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ABSTRACT

This thesis is concerned with development of circuit concepts and new design aimed at
using translinear loops to realize nonlinear circuits that have wide dynamic range and wide
bandwidth. Sinusoidal frequency doubler circuits have been developed, where three design
strategies are proposed. First, the implementation scheme uses translinear bipolar second-
generation current-controlled conveyors (CCCII) together with current sources and current
mirrors. Second, the circuit consists of four CCCII with resistors as the only external components.
Third, the circuit consists of three CCCII with resistors as the only external components. The
proposed circuits can efficiently double frequencies of sinusoidal signals and have good high
frequency response with low harmonic distortion. In addition, They can be adapted to work as a
full-wave rectifier by adjustment of an external resistor. Moreover, a new design to improving
performance features of a voltage-to-current (V/I) converter circuit is proposed, which is based on
an Operational Transconductance Amplifier (OTA) integrated circuit. The V/I transconductance
gain is insensitive to temperature and the input differential voltage swing limitation of the OTA
integrated circuit is alleviated. New circuits for the temperature-insensitive general-grounded
resistance converter, instrumentation amplifier, electronically tunable gyrator, and analogue
multiplier are presented. To confirm the work ability of all theories made in this thesis, prototype
circuits were constructed on prototype boards. Experimental results showing the performance of
the proposed circuits are presented. Simulation results using PSPICE program are also presented

and compared with the experimental results.
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Measurements were performed using three voltage/current
source-measure units and an on-waler probe station. The 1.1kQ
hias setting resistors were used to monitor the current. Fig. 3 gives
the current transfer characteristics of the circuit. The voltage
swing of ¥, is 1.6V < ¥, < +1.3V, which corresponds to a gate
voltage swing of 620mV > V,, > —520mV. The current transfer
characteristics in Fig. 3 are not completely linear, but are suffi-
ciently close for use within many applications including opera-
tional amplifiers, transconductors, and many other negative
feedback systems [8].

Vy=3.5V

LT,

b

sk

Fig. 2 Negative inverting, voliuge-following current mirror with cross-
coupled gate connections and necessary change of cross-coupling of
gates to shift operation point 1o V,, = -

a Inverting current mirror
b Change of cross-coupling of gates
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Fig. 3 Current transfer characteristics

The limited gate voltage swing is due to the non-ideal FET
characteristics of the MODFETs around ¥, = 0. The source-drain
current of the MODFET devices saturates as a function of source-
gate voltage near 0 V. This undesired saturation characteristic of
the Si:SiGe MODFET device is the result of three effects [9): (i)
high source and drain contact resistances; (ii) parallel conductance
in the supply layer under forward bias conditions reducing the
average channel mobility; (iii) high gate-drain fields resulting in
velocity saturation. Improvement of the I,/¥,, characteristics can
be achieved by the following respective steps: (i) self-aligned
processing of the source-drain regions to the gate and improy :d
annealing of the Ohmic contacts; (if) decreasing supply layer this k-
ness: (iif) increasing oxide thickness. Changes to the circuit to
define the operating point of ¥, at ¥, = 0.3V will increase the
gate voltage swing. A possible solution is illustrated in Fig. 2b.
This circuit, whilst less elegant, is still feasible for monolithic inte-
gration, but increases the number of probes required for wafer-
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probed circuit construction, making reliable operation difficult to
achieve.

Conclusion: This Letter demonstrates for the first time the feasa-
bility of realising current-mirrors in Si:SiGe MODFET technology
for potential high frequency applications. The measurements have
shown good linearity for a gate voltage swing of 1.1V. Improve-
ment in circuit operation should be possible with the suggested
enhancements in device structure and improved processing tech-
niques.
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Sinusoidal frequency doubler and full-wave
rectifier using translinear current conveyor

W. Surakampontorn, K. Anuntahirunrat and
V. Riewruja

A simple circuit design technique for realising both a sinusoidal
frequency doubler and a full-wave rectificr, employing a
translinear current conveyor and current mirrors as active circuit
clements, is proposed. The implementation method uses the
inherited translinear loop of the translinear current conveyor o
perform frequency doubling and rectification. The performance of
the scheme is demonstrated by PSPICE simulations.

Introduction: Recently, the translinear current conveyor has
received much attention relaling to the design and implementation
of current-mode function circuits with electronically tunable char-
acteristics, such as oscillators, multipliers and filters [1 — 4]. These
design methods take advantage of the terminal resistance Ry,
which can be varied by means of an exlernal bias current, that
appears at port X of the conveyor. This terminal resistance is due
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to the input resistance of the dual translinear locp inside the con-
veyor. Recently, it has been demonstrated that a dual translinear
loop which works as a class AB amplifier can be used to imple-
ment both a sinusoidal frequency doubler and full-wave rectifier
[5]. This Letter proposes a simple frequency doubler and full-wave
rectifier circuit that employs a translinear current conveyor and
current mirrors. The design makes use of the dual translinear
characteristic of bipolar junction transistors associated within
translinear current conveyors, where this characteristic is moni-
tored from the supply-line currents.

Fig. 1 Principle of proposed scheme

Circuit description:

(i) Principle: The block diagram of the proposed sinusoidal fre-
quency doubler and full-wave rectifier circuit using a translinear
current conveyor and current mirrors is shown in Fig. 1. Currents
I, and I, denote, respectively, the positive-supply current and neg-
ative-supply current of the conveyor, and [, is an external bias
current. In this realisation scheme, the input signal voltage Vi is
converted to an input signal current f,, by a converting resistor
Rg; the phase split output currents of the supply-line leads of the
conveyor are sensed by the current mirrors CM1 and CM2 and
then recombined to produce a unipolar output current Joy7 [6],
and the current source I, is used to compensate the DC current at
the output port. Fig. 2 shows is the circuit of the block diagram of
Fig. 1. If we assume that the transistor’s common-emitter current
gain B > 1, @, and Q, are closely matched and Q, and Q, are
closely matched, and all the current mirrors have exact unity gain,
then the relationship between currents I, I, L, Iy, I, and I, can
be expressed as

L= {[{Im)? +4(Io)1? - Im} /2 (1a)
b= {lUm) + 41 + I} /2 ()
Hpre= D80, @

Igp =3lp+ 20 (3)
Because the current mirror CM2 reflects current /, in order to add
with the current [, current mirror CM1 reflects current /, + /g to
the output node, and the constant current source I, compensates
the DC current, the output current ; becomes

Tour =2 {(I1n)? + 4(Io)?}'" (4)

where, from eqns. | — 3, current [, = 5/,.

(ii) Sinusoidal frequency doubler: For a sinusoidal signal, the input
signal current I,y = 1, sinot. If we set k, = (L, P/AI,F, the signal
amplitude |7} << 4/, and power series of the form V(1+x) = 1 +
($)x — (§)x* +... are employed. Then, eqn. 4, for k, < 1, can be
approximately written as [5]

IouT = Ipc + 2w cos 2wt (5)
where
& 1, 3,3, 5 13
Ipc = {1 + 3k 64(k‘1} + 256“61) }‘Uo (6a)

15

512

1 1
Tre = 4 =1k + = (ka)? —
2 { 4:+16(1)

(m"‘} o (60)

2078

It is clearly scen that the output current contains the DC compo-
nent and a signal in which the [requency is twice the input signal
frequency.

(iti) Full-wave rectifier: From eqn. 4, on the other hand, if we
choose the signal current such that |I,,| >>41,, then the translinear
loop will operate in class B mode. This means that

I ~0 and I;=2fx forjn >0 (Ta)
and

L ~2;xy and fp~0 forIry <0 (7h)

Therefore, the output current [,,; = 2|/,4 It can be clearly seen
that, in this case, the circuit functions as a full-wave rectifier.

|

3 )
Fig. 2 Circuit diagram of sinusoidal frequency doubler and full-wave
rectifier

Simulation results: The performance of the circuit in Fig. 2 was
studied using PSPICE. The simulation was carried out using the
bipolar transistor parameters of 2N3906 and 2N3904 pnp and npn
transistors, respectively. The bias current [, was set to 0.1mA, [, =
0.5mA, and Vee = —Vg: = 5V. Fig. 3 shows the performance of
the proposed circuit when working as a sinusoidal frequency dou-
bler. The peak-to-peak amplitude of ¥y is 1V, the test frequency
is 100kHz, and R and R, are chosen to be 5k consequently, k,
= (.25. An error from the predicted value of eqn. 6 of ~0.9% was
achieved. A harmonic distortion of ~1.1% and bandwidth of
SMHz were observed. Note that, owing to the similarity of the
methods, the proposed circuit gives a response similar to those of
the circuits in [5] and [7]. The full-wave rectifier response is shown
in Fig. 4, where the peak-to-peak amplitude of the input signal is
1V, the test frequency is 100kHz and R, = R, = 2k A percent-
age error of ~1.4% was observed.

5 10 15 20
time,us
Fig. 3 Sinusoidal frequency doubler simulation result

Upper trace input: 400pA p-p
Lower trace output: 48pA p-p

Conclusion: It has been shown that a sinusoidal frequency doubler
and full-wave rectifier circuit can be realised by using a translinear
current conveyor and current mirrors as active circuit elements.
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Frequency doubling and rectification are performed by employing
the dual translinear characteristic associated within the current
conveyor, where this characteristic has been monitored from the
supply-line currents. PSPICE simulation results confirm the per-
formance of the proposed circuit.

Fig. 4 Full-wave rectifier simulation response

Upper trace input: lmA p-p
Lower trace output: lmA p-p
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Weak inversion four-quadrant multiplier and
two-quadrant divider

Cheng-Chieh Chang and Shen-Iuan Liu

A four-quadrant multiplier and a two-quadrant divider are
presented. The proposed circuits are implemented by MOSFETs
operating in weak inversion and are therefore suitable for low
voltage and low power applications. Their performances were
confirmed by HSPICE simulation using a 0.8ym CMOS process.
The multiplier can operate under a £0.75V supply voltage and its
linear input range is ~0.125pA with crror < 2%. The input range
of the divider is 0.5 — 2pA and the error is < 3% for divider
current < 60nA.

ELECTRONICS LETTERS 29th October 1998 Vol. 34

Introduction: Low power consumption techniques have become
more and more important in modern VLSI technologies. To real-
ise low power circuits, one promising solutions is to use MOS-
FETs which operate in weak inversion. Because of the exponential
law of MOSFETs in weak inversion, it is casy to implement the
various current-mode circuits, such as one-quadrant multiplier/
dividers and square-rooting circuits, etc. [1 - 4]. Moreover, several
interesting analogue signal processing circuits using MOSFETs in
weak inversion have also been developed [1 — 6]. In this Letter, we
propose a circuit which can provide four-quadrant multiplication
and two-quadrant division. Simulation results are given to verify
the theoretical analysis.

b (E==D)]
Fig. 1 Conventional one-quadrant muhdiplier/divider and proposed four-
quadrant multiplier and two-quadrant divider

a Conventional one-quadrant multiplier/divider
b Proposed four-quadrant multiplier and two-quadrant divider
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Fig. 2 Typical time-domain response of proposed multiplier

Circuit description: The conventional one-quadrant multiplier/
divider is shown in Fig. la. The drain current for a PMOS transis-
tor in weak inversion is given by [1 - 6]

Vsg + (n = 1)Vsp
nlr

Io = Ionesp W
where I,,, is the leakage current, # is the slope lactor and U, (=kT/
q) is the thermal voltage. Assume that all the transistors in Fig. 1a
operate in weak inversion. According to eqn. 1, the relation

Ll =5l 2)

can be obtained where currents I, I, 1, and J, must be positive.

Fig. 1b shows the proposed multiplier and divider. The core ele-
ments are transistors mp2, mp4, mp5 and mpé. Transistors mpl,
mp3 and mp7 duplicate the currents of mp2, mp4 and mp6,
respectively, to be I, /,,, + 1, and /,; + /,. Both I, and [, can be
positive or negative (if [7,,|, I,z < ). The current I, in Fig. 1
can be expressed as

It = Impr + Imps = Ip + (Tsny + D) (Tinz + L) /Iy (3)
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Temperature-Insensitive Voltage-to-Current
Converter and Its Applications

Wanlop Surakampontorn, Member, IEEE, Vanchai Riewruja, Member, [EEE, Kiattisak Kumwachara,
Charray Surawatpunya, Member, [EEE, and Kongsak Anuntahirunrat

Abstract—A novel voltage-to-current (V/1) converter circuit is
proposed, which is based on an Operational Transconductance
Amplifier (OTA) integrated circuit. The V/I transconductance
gain is insensitive to temperature and the input differential volt-
age swing limitation of the OTA integrated circuit is alleviated.
New circuits for the temperature-insensitive general-grounded re-
sistance converter, instrumentation amplifier, electronically tun-
able gyrator, and analog multiplier are presented. Experimental
and simulation results that demonstrate the performances of the
V/T and its applications are also included.

. INTRODUCTION

OLTAGE-TO-CURRENT converters (V/1's) are very
Vusefu] circuit building blocks in analog instrumentation
and electronic systems design. For example, they are employed
in the realization of active network elements, filters, oscillators,
instrumentation amplifiers, and gyrators [1]-[5]. One of
the well-known V/I's that is widely used is an operational
transconductance amplifier (OTA) integrated circuit. The OTA
is a commercially available, low-cost device that incorporates
all the attractive features of an operational amplifier (op-amp).
The attractive features of the OTA are that it has significantly
higher bandwidth than an op-amp, the transconductance
gain g, can be linearly controlled over more than four
decades, it is casy to implement in monolithic integrated
form, and it leads itself to a very simple filter configuration.
However, there are two major limitations in the design of
circuit with commercial OTA's. The first limitation is that
the transconductance gain g,, is inversely proportional to
temperature. This causes the characteristic of the OTA-based
circuit to be strongly dependent on the temperature, which
is undesirable. The second limitation is that the input stage
of the OTA is a conventional differential pair. Therefore. the
OTA differential input voltage is limited to less than 50 mV
for linear operation. These limitations can be overcome by
the use of the compensation schemes in the [6]-[9]. However,
when using these approaches, the temperature sensitivity of
m can be reduced by some order of magnitude and only the
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Fig. 1. Circuit diagram of the temperature-insensitive Ve

compensation scheme of [6] can climinate the input voltage
swing limitation.

In this paper, a novel technique to realize temperature
insensitive OTA-based V/I converter is described. The OTA
differential input voltage swing limitation is also alleviated.
The V/I exhibits wide linear electronically tunable range with
the bias currents ratio. The proposed V/I is then employed
to construct the temperature insensitive gencral grounded
resistance converter, instrumentation amplifier, tunable gyrator
and analog multiplier circuits.

[I. CIRCUIT DESCRIPTION

The proposed temperature-insensitive OTA-based V/1 con-
verter consisting of two OTA’s is shown in Fig. 1. Both
OTA’s are connected in such a way that their temperature
dependences are properly compensated. OTAL is formed us an
electronically tunable resistor and an impedance Z, function
as a voltage divider circuit. In order to compensate the
temperature dependence of the transconductance gain, the
voltage across the OTAI is then used as the input voltage
for the OTA2. If ¥, is the input voltage, V. is the voltage
across the impedance Z, I. is the output current, and g, and
Um2 are the transconductance gains of the OTAl and OTAZ,
respectively; then, from routine circuit analysis of the Fig. |.
we can write

!jle:-

= —————¥ (1
l+gml£1 ! }

0018-9456/99510.00 © 1999 IEEE
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and

-[‘: = !}mz(‘/y - VL} (2}

where ¢y = Ip1/2V7, gm2 = {B:2/2V7 and Vr is the
thermal voltage. Solving for the output current /., we obtain
2

= —V,. 3
L (1 +!fmlz.1.') Y (J)

Equation (3), if by design we let g,,1 2, > 1. then output
current can be approximately given by

.(J'm'_’\",y
Ul Zr

1= (4

S0

~ IV,

* T IpiZ,
v,

Zy

=Ag (3)
where Ag 1s the bias current ratio between [p» and 1p).
Equation (5) shows that the temperature dependence of the
gains g,,; and g, are compensated. In addition, the bias
current ratio Ag can be electronically tuned.

III. CIRcuUIT PERFORMANCE

In practical realization, the deviation from ideal performance
of the V/1 circuit in Fig. | is due to the nonlinear characteristics
of OTA’s being used. The major factor that contributes to
the inaccuracy of the circuit performance can be classified as
follows. The first is due to the transfer error from V), to Vi,
and from V}, to I.. In terms of the transfer error (¢,), we can
rewrite (1) and (3), respectively, as

Ve =(1—¢)V, (6)
and
4‘1(; 5
Joi= 7 (1-eq)Vy (7)
where
1
(8)

o =T"T""""7"-
1+‘gmlér

For example, if g,,; = 0.0096 A/V and Z, = R, = 10 k€,
then the error less than 1% is predicted. This error can be
turther reduced by increasing g, Z, value.

The second factor is the temperature dependence of
transconductance g, that affects the output current .. The
percentage error of the output current [ for the circuit of
Fig. I can be expressed as

sl

S AT
Lo 1O0%

L S 9
I. p+dpiy T )

where 1 is the room temperature and 7 is the change of
temperature from room temperature. From (9), 1t is clearly seen

137

Fig. 2. General-grounded resistance converter.

Fig. 3. OTA-based temperature-insensitive instrumentation amplifier.

that the temperature influence can be reduced by increasing
IpZ, value. If Vp = 26 mV at room temperature, [, =
100 pA, Z, = R, = 10 kf2, and T = 45°C, then the
percentage error of current [, about 0.7425% and 15% are
predicted for the temperature compensated and uncompensated
(Ipy = 0) cases, respectively.

The dynamic range of the input voltage of the proposed
circuit can approximately be given by

_(21!:1'4}“1312.1:} S T’{iu S (2""'1'+-[{51Zr) “0)

It is also clearly seen from (10). that the dynamic range of the
input voltage can be improved by increasing I3, Z, value. For
example, if Ig; = 100 pA and Z, = R, = 10 k{2, then the
dynamic range of V}, about 1 V is expected. In comparison
with the uncompensated (Ig, = 0) case, the dynamic range
of V;, is hmited by 2V or about 50 mV at room temperature.

The frequency response of the circuit in Fig. I. depends on
the cutoff frequency and stray capacitance at the nput and
output node of OTA. At port «, it can be expressed as

V. 1 an
Vy (C"il + C|'2 + Col)sz + 5 +1

Gm1wWe gnrlzswn
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Fig. 4. An electromeally tunable grounded gyrator.

where C;, and C;» are input capacitances of OTA1 and OTAZ,
respectively, C,1 is an output capacitance of OTAl and w,. is
the cutoff frequency of OTAL If Ciy = Cip =5 pk, €y = 6
pF and w, = 12.6 x 10% rad/s, then the dominant pole is
approximated at 6.15 MHz. We can see that the frequency
response due to this pole is quite high and will not cause a
frequency limitation. At port z, the relationship between I,
and V,, can be approximated by

b _da 1 (12)

V, 2. (1 N i)
wl:

It is seen that the cutoft frequency of OTA will be the high
frequency limitation of the V/T circuit. For commercial OTA’s,
the cutoff frequency is approximately 2 MHz.

IV. APPLICATION EXAMPLES

In order to demonstrate the usefulness of the proposed V/1
circuit, some application examples for the V/I to realize analog
signal processing circuit elements are discussed.

4. Second-Generation Current Conveyor (CCII)

From the V/I circuit of Fig. |, the terminal characteristic
can be expressed by the matrix equation

iy 0 0 0 Vy
Vil = |gmiZe/(1+ gm1Z:) 0 0] - |ix
i 0 .(1'1112/5'3111 0 ":
(13)

If we let g,nZ, > 1, and from (5), then the V/I can be
described by the following set of equations:

i
T —B:z-la = :}:_--i(_‘;‘i;,-v

=0; o
Ip;

V.=V, and (14)
The V/I converter can also perform as an electronically tunable
second generation current conveyor (ECCII), since the current
transfer ratio ¢ can be varied by clectronic means [10].
The plus and minus signs in (14) denotc the positive and
negative current convevors, respectively, and the circuit in
Fig. 1 realizes the positive ECCIl or ECCII#. The major
factor that contributes to the inaccuracy of the ECCII is the

Fig. 5. Temperature-stable OTA-based analog multiplier.

input impedance at port x or r,. From (13), the relationship
between V), and V. can be written as

Zx

Vo= ——— V) 15
(re+Ze) -
where
2V
by o e SO (16)
Gm1 IHI

The voltage at port y will accurately transfer to port .« only
if v, < Z,. For example, if I5; = 1 mA or », = 5212 and
Z. = R, =1k, then the transfer error is about 1.3%.

B. General Grounded Resistance Converters

The circuit diagram of an equivalent general grounded
resistance converter is shown in Fig. 2. The input resistance
of the circuit can be given by

!
_Bl p

12

R, = (17)
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Fig. 6. Percentage error of [. versus temperature.

In this case, the circuit simulates a negative value grounded
resistor, where its magnitude can be electronically varied
by the bias current ratio Ip;/Igy. If the input terminals
of the OTA2 are interchanged, the circuit will simulate an
electronically variable positive-value grounded resistor.

C. Instrumentation Amplifier

The proposed OTA-based temperature-insensitive instru-
mentation amplifier is shown in Fig. 3. It is desirable that
OTA's with closely matched chdracteristics are used for OTAI
and OTA3, such as the commercially available dual variable
OTA’s, CA3280 or LM13600. If we design the circuit such
that gy, Re > 1.1y = L. oF gy = Gy then the output
voltage Vo and Vyo can be written as

gy Ry

Voo=— —(1—-Va) = Vi = Vs 18
o Gm1 Hr( : 2) IBJ_ Rr( ! ~} ( )
and
; 714) I{> J’ 2 I{? % .
Vg B S0 WY =SB SR e RSy D)
O3 Rr _{33 R_,. :

It can be noted from (18) and (19) that the voltage gains of
the instrumentation amplifier can be electronically adjusted by
the bias currents I, and gy without disturbing the balance
of the circuits. In addition, it is also worth noting that the
circuit obtains a common-mode gain of zero without the need
for any resistor matching.

D. Electronically Tunable Gyrator

Another useful application of the V/I is to construct a
gyrator or an impedance inverter. Such a circuit has an input
impedance that is inversely proportional to the impedance of a
conversion impedance Z; or Z,,(s) = 1/Z.(s). The gyrator
is used to simulate an inductor. Fig. 4 shows the grounded
gyrator. Two V/I converters are required for this realization. 1f
the load impedance is a capacitive reactance or Zy, = 1/5C.,
then Z;,(s) becomes the impedance of an inductor. From
routine circuit analysis, we obtain

i"in("") _ Gmnilm3

Linls)  Gmtfon

Bufdl= RilaGis (20)
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Fig. 7. Frequency response of V/L

We see that the input impedance of the circuit 15 an inductive
reactance with the inductance of the value

Gm19m3 | IpyIp: .
Leg = ¢H] Rl = 2B pir,.
Im29ma 15213-1

(20
It should be pointed out that the value of the simulated
inductance is temperature-stable.

E. Analog Multiplier

Fig. 5 shows the circuit diagram of the temperature-stable
OTA-based analog multiplier. The values of the bias currents
Iy and Igy can be given by

(Vy + Ve + Vo)

T (22)

Igs =

and

(Veo + Vag)

3
i (23)

Igy =

where Vg is the base-to-emitter voltage of the bipolar
transistor. Further it can easily be shown that the output current

.I'U;_ and I(]g are

Ipa Vo  (Vy+ Voo +Vpe) Vs

i 2 20k o e S s
=T B ATEER )
and
_ I; Vi (Vec +1pE) Vi
le=-1 B =" Rip R D

If we choose such that ) = Ipz and [y = . the output
voltage can be expressed as

, R .
Vo ={do + I Hilo = Iy }::R‘ sl
1RR

= KV.V,. (26)
Equation (26) shows that the circuit of Fig. 5 provides the
function of an analog multiplier and K = R /(s 1R 4) is
the multiplication constant.

V. EXPERIMENTAL AND SIMULATION RESULTS

The transconductance amplifier circuit in Fig. | was con-
structed by using LM 13600-type OTA’s and 1'% tolerance
discrete resistor. For the resistor Z, = R, = 10 kQ and
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I, = 2.0 mA
Iy, = 1.5 mA
Iy, = 1.0 mA
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Iy, = 0.25 mA
1.0 -0.8 L6 g

Fig. 8. Measured characteristics ot the converter circuit of Fig. 2.

V, = 0.5V, the percentage error of .. due to the change
of temperature, was measured for four different values of the
current Igy, i.e. = 100 pA, 250 pA, 500 pA, and | mA.
Fig. 6 shows the percentage error of I, due to the change of
temperature for operating temperature variations from 5 °C
to 70 °C. The experimental résults agree with the calculated
values within 1.08%. Fig. 7 shows the frequency response of
the V/I for V,, = 1 V.., and various values of I2. The cutoff
frequency as measured is about 2.1 MHz, which agrees with
the predicted value.

The measured characteristic of the resistance converter
circuit of the Fig. 2 for both grounded positive and negative
equivalent resistances, for Iy, = 100 pA, B, = 10 kQ
and [g» varied from 250 pA to 2 mA, are shown in Fig. 8.
The transfer characteristic of the resistance converter is very
linear over the dynamic range of about 1 V. as predicted by
(10). The percentage transfer error is approximately 3%. The

A
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plot of Fig. 9 shows the values of the converted resistances
as a function of the bias current [pz,. We can see that
the input resistance of the circuit ., can be linearly and
electronically controlled over four decades of the current
Igo. This confirms that the V/I can be electronically varied
over a range.

The response of the multiplier of Fig. 5 connected to
function as a frequency doubler circuit is shown in Fig. 10.
We used Ry = Ro = 10 k. R, 50 k2. Ry = 1
k2. /gy = Ip3 = 100 pA. For 2 V.., with 1 kHz frequency
input signal, the output signal with 20 mV,,.,, amphtude and
2-kHz frequency can be measured.

Fig. 11 shows plots of the expected and experimentally mea-

sured inductive reactances or equivalent inductances versus the
controlling current I3, of the gyrator circuit of Fig. 4, for the
R; = R-_} = 10 kf2. ngg =.12H {l.:"\« I”,‘; = 1}“ = 100 [l.—\
and the capacitor Cp = (.01 pF. Typical inductance value
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Fig. 10. Application of multiplier as a frequency doubler. (Vertical scale,
upper trace: | Vidivider. Lower trace: 20 mVidivider. Horizontal scale: 0.5
ms/divider).

obtained for {53; = 100 ;A is‘about 800 mH. The measured
results agree with the theoretical predictions within 5.3% for
the frequency range 10 Hz—-100 kHz.

VI. CONCLUSION

In this paper, a simple compensation scheme for the OTA-
based V/I converter has been presented. The temperature
dependence of the OTA transconductance gain and the input
voltage swing limitation have been reduced by increasing
1, Z, value. The temperature dependence of the transconduc-
tance gain has been reduced from typically 15% to approxi-
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Fig. 11, Frequency response of a gyrator circuit of Fig. 4.

mately 0.7425% for 45 °C change of temperature and the input
voltage swing limitation has been improved from 2V or 50
mV to approximately 1 V for I5; = 100 ppA and Z, = 10 k{2
at room temperature, The compensation scheme requires only
one additional OTA and is very suitable for implementation in
monolithic integrated form. New circuits for the temperature
insensitive OTA-based ECCII. grounded-resistance converter,
instrumentation amplifier, tunable gyrator, and analog multi-
plier have also been proposed.
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Sinusoidal Frequency Doubler and Full-Wave Rectifier
using Translinear Current Controlled Conveyors
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Abstract: An alternative technique for realizing
both a sinusoidal frequency doubler and a full-wave
rectifier, using translinear current controlled conveyors as
active circuit eclements, is presented. The proposed
frequency doubling and the rectifying action are exploited
from the translinear characteristic of the current conveyor.
Simulation and experimental results are given to confirm
the theoretical analysis. ‘

Keywords
Sinusoidal
conveyors.

frequency doubler, translinear, current

1. INTRODUCTION

Sinusoidal frequency doubler and full-wave rectifier find a
wide range of applications in instrumentation and
communication systems. It has been demonstrated that a
dual translinear loop, which works as a class AB amplifier,
can be used to implement both a sinusoidal frequency
doubler and full-wave rectifier [1]. In recent years, a
translinear current conveyor has received much attention in
the design and implementation of current-mode function
circuits with electronically tunable characteristic such as
oscillators, multipliers and filters [2])-[S]. Due to the dual
translinear characteristic of bipolar junction transistors
associated within the current conveyor, it recently has been
demonstrated that a translinear current conveyor
incorporates both a sinusoidal frequency doubler and full-

- wave rectifier functions. However the circuit requires the
external current mirrors. Therefore, the purpose of this
article is to propose a frequency doubler and full-wave
rectifier circuit that was employed four translinear current
controlled conveyors. Moreover, the circuit requires only
external resistors. .

0-7803-6355-8/00/ $10.00 © 2000IEEE
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II. CIRCUIT DESCRIPTION
A. Basic Principle

The schematic diagram of the translinear-based second-
generation current-controlled conveyor (CCCII) is shown in
Fig. 1, where i is the input current at port X, [, is the DC
bias current. Groups of transistors Q,-Q. constitute a dual
translinear input cell. Assuming that the transistor's
common-emitter current gain § >>1, the expression for /;
and I can be stated as follow [6,7]
VCC

Q9- )iﬂ Q’. Ql

Z
Fig. 1. Schematic diagram of the translinear current-
controlled conveyor.
1/2
12={[(.'i,,)’+4(10)2] —.-,-n}lz (1a)
172
r4={ [ +42, 7] ‘H}n}fz (1b)
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Fig. 2. The proposed sinusoidal frequency double and full-wave rectifier.

A realization scheme for the proposed sinusoidal frequency
doubler and full-wave rectifier employing translinear
conveyors is shown in Fig. 2. Current /4 and I denote,
respectively, the positive-supply currents of the conveyors
CCCII A and CCCII B. It is noted that the CCCII building
block in Fig. 2 corresponds to the circuit diagram of the
translinear current controlled conveyor in Fig. 1. Thus, the
expression for L and Lsare

I3a ={ k"xl)z"'"(lo)z]”z‘fxl}f?
Iyp ={ [(ixz)2 "'4("0)21”2-!':2}’2

(2a)

(2b)

where I, and s denote, respectively, the currents I of the
conveyors CCCII A and CCCII B. By summing signal
currents from equations (2a) and (2b) can be given by

1
I2a +Iza=[(210)1+(im)2 ]2 3
where the supply currents I, and I, are sensed by resistors
Ry and Rg, respectively, and the voltage drop across the
resistors that are delivered to port Y; and Y, of the CCCII C
and CCCII D, respectively. If we set Ry = Ra= Rs, Ra =
Res = Re, Ra = Ru = Ry, then the output currents of the
CCCII C and CCCII D can be given by

1
izo= 2kVec -4kIgRs —2kRs @15 +i}~:,)z @

—

where k; = , and Vcc is the power supply voltage.

RC +R X
It is evident that the third term of equation (4) or i, is in the
form of a root-sum-of square relation. It is this term that
results in the frequency doubling action.

1411

B. Sinusoidal Frequency Doubler

For a sinusoidal input signal voltage v, =V, sina
, the input signal current ij, is equally to .. sintt where

Vv,
La =R—‘"‘. If we select the signal amplitude such that
Cl

in| 41, then from that the third term of equation (4)
becomes

L
IZA + ,23 =Lkzsinzmr+(210)2]2

2
(2,"" . The term between brackets can be
o

expanded by using the power series of the
form y/{L+ x ~—-l+(%)x-[%] x2 +...are employed, so that

&)

If we set ky =

equation (5) can be rewritten as
Ioa+1ap=Ipc+1py cos2wt+ 14, cosdax+.. (6)

where Ioc , b » lu ... represent the amplitudes of the DC
component and the harmonic components and

=l 1 L)k, [ 2102 +f 2 a2
]Dcz[l+(4]k2 [M]k2+(256]k2]2,0 (7a)

_| (X 1)z (15 )2
O
B ARET .

For k: < 1.0, equation (6) can be approximately given by
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Iqp+12g = Ipc + 12 cos 20t &)
It is important to indicate that the output current contains
the DC component, and the frequency is twice the input
signal frequency.

C. Full-wave Rectifier

From equation (4), if we choose the signal current, so that
i >> 4l,, then the dual translinear loop will operate in the
class B mode. This means that

12'4. =0 and !23 El‘",, for ifn >0 (93)

and

IZA =iy and I =0 for Eini <0 (9b)

Therefore, the output current becomes
Ipp+135 =| iy |

Clearly, this means that the circuit can also exhibits as a
full-wave rectifier.

III. SIMULATION AND EXPERIMENTAL
RESULTS

To verify the performance of the proposed technique, the
circuit shown in Fig. 2 has been simulated by the PSPICE
analogue simulation program with BJT transistor
parameters of the 2N3906 pnp transistors and 2N3904 npn
transistors. In all cases the bias current [ was set to 100 pA
and the supply voltages are Ve = -Vie = 15 'V, while the
values of the components are: Ry = Re =3k, Ra = Ra =
1 kQ and R, = 100 Q. The sinusoidal input signal voltage
Vi is 1 Vi, the testing frequency is 100 kHz Fig. 3 show the

[T T ——— e ra00

hsA)

Time (ps)

Fig. 3. Simulation results for the sinusoidal frequency
doubler. ’

simulation result with the circuit work as a sinusoidal
frequency doubler, for the case Ro = 10 kQ and
consequently, k; < 0.25. An error from the predicted value
of equation (7) of about 0.9 % was achieved. Total
harmonic distortion of about 1.1 % and the bandwidth of 5

1-412

MHz were observed. The simulation result for the circuit
working as a full-wave rectifier is shown in Fig. 4, where
the resisler Re, = | kQ. The percentage error of about 1.4 %
was obtained.

1, (mA)

o 4 ] n 14 0

Time (ps)
Fig. 4. Simulation results for the full-wave rectifier.

For the experimental purposes, the circuit in Fig. 2 was
constructed using bipolar transistor arrays CA3096, where
the bias current /o, the input signal voltage vi., as
well as the resisters Ry, Rg, Ra, Re and R, have the
same values as the simulation case. By comparing with the
responses in Fig. 5 and Fig. 6, it is evident that the
performance of the experimental circuit is in good
agreement with the simulation result.

Fig. 5. Experimental result for the sinusoidal frequency
doubler.

Upper trace input: 1.0 Vpp ;

Lower trace output 0.015 Vp.p; horizontal scale 2ps/div.

Fig. 6. Experimental result for the full-wave rectifier.
Upper trace input : 1.0 Vpp ;
Lower trace output: 0.15 Vp.p; horizontal scale 2ps/div.
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1V. CONCLUSIONS

A circuit configuration for realizing both a sinusoidal
frequency doubler and a full-wave rectifier using four
CCClIs has been presented. The frequency doubling and
the rectifying action are exploited by employing the
translinear characteristics of the current conveyor, where
this characteristic has been monitored from supply-line
currents. PSPICE simulation and experimental results have
been used to verify the performance of the proposed circuit
that agree very well with the theoretical predictions.
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Abstract

An alternative technique for realizing bhoth a
sinusoidal frequency doubler and a full-wave rectifier,
using translinear current controlled conveyors as active
circuit elements, is presented. The frequency doubling and
the rectifying action are exploited from the translinear
characteristic of the current conveyor. Simulation resulls
are given to confirm the theoretical predictions.

I. Introduction

Sinusoidal frequency doubler and full-wave rectifier
find a wide range of applications in instrumentation and
communication systems. It has been demonstrated that a
dual translinear loop, which works as a class AB
amplifier, can be used to implement both a sinusoidal
frequency doubler and full-wave rectifier [1]. In recent
years, a translinear current controlled conveyor (ccam
has received much attention in the design and
implementation of current-mode function circuits with
electronically tunable characteristic such as oscillators,
multipliers and filters [2]-[5]. Due to the dual translinear
characteristic of bipolar junction transistors associated
within the current conveyor, it has also been recently
demonstrated that a translinear current controlied
conveyor incorporates both a sinusoidal frequency doubler
and full-wave rectifier functions [6]. However, the circuit
requires the external current mirrors. Therefore, the
purpose of this article is to propose a frequency doubler
and full-wave rectifier circuit that employing only three
CCClls and external resistors.

I1. Circuit description

A. Basic principle

The schematic diagram of the translinear-based
second-generation current-controlled conveyor is shown
in Fig. 1, where groups of transistors Q,-Q4 constitute a
dual translinear input cell, i, is the input current at port X
and [, is the DC bias current. Assuming that the
transistor’s common-emitter current gain g >>/, the
expression for the currents /;and /; can be stated as [7]-[8]

(@) -
2

i2 +41'|2

in
2

I; = (la)

T3
i

3= in (lb)

0-7803-6253-5/00/$10.00 ©2000 IEEE.

| Fig. 1.

Vee

Schematic diagram of the translinear current-
controlled conveyor. '

The proposed sinusoidal frequency doubler and full-
wave rectifier employing CCCII, which corresponds to the

circuit diagram of the translinear conveyor in Fig. 1, are

shown in Fig. 2. The currents /5; and /5, denote respective
the positive-supply current and the negative-supply
current of the conveyor CCCIl, /4 and [, represent
respective the currents /; and /; of the conveyor CCCll,.
Thus, the expressions for /g, and /s, are

gy =21y +21p4 (2a)
and
fsz =3!l+2[3A (2b)

In this scheme, the converting resistor R¢; converts the
input signal voltage v;, to an input signal current i, i.€; i,
=i,;. According to equation (1), the current /[, and /5, can
be given by

12
r'3|+4.'1?' +iy

I = 2 (32)
(.2 2 [/2 :
13'1 _ ] +4[|2 Ie) (3b)

The supply currents {_5-,. and /y; are sensed by resistors Ry,
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Fig. 2. The proposed sinusoidal frequency double and full-wave rectifier.

and Ry, respectively. The voltage dropped across the
resistors that are delivered to input terminal Y; and Y that
an equal potential will appear on the input terminal X; and
X, of the CCClIy and CCCII, respectively. Then, the
expressions for V, and Vpare

Va =Vee - (21 + 204 Rsy < (4a)
Vp=-Vee +(I1 +2034 Rsa (4b)
a;;d

Vi, =Va—-Va (5)

V
If R =Rsy=Rs, R,,2=R,3=R:=—2-}r—, where R, is
1

the input impedance at terminal X of the CCCIIs and V7 is
the thermal voltage at room temperature (approximately
26 mV). The signal current i,; will be conveyed to the
output terminal Z, .such that terminal Z, has the
characteristics of a current source, of value
Va-Vg
Rcz 'I'ZR‘t
then the output current i,,, of the CCClI¢ are

; with high output impedance,

iz.! =

Va-Vp

AT e/ T 6
M Ry 2R, ®
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. 2 Y2
Tout = —ZkIVCC+5kﬂ]RS—Zk}Rs“[f'f‘lg'y [0))

Where k) = and V¢ is the power supply

Rc2 + 2Rx
voltage. From equation (7), it is clearly seen that the third
term is in the form of a root-sum of a square relation. It is
this term that perform the frequency doubling action.

B. Sinusoidal frequency doubler
For a sinusoidal input signal voltage
Vin=Vnsinar, the input signal current i, is
equaled to =/ sinewt, where [, =:—"‘. If we
cl
select the signal amplitude such that [i,|S 47y

ky= =2kVoc +5k)IRg, then the equation (7)

becomes

b = ky =40k Rs (1 +ky sinax}? (8)
12

where k3=(—ﬂ'f-—. If the power series of the form
21

.,ﬂl+xi=l+{%]x-[%]xz+...are employed, then the

equation (7) can be rewritten as

fow Sk — 41k Rs (I pe + Iy, cos 20 + 14, cos d o +..)(9)
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where Inc, I » [4g ... represent the amplitudes of the DC
component and the harmonic components and

1 3 5
Ipc =4k, ‘411"1Rs{‘[“4‘]k_3 -[a]kf +[256)k3}

(10a)

‘ 15
Lyy = ky =81 Red1 4| = kg +| — |k k
w=h Hs{ (4]3 [16]3 [5,2] }

(10b)

' 1 3
Lip= ks —41,k,RS{ [M]k_:, +[256] 3] (10¢)

For k; < 1.0, the output current can be approximately

given by

fs = k2—4lkRS(IDC+Im cos 2 o) (1)
This case indicates that the output current contains the

DC component and the signal current that its frequency is

twice the input signal frequency.

C. Full-wave rectifier

From equation (7), if we choose the signal current in
such a way that i;, >> 4/, then the dual translinear loop
will operate in the class B mode. This means that

1420 and I3y = 4hkRsin foriy>0 (12a)
and ’
Iya s 4hkRgiy, and T34 =0 fori;, <0

(12b)

Therefore, the. output current from equation (11) will
become:

igur = k3 — 41K\ Rs| iy | (13)
Clearly, this means that the circuit can also exhibit as a
full-wave rectifier.

JAIL Slmulatmn results

“To verify ‘the perfonnancc of the proposed circuit
technique, the circuit of Fig. 2 has been simulated with the
PSPICE simulation program. The npn and pnp transistors
~were the 2N3904 and 2N3906, respectively. In all cases
the bias current [; are set to 100 pA and the supply
voltages are Ve = -V = 15 V, ‘while the values of the
components are: Rg; = R =3k, Rz = 1 kQ and R, =
100 Q. The sinusoidal input signal voltage v;, is 1 V., the
testing frequency is 100 kHz. Fig. 3 shows that the
simulation results with the circuit work as a sinusoidal
frequency doubler, for this case Rg; = 5 k€2 and

consequently ks < 0.25. An error from the predicted value
of equation (10) of about 0.9 % was achieved. Total
harmonic distortion of about 1.1 % and the bandwidth of 5
MHz were observed. The simulation result for the circuit
that working as a full-wave rectifier is shown in Fig. 4,
where the resistor Rey = 1 k€. The percentage error of
about 1.4 % was obtained.

200

iy, (HA)

-200

-400

Time (ps)

Fig. 3. The sinusoidal frequency doubler simulation result.

Upper trace input 200pA p-p
Lower trace output 50 A p-p
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" I
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"
i
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i\y (MA)
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O pmmrwmgrmamhscsssen ==

|
+-25.7

b
o

Time (ps)

Fig. 4. The full-wave rectifier simulation result.
Upper trace input ImA p-p
Lower trace output 0.5mA p-p

IV. Conclusion
A circuit configuration for realizing both a sinusoidal
frequency doubler and a full-wave rectifier using three
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CCClIs is presented. The frequency doubling and the
rectifying action are exploited by employing the
translinear characteristic associated within the current
conveyor, where this characteristic has been monitored
from supply-line currents. PSPICE simulation results have
been used to verify the performance of the proposed
circuit and have been demonstrated 1o agree very well
with the theoretical predictions.
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