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ABSTRACT

In this thesis, an approach to extend the linear operation range of a sinh
mixed translinear cell [1] is presented. It consists of common-anode-connected pairs
inserted into the mixed translinear cell so as to provide a biasing current for the
transistors in the loop. In the proposed circuit, there is only slight increases of the
chip area and power consumption at the expense of four additional transistors.
Owing to the simple structure with only active components, the proposed circuits
are attractive for IC production.

Strategies to reduce the nonlinearity which results from the third-order
harmonics are shown by adjustments of the ratio of bias current. Simulation results
confirm that the linearity of the proposed translinear cell is improved compared to
the previous cell [1]. The simulation results show that the linear input range is
increased more than twice as many as that of the previous cell with a slight increase
of the power consumption. Finally, the proposed cell is applied to the construction
of a floating resistor and a CCCll in the design of an instrumentation amplifier. It is
noted that, the linear input voltage range is also increasingly improved in both
applications.

Additionally, two circuits of low voltage four-quadrant analog multipliers are
also presented. The proposed circuits are composed of MOSFETs with the
advantages of being compact and operating under low voltage supplies. Simulation
results show that the linear range of both multiplier circuits is approximately +0.4V
and the circuits consume low power. Thus the circuits are suitable for low voltage,
low power applications.
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-2 exp(,V,—“J (2.1)
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Wle Iy @D AInsruadusiitiounau (Reverse saturation current)
V, Ao usiduBgauvgll (Thermal voltage) Hrwiiu KT/g
K fo srasiiluaviumad (Boltzmann’s constant) A1 1.38x107%
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luda I Maums (3.46) uazarlanTouiiuuen GMﬂaa'mi'ﬂﬁnaudugﬂﬁ 38 AUN9T
dialugudt 3.7 Taemsisuslinssualuda 1, vensasnduilrulsdoununssualuda
I, war I feaunis (3.49) waiiieviiliien G, venaTsasiirinfy Tutieiiusedy
Sunmildwvinfugud (v,, = 0) fafudermuslinsrualusa 7, Souimudsuuasiou
20pA - 200pa TaeiiAfintundaay 20pA 91naunts (3.49) selddnssualusa I, U8a2993
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wssiu I@zﬂawwsﬁgﬂam deuiulirnseualudansas I, I, uas I, dawineq azidildi
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finruiisumiseingg 8emn THD Hanusaduadlélaserfoaunsead

JAZ £ 4 &kl
THp =t 2% :
4,

(3.52)

o a a - - i
loeht 4, Apvurnvesssludniimud (nf)aineq vesdygoie s



I [mA]
20

YRV V]
////f/, S =
7 =
07,7 2 —
10 s ==
’//’ e
o =
= == 22
=i Xy
P Ad
P aAd
T T4
_20 v ra I{III
-100 -75 -50 25 0 25 50 75 100
Vix [mV]
e =y = = Iw 1

) A
o

() NIzUa I, Y9INATYN

Gu [A/V]

15

A o - | 1
a0y Weviulvnseualy, Iy way 1, dAig

' 5 J L ' 1
() Wiuiiguen G, 1999aviRaRn Wlaussiudunmilrnegluga

Vi

-l 1 ) - v a
UM 3.11 M1 G, vernvsminauswWIsuifiguiuieesidu [1]

= 100mV



49

VINANNT3 (3.52) svdunaldindleruenuagavessniludindreq Senge sxdenarh
Wi THD feinge uSserananilddaden THD fiAnge dygauedwafiazdinuiiniou
iy dmiunsdaesmsvheafueldiuioudous THD Aldrniemmsuadiies
wanihiausluguil 3.8 Auresruaiidusraudunounihlugudl 3.7 Tnonssualudaves
2095 amatiAviAY Ip =50pA, I, =390ud (7.815) way I, = 737ud uaslali
Fyqrauduwalud v, fiffaudiviniu 100 kHz Tmu-uu'm'umr.tauﬂﬁgmﬁnmﬂé'uuu.ﬂaa

IvJ 1 ol - 5 o o Ve d
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3.8 agUranisdtasanninureisgunsusaideduauiinaus
3o inuresgunsadifleinaniinausluguil 3.9 - 3.14 14
wanliiiudnesmruadideiminausluiverdinudiivrsnisieuiidudadun ey
ninsesmuadidefnandu (1] edraitulidn Taoindsuggdeluresiidnfytuios
indee (Uszana 1.4 wh) wazannvdnnisesnwuulviniiudawmed Q, war Qs flvan1s
vnssuainiedu dfluanensivinszua I, way Ig 'lug'LJ'.'nJ 3.9 wundanalnaeesileaenig
vaudidudadunfetuamessmsuadde e puitldmauiigmly (Wssua 3-6
wh) wazannseuduiudseninnsuua 1, uasusedu v, Tugudl 3.10 suiiulddnaees
inausnsmesnszua Iy srlududulurniussmuduymiinsasuwasidnirang
nIMveInIBLa 1, ¥eeNnTiin udsgnlsimuniulivindusyning g, uay 8, vwdemade
wsausevienye R itausInniasixiouuti fuanduguil 3.10 (1) dilums
wAtgymsanan awrsavinlilasnislirussiuinnsedsiidnviafuussfuseeninluiu
Ay IUBUNPVBINTT %maﬁ‘lﬁmnmsﬁwamn"l'svhnuuam‘lﬁﬁ'fqgﬂﬁ 3.10 (A) uenaniilu
U7 3.11 (n) - (Mlduansdn G, vesneniaenUisudisuiy sxiuldnd 6, veneem
sadideiiinaueannsnuiuAsusldlnensuurnssualuda 7, uay I,ve1995 lu
vuswA v uadiednaududiansouiuar 6, veveasiilagnisuiu
Ansznaluda I, wavangu 3.11 (A) ssitulidne 6, vevsesiinavsssiiailndifios
fudilsmnnsinammqeiludaitussiudumniimsdsuwadldnirandnd 6, Al#
IMRsAn dmiuguil 3.12 1Fuansen THD veanasguvsuadidosminausiliouiio
furesdu Fmanuamsdrassnmaviteiuiansliiiuind THO veeeasiildesnuuusiais
rimssianediaurasatisnsvduLasusiudune v, uazidegransuaues
mmm’(ugﬂﬁ 3.13 wxnuude Wiy ubune V.. ?41‘1‘31]LLUUL'TJue‘fturu'lma'mmﬁﬂu Tng
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4.2 2995A2UAUNIY

gunsaitugiustmikildiydmivasesdidnvsetindeneg Aesasumu dainey
v\'mﬁ'lﬂumw%'uﬁ'mw]ﬂLmas'vhqq U992995 LWUSMIIVEIE (Gain) ArANddalueeTnTes
(Cut-off frequency) wazmisuiuainssualursasasviounsyua (Wusu  eagralshmulunis
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NNFUT 4.1 Fauanaresaruirumunuuasedaiminaustuunenny [12] sxdtuld
Tmesavdszneaulumeaemsuadidednan 2 2995 (Q-Q) uay (Qs-Qs) AoruruAUWLY
UM (Parallel-back-to-back) dwiunsiasziaseniu raundlvnsudameivnnii
fianuaunedfuynusznis dadfudlefnrsanysensufudinszua I, 1999 uadilies
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NANMS (4.1) IUAUIFIANNAUAUSTEMINNIENA 4,1, UASUSTITUNARI vy, T2

¢ & ) ' v 1 al o - v
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Abstract— A low voltage four-quadrant analog multiplier
circuit is presented. Based on triode region operation of
MOSFET, the multiplier circuit can be simply realized by
connecting a pair of PMOS with three flipped voltage follower
circuits. As a result, the proposed circuit is compact and can be
operated under low voltage supply. Circuit simulation using
SPICE with 0.35 micron CMOS model parameter shows that
under 1.5V single supply the proposed multiplier provides linear
range of more than 50% of voltage supply (measured from THD
less than 1%) and small signal bandwidth is higher than 95MHz
while the entire circuit consumes 46.4 W of electrical power.

L INTRODUCTION

An analog multiplier is widely used in many signal
processing applications such as modulator, frequency
doublers, absolute value circuit, and etc. These applications
are required to operate in low voltage environment for
consolidating their power efficiency and incorporating with
modern digital systems. For this reason, circuit architectures
for the analog multiplier also need to be developed to operate
in the reduced voltage supply while their performances are
still maintained [1].

Using MOSFET in triode region is considered as a good
candidate for realizing the analog multiplier due to high
linearity and low level of bias voltage. Therefore several
architectures of the triode-multiplier have been proposed [2]-
[5]. Under £1.5V supply, [3] proposed a compact structure for
a triode-multiplier using source follower with local negative
feedback [6]. The multiplier circuit provides wide input linear
range but unfortunately a threshold mismatch problem is
occurred. Trying to solve the mismatched problem, the triode-
multiplier using regulated cascade circuits [7], to coupling
input signal, has been presented in [4]. Although the
mismatched problem is successfully eliminated, the overall
circuit requires a voltage supply higher than +3V which is

proposed circuit is realized by using a low voltage circuit cell
called “flipped voltage follower,” which has been employed
in [5] and can be operated under 1.5V supply, to coupling
input signal into the low impedance node of the multiplier
core for avoiding loading effect. We then obtain a four
quadrant analog multiplier without any mismatched problem
and can be properly operated under low voltage supply. In
order to confirm the validation of the proposed circuit, we
have simulated the proposed multiplier in PSPICE using
model parameter for 0.35 micron CMOS process and a good
agreement between the proposed concept and simulation
results is achieved.

This paper is organized as follows, basic circuits which
are employed to realize our proposed circuit including a
PMOS pair which is stated as a core circuit used to realize the
multiplication function and a basic operation of the flipped
voltage follower circuit are described. Next, the proposed
multiplier circuit with a first order analysis detail will be
presented in Section III. In addition, simulation results and
conclusion are shown in Section IV and V, respectively.

1I.  REALIZING MULTIPLICATION FUNCTION USING
TRIODE-MOSFETs

The main circuit which is used for realizing a four
quadrant analog multiplier is shown in Fig. 1. It comprises a
pair of PMOS transistors (MX and MY). Their body terminals
are connected fo Vpp results in balanced physical structure.
Thus, the drain current can flow in bi-direction either from
drain to source or from source to drain terminals. Usually the
directions of the current depend on a potential of voltage
between each terminal. Considering the circuit in Fig, 1,
under the condition that [8]-[10]

unsuitable for a current trend of low voltage design. Vse > |V, (1a)
In this paper, trying to reduce minimum voltage supply and

requirement, we proposed a new compact multiplier circuit

which is based on a similar principle used in [3] and [4]. The Voo <Vsg '|va| (1b)
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Fig.1 A pair of PMOS transistor biased in triode region

-where ¥V, is the threshold voltage of PMOS transistor, Fy is
the different voltage between source and gate terminals and
Vsp is the different voltage between source and drain
terminals, Referring to Fig. 1, it is obvious thatVy, =V, =V,,

Vsox =V3—V, and Vg, =F; =V, . Then drain current of each
transistor can be expressed as

Ipy = By (2V3|V34"2‘V;p|V34 "'V:Mz) (2)
and
Iy = By (2WaVou = 20V Ve - 1a2) @)

;where f= 0.54,Co; (W/L) is the process transconductance
parameter.

Realizing multiplication function can be done by setting
dimension of each transistor to satisfy the condition that
Py =B, = B and subtracting the drain currents in (2) and (3)
yields

Ly, =Ipy—Ipy = 2[7'[/12[/34 4)

It can be seen that the output current appeared in (4) is in
from of a multiplication function between V), and V4.

However, since while the currents are conducting
impedances at the source-drain terminals become low, the
signals V5 and ¥, cannot be directly applied. For avoiding
loading effect and trying to reduce voltage supply, a Flipped
Voltage Follower (FVF) [11] is employed for buffering. The
operating principle of FVF will be briefly described as
follows.

A circuit cell which is known as Flipped Voltage Follower
(FVF) is shown in Fig. 2. It consists of PMOS transistors M1
and M2 which are biased by a constant current source I,
[From the circuit arrangement, it is evident that this circuit can
be operated under a supply voltage of Vs + Vsppay such that
it is popularly used in low voltage applications. Since an
inherent feedback loop contained in the circuit structure,
output impedance of this circuit is forced to be very low as
1/ gm,gm,r,, , typically is in the order of ten ohms.
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Fig. 2  Flipped voltage follower

III. PROPOSED CIRCUIT

Fig. 3 shows the proposed circuit which is constituted by
connecting a pair of PMOS in Fig. 1 to the FVF cell (M1-M6)
in Fig. 2. The FVFs are used here for two functions, first for
buffering voltages V3 and ¥, to the source and drain terminals
of MX and MY, respectively, Second, sensing the drain
current Ipy and Ipy and copying them to be output currents
pass through unity gain current mirrors M1, M7 and M5, M8.
Both drain currents are converted to be a differential output
voltage by load resistors R in form of the relation that

Vou = Vo1 =Vor = RUIpx =1 py) (5

Substituting (4) into (5) yields
Veu = 28RV, V3 ©)
Here, an offset-free four quadrant analog multiplier is
obtained. Its gain of the circuit can be adjusted by the load

resistor R and the dimensions of each MOS via the process
transconductance parameter /.

Vop

M3 ] ME:, E‘Ma

1 Ipy

M?;l EMI

MX MY
]DXJ

T T

V. M Vi oma V2 me V;
Vor* ’ :"—‘l ’ Ve
% R b I, GD Vs I R%
-

Fig.3  The proposed four quadrant analog multiplier circuit
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IV. SIMULATION RESULTS

To verify the proposed concept, the multiplier circuit in
Fig. 3 was designed and simulated using PSPICE for 0.35
micron CMOS process parameter with main parameters of ¥,
= 0.55V and ¥, =-0.71V. The constant current sources I, are
replaced by simple current mirrors circuits and set to be SpA
for biasing all FVF circuits. Dimensions of all MOSFETs
show in table I and the load resistors were set to be 50 kQ.
Supply voltage ¥pp and an input common mode voltage were
set to be, 1.5V, and 0.1V, respectively. Quiescent power
consumption of an overall multiplier circuit is 46.4 uW.

Fig. 4 shows simulated DC transfer characteristics of the
proposed multiplier, when V3, was varied from -400 mV to
400 mV by sweeping V;; from -400 mV to 400 mV with 100
mV step size. Similar results were obtained by interchanging
V12 and Vi, It can be observed that the linear range of V3, is
approximately +400mV.

Fig. 5 shows simulated AC responses of the multiplier for
various gains set by sweeping V), from 100 mV to 400 mV
with 100 mV step size. It can be seen that the bandwidth is
higher than 95 MHz for all gains.

Time domain representations of the multiplier which was
applied as frequency doublers and amplitude modulator are
shown in Fig. 6. For the frequency doublers, both input were
applied by 400mV, 100 kHz-sinusoidal signal and the result
has shown in Fig. 6(a). For amplitude modulation, a 0.4V, 1
kHz-triangular modulating ¥, and 400mV, 25 kHz-sinusoidal
carrier signal V3, were applied at the inputs, the result shows
in Fig. 6 (b).

The linearity of the multiplier is estimated by total
harmonic distortion (THD). By fixing ¥, at 500mV and
applying V34 as a 25 kHz sinusoidal signal with various
amplitudes, the resulted THD is displayed in Fig.7. It can be
seen that the maximum amplitude of V3, with the THD
appeared below 1% is higher than 400mV.

For the sake of convenient and clarity, some simulated
performances of the proposed analog multiplier are also
concluded in table II.

TABLEI
Dimensions of MOSFETs
MOSFETs W/L [pm/pm]
MX, MY 2/6
MI- M6 15/1
M7-M8 10/1
TABLE II
Simulated performance summary of the proposed multiplier
Power supply 1.5V
THD $1%
Input operating swin +400mV
Power consumption 46.4 y\W
-3 dB Bandwidth > 95 MHz
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Fig.4  DC transfer characteristic of the multiplier
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Fig. 5 Frequency response of the multiplier
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Fig. 6 Simulated output waveform of the multiplier
(a) Frequency doublers (b) an amplitude modulator
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Fig. 7  Simulated THD with fixed ¥, at 0.5V

V. CONCLUSIONS

A low voltage four-quadrant analog multiplier using
MOSFETSs operating in triode region has been presented. The
proposed circuit can be simply realized by coupling an input
signals in to the multiplier core (PMOS pair) pass through the
low voltage buffers (FVF circuits). As a result, the circuit
complexity and supply voltage requirement are reduced to be
lower than that of the previously established circuits. For this
reason, the proposed multiplier is suitable for low voltage low
power applications confirmed by SPICE Simulations.
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Abstract-In this paper, a compact low-voltage CMOS four-
quadrant analog multiplier is proposed. The proposed circuit is
obtained by rearranging circuit topology of a recently reported
multiplier which is unpractical since the circuit topology itself

needs an ideal voltage reference to form a multiplication function.

By doing so, the ideal voltage reference is no longer required
leading to achieve a new multiplier circuit with real compactness.
Simulated results using PSPICE for 0.35pm CMOS process show
that main performances of the proposed multiplier, including
linearity, bandwidth and power consumption, are successfully
improved.

I. INTRODUCTION

Analog multipliers are found in many applications such as
modulator, frequency doublers, absolute value circuit, and etc.
These applications are required to operate in low voltage
environment for improving their power efficiency and
incorporating with mixed signal systems to be used in portable
applications [1]. A number of circuit techniques for realizing a
CMOS analog multiplier had been collected and
systematically evaluated by G. Han and E. Sanchez-Sinencio
[2].

According to [2], there are several means to realize a four
quadrant analog multiplier and it is also suggested by [3] that
using saturated MOSFET in strong inversion is more practical
than any other means. Recently, based on a square-law
relation of saturated MOSFET, various compact multiplier
architectures which are constituted by a circuit cell called a
“flipped voltage follower: FVF” [4], have been
chronologically proposed in [5]-[8]. Most of them feature
wide input range, high operating frequency and low power
consumption which are resulted from excellent manipulations
of the square-law function in high compactness structures.

Focusing on the latest version in [8], which is seemed to be
the most compact circuit, it is found that the overall multiplier
circuit can not be called compact since it requires an extra
voltage reference connected between the resistive loads. To
generate the extra voltage reference, more power consumption
and circuit complexity are unavoidable.

In this paper, we propose a new multiplier circuit which is
based on a similar technique to [8] but an arrangement of the
circuit in transistor level is improved such that the extra
voltage reference becomes redundant and can be eliminated.
We then obtain a four quadrant analog multiplier with real
compact structure. Therefore, some circuit performances of
the proposed multiplier are successfully improved. In order to
validate the circuit performances, the proposed multiplier has
been simulated in PSPICE by using model parameter for 0.35
micron CMOS process. The results show that bandwidth,
linearity and power consumption of the proposed circuit are
better than those of the circuit in [8].

The remaining of this paper is organized in the following
sections, a basic concept for realizing the analog multiplier is
introduced in Section II. Next, a modification of square
rooting circuit used to form an analog multiplier is described
in Section IIl. The proposed multiplier circuit is illustrated in
Section IV. In addition, simulated results of the proposed
multiplier and conclusion are presented in Section V and VI,
respectively.

I

Realizing a proposed analog multiplier and the multiplier in
[8] is based on a similar approach showing in Fig. 1. It
comprises a pair of common source amplifier (M1 and M2),
which acts as input transistors to provide output currents in
term of squaring functions of input voltages (¥, and V3), and
two identical voltage controlled square root blocks which
operate as non-linear cancellation paths. Injecting the output
currents of the input transistors into the square root blocks, a
differential output current of the overall circuit will become a
multiplication function of two input signals ¥} and V34. More
detail of mathematical analysis using square-law relation of
saturated MOSFET in strong inversion will be shown in the
paragraph below.

Assuming the MOSFET M1 and M2 are biased in active
region and neglecting channel length modulation effect, the
current /4 and 7 can be respectively found as

Basic CONCEPT

ECTI-CON 2007
The 2007 ECTI International Conference

17



+
Vi

Iy 4' * L
K

1y b/

iy
Vl'—l M, M, l—‘Vz

Figure 1. Basic concept for realizing a four quadrant analog multiplier.

I4=B,0V V) (1)
and

Iy =8,V24VsY (2)

where S, =0.51,C,.(W /L) is a transconductance parameter

of each MOSFET and V,, is the threshold voltage of NMOS
transistor.

From (1) and (2), the relationship between the current /, and
I and the differential input voltage ¥y, = ¥, — V> can be given
by

VI =1 =visfBs G)

The drain currents I, and [ are fed into the square root
blocks controlled by V34, results in

JYaul' =Ial—]a2=KV34(JZ_J—I;) 4)

where K is the gain of the square root blocks.
Substituting (3) into (4), yields

Loit =KJEV12V34 (5)

It can be seen that an output current appeared in (5) is in
form of a multiplication function between two input signals
14 12 and V34.

Based on this approach, both linear transconductor [9] and
four-quadrant analog multiplier [10] have been proposed.
Unfortunately, the early works in [9] and [10] require more
than 3V for supply voltage which is not sufficiently low for
modern analog design. Subsequently, a new square rooting
circuit operated under 1.5V single supply was proposed in
[11] which can be applied as a compact four quadrant analog
multiplier as well [8]. However, the multiplier in [8] is not
practical since it requires an ideal voltage reference to create
the multiplication function.

115

In the next section, the improved square root circuit which
is more suitable for realizing an analog multiplier will be
described.

Vaa

I o

Figure 2. The proposed square rooting circuit.

I1I. SQUARE ROOTING CIRCUIT

A proposed square rooting circuit which is improved from
[11] is shown in Fig.2. Using square-law relation of saturated
MOSFET in strong inversion and setting M3-M8 to be
identical, the currents I and [, are found to be

2
I
Ic=B,|Vaa+ -4 6
c ﬁp[ 3t ﬂp] 6)
and
7 2
Io=ﬁp(V34+ ﬁ—‘;] : @]

where B, =0.5u,C,, (W /L) is a transconductance parameter

of each PMOS transistor and Vi = V3—V, is a differential
control voltage.

Considering (6) and (7) in conjunction with the fact that
1I,+ Ip=1, and Iz + I.= I,; leading to

Ly=B Va2V [B, I, +1,+1p (8)
and
Ly=BVa+2Vy [B, Iz +1,+1, )

Subtracting (8) and (9), results in

I‘,u,=101—.{‘,2=2V34\/E(J1—;-E) (10)

It is obvious that the output current of the improved square
root circuit is a function of a square root of I, and Iz and its
gain can be adjusted by the voltage Vi, and transconductance
parameter 3, .

ECTI-CON 2007
The 2007 ECTI International Conference




Figure 3. The proposed four quadrant analog multiplier circuit.

IV. PROPOSED MULTIPLIER CIRCUIT

Fig.3 shows the proposed multiplier circuit which is
constituted by substituting the square rooting circuit in Fig. 2
into the square root blocks of Fig.l1. Focusing on the
differential output voltage we have found that

v,

out

=V, ~Voy =R(I, = 1,5), (1)

Substituting (10) into (11), differential output voltage can be

found as
Vo = 2RVsun[By T =T ) (12)
Finally, substituting (3) into (12) yields
Vnu: = ZR\/ﬁnﬁp VI2V34 (13)

Now, we have an output offset-free four quadrant analog
multiplier and its gain can be adjusted by the load resistor R
and the dimensions of each MOSFET.

V. SIMULATION RESULTS

The multiplier circuit in Fig. 3 was designed and simulated
by using PSPICE for 0.35 micron CMOS process parameter
with main parameters V,, = 0.51 and ¥}, = -0.66. The input
voltage ¥, and V34 are set to be balance with common mode
voltages of V¢ = 1V and V= 0.2V, respectively and supply
voltage Vppis set at 1.8V. Transistor dimensions are listed in
Table 1. Trying to avoid channel length modulation and short
channel effects, the channel lengths of all transistors are set to
be two times longer than 0.35 micron. The load resistors R are
chosen to be 2.5 kQ. At the quiescent point, power
consumption of the proposed multiplier is 165 pW.

Fig. 4 shows simulated DC transfer characteristics of the
proposed multiplier, when V), was swept continuously from
-0.4V to 0.4V while V3, was varied from -0.4V to 0.4V with
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0.1V step size. It can be observed that the linear range of Vi,
is approximately +0.4V.

Transient response of the multiplier operated as amplitude
modulator is shown in Fig. 5. A 0.4V, 25 kHz sinusoidal
carrier signal ¥, shown in Fig. 5(a) was multiplied by a 0.4V,
1 kHz sinusoidal modulating signal V34 shown in Fig. 5(b). A
resulting waveform is shown in Fig. 5(c).

Frequency response of the multiplier for various gains was
set by sweeping V34 from 0.1V to 0.4V with 0.1V step size as
the same condition of DC sweep and the results show in Fig. 6
demonstrating that bandwidth of the proposed circuit is higher
than 110 MHz for all gains.

Circuit linearity is examined by simulated total harmonic
distortion (THD), when V3, was fixed at 0.4V and applying
various amplitudes of 25 kHz sinusoidal Vj;. The result is
displayed in Fig. 7 that less than 0.6% THD is achieved for
V12 amplitude about 0.4V,

Comparative results of the simulated performances between
this work and [8] are shown in table II.

=0.4 -0.3 -0.2 0.1 0 0.1 0.2 0.3 0.4
Via [V]
Figure 4. DC transfer characteristics.
Fiz [V]
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0.2 04 0.6 08 1.0 1.2 1.4
Vo [mV] (b)
30
0 W/WWW\NWWva‘\I\ANW\/A
=30
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Figure 5. Output waveforms
(a) V12 sinusoidal carrier signal (b) V34 sinusoidal modulating signal
(¢) Output waveform of amplitude modulator
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-3 dB Bandwidth [MHz] >110 >10
Total physical area [um]* "™ 103 672

* V3, was fixed at 0.4V and Fyyis a 25 kHz sinusoidal signal with

amplitude of 0.4V
** roughly estimated from transistor dimensions

VI. CONCLUSION

A new square rooting circuit can be used for realizing a

CMOS four-quadrant analog multiplier has been presented.
The resulting multiplier circuit is improved to be more
compact than the previous work. The extra voltage reference
is not required for the proposed circuit. As a result, the
proposed multiplier provides high bandwidth, high linearity
and low static power consumption. Simulation results are
given to verify the multiplier circuit performances.
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Abstract. This paper presents a technigue to extend the
linear input voltage range of a sinh mixed translinear cell
proposed by Fabre [1]. This technique extends the linear
operation range of the circuit by inserting common-anode-
connected pairs into the mixed translinear cell. Then the re-
lationship between the output current and the input voltage
is developed to be linear. The transconductance gain can be
adjusted electronically while keeping its linearity. The per-
Sformance of the proposed circuit is verified by mathematical
analysis and by SPICE simulations. Finally, applications of
the proposed cell in a floating resistor and a CCCII for de-
signing an instrumentation amplifier are presented.

Keywords

Analog Integrated Circuit, Translinear Circuit, Lin-
earization, Transconductance.

1. Introduction

The sinh mixed translinear cell [1] as described in
Fig. 1 is a useful function block for analog signal processing
since it is a combined voltage/current mode device which
can be used to realize tunable transconductors without ad-
ditive resistances. One familiar application is used for input
front end of a second-generation current controlled conveyor
(CCCITI) [2] and an operational transconductance amplifier
(OTA) [3], [4]. It can also be used as current controlled float-
ing and/or grounded resistor [5], (6], (7] to help setting the
operating condition in an electronic circuit such as oscilla-
tory conditions in an oscillator circuit. However, the voltage-
to-current characteristic (V- characteristic) of this circuit is
expressed as a hyperbolic sine function [8]. Thus the linear
operation range is quite narrow. One of the technique to im-
prove V-I characteristic is the multi-sinh technique [9]. The

main disadvantage of this technique is that the linear oper-
ation range increases with the number of series connected
diodes which increases the chip area and the power con-
sumption. Hence, in this paper, we propose a novel tech-
nique to extend the linear operating range of the sinh mixed
translinear cell by adding common-anode-connected pairs
into translinear circuits in order to provide a biasing current
for transistors. This technique requires additional chip area
for four additional transistors and increase the power con-
sumption slightly. The proposed circuit is suitable for IC
implementation and its electronically tunable features make
it appealing for practical applications. Simulation results ob-
tained confirm the validity of the theoretical analysis of the
proposed design, in particular that the proposed principle im-
proves the linearity of the sinh mixed translinear cell.

The organization of this paper is as follows. A review
of mixed translinear cell is described in Section 2. In Sec-
tion 3, the proposed mixed translinear cell with additional
common-anode-connected pairs into the translinear loop is
shown. First, the extended linear input range is derived
using mathematical approaches. The theoretical results are
then verified using simulations. The outcomes of the simula-
tions are shown in Section 4. In Section 5, a floating resistor
and the CCCII for design an instrumentation amplifier are
demonstrated as an example of applications for the proposed
mixed translinear cell. Finally, our work is concluded in Sec-
tion 6.

2. Review of Mixed Translinear Cells

The schematic of the mixed translinear cell as proposed
in [1] is shown in Fig. 1. For a small difference of input
voltage, for example |[Vyx| < Vr, where Vi =~ 26 mV is the
thermal voltage at 27°C, all BJT transistors (Q - Qa) are
conducting. In this range, the V-/ characteristic of the mixed
translinear cell is nearly linear. However, for |Vyx| > Vr, one
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transistor becomes nearly non-conducting (Q> or Q4). Con-
sequently, the V-I characteristic in this range is non-linear.

Fig. 1. Schematic of the mixed translinear cell [1].

From Fig. 1, by neglecting base currents, Early effect
and parasitic capacitances of all transistors, the output cur-
rent Iy which is composed of two exponential currents J;
and J¢4 can be expressed as

%
Ix = I —lIca = 2Igsinh (-’?‘-) (1)
Vr
where Iy is the bias current, Vr =~ 26 mV is the thermal volt-
age at 27°C, and Vyx = Vy — Vx is differential input voltage.

The sinh function of (1) can be expressed using a Tay-
lor series for a zero voltage input (Vyy =~ 0) as

Vix | 2o (Vix\® | 2l (Vx\®
=0f X TR X HOYCEN RN
Ix 210 Vr 6 ( Vr ) 120 \ V¢ 2

Equation (2) confirms that the input voltage swing should
be limited to Vr for linear V-I characteristic. If this is not
the case the higher order terms become non negligible. The
ideal linear V-I characteristic can be obtained by considering
the first terms of (2) only,

Iy =20 2 3)
Vr

where Iy ; is defined as an ideal linear V-I characteristic of
the output current Iy,

The V-I characteristic as noted in (1) and its linearized
version in (3) are plotted in Fig. 3.

In this paper, we propose a novel approach to improve
the linear input voltage range for the sinh mixed translin-
ear cell. The schematic of the proposed circuit is shown
in Fig. 2. The circuit contains four NPN transistors (Q,
to Q4) and four PNP transistors (Qs to Og). The constant
current sources [y and Ip provide the bias currents for the
mixed translinear cell. In order to extend the linear operating
range of the mixed translinear cell, we insert the common-
anode-connected pairs (Q2-Q3 and Qg-07) into the mixed

translinear cell. The main objective is to use the additional
transistors to provide a biasing current for the transistors Q4
and Qg, such that both of them remain conducting. By this
mean, it is expected that the non-linear exponential currents
between Ic4 and Icg are cancelled and the linearity of the cur-
rent Ixy of the proposed mixed translinear will be improved.
We will verify this expected result by a mathematical deriva-
tion and simulations. Note that we define the output current
of the proposed circuit as Iyy in order to difference from the
previous cell.

3. Proposed Mixed Translinear Cell

3.1 Theory

n® - O

Fig. 2. Schematic of the proposed mixed translinear cell.

From Fig. 2, the voltage difference between nodes Y
and X is given by the following sum

Vyx = Vg3 + Vpea — Va1 — Vaez. 4)

For simplification, we neglect the Early effect and the base
currents (assuming sufficiently high current amplification
Bw) for all the transistors. Also, we assume that the emitter
areas of all NPN transistors (Q) to Q4) are identical (result-
ing in an identical reverse saturation current /s) and all the
transistors are at the same temperature hence have the same
thermal voltage Vr. With these assumptions, (4) can be ex-
pressed in function of the bias currents /4 and /g and the (not
yet known) current Ic3 as

Vix =Vrln (IE) +Vrin (M)
Is Is

Tn— o
~vln (2B Ia) g (ola)
Is Is
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where By is the current gain of NPN transistor. Equation (5)
can be expressed as

Yo _ o ( (Ie3) (Bwlcs) ) ©
Vr (Ia+1p —Ic3)(Is — Ic3)
and finally as a quadratic equation for the current /3
1% (' — By ) = Ica(1a + 2Ug)eV /s
+(13 + Ialg)e¥/Vr = 0. )

To solve (7) for the current Ic3, we limit the input voltage
such that — In(Bp)Vr < Vyx < In(By)Vr. Given this condi-
tion, the quadratic coefficient e"**/Vr — By is non-zero. The
positive collector current Ic3 is hence given by

Ky — /K] +4Kp (Bye~Vrx/Vr — 1)

o= By g

where Ky = Iy +2/g and K> = lg +1I41p. Considering Fig. 2,
it can be seen that Icy = Bylcs. Noted that Bye~"?/'T > 1
and considering (8), the current /g4 is given by

K- \/K% + 4K Bye~Vx/Vr
_ZBNe'VYX/VT

Ica =By ©)

Equation (9) can be rewritten by using a Taylor series for
v/a+x and becomes

K2
Ics=— _’ﬁeer/Vr i /KZBNeinx/Vr 4l o dVi/Vr
2 8+/KaBn

K{

O — " $:P 4

128./(K2Bn)>

(10)

Likewise, the current /cg is given by

Icg = _%e—"rx)’\’r e /KZBPC—EVH/VT

K v K
8+/KaPp 128+/(K2Bp)

+ e—8Vnx/Vr 4 ...

(11)

where Bp is the current gain of PNP transistor.

From Fig. 2, the current at the X terminal is given by

the difference of the currents Iy and Ics,

Ixn = Ica — Ics. (12)

Assuming that By = fp = B, substituting (10) and (11) into

(12) and rewriting the exponentials as sinh, then the current
Ixy becomes

~ ’

‘ %
Ixy = — K sinh (—YX +2\/K2[33inh Zﬂ
Vr 2Vr
latrerm 2ndTerm

2
+—2L_ ginh (3VYX) ——

AVEKB \2Vr )

3rd term

It is noted that for |Vyx| < Vr In(B) the third and higher order
terms in (13) are smaller than the first and the second one.
Hence, in this case, (13) can be simplified to

Iew = 2+/KaBsinh | X ) — K, sinh 2%
2Vr Vr

negative sinh

(13)

(14)

-
positive sinh

From (14), we see that the V-I characteristic of the pro-
posed mixed translinear cell is composed of a positive term
and a negative term of hyperbolic sine function, thus it is
possible that the non-linear term will be reduced because of
a summing of the positive term and negative term of hyper-
bolic sine function.

3.2 Optimal Parameters for Linear Operation

As shown in (1), the mixed translinear cell in Fig. 1
contains a single hyperbolic sine function so that the lin-
ear input voltage range is quite narrow. According to (14),
we can see that the V-I characteristic of the proposed mixed
translinear cell is formed by two hyperbolic sine functions
composed of a positive term and a negative term. Because of
the positive and the negative signs of the two terms in (14), it
is possible to reduce the non-linearity which results from the
third-order harmonics by adjusting the parameters K} and
K;. In order to find the optimal parameters K, and K3 to
minimize the non-linearity coming from the third-order har-
monics terms of output current Ixy, we expand the positive
and the negative contributions of (14) with Taylor series and
set the terms corresponding to the third-order harmonics as
equal. When substituting K and K> with the currents [4 and
Ip, the optimal parameters for a linear operation are given by

(13 +Ialp)B _ (Ia+21p) (15)

24 6

Equation (15) can be solved for a positive current I4 and be-
comes linear to the current /g,

1. B=64)+VB(B-64)
A B 32 .

(16)

Equation (16) provides a simple mean to estimate the rela-
tion of the bias currents /4 and Iz which minimizes the third-
order harmonic term of current Ixy when the f is given. For
example, for B = 100, it is expected that the optimal linearity
is obtained for [y = 3/p.
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Fig. 3. Comparative plot of V-I characteristics between the

mixed translinear cell [1] and the proposed translinear
cell, as well as their non-linearity errors.

‘We have shown the ideal linear V-1 characteristic of the
mixed translinear cell (Fig. 1) in (3). Now, we calculate
the ideal linear V-/ characteristic for the proposed translinear
cell. Again expanding (14) with Taylor series for |Vyx| <« Vr,
the ideal linear V-I characteristic of the proposed circuit can

be expressed as

Vi
Ixne = [ (I3 +Ialg)B— (Ia + 213)] V—};X (1n

where Iyy s is defined as the ideal linear V-I characteristic of
the output current Ixy.

This linear V-J characteristic will be used for two rea-
sons. First, it allows to select the bias currents for the mixed
translinear cell in Fig. 1 and the proposed translinear cell
such that the ideal linear V-I characteristics are the same
value. Second, the linear V-I characteristic serves as a ref-
erence to estimate the non-linearity error (€) as

Ixn—Ixno

100.
Ixni

£(%) = (18)

To demonstrate the improvement of the linear range of
the proposed translinear cell, the V-I characteristics of the
mixed translinear cell in Fig. 1 and the proposed translin-
ear cells will be compared. To provide a numerical exam-
ple, shown in Fig. 3, we select B = 175 and Iz = 50pA,
to maximize the linear input range according to (16), re-
sulting in Iy = 390pA (I4 = 7.81p). To compare with the
mixed translinear cell in Fig. 1, its bias current Iy is set such
that the ideal linearized V- characteristic is the same value.
Comparing (17) and (3), it is noted that this happens when

2l = y/ (1 +Ialp)B — (I5 + 21p). For the numerical exam-
ple, this results in Jp = 736 pA. In Fig. 3a, the ideal linear
V-I characteristics (3) and (17) are shown together with the
non-linear ones as given in (1) and (14). For clarity, the pos-
itive sinh and negative sinh (14) are plotted individually in
Fig. 3b. It can be seen that the linear input range of the pro-
posed translinear cell is improved significantly compared to
the mixed translinear cell in Fig. 1. This is comfirmed by
the non-linearity error as defined in (18) which is shown in
Fig. 3c. As expected, the error for the proposed translinear
cell is smaller than the mixed translinear cell in Fig. 1. For
example, at Vyy = 20 mV, the error of the mixed translinear
cell in Fig. 1 is about 10 % while the proposed translinear
cell smaller than 0.1 %,

4. Simulation Results

To verify the validity of the theoretical derivations for
the circuit operation, the mixed translinear cell in Fig. 1
and the proposed translinear cell in Fig. 2 are simulated by
PSPICE. Therefore, the general purpose bipolar transistors
2N3904 (NPN) and 2N3906 (PNP) are used with a symmet-
ric supply voltage of Ve = —Vgg = 2 V. In the PSPICE sim-
ulation, the current gain (B) of transistor is approximately
175. As shown in (16), the best linearity is expected for the
bias currents with a relation of [, =7.815 (B = 175). For sim-
ulation, we select the current Ig = 50 pA thus J4 = 390 pA.

To have a fair comparison between the two translinear
cells, the bias currents of both circuits are set such that the
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ideal linearized is the same value, the same transconductance
(Gp), results in (3) and (17). As shown in Section 3.2, this
results in a bias current o = 736 pA. It is noted that the bias
currents for the PSPICE values are identical to the ones se-
lected during the theoretical estimations.
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Fig. 4. Comparison V-/ characteristic of the mixed translinear
cell [1] and proposed mixed transinear cell.

As a first simulation, the power consumption at a qui-
escent point is estimated. The mixed translinear cell in Fig. 1

and the proposed mixed translinear cell uses approximately
6 mW and 8.6 mW, respectively. As expected, the power con-
sumption of the proposed cell has increased slightly.

Fig. 4a shows a comparison of the large signal V-] char-
acteristics of the mixed translinear cell in Fig. 1 and the pro-
posed cell for Vyy between —0.3V and 0.3V and node X
connected to ground. Again, it is noted that the deviation of
the V-I characteristic from the ideal linear V- characteristic
is smaller for the proposed circuit than the mixed translinear
cell in Fig. 1.

Fig. 4b illustrates again that the linear input range of the
proposed mixed translinear cell is increased compared to the
mixed translinear cell in Fig. 1. It is noted that the offset volt-
age of the mixed translinear cell in Fig. 1 is approximately
700 pV while the proposed circuit has approximately 5mV,
because the proposed circuit is affected by the difference of
the current gains (B) between the PNP and NPN transistors.
To minimize the offset voltage, matched transistor pairs may
be used. If it is not practical to match the B of the transis-
tors, the offset can also be adjusted by setting a different bias
current Iy and Ip for the PNP transistors and for the NPN
transistors. In the example shown in Fig. 4c, the bias cur-
rent I for the transistors @, and Q3 are 59 pA and the bias
current Iy of transistor Q; is 460 pA. The bias currents for
Qs to Q7 have not been changed and are still /g = 50 pA and
Iy =390 pA. Tt is noted that, the ratio between I and Ip is
given by I4 = 7.8/ to minimize the non-linearity. From the
simulation result, the offset voltage of the proposed circuit is
approximately 100 uV when adjusted the bias current /4 and
Ip for the transistors @y - Q3.

Furthermore, Fig. 5 shows the tuning ability of the
transconductance of the mixed translinear cell in Fig. 1 and
the proposed mixed translinear cell when varying the bias
currents. To compare the two architectures, the bias cur-
rents are selected such that Gy are approximately the same
value for a zero input voltage. In the simulations, this has
been achieved by varying the bias current fp from 294 pA
to 2.35mA with 294 pA steps for the mixed translinear cell
in Fig. 1 and the bias current Iz from 20 pA to 160 pA with
20 pA steps for the proposed translinear cell. Note that the
bias current I, is always set to 7.8 I5.

Fig. 5a shows the characteristic of the simulated
transconductances (Gy) of the mixed translinear cell in
Fig. 1 and the proposed mixed translinear cell when varying
their bias currents Jy, I4 and Ig. For the proposed translinear
cell, the transconductance Gy is nearly independent of the
input voltage Vyx over a large range.

Fig. 5b shows the transconductance Gy, of the proposed
mixed translinear cell and the mixed translinear cell in Fig. 1.
It is noted that the Gy of the proposed mixed translinear
cell is closer to a constant value than the mixed translinear
cell in Fig. 1. Again, this confirms the improved linearity
of the proposed translinear cell when compared to the mixed
translinear cell in Fig. 1.
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Fig. 6. Total harmonic distortion as a function of the input am-
plitude of a 100kHz sinusoidal signal, for the mixed
translinear cell [1] and the proposed mixed translinear
cell.

To validate the linearity performance of the proposed
circuit, total harmonic distortion (THD) of the proposed
mixed translinear cell is also simulated. The bias current of
the mixed translinear cell in Fig. 1 is set to Jp = 736 pA and
the bias currents /g and I4 of the proposed cell to 50 pA and

390 pA, respectively. Again, this results in the same value
G at zero input voltage. The THD is calculated for a sinu-
soidal signal at Vyx at 100 kHz with varying amplitude. The
simulation result is displayed in Fig. 6. It is noted that the
maximum amplitude of Vyx for the THD below 1% is ap-
proximately 60mV for the proposed mixed translinear cell
and lower than 15 mV for the mixed translinear cell in Fig. 1.

Comparative results of the simulated performances be-
tween the proposed circuit and the mixed translinear cell in
Fig. 1 are shown in Tab. 1. It can be seen that the linear input
range is increased more than by a factor 4 with a moderate
increase of the power consumption (factor 1.4).

Circuit [1]  Proposed
Input operating swing (e(%) = 1%) ~T7mV =~40 mV
THD < 1% 15mV 60 mV
Power consumption 6mW 8.6 mW

Tab. 1. Comparison of the performances for the mixed translin-
ear cell [1] and the proposed mixed translinear cell with
approximately the same Gy.

5. Selected Applications
5.1 Floating Resistor

QD Is

v
-

e X
Qo Qul

Fig. 7. Floating resistance circuit.

To demonstrate an application that benefits from the in-
creased linear input range of the proposed mixed translinear
cell, a floating resistor as proposed in [6] is realized by using
the proposed mixed translinear cell. The circuit is shown in
Fig. 7. It consists of two of the proposed mixed translinear
cells by a parallel-back-to-back connection. Assuming that
all transistors are matched and the current gains (B) of all
transistors are greater than unit, then relations of the current
and voltage of the floating resistor can be found as

iy = —iy = 2,/KaPsinh ("‘—"-"E) — Ky sinh ("‘—_ﬂ) .
2Vr Vr
(19)

The equivalent resistance between port 1 and 2, when
[vi2] < Vr, is the inverse of the transconductance Gy cal-
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culated in (17) and is given by
Vr

\/ (13 + Ialg)B — (In +213) ‘

The above equation shows that the floating resistance can be
tuned by adjusting the bias current I4 or Iz. However, in
order to reduce the third order harmonics distortion, the re-
lation between the current Iy and Iz have to set accordingly
to (16). When port 2 is connected to ground, the circuit be-
comes a grounded resistance. In this case, the transistors Qg
to Q6 can be removed while the relation between the cur-
rent and voltage of the resistor remains as written in (20).
For the floating resistance realized by the mixed translinear
cell in Fig. 1 as proposed in [6], the value of resistance be-
tween port 1 and port 2 is Ry2 = Vr/2lp [6] and it can be
adjusted by the bias current /y. To show the increased linear
input range of the floating resistance when use the proposed
mixed translinear cell. The floating resistance in Fig. 7 re-
alized by the proposed translinear cell has been simulated in
PSPICE and compared with the floating resistance realized
by the mixed translinear cell in Fig. 1.

Rz = (20)

203 77
3 LA/
3 47
- 7%
10 3 7
3 E =]
f o
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.2 0 5__7—' (7
-10 3 ’ 4
T /,
E ;f/
:/ 47
-100 -80 =60 -40 -20 0 20 40 60 80 100
Input Voltage Vi3 (mV)
s Proposed — — Circuit [1]

Fig. 8. Comparison of the DC transfer characteristics of the
floating resistor realized by the mixed translinear cell [1]
and the proposed translinear cells.
For simulation, we use the general purpose bipolar transis-
tors 2N3904 (NPN) and 2N3906 (PNP) with a supply volt-
age of Voc = —Veg = 2 V. Because the current gain (B) of the
transistors in PSPICE is approximately 175, the relation be-
tween the bias currents Iy and Ig of the proposed translinear
cell is set to J4 = 7.8 I5. For comparison, the bias currents of
both circuits are set for the same value of resistance as (20).
Fig. 8 shows a simulated comparison of V-I characteristics of
the floating resistance using the proposed mixed translinear
cell and the mixed translinear cell in Fig. 1, when the bias
current fp was varied from 294 pA to 2.94 mA with 294 pA
step size while the bias currents Jp was varied from 20 pA to
200 pA with 20 pA step size. The bias current I4 always set
to 7.8 /. It can be seen that the relation between the currents
i} = —iz and the input voltage v|2 of the floating resistance
using the proposed translinear cell is very close to linear —
the same V-/ characteristic as for an ideal resistor that fol-
lows Ohms law than the floating resistance realized by the

mixed translinear cell in Fig. 1. Furthermore, the slope of
the V- characteristic can be adjusted using the bias currents
I and Ip. Hence, the simulation results as shown in Fig. 8
confirm that the circuit presented in Fig. 7 provides a float-
ing electronically controllable resistor and the linear range
is approximately 100 mV. Fig. 9 shows a value of the float-
ing resistance as a function of their bias currents for both
circuits. From the simulation results, it can be seen that the
value of the resistance realized by the mixed translinear cell
in Fig. 1 and the proposed resistance are nearly the same and
both are in good agreement with the theoretical results in
(20) calculated for f = 175.

100 ‘ —

Resistance R (11)
g
1
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20 —~
2 N

10 Fr=ip
0] ! |
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Io

T T
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200 400

T T T T T T T T T P =¥
600 ~ 800 = 1000 = 1200 = 1400 @ 1600
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== Theoretical = Proposed = — Circuit [1]

Fig. 9, Magnitude of floating resistance as a function of / and
Ip.

5.2 Instrumentation Amplifier
Vec

Fig. 10. Schematic of a CCCII using the proposed mixed

translinear cell as an input front end.

As mentioned above, the mixed translinear cell can be
used as an input front end for the second-generation cur-
rent controlled conveyor (CCCII). Thus, to implement the
CCCII by using the proposed mixed translinear cell can be
easily done by adding two complementary current mirrors
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to duplicate the current from port X to port Z as shown in
Fig. 10. The relationship between the output current /z and
input voltage Vyy of the proposed CCCII in Fig. 10 is given
by (14) and for the CCCII based on the mixed translinear
cell in Fig. 1 has the V-I characteristic as shown in (1).

We will show the increased linearity at the example of
an instrumentation amplifier as proposed in [10). The instru-
ment amplifier consists of two CCCIIs connected as shown
in Fig, 11.

V] —Y Z Voul
R;
CCCII (1)
% =
* ‘'L
CCCII (2) =
Va Y

Fig. 11. Instrumentation amplifier proposed in [10].

The output voltage of the instrumentation amplifier in
Fig. 11 is related to the parasitic resistance (Rx) at the port
X of the CCCII and the input voltages V; and V5 by [10]

Vou _ R
ViVs  2Rg’ (21)

Therefore, the output voltage gain can be adjusted by Ry of
the mixed translinear cell. For the CCCII implemented by
the mixed translinear cell in Fig. 1, the parasitic resistance
Ry is adjusted by the bias current Iy as Ry = Vr /2y when
Vrx < Vr [2]. This means that the gain of the instrumenta-
tion amplifier is controlled by the current Jy. However, when
the input voltage comes close (or exceeds) the thermal volt-
age, the parasitic resistance cannot be considered as linear
anymore. Thus, the linear input range of the instrumenta-
tion amplifier is also limited. For increasing the input linear
range of the instrumentation amplifier, the proposed CCCII
as shown in Fig. 10 will be used to realize the instrumenta-
tion amplifier.

The parasitic resistance at port X of the proposed
CCCII in Fig. 10 is defined as (Ryy) and the value of the
resistance is the inverse of the transconductance Gy which
has been calculated in (17). Hence, the Ryy of the proposed
CCCII in Fig. 10 is given as

Vr
\/(15 +Ialg)B — (14 +2Ip)
where Ry is the parasitic resistance at port X of the pro-
posed CCCII in Fig. 10.

From (22), it can be seen that the value of Ryy can be
adjusted by the bias currents I, or Ip. It should be noted that,
for suppression the third-order harmonic term, the relation

Rxy = (22)

between the bias current /4 and /5 should be set accoding to
(16).
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Fig. 12, Comparison of the V-/ characteristics of the instru-
mentation amplifier realized from the mixed translinear
cell [1] and the proposed mixed translinear cell at unity
gain.

To demonstrate the improvement of the linear input
range, the instrumentation amplifier realized by the proposed
CCCII is simulated in PSPICE and the results are compared
to the instrumentation amplifier realized by the CCCII based
on the mixed translinear cell in Fig. 1. For simplification of
comparison, the gain of the instrumentation amplifier is set
to unity. The resistive load was set to 50 Q and the supply
voltage is Voo = —Vgg = 2 V. Again, the bias currents are
set to J4 = 7.8Ip to minimize the third order harmonics for
B = 175. To obtain the unity gain, the Ryy = 25 Q, then the
current Iy and [p are set to 273 pA and 35 pA, respectively.
For the CCCII based on the mixed translinear cell in Fig. 1,
the bias current lp = 514.5 pA for Ry =~ 25 Q also.

Fig. 12a shows a comparison of a large signal V-I char-
acteristic of the instrumentation amplifier as demonstrated
in Fig. 11 when implementing with the CCCII based on the
mixed translinear cell in Fig. 1 and the proposed CCCII in
Fig. 10. The input differential voltage (Vi2 = V) — V») was
swept continuously from —0.3V to 0.3 V. From Fig. 12b, it
is obvious that the linear input range (V)2) of the instrumen-
tation amplifier employing the proposed CCCII is wider than
using the CCCII based on the mixed translinear cell in Fig. 1.
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Fig. 13. Comparison of the transient response of the instrumen-
tation amplifier at unity gain.

Fig. 13 shows a time domain representation of the out-
put voltage (Voy) of the instrumentation amplifier in Fig. 11
when a triangle signal at a frequency of 100kHz is ap-
plied. The input amplitudes are Vi3 = 30mV for Fig. 13a
and 80mV for Fig. 13b. It can be seen that for a small in-
put voltage (V}2), the output voltage of both instrumentation
amplifier can follow the input voltage as shown in Fig, 13a.
However, for a large input voltage, the output voltage of the
instrumentation amplifier using the proposed CCCII follows
the input voltage while the instrumentation amplifier using
the CCCII based on the mixed translinear cell in Fig. 1 de-
viates from the input voltage as shown in Fig. 13b. In this
representation, the reduced distortion of Vjy of the instru-
mentation amplifier can be seen best at the shape of the edges
of the triangular signal.

6. Summary

A new compact architecture for improving the linear
input voltage range of the sinh mixed translinear cell has

been presented. The proposed circuit adds common-anode-
connected pairs into the sinh mixed translinear cell to pro-
vide the bias current to the transistors such that they remain
conducting, thus extending its linear operation range. Ex-
plicit equations are given and used to minimize the third-
order harmonic term, The proposed circuit is suitable for
implementation in integrated circuits, since it does not re-
quire external resistors or other passive components. Simu-
lation outcomes, which are in excellent agreement with the
theoretical results, confirm that the linearity of the proposed
cell is improved compared to the mixed translinear cell in
Fig. 1.
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