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In the present paper, very simple voltage-mode instrumentation amplifier (IA) and integrator structures including only
grounded passive components yielding easy integration are proposed. The proposed IA and integrator use single differential
difference current conveyor. The proposed IA without requiring critical passive component matching conditions can be
constructed with only two small-valued resistors to obtain high gain. The proposed integrator circuit has the feature of
improved low frequency performance, which can be accomplished via a resistive component matching constraint. Also, both
of the proposed circuits have high input impedances yielding easy cascadability. Both of the proposed configurations
consume less power, and can be operated at higher frequencies. Some simulation and experimental results are included to

confirm the theory.
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1 Introduction

A differential difference current conveyor (DDCC)
as a current-mode (CM) active element has the
advantages of both of the second-generation current
conveyor (CCII) such as wider bandwidth, greater
linearity, larger dynamic range and differential
difference amplifier (DDA) such as high-input
impedance and arithmetic operation capability'. Also,
DDCC was firstly proposed’. Instrumentation
amplifiers (IAs) are widely used in many areas for
example medical instrumentation, data acquisition
and signal processing applications®. The IA
structures consist of some active components for
instance operational amplifiers’ (OAs), operational
transconductance amplifif:rs4 (OTAs), current
feedback operational amplifiers’ (CFOAs), second-
generation current controlled current conveyors’
(CCCIlIs) and other active elements’ . In addition, a
CMOS based CM IA has been proposed recently'®.
Nevertheless, all of the IA configurations* have
large-valued resistors to obtain high gains. Also, IA
proposed” is made up of a number of CMOS
transistors, two floating resistors and a floating
capacitor.

Active RC integrator circuits having well-
established status in the areas of microelectronic
circuits and systems can be applicable to active filters,
process controller design, waveform generation, and

s 17,18
circuits .
17,18

calibration However, both of the
integrator circuits do not have features of
improved low frequency performance.

In the present paper, very simple voltage-mode
(VM) IA and integrator topologies composed of only
grounded passive components resulting in easy
integration'*?' are proposed. The proposed IA and
integrator use single DDCC. The proposed IA without
requiring  critical passive element matching
constraints can be constructed with only two small-
valued resistors to obtain high gain. The proposed
integrator circuit has the property of improved low
frequency performance, which can be achieved by a
resistive component matching condition. Both of the
proposed IA and integrator structures have the
properties of high input impedance resulting in easy
cascadability with other VM circuits. Electronically
tunable grounded resistors*> can be replaced instead
of the grounded resistors of the proposed IA and
integrator circuits to control externally in integrated
circuit (IC) technology. Both of the proposed IA and
integrator circuits have only resistors but no
capacitors connected in series to the X terminal of the
DDCC. Consequently, both of the proposed circuits
can be operated at high frequencies®®. Some
simulation and experimental results are included to
verify the theory.
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2 Instrumentation Amplifier Topology
The defining matrix equation of the DDCC shown
in Fig. 1 can be given by:

I a 0 0 0 sC+UR|[IL
I 0 sC, 0 0 0o ||V
L=l o 0 sc, o o ||v,|-D
0] o 0o 0 s, 0 ||V,
vl R+, A -5 A 0 v

In matrix Eq. (1), at sufficiently low frequencies,
the frequency dependent non-ideal current gain
a = 1+& and the frequency dependent non-ideal
voltage gains = 1+&., (j=1, 2, 3) are ideally equal
to unity. In addition, & and &, ideally equal to zero,
are respectively called as current and voltage tracking
errors where T€k| <1 (k=1, 2,3, 4). Also, the
effects of L, of the DDCC in some calculations are
ignored for simplicity.

The proposed IA employing a canonical number of
components and a simple'* IA are respectively shown
in Fig. 2(a and b). Applying routine analysis to the
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Fig. 1 — Electrical symbol of the DDCC
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proposed IA circuit in Fig. 2(a), the output voltage is
found as in the following:

R,

Vi = (Vi =V;) 2 @)

1 2

where R, > R, should be chosen. If only non-ideal
gains are considered, Eq.(2) converts as:

aR,
Vou =(BV: = B, 2) Yy ..(3)

From Eq. (3), differential-mode gain (Apym) and
common-mode gain (Acy) are respectively found to
be as follows:

— Vout — ﬂZ +ﬂ3 aRZ (4)
o Vl _Vz 2 R1 _aﬁle
where V, =V,
\% aR,
A out _— ...(5
2

where, V, = V. From Eqs (4) and (5), the common-
mode rejection ratio (CMRR) is calculated as:

|/32 +:B3| 1 ...(6)

CMRR =
2|ﬂ2 ﬁ%| les &4

CM

It is seen from Eq. (6) that the CMRR is
independent of gain of the IA but CMRR depends on
voltage tracking errors. Not only frequency dependent
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Fig. 2 — (a) Proposed voltage-mode instrumentation amplifier (b) Simple instrumentation amplifier'*
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non-ideal gains but also parasitic impedances of the
DDCC affect the bandwidth of the presented topology
in Fig. 2. Using a single pole model for the frequency
dependent non-ideal gains®’, the following models are
obtained:

1+¢
o0=—"-

(7
1412 7
a)a
1+e€.
B; = ]’; (8
1+-—
Wy;

where w, and wg (j=1, 2, 3), ideally equal to infinity,
are poles of the non-ideal current and voltage gains,
respectively. Therefore, CMRR in Eq. (6) turns to:

1+ &, . 1+¢&,
1+29 142
CMRR:l|'BZ+ﬂ3 _l Dps Dps
2|ﬂ2_183 2 H—i‘%_l"_fg‘l
(L0, o ...(9)
@py @5
Yie e+ jw(l+84)+ jo(+ &)
_ Dp» Dps
=3 83_€4+ja)(1+g3)_ja)(1+84) ‘
g3 g,

If only parasitic impedances except L, of the
DDCC is taken into account, Eq. (2) turns to:

R, /IR 1111 sC)

Vuut =(‘/I _V2)R
" +R.—R,//R.1/1/sC,)
| ' ...(10)
:(Vl_Vz)Av P
1+—
a)C
where C,,= C, +C,; and
4 —— R lIR, ..(1D)
R+R,—R,//R,
is the gain of the IA.
R+R.—R,/IR, (12)

“TC,(R+R)(R,//R.)

ideally equal to infinity, is the pole frequency of the
IA due to parallel Z terminal parasitic impedances and
series X terminal parasitic resistor effects. Further,
A,@. is the gain bandwidth product of the IA where
the values of A, and @. depend on the values of
selected  passive  components and  parasitic
impedances. Parasitic impedances of the DDCC also
affect CMRR given in Eq. (9). If both parasitic
impedances except L, and frequency dependent non-
ideal gains are taken into account, Eq. (2) turns to:

R, /IR 1/(1/5C,)
R +R,~af (R, /IR 1/(1/5C.))
...(13)

Vou =BV, = BV, )

If the effects of L, are also considered, Eq. (10)
turns to:

R,/IR./1(1/5C,,
Vo =(V,=V5) 2 TR
R+R +sL —R, /IR //(1/5C,)
_ (Vl_Vz)
PLC, +5(C,(R+R)+ = 4 BitRe
e R,//IR. R, /IR,

...(14)

In frequency domain following constraints should
be satisfied:

0<< =Wy, ...(15a)

R+R,
®<< Ry /IR, = P ...(15b)
Czy(Rl+RX)+ A
R, /IR

In Eq.(15), it is assumed that both of the angular
frequencies, wy; and wp,, are far away from each
other. Therefore, the useful frequency range is
evaluated as follows:

0.1 .
f ngln{a}m, Oy, } ...(16)

If frequency dependent non-ideal gain effects are
considered, the limit at high frequencies reduces.
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Apart from this, the proposed IA has no limit at low
frequencies.

3 Integrator Configuration
The proposed integrator circuit with reduced
parasitic impedance effects and a simple integrator
topology® are shown in Fig. 3(a and b), respectively.
Applying routine analysis to the configuration of
Fig. 3(a) yields the following output voltage:

vV = ‘/I_VZ

out

...(17)
sCR, +ﬁ—1
R,

In Eq. (17), Ry = R, should be chosen due to
stability problem®’, which is an undesired drawback.
If R =R, is chosen, Eq. (17) turns to:

VOUI = ‘/] _V2
sCR,

...(18)

where, if V| =0 is selected and V; is applied as input
voltage, a negative lossless integrator with a time
constant 7 = CR; is obtained. Similarly, if V, =0 is
selected and V, is applied as input voltage, a positive
lossless integrator with a time constant 7 = CR; is
obtained. If only frequency dependent non-ideal gains
are taken into account, Eq. (17) converts:

—q PN ...(19)

R
sCR + L —¢
Rl

out

VAl
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If only parasitic impedances
considered, Eq. (17) converts:

except L, are

vV = ‘/I_VZ

out
SC+C )R +R)+ DRy
) R, /IR,

...(20)

In Eq. (20), if Ry//R, = R;+R, is chosen, a lossless
integrator is obtained. If both parasitic impedances
except L, and frequency dependent non-ideal gains
are taken into account, Eq. (17) turns to:

Vo= LA AZ)

out R +R
s(C+C_ )R +R)+—1L—=
( B+ R, R, /IR

...(21)

_aﬁl

Z

If the effects of L, are also considered, Eq. (20)
turns to:

v - Y-V,

S(CHCLAS(CH+C,XR +R)+

L R¥R_|
RIR"RJIR
...(22)
In Eq. (22), if R,//R, = R+R, is chosen, Eq. (22)
simplifies in frequency domain as:
=%

V. ...(23)

= . l{X
~F (C+C, )L+ ja(C+C, R R e k)

If following condition is satisfied, a lossless
integrator is obtained.

fh

ys DDCC z+

© Vout

Vi

Y2

o~
Py
—AM—]
(@}
——1

(b)

Fig. 3 — ( a) Proposed voltage-mode integrator (b) Simple voltage-mode integrator®®
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L
(C+C (R +RX)+7R2//RZ _

(C+C,)L,

<<

...(24)
<0.1a,

It is understood from Eq. (24) that proposed
integrator has a limit at low and high frequencies. The
restriction at low frequencies stems from the
Z terminal parasitic resistor” of the DDCC while the
limitation at high frequencies is attributed to the X
terminal parasitic inductor’® of the DDCC. In Eq.
(22), if Ry//R, = R|+R, is not satisfied, there is a limit
at low frequencies as described below:

R+R _|
R/IR

(C+C R +R)+
=100

> =
L @

R /IR

...(25)

If only parasitic impedances are taken into account,
the useful operating frequency range is found to be:

10 0.1
— @ Sf<— .(26
A S5 (26)

If frequency dependent non-ideal gain effects are
considered, only the limit at high frequencies
decreases whereas the restriction at low frequencies

remains unchanged. It is important to note that the
proposed IA and integrator circuit do not have low
output impedances whereas if next stages of the
proposed IA and integrator circuit are high input
impedances, there is no need to use voltage followers
(VFs). If it is necessary, a VF can be easily realized
by employing only two MOS transistors’. On the
other hand, integrators can be used to design analog
filters™; accordingly, the implemented filters have the
property of improved low frequency performance
resulting in wider bandwidth. Furthermore, each
resistor of the proposed IA and integrator can be
tuned electronically by employing only two MOS
transistors>. As a result, extra four MOS transistors
are enough for each of the proposed circuits to control
externally. However, the IA uses® three CCCIIs with
tens of BJTs to control the IA electronically. On the
other hand, applying routine analysis to the
configurations of Fig. 2(b) and 3(b) results in the
following output voltages, respectively:

R
Vou ==V, =V,) ..(27a)
Rl
V. —V.
V=2 ...(27b)
sCR

4 Simulation and Experimental Test Results
Internal structure' of the DDCC is shown in Fig. 4.
All of the MOS transistors based on 0.13 um IBM
technology parameters’ are operated in saturation
region. All of the bulks are connected to the relevant

oV,
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My |4 [, M [,

d . - o Vss

Fig. 4 — Internal structure' of the DDCC
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sources. The dimensions of the MOS transistors are
given in Table 1. The supply voltages are selected as
Vpp=—Vss=0.75 V. The bias voltage Vjy is taken as
0.4 V. The parasitic impedances and parameters of
the non-ideal gains of the DDCC using SPICE are
computed as follows: R, = 155.18 Q, L, = 2.42 pH,
C. = 1176 {F, C,, = 1724 {F, Cy,, = 172.4 fF,
Cy3=369{F, R,= 66.98 kQ, & =-0.0033, &=-0.0014,
& =-0.0022, & =-0.0014, f, = 294 MHz, fz =
311 MHz, f =299 MHz and fg is very large.

The passive components for the proposed IA are
separately selected as Rj= 1 kQ and R, =0.8 kQ, R, =
1.09 kQ and R, = 1098.5 Q to obtain gains of about
7dB, 21.5 dB and 36 dB which are shown in Fig. 5,
respectively. The passive components for the
proposed IA are also selected as R, = 1 kQ and
R, =0.8 kQ to draw CMRR which is shown in Fig. 6
where the passive components for the simple IA are
chosen as Ri= 1 kQ and R, = 10 kQ. Moreover, as
shown in Fig. 7, a 4mV peak to peak sinusoidal
voltage signal at 5 MHz is applied to the introduced
IA where the total harmonic distortion (THD) is
found as 2.93% which can be acceptable. It is well-
known that if symmetrical power supply voltages are
increased, THD value reduces considerably. Input and
output noises of the proposed IA with respect to
frequency are given in Table 2. The total power

Table 1 — Dimensions of the transistors of the DDCC+ in Fig. 4

PMOS Transistors W(um)/L(pum)
M;-Mg 39/1.04
NMOS Transistors W(um)/L(pum)
My-M;, 13/1.04

40

30 \
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Gain, dB
/
e

— - R =1kQand R,=1090Q | ¥
—— R =1kQand R,=10985Q \
—-— R =1kQand R, =800Q
-10 f f f
100 1k 10k 100k 1™ 10M 100M

Frequency, Hz

Fig. 5 — Gains of the proposed instrumentation amplifier

consumption for the proposed IA is evaluated as 145
uW in simulations.

The passive components for the proposed integrator
are selected as C=5 pF, R;=1 kQ and R,=1058.1 Q to
obtain a time constant r = CR,;=5x10"s. Input and
output noises of the proposed integrator circuit with
respect to frequency are given in Table 3. Frequency
domain analysis of the developed integrator circuit is
shown in Fig. 8 in which ideal, low frequency
performance improved (proposed integrator) and low
frequency  performance  unimproved  (simple
integrator) results are exhibited. Time domain
analysis of the developed integrator circuit is shown
in Fig. 9 where ideal, low frequency performance

80

— — Proposed instrumentation amplifier|
- - - - Simple instrumentation amplifier

60 N

CMRR, dB

40 RN

20

T T T T
100 1k 10k 100k 1M 10M 100M
Frequency, Hz

Fig. 6 — CMRRs of the proposed and simple [As with respect to
frequency
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Time, s

Obtained output voltage, V

Fig. 7 — Sinusoidal input and corresponding output voltage of the
proposed IA at 5 MHz
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improved (proposed integrator) and low frequency
performance unimproved (simple integrator) results at
50 MHz are demonstrated. Also, 150 mV peak
sinusoidal voltage signal is applied to all the
integrator circuits. Further, after a hundred runs, MC
simulation result with 20% Gaussian deviation of the
capacitor C as shown in Fig. 10 is achieved in which
150mV peak sinusoidal voltage signal is applied to
the proposed integrator circuit. THD variations versus
peak values of sinusoidal voltage signal at SOMHz are
shown in Fig. 11. The total power dissipation for the

Table 2 — Input and output noises of the proposed IA against
frequency.

ONOISE, V/Hz'"?

Frequency, Hz INOISE, V/Hz'"?

10 5.50x107 2.50x107
10° 5.50x107 2.50x1078
10* 5.50x107 2.50x1078
10° 5.50x107 2.50x107
10 5.49x107 2.50x107
10’ 5.12x107 2.46x1078
108 1.34x1078 2.35x1078

Table 3 — Input and output noises of the proposed integrator
versus frequency

O Noise, V/Hz!"

Frequency, Hz I Noise, V/Hz'"?

10 6.08x10™ 2.60x107
10° 6.05x107 2.60x10°
10* 4.52x107° 2.60x10°°
10° 6.71x107° 2.60x107®
10 6.75x1077 2.60x107
107 6.76x1078 2.60x10°
108 7.78x107 2.39x10°°
120
\.
100 +—> =
~N N
80 > .
\.
~
@ 60 \-\_\
S 40 S
o  F---A -————-=---F —\
20 \\
0 {{—-— ideal \
—— with improved low frequency performance \
20 - withlout improvecli low frequer\cy perform?nce
100 1k 10K 100k ™ 10M 100M

Frequency, Hz

Fig. 8 — Frequency domain analysis of the ideal, proposed and
simple integrator structures

proposed integrator circuit is calculated as 597uW in
simulations.It is observed from simulation results
from Figs 5-11 that ideal and simulation results are
close to each other whereas the slight discrepancy
between them can be attributed to parasitic
impedances and frequency dependent non-ideal gains
as discussed throughout of this paper.
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Fig. 9 — Time domain analysis of the ideal, proposed and simple
integrator structures
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Fig. 10 — MC simulation result for the proposed integrator with
20% Gaussian deviation of the capacitor
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In order to achieve experimental test, DDCC of the
proposed IA can be constructed with four
commercially available active devices™ such as
AD844s which can be easily replaced instead of the
plus-type CClls (CCII+s) and five resistors as shown
in Fig. 12. The passive components of the IA in
Fig. 11 are selected as R=R;= R,=1k€. The applied
input and corresponding output for the experimental
test result are shown in Fig. 13.

8 [—o—Total harmonic distortion|
6
R, s
a //
T
|
2
| -
\/y/
0 1
0 40m 80m 120m 160m 200m

Applied peak input voltage, V
Fig. 11 — THD variations for the proposed integrator against

peak values of sinusoidal voltage signal

= Qutput
Input

Measure P1:pkpk(C1) P2:freg(C1)
walue 2387 mh 2.00025 MHzZ
mean 243,862 mv 20009628 MHz
min 2353 mY 1.819035 MHz
S 2E3.5 my 2.07090 MHz
=sdev 4 632 my 17 44356 kHz
/Ms ¥ 322e+3

4

g

AN

It is observed from experimental result in Fig. 12 that
the theory and experimental results agree quite well but
the difference between them arises from parasitic
impedances and frequency dependent non-ideal gains of
the AD844s as well as parasitic of the board.
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Fig. 12 — Realization of the proposed integrator with CCII+s to
perform experiments

P33 pkpk(C2) Pd:freqic2) PS ampliC2) PE:ampl(C1])
1125 % 20077 MHz 11105 % 22940 mh
113233 W 2.00073960 MHz 1110467 % 26 2TIT MY
1125 % 1.99106 MHz 1.1007 % 13834 my
1147 % 2.01104 MHz 14174 % 25516 mW
362 mv 2.2424 kHz 2426 mv 92518 my

/Ms 5.235e+3

o iy

Hi= -2s00ps A
H2= 2499 ps 7AX= 20004 kHz

4999 p=

Fig. 13 — Experimental input voltage and corresponding output voltage for the proposed IA
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5 Conclusions

In the present paper, very simple VM IA and
integrator configurations containing only grounded
passive components which are suitable for IC
fabrication are developed. The proposed IA and
integrator employ single DDCC. The proposed IA
without needing critical passive component matching
constraints can be constructed with only two small-
valued resistors to obtain high gain value. The
proposed integrator circuit has the feature of
improved low frequency performances, which can be
accomplished through a resistive component matching
constraint. Both of the proposed configurations
consume less power, and can be worked at higher
frequencies. Some included simulation and
experimental results confirm the theory well as
expected.
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