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ABSTRACT

an N-Darlington stage configuracion is pro-
posed and analyzed to show that by appropriate
design it can give a high gain low cut-off-
frequency amplifier suitable for use as an
active~R integrator, Two versions are proposed, a
simplified but practical one suitable for lower
frequency active-R filters and a more theroetical
one which allows for much wider bandwidth filters.
The design uses a special choice of parameters to
give a first order transfer function with very low
cut-off frequency and allows for identical tran-
sistors. A computer-aided check is carried out.

I. INTRODUCTION

Active-R circults .1]',5] hold considerable
promise for the field of analog integrated cir-
cults since the dynamles for active-R clccuits is
intrinsic to the active devices used. Thus, the
Internal poles of op-amps or CMOS pairs, ectc., are
used to realize derivatives on the state. The
position of these intetnal poles can often be
controlled by bias conditions [5] which gives some
degree in flexibility for design. However, we
have found that in practice this theoretically
available control is very sensitive and mare
limited than one would like.

In order to lower the cut-off frequency of
the internal pole as well as to make the theory
more avallable to bipolar technolagy, we propose
here the N-Darlington stage, this arising from an
N-Darlington transistor, this latter belng in turn
a modified N-fold iteration of the normal
Darlington connection [6][7]. Therefore, in
theory the N-Darlington section approsches an
ideal integrator as N tends to infinity aud the
amplifier stage parameters are properly chosen,
Practically, due to approximations in the equiva-
lent circuit used and the need to keep bias volta-
ges within bounds, N should be somewhat
restricted, to say less than ten and three or four
being of most use, with the stage cut-off fre-
quency coming into the range of tens to hundreds
of Hertz, a range which, however, greatly improves
the practical flexibility of active-R circuits.

The design philosophy is somewhat as follows,
By the N-Darlington connection we raise the input
resistance r, as large as possible while lowering
the input capacitance C_, the product being a
constant (the inverse of a lifetime)., By choosing
parameters properly the equivalent transistor can
be kept to first order, rather than Nth order as
would otherwise result. Two methods for doing
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this are considered, one valid for lower frequency

filters and resting upon the independence of fre-
quency effects in transistor betas in this fre-
quency range and the other using added base to
emitter resistors to compensate for beta frequency
effects. Then, by embedding the equivalent tran-
sistor in a normal common emitter configuration,
the dominant pole of the stage can be controlled to
be small via choice of the number N and the base
tesistance Inserted at the input to the stage.
II, THE N-DARLINGTON TRANSISTOR

We define the NPN N-Darlington transistor
configuration as that shown in Fig. 1 for which
we use the symbol of a normal transistor with the
symbol ND. This configuration is introduced for use
in the N-Darlington amplifier of Fig, 2 in order to
obtain with proper design the voltage gain transfer
function K./(s+w } withw 1low, For design of the
N-Darlington ampfifier weSconsider the small-signal
design hybrid-pi equivalent circuit for each tran-
sistor T ,, i=l, ..., N including the connected con-
ductance g, . Since only C 115 important of all the
the C .and since C appea%s directly across the
termi%als B=-C we first obtain an equivalent circuit
for the N-Darlington transistor assuming C .= 0,
{=l,..., N and then add C , at the end. C%ﬁsequently
we can investigate any two adjacent transitor por-
tions of the N-Darlington transistors.
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With the above on hand we can iteratively
combine sets of transistors 2, 3, 4,..., N at a
time.

At this point we consider two different
cases, depending upon the absence or presence of
the extra base-emitter resistors. The first case
{s much more practical due to the current levels
required in the second one, but the first case has
a more limited frequency response. The first case
is further broken up into two subcases, that of
equally blased transistors and that of tapered

current levels, the latter turning out to be more
practical due to increased blas voltage levels

required for the former.

Case 1 : g, =0
Here
4
oy 8,(0)
Bi(S) =—y— = T, ] 61(0) s smilgi (2a}
Ti(s)  l4s —
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and we will make the assumption that Bi(s) can be
replaced by 81(0), that is

Bi(s) - Bi(D) (2b)
This assumption is equivalent to |s |small enough,
that is, for s = jw,

w << m:n(gilci) = wm {2¢)
Since zq (s} = Bi(s)lgmi. the assumption of (2b)
also glves

y"i(s) =g+ sC, * g, (2d)

From (la} we readily find for the N transistors
1
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To proceed further we will assume equal tran—
sistors and then break this case into two subcases
by assuming that either all transistors are
equally blased or that the Nth transistor handles
the major part of the current.
Case lA: Equally Biased Transistors

Since here gm = gm for all 1, equation {lb)

i

gives, independent of s,

yZl = gm (4a)
while (3) becomes with g, = & C1 = C, 51(0) =84

vyy = (erse)/L T (1+8g) =Y~ g, (4v)
Case 1B: Nth T%E%aistor Current Handling

Here we assume that the upper transistor
collector currents are dominated by those below
them via
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In this case (3) is unchanged but, on using (2b),
the transfer admittance is
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where r, = 1/g, . Equation (6) can be obtained by

using induction on the structure of Fig. 3 and

the current domlnance of (5).
Case 2 Ei # 0

Although this case is capable of giving a
much higher frequency of usage than
Case 1, it will take a very large N to achieve
this and, hence, is not as immediately practical.
Consequently in order to simply present the idea
we limit to the case of equally biased equal tran-
sistors for which we have
B =8 Ce= Ci, gm.- By i=1,2,...,N (7)
When augmented by the E; , all of which may be dif-
ferent, the individual Eransistor input conductan-
ces are

G, =g +E (8a)
while in order to obtain a first order equivalent
at each iterative step we crucially set

1= cich_l = (G, + gmi)/c:“_1 (8b)
which is the same as, using (8a),
141" B T &y L)

1f, for convenience, we setiﬂ_- 0 then
gy = (1-g

Use of (8) in (1) shows that for the combination
of transistors T, ., and T we get the input admit-
tance as (g/2)(1¥sfclg]) and g, for the transcon-
ductance; the resulting equivalent circult is of
the same form, Using this result
agaln with (1} we find for T and the T &

T_ combination that the 1npu§-gdmittance ¥!
(E!B)(1+S[C/g]) and g 1s again the overall
transconductance. Co%tinuing and using induction
we find that the hybrid-pi equivalent circuit

for the entire N-Darlington transistor has
REARE TCLORFULANEARE E s
It is seen that y,, 18 N times smaller than for a
single transistor while
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is N times as big as that of a single transistor.
it should be noted that no frequency limitation is
placed on the validity of (9), in contrast te
(2c), this being the importance of Case 2.

However, in order to reduce the number of
transistors being used and to strengthen the domi-
native role of C to get the first order charac-
teristic, in both cases we would construct T, s0
as to have a relatively large C . Except.for this,
all transistors have been considered equal and
biased at identical operating points except for
Case 1B,

With these points in mind we comment that in
order to practically realize case 2, which has the
higher allowable frequency response, it is
necessary to introduce the base-emitter resistorg,
the last of which has resistance r_ = 1/[(N-1)g ].
For large N this is a small resister which con—
sequently draws a relatively large current. For
this reason we concentrate on Case 1 in the next
sections.

IIi. THE N-DARLINGTCN STAGE

The gain of the N-Darlington stage of Fig. 2
is found by using the equivalent circuit of Fig.

3, Assuming the bias resistors RY & do
not affect the gain, or alternatively are don-
sidered in a Norton's equivalent R = 1/G ,
straightforward analysis gives s

VO -Gl(‘l—.cu}

T (10)

s wlec, velcle, v 60 1 le 4T, ¢ k) 4G, + g,
Under the assumptions, made reasonable by cholce
of Tl' Rs’ and N,

C,>C , g >C +g (11a)
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The pole and the zero inside the right-hand
bracket are, with good design, much further from
the origin than the other pole. For small enough
frequencies, w for s = ju, the right hand
bracketed term aproximates 1 and (l1b) becomes

n
v G +¢g C{l+gR)
s s T | + s [ ] m L
. G8 + g1T
° (12a)
1 + {s/fw )

For exampfé (12a) holds, subject perhaps to the
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approximation of (2c) in Case I, when

g (1 +gR)
w << min( =& | ERLI -y (12b)
Cu RL C“

Now R , N and are free to be chosen while
C cah be adjusted to within some degree by
adjusting the collector area of transistor T, {for
example a lateral transistor gives a large C').
Consequently we can make the cut-off frequen&y

w, = (G + g“)/[Cu(l+ngL)} (12¢)
as small as desired, in which case the
N-Darlington amplifier approximates an ideal
integrator as closely as desired, at least for low
enough frequencies, 0<w<€nM, or in Case 1,
Kudminfw , w ).

1c 1sTto ge observed that g , g and C of the
individual transistors are glvenmroughly by [7.
p.45] and [B, Chap. 4](here we have dropped the
i’s of Fig. 3 for convenlence)

- Vg 8o
B ~ 2, r,=— ., Vy=kI/qg ,a = ———(13a)
re IE 1+ Bo
g g lﬂozl/[(l+ﬁo)re] {(13b)

C=r1g /80 s T = lifetime of base majority
" carriers (13c)

Consequently
1 = &g (13d)
and the cut-off frequency due solely to Y is
identical for the N-Darlington transistor and all
its subtransistors in all cases as seen by (24),
(3) and (%a). However, it should be noted that 1f
Case 1 can be held then it is easy to achieve the

> € constraint of (lla), this being for any N
1% contrast to Case 2. Consequently, for Case 2
it is important to choose transistor T, to have a
very large € . This latter can be achleved by
varicus means, for example by reversing collector
and emitter designs and by using a lateral T,. If
desired, one can also add an external C » thaugh
this somewhat defeats the active-R philosophy
except that this external € can be considerably
smaller than required in an op-amp integrator for
example,

IV. EXAMPLE

To confirm the theory the circuit of Fig, 3
was evaluated on SPICE II[9] for N =1, 2, 3, and
4 under the conditfons of equal (Case 1A) and une-
qual (Case IB) operating points (for N = 2, T, &
T, were absent, etc., in Flg. 3}, 1In the desfgn
of the circuit of Fig. 3 it was assumed that the
bias source, V__, the load resistor, R}, and the
source resistos, R , were all fixed be¥orehand (in
two instances V_  uas rafsed from 24v to 40v to
show the effect of this change). In all cases the
Same trans{stor model was used, its parameters
being given in Table 1.

Figure 4 gives a plot of the corresponding

frequency responses.
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