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L1, =11, (3.31)

o 4 a5 a %
Taoinszua l, =1, =1, %1 [iflunszualudansiugaines drdrdasiveny

nszud 4 >> 1ye B oz ldnnuduiuiseninnssua I, Luaz 1,
I=1,+1 (3.32)
L=1-I, (3.33)
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aIanIA 19 luaunsne.34) 1az(3.35)
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Y = = d o = & “ 4 = 1
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Vg =V In =2 (5.29)
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Abstract

The implementation of full-wave rectifiers using operational transconductance amplifiers (OTAs) as only main aclive
circuit elements is presented in this paper. The proposed scheme makes use of the characteristic of the differential amplifier
inside the OTA and avoids the use of diodes. The typical problems of the OTA circuit, the input voltage swing limitation and
the temperature dependence of the OTA transconductance gain, have been improved. Simulation and experimental results

demonstrate the performance of the proposed rectifier are included.

© 2006 Elsevier GmbH. All rights reserved.

Keywords: Full-wave rectifier; Bipolar-OTA; Voltage-to-current; Electronically tunable

1. Introduction

Rectifier is one of the important basic building blocks for
analog signal processing, signal conditioning and instrumen-
tation systems. For example, its applications can be founded
in RMS to DC convertors, peak detectors, RF demodulators,
piccewise linear function generators and nonlinear analogue
signal processing circuits. In general, conventional voltage-
mode rectifier circuits are typically implemented based on
the use of op-amps and diodes [I]. The classical prob-
lem is that, owing to small-signal transient behavior, during
the diodes switching between the ON and OFF states ex-
hibit significant distortion, specially the zero crossing transi-
tional portion [2]. This drawback has been improved by Gift
[3]. On the other hand, the use of high slew-rate op-amps
does not solve this problem but it will perform the rectifier
with a better high frequency response [4]. Rectifier circuits

* Corresponding author,
E-mail address: kkkiawi@kmitlac.th (K. Kumwachara).

1434-8411/5 - see front matter © 2006 Elsevier GmbH. All nghts reserved
doi:10.1016/).aeue. 2006.04.001

based on the method of operational-amplifier supply-current
sensing has been successfully reported by Toumazou and
Lidgey [5) and Surakampontorn et al. [6], where better fre-
quency responses than the classical op-amp and diode-based
topology are achieved, '

Recently, there is a considerable interest in the design of
current-mode signal processing, since a current-mode cir-
cuit provides a very good high frequency performance when
compared with a voltage-mode circuit. Therefore, many
current-mode full-wave rectifiers using current conveyors
and diodes, have been reported in the literature [7-10]. In
addition, a full-wave rectifier circuit that designed through
the application of the supply-current sensing technique to
current conveyors has been presented [11].

It is well accepted that an operational transconductance
amplifier (OTA) is one of the important active circuit build-
ing blocks in the design of analog signal processing circuits.
In the past, the use of the OTAs with diodes to realized non-
linear functions (12] have been reported. However, there is
not much reported in the literature on the usc of OTAs for
designing full-wave rectifier [13]. In addition, in most of the
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reported rectifier circuits, diodes are mainly the important
key element to provide the rectifying action. It seems that
none the exiting rectifiers has been built by using only OTAs.
The objective of this paper is to present a technique to real-
ize rectifiers using the characteristic of the differential am-
plifier inside the OTAs. The proposed full-wave rectifier are
therefore using OTAs as only the active circuit elements.
A scheme to improve the input voltage swings restriction
and the temperature dependence of the OTA transconduc-
tance gain is also introduced.

2. Basic principle

" Fig. 1(a) shows a monolithic OTA, where Vcc, Veg de-
note the positive and negative supply voltages, respectively.
Consider an OTA typical circuit diagram as shown in the
Fig. 1(b), its input stage consists of a differential amplifier
stage. Normally, /g is the bias current, and v; and i, are the
input voltage and the output current, respectively. The out-
put current i, can be given as

io =1ic) — ica = In tanh (i%;) ()
where Vr = KT /q. However, from (1), one can see that if
Ig is the input signal current and v; is a constant DC voltage
that much greater than 2V or v; 2V, but lower than the

(a)

Fig. 1. (a}) A monolithic OTA, (b) schematic diagram of a conven-
tional OTA. i

maximum common mode input voltage range, the output
current i, becomes

io = Ip. (2)

[t should be noted that the current /g can only flow in the
direction that into the circuit, or positive direction. On the
other hand, if v; is a constant DC voltage that much lower
than —2Vr or v; € — 2Vr, thus the output current i, now
becomes

o =—Ip. 3)

Eqs. (2) and (3) demonstrate that the direction or the po-
larity of the output current can be controlled by the DC volt-
age that is applied at the v;. Therefore, we will propose the
use of the differential amplifier inside the OTA to realize
rectifier circuits.

2.1. Basic half-wave rectifier

The basic of a half-wave rectifier circuit that using only
two OTAs is shown in Fig. 2. It consists of two OTAs and
a constant voltage source V. The OTA, is functioned as a
voltage-to-current converter that converts an input voltage
Uin into a signal current i| = gm| vjp, where gmy = I /2Vr
and /g, is the bias current. The output current i) of the OTA
is fed as the bias current of the OTA. At the OTA> and from
(1), when the constant voltage source V¢ » 2V, the output
current i3 can be expressed as

. ] EmlVin for Vin )0.
fa= {0 for v, <0. )

On the other hand, when V¢ < — 2Vr, the output current
iz can be given as

i = (5)

—8mivin for vip >0,
{ for vy <0.
From (4) and (5), it is clearly indicated that the circuit acts
as a positive and a negative half-wave rectifiers, respectively,
which dependent on the polarity of the controlled constant
voltage source V. It should be noted that, for a good rectifier
response, the DC voltage that should be kept in the range of
[200mV| < |V;|< |5 V| for £5V power supply [14].

Fig. 2. A half-wave rectifier.
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2.2. Basic full-wave rectifier

As shown in Fig. 3, two of the half-wave rectifier circuits
are combined to form a full-wave rectifier circuit, where
(OTA, and OTA2) and (OTA3 and OTAy) are the positive
and negative half-wave rectifiers, respectively. Ideally, let
the transconductance gains of the OTA, and the OTA5 are
equal, such that gm| = gm3 = gm, where /g; = Ip3 = /g and
gm=18/2Vr. For vj; > 0, the current i} and i3 of the OTA,
and OTAj can be, respectively, written as

I} = gm1Vin = &mVin (6)

and
i3 = —gZm3Vin = —EmVin- (7

The currents i) and i3 are fed as the bias currents of the
OTA; and OTAy, respectively. Noting that in the case of
Ve »2Vr, the OTA; and OTA4 allow only positive current
flow through it. This means that for v, > 0, the currents
i2=1i)and ig=0or

i2=i]=gmtin and ig=0 for vj,>0. (8a)

During vjy <0, the current i is negative and the current iy
is positive, Therefore, i» =0 and iy = i3 or

i2=0 and ia=i3=_gmuin for v, <O0. (8b)

Since the output current ioy is the summation of the cur-
rent iz and is, we can write the relations between the input
voltage vip and the output current ioy as

. o Iy
’ou!=‘2+‘4:gmuin=2-v“r'|vin|- 9)

We will call this as a positive full-wave rectifier. Alterna-
tively, if Vc € — 2Vr, a negative full-wave rectifier can be
realized, where the output current can by expressed as

. I
owt = —gm|vinl = —2—“jr~|uin|. (10)

Note that (9) and (10) indicate that the circuit of Fig. 3
can be operated as a positive or a negative full-wave rectifier

Fig. 3. Basic OTA-based full-wave rectifier,

by controlling the polarity of Vc. This advantage is usually
not available in the basic op-amp-based circuit.

3. The compensated OTA-based full-wave
rectifier

3.1. Improve the limited input voltage swings and
temperature depehdence

It is clearly seen from (9) and (10) that the net result of
the output current is the full-wave rectification of the input
signal. However, there are two major limitations that occur
from the use of the ordinary bipolar-based OTA in the circuit
design. The first limitation is that the input stage of the OTA
isa conventional differential pair, where the differential input
voltage is limited to be less than 50 mV for linear operation.
The second limitation is that the OTA transconductance gain
gm is inversely proportional to temperature. Therefore, based
on the compensation scheme reported by Surakampontorn
et al. [15], the temperature-insensitive wide-dynamic range
OTA-based full-wave rectifier is shown in Fig. 4.

The OTAs, which is formed as an electronically tunable
resistor, and a resistor R| function as a voltage divider cir-
cuit. This makes the vj, — vy voltage across the OTAs small
and therefore, increases the circuit dynamics range. The
voltage across the OTA5 is then used as the input voltages
for the OTA| and OTA;. From routine circuit analysis of
Fig. 4, voltage at node X or vy can be written as

gms K1

= —1V Il
X 1+ gms R1 in (1

and the currents i and i3 can be expressed as
i1 = —i3 = gm(vin — vx), (12)

where gmi = gm3 = gm. From (11) and (12), the currents i}
and i3 become

Em

| =—l3= —————— Vjn.
| 13 l+gm5R|um

(13)

Fig. 4. The compensated OTA-based full-wave rectifier.
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If by design, we let gms Ry 2 1, the currents iy and i4 can
be approximately given by

. . Em Ig vin
1= —lg = ——Ujp = — —. (14)
: gmsRy " Ins Ry
Thus, the output voliage vey is equal to
g R
Vour = 22 |uinl  for Ve p2Vr (152)
IssRy
and
IgR
Vou = — o= |uin|  for Vo <€ — 2Vr. (15b)
IssR)

Egs. (15a) and (15b) show that the temperature de-
pendence of the transconductance gains gm and gm3 are
compensated by gms. In addition, the input voltage swing
limitation has been improved from 2V7 to approximately
IgsR). The output voltage vy can be electronically tuned
by the current ratio /g//gs.

3.2. Performance analysis

From the previous description, the OTAs were assumed
to be ideal. In this section, the major factors that contribute
1o the inaccuracy of the circuit performance will be consid-
ered. The first factor is due to the transfer error from the
conversion of the input voltage viy into the small signal cur-
rent is by the OTAs and Rj. The relationship of the input
Ui and the current is can be accurately expressed as

Lm

15 =(1 — &)
* gms R

Vin, (16)

where the percentage error of the voliage-lo-current conver-
sion error (&,) can be given by

x 100%. an

N T gk
For gms = gm = 0.00965 and R, = 10kQQ, the error of
about 1% is expected. This error can be further reduced by
increasing the value of gns Ry. The second factor is the error
due to the current mirrors inside of the OTA, the percentage
error of the input and output currents transfer of the Wilson
current mirror (&) can be given by

2

= x 100%,
B2 +2

(18)

e

where f is the common emitter current gain of the bipolar
transistor [16). As an cxample, if i = 100, the error is about
0.02%. With this approximation, we can write the relations
between the input voltage vin and the output voliages voy as

v —[l ( . )] e (192)
out = ] +Hm5RJ ,B: g R Vin

for Ve » 2Vr and

v i ( 1 i 4 ) R2

==|l=l——+= |35 v
for Ve € — 2Vr.

Thus, for =100, gms = 0.00965, R, =10k, and Ry =
10k€Y, then the error of less than 2% is expected. The third
factor is the lemparature dependence of transconductance
gains g, that affects the output current. The percentage error
of the output current for the compensated voltage-to-current
base on OTA [15] can be approximated as

Sioue _ =2Vr AT
foul - 2Vr+1IpgsR, T

(19b)

x 100%. (20)

From (20), it is clearly seen that the temperature influcnce
can be reduced by increasing the value of /gs Ry, where Tis
the room temperature (300 K or 27°C) and AT is the change
of temperature from room temperature. If Vr =26 mV at
room temperature, /gs = 500 pA and R} = 10k<2 and tem-
perature change at 50 and 70°C, then the percentage error
of the output current ioy are about 0.0789% and 0.1475%,
respectively. The fourth factor is the dc output offset cur-
rent that arise from the non-ideal characteristic of the OTAs,
such as nonzero-input bias and input-offset currents errors.
In this case, OTAs with low offset currents should be used,
in particular for the OTA; and OTAj. In addition, small DC
currents should be injected to compensate the offset current,
at the outputs of the OTA) and OTA3, since the DC currents
that presented at these points produce the distortion of the
rectified signal.

4. Simulation and experimental results

In order to test the developed ideas and to verify the theo-
retical prediction, the performance of the circuitin Fig. 4 was

5
Simulated
4 T e e Neasured -
3 ...........
=
b‘ 00
24 5 a A BN L ¥ a8 b e &
: E
1| [ .: : .
: - v
. 208 1w 0 Irlll
2 ¥ {(mV¥)
o h -
-6 -4 2 0 2 4 6

V)

Fig. 5. DC transfer characteristic of the proposed OTA-based
full-wave rectifier.

138



¢ ¢ o Eompensaled circuiln Flgd

20 L},\ \L_;va

0
0 10

0 30 40 S50 60
Temperature (°C)

7 %0 % 10

Fig. 6. Variation of output currents iy, against temperature.

C. Jongkunstidchai et al. / Int. J. Electron, Commun. (AEU) 61 (2007) 195-201 199
0
; 2000\ - - S v - N
B
-m ................
>i i E . .
600 , 900 ep-amp-based 7
5 ® ¢ 0" OTA-bused for V =1V 0
................. -200 5
E
................... 400 3
>
600
0 05 1.0 L5 20
(a) Time (ms)
>
E
H
> AL \ .
........ 0.0 pop-amp-based |
"o+ »OTA-based for V=-1V" |p
................. 200 5
o\ : E
.................. -400
-600
[ 50 100 150 200
(b) Time (us)

600
s
é ‘W .........
> 200
0f 5q o opampbased
o6 OTA-BasedTor V, =1V e
o OTA-Buadhoe V=1V s
]
w0 3
"
0 05 10 L5 20
{a) Time (ms)
6w
-
E 400
St 200
0
600
s
0 E
200 »°
0
0 50 10 150 0
(b) Time (us)

Fig. 7. Simulation results of the positive full-wave rectifier at the
frequency: (a) 1 kHz; (b) 10kHz

simulated using the PSPICE simulation program. We use
the conventional OTA LM13600 models from the PSPICE
library. The supply voltage Voo = —Veg were set to 15V,

Fig. 8. Simulation results of the negative full-wave rectifier at the
frequency: (a) 1kHz; (b) 10kHz.

The OTA bias currents used are /| = /gy = I3 = Ips =
Ips =500 A and R = Ry = 10k().

The plot of the DC transfer characteristic of the proposed
rectifier, the output voltage vey, versus the input voltage vip,
1 shown in Fig. 5. We can see that both the high accuracy
and linearity can be achieved for vjy, SOmV to 5V, In the
dash-line, zoom of the plot for v, less than £200 mV shows
the relatively large amount of distortion, particularly when
Uin less than £50mV. This is due to the OTAs and R, that
formed as a voltage divider. For small v, the voltage across
the OTAs that used as the input voltages for the OTA| and
OTA; is very small and cause the error at the output of the
rectifier.

Fig. 6 shows the comparison of the simulated output cur-
Tents igy against temperature for the case of the basic and
the compensaled circuits, for the input voltages vy, of 2,
5, 200 and 500mV, respectively, where the nominal output
currents were set to 18 and 48 pA, respectively. It is readily
seen that the temperature performance of the compensated
circuit is much better than the basic circuit.

Figs. 7 and 8 show the positive and negative output volt-
ages of the conventional op-amps-based rectifier circuits is
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Fig, 9. The conventional op-amps-based rectifier circuits: (a) pos-
itive output voltage of the rectifier; (b) negative output voltage of
the rectifier.

| OTA-bascd for V= 1V

op-amp-based
o

] Ol Vo1V

24

(b

Fig. 10. Experimental results of the positive full-wave rectifier at
the frequency: (a) 1 kHz; (b) 10kHz.

shown in Fig. 9 (1], with R = 10kQ and LM741 op-amps,
in comparison with the output voltage of the proposed recti-
fier circuit, where vy, = 500mV, for the frequency of 1 and
10kHz, respectively. The responses demonstrate that the
OTA-based circuit provide a much better performance partic-
ularly at the zero-crossing portion, For experimental confir-
mation, the proposed OTA-based full-wave rectifier in Fig, 4
was constructed by using LM13600-type OTAs. Resistors
R and Rz used in the circuit were 1% tolerance resistors.

CHIY200m CI2,200m Y

op-amp- based

™ OTA-based for V=1V

\OTA-hM for V=1V

Fig. 11 Experimental results of the negative full-wave rectifier at
the frequency: (2) 1kHz; (b) 10kHz.

Figs. 10 and 11 show the measured output waveforms of
the op-amps-based rectifiers compared with the OTA-based
full-wave rectifier for the frequency of | and 10kHz, re-
spectively. In addition, the bandwidth of the proposed cir-
cuit was also tested and measured to be 50 kHz. It should be
noted that the operation frequency limited of the proposed
rectifier depends on the error at zero crossing owing to the
on/off transition of OTA; and OTA,.

5. Conclusions

In this paper, a new technique employing the characteristic
of the differential amplifier inside of the OTA to design a
full-wave rectifier has been proposed. The full-wave rectifier
circuit employs OTAs as the only active elements and does
not require diodes. The input voltage swing limitation has
been improved from 2V to approximately IgsR) and the
temperature sensitivity of the OTA is also compensated. The
simulation and experimental results have been shown that
the proposed circuit performs very well when compared with
op-amps-based circuit.
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Abstract-The implementation of full-wave rectifiers using
operational transconductance amplifiers (OTAs) as only
main active circuit elements is presented. The proposed
scheme use the characteristic of the differential amplifier
inside OTA and avoids the use of diode.The typical problems
of the OTA circuit,the input voltage swing limitation and the
temperature dependence of the OTA transconductance gain,
have been improved. Simulation and experimental results
demonstrate the performance of the proposed rectifier.

Keywords: Rectifiers, Operational Transconductance Amplifiers

1. INTRODUCTION

Rectifier is one of the important basic building blocks
for analog signal processing. Its applications can be
founded, for example, in RMS to DC convertors, RF
demodulators, and nonlinear analogue signal processing
circuits. Conventional voltage-mode rectifier circuits are
typically implemented by based on the use of op-amps and
diodes (1]. However, it causes the significant distortion,
especially the zero crossing transitional portion [2] when
consider the small-signal transient behavior, during the
diodes switching between the ON and OFF states. This
drawback has been improved by [3]. The use of high slew-
rate vp-amps does not solve this problem but the rectifier
with a better high frequency response is performed [4].
Rectifier circuits based on operational-amplifier supply-

current sensing has been successfully reported by (5], .

better frequency responses than the classical op-amp and
diode based topology are achieved. Many current-mode
full-wave rectifiers using current conveyors and diodes,
have been reported in the literature [6] since a current-
mode circuit provides a very good high frequency
performance when compared with a voltage-mode circuit.
In addiion, a full-wave rectifier circuit that designed
through the application of the supply-current sensing
technigue to current conveyors has been presented (7].

It 1s well accepted that an OTA is one of the important
active circuit building blocks in the design of analog signal
processing circuits. In the past, [8] have reported the use of
the OTAs with diodes to realized nonlinear functions.
However, there is not much reported on the use of OTA's
for designing full-wave rectifier [9]. In addition, in most of

0-7803-9538-7/05/520.0002005 IEEE

the reported rectifier circuits, diodes are mainly the
importance element to provide the rectifying action. It
seems that none of the exiting rectifiers has been build by
using only OTAs. In this paper, the realization technique
using the characteristic of the differential amplifier inside
the OTAs is presented. The proposed full-wave rectifier is
using OTAs as only the active circuit elements which
improve the input voltage swings and the temperature
dependence of the OTA transconductance pgain is
introduced.

[I. BASIC PRINCIPLE

Fig. 1. A monolithic OTA,

Fig. 1 shows a monolithic OTA, where V¢, Ve denote
the positive and negative supply voltages, respectively. g
is the bias current, and v; and i, are the input voltage and
the output current, respectively. The output current i, can
be given as

Vv,

ig=i, =i, =1, mh[ﬁ} (H
where Vi = KT/q. However, if [ in (1) is the input signal
current and v; is a constant DC voltage that much greater
than 2Vy or v; >> 2V; and lower than the maximum
common mode input voltage range, the output current i,
becomes

ip =1y (2)

If v, 15 a constant DC voltage that much lower than -2V
or v, << -2V, thus the output current i, now becomes

ig = -ly 3

[t should be noted that the direction of the output current
can be controlled by the DC voltage that applied at v;.



A.  Basic Half-wave rectifier

Fig. 2.

A half-wave rectifier

The half-wave rectifier circuit is shown in fig. 2. The
OTA, is functioned as a voltage-to-current converter that
converts an input voltage v, into a signal current iy =
EmiVin, Where g = [5,/2Vr and I, is the bias current. The
output current iy is fed as the bias current of the OTA,.
When the constant voltage source Ve >> 2V, the output
current i can be expressed in (4). When V¢ << -2Vq, the
output current i; can be given in (5).

i = Ve for w'.n >0 (4)
0 for vin <0

i, = - gV Sfor w-n >0 ()
0 for vin <0

From equation (4) and (5), the circuit act as a positive and
a negative half-wave rectifiers, respectively, depend on the
polarity of the controlled constant voltage source V.

B.  Basic Full-wave rectifier

ke
fe
o=

Basic OTA-based full-wave rectifier

Fig. 3.

As shown in the fig. 3, two half-wave rectifier circuits,
positive (OTA, and OTA;) and negative (OTA; and
OTA.,), are combined to form a full-wave rectifier circuit
When considered the transconductance gain of the OTA,
and the OTA,; are equal, gni = Bm) = Zm. 1 = Is3 = g and
gn = ly2Vy. For v, > 0, the current i, and i, of the OTA,
and OTA, can be respectively written as,

i) = ZuiVin = BmVin (6)
and

i) = -BuiVin = "EmVin )]

The currents 1, and iy are fed as the bias currents of the
OTA; and OTA,, respectively. In the case of V¢ >> 2V,
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the OTA, and OTA, allow only positive current flow
through. Thercfore,

iy =iy = g and i, =0 for v, >0 (8a)
and
i»=0 and i, =i;=guv, for v, <0 (8b)

Since the output current iy, is the summation of the current
i; and iy, the relation between the input voltage v;, and the
output current gy 1S

iy =i i, =g_|v_|=5’;;_ vl ©)
r

Alternatively, if Ve << -2V, from equation (5) , the
negative full-wave rectifier, the output current can be
expressed as

{
b = =Byl =

2,

(10)

Yin

equation (9) and (10) indicate the circuit in fig. 2 can be
operated as a positive or a negative full-wave rectifier by
controlling the polarity of Vc.

II. THE COMPENSATED OTA-BASED FULL-WAVE
RECTIFIER

A.  Improve the limited input voltage swings and
remperature dependence

Fig. 4.

The compensated OTA-based full-wave rectifier

There are two major limitations that occur when using
the ordinary bipolar-based OTA. First, the differential
input voltage of the differential pair, the input stage of the
OTA, is limited to be less than 50mV for lincar operation.
Second, the OTA transconductance gain g, is inversely
proportional to temperature. The temperature-insensitive
wide-dynamic range OTA-based full-wave rectifier, based
on the compensation scheme [10], is shown in fig. 4.

The OTA;, which is formed the clectronically tunable
resistor, and a resistor R, as a voltage divider circuit makes
the voltage across the OTAy, v,, — vx, very small and
increases the circuit dynamics range. The voltage across



the OTA; is then used as the input voltages for the OTA,
and OTA;. The voltage at node X or vy can be written as

S FL (1
l+g. R,

v

-

and the currents i, and iy can be expressed as

i) = =iy = g (Vin—Vx) (12)
where g1 = g3 = Em. From (11) and (12) , the currents i
and i, become

g

e (13)
1+g.R,

\4

h==h

If by design, let g.sR, >> 1, the currents i, and i, can be
approximately given by

i sl By, wdn (14)
&R, Tys R,
Thus, the output voltage v, is equal to
" ’_-‘Ez_|vi_| for Ve>>2Vy (15a)
!uR|
and
v, ==tefay, | for ve<<2vr (15b)
II‘IRI
From equations (15a) and (15b), the temperature

dependence of the transconductance gains g and g,,; are
compensated by g.,s. The input voltage swing limitation
has been improved from 2V to approximately IgsR,. The
output voltage v, can be electronically tuned by the
current ratio [p/lps.

B.  Performance analysis

In this section, the major factors that contribute to the
inaccuracy of the circuit performance will be considered.
The first factor is the transfer error from the conversion of
the input voltage v;, into the small signal current i,. The
relationship of the input v;, and the current i; can be
accurately expressed as

(16)

. g
i =(1-£)—="-v,
. g3,

The percentage error of the voltage-to-current conversion

crror1s

£ = — L x100% (17)
1+g.,R
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For gns = 0.0096 A/V and R; = 10k(2, the error of about
1% is expected. This error can be further reduced by
increasing the value of g.,sR,. Second factor is the error
duc 1o the current mirrors inside the OTA, the percentage
crror from the input and output currents transfer of the
Wilson current mirror is given

2

R A = R (18)
Y Ly ¥; ]

x 100%

where B is the common emitter current gain of the bipolar
transistor [11]. As an example, if B= 100, the error is about
0.02%.

The third factor is the temperature dependence of
transconductance gains g, that affects the output current.
The percentage error of the output curmrent for the
compensated voltage-to-current base on OTA [10] can be
approximated as

o
l’”

=,
2V, + [ 4R,

Air;»:100%
T

(19)

From equation (19), the temperature influence can be
reduced by increasing the value of IsR,, where T is the
room temperature (27°C) and AT is the change of
temperature from room temperature. If V; = 26mV at
room temperature, lgs = 500pA and R, 10k and
temperature change at 50°C and 70°C, then the percentage
error of the output current iy, are about 0.0789% and
0.1475%, respectively. The forth factor is the dc output
offsct current that arising from the non-ideal characteristic
of the OTA, such as nonzcro-input bias and input-offset
currents errors, can simply be compensated by adding DC
current source with the currents signal i) and 1,.

[V. SIMULATION AND EXPERIMENTAL RESULTS

To venfy the theoretical prediction, the performance of
the circuit in fig. 4 was simulated using PSPICE with OTA
LM13600 models. The supply voltage Vee= -Vge = 15V,
The OTA bias currents are Iy, = laz = lgy = lpa = lps =
500pA and R, =R; = 10kQ.

The DC transfer characteristic is shown in fig. 5. Both
the high accuracy and linearity can be achieved for vi,
SOmV to 5V. In the dash-line, zoom of the plot for v;, less
than  200mV shows the relatively large amount of
distortion, particularly when v;, less than 50mV. The
comparison of the simulated output currents iy, against
temperature is shown in fig.6, in the case of the basic and
the compensated circuits, for the input voltages v, of SmV
and 500mV, respectively. The nominal output currents
were set to 48pA. The temperature performance of the
compensated circuit 1s much better than the basic circuit
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Fig. 5. DC transfer characteristic of the proposed OTA-based full-
wave rectifier
0 e .-
" 556 Bame
i @ ‘\_“__ DT S ——
3 T
Y w
|
Mo 670 % w % é B M w o
Temperature (*C}
Fig. 6. Variation of output currents i, against temperature
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Fig. 7. Experimental results of the positive full-wave rectifier at the

frequency (a) | kHz (b) 10 kHz

For experimental confirmation, the proposed circuit fig.
4, was constructed by using LMI13600-typc OTA’s.
Resistor R, and R; were 1% tolerance resistors. Fig. 7
shows the measured output waveforms of the op-amps-
based rectifiers compared with the OTA-based positive
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full-wave rectifier for the frequency of 1kHz and 10kHz,
respectively.

V. CONCLUSIONS

In this paper, a new technique employing the
characteristic of the differential amplifier inside of the
OTA to design a full-wave rectifier has been proposed.
The full-wave rectifier circuit employs OTAs as the only
active elements and does not require diodes. The input
voltage swing limitation has been improved from 2V; to
approximately lgsR, and the temperature sensitive of the
OTA is also compensated. The simulation and
experimental results have been shown that the proposed
circuit performs very well when compared with op-amps-
based circuit.
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ABSTRACT

¥ Ihis paper presents a simple circuit design
icchnique for rzalizing a. Jow-vollage temperature
mpcnsalcd current-mode exponential amplifier using
oly NPN transistors. The circuit is composed of a
t source dependent of temperature, a translinear-
multiplier/divider circuit, and a curremt mode
ential amplifier circuit. The circuit can operate for
low-level power supply volthge at 2V. The simulation
slts obtained from the PSPICE program are
ployed to verify the theoretical prediction. The
ential amplifier demonstrates good chara~rristic
mance and temperature stability.

e

"’_" ds: Exp‘cmc,ntial Amplifier, Current Mode,
Temperature Compensated, Translinesr, Logerithmic

Mﬁﬁ: S :
PsTRODUCTION

_ An exponential amplifier is usually employed in the
onic systems, which need to handle ' wide dynamic
es of signals, such as, a wide-band aray radar, a
application, an one of the important building
in a variable gain amplifier (VGA){1-2] and
nsrumentation applications. The basic principle for
ealizing the exponential amplifier is usually built by.
Zwing semiconductor diodes or transistors  with
{Pperationa) amplifier. The classical problem with this
taasdiode configuration is that the performance of the
implifier depends on temperature (3). Therefore, there
has been a strong interest to develop a temperature
compensation scheme, Recently, there is strong interest

curent-mode  exponential circuit, where the
tpplications can be found in the literature [4]. However,
e of the disadvar:zges of this amplifier is the
lempe.zt e, which is ctoigly dependent. The purpose

of this paper is to propose a low-vultage current-

flﬂ]‘Odc lemperature compensated exponential amplifier.

¢ proposed circuit employs only NPN transistors, and
Suble for integrated circuit. The PSPICE simulation
O%3 2 quite good operation of the circuit.

B CIRCUIT DESCRIPTION

,rrzl Lﬂ\'-voltnge Bipolar Translinear-based
‘Mperature Dependent Exponential Amplifier

Fig.1: Temperature Dependent Exponential Amplifier
Circuit

in the figure 1 shows the basic circuit obtained by
inserting only one resistor R; into the translinear circuit
[5), where [14, f24 und [y are the extemnal bias curreats of
the u-nnsislm.'Q;,;. Qi and Qyy, respectively. We have the
following réiation N

Vaera+ L aR + Vg s =Vigss + Vg (1)

The output current lp, is the current flow into Q. where
Vg is the base-emitter voltage , we get

Vonddes Rav,inla ey nbe vy nla @
l‘ l’ ll I.'

where /g and ¥rare tae saturation current and the thermal
voltage of the transistor, respectively. Assuming that the
size of all transistors is same. Thus, equation (2) becomes ,

IR =V, nhdle 3
Ih("Ll

The circuit that realizes from the above function, is shown
in Figure 1. Letting /34=/y, the emitter DC current of the
transistors Jy and Qi becomes same. Thus we can
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directly connect the base of Oy, to the emitter of 0:4 and
we can delete of Oy, and /y,. The equation (3) becomes,

IR =V, intot (4)
¥}

Thus, the output current /o, is given by.

LR _
Io,=1,e " ‘ (5)

Fig.2: Temperature Depender:t Exponential Amplifier
itk Reducing of Qvyand iy

From the Figurs 2, w¢ fiind that znother onc of
disadvantages of the exporential amplifier is strong
temperature, which is dependent on the output current
Iga. Thie next section, we wiil introduce the temperature
compensated exponential amplifier.

2.2 Low-voitage Bipoiar Translinear-based

Temperature Compensai: Exponential Amplifier '

Y :
) cC

Fig.3: A Curvent Source Dependent of “emperatare

Figure 3. Show a cirzuit of a low-voltage current
source dependent of ternperature, which is show form
circuit in the logarithmic amplifier proposed in reference
[6]. Assuming that the dimensions of all transistors are
same and selecting two resistors are R. Thus, we can
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realize a current source dependent of ‘mpﬂlmm

follows,

v, I
it Eifiy b
"R 1, o)

where we have selected [s//;=e, then can be written P

I,=-L Ul

Fig.4: A practical of the Cwrrent .Som\':e nepeu..’em of
T-’mperamm

In the figure 4 is a practica! realization of the cur
source dependent of - temperature “where the outp
transistor of Qy is directly connected to iry. it of the ne
stage for translinear circuit cell of Oy to Q1. We wiil ust
as temperature-compensated circuit rext lims, at e
transistor Qg to Q)3 , we obtain

Iy =Vﬁ]'_!. -‘ @.)‘
5] :

4
0 |
The transistor Qy, which is the cutput transistor of ‘h'

first stage of current source dependent of lcmpff"‘“"'
behaves as the input transistor of the secend stage O to'

O3 Substituting equation(7) into equation(8) . where
ly=1y). we obtain the output current of
*
I, = _ILL(LL l ®
1)
2\ R
The schematic diagram of the pronosed circuit fof &
low-voltage  bipolar  translinear-based  temperatVs

>
compensated exponential amplifier is shown in F’S"‘r; :S
The circuit consists of a basic ciicuit in Figure 2, whic
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1

directly connected to the current sowce dependent of
temperature in Figure 4. Substituting current 1y from
equation (9) into the current /5, from equation (5), where
R=R.

(10)

Flg.5: Temperaiure Compen.s:a:ed Expanential Amplifier
. Cireuit using Only NPN Transistors

N, the output current /o, from equation. (10) that
the circuit should also be relatively of the temperatute
icompznsated in circuit of Figure 5 Since the circuit can
Ibe operated on current mode that has a capability of low
‘power supply veltage of 2WagtVegsa+RI = 1.8V Where !
lis the curreat of R. Thus a 2V power supply will be
lshcugh and the circuit attractive feature, as the circuit
'n be ¢mployed to implement only NPN transistor
.action.

{3. SMULATION RESULTS .
b To verify the theoretical design, the proposed
‘iow-voltage  bipolar translinear-based temperature
ompensated exponential amplifier was simulated to
‘wnfirm the characteristic of the circuits using the
PSPICE program. We use the NPN transistors 2N3904
;Tl_lcdc! obtained from the PSPICE library. The
Simulaticn results are shown in figure 6 for various
Yaiues the power supply used is +2V and R=260.The
bias currents Iy and I, are chosen to be 272uA and
“100uA, respectively, to give a value of ratio /y//,=e. The
'bias currents /,and /,, are set to 100uA and the current
{JelS Input current signal,

.-F!gurc &
Jansfer characteristic of the proposed  exponentiai
Amplifier for the input signal current /y, which is varied
iffom 010 309 HA.

pp;’“_ﬂn be scen that the resulting characteristic is
y Ccisely relate to the exponential function is good
gf:’ﬂmt with theoretical analysis with the error less
2u L.5%. The simulation results shown in figure 7
BRibit the valyes of the output current against
EMPerature for the case of uncompensated and
ﬁprmawd exponential amplifier of figure 2 and
- e '5 for 15, and [, are equal to J00uA,
h‘fpm“’ﬂ}'. By varying the temperature —40°C to

shews the simulated and calculated D3
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100°C, it is readily seen that the temperature performance
of the compensation circuit is much better than the
uncompensated circuit. The sensitivity of circuit with
temperature of the uncompensated and compensated
circuits are approximately equal to 0.99 and 0.03,

respectively.

a ... cmr  sewm ue
|
20
F c  Seaimes s
e : o Predcies _.’J
T /
L ‘3
37 ~
i -~
oa : l’#
; il
04 | c =2
Er I A—-—"}’).
o f ... . ) =
[ £ 1" 19 200 30 309
: hatu Ay
. Fig.6: DC Transfer Characteristic of Exponential
. Amplifier for figure § .
400 '....‘_‘..n.-_-_.--».'.'.;- AT e B I PR

a: l‘.lnoompu!ullﬁd sirauit of figure 2
.o_:._i;‘onpq:u'éd cirouit of figure §

3
JSOé!\\:' S
|

gsou; Nt g B s
§ = ) P
3 P -
~  ia PRI PP,
1E R :
230 ¢ A S .
i \".“"l‘-
I % Tl
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e S SR S S A
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Flg.7: Variation of the Owtput Currents I, against

Temperature of Fig.2 and Fig 5.
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Fig.8: Frequency Characteristic of Exponential A mplifier
Jor figure5
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The figure 8 and 9 show the frequency and phase
response of the output current /o, of the current-mode
temperature compensated exponential amplifier of
figure 5, respectively.

It is clearly shown that the circuit can be used
up to frequency around 160 MHz at phasc shift
approximately to 90 degree

0 P ———— e e e 6 L)
] T
+100 | "-\
T 0l b
e y
1 wi
L
i E -\
400 ; .
! \
i .
500 i ~..
i ~
i
™ 10M 100M 16 100
. Frequency (Ha)

Fig.9 :Phase Re:p‘orge of Exponential Amplifier for
Jigure5
4. CONCLUSION :

We have propossd a low-voltage temperature
compensated exponential amplifier: using only NPN
transistors that can cperate in the current-mode and at a
power supply voltage as low. as- 2.9:vélts or less. The
special  features of the proposed circuit are. the
insensitive of temperature and. the suitable structure for
[C rabrication, the circuit attractive feature, as the circuit
can be employed to implement only* NPN transistor
action. Demonstrated simulation resulted.confirmed the
cirvuit performance. :
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ABSTRACT

This paper presents a simple circuit design
technique for realizing a temperature compensated
current-mode logarithmic amplifier using only NPN
transistors. [t comprises two current mode logarithmic
amplifier circuits and a current mode multiplier/divider
circuit. The circuit can operate for a low-level power
supply voltage at 2V. The simulation results, obtained
from the PSPICE program, are employed 1o verify the
theoretical prediction. The logarithmic  amplifier
demonstrates good charactenstic performance and
temperature stability.

Keywords: Logarithmic Amplifier, Current Mode,
Temperature Compensated, Translinear, only NPN Tr.

L. INTRODUCTION

[n the electronic systems that needed to handle wide
dynamic ranges of signals, such as, a wide-band array
radar, a sonar application, an automatic gain
control(AGC) system and instrumentation applications,
a logarithmic amplifier is usually employed (1]. The
basic principal for realizing the logarithmic amplifier is
usually built using semiconductor diodes or transistors
in the feedback path of an operational amplificr. The
classical problem with this transdiode configuration is
that the performance of the amplifier depends on

temperature (2]. Therefore, there has been a strong

interest to develop a temperature compensation scheme.
Recently, there is strong interest is current-mode
logarithmic circuit, where the applications can be found
in the literature {3]. However, one of the disadvantages
of this amplifier is the swong temperature dependant.
The purpose of this paper is to proposc a low-voltage
current-mode  temperature compensated logarithmic
amplifier. The proposed circuit employs only NPN
transistors, and is suitable for integrated circuits. The
PSPICE simulation shows a quite good operation of the
circuit.

2. CIRCUIT DESCRIPTION
2.1 Temperature Dependent Logarithmic Amplifier

Figure | shows a current mode logarithmic
amplifier circuit [4]. This umit usually generates a
current that directly relates to the absolute temperature.

Proceedings of The Fust Elecincal Engieenng/Erecironcs Computer

From the figure, we have the (ollowing relation of
translinear circuit (5]

Vesi +Vags = Vagy + Ve, + RI, (H

and Vy,, , the basc-emitter voltage, is given by

Ve, =V, m%- @

=

Fig.1: Temperature dependent logarithmic amplifier
ctrcurf -

where { . [, are the saturation current and the collector

current of the transistor (J, , respectively. Substituting
Equation (2) into equation (1), we obtain

Vr h"( [.\'ll.\'l I(.'l[n!fl ] = LRJ‘ (]]
[Sl[.\'ll(.'lit'd

Assuming that the size of all transistor is the same, we
canget I, =15, =1 =1,

Therefore, from equation (3),we get
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Transistors QL. Qs the resistors R function as a current
mirror, reflecting the current of (4 to Oy that equals the
current of O, |ts output current /, can be described as

(3)

where Vris the usual thermal voltage, which is given by

kTlg, and /, and I, are the external bias currents. Noted
that, due to ¥y, the output cument. is strongly
temperature dependent.

In this work, the current mode multiplier/divider
circuit [6] shown in figure 2 will be used as a means of
femperature compensation in the logarithmic amplifier.
It is similar to the logarithmic amplifier that the current
Iy is substituted by transistor Os and resistor R. The
current /g will directly pass through transistor Qp and
can be expressed as
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8D
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T

Fig.2: Current mode multiplier/divider circuit

(6)

where [y, /4 and /s are the external bias currents.

e

7

e

QSB .
? by 2 |

— g
=
s s - e

------l---—--—.-—--—..—..-on—.o-—'

Flg.3: Temperature compensated logarithmic amplifier circuit using NPN rransistors

1.2 Temperature-Compensated Logarithmic Amplifier

The proposed temperature-compensated logarithmic
amplifier is shown in figurc 3. It consists of a current
mode multiplier/divider circuit of the figure 2 and two
logarithmic amplifier circuits of the figure |, which will
refer to by the subscripts A and B. Assuming that all
transistors are perfectly matched and working in
forward active mode. From figure 3, the currents I4 and
I5 are directly proportional to the thermal voltage VT
and the logarithmic function as

-

4"’ Proceedings of Ihe First Elecincal Engineenng/Elecioncs. Compuler,

o)

and

]’ =_r.ln.]'_" i (8)
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These currents /, and /s are fed into the current mode
multiplier/divide circuit. Substituting equations (7) and
(8) into equation (6), therefore, we obtain the output
current /[, of the circuit as

7 =—|n"‘—" 9)

where K=|ni'L and K will be fixed to a constant
18

value. Now we can see that the output current /., is
temperature insensitive. From figure 3, the circuit can
opcrate at a power supply voltage of 2Vt Vega+RI, where
[ is the current flowing R. Thereby an approximately 2V
power supply will be adequate and the process of signal
passes only the NPN Transistors.

3. SIMULATION RESULTS

To verify the theoretical design, the proposed
temperature compensated logarithmic amplifier was
simulated to confirm the characteristic of the circuits
using the PSPICE program. We use the NPN transistors
2N3904 model obtained from the PSPICE library. The
power supply used is +2V and R=26002. The bias
currents [,y and /55 arc chosen to be 272pA and 100pA,
respectively, to give a value of K=1. The bias currents /o4
and /; are set to 100pA and the current /) 4 is input current

“signal. Figure 4 shows the DC transfer characteristic of
the proposed logarithmic amplifier for the input signal
current [[ A, which is varied from 100pA to 1000pA.

0.

I_pA)

5 10 i 00 500 1000
Ia (BA)

Fig.4: DC Transfer characteristic of logarithmic
amplifier of figure 3

It can be seen that the resulting characteristic is
precisely related to the logarithmic function in good
agreement with the theoretical analysis. The simulation
results shown in figure 5 exhibif the values of the output
current against temperature  for the case of
uncompensated and compensated logarithmic amplificrs
of figure 1 and figure 3, respectively. By varying the
temperature from —40°C to 100°C, it is readily seen that
the temperature performance of the compensation circuit
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is much better than the uncompensated circuit. The
sensitivity of circuit with temperature of the
uncompensated and  compensated  circuits  are
approximately equal to 0.99 and 0.03, respectively. Both
figure 6 and 7 show the frequency and phase response of
the current mode temperature compensated logarithmic
amplifier of figure 3, respectively. It is clearly shown that
the circuit can be used up to frequency around 130MHz
at phase shift approximately equal to - 90 degree

140
o Uscompentacd cocant of figur |
+  Compensmcd cicun of Bgunc )

<
3= e
60 ;—' — b
40 -10 ] 10 0 @ 0 ([ ]
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Fig.5: Variation of the output currents against

temperature
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Fig.6: Frequency characteristic of logarithmic
amplifier for figure3
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Fig.7:Phase response of logarithmic amplifier for
Sfigure3
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4. CONCLUSION

In this paper, we have proposed a lemperature

compensation technique of a logarithmic amplifier that
can operate in the current mode and at a power supply
voltage as low as 2V. The special features of the
proposed circuit are the insensitive of temperature and

the

suitable structure for IC fabrication. Demonstrated

simulation resulted confirmed the circuit performance.
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