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ABSTRACT

New methods to design and realize current mode integrable analog function
circuits that have wide ‘dynamic range and wide bandwidth are proposed in this;
thesis. The proposed second generation current conveyor (CCII) and the new circuit;
element, termed a current limiter (CL), are used for the realization of function
circuits. Two new CCII Cll‘CUltS are presented. The first CCII employs two opemtnonal.
transconductance ampllfiers (OTA) and the second CCII uses MOS voItage/current
follower and current mirrors. For the current limiters which have a nonlinear’
behaviour, it can be accurately assigned to limit the output current by external current.
control. The experimental results and PSPICE simulation results confirm that the
performance of the pmpéscd circuits, i.e. dynamic range. accuracy and frequency’

response, are in agreement with the theoretical results.
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2(Tg1+ 192
(By+B2)

(By - B2) |

= (Vepq -V . 4.3.9
ViHi- VTHR) Bre b C )

\fla VTHi. Bi wsz Igj As threshold voltage, d1w111ﬁtﬂafﬂaqn11uﬁﬂuaqn11uiﬂtna€

warniTudLATUYBIMITLER L ADS Mj AuaIRY 3 nEunTi (4.3.9) inauuInaz £ 1 Suma by

wBnusaednat threshold 14a~un1uﬁnn1auauvuagnuuu1unﬁ1unmn11ai dnilasiidnsznm 2 mV
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ﬂ114w1<t1n1ﬂmﬁtuaqa1nn1w111utﬁn1ﬂ34011uu1 p = KWL Feazifiuladindnatoodianlu
- - |99 - -
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unTeud woanswdsiaodildluaeaTas1d CMOS wupd CD4007 sdumidnis usasit I4 uaz I
fvualnidtvinny 400 pA uaz 1 mA RIURIAY Tuqﬂw 4.3.5 uanquanauﬂuaqw1qimmﬁm1ﬂ
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Buany L wirdiminaudaenszus (Current Mode Instrumentation Amplifier)

4.5.1  2997dNIATIZHAIINAIUNIUUUVUINURZUVUAY

qnnqmauﬁﬁﬂnq1qa1aﬂuw1uni:uaaﬂuﬂinﬁazﬁﬂu1a€1qtﬁu1qqsi§tﬁﬁﬁ:ﬁha1u51uw1u1ﬁ
Tﬂuwﬁhnﬂﬁuﬂﬂ41uguﬁ 4.5.1 Q1n3ﬂﬁ 4.5.1(n) 1qq1a1uw1un1=uaq=tﬁuuuﬂunnﬁﬂﬁh11ﬂu1u
winduniie @easTiamnenTzud i, agluidniaifeafunszud iy (Hatlaudnan Vi, > 0 tiima
y #m Vi, szgnidulufoe® x wazafeuiuntsud iy =Vig/R nazud iy azgnaechuliiunszus
i, tewadn z (fiavaaniwedn y szdeagiuwain z aadunizua i, dviaidoulnasanainis A

» - » [ -, I
WaEAIWAIUNIU R, ARasan g deqn A szlidtvinny

iz
Yin
A ccirt
Rin X
¥
R
Q)
_te,
Y{ﬂﬂnlNM”,-y
- A CCIT z b -
Rin — X
i
R
€D

sun 4.5.1 (n) MANNI T892 58 ATIENAINATUN U LLUAY

(1)  vANNNTERNIRATANLATIZHAIINATUNILILLLIN



-44 -

V.
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(Vp-Vp)
SRS A (4.5.4)
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éww%ﬂuaﬂauaua4m1qn11unwaqaqa1a1nmnﬁ sutuuul s gNas vuaunu1qaaavwaunﬁvuauuuau
M2 iavanmminuiaiaad Qs uaz Qg matﬂu14Q1ﬂu1uuuunua11uﬂqq uuamauduaqm1qn11unm
aqtnqnu f1 (transition frequency) wamIEaiaadtas [9] fIN29RTREVIBUN TEURULLLIN
cM3 #arTumsuds i anduiia NPN qziifnANd fr aqn11ws1u%atﬂa€ﬁﬁﬂ PNP #ildTunvasasyibu
nszuduuuay CM2 wan ﬂquuuamauauaqw1qﬁaﬂunnaqaqaﬁa:ﬁaunﬁxuauuuau CM2 aziluanay
uuaqw14ﬂ11unwm1wamLuatwuunuwﬁﬂuﬂatmaﬁ Q5 . Q6 wataqssHzviaunszusuuuuan CM3 19
asvisunsiuauuuay CM2 qqtuun1nﬂnuﬂuaﬁauauaqwﬂqﬁ11unﬂa41¢a1ﬁﬂﬁhnﬁvuauuuﬂﬁbuﬁ4[25]
sasveunIsud Aj ypeNRIdzaunszia CM2 aﬂuﬂﬁuﬂﬂ1ﬂQ1nﬂun1ﬁw (3.2.16) Taouvuan n
lusunnann (3.2.16) @an Aj uas qnnﬁum 5.2.3(n) waz5.2.4(n) ENIAHANRUG TENT

o

nszuagaidn Icg uaznszuazasan Io ppea9aTaEsVauNTzuE CM2 laasil

(Ag+2)(B+1) (5.3.11)

f3 +(Ai+2)ﬂ+Ai+2

unuan pCs) Quaunnan (3.2.17) avlugunasi (5.3.11) azla

i
B2+ (Ay+ 2P+ A +2

Ip = Iceh

1
A 1 2)T2s2 A+ 2)(p+2)T 1
(Ay+ 2)Ts Ay 2B TS ”j (5.3.12)

B2+ (A +20prA +2  BPr(Ag+2)PrA; 2

- o »w o e wes J I Ry . >
amuadn p>> (Af + 2D ua:ﬂﬂﬁﬁuuﬂuﬂﬂﬂﬂﬁﬂtﬁuQQﬂUQ:Nﬂuﬁﬁﬂﬂﬁ:uﬂmﬂunﬁﬁw (5.3.12) 1A

Ts+1 (5.3.13)
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i - (5.3.14)
We= = .3.
C A+ 2)T (Aj+2)

annsunnn (5.3.14) 3z 1ﬂ11uamauaanwﬂqﬁaﬂunﬂaqaqqsa~waunﬁ rus CM2 Az ﬂuaqnu f1
¥BWIITEH L ADSUATANBRTIILIBNTEUE Aj Tauitdn 1 aziiiuAiasit didaTnsononIzud Ay 3
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6.1 unun
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ez 1iudEAia wwiugngs waziiamszaanlunisdaiasisieifulifuiiady 19asdana
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- ten >t o
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6.2.1 2vasaronszualicduidaidu

’ S e » . [ o~ o

a9asdnenszualidutiidu (nonlinear current generator) iduavaamannlalunas

- « » & - > ) > - N
duaTzdauau i uiiaedy 2easlenaud R IANnT suILUYigRoamanugn (multiple
. -~ . . 3 -l
current follower) ua:aaianfianszus nanniszavivasatonszusliifividisidunanslugya

- - s o <49 i -

6.2.1 Tawk CLn(A{, Ig) Apavssdnnanszusinlvnszuagnaanmavuauin n s n = 1, 2, 3,
WRz 4 du Aj AD SMSITLIDNTTURYENINATINANTIUE waz Ig ABnTzuayaldn  danmuala M,
N, P uaz Q uauaugaeeasannanssud Cll, CL2, CL3 uaz CL4 A uaIau WATINYANNTEUN

% - . . .- » e e v o
Ioyt o tiumeddutafiuiadude souldaai
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i=1 =1 k=1 1-1

naunnTn (6.2, 1) sumalins wlupy 6.2.2(n) lunimidasnisaniaiei Tuqf 6.2.2(w)

azifluntsdaiaTeinswlupd 6.2.2(n) Tasldauifuidsidunuudae Feazldinazdalyd
. « * . ) 4 - e >

29aTianszud CL1 37wu 2 9a uazaexsananszud CL2 uas CL4 atnaznlagm nin1doulain
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O R 2r
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+

In B1BR  BR

Taudl R AaArudrumiuainansusniidanua4as Rg AsAlnud unuiuaiug (base-spreading
resistance) sawtw@aiaaf Qq uar Qo 1fln re vy Vi/I [26] uaz By uaz P
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! ] 1_( Ps ) Pp+ 20 (6.2.4)
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Iin Bs+ 1 )\ BS+2p p+2

) B5 uaz Bp Ao mTweronIzuusmTwEdALeaT Q5 wazmtwEdiaedviia pnp (Q1, &, Q3
Q) awdny i I = 500pA, Ijn = 99% waenszud I, P5 = 100 uaz Py = 20 Az
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+0goV3= 0 (x1.2)
fn Vo In1(Vy = V) * Ggg(Va = V) + (Gpz + C35)V = @ (<1.3)
+Cas
vl.vy+fgﬂi_illv2 (41.4)
9m1
3 V3 Im2Vx ™ Im2V1 * ImaV2 * (942 * 9ga)V3= 0 (41.5)
(V, -V )- + W
V,- Im19m2Vy = V) = In1(9g2 + 944)V3 (1. 6)

Im19m4 ~ Im29m3 ~ ImoC3S

wnuAnENna Tl (81, 4) waz (91.6) asluaunasit (91.2) =14
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G y G X
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V3+0g1Va* 9gaV3 = @ (31.7)
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9459ms Vy
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Ing = % Vest ™ Vruy) (42.3)
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anFun T (42.3) uar (92.4) azld
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INT. J. ELECTRONICS, 1939, voL. 67, No. 1, 81-85

OTA-based electronically tunable voltage-controlled
resistance converter

WANLOP SURAKAMPONTORNY, SUPAKIT JUTAVIRIYAY
and VANCHAI RIEWRUJAY

An operational transconductance umplifier (OTA) based wide-tunable-range
voltage-controlled resistance converter circuit, where the magnitude of the con-
verled resistance can be electronically varied, is proposed in this paper. The circuit
is realized through the use of an active network, termed an ‘clectronically tunable
second-generation current conveyor' (ECCH), which is a current conveyor with
clectronically variable propertics. The realization scheme provides both 8 positive
and a negative resistunce and employs OTAs us the only active elements,

1. Introduction

It is well known that negatiive and positive resistances that can be clectronically
tuned are very useful in the ficld of active networks and oscillators. Many general
resistance conversion circuits have been proposed in the literature (Pookaiyaudom
et al. 1978, Regtien 1979, Surakampontorn and Junnapiya 1986). However, the
design methods are only suitable for implementation in monolithic integrated circuit
form. In addition, their linear tunable range is limited to be less than two decades.
Recently, there has been a great deal of interest in the operational transconductance
amplificr (OTA) (Malvar 1982, Geiger and Sanchez-Sinencio 1985, Khan and
Ahmed 1987). This is due to the fact that OTAs are low-cost devices and their
transconductance. gain g, can be lincarly controlled over more than four decades by
means of an external bias current. In this paper, an clectronically tunable second-
generation current conveyor (ECCI) realized using OTASs as the only active clement
is proposed. The ECCII is then employcd to implement a grounded and a fioating
tunable general resistance convertet, where both a positive and a negative resistance
can be realized. Experimental and simulation results demonstrating the circuit’s
lincar tunable range and dynamic range are presented. Although emphasis is placed
on the OTA-based circuit, the proposed realization scheme is also suitable for
implementation in monolithic integrated form.

2. Circuit description

The proposed tunable grounded voltage-controlled resistance converter is shown
in Fig. 1. The active network formed by OTAl, OTA2 and R, is an OTA-based
ECCIL. Its terminal characteristic can be described by the following matrix equa-
tion:

i 0 0 olfv,
Ve | = (gmlR)/(l + gmlR) 0 0 ix (l)
ix 0 igml Rl 0 by
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Figure 1. Proposed OTA-bused grounded-resistance converter.

1l

where R is a given resistance, gp, and g, are the transconductance gains of OTAI
and OTA2, respectively. The transconductance gain is given by g, = 1/(2Vy), where
1, is the bias current and ¥y denotes the thermal voltage kT/q.
From (1), if we choose g, R » 1, then the ECCII can be described by the follow-
ing set of cquations:
iy=0; v,=v, and i, = thi,= +(R, 14,/2Vy)) i, (2)

It is clearly seen that the current transfer ratio i of the current conveyor can be
varied by electronic means. The plus and minus signs in (2) denote the positive and
negative current conveyor, respectively. It should be pointed out that the ECCII in
Fig. 1 rezlizes ECCII @ and, if the terminals of OTA2 is interchanged, then the
circuit will realize ECCIl ©.

THe operation of the resistance converter can now be explained as follows.
Assuming t,, > 0, an input voltage v, at port A will transfer to the resistance R and
convert to a signal current i = +v,/R to flow out of port x. The ECCII then
amplifies the signal current and produces an outputl current equal to ig =h |,
which will flow out of port A. By inspecting the input voltage polaritics and the
direction of the output current at port A, we can readily see that the input resistance
R;, looking into port A is equal to

which is in the form of an electronically tunable negative resistance. On the other
hand, if we interchange the OTA2 input terminals, the circuit will realize an clec-
tronically tunable positive resistance. In uddition, if a floating voltage-controlled
resistance is required, the circuit can be made by cascading two grounded circuits in
a symmetrical manner.

The major factors that contribute to the distortion and non-lincarity in the
circuit can be classified as follows. The first factor that will contribute to the inac-
curacy of the circuit is due to the ohmic drop across the input stage of the OTAL
From (1), if we let .y = 1/ga,, then the relationship butween v, and v, can be
written as :

Uy = [R/(zrol + R)]vy (4)

We can see that the voltuge at port y will uccurately transfer to port x only if the
magnitude of the given resistance R is much larger than 2r,, or K » 2r,,. For
example, if 1y, = SO0uA or r,, = 52Q and R = 10kQ, then the transfer error is
about 1:03%. The second fuctor affecting the nonlinearity of the circuil is due to the
limited linear range of the input stage of OTA2. In order to minimize this error, the
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voltage swing across the resistor R, should be kept less than the limited linear
range. The third factor is due to the bias current of the input stage of OTAI and
OTA2. These currents, vith the resistor R, will produce an output offset current at
port z. However, this offset current can be minimized by using a low value of R. The
last factor is due to the température dependence of R, . If this temperature influence
Is 4 major interest, it can be compensated by using a current source that is pro-
portional to the absolute temperature (Pookaiyaudom et al. 1979).

3. Experimental results

To verify the dynamic range and tuning rang experimentally, the resistance con-
verter circuit of Fig. | was constructed using 13 600-type OTAs and 1% tolerance
discrete resistors. Figure 2 shows the measured characteristics of the grounded
resistance conversion circuit for both positive and negative converted resistances.
We have used R = 10k, R, = 520, 1, = 100 A, and I, is varied from 250 uA to
2000 uA. For these values a dynamic range of approximately +1V is observed.
Figure 3 shows the plot of the converted resistance R,, us a function of the current
I4;. We can sce that R, can be lincarly and clectronically controlled over more
than three decades using the current I,;. Close agreement between the expected
values and the measured values have bten demonstrated by the plot.

Im(;tA)

lg2® 20634
200

21210 A

-4
|u2-sno A

L SO
- ,"2.5410 A

Vm( voits)

- ~200

0 0 O Nugative rusistances

o o o Positive resistances

-~ Expucted

Figure 2. Meusured characteristics of the circurt in Fig. 1.
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Figure 3. Plots of the converler resistance R,, against the bias current Iy, .

4. Conclusion

In this paper, an OTA-based electronically tunable second-generation current
conveyor (ECCII) has been realized. The conveyor is then employed to implement a
general resistance converter, where both a positive and a negative resistance can be
realized in the circuit and its magnitude can be controlled by electronic means. The
performance of the circuit has been verified experimentally. It should be noted that
although in the work only the resistance converter is mentioned, the proposed
ECCII can also be used to realize active circuit clements like those of a gyrator, a
frequency-dependent negative resistance or an oscillator.
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Abstruct: In the paper, a new circuit element,
termed a current limiter, is introduced. A tech-
nique based on the use of the current limiter is
then proposed for the realisation of nonlincar
resistances. Floating and earthed nonlinear resist-
ances, working in both a voltage-controlled moae
and a current-controlled mode, can be implement-
ed in such a realisation scheme. The design prin-
ciple is suitable for implementation in monolithic
integrated form. Experimental results showing the
accuracy and lincarity of the circuits are also pre-
sented.

1 introduction

In gencral, a circuit clement that posscsses a nonlinear
characteristic, particularly a nonlinear resistance [1],
may find application as a basic active element in the
implementation of a negative-resistance oscillator [2], a
frequency doubler, a high-speed A/D converstor [3] or an
autonomous circuit used lor experimental observation of
chaotic phenomena in a piccewise-lincar dynamic system
(4].

One fundamental approach that can usually be
employed o realise nonlinear resistances is through the
use of an inherently nonlincar characteristic of semicon-
ductor devices such as the tunnel diode, FET or UIJT 5,
6]). However, the dynamic range achieved by this tech-
nique is restricted to a small size, since the component
resistances are dependent on the device parameters and
are predetermined. Alternatively, an approach based on
a  piecewise-lincar  upproximation, where  precision
piecewise-linear networks are combined and propor-
tioned to produce a desired function, has been shown to
give a dependable nonlinear resistance [7, 8). For
example, in Reference 9 L.O. Chua et al. successfully used
operational amplifiers, transistors, diodes and linear
resistors as circuit building blocks for synthetising a large
cluss of driving-points and transfer chagacteristics.
However, this method is uncconomical for implementa-
tion in monolithic integrated form, since cach op anp,
individually, will require a substantial chip arca. Based
on the same approximation, Pouokaiyaudom et al. [10,
11] proposed an integrable circuit principle for synthe-
tising voltage-controlled nonlinear impedances, where
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dilTerential voltage-to-current convertors, current mirrors
and linear resistors are used as circuit building blocks.
Later, Pookaiyaudom et al. employed the same inte-
grated circuit building blocks to synthetise current-
controlled nonlinear impedances [12). However, these
circuits are designed only for use in either a current or
voltage-controlled mode, so the applications are rather
limited.

The aim of this article is to propose a method for reali-
sing nonlinear resistances that are operated in the current
mode and can be implemented in monolithic intcgrated
form. Instead of using the conventional voltage limiters
[13] or diffgrential voltage-to-current convertors [10-12]
as basic building blocks, a nonlincar circuit element,
named a current limiter, is introduced. We then employ
the current limiter to implement floating and earthed
nonlincar resistances, where both a voltage-controlled
type and a current-controlled type can be realised. Some
applications of the nonlincar resistances are  also
included.

2 Current limiters

The basic principle of the proposed current limiter
(ubbreviated as CL) circuit is shown in Fig. la. Tran-
sistors Q,, Q;, Q; and Q, form a negative current
mirror forcing the current I, to equal I,. Qy functions as
a current follower and, at the same lime, provides a fixed
bias voltage to node X, which in this case is approx-
imately at carth poicntial. Diode D, provides a feedback
path for the current from node Y flowing into node X.

Busic current limiter

Fig. 1
o Ciucuit disgram

b Tranaler characicriin cuive
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Consider the circuit in Fig. la. If I, is an input current
and I, is « breakpoint current, the node equations are

node X: Iy=1,+ 1y +1, (1)
node Y: Iy =1y + I~ I V)

Since the negative current mirror forces Iy = I; and we
set Iy =1+ I, and I, = I, then solving for 1,5, and I, we

get
Ipy =Ug =12 0
l°=l‘.—l‘+2lp| (4)

We can sce from eqn. 4 that, if I, <, the output
current Io = 0. It should be noted that, at the point
where I, = I, the diode current I, =0, which means
that the diode is cut ofl.

For the case of I, > I, current I, = O since there is
no curreai tlowing through D,. Therefore, from ¢qns. 3
and 4, the output current becomes

lo=1,—1, ()

The transfer characteristic of the limiter can be shown as
in Fig. 1b and the output current can be stated as

I = 0 forl,< 1,
OV T\, 1y for > 1,

where /,, dehotes the output current which is defined
only in the first quadrant of the transfer characteristic
curve. It should be noted that the maximum output
current is limited by the current 1.

In practice, there are two major limitations on the
current limiter of Fig. 1. First, to operate correctly, the
voltage at point Y must be fixed at approximately earth
potential. Secondly, the slope of the trunsfer character-
istic is restricted to 1. These restrictions will prevent the
circuit from realising a general nonlinear function. The
modified circuit, alleviating these restrictions, is shown in
Fig. 2a. Transistor Q, and diode D, are employed to
provide a fixed bias voltage at point Y and to scparate
the output circuit from the input circuit, which it might
otherwise affect. The slope of the transfer curve is now
determined by the value of the current gain 4, of the
multiple current mirrors. In addition, the circuit provides
two oulput currents that flow in an opposile direction,
which will be an advantage for implementing Noating
nonlinear clements. The output currents of the circuit in
Fig. 2u, which are a functivn of the current I, and the
gain A, can be now written as

0 forl,< 1,

(6)

Y

foilA. 1) = {A,u._ —1,) forl,>1, ™
and
{0 for 1,y < 1y
104(‘4" l‘) - {—Al(lll —.ID) fog lh > ll (8)

where 4y (A, I4) and Ly4(A,, 1) denoge the output cur-
rents in the first and fourth quadrants of the transfer
curve, respectively, Further, we will name the current-
limiters of the eyns. 7 and 8 CL, (4,, I,) and CL, (4,,
1), respectively.

By using the samne principle, the circuit in Fig. 3u gives
the output currents in the second and third quadrants,
which can be stated as

forl, = -1,
loi4i, L) = {A.(“..I — 1)) forl,< -1,

IEE PROCEEDINGS, Vol. 137, P1. G, No. 4, AUGUST 1990

)]

Fig. 2 Modified currens limiter for 1, > 0
o Circuit disgram b Teansfer checaciesistic curve

loul

I
03 b

Fig. 3  Modified current limiter for 1., < 0

o Clrcuit diugram b ‘Transfer Lharucterntic curve

239



-136-

and
0 for l.‘,.? "l”
"'"."“""{—A.(ll,l—l.) for 1, < —1,

and their corresponding current limiters are named CL,
(A,, 1) -and CLj (A, Iy), respectively. For the current
gain circuit the simple multiple current mirror s
employed 10 demonsirate the basic concept. However, in
an actual monolithic integrated circuit, the current gain
cell of Reference 14 can be used. Consequently, the slope
of the transfer curve can be controlled by clectronic
means.

(10)

3 Nonlinear resistance convertors

3.1 Nonlinear current gunerators

The application of current limiters for realisation of non-
lincar functions can now be depicted as in Fig. 4. The
multiple output current-follower stage is a circuit that
generates, from the input current I, multiple output cur-
reats, both in the same and opposite directions. The
number of the outputl currents is determined by the
number of the current limiters required to synthetise a
desired nonlinear characteristic. In general, if M, N, P

hin : lot
L. -—
4 cuya,l
Lin IOI-
multiple CLi (A, lg)
lin output lout
_n, <2
currents |
follower lin loa
-—
CLy(A,.ly)
lia lus
Clyla,.lg)

Fig. 4  Bluck diayrum of nunlinear current yencrator

and Q are the number of current limiter circuits CL,,
CL;, CL, and CL,, respectively, required to realise the
nonlincar function, then the output current [, can be
writlea as

M N
lw= Zlu’l(’ln IB)+ Z”Jhl(“ulu)
i-1 FER)

» Q

+ LG L) + X 6M AL L) (1
A= i~

For example, as depicted in Fig. Sb, the realisation of the
nonlincar transier curve of Fig., Sa will require two CL,
circuits, one CL., circuit and one CL, circuil so M = 2,
N =0 = | and P = 0. Therefore, in this case, the output
current can be expressed as

Ly = 19,1, 0) + 14,2, 150)
+ 1022, 0) + 144(2, 100) (12)

where the currents 1, are in microamperes. Fig. 5¢ shows
the corresponding measured result, which has experimen-
tally confirmed that the realisation of the nonlinear func-
tion of Fig. Sa can be accurately carricd out by using
current Jimiters. For the sake of convenience, in the fol-
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lowing Scction a circuit that piovides a nonlinear
cuirent, as in eqn. 11, will be relerred to as a nonlinear
current generator.

200}
of
2\ 1 :
__O
100}
1
200 100 100 700
lin.bA
a
CL2(20)
10 CL}(2,350)
200+ CLy(1,0)
T4
EY
2\ 3 1 2/,
100} p
N,
200 -100
100}
-200}
CL.4(200)
b

Realisation of a nonhnear junction

g Examyprle of desited nonlinear function

b Cutgent himntens required for icaluation of nuulincars fuiktion i ¢

¢ Mcuured result (vertical sale: 30 uA/div; honzontal acale: 30 HA/div)

Fig. 6

3.2 Current-controlled nonlingar resistance
convertors

We now employ the nonlincar current generator of Fig. 4
to realise nonlinear resistances. Fig. 6 shows the basic
principle of the current-controlled nonlinear resistunce
convertor, where terminal A is the controlled terminal
[15). Transistors Q, und Q, and the current mirror CM,
function as a voltage follower that will uccurately transfer

1EE PROCEEDINGS, Vul. 137, P1. G, No. 4, AUGUST 1990



the voltage at point B into point A. Transistor Q, and
the current mirrors CM, and CM, form the multiplc
current follower, which will generate and, supply the
input currents for the current limiters of the nonlincar
currcnt gencrator.

nonlinear current generator

3
| I 1
multipte current follower -
L— voltage follower _—-i Vee |
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ferred to point A. By inspecting the direction of the input
current, the voltage polarity devcloped across points A
and C, it is clearly seen that, in this case, the input imped-
ances looking into terminals A and C are ncgative. In
addition, cither terminal A or C can be supplied with a
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Fig. 6

For the purpose of simplicity, the operation of the
circuit will be explained only for the currents and volt-
ages determined by limiter CLY", Let the inward-flowing
controlled current at point A be cqual to [,,, which will
sce a low impedance path into the cmitter of Q. Due to
the current 1,,, CLY"' gencrates two output currents /o,
and Iy, which arc cqual in magnitude, but flowing in
oppositc directions. These currents causc the current [,
where |1 =110;1=1101], to flow through the con-
verted resistance R from point C to point D. At the same
time, the current 15, which is cqual to I, causes [, to flow
out of point C. Conscquently, the voltage at point C is
positive with respect to point D. Let us consider the casc
where the ncgative voltage at point D is fed back to point
B (or point D is connccted to point B) and points A and
C are used as input tcrminals. Let us assume, for the
moment, that the voltage at point B is accurately trans-

V, ol
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Basic circult for simulation of curcent-controlled nonlinear resistance convertar

reference by an external circuit at any voltage. Thercfore,
in this case, the circuit functions as a floating current-
controlled nonlincar negative resistance convertor. On
the other hand, if point C is connccted to point B, the
current I, is connected to point D and points A and D
arc input terminals, then the circuit will function as a
floating current-controlled nonlincar positive resistance
convertor.

3.3 Voltage-controlled nonlinear resistance
convertors

The earthed voltage-controlled nonlincar resistance con-
vertor is shown in Fig. 7. Transistors Q, and Q, and the
current mirror CM, form a voltage follower circuit that
will transfer the input voltage at the controlled terminal
A into terminal B. The voltage drop across the converted
resistance R is then converted into a signal current [,

CM2
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Basic circuit for earthed voltage-controlled nonlinear resisiance convertor
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flowing through the current follower Q; of the multiple
current follower and will provide the currents Iy, for the
current limiters. !f the response for the CL'" only is von-
sidered, we can sce from Fig. 7 that the CL{" causcs
inward-flowing current at point C and outward-flowing
current at point D. Therefore, if point C or point D is
coanected to terminal A, the circuit will function as a
positive or a negative eurthed voltage-controtled nonlin-
ear resistance convertor, respectively. For the voltage-
controlled mode, usually, if a floating converted
nonlincir resistance is required, the circuit can be made
by cascading two eurthed circuits in a symmetrical
manner [8, 11]. However, 4 nore practical realisation
scheme is shown in Fig. 8, in which the transistors Q..
Q3 and Qj and the current mirror CM, function as &
voltage follower and current follower circuit and the
circuit on the left hand side of the dotted-line u-a’ is the
circuit in Fig. 7. In this casc, the positive and negative
nonlinear resistances can then be obtained by feedback
from points C to A and DtwA'orCto A and D tu A,
respectively.

Vee

current
himater

——— - — o =] - -0

o
Fig. 8  Busic circuit for fluating voltage-controlled nonlinear resistunce
convertor

Vee

3.4 Peformance analysis

3.4.1 Errcrs in the nonlinear resistance convertor
Deviations from ideal performance of the nonlincar
resistunce  convertor are due to mismatching, low f
values and finite value of the base resistances of the active
elements being used. The major fictors that contribute to
the inaccuracy are discussed below.

The first error is due to the voltage follower circuil in
Fig. 6, which is formed by transistors Q.. Q,; and Q, and
the negative current mirror CM. From routine circuit
analysis, the percentage of transconductance inaccuracy
is approximately given by

isI—"-:;—[/—Eﬁ—+—2—r5-':l x 100%
Um SR B3R
where R is a given resistance, Ry is the base-spreading
resistance of Q, and Qg r, is cqual to ¥/l and B, and B,
are the current gains of the npn transistors Q, and Q,,
respectiveiy. If Ry =200Q, 1= 500 uA, B, =f, =100
and R = 1 X0, then a transconductance error of about
0.106% is expected. This error can be further reduced if a
Jarge value of R is used or Q, is replaced by a Darlington
pair.

The second error is associated with the current limiters
in Figs. 2 and 3. Since both circuits, and also the crror,

(13)
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are similar, only the error due to the current limiter of
Fig. 2 is discussed. This error can be cxpressed as

cc,_::(l +ll——h){l - By

v+ 1L\ + 20, +2
AVues
= {V, + JR}

! . AV,
=1+ i -m s ]
where fiy und ff, are the current gains of the npn tran-
sistors Qg and Q, and the pnp transistors Q,Q:.Q
and Q,, respectively, AV, is the buse-emitter offset
voltage of Q, and Q,, Vy is the usual thermal voltage
and R is the value of the cmitter resistors associated wilh
Q, and Q,. The first term in the cquation is the ollset of
finite B, wheie, ideally, the purameters yy and K, must
cqual unity. If we assumed that gy = 100, Bp = 20 and I,
is 99% of the bias current /, the ¢error due to the eftect of
linite § at 99% current swings is approximately 2.9%.
For the sccond term, if AV, mismaich is +£0.25mV,
current | = S00 4A and R = 1kQ, then the worst-case
crror duc 10 AV, is 0.05%.
The third error is due to the multiple current mirrors.
The error associated with the multiple current mirrory is
given by

ccu=(A‘+ | :tAV,,_-) +(A,+ 1 iAV“) 15)
B Ve /v # Vr /n

where the subscripts P and N refer 1o pnp and npn tran-

sistors used in the current mirrors, respectively, and A; is

the current gain of the multiple current mirrors. IL has

been assumed, for convenience, that f of transistors of

similar type is the same.

(14)

3.4.2 High frequency response

High frequency response of the nounlinear resistance con-
vertor circuits, as shown in Figs. 6 and 7, is limited by the
pundwidth of the negative current mirror, which is
approximately equal 1o

Sras =14+ 2) (16)

of the pnp transistor being used. This response would be
further improved by use of the recently reported new
process of vertically integrated pnp fabrication, which can
be used to build a pap transistor with an fr of 200 MHz
(16). In addition, since diodes D, and D, funciion as
switching diodes in the current limiters, their storage time
should be small to prevent distortion of the output signal
arising at high frequencies due to the switching eflects of
the diode.

4 Experimental results and application examples

4.1 Experimental and simulation results

To demonstrate the circuit performance, the current
limiter circuit and the nonlincar resistance convertor
were breadboarded, using an npn  lransistor array
(LM3046), and selectively matched discrete pnp tran-
sistors, with Vg matching of better thun & 1% selected
for both npn and pnp transistors. Those transistors that
required close matching were contained.in the same array
package. The offsct due to Vg mismatch was miniinised
by employing | k2 resistors having 0.1% tolerance. The
bias current I was set (o 300 gA. In addition, the circuit

1EE PROCEEDINGS. Yol 137, Pt. G, No. 4, AUGUST 1Y%
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performance was studied by the use of the PSPICE ana-
logue simulation program [17]. '

The DC transfer characteristic comparison between
the measured and simulated results for the current limiter
circuit of Fig. 24 is demonstrated in Fig. 9. Fig. 9a shows
the plots of the current Iy, against the current /,, for four
values of 1, ie. Iy =0, 50, 100 and 200 pA, with the
current gain A, set equal to 1, while Fig. 96 shows the
plots for three values of A;, ic. 4;=1,3and Sand Iy =
S0 uA. We can see that the measured results agree very
well with the simulated results and that the transfer char-
acteristic is accurate over a range of 98% of the current
swing. In addition, the crror at the corner of the transfer
characteristic in Fig. 9b for high values of 4, is due to the
error ¢y of eqn. 15, The measured nonlincarity for 4, =
5 is less than +1.5%. It should be noted that the
dynamic range of the circuit is determined by the value of
the bias current /. The DC transfer characteristic for the
current limiter circuit of Fig. 3¢ will not be reported here
due to the similarity between the transfer curves and the
error performance for this circuit and those for the circuit
discussed above.

300

250
2001

150r

Ioy.pA

100}

50r

To study the high frequency capability, the nonlincar
resistance convertor circuit of Fig. 6, which comprises
one section of CL, (4, 50), was uscd. Fig. 10 shows the
high frequency response of the nonlinear resistance con-
vertor, studied with the use of the PSPICE unalogue
simulation program, for three different values of 4, ie.
A, =1, 3 and 5. The unity gain frequencies for the npn
and pnp transistors are assumed to be 350 and 165 MHz,
respectively. It is clearly seen from Fig. 10 that close
agreement with eqn. 16 is observed.

4.2 Application examples

In this Section, we demonstrate, experimentally, the prac-
tical application of the aforementioned nonlincar resist-
ance concept. Two oxamples, both acting as small signal
fullwave rectifiers, are employed to demonstrate the per-
formance of the simulated nontincar resistance convertor.
In the first example, shown in Fig. 1la, the nonlincur
resistance is a floating voltage-controlled resistunce. Its
corresponding nonlincar function is shown in Fig. 11b,
where the current limiters required to implement this
function are CL, (1, 0) and CL, (1, 0). The magnitude of

o
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the converting resistance is chosen to be R = 10 kQ. Fig.
§1c shows the rectitied output waveform (lower trace) for
a | kHz sine wave input waveform (upper trace) of peak
amplitude 100 mV. Also, as shown in Fig. 11d, when the
input signal is triangular waveform (upper trace), the rec-
tifier circuit will act as a frequency doubler. It is clearly
seen that the circuit exhibits low distortion for an input
signal as low as 100 mV.

For the rectifier circuit of Fig. 124, the nonlinear
resistance is a floating current-controlled nonlinear resist-
ance. The nonlincar resistance realises the nonlinear func-
tion of Fig. 12b, where the current limiters required are
CL, (1, 0), CL, (1, 200 4A) and CL, (2, 100 4A). The

resistance R, and the voltage V., in Fig. 12a are used to
adjust the input signal ¥, to the middle of the nonlincar
function. By this arrangement, we can sce that the recti-
ficr output signal (fower truce) of Fig. 12¢ or d provides a
small distortion for an mput ugnal of peak amplitude
100 mV (upper trace). It is interesting to note that the
rectifier circuits, both in Figs. 11a and 124, provide a
considerably low distortion, even for an mpul signal as
low as 10-mV. Figs. 13a and b show the rectified output
waveform (lower trace) for the circuit in Fig. 1la, when
the peak amplitude of the input signal (upper trace) is
10 mV. The same cxpcnmcnul results ure obtained for
the rectifier circuit in Fig. 124,

6r
A=5

5

4t
q A,z 3
£ 3
o
=)

2+

Azl

1

0 " i 6 8 )

1.0 100 10 10 10 10

frequency, Hz2
Fig. 10 Frequency respunse of nunlinear resistunce convertor circuit for three digferent values of 4,
18
-1 58 1
Y
R [ = 4 —
Vo et B Yin
T Yout
aq - b

c
Application of floating voltage-controlled nonlincar resistance as smull-signal fullwuve rectifier

Fig. 11
a Simple dcmonslsation Circuit

b Correspunding nunhncar function
¢ d Mcasurcd teaults {verircal scale: 50 mV/div; horzontal scale: U5 m3/div)

24

l

TPPIEnp i b g e vine wey
J L : r !
.

d

IEE PROCEEDINGS, Vol. 137, P1. G, No. 4, AUGUST 19W



-141-

5 Conclusion

Nonlinear resistance convertors that can be implemented
in monolithic integrated form have been introduced in
this paper. The realisation method is based on a new
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Fia. 12 Application of flouting current-controlled nonlinegr resistance
as small-siynal fullwave rectifier

o Simole demoasisation circuit
b Corresponding noulincar function
¢.d Mcasured results (vertical scab: SO mV/div; honizontal scate: 0.5 mS/div)

nonlinear circuit clement, named a current limiter, wiich
has been considered in great detail in Section 2. In
Scction 3, the current limiters were employed as circuit
building blocks lo form a nonlincar current generator

1EE PROCEEDINGS, Vol. 137, P1. G, No. 4, AUGUST 1990
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Fig. 13 Measured rectified output waveforms for the cireult in Fig.
114 for 10 mV peak input signal amplitude

a Sine wave

b Triangular wave (vertical scale, upper truce: S mV/div; vertical scale, lower
teace: § mV/div, horizontal scale: 0.5 mS/div)

unit. This element was then operated with a voltage fol-
lower and current follower circuit to form the nonlincar
resistance convertor. The realisation method can imple-
ment positive and negative nenlinear resistances, floating
or earthed and work in a voltage-controlled or a current-
controlled mode.
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Accurate CMOS-based Current Conveyors

Wanlop Surakampontomn, Member, IEEE, Vanchai Riewruja, Kiattisak Kumwachara, and Kobchai Dejhan

Abstraci—An inteprable circuit technique for implementing
both positive and negative second generatinn current conyeyors
(CC1l) is .described in this paper. The realization method is

suitable for fubricating in CMOS technology. The performunce.

of the CMOS-based CCllIs i3 discussed in detail. Simulation and
experimental results are also lnch{dgd.

L lNTRODﬁE:T]bN el o
SINCE its introduction in 1970, CCII ha¥ been shown

to be a very versatile building block in analog circuit.

design [1]-[5]. For example, it can be employed as an
clement in a digital-to-analog converter that can provide
current source output, or as a current measuring device in
a digital measurement of current, or as a plug-in unit or
probe for a digital voltmeter. Many further references on
its application can be found in [6] and [7]. Basically, CCII
(Fig. 1) is a three-port network defined by the following
matrix cquation:

0 0 O]fvy

i,
o|l=|1 o olli ()
i: . 0 i,ln 0 v,

where k3, denotes the current transfer ratio and hy; is usu-
ally set to equal 1. The cases of i, = (+hy,) * (i) and i,
= (~hyy) « (i,) will be referred to as the positive current
conveyor (CCIl+) and the negative current conveyor
(CCII-), respectively. From (1), it can be further in-
ferred that the differential terminal impedance at ponts y
and z must be high, while the differential terminal imped-
ance at port x must be low.

Most reported realizations of CCII so far have been im-
plemented by using cither an opcrational amplifier
(opamp) (8} or a bipolar transistor [9] as a basic active
circuit element. These realizations, though, can be inte-
grated in principle; however, in practice it is not econom-
ical, particularly for the case of op-amp type, since each
op amp requires a substantial chip area in itself. In recent
years, there has been strong motivation to develop a novel
CMOS ciicuit which can perform an analog function. This
is due to the rapid progress in CMOS technology which
made it possible to manufacture complex and flexible
chips. If we can integrate digital and analog circuits into
the same chip, then clearly there are advantages to be
gaincd. The purpose of this paper is to propose a CMOS
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Fig. 1. Sccond gencration current conveyor.

““
cirqujl technique for the realization of both the CCII+
and the CClI ~. Since the proposed circuits consist of a
differgntial pair, current sources, and current mirrors, the
mnligﬁt?om_mcthod can result in fully integrated current
conyc}‘or. )
1. Circuir DESCRIPTION

The proposed CMOS-based CCIl+ cirtuit is shown in
Fig. 2(a). The structure of the CMOS CCII is quite sim-
ilar to the half sgction of the bipolar-based voltage-to-cur-
rent converter in [10}. Assuming that the pairs of transis-
tors M1 and M2, M3 and M4, as well as M6 and M7 are
well matched, the current mirrors have a unity gain and
all the transistors operate in their saturation regions. The
operation of the circuit can then be explained as follows,
The current mirror formed by M3 and M4 forces equal
currents in the transistors M1 and M2, which function as
a source-coupled pair. This operation drives the gate-
source voltages V1 = V2 and, consequently, forces the
voltage at port x to follow the voltage at port y, or ¥, =
V,. Transistor MS, which is connected in the form of a .

" source follower, functions as a current follower stage and

also provides a low-output resistance at port x. If ¥, > 0
and R, is a given resistance connected at port x, the signal
current i, = V,/R, will low out of port x. The drain cur-
rent of M5 is then equal to (/; + §,). At the same time the
current mirror formed by M6 and M7 will reflect the cur-
rent (/; + i,) to port z. Since the current source [y sinks
the current [; at port z, then the output current i, which
is the difference, is equal to i, and flows out off port z. It
is clearly seen that the current sense i, is in the same di-
rection as the current i;, or we can say i, = i,. Therefore,
the circuit in Fig. 2(a) realizes CCII + and in this case by,
= +1.

Fig. 2(b) shows the negative version of CCIl or CCII—,
which is directly adapted from the circuit in Fig. 2(a). In
this circuit, the current mirror formed by M8 and M9 re-
flects the current (/; + i,) to the port z, while the current
source I sources the current /;. Therefore, the output cur-
rent i, flows in the opposite direction, or i, is negative with

0018-9456/91/0800-0699501.00 © 1991 1IEEE
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Fig. 2. CMOS integrable circuit configuration; (u) positive current con-
veyor, (b) negative current conveyor.
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respect to the current iy, i.e., i, = =i, In practice, the ficd from the circuit in Fig. 1(a) for the case of lyy = +k.
usefulness of the current conveyor can be further cx-  The current gain k is achieved by replacing the transistor
tended if the current transfer ratio is not restricted only to M7 by & multiple transistor M7’, in which k transistors
the cases of hy, = +1 8], [9], (11). In Fig. 3 we have  arc connccied in paraliel. It should be noted that the cur-

shown a version of the current conveyor, which is modi-  rent source /y is now sct cqual to kI,. Alternatively, the
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current gain k can be set through the transistor geometry
by choosing the ratio of channel length L and channel
width W of the transistor M7.

{II. CirculT PERFORMANCE

The discussion so far hus been based on the assump-
tions that the current mirrors have unity gain, transistors
are peifectly matched, and cach transistor is operated in
its suturation region and obeys a square law model. How-
ever, in a practical realization, several nonidealitics that
contribute to errors from the ideal performance are pre-
sented. The major factors that we will consider here are
due (o a finite value of transistor gm, and transistor mis-
match.

The relutionship between v, and o, can be expressed by

performing small signal analysis us follows. The transis-

tors in Fig. 2(a) are replaced by cquivalent ¢ircuits and

the node equations are derived by applying the current law
at nodes A through C. To simplify the discussion, we huve
assumed that gdy2 = 0, where dg;a is the drain conduc-
tunce of the current source /5, and that no body cflect oc-
curs. Then, by solving the cquations in two unknowns v,
and v,, we obtain

1

v, = v, {gm/(gm + gy + gd))} )
where gd, und g, denote the drain conductance and the
conductauce, respectively, of device Mi. It is clearly seen
that the voltage at port y will accurately transfer 0 port x
only if the mugnitude of gy >> (gey + gdy). For ex-
ample, if gmy =33 x 107V A/V and gdy = gdy = 1.
X 107° A/V, then the trunsfer error is about 0.9%.
Similarly, the diflerential terminal impedance louking
into port x can be derived by replacing transistors with
equivalent circuits and applying node equations al nodes
A through C. But, in this case, the voluuge ¢, iy set equal
10 zero, o test voltage v, is applicd at terminal x and the
terminal current i, is then calculated. The result gives

ro= v /i = {(gmy + gun)(gdr + gd)}/

(gm,

16 gmy = gmy = 3.3 X 107 A/V and gms = 4.7 X 107
A/V, then r, = 40 {1, which is low, us required. The
differential terminal resistance at pont z is approximately
equal 0 the output resistance of the current mirror M6-
M7 in purullel with the output resistance ol the current
sinn £y, OF we can wrile

© g g, 3)

I /(gdy + 8di3) “)

where gd;y is the druin conductance of the current source
1. The resistance r, has a typical value of a few mega-
henz. This resistance can be further increased if u Wilson
current mirror or a cascode current mirror is employed.
For the high frequency response, the major high fre-
quency limitation is due 10 the stray capacitances at pons
z and x. At port x, the high frequency response can be

r, =

expressed in term of i, and ¥, by
i/V, = /R }{l — (gdr + gd)/(gmy + gdy + gdy)}

AnS + D/(1S + D} &)
and
n = (Calyds + gd) + (Cs - g} /(gm * gms) (6)
1 = {(C + C)(gdy + gd)

+ (Cs + gma)}/(gma * gmgs) )

where G and Cs are the gate-to-source capacitances of
M2 and MS, respectively. For € = Cy = 5 pF. the dom-
inant zero w, and the dominant pole w,, that are respec-
tively due to the time constants 7, and 72, are approxi-
mately at 15.1 MHz and 14.81 MHz, respectively.
Clearly, these frequencies are quite high and will not be
the major high frequency limitation. At pont 2, the rela-
tionship of the current i, and i, can be wrilten as

i./iy = g/ {gme(:S + 1)}
= gy [ {gm(SCo/gmy) + 11} ¢

where Co = (Cpo + Coa) and Gy, is the gate-to-source
capacitance of Mi. If gn, = 3.6 X 10°* A/V and C, =
10 pF then the dominant pole due to the time constant 7y
is approximately at 5.73 MHe. Surely, this pole is the
major high frequency limitation of the circuit.

The input offset voltage (V) is deiined as the differ-
ential input voltage required 10 make the voltage across i
resistor R, 10 be exactly zero, und can be solved by per-
forming a large signal analysis similar to the procedure in
(11]. Then the offset voltage cun be wrilten as

v, = &V — (AB/28)NV (4/B) ®)
or
Vi = (Vry = Vi) = {(B, — B2)/(8, + B2}
N {Un + L /1B, + B/41) (10)

where Vi, Bi, and 1y, arc the threshold voltage, the truns-
conductance paraneter, and the drain current, respec-
tively, of the transistor Mi. ‘The tirst tenn is due to the
mismatch in the threshold voltage, which is bius-current
independent and is a strong function ol process cleunli-
ness and uniformity. This term will result in a constant
offset voltage in the order of few mV, Tor example, 2 mV
for u modem silicon-gate MOS process [12]. The sccond
term is caused by geometrical mismatch, since the trans-
conductance parameter can be given in terms ol geometry
paranmeLers as B, = K'(W/L),. Then from (10), we can
sce that this oflset can be reduced by cither increasing
(W] L) or by reducing Iy,

1V. EAPERIMENTAL AND SIMULATION RESULTS
* For experimental purpose, the circuil in Fig. 1, which
is also formed as a voltage-to-current converter, has been
constructed on protoboards und on printed circuits as a
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Fig. 5. DC iransfer characteristics of the CCIIL
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subsystem (Fig. 4). All MOS devices used were in the
form of complémentury MOS pair (CD4007). The bias
currents /, and /, are set to 400 A and | mA, respec-
tively. Fig. 5 shows the measured dc transfer character-
istics tor four difterent values of converting resistor R,
j.e., R, = 100Q, 1k, 10 k0, and 100 kQ. It is evident
that the circuit converts a given voltage into an output
current with high accuracy and lincarity over the entire
dynamic range.

The high frequency response was observed through the
use of a SPICE anslog simulation program [13]. The
CMOS CD4007 transistor parameters were extracted by
the use of the method in [14] and [15] and can be listed
as K' = 33.78 uA/V, Vy= 1.2 Vaund (W/L) = 20. The
simuliued frequency responses of the circuit in Fig. 1 for
three ditterent values of K., i.e., B, = 1 k{l, 10 kQ, and
100 kQ, are shown in Fig. 6, where R, is a resistance
connected at pont z. It should be noted that the bandwidth
of MHz is ubserved.

V. CONCLUSION

Integruble positive and negative current conveyors are
presented. The technique in this paper is suitable for im-
plementing in CMOS integrated circuit furm as a versatile
building plock. The basic performances, both simulation
and experimental results, have been demonstrated. The de
transfer characweristics for converting resistors are lincar
over the total dynamic runge.
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Fig. 6. High frequency response of the CCIL.

These positive and negutive current conveyors are use-
ful in measurement circuit because of the linearity of the
dc transfer characteristics.
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Instrumentation amplifiers using operational transconductance
amplifiers

WANLOP SURAKAMPONTORNY, VANCHAI] RIEWRUIJAY,
CHARRAY SURAWATPUNYAt and SUWAN YODLADDAt

Instrumentation amplifier circuits using operational transconductance amplifiers
(OTAs) as active circuit elements are proposed in this paper. Two new
instrumentation amplificr circuits have been described and  experimentally
verificd, where the first circuit comprises four OTAs and five resistors and the
sceond circuit comprises two OTAs and three resistors.

1. Introduction

An instrumentation amplifier, which is also known as a differential vollage
controlled  voltage source (DVCVS), is a uscful building block in analogue
clectronic systems. In the past, two approaches have been reported on the
realization of the instrumentation amplifier. The first approach is the conventional
resistive feedback diflerential amplifier consisting of the standard three operational
amplifiers (op.-amps) and seven resistors (Smither et al. 1977). However, this
technique requires perfectly matched resistors in order to achieve a high common-
mode rejection ratio (CMRR). The second approach, which can be implemented in-
monolithic integrated form, is based on the use of (wo voltage-to-current
converters in a balancing circuit (Van De Plassche 1975). The main advantage of
this method is that the bandwidth of the circuit is not dependent on the adjusted
voltage gain. Recently, two new approaches based on the use of op.-ump. supply-
current sensing (Toumazou and Lidgy 1989) and based on the use of second-
generation current conveyors (CCH) (Wilson 1989) have been introduced. These
techniques obtain high CMRR performance over a wide bundwidth without the
need for closely matched resistors.

In the last few years, there has been a great deul of interest in operational
transconductance amplifiers OTAs. This is due 10 the fact that the OTA is a low-
cost device and its trunsconductance gain g, can be linearly controlled over more
than four decades. OTA is increasingly imnportant as an active clement in the
design of analogue clectronic circuits such as, for example, active filters (Malvar
1982, Suuchez-Sincncio et al. 1988), un oscillator (Senani 1985) und a pyrator
(Khan er al. 1988). In this paper, instrumentation amplifiers based on the use of
commercially available OTAs are introduced. Two possible reulization methods
will be outlined. Experimental results that verify the performance of the proposed
instumentation amplificrs will be given.

2. Circuit deseription
Figure 1| shows the first proposed OTA-based instrumentation amplifier, where

*
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Figure 1. OTA-based instrumentation amplifier.

ideally it is required that OTAs with closely matched characteristics must be used
for A, and A,, such as the commercially available dual variable OTAs CA3280
aund LM13600. From the circuit, the umplifiers 4, and A, and a resistor R
function as u differential voltage-to-current converter, converting a differential
input voltage ¥, —V; into a current I flowing through the resistor R. If we design
such that g, R»2, g, R»2 and g, =g,,, where g, is the transconductance gain
of the OTA A,. A, and 4, will both act as high input impedance voltage followers
for the inputs ¥, and ¥, respectively. Then from Fig. 1, the voltages Vy=V,,
Vi=V;, the potential across the resistor R is V,—~V, and the current / can be
approximalely given by

I=(V, - V3)/R (1)

The current 1 also flows through the resistors R, and R, and the potentials across
R, und R, will be amplified by A, and A, respectively. Then the output voltages
can be writlen as
Vor=(V, = Va)gm, Ry/R (2)
Vo=V = Vi)gm Ru/R 3

From (2) and (3), we can clearly see that a common-mode gain of zero cun be
obtained without the nced for any resistors matching. Noting that the realization
scheme for Fig. 1 has an advantage over the previously proposed circuits in that
the voltage gain can be clectronically adjusted without disturbing the circuit
balance. This is duc to the fact that the vutput voltage depends on the
transconductance gain and g, can be lincarly controlled by an external bias
current, i.e. g,,= ¥/l

The sccond scheme is realized by the use of the internal circuit of the OTA.
Consider the cquivalent circuit of the single OTA of the commercially availuble
dual OTA package (CA3280) in Fig. 2(a); we can sce that this type of O'TA allows
us to access the emitters of the differential pairs Q, and Q,. Based on this special
feature, Peokaiyaudom and Samootrut (1988) have successfully employed such an
OTA puackage 1o reulize active network clements, ie. a negative impedance
converter (NIC), a positive impedance converter (PIC) and, particularly, a positive
CCIL. The circuit in Fig. 2(a) is the CCH presented by Pookaiyaudom and
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Figurc 2. (u) Using the OTA as a positive CCII (Pookaiyaudom and Samootrut 1988). (b)
The positive CCII symbol.
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Figute 3. Using dual variable OTAs as an instrumentation amplificr,

Samootrut (1988), whereby the buse of @, is left unconnected of @ is off, the
current mirrors CM! and CM3 are off and the external current source LM334
sinks the bias current [, at the Z-terminal. This current conveyor can be used (0
construct the instrumentation amplifer by Wilson'’s (1989) mcthod, and the
complete circuit is shown in Fig. 3. If we choose R »2r,, where r.= Vy/l, and
Vy=26mV, the current / flowing through the resistor Ry can be given by

l=(Vx"Vz)/R| (4)

By assuming that the current mirrors have unity current gain, then the output
voltagés Vg, and ¥, can be written as

Vox*”'(Vl"Vz)RJ/Rl (5)

Voa=(V2—N)R,4/R, (6)

Clearly, from (5) and (6), the common-mode gain is zero which means that an

infinite CMRR is obtained without any resistor matching constraints. It should be

noted here that only (wo OTAs or one CA3280 package is required by this
realization method. In addition, since the proposed instrumentalion amplifiers
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Figure 4. Plots of the characteristics of the circuit in Fig. 1 against frequency: (a)
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Figure 5. Plots of the characteristics of the circuit in Fig. 3 against frequency: ()
differential mode guin; and (b)) CMKR.

generate o controlled output current, a high impedance voltage butfer should be
imcluded at the output for load isolation.

3. Experimental results

The performance of the instiumentation amplifiers depicted in Figs | and 3
was illustrated experimentally using dual variuble OTAs CA3280 together with
external cucrent sink LM334s and 19 tolerance discrete resistors. Since the
behaviour of the two output voltages ¥y, and Py of the cireuit in Fig. 1, and also
in Fig. 3, is similur, only the ¥y, output was presented. Figures 4(a) and 4(b) show
the plots of the dHlerential mode gain and the CMRR against the frequencey of the
cireuit in Fig. 1, lor g, =g, ,=012A/V, R=500Q and R; and g, varicd tu
achieve the gain variation. The results show that the bundwidth avuilable between
022 MHz and 4 MHz and the low-frequency value of CMRR between 78dB and
93dl ure obtained, for the differential mode gain between 0dB and 30dB. Figures
Sta) and 5(b) show the experimental results for the circuit in Fig. 3 for 1, =3mA,
R, =500Q and R, varicd to achicve the gain variation. In this case, i bandwidth
of 01 MHz 1o 36 MHz and &« CMRR of 82dB (0 96dB are¢ obtained. From these
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experimental results, it is clearly scen that the proposed circuits have adequate
basic performance for using as instrumentation amplificrs.

4, Conclusion

Two new instrumentation amplifier circuits using OTAs have been presented in
this paper. The realization method is based on-the principle of a differential
voltage-to-current converter. The first circuit whose voltage gain can be electroni-
cally controlled ‘comprises four OTAs and five resistors and the sccond circuit
compriscs two OTAs and three resistors. The basic performance of both the
circuits has been verified experimentally.
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