations for now.

On the small diagram, a sleek version of the differential pair, more than enough to
understand.

At rest (without signal, V; = V,=0), the two JFets being identical, the values of the
resistances also, the two currents |I; and |, are equal.

If now we apply a non-zero V;voltage (positive for example), and V;remains the same (no to simplify), we will decrease the
Vs of J1a (I remind you that Vs is negative for a JFet N, and therefore Vs becomes less negative if Vi increases). In doing
so, we will automatically increase the current of drain /; (refer to the equation (4)...)

If we increase /5, the voltage at the Rs; terminals (Rs;/;) will change, and therefore change the voltage on Rs; where it is con-
nected to Rs; (point A on the diagram). And since we didn't touch V,, the second JFet J1b must manage to pass on this
change of balance. And the only way he knows for this is to change the current that crosses it (/;) so that the voltage drop
between his grid and point A, or (Ves2 -Rs2l2) catches up with the change that has just taken place. And so, the second JFet
has no other resource than to decrease />to restore the balance of potentials. And since we assume that we are in linear
operation of the differential pair, what the current /; has gained in relation to its resting position, is exactly what /, has just
lost ... In other words, /; changes to /; - I and I;to /- /, but the sum /; - I; remains constant.

In summary - and simplifying - if the current in one branch of the differential pair increases, the current in the other branch
decreases, and vice versa, but the total current (/; - I;) remains constant (one is linear, at least we hope...) Okay, it's elec-
tronics with your hands, but it's more than enough for us to understand what's next.

So back to our UGS, with its pair of differential pairs. Well it's almost the same, with a few more gadgets ... If we take a sim-
plified diagram of the first section (still no cascodes, mirrors, or counter reaction), we can see it like:

We start as usual now with the situation at rest, in the absence of an entry signal (V;=V, =0).

It is still assumed that transistors and resistances are the same. We are then
obliged to think that all currents are equal in each of the branches (I;=1>=13=

14).

In addition, we have just seen that the current passing through point A was
constant (I + I;0r I3 - 14), but this is also valid if one is not at rest (in the pres-
ence of signal).

R2 Tvz Let's take a little care of what happens when we apply a signal. We will as-
sume as before that we change V; to make it become slightly positive, and
that V, remains wisely at 0.

If V;thus becomes positive, we saw that the current /; was going to increase,
and that therefore I, would decrease, while keeping the amount /; - I; con-
stant. But if V; increases, it will also have an influence on the lower differen-
tial pair, since it shares the same input.

Indeed, V;increasing, the Vs of J1a will imbuing (the gap between V; and Vs- the latter is positive, | remind you - decreases
for the JFet J1a), but the Vgsof J2a will increase (Vs is negative compared to V¢ for the JFet), but the Vs of J2a will increase
(Vsis negative compared to Vg for the JFet J2a, and so we increase the difference between the two). So the /scurrent in J2a
will also decrease. And to conform to its differential pair destiny, J2b will increase the current crossing it, and thus /4in-
creases.

So we find ourselves in front of the next diabolical "chain". Is V; going up? Is / up? I; decreases? Is I3 also decreases? And /4
increases? (The term "chaining" is a bit abusive, since in reality everything happens at the same time. But if you find me a
better picture, I'm a taker).



But since /5 - I;must remain constant, and there is no other solution than to keep this
sum equal to /1 - Iz, one can only arrive at the result that the diametrically opposed cur-
rents (on the diagram) are the same: I; = lsand I, = I.

So in short, we find exactly the same currents in each of the branches of the two differ-
ential pairs, but the branches in which they circulate are inverted between the "top" and
the "bottom," as in the diagram opposite.

This will have interesting consequences for the UGS. Indeed, if we go back to the whole
scheme, always without the cascodes and counter-reactions.

aal

It may seem a bit complex at first glance, but nothing scary. We
find our currents crossed out, just to the amplification factor of
the current mirrors close.

So what happens on the way out, you'll tell me... At rest, as we
have seen, all currents in the branches are equal (/; = I2).
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R2 Rout Now, if as usual it is assumed that V; increases, /; will increase
too and /, will decrease. This means that, for example, the cur-
= = rent provided by Q7 is going to be larger than what Q9 de-
(Rd,aRe)Hl mands. And this is where R OUT intervenes, to take charge of

the difference between these two currents and create tension
from this difference of currents:

(15)
Re
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One of the beauties of the thing is that on the other side of the UGS, it happens exactly the same, but reversed:
(16)
R, ; e
o =Ry =21, =1, )=-V,,,
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Each exit of the UGS therefore reproduces the same thing, but what is positive on the one hand becomes negative on the
other, and High School of Versailles (vice versa for young people ...). Or in other words, the output signals are out of phase
by 180 degrees. So we actually made a nice little symmetry, starting from three times nothing.

Okay, it's really overwhelming, but if you've pretty much followed everything so far, you should be able to find yourself
there without too much trouble, or else it's time to take an aspirin and break before attacking the sequel.

- Gain to grind.

So far, we've mostly focused on the resting point of the device, and we haven't really talked about winning, although we're
starting to get a little idea. But for the operation of the differential pair, we began to vary a little the voltages of inputs,
which will naturally lead us to the behavior of the assembly in the presence of a signal.

This input signal will be symbolized by a small variation in the grid spring voltage around the resting point. So we're going to
write UGS = Vs + vgs where UGS is the total grid-source voltage, consisting of the overlay of the Vs rest voltage and the

signal to be amplified vgs.

If we introduce all this beautiful world into the equation (4) we will get for the drain current of a JFet:

In other words:




We find with an undisguised surprise our current at rest:

but also a term that contains our input signal:

It is therefore safe to write that the total drain current Ipis also the overlay of an Ipg resting current and a variable current
depending on the input signal iy:

Thanks to our unmatched performance in mathematics, we now know the first, so we will take care of the second:
(17)

The terms Vissosrand Ipss are constituent parameters of the JFet, and the Vs quantity is fixed by the polarization of the
mount (resting point), so that the terms involving them can be considered constants (iy- A.vgs - B.vgs?). But we find ourselves
right away in front of a bug ... The term in v,? is very em... betant for us, fanatics of linearity and zero distortion, since it is
precisely the term that will introduce distortion.

Indeed, imagine that vy is a beautiful sinusoidal signal, like Again, sin(2af,t) refer to your favorite trigonometry formulas,
but raising this sine signal squared means that we will see a double frequency of input frequency in the drain current:
- The JFet has therefore g, /4 7+ 1) the signal and created harmonic distortion (or 2" order).

Fortunately, if one keeps a relatively small v4s excursion, the term in v4? remains negligible in front of the first order, so that
one can approximate the drain current of the JFet as:
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To avoid overly manipulating terms, we will reduce this equation in the much simpler form of:
(18)

ld = gmVgs
Where gm is the famous transconductance of the JFet... ta da. For the record, iy is a variation of current around the resting
point, and vy a variation in input voltage around the same resting point. This transconductance therefore translates the
variation of the current passing through the transistor according to the variation of grid/source voltage. That's it.
That's fine. What do we do now?
Well, we'll start by saying that finally, with signals of low amplitude, the equation (18) shows us that the JFet behaves like a
current generator (the drain-source current) controlled in voltage (grid-source voltage). We will therefore simplify the JFet

to give its simplified equivalent "small signals" scheme, which looks roughly like this:

There are the three Grid/Drain/Source connections, and the power generator controlled by

G D
- your grid/source voltage. This type of pattern is only valid with variable (alternative) signals of
low amplitude, and presupposes that the circuit is properly polarized and everything and eve-
Vgs gm Vgs . . . . . . . .
l rything. Again, there is no continuous component on this scheme, just alternative signals, or

S music, as you prefer. We're well advanced, aren't we?

Well, | do, though. If we take the diagram of the upper input differential pair of our favorite UGS (as usual, we ignore the
mirrors and cascodes).



We replace the JFets with their equivalent model to
finally arrive at the right diagram ... It was assumed here
that all JFets were the same (the same g, everywhere)
so as not to get emberlificoter in the equations.

Good eh... We will try to find the currents lol and 102
depending on the tensions of input V1 and V2 ... We roll
up our sleeves, and we start with the easiest of course:

so much so that:
(19)

Now, if we go through the "simplified" diagram from one grid to another - attention to the meaning of currents - we can
write:

II = l’.‘,\l aj :\’-n,f(.\lR\ o 5",, ’|.\,‘R\ B ‘:'n,' +1/ ..‘

As a result:

(20)
Vi=Vy=WVosi =Voss N1+ gRs )

If we now make the relationship between the difference between differential output currents and differential input

voltages, and thus the ratio (19)/(20), we find, to a few things, the equation of differential gain of a pair at JFet:
(21)
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Now, as it has been assumed that the two JFets are identical, it is reasonable to assume that the two currents are evenly
distributed, half each. And what does that mean, that convoluted phrase? Well, we have the following relationships:

(22)
|

) g 4 . 1 g
G‘i (2]} e S m d Cl.:“‘ 02 el S
'TV-¥, 21+g,R, " 2T V-V, 21+g.R,
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with G =G +G,

G; and G; are Gpasymmetric gains and differential gain.

We have therefore just obtained a relationship between the currents circulating in each of the "top" JFets and the
differential tension of entry. This is what | have miscalled gain, but in fact it is a transconductance (in A/V). But we still don't
know what's going on in the bottom JFets.

Well, yes, actually. If we take a look at page 7, we will see that the current in the top left

branch is the same as that in the branch of the bottom right, and vice versa (the famous shot
of the cross currents). So we end up with the simplified diagram against it.

Based on the relationships just above (22), we have:
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When we got there, we did the hard part. We know that these two currents will pass through the current mirrors and the
ROUT resistance to give rise to exit tensions. So we go back a few pages, until the equations (15) and (16), which give us a
relationship between the currents in the JFets and the output tension on one side of the UGS, as being proportional to the
difference in currents in JFets from the top and bottom:
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Which brings us to:
Vi —Viow = 2R -2—E2 (¥ -7;)
. R, 1+g R,
or finally in this form:
(24)
A, = Vou s = r;l T =2R,, '7‘& Em |
V-V, R 1+g,Rs

What we have here is the differential gain formula of the UGS. Attention, it is an open loop gain, that is to say without any
resistance of counter-reaction. To be concrete, the gm of the JFets is in the order of 25mS in the ladle - your mileage may
vary, and with the resistance values used, we arrive at an open loop differential gain of the order of 46 V/V, or 33.25 dB.
This is very low compared to modern operational amps for example, for which this gain turns around 100,000 V/V at least ...

Just one last word before complicating things. We started on the fact that the two Rour resistances are equal. However, we
do not have to do so, and for the sake of generality, we can assume that these two resistances are different. By posing that
one has a resistance Royr - and on the side of the positive output and Royr - for the negative output, one can rewrite the
relationship (23) as:

(25)
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And
(26)
Vour R, 8.
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where A* and A- are the two asymmetrical open loop gains (these are positive numbers), which gives us for the open loop
differential gain:

(27)
l.-" 7 V— R
Ap=A"+ A4 =0T AL = (Ryr + R(.,”,)_”_i_
Vl = l": RF ] + ng.V

- Cascode Break?

Before going any further, we will open a small bracket to get past the cascodes in a hurry, and without dwelling, otherwise
it's going to be too hot ... There is no ideal place to talk about it, because they intervene both at the resting point and
during the operation in the presence of the signal, so we might as well get rid of them now...

Cascodes, therefore, are "just" transistors (bipolar here) serially inserted into the V=Constante
drains of the JFets. Their base is maintained at a constant potential across a divider

bridge (refer to the full diagram). As the potential of the base is constant (and in the /‘0.?\/ ) TVV\
order of 10V for the UGS), the potential of the transmitters will also be fixed, and will
be worth in the OV7 less than the potential of the bases. This ultimately means that 25K389 BL

the drains of the JFets will be at a constant potential. The Vs of the JFets in normal . .
operation is relatively low (well below the volt), so it will be said quickly that the Vps

voltage at the JFets terminals remains stable, or at least varies very little. Rs Rs

t
This little thing of nothing at all is going to have three very interesting consequences.

First, as the voltage at the JFets terminals remains within 10V, it means that we have decreased the power dissipated in the
JFets: At rest for example, for a current of 3.5mA, a JFet will dissipate 35mW, while without cascode, it should dissipate
more than 65mW. So we gained overall thermal stability.



On the other hand, as the Vs is almost constant, this will have the effect of linenizing the behavior of the JFet. If we extract
from the datasheet of 25K389 the following graph:

Ip — Vps (LOW VOLTAGE REGION) This represents the current drain according to the voltage Vps, and this for

commton sourcs | L | ‘ |_ several voltages of Vgs . On this graph | assumed fo.r conv.enience tha.t the
_ aC25°C . b Vag=0v cascode voltage was around 6V (compared to 10V in reality). For an ideal
E 12 ! transistor, the different "straight" Vss=cste would be parallel and zero
2 //’ _o.|1 N slope. In reality, they are not, and the slope is not zero. This means that if
& /’ B I the voltage of the JFet drain varies, the jFet's drain current will also vary...
E 8 oz And what's the problem, you'll tell me? Well, it is that we would like the
8 // Avqe Caqrode) — | drain current of the JFet to depend only on the input voltage, and not
z . (// -03 anything else. (I remind you that we were asked iy = gm. Vgs)
% /’—‘ —(1.4].I
L The cascode, by fixing the drain potential, thus minimizes this "non-
o _0'5! linearity" and works on a much narrower part of these curves (in the red
0 2 ‘ 8 8 10 zone), where one can consider that one will have a variation of the

DRAIN-SOURCE VOLTAGE Vpg (V) S ) . .
DS negligible drain current in Vps function.

Ok then. Purists will tell me that it is Vps that must be maintained constant, not just the drain voltage, as we do in the hope
that the source voltage does not move too much. It's true. But | didn't want to break my head, and you're free to try both
versions, after all.

With all this, | was going to forget to tell you about the latest beneficial effect of cascode, the extension of bandwidth. Be is
about the same phenomenon as what we just saw, except that there, instead of the current drain, it is the parasitic abilities
of the JFet that depend on the V DS (take the datasheet). By minimizing the variation in drain-source voltage, non-linearities
due to these variable voltage abilities are reduced. Because these capas are weak, they occur mainly at the top of the
spectrum, and by making them less involved, the high-frequency behavior of the JFet is improved. Okay, again it's
outrageously simplified, but it improves our general culture and our understanding of editing at the same time.

So to end the break, what if we go back to our sheep?

- Counter-Reaction Engine.

Just before letting the UGS coddle with the counter-reactionary powers, we will drop =
the transistors and simplify the scheme by establishing an equivalent of open loop ’ 4 -AS(Vp-Vn)
assembly, which could give us that for example: :_{ | I

Vn| AT(Vp-Vn)

It's hard to make it any simpler. Two entry tensions, two exit tensions, and gain. The
tensions shown here are referenced in relation to the mass, and they are linked by the
following relationships:

.’t;; =A'v,-v) 4'>0
Wy ==AWV,-v,) 4 >0
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where Ap is the famous open loop differential gain, given by the equation (27). On the other hand, it is assumed - with good
reason - that the currents entering the UGS are zero, which is far from being far-fetched given the enormous impedance of
entry of the JFets (the grid current is negligible). It is also worth noting the two grid resistances (those between the JFets
grids and the mass) are not included in the equivalent scheme. We're going to need it later.

We are now ready to put the counter-reaction in place. With the simplified

pattern of the open loop UGS, it's going to get us pretty much topology IZT "
opposite: 3

<« ]+
First of all, let's put things back: Res and Rly are counter-reaction resistances, T Ru 2 T ”
and RG is the grid resistance of the JFets, (47K at home). V;* and V; are our . -
input tensions, what we actually send into the editing, and V,* and V," are of _il

/| \u( 1
course our output tensions. A quick reminder: no current enters the UGS... l\ & rl

‘_
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So let's go ... We already know that by definition:

(29)
e - : ) y y V; - l'u
Vo =V = f‘n(" s ) In other words ’,-; -V, == A
One can also write: . ”
’,~ + Rl =V,
and ) 4
l n o lell'fll e [ (]
From this it is easy to conclude with:
V,~V,=V; =5 )+ Reall - 1)
If we replace V-V, by the relationship given by (29), we finally get:
(30)

1+4, ¢.,. =
l: ll=R ;‘J('u ',n)
FEIp

Another ladle from Ohm/Kirchhoff to write several little things we're going to need:

IL,=V,/R, @ [ =I-1,=1-V,/R,

I=I,—I,=1,-V,[R,

Similarly G and

We will now travel the LED circuit out to the entrances:

Vy=Ropl, + Ry I +V,
and Vi =Rl + Ryl +V,

A term-to-term difference and a few manipulations later, and we arrive at:
Vs =Vo = (Rey + Ry M1y = 1)+ 220, =V, V7 -V,
O

Again, V-V, is replaced by (29). I'm making you thanks from the intermediate steps, but using the few equations above, you
finally get:

(31)
%

Vy — A R —R,, V' -V,
_,“Ilw 4} 2} DING IN ] !

RistRy ARz — Ray+R,

1

I

Replacing /;-14 of (31) with its value given by the equation (30), we finally end up with something like:

Fi

v \Riv (Ris + Rg + 4,R; ) + RoR

vy =V, = ,u R dv]
F=¥ = ¢ A R Ry,

And to the joy of victory against mathematical adversity, one gets the differential gain of the UGS counter-reactioned, i.e:

(32)
G,, = Vf; - ‘u - A!JR(;RI'![
V' =V,  Ry(Res+Ry(A4,+1))+R,R.,

With the values used in our application, and by counting on open loop gain (A) of 46, we get a differential gain of 3.3, or
10.4 dB. The gain in asymmetric (tension of an output on the differential voltage of input) is half Gp, or 1.65 or 4.4 dB.



We've done a lot of work, right? But don't rest too fast, there's still work to be done. We are very hot and there are still a
lot of things to calculate Like the impedances of entry and exit, for example. Are you interested?

- Impedance (Angl.) impedio, -ire, impediui, impeditum: obstructing, preventing.

A little discouraging, as a start...

Don't panic, everything's going to be fine. And we'll start with the simplest, the input impedance. For this we will need a
small diagram to visualize what we do.

We haven't changed much since the last time. We just added a power T Rs
generator as an input. What for? Well to do what you do in real life, ' 2 _n,
when you use an ohmmeter. Indeed, when one measures a resistance to R n
the multimeter, the same thing happens: the multi injects a known T\/ﬁ \/pT
current into the resistance, and it measures the tension developed at —i —i
the limits of the resistance. As the current we send is known, a simple lw- an
law of Ohm allows to find this damn resistance (R-V/I). And well, it's the Ry -In
same: we're going to inject into our circuit an imposed current whose — 5
value we contradict, and "measure" the voltage at the generator |4¢ Re
terminals.

This tension is (Vi* - V), which gives us input impedance like:

; V' =V,
Zy == .
!
As usual, we have the relationships now classic:
(33)
Vyi=4lv,-v,) Vo==AlV,-v,) Vi-V;=4,V,-V,)
We start by involving Mister Ohm for tensions:
; V.
/ = and [., = —
. R;
And then we'll have to think about paying A Few Extra Hours to Mr. Kirchhoff, since again he's going to step in:
I=1+1,
and I=1-1,
Which, of course, makes it, given the relationships just above:
(34)

Starting from the exits and going to the mass, we can also write:

Vo ==Regh +V, and Vg =—Rpli+V,

Where: Vy —Vy =Rp(l,+1,)+V,-7,)

o



The term (/1+/3) is replaced by the relationship (34), which leads us to:

R, +R, (v, -V )+2R,,1I
R, & h

1

(&)

and if we replace (V,*-V,) with its equivalent drawn from (33), it gives us:
(35)

vy - 2RuR
P Ry + R (A, +1)

If we now attack the problem from the west side:

Where: V, <V, =V =V 2RI

So we take back our equation (35) and replace V,-V, with what we just found just above, and we can easily get that out of
it:

ZRi'.‘fR(; k
Rey+R.(A4,+1))

AR =52R.\-

This relationship between the differential tension of entry and the current, well that's just what we're looking for: our
differential input impedance. And more precisely it's worth:
(36)

2R

BTG

7 \
e . R}'R + R(;(AJ') + I)

Interestingly, this differential impedance depends on the open loop differential gain (Ap), but does not depend on
asymmetric gains, so the input impedances seen between any input and mass will be equal, no matter what asymmetrical
gains:

(37)

R..R
Zn = Ry + L ;- o A
R"” + R(;("'II + l)

For the digital application, it goes by itself, and with our values, we find a differential Z)y of about 32k, and therefore an
impedance of input on each branch of 16k. The second term of the equation (36) is small in front of Ry, even with our
"low" gain value an open loop, so we can approximate the differential input impedance by 2R. All for that...

And finally, you see that you've followed, and that it doesn't break three legs to a transistor, these calculations. Will it be
the same for the output impedance? Of course. You'll see.

- Damn dice Zo,

Before tackling this piece, we will have to go back to the bowels of the UGS. Indeed, we need to know his impedance of
open loop output. We're not going to go too deep into the thing, but if we look at one of the exit floor of the UGS, we can

equate it with two bipolar transistors mounted in a common transmitter and put head spade.

The impedance of exit of a floor with a common transmitter in the absence of charge is grossly given by

;V the reverse of its admittance of output h,, namely:
e
J
Qut Z g ‘/ II
(
Rout
Where | Cis the collector current and V Has early voltage. This last parameter is determined by the
Re — construction of the bipolar transistor, and is worth between a few dozen and a few hundred Volts.



The collector current being in the order of a few mA, we immediately see that the output impedance of this type of stage is
very large (nearly 40K in our case). Okay, alternatively, the two floors in common transmitter are found in parallel, which
divides the output impedance by two. So we've got about 20 K's output impedance in Rout's absence. If we add this famous
Rour, we come to put it in parallel on these 20 K, and as Rour is low compared to these 20K, we do not make a big mistake
saying that the output impedance of the UGS open loop is equal to Rour, or 1K. This value is the asymmetrical output
impedance, and the symmetrical (or differential) output impedance is therefore doubled, which makes us a Zoyrof 2K.

Now we have everything we need to calculate the output impedance in the presence of counter-reaction. All we need is a
diagram to visualize what we are doing. So here it is:

| We took the equivalent pattern of the UGS, and we just changed

Re ‘j Reg one or two things by the way. For example, tensions on each exit

were abandoned in favour of differential tension Vs. The Rour

resistances that appear in series with the equivalent voltage
generators (Thevenin) of the UGS are the two asymmetrical output
impedances in open loop, as we have just seen. There is also the
counter-reaction network (Rrs, Riv and Rg ) that we have seen
previously. However, the entries have been linked to the mass, but
this is simply due to the definition of output impedance:

Ry n o
\/nT A'(Vp-Vn)
|
R—wWA— I [
| | Vpl -A"(Vp-Vn)
+In

And the current generator is exactly the same technique as for input impedance, the ohmmeter method: you inject an |
current into the circuit and measure the Vs voltage at the impedance terminals. No more complicated than that.

So let's go for the equations. To simplify the writing, we will first define an Rp resistance that is equal to the paralleling of Ry
and Rq:

_ R.R,,
P R.+R,

We start by going from the OUT* terminal to the mass by two different paths:

(Rpy + R, =V + (R, + R,
And that brings us to:

(38)
%
I =1, = a
T R +R,
Ohm's law again between the terminals 'IN' or 'IN', we write:
V,=R,1,
and V. =R.l,
so, logically it becomes:
V.-V, =Ru.l,-1,)
We re-inject the equation (38) in there to get:
(39)
V.
P R,V
: R, +R,
Kirchhoff is still annoyed on the currents at the nodes -OUT and -OUT:
(40)

IL=I-1, and IL=1I,-1

9]



Kirchhoff still, but in tension to go from the out bound to the mass:
AV, =V, )+ Ry = (Rey + R,
In the expression above, we replace both /; with its equivalent given by (40) and V,-V, by (39), which gives us:

_A'RY,

R,.H N R',_ + R«uv,"I;J - (R”I + R!, XI e I(.’ )

We put all the terms together in the right order, and finally we get to:

(41)
[ [ A'R, . |
I, = '(R,..,.,+R,.)I+—’I'\ i
Riyr + Ry 4 R/’t Ry + R, J
The exact same thing is now being done for the tension between THE OUT and the mass:
=2 (l, = V.. )_ Ru' Jlu - (Rm + Rr)l.‘
Again, we replace in this expression both I, by its equivalent given by (40) and V,-V,, by (39), which gives us:
A RV, ( )
LPS Rk = (R RN ~1)
Rl_h, e R'., W ) e F X ) /
Re-manipulation and new equation:
(42)
1 AR,
Ij=——— (R,.,.{ +R, ) +——L—V,
Royr + Ry + R, b Ry + R,

We are almost there, but before, a final step: we express the tension between the knot and the mass through the paths
that we have not already explored, that is to say through the interior of the UGS:

AW, =V, )+ Ryl =V = AV, =V, )= Ry I
Where: Vs = (, +4 IV,-: =¥, )+ Rour (I«-: +1, ): ‘4:"(;";' = 1 )+ Rous (/('. +1,,
Using the value of V-V, given in (39) and the values of currents /o of (41) and (42), one finds after many efforts:
Iv.\ (RU[ T + R.l B 25 Rl'(A{) 2 l)) - 2Rrh’ 7 (R/f,q 2 5 R[)I

Well, we're almost there, aren't we? The Vs/l, ratio is the output impedance we are looking for. And zou, quickly, we find:

; R.R
Z“. e ZR,” 7 (RI gt R;] with R{-‘ — GoMIN

T Ry + Ry + Ro(A4,+1) R.+R,,

If we replace Rp by its value according to Rs and R, we finally arrive at:
(43)

2Rm'r (RI-'HRI‘,' + RI-HRI\‘ + Rr;RJ\ )

Z
T + Rl‘ﬂ X.R(.' + R/.\ )+ R(.Rl.'.‘ ('41» + I)

our = (R

o

and the asymmetrical output impedances are equal to half of Zgyr.



A little complicated certainly ... With our values, we get a differential output impedance of 228Q. That is pretty much what
has been measured, so it is not silly. The output impedance of each branch (asymmetrical) is worth half of the differential
impedance, or 114Q. Well, here we go pretty much around the thing, and you've got everything you need to have fun
experimenting. But as we are curious, we can still try to take a look at how the values of the various resistances of counter-
reaction influence the different parameters that we have just established.

- What does what?

By taking up the equations of output impedance and gain (all differential), we can have fun varying one of the resistance
values Rg, Rin, Res and Rour, and look at what happens to our parameters.

The procedure is as follows: we take our starting values (R = 47k Q , Rin - 15kQ, Res - 56k Q, Rour -1kQ), and we calculate the
parameters Gp, Zyand Zoyr for these starting values. One of these resistance values is exchanged from 1/10 th of the
original value to 10 times the value, with the other resistances retaining their original value. For Ry, for example, its value
will vary between 1.5kQ and 150k Q, and we calculate Gp, Zjy and Zoyr that we normalize compared to the original value.
OK, it's a bit convoluted as a technique, but it allows for more direct comparisons.

Simone, first candidate please. It's R that shows up, and it gives the next figure.

First, Reg has very little influence on input impedance, but it was already suspected. We also suspected that if we increased
Rrs, we would do the same for the gain. But we see there that it is done at the expense of the output impedance that also
increases, and quite similar to the gain: if you quadruple Rrg, the gain triples, but the output impedance is multiplied by 2.5

... That's not good.

If we decrease Rgg, it drops the output impedance, but even more the gain. We're in trouble...

Impédance de sortie
Impédance d’entrée
Gain

Paramétre / Paramétre original
w

N : : : : P
0.1 1 10
Rre/RFB original

If now we vary Ry, we get this

10

Impédance de sortis
Impédance d’entrée
3 : ; ; ... Gain

Paramétre / Paramétre original
o

;
0.1 1 10
RonPInoriginal




This obviously shows that if Ry increases, input impedance follows the movement, and gain follows the opposite trend. Exit
impedance also follows the good trend, namely that if you increase the input impedance by increasing Ry, the output
impedance decreases. But we must not get up the mess, it is not in huge reports, and the decrease in the gain observed is
not worth the candle. In addition, too much input impedance will have negative consequences in terms of noise
sensitivity...

We still haven't found a miracle recipe. Could a variation of Rour help us? Let's see...

Impédance de sortie
Impédance d'entrée
....................... S . Gain ——

Paramétre / Faramétre original

0.4 H i i H i H H i ‘
0.1 1 10
Rout#RouT original

It still seems lost... The earnings variation and output impedance curves are perfectly confused, and given the relatively
small range of variation, the Rour effect does not look obvious. One of the surprises (for me at least) comes from the low
Rour dependence of output impedance: If you increase Rour tenfold, the output impedance increases only by 10%. Not bad,
after all. And another interesting thing, by the way. If you look for little gain, you can halve the output impedance by
dividing the Rour by 10. Admittedly the gain drops by half too, but to make a good buffer, it is perhaps a way to follow,
especially since a decrease in Royr increases the stability of the offset ...

Well, we still have Rg to test:

Impédance de sortie
Impédance d'entrée
Gain

Paramétre / Faramétre original

0.8 H i i H i H H i ‘
0.1 1 10
Re R original

A good point: the grid resistance at the entrance plays very little on the gain and impedance of input. And contrary to what
one could imagine (it is placed as an entrance ...), it has a nice influence on the output impedance. Okay, it's not huge there
either: If we increase it tenfold, we reduce the output impedance by fifteen percent ... It's not much in the end...

These few curves are rather there to show trends, and | will not draw rules, seen as all the parameters are interwoven, But
free to you to make your setting. Beouala... We've pretty much gone around this. Well, it's not exhaustive, it's simplified,

but if it helped you get into the arcane of this crincrin, | would not have wasted my time.

- End of Article -



With that behind us, the circuit is now fully realized and explained.

RE
T50R

1CK§

Qs

—-OLit-

12

A zTxss0 ZTX550 I\Q
LE o= I
IK3B9BL  Jib
RFB
Qut+ —s—
s6K
RIN
[N+ ——
15K
acs | e
Routs 25109 BL
wo
c| G
i s [ I_’ Q7 2xZTH4S0 Q8 4 1 L0y,
RE RD RD RE
750R 10? 1K5 1KS 750R
A 24V

What is hFE of a Transistor?

IC= hFEleﬁlB

! |
|

So if ImA is fed into the base of a transistor and it has a hFE of 100, the collector current will be 100mA.

Every transistor has its own unique hFE. The hFE is normally seen to be a constant value, normally around 10 to

UGS V.3 by Flat/Flatlabs ca 2006.

hFE of a transistor is the current gain or amplification factor of a transistor.

hFE (which is also referred to as B) is the factor by which the base current is amplified to produce
the amplified current of the transistor. The unamplified current is the base current, which then un-
dergoes amplification by a factor of hFE to produce an amplified current which flows through the
collector and emitter terminals.

A transistor works by feeding a current into the base of the transistor. The base current is then
amplified by hFE to yield its amplified current. The formula is below:

500, but it may change slightly with temperature and with changes in collector-to-emitter voltage.

Check the transistor's datasheet for the hFE value in its specifications.

Note that hFE may refer to DC or AC current gain. Many datasheets may just specify one value, such as the DC

gain. The datasheets will normally specify whether the hFE value is for DC or AC current gain.



Also, note that as the hFE value is highly variable, many datasheets will specify a minimum and maximum hFE
for the transistor. It is very hard for transistors to be produced with a precise hFE value during the manufacturing
process. Therefore, manufacturers generally specify a range that hFE may be within.

Because hFE is so widely variable and unpredictable in nature, good transistor circuit design is important to give
stable, predictable amplification for transistor circuits to account for this unpredictability.

Source: http://www.learningaboutelectronics.com/Articles/What-is-hfe-of-a-transistor
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