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Abstract

Having designed the discrete circuits in order to obtain the
desired characteristics. Both the theory and experimental results are
demonstrated for improving te be the integrable circuits. Three novel
circuits are treated in this thesis, namely, a linear temperature-to-
differential-current converter, peak-amplitude detector for sinusoidal

signals and a single tramsistor full-wave rectifier.
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- A Linear Temperature-to-Diff erential-Current
o Converter )

Abstract—A simpie circuit is proposed as 2 iinear temperafure-to-dif-
{erentigl-current copverter. Larpe and acturate conversion -rate can be
easily obmned. An immediate appiication bas also been proposed.

INTRODUCTION

In some applications, it is desirable to have linear tempera-
ture-dependent differential currents; for example, in a recently
proposed integrable circuit for synthesizing general voltage-vari-
abie resistances [1], it is desirable to have 2 biasing current of the
form

Iy gl T T (1

" currents, and [, can possess

" Gircuit for converting temperature

1
where a is a constant conversion rate factor, T and Tp are
absolute temperatyres, and [, is a constant current. The syn-

thetic resistznce magnitude of the circuit in [1] is given by

= = Ro(1/ 1) @

where Ry is 2 given resistance and I,/ I, is a ratio of two biasing
the form as given im (1). If we
further assume that Ro possesses a Jow-temperature coefficient,
then it can be readily seen from (1) and (2) that the rate of
change of R with respect o T is constant and equal to

% = *aRy/Io- (3)

Therefore, by properly choosing «, it is possible to realize
general resistances with precisely prescribed temperature coef-
ficients of cither positive or pegative [ype, depending upon
whether [, is increasing or decreasing with temperature.

It is the purpose of this Jetter o describe a simple and elegant
to differential currents lin-
early, where the copversion rate is programmable and constant
over a substantial temperature range.

Slightly simpler circuits for converting temperature to current
linearly exist in the literature [2), [3). Bowever, only increasing
current with temperature is readily available. Decreasing current
with temperature can be obtain=d only with additional circuits,
resulting in roughly equal overall circuit complexities as the
present_circuit. However, the circuit method reported in this
letter will offer higher comversion’ rate for the same vaiue of
conversion resistance, as well as being & more elegant approach.

Cmrcutt DESCRIPTION

Fig. | shows the proposed linear lampcramrc-to-diffcrcmial-
current converier. Let the ratios of the emitter areas of O, to @)
and O, to Q5 be A The current mirrors Oy, Qs Qs 2nd o O

: Qy, force equal emitier currents 10 flow through Q,, 0y, Qs and
Qs resulting in voltages V, and ¥} equal to :

==mVrlnA (4)
| Vb=mVTlnA - .’A ; (5)
where m is a relatively temperature-independent parameter to
aceount for certain nonlinearities in the p-n junction /- char-
acteristic, having a value in the range from unity to two [4], and
Vr=kT/q is the usual thermal voltage associated with a p-n
juncton. Therefore, the differential current flowing through R’
will be equal to
ip=@mVrin /R’ 0)
where it is seen that if R’ possesses 2 low-temperature
coefficient, then iy is increasing approximately lincarly with
absolute temperature. The differential temperature-dependent
outptit currents are (I, —ir) and (I + ip), respectively, where I
and I, should be chosen such that at a given operating tempera-
ture T,, we bave

(1= fr)lr,=(-[:+fr)lr,‘_ Iy @)
where Ig is the required operating current at To
Comparing (6) and (7) to (1), it is seen that the conversion
factor is given by . :
a=diy/dT=Q2mVr InA)/ TR’

which is relatively independent of temperature.
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Fig. 2. Acmal experimental carcuit

he base currents in.their respective circuits do not exactly

éanccl. However, due to the large A’s of the discrete p-n-p -

ransistors used (£ > 100), this effect is relatively unimportant.
'n practical monolithic circuits, nonunity ‘emitter area ratios
vould have been employed. Thus the current mirror reflecting
'atio can be set to unity and the aforementioned problems can
se avoided. The whole circuit, except the bias-current sources,
was placed in a temperature-controiled oven.

Fig. 3 shows the plots of the difierential current versus tem-
perature, for the cases of 50- , 100- , and 200-{) conversion
resistances, respectively. These resistances were of the metal film
type, which possess low absolute temperature coefficients of the
ilrd:r of 50 ppm/°C. The vertical axis of Fig. 3 is the difference
berween the actual current and the current at 30°C. It 1s clearly
;]sccn that .very good linearities and accuracies have been
;achicved1 even with a conversion resistance as low as 50 §2. The
measured slopes were approximately 2.5, 1.28, 0.61pA/°C for
‘LSO- , 100- , and 200-Q conversion resistance, respectively, which
is accurately equal to a ratio of 4.0:2.0:1.0 as expected. The
‘maximum measured absolute error was less than *4 percent in
the temperamre range of 0 to 100°C. it

CONCLUSIONS

We have described and experimentally demonstrated a simple
and elegant circuit for linear temperature to differential current
conversion. The circuit can be employed as part of the previ-
ously proposed general resistance converter [1] to obtain general
resistances with precisely prescribed temperature coefficients of
cither positive or negative type.
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PEAK-AMPLITUDE DETECTOR FOR
SINUSOIDAL SIGNALS

&

A circuil technique is proposed for detecting the peak ampli-
tude of a sinusoidal signal using Pythagoras's law withoul
requiring 2 simulhtancous equal-amplitude quadrature signal.
The number of four-quadrant multiphers rcquired is only
twao.

Iniroduction: Recently, Doorerhosch et _all nronscad -
meihod of peak-amplitude detec '

signals, resuling in thc SQUATC O1 IS PLan allipiiuus uiniy,
accordance with the following trigonometric identity:

(A sin wt)’ + (A cos wr)! = A? (1)
Doorenbosch et.al.! used the circuit in the automatic volume

control of a two-integrator oscillator,” whereby the required
approximately cqual-amplitude " quadraturc signals can be

rcadily tapped from the closed feedback loop. The various.

advantages of using this method of amplitude detection over
other methods, which involve rectification or peak detection,
have alrcady been discussed in Reference”] and will not be

repeated here.
In using the identity in eqn, | to detect the peak amplitude of

a gencral sinusoidal signal, 8 frequency-independent unity-gain -

quadrature phasc shifter will be needed. Simple differentiators
or integrators arc nol usclul, since the gain is frequency-
dependent. Other  conventional methods  using network

approximations arc usually narrow-band and not very accur-

ate. Recently, Barker® proposed a wide-band 90° phase shifier
without using any reactive clement; however, the péak ampli-
tude of the signal must be known beforchand in using the
circuil. Surfacc-acoustic-wave devices® can be designed 10 yicld
truc guadrature iaps; however, the method is narrow-band
and is applicable only at high frequencies. 1t appears that there
remains the problem of realising & quadrature phase shifter
with an accurate 90° phase shift over a wide bandwidth with
unily gain. ) '

In this letier we proposc a method of overcoming this prob-
lem by gencrating (A sin wt)? and (A cos wt)? signals directly,
thus avoiding the nced for & true wide-band unity-gain quadra-
ture phase shifter.

=
-1}
)
X1
Y3
Jda
—
Y= Asinwl
{ X2

Fig. | Basic circuit diogrom of peak-amplitude detector

Circuit description: Fig. 1 shows the basic circuit blocks of the
amplitude detector. Let v, be the input sinusoidal signal, with
peak amplitude A, and vs, vy be the output signals of the
differentiator and integrator, respectively, with equal time con-
stants 1. Therefore, ¥; and vy can be written 2s

)
(3)

v, = (A1w) cos wi

vy = —(Af1ew) cos wt

v, and v, are further multiplied by muhiphier 1 and the inpuol
signal v, is squared by multiplier 2. Thus the respective output
signals from the two multiplicrs are:

(4)
(5)

v. and v, arc substracted by the unity-gain difference amplifier,
resulting 1n

ve = —A? cos® wr

vy = A% sin? wt

ve = AX(sin® @t + cos? wr) = A7 (6)
which is the square of the pcak amplitude. The peak amphitude
itsell can be obtained, if required, by using a sgquarc-rool
circuil.

Any depd:izre from ideality will give rise to distortions in t.
Important sow - . *7 nonidcalitics are:

(a) The integrator pole cannot be exactly located on the jw
axis. Owing 1o the incvitable presence of offsct current charg-
ing the integrating capacitor, a parallel resistor is nccded



() Thc time consianis of both the dificrentiator and the inte-
grator are not exacily equal

(¢) The accuracics of the analogue multiphiers arc limited.

(d) The offset volinges from the integrator, the diflerentiator,
the multiphicrs and the dillerence amplificr are nonzero.

(¢) The gains of the dificrence amplifier are not cxactly cqual
for both signals.

(/) Fecdihrough exists al the muhipher oulput.

We will firsi consider the cfiect of non-jw pole location for the
integrator. Usually s large-value resistor R is needed in paral-
Je! with the integrating capacitor. 1If we let 1 = RC be'the inte-
grator and the differentiator time constants, then il can be
rcadily shown that the cfiect of R' upon the output signal of
multiplier 1 can be writlen as

—c A .
o s Aoy W v pi— YEnpsn ety - ()

where e = R/R' < 1,and y = 90" — 1an™ ! (wrt/c) is a very small
angle. Thus the man cffects are the introduction of small
sccond-harmonic distortions and a shght frequency depen-
dence of the output-signal amplitude. :

Error sources 2, 3 and 5 result in uncqual magnitudes of the
rms cos? w! and sin® wt, resulling also in slight sccond-
narmonic distortions.”. The offset signals from the outputs of
the inicgrator and the differentiator will cause fundamental
icedthrough at the outpul of intcgrator 1 as well as an in-
creased d.c. offsel voltage. Any fundamental feedthrough signal
at the multiplier outpuls will be simply transmiticd by the
tifficrence amphificr. Further error will result if a square-root
asircuit is employed 10 obtain the peak amplitude signal mslcad
of the square of the pcak amplitude,

The bandwidth of the practieal circuit, with fixed time con-
itanis for both the dificrentiator and the integrator, will be
arimarily determined by the dynamic ranges and the noise
evels of both circuits. At very low frequencies, the diflerentia-
or output signal can become ioo low and the integrator
sutput signal can become saturated. At high frequencies, the
‘everse 1s truc.

Sxperimental results and discussions: The circuit of Fig. 1 has
seen constructed and the operation has been experimentally
rerified. LF35) f.c1. inpul operational amplifiers have been
:mployed for the difllerentiator, integrator and difference
implifier. The output offset voltages of these functional circuits
iave been nulled to values smaller than +0-5 mY. MC1595s
vave been employed in the four quadrant muhipliers, where
are has been taken to ensure that the conversion gains of both
nuluplicrs are identical to cach other. The output offsct vol-
age of each muhipher has also been nulied 10 a value smaller
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peok anpul volioge , mV .

ig- 2 Plor of output voliage against input peak voltage of 1 k1iz sinusoi-
il signal

than 405 mV. The timnc constants of the intcgrator and dilfer-
entiator have been adjusted, such that they are within £+ 5%, of
cach other. The total system gain has been sct at 1/100. There-
fore, for & peak input kmphiude of 10 Y, the expecied outpul
voltage will be 1 V,

Fig. 2 shows the plol of the output voliage of the diflerence
amplificr against the peak amplitude of the input sinusoidal
signal, with fixed frequency at | kHz. 1t is seen that the slope of
the output volisge versus the input voltage is accurately equal -
to 2 as expected. The accuracy, however, deterioraled when the
signal amphitude 1s low. This is due to the fact that the output
signal level is of the same order of magnitude as the output
offsct voltage. The amplitude flutness with respect 1o frequency
has been checked by keeping the input signal amplitude fixed
at 2 V and varying the signal frequency. We have measured an
amplitude deviation of less than + 2% within the frequency
range where the peak output signals from the imegrator or the:
differentiator arc greater than 10 mV, up 1o just before satura-
tion. In the present experimental circuil, fundamental feed-
through and second-harmonic distortion also deicriorated as
the input signal amplitude decreased. At 100 mV peak input-
signal amplilude, the peak-peak sccond-harmonic distortion
was approximately 30% of the average ‘outpul-voltage level,
whereas in the range 1=10 V peak input-signal amplitude these
distortions decreased to less thun 19 of the average outpul
vollage,

We arc investigating the practical possibility of cmploying
the described peak-amplitude delecior in the automatic
volume control of Wien bridge oscillators.
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A Single-Transistor Full-Wave Rectifier

Abstraci—A simple full-wave rectifier using only 2 single transistor
with two matched resistors has been proposed and the basic perfor-
mances have been experimentally demonstrated.

1. INTRODUCTION

Full-wave rectifiers, which are also referred to as absolute value cir-
cuits, are widely useful in various electronic systems, for example, in
the compander [1] and expander [2] circuits in telephone systems.
Several methods of designing precision full-wave rectifiers can be found
in [1]-[5). However, all these existing circuits are rather complicated;
for example, in the circuits of [1] and [2], the full-wave rectifiers
actually occupy a substantial area of the silicon chips.

In this letter, a very simple full-wave rectifier using only a single

transistor and two matching resistors will be described. The circuit is’

capable of precise rectification with reasonably large amplitude signal
and it is suitable to be employed both in the discrete and integrated
applications.

I1. CircuiT OPERATION

Fig. 1 shows the circuit of the proposed full-wave rectifier. The two
resistors are assumed to be closely matched. The base bias voltage Vg
is assumed to be just high enough to drive the transistor into saturation,
where in the case of symmetrical V.. and Vgg, the required Vp is
approximately equal to ¥ gg of the transistor. For a first-order descrip-
tion of the circuit operation, we further assume that the collector-
emitter saturation voltage (VEga) and the base-emitter voliage
(Vgg) of O, are constant. Now as the signal voltage v;, goes negative,
@, is out of saturation and the output signal voliage is equal to

= (R/R)Vjn} = IUin)- (1

Ya |”in negative

When the signal voltage v;, goes positive, Oy is driven further into
saturation; and, since Vg gat @and Vg are assumed to be constant,
then

Uo]um positive — ViR’ @

From (1) and (2), it is clearly seen that the circuit operates as a full-
wave rectifier.

Departure from ideality in the actual circunit leads to inaccuracy in the
output signal. The major cause of inaccuracy is due to the variation of
VCEsat With signal amplitude at low-signal level. Other secondary
causes of inaccuracy are due to mismatches in the two resistors, effects
of finite g of 0, resulting in unequal collector and emitter currents, as
well as the variation of ¥ g with signal amplitude. At high frequencies,
further distortion results from the finite delay time for the transistor
to come out of saturation. In addition, both Voggar and Vg are
strongly temperature dependent, which further contributes to the
output inaccuracy.

It can be readily shown that the cumulative distortions due to all
secondary causes can be easily made less than +1 percent. In inte-
grated form, the required unity ratio tolerance of the matching resistors
of better than +0.5 percent can be easily achieved [6]). The inaccuracy
due to finite g is negligible, provided that g is greater than 300, while
the inaccuracy due to Vg variation can also be made less than +0.5

cc

v
EE

Fig. 1. The basic single transistor full-wave rectifier.
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Fig. 2. (a) Plot of V¥ versus v;. (b) Plot of (Vp;/2 = Vp,) versus vp;.

percent, for input voltage swings between F./2 and Vgg/2. There-
fore, the major cause of distortion, particularly at low-signal level, is
due to variation of Vg gap. -

Fig. 2(a) shows the experimental plot of Vg gat Versus Uj,, when
¥ g is set such that the circuit gives the best full-wave rectified sinusojdal
waveform. An estimate of the variation of V(g ga¢ With input signal
level can also be made analytically using the idealized Ebers-Moll
model, resulting in an equation similar to (1.9b) of [7]. It is seen



———— Theory
e ¢ ¢ FExperimental
[
104 —
o
z
o
=
S
£
51 5o
. 400 '
] 1
] []
/ H
i 2004 i
! '
) 1
: Qi i
—500-200 0 200 40Q
e i i ' ' Vi(mv)
=10 =5 0 5 10
(2)

v, (Volts)
i
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from Fig. 2(a) that the transition between the saturated and the unsatu-
rated regions of the transistor is gradual, resulting in rapid VoE gat
variation with vj, of less than +500 mV, such that the bottom peaks
of full-wave rectified waveform are rounded. Therefore, the peak
voltage of output waveform (Upo) is Jess than half of the peak-to-peak
voltage (Up;) of the sinusoidal mput signal. Fig. 2(b) shows the plot of
(Upil 2 — Upo) versus the peak of the input voltage (Up;). Itisseen that
this difference voltage remains relatively constant at 65 mV for peak
input voliage of greater than 500 mV. Therefore, for large input signal,
with peak voltage of several volts, the effect of nonzero (up,-/2 - vpo) is
negligible.

11I. ExPERIMENTAL PERFORMANCE

Fie. 3(a) shows the plot of the output voltage (Up) Vversus the input
voltage (v;), where it is seen that both the accuracy and linearity are
good for v; greater than 100 mV. The exploded view of the plot for
u; less than +500 mV exhibits relatively large amount of distortions,
particularly when v; is less than x50 mV. Therefore, in its present
simple form, the circujt is useful only for relatively large input signal.
Fig. 3(b) shows the superpositioned traces of the sinusoidal input signal
with the full-wave rectified output signal, where the peak-to-peak
amplitude of the input signal is 5 V. It is seen that the circuit perfor-

mance is very good as a full-wave rectifier, when the peak signal ampli-
tude is relatively large.

Distortions due to saturation delay time begin to be noticable only
when the input frequency is several tens of kilohertz or higher.

The basic circuit performance can be jmproved by using additional
circuits; for example, a relatively straightforward additional integrable
circuit can be employed to keep the coliector current constant, so that
V CE sat becomes less dependent upon the input signal amplitude. Dis-
sortions due to the variation in ¥ gg can also be virtually eliminated by
employing additional differential-pair voltage follower. Although
improved performances can be obtained, the resulting overall circuit
become rather complicated, and the advantage of single transistor
simplicity is Jost.
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An Integrable Electronically Variable Phase Shifter

S. POOKAIYAUDOM, K. DEJHAN, anD
C. WATANACHAIPRATEEP

Abstract—An easily integrable electronically variable phase shifter is
proposed and experimentally demonstrated. The circuit operation is in
the current mode, and it can be directly employed as 2 subsystem of
monolithic circuit. A temperature compensated bizsing circuit has also
been suggested.

I. INTRODUCTION

Phase shifters, having constant frequency independent gains, with
electronically variable phase shifts, are widely useful in many applica-
tions, for example, they can be employed as the frequency determining
elements in electronically tunable oscillators, or they can be directly
employed as phase modulators in communication systems. Madny phase
shifting circuits exist in the literature. However, the majority of them
have been designed using one or more operational amplifiers in conjunc-
tion with passive RC elements [1], [2]. Hence they are not easily
tunable electronically. In addition, they usually operate in voltage
mode. Thus, it is inconvenient to employ these existing circuits as
subsysiems of ‘'monolithic circuits, since additional cument-to-voltage
and vollage-tocurrent converters will usually be needed.

Msanuscript received July 10, 1978,
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Fig. 1. Practical circuit implementatian of the basic phase shifter.
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In this letter, a simple integrable electronically variable phase shifter
will be presented, where the phase shift is controlled by a current. The
circuit also operate in current mode. Thus it can be directly employed
in many monolithic circuits without extra conversion stages.

11. THEORY
Let r. be the small-signal forward-biased diode resistance, and i; be
the input signal current of the phase shifter. Suppose, for the moment,
that i; passes through a single pole low-pass filter with a time constant
of 2r.C, then we have:

i =i /(1 +52r.0). )
Let the output signal current of the phase shifter be:
o= 24— 2)
where upon substituting (1) into (2), we have:
ioli; = (1= s270)(1 +52C) ®)
which possesses unity amplitude independent of frequency.
The phase of the transfer function (3) is given by:
¢=-2tan" (wCar,). “)

Let / be the diode forward biased eurrent and Vo be the usual ther-
mal voltage associated with a p—n junction, we can then write (4) as:

¢=-2tan"! QuCV /D + (5)

where it is seen that for 0 <7 < =, we have -7 < ¢ < 0. Therefore, in
principle, phase shifts of close to 0 and -n can be obtained with very
large and very small biasing current; respectively. However, in practice
the uppper biasing current limit is around 10 mA due mainly to exces-
sive current drifts of current sources at higher cument level, while the
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Fig. 3. Improved biasing circuit for temperature compensation.

lower bound is limited by the level of acceptable signal distortions
generaied by the diode nonlinearities. Thus, the practical range of ob-
-tainable phase shift from a single stage phase shifter is substantially
smalier than the maximum range of 0 to —x. However, a phase shift
range of greater than w/2, centered around -n/2, can always be ob-
tained for a given frequency with judicious choice of the capacitance C.

ITL. PracTicaL CiRCUIT IMPLEMENTATION

Fig. 1 shows a practical realization of integrable circuit which will
give a transfer function of the form given by (3). Many other varia-
tions are also possible. Basically transistors Q) to Q4, with C shunting
@y and @, perform as a low-pass cascode current mirror filter, having
its pole Jocation controllable by the magnitude of the bias current /.
The output signal current 2i is related to the input signal cument 2i;
by (1). Transistors Qg and 0, also reflect input current i; to the
collecior of O3, giving an output current iy as defined in (2).

Fig. 2 shows the experimental results of the circuit of Fig. 1, which
has been simulated with n-p-n transisior array (LM3046) and selectively
matched discrete p-n-p transistors. It is readily seen that the expen-
mental results agree well with the theory of previous section. It has
also been experimentally confirmed that for a fixed amplitude input
signal current, distortions which are primarily second harmonic in-
crease as the diode bias current decreases. Therefore, to ensure rea-
sonably large signal current amplitude dynamic range, the diode bias
current should not be lower than 200 pA. At this current level, a sig- .
nal current amplitude of 10-15 uA does not produce any appreciable
distortion.

1V. CirculT IMPROVEMENTS

Two disadvaniages are apparent in the phase shift expression of (5).
First, it is strongly temperature dependent due to the presence of the
thermal voltage V. Secondly, the phase shift decreases with increasing
controlling current, which can become inconvenient in actual applica-
tions, where increasing phase shift with controlling current character-
istic .is usually preferred. Fig. 3 shows a biasing circuit which reduces
both the aforementioned disadvantages. Transistors 0; to 04 generate
a temperature dependent current /3 given by [3]:

Iy=Vplnao/R' (6)
where « is the ratio of the emitter areas of @; to 05, while transistors
Qg to Q3 generate a current / given by [4]:

I= 1314/1'1 = VTL; in IIHIR' (7)
where [ is a variable current. The current [ is then reproduced into
two tracking currents by transistors Qy4 10 @53, which are then em-
ployed to bias the two diode branches of Fig. 1. Upon substituting

~(7) into (5), we have:

S5 =% ' :

¢=-2tan"? {W(2CR'/I4 In o)l } (8)
where it is seen that, provided that CR'/I; In e possesses Jow’ tempera-
ture coefficient, the resulting phase shift ¢ is relatively temperature
independent, and is increasing with [y, which is now the contrelling
current,



PROCEEDINGS OF THE IEEE, VOL. 67, NO. 1, JANUARY 1979

CONCLUSIONS

We have proposed and experimentally demonstrated a simple inte-
grable electronically variable phase shifter. A temperature compensated
biasing circuit, which also inverts the phase shift controlling current
relationship, has also been described.
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Electronically tunable filter blocks
S. POOKAIYAUDOM, K. DEJHAN and
C. WATANACHAIPRATEEP
Faculty of Engineering King Mongkut's Institute of Technology,
“Ladkrabang Campus, Ladkrabang, Bangkok Thailand

Circuit blocks, suitable forintegrated circuits, for realizing electronically tunable
high-pass and low-pass filters, where the relationship between the controlling
signal and the cut-off frequency can be both linear and inverse, are presented.

1. Introduction

Filters with electronically tunable characteristics are very useful in many
applications, for example in adaptive filtering. Electronic tunability can be easily
realized by varying the bias currents of pn-junction diodes, which form parts of the
RC circuit. Grimbleby (1977) described one such approach using a capacitively
emitter-coupled differential guartet (Pookaiyaudom and Kuhanont 1977).
Recently, Pookaiyaudom el al. (1979) also described another circuit, relying upon
the same basic principle of varying the pn-junction forward biased diode resistance,
to obtain an electronically tunable all-pass network. The use of & capacitively
emitter-coupled differential quartet in the approach of Grimbleby (1977) resulted in
a great deal of dificulty with instability. In the second approach of Pookaiyandom ef
al. (1679), a capacitively loaded current mirror bas been employed, resulting in a
circuit free from potential instability.

In this paper, we shall propose and experimentally demonstrate electronically
tunable Jow-pass and high-pass filter blocks, also relying upon the principle of
variation of the forward biased resistances of pn-junction diodes. These filter blocks
can be cascaded to form a tunable band-pass filter, where the centre-frequency and
the bandwidth can be independently tuned. The circuit prineiple as will be proposed
here is suitable for integrated circuits. A biasing circuit to obtain temperature
insensitivity will also be described.

2. The basic circuit blocks

Figure 1 shows the basic Jow-pass filter. Transistors ¢, to ¢, form a cascode
current mirror, with capacitor C; connected parallel to the mirror input. It can be
readily shown that the circuit transfer function is given by:

i/i;=1/(1+82r.C,) (1)

where the cut-off frequency is given by

-

Wiap=1/2r.C,=1,/2mV:C, (2)

where V; is the usual thermal voltage associated with a pn-junction and /, is the
diode bias current, r, is the small-signal forward biased diode resistance; and m is the

Received 7 November 1978; accepted 27 November 1878,
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Figure 1. The tunable low-pass circuit:

vCC

5% 5%l 5k

Figure 2. The basic high-pass circuit.

usual parameter accounting for certain non-linearities in the diode characteristic,
having its value lie in the range between 1 and 2.

Figure 2 shows the basic high-pass filter, where it can be easily shown that the
transfer function, in the case of perfect current mirror matching, is given by

T:D/?:i=S2Tc02/(l +82chl) (3)
The cut-off frequency is again given by

Wsgp=1/2r.C;=1,/2mV+:C; (4)
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It is seen that in both cases of eqns. (2) and (4), the lower and upper cut-off
frequencies are lincarly related to the bias currents /, and /, respectively. The signal
currents in both cases should also be considerably smaller than the biasing currents,
s0 that the non-linearities resulting from the exponential forward bias charac-
teristics of diodes are small. Therefore, the minimum biasing current will be
determined by the magnitude of the peak signal current. In practice, the biasing
current should be kept at Jeast an order of magnitude greater than the maximum
peak signal current. The upper limit of the biasing current is primarily limited by the
increased inaccuracy in eqns. (1) to (4), since at high current levels r s are small and
various series contact and semiconductor bulk resistances are becoming more
significant. From our experiments using integrated transistor arrays (CA3046), a
practical upper limit of the biasing current is around 5 mA. If the maximum peak
signal current is limited to 10 pA, then a practical variation range in the biasing
current is from 100 pA to 5 mA, resulting in a dynamic range of 50, which is adequate
for most applications.

The efiect of current mirror mismatehes in the circuit of Fig. 1 will result in an
equation of the form

ifir =1 e )+ 820005 \\ )

where ¢, is 2 small number, resulting from the mismatches associated with @, to ¢,
and also between the two biasing current sources.

In the circuit of Fig. 2, if ¢, be a small number associated with the mismatches in
Q) to Q, and @ to @, and ¢, be a small number associated with the mismatches in

Qs, Qs Qg and (o, then
.e‘D/gi—_-l(s:‘ —£,)+82r.Co(1 +e5))/[1 +827,.C5] (6)

where it is seen that the main effect due to mismatches is that the current gain
approaches a finite value (£;—£;) as the frequency decreases towards zero.

3. Experimental results : .
Figures 3 (a) and (b) show the experimental plotsof the current transfer functions
of the eircuits in Figs. 1 and 2 respectively. The theoretical plots of perfect matching
cases in eqns. (2) and (4) have also been displayed for comparison. In both circuits all
npn transistors are in the form of array (CA3046), while selectively matched discrete
pnp transistors have been used for the negative current mirrors. The Vg matching of
these discrete pnp transistors have been selected to be better than +1mV. The
emitter balancing resistors in the circuit of Fig. 2 have 19, tolerances. It is seen from
Fig. 3 that in the case of the low-pass filter the measured performance agreed well
with theory even at frequencies well beyond the cut-off point, while in the case of the
high-pass filter current mirror mismatches limit the attenuation factor as the
frequency decreases. In our calculations, an m value of 1'15 has been used.
" Figures 4 (a) and {b) show the plot of the measured 3 d B cut-off frequencies versus
the biasing current for both cases of the Jow-pass and high-pass filters respectively.
The results clearly show that the 3dB cut-off frequency varies linearly with the
biasing current, having both positive slope and origin intercept, as expected from
eqns. (2) and (4) respectively.
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Figure 3. (a) Plot of the amplitude characteristic of the low-pass cireuit. (b) Plot of the
amplitude characteristic of the high-pass circuit.

4. Temperature compensation

From eqns..(2) and (4), it is seen that the 3dB cut-off frequencies are inversely
proportional to the thermal voltage Vo, which is itself linearly related to the absolute
temperature 7". Therefore, the 3 d B cut-off frequencies, at the moment, show a strong
inversely related relationship with the absolute temperature. This apparent
disadvantage can be readily corrected by using temperature-dependent current
sources. Figure 5 shows such a suitable biasing circuit, generating a linearly variable
current as well as being directly related to the absolute temperature. Transistors @,
to ¢, generates a temperature dependent current (van Kessel and van de Plassche
1971) of the form

Iy=(Vilna)/R : (7)

where « is the emitter area ratio of ¢, to ¢,. The emitter balancing resistors R's are
used to help balance the current ratio of the negative current mirror, where in our
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Plots of the cut-off frequencies versus the controlling current for (a) the low-pass

experimental circuit we have employed discrete pnp transistors, while in an actual
monolithic circuit low performance lateral pnp transistors would be employed

instead. Both cases would require emitter balancing resistors to obtain adequate
unity current ratio accuracy.

and

Upon substituting (8) into (2) and (4),

Waap| =(na}l/CmiIR'C))
Lp

Wygp| =(Ina)l,/(2miC,)
HP

Transistors g to @, generate an output current I of the form (Gilbert 1968)

(8)

(9)

(10)
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Skil 510

Figure 5. The biasing circuit {for temperature compensation.

Now provided that the terms IH'C; or I R'C, possess low temperature coefficients,
the 3dB cut-off frequencies for both cases of the low-pass and high-pass circuits
should also be relatively independent of the temperature.

In addition, instead of Jetting J; be a variable eurrent source, we can.
alternatively let 75 be the variable controlling current, so that the cut-off frequency
is inversely related to the controlling current.

5. Tunable band-pass filter

The basic Jow-pass and high-pass circuits can be readily cascaded to form a very
versatile electronically tunable band-pass filter, wherc the upper and lower cut-off
frequencies can be independently varied electronically. Such a circuit could be usef ul
in various electronic systems, for example, in adaptive filtering applications in high
quality audio systems. As an example, we will consider the following possibility; in
the absence of a high frequency audio signal, the upper cut-off frequency of the filter
can be set low, so that high-frequency noise and scrateh sound are reduced. Upon
detecting the presence of ahigh-frequency signal, the upper cut-off frequency can be
automatically increased so that the high frequency audio signal is unattenuated.

6. Discussion and conclusions

1n this paper we have described and experimentally demonstrated circuit blocks
for realizing electronically tunable low-pass and high-pass filters, where both linear
and inverse relationships between the controlling signal and cut-off frequency can be
obtained, which are suitable for integrated circuits.

One salient feature which should be pointed out is that the circuits operate in the
current mode, having low input resistance and high output resistance. Therefore,
they are eminently suitable as subsystems of a larger monolithic circuit. However, in
stand-alone applications a single-ended voltage to current converter will usually be
needed at the front end. Such a circuit can also be directly integrated into the same
chip, but is left internally non-connected, so that either the voltage or current mode
of operation is available. ‘
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Synthesis of Current-Controlled Nonlinear Impedances

S. POOKAIYAUDOM, K. DEJHAN, anp
C. WATANACHAIPRATEEP

Abstract—An iniegrable circujt technique is employed to obtain s
class of current-controlled nonlinear impedances which is complemen-
fary o the recently proposed voltage-controlied class of nonlinear
impedances,

: INTRODUCTION

_ Recently, Pookaiyaudom ef al. [1] proposcd an integrable circuit
principle for synthesizing voltage-controlicd nonlinear impedances,
where the words nonlinear impedances are used to denote certain cir-
cuit elements having the ratios of terminal voltages to currents depen-
dent upon both the magnitudes and the frequencies of these quantities,
Owing to the voltage-controlied nature of the circuit, the class of non-
linear impedances obtainable is restricted. There exists also a comple-
mentary class of current-controlled nonlinear impedances, where some
of the elements cannot be sealized by the voltage-controlled class of
circuils. As an example, we will consider the synthesis of nonlinear
resistances.  The class of nonlinear resistances obtainable, using the
voltage-controlled circuits, is restricted 1o cases where for each given
terminal voltage, there corresponds only one terminal current. How-
ever, two or more distinct terminal voltages can correspond to a com-
mon terminal current. On the other hand, the complementary class
of nonlinear current-controlied resistances is restricted 1o cases, where
for each given terminal current, there comesponds only one terminal
voltage, whereas twg or more distinct ferminal currents can corre-
spond 10 a common terminal voltage.

It is the purpose of this letter to propose an integrable circuit to
rotate & given nonlinear voltage-controlled impedance, as syntheslzed
‘. by the method of reference {1], to its complementary cunent-

controlled version. :

CircuiT DESCRIPTION

Fig. 1(a) shows a modified circuit principle of reference {1], where
for the sake of simplicity, only two differcntial pairs (@3, @7) and
(€3, 0a) will be employed as vollage to currenl converters to provide
nonlnear characteristic.  More complicaled nonlinear characteristic
can be realized by employing more differential pairs in paraliel with
the existing ones. The dynamic ranges of the differential currents
passing through Z, and Z, are +/; and 1/,, respectively. The active
load @5 to @y injects cument i3 = 2(f; - i;) into the cument mirror.
Qg to 00, which [unctions as a voltage level shifier. The output cus-
rent of the cument mirror will flow throegh R, in the direction as
shown in Fig. 1(a), which will be denoted as i = -2(iy - i3). There-
fore, the ratio of the differential change in the output voltage scross

- Ry 10 the differential change in the input voltage is given by 4

2R (Y, = Y2), w/IZy S 1y, vwliZa1 20,

=
(Bualbugy= 2R5Y, .Ulfi21|>11.vlflzzi._fz_ )
-2R, Y, SONNZ ST, w291 > 1
0 w12y >0y, 0 /1290 > 1y

The actual circuit performance will be accurately 1epresented by (1)
if high-performance differential voltage-to-current converters [2] are
used instead of the simple differential pairs.

Fig. 1(b) shows the additional circuit, which will inject the input
current {;' through R, while the output voltage across R, will be re-
flected to the input node by the differential pair 0%, @5. The differ-
ential input resistance looking into the emitter of ) will be approxi-
mately equal 10 7y = ¥/, where 7 is the bias current of 0}, and Ve
is the usual thermal voltage associated with a p-n junction. The voliuge
appears across R will be equal to | )

126} =Rl£l- i (2)
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Fig. 1. (8) The circuit to generaie nonlinear impedance characteristic.
(b) The curreni-controlled nonlinear impedance generator.

where it has been assumed that the input current iz is flowing out of the
input node. )
The voltage at the input node will be simply given by

U=y, (3)

From equations (1), (2), and (3), it is seen that thF differential input
impedance at the input node will be approximately given by

-2R Ry (Y - Y2), /12yl S uNiZ 81,

2R {R,Y N2> I v ZA ST

Z, = (suy/sip = 1R272 1231 > 1y, vifl2al 242 4
-2R\R; Y, 2SI, v\ Za > 1;
0 yNZ g >Tg,0 129 > 1z

The circuit as shown in Fig. 1(b) will give a grounded current-
controlled nonlinear impedance. The floating version can be readily
realized with additional circuit to eject i from the output node, while
the voltage difference between the input and the -output nodes is equal
to the voltage drop across Ry, Very similar crcuit has been employed
in reference [3] to realize a current-controlled floating negative im-
pedance converter, Since the-extension from the circuit of reference
[3] to the present circuit will be relatively straightforward, we will
not discuss it further here.

The function of the circuit of Fig. 1(b), excluding the Fig. 1(a) por-
tion, can be considered 2 special case of the “reflector” as proposed by
Chua [3]. However, in using (4) or its more complicated versions using
more than two differential pairs in Fig. 1(a), current-controlied non-
linear impedances can be realized in 2 more: direct manner than using
the concept of “reficctor.” '

As with the case of voltage-controlied nonlinéar impedance synthesis,
care must be taken to prevent the circuit from self-instabilities. It has
been pointed out in reference [4] that purely negative capacitance can
be stably realized in current-controlled negative impedance convertcr.
1t has also been found in our present nonlinear impedance circuit that

1571
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Fig. 2. (a) The synthesis impedance of series resistor and negative im-
pedance, where the vertical scales are 0.5 V/div and 0.1 V/div for the
upper and lower traces, respectively, and the horizontal scale is 0.05
ms/dlv. (b) The series negative inductance is saturated for part of
the cycle. The vertical scale is the same as case (2), while the hori- -
zontal scale is 0.05 ms/div. (c) The series resistance is saturated for
part of the cycle. The vertical scales for the upper and the lower

traces are 2 V/div and 0.2 V/div, respectivel hiie 1.
scale is 0.002 s/div. #ke P viwille Eoe RocRRIES

negative capacitance can be realized as part of the nonlinear impedance
without self-instability problem. However, negative inductance cannot
be stably realized as part of the nonlinear impedance.

EXPERIMENTAL RESULTS AND DisCUSSIONS

The validity of the circuits of Fig. 1(a) and (b) have been experimen-
tally verified by using transistor arrays to breadboard the circuit. Fig. 2
shows the oscillograms of a particular experiment, where the triangular
traces represent the input voltage of a single ended voltage-to-current
converter, having a conversion resistance of 20 k. The converted
current is then injected into the input node 2. The lower traces show
the voltage appearing across node @ for different input current condi-
tions. The impedances Z; and Z, of the differential pairs (0, Q2) and
(03, Q4) of Fig. 1(2) are purcly capacitive and purely resistive, respec-



1572

tively, where the capacitance and resistance magnitudes are respectively |

equal 1o 0.027 uF and 11 k2. The current sources ]y and /, are set at
50 pA and 100 pA, sespectively, while all other current sources are set

al 500 pA. The voltage conversion resistances R) and R, are both

cqual to 10 k€.

Fig. 2(a) shows the case when the impedance is equal 1o 2R.,R2(1/R -
SC), that is, a resistance in series with a negative inductance. Fig. 2(b) :

shows the case in which the negative inductance part is saturaied when

the input triangular current reaches the upper and lower peak regions, *

while Fig, 2{c) shows the case in which the resistance is saturated at the
upper and lower peak regions of the input current,

In conclusion, it is seen that the present current-controlled nonlinear
impedance synthesis method can be employed to generate highly com-
plex nonlincar impedances which are complementary to the class of
nonlinear impedances generated by the voltage-controlled circuit as
given in reference [1].

REFERENCES

{1] S. Pookaiysudom and C. Surawatpanya, “‘Integrable circuit prin-

ciple for synthesizing voltage-controiled nonlinear impedances,” .

Proc. IEEE, vol. 66, pp. 12B0-1281, 1978.

[2) S. Pookaiyavdom, W. Sursksmpontiom, and T. Kuhanont, “Inte-
grable electronically variable general-resistance converter—A °
vorsatlle active circuit element,” IEEE Trans. Circults Syst., vol. .
CAS-25, pp. 344-353, 1978. N

[3}] L. O. Chua, “Synthesis of new nonlincar network slements,” -
Proc. IEEE, vol. 56, pp. 1325-1340, 1968.

S. Pookusiysudom asnd W. Surakamponiorn, “An iniegrable pre-

fa]
. cislon current-controlied negative
IEEE, vol. 66, pp. 706-708, 1978. |

mpedance converier,” Proc.

PROCEEDINGS OF THE IEEE, VOL. 67, NO. 11, NOVEMBER 1979

0018-9219/79/1100-1572500.75 © 1979 IEEE





