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Claim 2.1 asserts that 

c <121b-X-n+1C- n’ . n n 1’ 

Rewriting, this is equivalent to 

C,,pk-p+2 

C,-,P -3 
g1.21. 

As k + cc and p is held fixed, the numerator above is 
dominated by the coefficient of kP-‘, which is 

p-1 

(pp_2)! 
P ~- 

p 2 ( 1 

Similarly, the denominator is dominated by the coefficient of 
kP-‘, which is 

(P-3)Pp-’ 
(p-l)! 

-P(P-3) 

When 5 < p < 12, this ratio exceeds 1.21; in fact, for p = 5, the 
limit as k + 00 is approximately 1.278. This is in contradiction to 
claim 2.1; hence, for sufficiently large k, Gp,k forms a counterex- 
ample of the form desired, when 5 < p < 12. n 

The basic idea of exploiting graph-theoretical structure to 
obtain bounds is sound; in fact, it appears to be the most 
promising method of improving on the current best, the 
Ball-Provan bounds. However, these two theorems show that 
additional constraints must be identified before applying a tech- 
nique such as that proposed by Leggett. 
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An Extended Version Frequency Transistorized 
Active-R Integrator 

SHU-TANG LIU AND ROBERT W. NEWCOMB 

Ahsrract -An all bipolar transistor active-R integrator is presented 
which has an extended integration frequency range, especially on the 
low-frequency end. The structure consists of a voltage-controlled current 
source feeding an N-Darlington stage and allows independent adjustment 
of dc gain and low-frequency cutoff frequency. A SPICE-II simulation 
shows the suitability for integrated circuit realization. 

I. INTRODUCTION 

Active-R circuits are circuits which contain no individual reac- 
tive elements, the circuits being constructed solely from transistors 
(or transistor built devices) and resistors. In essence they use 
parasitics to obtain the system dynamics. Consequently active-R 
filters hold considerable promise for high frequency filtering. At 
present there are active-R circuits based upon active elements 
that are CMOS transistors [l], [2], op-amps [3]-[5], or bipolar 
transistors [6]. For completely integrated structures the CMOS 
and bipolar transistor circuits are the most natural since they use 
a reduced number of components though the op-amp ones are 
convenient for lumped designs where off-the-shelf components 
are used. In all cases it has been the pole in the op-amp or 
transistor gains which have been used to achieve the necessary 
dynamics for filters and these poles have been rather critically 
and sensitively dependent upon bias conditions, so much so that 
it appears that reproducibility has been rather difficult to achieve. 
Further, at low frequencies the active elements act as resistors 
and the approximation that a nonzero pole acts as a pole at zero 
no longer holds, invalidating the assumptions often made in 
carrying out active-R circuit designs. 

In an effort to get around these two problems of limited 
low-frequency operation and sensitivity to bias conditions we 
have turned to consideration of appropriately designed and volt- 
age adjustable bipolar transistor circuits for realization of active-R 
integrators. With this in mind we return to a previous study using 
bipolar transistors as the active-R dynamical element [6]. How- 
ever, we greatly improve upon [6] by using the recently studied 
N-Darlington configuration [7] such that control on the transistor 
dynamics can be obtained. We also combine this N-Darlington 
transistor with a modified version of Fukahori’s [8] voltage-con- 
trolled current source (VCCS) to obtain a much improved active-R 
integrator. 

II. BASIC CONFIGURATION AND MOTIVATING IDEA 

Fig. 1 shows the configuration for the ,active-R integrator we 
propose and study here. In Fig. 1 an N-Darlington transistor 
stage is fed by a high impedance source, the VCCS shown. The 
reason for feeding the N-Darlington with a current source is that 
a related study [7] shows that the source resistance R,y for the 
N-Darlington stage is a limiting factor with lower cut-off frequen- 
cies determined by higher R,. The input VCCS in fig. 1 is that of 
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Fig. 1. Diagram of integrator. 
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Fig. 2. Circuit and sections of integrator. (a) Fukabori’s VCCS. (b) One 
scheme of CCCS. (c) 3-Darlington stage. 

Fukahori [S], see Fig. 2, which uses only transistors and bias 
current sources. Hence the dc gain of the input VCCS holds over 
a wide frequency range. The current controlled current source, 
CCCS, of Fig. 1 is used to level shift the VCCS output to match 
the input of the N-Darlington stage. The CCCS is also shown in 
Fig. 2. The N-Darlington stage, shown for N = 3 in Fig. 2, is used 
to introduce dynamics into the circuit, this arising primarily 
through the Miller effect on its equivalent circuit CP of Fig. 3. 
The N-Darlington stage consists of an N-Darlington transistor 
[7] with a resistor load in the common emitter configuration. 

As we will see, (9d), over an extended frequency range the 
transfer function for Fig. 1 is to a good approximation 

-z-25!% V 1 1 
y- 

.- 
cp s + WC ’ wc = r,C,[l+ g,R,] (1) 

where the various parameters are defined through the Figs. l-3. 
From (1) we see that the configuration of Fig. 1 acts as an 
integrator for Is] > w,, that is for frequencies above the cutoff 
frequency. The cutoff frequency is seen to depend upon the 
Miller capacitance C,[l + g, RL] and the hybrid-pi input resis- 
tance r,,. The N-Darlington configuration is designed to yield a 
large r,, as well as a large Miller capacitor so that w, can be made 
small. 

By observing the circuits mentioned for realizing the subparts 
of Fig. 1 we see that the active-R integrator introduced here is 
easily realized by integrated circuit technology where typical 
numbers might be r,, = 5 Ma, g,,, = 38 mv, R, =lO KL?, C, = 2 
pf giving f, = 42 Hz. 

III. SUBCIRCUITS 

A. The N- Darlington Stage 

TX 
ii VO 

ii = -gmvaaVi E 

Fig. 3. Equivalent circuit of N-Darlington stage. 

device inside nodes BCE. The extension to arbitrary N is made 
by inserting (or deleting) internal transistors such as T,. The 
connection of R, at point C to form a grounded emitter ampli- 
fier gives, again as in Fig. 2, what we call the N-Darlington stage. 

Using all transistors to be identical, except possibly the left 
most (Tl of Fig. 2) and by properly biasing we can obtain the 
small signal equivalent circuit of Fig. 3 for an N-Darlington stage 
where [7] 

Here, i designates transistor 7; in the N-Darlington. For its 
individual transistors in terms of their hybrid-pi models we have 

Y*, =zn,l=gm, + SC,, = gw, (1-t ST), 7 = CT, /s, (2b) 

The lower Gortion of the (c) section of Fig. 2 shows the with T the lifetime of base majority carriers, this being the same 
N-Darlington transistor, for N = 3, this being the three terminal for all transistors (since all transistors are assumed to be on the 
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TABLE I 
TRANSISTORPARAMETERSFOR SPICE 

PNP 100 4 5c lo-" 150 2 5c 0.3 0. 0.55 0.5 1 0.5; 0.5 0 0 0 %-14 

L 

same chip). Also 

P.(O) 
P;(s) = &,,h,W = 1+. 

If we assume 

w -=c (l/T) = wm (3) 
then the approximation on the right side of (2a) holds with (here 
‘,, = l/g, 1 

TABLE II 
OPERATINGPARAMETERSAND CUT-OFFFREQUENCY 

(24 (Q=24V, R,=lOKQ) 

Since typically 0, ~10 MHz, it is reasonable to make the as- 
sumption of (3) for most active-R filter applications, and we will 
so do. 

If we also assume that, in the N-Darlington transistor, the 
upper transistor collector currents are dominated by those below 
them [7], as will be the case in a desirable design, then for Fig. 3 

g”, = 
gm‘v 

I \ . (5) 
N-l 

JJ 1-t 
J=l 

i 

With (5) all parameters for Fig. 3 are defined except for C,. where we assume all transistors have the same /I. Because the 
Previously we found [7] all Cp, to have negligible effect except for transistors are paired the frequency response is good. The output 
C& = C,. Thus the upper left transistor in Fig. 2 should be 
designed to give the maximum possible C, in order, according to 

impedance is also high, so that the N-Darlington following the 
CCCS is fed by a good current source, this being given by [9, p. 

(l), to lower the cutoff frequency w,. 1081 

B. The Input VCCS 

The input VCCS is shown as the a) section in Fig. 2 and is just 
the input portion of Fukahori’s integrator [8]. The circuit has the 
advantage that it uses only paired transistors (including the 
diodes) and current sources, along with the one resistor R. 
Consequently is has a good frequency response so that its cutoff 
frequency is of the order of wm of (3) thus insuring that there is 
no interference with the integrating property. 

R O”, =;(1+/3) 

where r, = VT/I2 is the emitter resistance of T14 and p & VT are 
the basewidth modulation factor and thermal voltage, respec- 
tively. 

Likewise this input VCCS is very simply implemented in 
integrated circuit form. Following Fukahori, the gain is [S] 

The important point about this CCCS is that it can be used to 
adequately shift the bias point at the output of the input VCCS 
down to the bias level needed for the input transistor of the 
N-Darlington section. 

IV. THE ACTIVE-R INTEGRATOR GAIN 

To obtain the overall gain for Fig. 2, we use the equivalent 
circuit of Fig. 3 getting 

(6) 

In Fig. 2 we have used the noninverting input, point a. If we 
desire sign inversion from the input VCCS we can ground point a 
and introduce V; between points b and ground, thus allowing for 
the opposite sign in (1). 

C. The CCCS 

The b) section in Fig. 2 shows the current mirror CCCS we use, 
this being a modified version of that in Herpy [9, p.1071 (using 

613 

c I 
_ I 1 Ieei ee ‘c 

N Cp(Pf) 

(rJI) (IA) (@A) (I& (VA) (PA) (uA) 0 1 2 5 

I I I 
( 1 (lO.Oj 10/1.1~20 110 / ( 

1 2 (lO.OjlO Il.lllO (L,IIO.lI ( UC-i2 j60OHZ125OHZI 

1 I I I I ! I ! ! I I I I 
( 3 (lo.o~lo /l.lllo I,.*+.lI q lrn IIOoHZ )50M jzwz j 

I I I I I I l I l I 

n-p-n rather than p-n-p transistors and being biased at a rela- 
tively high current level in order to achieve a high fr). As in 
Herpy we obtain the current gain as 

lo”1 2 -=- 
iin1 

a,=- l- 
[ 

2 

p2+2p+2 = 1 -1 (7) 

R,r,C,C,s2+[C,(r,+R,+g,,r,RL)+CCnr~]S+1’ 
(94 

This possesses two poles one of which is far from the other and 
can be dropped, the dropping of which is equivalent to C, L- 0 as 
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1% LOHI lOOHs rIcH5 1OKHs lOOKHI tiz lo] 

Fig. 4. Frequency responses of integrator with different N under C, = 2 pF. 

-125 +-- f--T---l-- 
1% lous lax!2 JXH5 1OKHa 1ooKHs iUHZ lJ?+EA 

Fig. 5. Frequency response of integrator with different C, under N = 3. 

per (4). Thus 

+t s> = acg,,wrnRa,,. 
I 

But, by design 
(9b) 

m a W”, , 
c, 

R, << r, 

and the transfer function becomes 
o = wm,r3Lg,, . V 1 

5 rmCp[l+ gmR,l s + 1 (9d) 

r&[l+ g,RL1 
which, with a,. =l is (1). We see that (9d) is valid for w < w, 
and, hence, we have obtained an almost ideal integrator over the 
frequency range 

w,<w-==w,. (10) 
By example in the next section we give a feeling for the practical 
nature of these results. 

v. EXAMPLES 
In order to verify the theory, several examples were simulated 

on SPICE II [lo]. 
Table I lists the different sets of transistor parameters we used 

on SPICE II for the n-p-n and p-n-p transistors. In using these, 
we always assumed that the bias source was V, = 24 V, the load 
resistor was R L = 10 KO and the bias currents I,, Zr , Ii, and Z2 
were all fixed beforehand at the values given in Table II. Table II 
lists the various operating parameters for the integrator with 
different values for N and C,, these being N =1,2,3 and Cp = 
0,1,2 and 5 pF. 

Fig. 4 shows a set of frequency responses with different N 
when C, = 2 pF. Fig. 5 shows a set of frequency responses of the 
integrator with different C, when N = 3. The frequency re- 
sponses of the input VCCS and the CCCS were also obtained as a 
check. These are almost identical with g,, shown in Fig. 6 (the 
plot for (Y, only differs by some slight wiggles at 2, 11 and 500 
Hz). 
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lHa l.OH% looHa I loia 1OKlb lOOK'ds 

Fig. 6. Frequency response of the input VCCS. 

VI. DISCUSSION 

Here we have presented an improved version of an all bipolar 
transistor-resistor integrator useful for integrated circuit realiza- 
tion of active-R systems. The circuit extends the frequency range 
of transistorized active-R integrators, and hence filters, to a lower 
cutoff frequency of tens of hertz (compared to previously re- 
ported results of 500 Hz for CMOS structures [l]) and to an 
upper cutoff frequency of low megahertz (comparing favorably 
with our previous results on CMOS structures [2] and the 250 
kHz reported for op-amp configurations [ll, p. 2521). Although it 
is true some previous op-amp structures had low end cut-off 
frequencies on the order of tens of hertz [3, p. 4301 internal 
capacitors were apparently already incorporated in the com- 
pensation. The key component, which allows us to overcome the 
shortcomings mentioned in [5, p. 891, is the N-Darlington tran- 
sistor with the key technique being that of feeding it with a 
wide-band current source. Fukahori’s circuit acts to allow us to 
make the integrator a voltage-to-voltage one but if other types of 
transfer functions are desired, such as current-to-voltage, other 
input stages can be used (for example, simply omitting the input 
VCCS in the current-to-voltage case). The SPICE simulation 
results of Section V show that the integrator can be practically 
designed for realization as an integrated circuit. We do comment 
that the gain and the low frequency cutoff frequency can indepen- 
dently be adjusted in our integrator, something which does not 
happen in the previous CMOS and op-amp circuits. Thus the dc 
gain is, from (9b), K, = g,,,,r,,R,g,,,. By adjusting g,,,,, the input 
VCCS transconductance, the dc gain can be varied while w, = 
{ r&[l+ g, R,]}-’ is independent of g,,,,. For the Fukahori 
circuit g,, can be adjusted via (6), g,, = Z,/[RZ,]; in our 
example we used Z, =lOOOZ, but other ratios could be used. 
Since’s wide range of Z,/Z, is possible a wide range of K, can 
be achieved. If for some reason other configurations are desired it 
may be worth looking for other VCCS circuits or incorporating 

gain in the CCCS. In any event the ability to separately adjust K, 
and oc in active-R circuits should prove advantageous and is 
something realized by the circuits given here. And, because g,,,, is 
variable with Z,/Z, and the two current sources for Z, and Z, 
can be conveniently adjusted by respective control voltages, any 
misalignments due to parameter variances can be easily com- 
pensated by adjustment via voltage control. 

The integrator can replace the previously proposed bipolar one 
[6] while using the same synthesis technique to realize given 
transfer functions; with the circuits of the present paper more 
stable results occur since less predistortion is needed with the 
smaller Ok. 
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