Fig.3 Rail-to-rail input stage using current selector circuit

The proposed structure is shown in Fig. 3. Transistors M; to
M, and the bias current sources [y, fz; perform the P-N
complementary differential pairs. The output signal currents
are sent to the maximum current selector P-MAX and N-
MAX, where PMAX and NMAX are symbols of PMOS-
type and NMOS-type circuit, respectively. CM, and CM;
are replaced with the unity gain current ourrors. The
maximun-currcat selector proposed by Huang and Lui has
been chosen for our work and the NMOS-type circuit is
redrawn in Fig. 4(2). This maximum circuit was developed
based on the bounded difference equation analysis, which
can direinish the acctmmulaied errors in the old type binary
tree structure [7). 1t works like a Wilson current mirror,
therefore, the accuracy of the selector circuit can be gained
up by appending the additional diode in the same manner as
improved Wilson current mirror. In this case, transistor M,
and M, have been added to the circuit as shown in Fig.
4(b). From the basic analysis of the differential amp, the
total output current i, can be simply depicted as

jO = max(g.mh' :ng)(v+ - V_) (3)
(T, £} maf L F)
woony 4
_] M-‘ Mh(
M, M,
M, M, M,

(2) (®)

Fig.4 (a) maximum current selector (b) improved circuit

where g.n~ and gme are transconductance gamn of N and P
pairs, respectively. Moreover, since this technique directly
measures current from diff-amp using only current
maximum sclector circuit, it can work well independent of
transistor process (bipolar or CMOS) and mode of
operation {weak or strong wiversion).

3.2 Output stage

The dual manslinear loop output stage is shown ia Fig.
5(a) whick bas been modified by injecting small signal
current i, along with DC current bias /5. The small signal
medel for calculating current gain A, of this stage appears in
Fig. 5(b). Assume all transistors are ideptical, we can
estimate the current gain as

X

where gogwy 15 the transconductance gain of
transistor in translinear loop and g, is the
conductance of current signel source i,

3.3 Overall amplifier o

The simplified schematic of the constant-g,, rail4g
CMOS multioutput FTFN is illustrated in Fig. 6.1 §#
designed with the building blocks introduced above, using
0.7 um CMOS process supplied by EUROPRACTI
According to the complete circuit, the maximum sele
current from the input stage will be sensed and enlarged b
transistor Mjy;, Mj; before injected to the trafisimear ol
Mg -~ My, and then summed to be outpuf current at
W,. This configuration provides high transconductance gam
over a wide frequency range. Transistors As; and M
detect output curreat at port W,an d then copy to the otbg
ports. Ideally, 1 is requred that the translinear loop}:
transistors M,y - M, are closcly matched and all cumcdl$@
mirrors have the exact unity gain. We can evaluate the toh
transconductance gain G, of this FTFN from combiniy
equation (3) and (4) and give A

(W/L)y
max 2 m{iran
o o n (g gmp)g( ](W/L),; 03

Eunr ! 8ana ,‘ g

o

it should be noted that the transistor with a box at its gl g
imply to be the super transistor such as cascode of regulaied .
cascode transistor. Afier using the FTFN in the “ctwort;"?
with a proper feedback, the trapslinear cell act as a 0‘1”_‘“1'5_
follower that allows output curTent iy, to sources and sinid 2%

at port W, and will be reflected and tnverted to be CUﬂd}l 7
The mult-X

to the output current mirror set. Transistors Mies — 1

and M;z; — My, are used 1o perform the output ¢
W, 10 W,, respectively. Similarly, transistorsM s = °
and M., - My, are used to perform the outpud ternmed é
Zl0Z,

1
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Fig.6 Complete circuit of constant-g,, rail-fo-rail multi-output FTFN

This eircuit consumeab out 3mW power dissipation. Fig.
8(a) shows the input constant-g,, feature where Igy and lgp
EICE circuit simulation program based on0.74um & curreats fromp N-differential pair and P-differentialp air,
oS level-49. All transistor dimensions are listed rcqu:hvcly. Fig.8 (b) shows ﬂ'JC enlarged view of the
hl’lbkl 1, where W is chanmel width and L is chzggci — MXimum current selector operation ih{il ¢an notice a quitc
&m,‘[‘bc bias ts are set to Jp = 50 pA where the  £00d in tracking of output current Loyr. The CMRR of the
4t voltages are ¥y = +1.5V and Vi, = -1.5V. Supply amplifies is also simulated and shown in Fig. 9.

whtges are taken as Vpp = +2.5V and Vg = -2.5V. The

: 3. Simulation Results
fic perdormance of the proposed circutt is verified by

dancleristic of open loop transconductance gain is given 25 * — .
inFig. The -3 dB bandwidth can be estimated as about 7 i N loor
Mz end the transconductance gain about 120 mA/V is 20 i v
ehimed. i L
- ~ /
Table 1 Transistors dimension ¢ n : '
1 Transistors W/L g P !
: £ 101 i :
My M, 1500/0. 71 O i :
My M. 50/0. 71 5 :
My—Mys, Mo, My, Mys, Mg, My, 15/0.7u i
Micz — Mica, Mas, Mag, Mgy — Mg 04 —
My, My 45u/0.7 ' 5 s il S A o
Mg~ Mag, Myg, Mug, Mse, May, S0 71 Input Common Mode Vollage
My ~Mipo, Mgy = Mas (2)
M, My 100p/0. 71
My, My, 300p/0. 71 - — W
- 25.6 L
—) S,
012 fl— - b—\\/ =
! 2524 S
Ol R e - ] .
N 2 ==
000 i e o ‘-_g24.8 ;
59 ‘ ?::: ISN : o
L1 S SN N |
o) _ ‘“ A . | 24.0 [ '.
A = - — —
od i : 2 - 0 ] 2
F=‘__NT_:_ iy “‘“_ 4 B - Input Common Mode Voltage
460 %k 100k 1M 10M 100M g (b)
Frequency (Hz)

Fig.7 Open loop transconduclance gain Fig.8 (a) Inpus stage current (b) enlarged view
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s
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35
30 ; \
25 | :
‘l 1 1 1
10 100 Ik 10k 100k 1M 10M  100M  Ig

Frequency (Hz)
Fig.9 Simulated CMRR of the multi-output FTFN

The frequency response of the CMRR can keep in the same
length both in magnitude and bandwidth with a bit better
compared to the method meationed in reference 5 while our
proposed structure is simpler. Realisation of a current-mode
multifunction fiter from reference 2 is chosen as an
illustrative example. Filter's structure is redrawn in Fig. 10.
MFTFN symbol refers to our proposed muti-output FTFN.
The simulation result of the current-mode filter using the
proposed multi-output FTFN is given in Fig. I1. It can be
observed that the current-mode multifunction filter cannot
response correctly since the frequency up to about
100MHz. This is due to the parasitic elements inside the
FTFN, which can also be noticed the deviation at the same
point of the simulated CMRR result in Fig. 9. One of the
major limitations is from current seleclor circuif itself,
which cannot operate in high frequency. The improvement
can be done by improving current selector circuit’s
characteristic.

rMﬂFh' i‘ YHFT'FN ;' r”

i " @ w] r @ N': |—x
.Tlm'cl R, R, Ry . ,L <
ar ar _T_

3
|

ENN

R‘_l
e

A | ©

04 L—°——§—o—4—n PG & u
— B e
.20 SO, S ceds
[= H
£ :
2 :
£
2 :
g :
IZ_6,0_ - HE, P,
& : : i o
E' —[J- Low Pass 5
= -0 : —O- Band Pass |5--ereemeoned b
H —%— High Pass
100+ e UV HENE o SRS I
% 10k ook 1M HOM 100M
Frequency (Hz)

Fig.11 Simulated results of the current-mode multifunction
filter

B

We have proposed a constant-g, FTRN -2
additional extended output port. The achieyeg,:
realised through the use of 2 P-N complemegs, .
ductance amplifier, a translinear cell and g,
current mirrors. The maximum current selectorg
control the overall transconductance of fhe
Simulation results from HSPICE program
qualification of our presented circuit, 4 E
multifunction filter is an example to identify ﬂh
of the circuit, b
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Abstract: An analog multiplier-divider circuit that
realized through the use of OTAs, which does not require
external passive circuit elements and temperaturc
compensated, is proposed in this paper. Since the scheme is
realized in such a way that eraploys only OTA as a standard
cell, the circuit is simple and can be easily constructed from
coramercially available IC. The circuit bandwidth is wide
and close to the transistor fr Simulation results that
demonstrate the performances of the multiplier-divider
circuit are included.

1. Introduction

Analog multipliers and dividers are important
nonlinear building blacks that have found useful in a wide
range of applications, such as telecommunication, conirol,
instrumentation and signal processing. At present, because
of the main featuring of wider bandwidth, greater lnearity,
wider dynamic range and simple circuitry compared with
their voltage-mede counterparts, current-mode circuits have
been received growing interest in analog signal processing
circuits. Many techniques to design current-mode analog
multplier-divider circuits have been presented in the
literature [1-3]. Recently, a multiplier-divider circuif using
only two second-generation curreni-controlled current-
conveyors {CCClls) has been presented, where no resistors,
no capacitors and no MOS transistors are reguired by such
a realizaulon scheme {4].

It is well accepied that OTA is a useful circunt
huilding block m the design of analog circuits. 1t has becn
employed in the realization of active network elements,
such as filters, oscillators, instrumentation amplifiers and
gyrators. The OTA is a commercially available, low cost
device that incorporates all the attractive features of an
operational amplifier (OA). Since OTA is a programmable
device and has only a single high-impedance node, this
makes the OTA an atwactive device for high frequency and
programmable basic building block [5,6). Therefore, the
implementation of analog circuits in such a way tha
employs only OTA as a standard cells will not only be
easily constructed from readily available cells, but also
significantly simplified the design and layout. A circuai
technigue 10 employ OTAs 1o implement analog multiplier
has been presented [7]. However, the circuil is voltage-
mode circuit and only multiplication function is
implementcd. In this paper, a cumrent-mode temperature
compensated multiplier-divider circuit using only OTAs as
active circuit elements has been presented, where no
passive elements are required by this realization scheme.

T TC-CSGC 2002

PSPICE simulation results will be used to demonstrate (e
performance of the proposed scheme.

2. Basic principle

The schematic diagram of the proposed curren
multiplier-divider circuit using OTAs is shows in Fig. |
The input signal current §,, is injected into the operational
transconductance amplifier OTA1, which is connected asg 2
grounded resistor. The voltage across the OTAL is then
used as the input voltage for the OTA2 and OTA3. The
input signal current £, is added with the bias current [y, of
the OTA2. If g., Em and gn; are ‘the u‘ausconducta;:c::
gains of the OTAIL, OTA2 and OTA3, respectively; thep,
from routine circuit analysis, the cutput currents J; and /g,
of the OTA2 and QTA3, respectively, can be written as

gm'_’ - (I +iin ) -
I, = L = A2 : Lt (1}
gml IB]
and
/
]oj = _gﬂ"’m - "”(—ﬁisnl (2)
&m !

where gy = I 2V 5, gmy = (lar i) 12V7 and goy = 1ed2Vr
and Vris the thennal voltage.

Il we sct /g, = [g: = I3, the oulput current /Jgyr of the circun,
that s the summation of the cumrents /o and /g, ¢an now
be given by

I, =1,+1,= l'"}_—r’"—l— (3)
8t

which is in the form of a current-mode analeg
multiplicationsdivision function. The circuit performs as 2
four-quadrant multiplier if £,,; and i,,» arc the input signals,
while it performs as a divider circuit if i, (or iy and p;
are the input signals. 1t should be noted that, since it 15 the
ratio of OTAs transconductance gain, the output current Jo
15 Jess sensitive 1o temperature.

The major factors that contribute 10 the ermor and
non-lineanty in the circuit can be classified as follows. The
first factor is due to the offset current at the output port of
the OTA1. From (3), if J_, is the offset current, the outpii
current f,, can be rewritien as



Wity K,y R

Fig. 1 The schematic diagram of the OTA.

- (iml + Iar ) im?

- 7 (4)

Hl

We can see thai, particularly for the peak value lin < /..,
the multiplication for the positive peak and the negative
peak of fi.; will not be equal. Thus the signal peak value
sould be selected such that liml2 /. While the offser
arrents at the output ports of the OTA2 and OTAS are not
econtribute 1o the multiplication error, but will produce a DC
wrrent at the output of the circuit.  The second factor
dfecting the non-linearity of the circuit is due to the limited
linear range of the input stage of the OTAZ and OTA3. For
2 bipolar-based OTA, where the input stage 15 a
conventional differential pair, the input differential voltages
for linear operation are restricted to be less than 26 mV.
Since Y& =20, /1

¥y My, this restricted linear range can be
improve by increasing fw .
3. Simulation resulis

As shown in Fig.l, in this work an OTA that
realized in bipolar transistor technology will be employed
& active circuit elements. lis transconduciance gain
(8m=17/21, Y can be tune by the DC bias current (/s ).
The performance of the proposed multiplier-divider circuit
of Fig.1 was verified through the use of SPICE simulation
results. All the OTA was simulated by using the bipolar
ransistor parameters of the 2N3904 and 2N3906 for the
NPN and PNP transistors, respectively. The transistors /7
were 186 MHz. The circuit of Fig. 2 was simulated using
the PSPICE circuit simulation program. The multipiier
function was tested by multiplying two sinusoidal signals.
The result oblained are shown in Fig. 3 for i = 0.5sin(27
1000 mA . 1z = 0.551n(2730001) mA and /ar= ImA. Since
he DC offset current witl distort the output signal, a DC
trrent of about GHA was injected at the output of the
OTA1Y 10 adjust the offsct to be less than 20, 1HA,

OTA43

Fig. 2 The proposed current-mode multiplier-
divider circuit using QTAs.

Similarly, 2 DC current of about 4HA" was used to keep the
offset current at the ourput of the circuil 1o be less than %
0.1HA. The power supply voltages were set to Vce = 10V
and Vee = - {0V,

The divider function was tested by inverting a
triangular signal. The resvlts obtained are show in Fig. 4 .
Fig.4 show the simulated transient response of the circui
that function as a divider. The output current four, which in
this case is an inverting function of a triangular signal, was
simulated for iy = 1001 A, i,z = 300HA and fy is 2 SO0Hz

triangular wave with amplitude of 100#A and DC
component of equal 10 200HA.
Fig.5 shows the simulated DC  transfer

characteristics for the multiplier function, where the bias
currents were set to fwr = fg2= Juz= ImA. The {igure shows
the plot of the output current foxsy against the input signat
cutrent fmr from —1mA to ImA and the input signal current
from —ImA to IlmA with G.5mA per step. The
simulation and calculated data are agree very well over the
10.8mA input range with an error of less than 0.1%. We
can see large non-finearity for im close ImA this is due to
that the voltage across the OTA1 is closed to the limited
fincar range. Fig.5 show the simulated transient responsc of
the circuit that function as a divider. The output current
forr, which in this case is an inverting function of a
tiangular signal, was simulated for in = 100HA, in2 =
300HA and /5, is a 500Hz tnangular wave with amplitude
of 1001A and DC component of equal to 200HA  Fig.é
shows the simuiated frequency response of the circuit from
the inpul . 0 the ourput, with fm2 = JOOHA and {5 = TinA.
The response indicates that the circuit —3dB bandwidth is
about 162 MHz that is close to the transistor fr. The total
harmonic distortion (THD) against input custent, for the
case that the input signal i.; is a de current, iz = 100HA
and the input signal current f; = 0.1sin(2710000L) mA, 1%
about 0.24% . On the other hand, when the input current fu:
is dc current, i = 100HA, and the signal current iwe -
0. 1sin(27100000) mA, the THD 15 about 0.39%

{2
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Fig.7. Shows the simulation result of the output
current (foyr) due to the change of0 femperatire for
operating temperature variations from ¢ C to 100 C. We
set the input signal currents iuwy and iwz s ac currents, where
imt = 1000PA and fwe = 60HA, where foyr = 60RA. From
the figure, the output current varies only from 59.62HA to
61.38KA, for the temperature 0 “C to 100 °C respectively.
This simulation result shows that the temperature
dependence of transconductance pains gms , Emz and gms of
the bipolar OTAs are compensated.

Currenl, Amperes

Time, sce
Fig. 3 Simulated transient response
for the multiplier function.

G
% 200y
z
G
j=8
&
<
5
=
O 160p
o , IR : 7 :
o 1 bm 2 Bm 3 0m 4 0m 5 0m 6 Om

Time,Sec¢

Fig. 4 Simulated transient response for
the divider function.

Current, Amperes
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o 03m
i, Amperes
Fig. 5 Simulated DC transfer characteristic
of the muldplier-divider.
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Fig. 6 Frequency response of current-mode
multiplier-divider circuit using OTAs.
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Fig. 7 Frequency response of current-mode
multiplier-divider ¢ircuit using OTAS.
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Voltage-Mode CMOS Squarer/Multiplier Circuit
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'Mahanakom University of Technology,
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Abstract: In this paper, a low-voltage CMOS
squarer and a four-quadrant anslog multiplier are presented.
It is based on a source-coupled pair and & scaled-floating
voltage generator which are modified to work as a voltage
squaring snd a sum/difference circuits. The proposed
squarer/multiplier have been simulated with HSPICE,
where —34B bandwidth of 10MHz 1s achieved The
power consumption is about 0.6mM | from a 1.5V supply,
and the total harmonic distortion is less than 0.7%, with a
1.2I peak-to-peak 1AMHz input signal.

Introduction

A squarer circwt is an ymportance basic building block for
the design of apalog nonlinear function circuits, for
examples, frequency translation, waveform generation,
neural networks, and it can be applied to work as a quarter-
square muitipher circwt. Usually, the commeon-source
differential squaring circuit configuration as a two-input
NOR gate with resistance 1oad is widely used for the design
of squarer/multiplier ewrcuits in CMOS technologies [1}2].
The other approaches are that based on square-law current
w© voltage characteristics of MOS transistor which are
biased n the saturatoin and nonsaturation region |3]-[9].
The squarer and multiplier proposed in this paper also use
the square-law of the MOS transistor. But, however, the
proposed circuit does not require resistors to obtain the
output signal m voltage [10]

2. Circuit Description

2.1 MOS Differential Squaring Circuit

Fig. | shows the voltage-mode squaring circuit and its
symbol which is made up of a differental-input source-
coupled pair. Assumung that all NMOS devices are biased
in the saturation region with individual wells connected to
their sources 10 eliminate the body effect [3]. Let M, and
Af, arc identical, and the aspect ratio of M, be twice that
of M. df the differenual-input vollage ¥,, with the same
common-mode dc voltage ¥, is applied, the drain currents
of MOS transistors can be expressed as

%
]d1=K|(Vc"";'Vo—‘V:r):Z )

v
1., =K,(¥. —Td—Va -y )
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fa:Ka(Vo_Vs _Vr)2 (3

[dl+Id2=1d3 @

where X =p,C W, /1L, is transconductance paramete;
#, is the effective surface mobility, C. is the gate:
capacitance per unit arca , and ¥, is the threshold voltage
of the transistor, respectively. The output voliage ¥,
becomes

(—"/ZC‘VJ')I—(VSS'FVT)?_’_ A Vdj
WY, —V, —2V,) 8V, — ¥V —2V,)

)

The output voltage ¥, is related to the square of the

V =

o

differential-input voltage ¥, The eqns. (1)-(5) are valid if
(Ve =V =V, /2) > 2V;, where all devices are biased in
the saturation mode.

”]dJ —
o j
[
V&Y
(a)
+ voltage
V, oltage v
squarer | e
Jo] :
(®)

Fig. i. Voltage-mode squaring circuit (a) circuit and (b)
symbol.

2.2 Scaled Differential-Voltage Generator _
A cicuit for generating differential-voltage generator 13
shown in Fig. 2 [8]. Matched transistor Af; and A4, form
an input differential pair, white the other fow identical
NMOS devices, M, M, and My M, form floaung

differential outputs that arc biased by current sources gy



of the same magnitude. If voltage V,, is applied {o the
jput, the output voltages V,; and ¥, canbe given by

: ’K
Va="F,= _K_a V. ®
1

§ The output voltages is a scaled voltage whick 15 equal to
{mput voltage multiplied by a factor that is depend on
¥ ransconductance parameter of the transistors Ay and M)

i +
+ o—f V
v scaled differential - ol
= | voltage generator +
- Ve

B )

®)

Fig 2. Scaled differential-voltage generator (a) circut and
(b) its symbel.

13 Voltage-Mode Squaring Circuit

By combining the voltage squarer circuit and the scalcd
differential-voltage that shown m Fig. 1| and Fig2,
respectively, the block diagram of the voltage-mode
squaring, cwrcut is shown 1 Fig 3, where the reference
voltage V. 15 the constant de voltage, ¥, and ¥V, are the

mput and output voltage respectively. From eqns.(3)+{6) we
find that

_(V,_I—V,-)?—(Vss"'yr)?_'_ le
T AWV Ve -2 AWV, Ve —2V,)
9
.. * volta
v I scaled differential ::u.argc: Ve
_" voltage genceator+ .

Fig. 3. Block diagram of the proposed squaring cireunt.

The eqn.(7) shows that the cutput vollage ¥, is equal to the
square of the input voltage 17, and a factor which is in the

form of the voltage reference V. Then, we can adjust the

output-offset voltage and the magnitude of V,? by fitning

+ +
+ . . v
© scaled differential -}~ V, ‘S’:l“*gj
voltage gencrator +——o -

%

+ +
gcalc—d diffcrential - voliage

o 4 squarer
voltage generator + T -
NI S

+—0

+ . . v
v scaled differential — o
1

vultage generator +
—

Fig. 4. Block diagram of the proposed multiplier.

2.4 Voltage-Mode Four-Quadrant Multiplier

Fig. 4 shows a block diagram of the four-quadrant analog
multiplicr that consists of three basic scaled differential-
voltage generator and two voltage squarer, where 1,1,
and V,,, are the input and output voltage of the multiplicr,
respectively. From the quarter-square algebraic identity
(l"] +1, )2 - -, )2 =4WV,. therefore, the
voltage of the voltage-mode multiplier can be written as

output

- (V1 +Vz)2 _(Vl _Vz)2
S(VC _Vss _zVT)

I

ouf

VI Vz
= 3
Z(Vc _Vss _ZVT)

The output vdltage is equal to the muluplication of
the two input voltage and a faclor which is in the form of
the common-mede dc voltage V- and the power supply
voltage I"¢s . Cansider the multiplier circuit block diagram
in Fig. 4, 1 we set both the input voltages 1o zero, then V-
will be zero.

The channel length modulation, which causes the effective
channel length, and thus the device W /L ratio, to be a
funcuon of the deviee drain-lo-source voliage. However,

ttus ctfect can be neglected if the long channel transistors
are used.

3. Simulation Results

The proposed squarer/muluplier circwst have been
simulated by HSPICE using the model parameters of HP
0.5 level 49 CMOS process. For the voltage-mode
squaring circuit that is shown in Fig, 1, the aspect ratios of
transistors A — M, are 5/5, and Af; 15 10/5. The ratios
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of the devices of the scaled differential-voltage generator
that is shown in Fig. 2, M; —M, and M, —M,, arc 5/10
and 20/S, respectively. The power supply wvoltage is
1.5V and the bias current 75 1s 2014 .

Fig. 5. The transfer characteristic curves of the squaring
cireuit.

&

g
PR P oo o 1
' '
A S

=

Time(s)

Fig. 6. The output waveform of the proposed squanng
circut

Fig.5 and Fig6 show the simulations for the
valtage-mode squaring circuit. The transfer characteristic
curve 1s shown, where V, is varied from —1.2F to 1.2V,
The outfyut signal shown in Fig.6 is measured by applying
the sinusoidal input veltage ¥, with peak amplitude of IV
and the frequency is 1004Hz .

The dec characteristic curves of the proposed
mutiptier are shown 1n Fig. 7, for the input voltage I
varied from —Q.6V to 0.6V and V, changing from —0.6V
to 0.6V with 200mV steps.

Fig.8 demonstrates the use of this multipher as an

amplitude modulator, 2 100kHz sine wave is modulated by
2MHz , whese the amplitude of the signais are 500m

The total harmonic distortion is measured by
setting ¥, to &600m¥ dc voltage. ¥ is the sInusocida]
signal with peak emplitude of 600mY and the frequency i
1MHz . The simolated maximum THD is about 0.7% | ang
the power consumption is about SSOuH .

To measure the frequency charucteristic of the
multiplier, 2 600m¥ dc voltage is applied to ¥, while ¥,
is the varizble frequency sinusoidal input current with peak
amplitude of 600m?” . From the simulation, the —34g
bandwidth up to 10AfHz is achieved.

v,

out

sl

150m

PR PETE

ol

%
g
oy

-600m  -400m  -200m 0

50m

-50m

| TSN R e Y L Y
' ' H '

~100m

i

0 Su 100 15u 200
Time(s)

Fig. 8. Amplitude modulation of the two sinusoidal input
signals

4. Conclusion

A new CMOS voltage-mode squarer and four-quadrant
analop, multiplier base on the differential-input source-
coupled pair and scaled differential-vollage generator have
been prescnted. To obtain the output voltage, the propesed
circwts are performed by using the voltage-mode squanng
crcuits which does nol requirc & resistor  There
performances have becn demonstrated by using HSPICE
simulations.
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Current-Mode Integrator using OA and OTAs
and Its Applications
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Abstract: A circuit building block for realizing a
continuous-lime  active-only curent-mode integrator is
presented. The proposed integrator s composed only of
internally compensated type operational amplifier (OA) and
operational transconductance amplifiers (OTAs). The
integralor is suitable for integrated circuit implementation
in either bipolar or CMOS technologies, since it does not
require any extemnal passive clements. Moreover, the
integrator gain can be tuned through the transconductance
gains of the OTAs. Some application examples in the
realization of current-mode network functions using the
proposed current-mode integrator as an active element are
also given.

1. Introduction

In the last decade, the realizations of various active
circuits utilizing the operational amplifier (OA} pole have
received considerable attention for their  potental
advantages such as attractive for monolithic 1C integration,
case (o design, and suitable for high frequency cperation
[1-2]. Several OA-based active-R capacitor-less circuits for
realizing analog transfer functions have been reported {3-4].
Presently from the above reasons, there is tic suong
motivation to design resistor-less and capacitor-less filter
circuits utihzing the finite and complex gain nziures of
intematly compensated OAs and OTAs. Due o the active
only nature, the resistar-less and capacitor-less zciive filter
would be attractive for its integratability, programmability
and wide frequency range of operation. Many
implementations in active-only filter design are avzilable in
the literatuze {5-7].

IUis well-known fact thal an integrator is an imperant
circuit building block, which are widely used in analog
signal processing applications, such as, filer design,
waveform shaping, process controller design, and
calibration circuit, ete. However, the implementeton of a
continugus-time current-mode integrator that employs only
aclive elements has not yet been reported. Therefore,
circuit configuration for realizing active-only current-mode
inlegrator is propesed in this paper.  The proposed
inteprator consists of one QA and nwo QTAs. Since no
Pussive element is required, the integrator can be
implemented in integrated circuit form in both bipolar and
CMOS technologics. The integrator gain <an be
tlectronically tuned by adjusting the transconductance

gains of the OTAs. The various realizations of active-only
analog signal processing circuits employing the proposed
integrator will also be presented. Finally, the workabilities
of the proposed integrator and its applications have been
simulated based upon a LM741 type IC OA and & CA3080
type IC OTA.

(@ (®)
Fig.l : The proposed active-only current-mode integrator
(2) circuit implementation  (b) circuit representation

2. Circuit Description

The proposed active-only dual-output current-mode
integrator implementation and its representation are shown
w Fig.1. It comsists of only an OA and OTAs, where the
dual-current-output OTA2 1s implemented by using single-
ended cutput OTAs in parallel conncction {8]. If @, is the
3-dB bandwidth of the OA and by considening the OA for
the frequencies @ >> @, the open-loop gain Ag,(s) of the
OA can be approximately piven by

AGA(.S')=%' g 4]

wherc B represents the gain-bandwidth product {(GBP) of
the OA, which is the product of the dc gain 4, and the 3-dB
bandwidth @, Let assumc that g, and g, denote the
fransconductance gains of the OTAl and OTAZ,
respectively, then the current transfer fuaction of the
current-mode integralor can be expressed as:

LG) _Blgnm|_B (2)
1.65) s[g-,} s

where Ag depotes the integrator gain, which 15 the ratio
between g and gm). Equ(2) indicates that the relationship
of the currents [, and [, 1s in the form of the integrating
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action as required. It should be noted dhat, for ordinary
bipolar OTAS, gm = Ia/2Vrand g2 = 13@/2!?, where Vris
the thermal voltage and 75 and [ arc the bias currents of
the OTA and OTAZ2, respectively. Thus, eqn.(2) becomes

L) Blln | B (3)
1,(s) 5[131] SAG

Now A¢ is the current gain that is the bias current ratio
berween [ and fg.  In this case, the temperature
dependence of the tansconductance gains g, and g.; of
the bipolar OTAs are also compensated.

Deviation from the ideal performance that predicted
from the eqn.(2) is due to the parasitic effects of the non-
ideality characteristics of the OA and OTAs. If the second
dominant polc @, of the OA is taken for consideration, the
OA open-loop gain Ap,(s) can be rewnitten by

Aoy =2 B @

s (s+w,) —?(]+rbs)

wlere 7. = l/a. For the OTAs, let o = 1/7, represents the
effective wmansconductance internal-pole of the OTA and
gm0 18 he low frequency transconductance gain. The OTA
open-loop gain g.(s/ for general case can be described by

g-(5) = (1+g;j ;gw[p%cj (5)
e

Therefore, the frequency respense of the cument-moede
integrator in Fig.1 that inciuding the secoad dominant pole
of the OA and the transconductance internal-poles of the
OTAs can now be given by

fo05) =[£]{ 1 Igmoz ]:&’cz =5 @a ] (6)
Tind5) sl+rps| guo [ [

where @, and @.» are the effecuve transconductance
internal-poles of the OTA1 and OTAZ2, respectively. It can
be seen that if the conditions (@) = @z) and (@, @3 >> @)
are satisfied, then eqn. (6) becomes frequency independent.

Let us define that Agy = g/2mo is the de mtegrator gain,
as a result, it can be reasonably reduced to

@z[imﬂ_ ! )
I.(8) s || 1+7,s

One can see that the frequency characteristic of. the
proposed cusrent-mode integrator has a dc¢ current gain
equaled to eqn.(2) and has a high frequency dormipant pole
located at @y. Hence, the OA pole @y, should be the major
high-frequency limitation of the proposed current-mode
integrator

3.Application examples
The following sections will concentrate on the
uscfulness of the proposed current-mode integrator. Some
application exammples to realize driving-point impedance
function elements, cument-mode biquadratic filter and
current-mode nth-order filter will be demonstrated.

3.1. Inductance simulations

Fig. 2(a) shows the circuit diagram of a tunable
floating inductance simulation. From this ecircuit, it can
casily be shown that the value of the floating simulated

inductance is

L :[ 1 } (8)
T emAB

It should be noted that the equivalent inductance L, can
properly be tuned by electronic means through the current
ratio A; and/or the transconductance gain g,,;. In addition,
the circuit in Fig.2(a) can easily be modified to simulate a
grounded inductor by replacing the dual-output OTA2 with
the single-output OTA2 as shown in Fig.2(b).

(b)

Fig.2 : Active-only inductance simulations

3.2. Electronicaliy tunable active—only current-
mode biquadratic filter -

Fig.3 shows the circuit diagram of the tunable current-
mode filter based on the use of the proposed current-mode
integrator, where i,z , igp, and iyp are the lowpass, bandpass
and higpass current-output terminals, respectively. The circuit
parameters ), and Q-factor of this filter can be written by

@, = AGlAGZ‘L:\-ﬁ_z ®

and 0= B |Ac:Bs
Eea ¥ Ai B,
One can see that the filter also enjoys orthogonal woing of

w, and Q-factor via the transconductance gains of the OTAs
and it’s also temperature independent.

(10}

Fig.3 : Active-only current-mode biquadratic filter



Fig.4 : (a) nth-order current-mode filter representation
(b) nth-order current-mode filter realization using only active clements

3.3 nth-order current-mode filters
The standard current transfer function of an sth-order
lowpass filter is ofien expressed as the following form -

1,{s) - al’
1(s) s +b s+ +hs+b,

(11)

One can straightforwardly realize the nth-order current transfer
function of equation (11) by cascading the proposed cumrent-
mode mtegrator of Fig.1. The system diagram thus obtained
can be shown in Fig.4(a} and the coeflicient of the standard
function in terms of the circuit parameters can be expressed as
follows :

Emt

b, Az B, P Ag = = (12)
ot

b 3 -

= Az By Ag = Bons (13)
brz 14 8!15‘1

and % _ Enne

iy gmc.O

where Ag; and B, represent the current gain and GBP of the
kth integrator {for X = 2, 3, ... . n). For this
implementation, n active-only current integrators and two
additionat transcenductance elements that employed for
realizing the outpw! proportional gain biock {g,.5¢/2ms0) are
required. Fig.4(h) shows the mth-order current-mode filter
tealization based on the use of only active components. In
addition, if coefficients a, and by are equaled, then twao

ad_dit'iona] transconductance  elements  will  also  be
eliminated. :

4. Design examples and Simulation results

In order ta verify the theoretical study of the proposed
Curent-mode integrator, PSPICE simulation results are
cluded 1o this simulation, the OTA is modeled by

cmploying CA3080 type OTA with a macro model [8] and
LM74% type OA with the gain-bandwidth product B =
5906 Mrad/s is wsed [5]. Fig.5 shows the simulated
frequency responses of the proposed current-mode
integrator. The results show that the circuit acts as an
integrating function with a slope -20 dB per decade for the
frequency range from 10 Hz to 1 MHz and has Jess than
10% phase emror from the frequency range of 30 Hz to 500

Current gain (41}
{rardap) ateny

Frequency (Hz}

Fig.5 : Frequency responses of the proposed integrator

The performance of the floating inductance circuit of
Fig.2(a) is demonstrated through™ the wuse of an ~
clectronically tunable active RI. low-pass filter in Fig.6(a)
with the extenal resistor R, = 1 k€. The bias current ratio
A= I5/lp1 (= gma/gea) 15 set to 0.5, 1 and 2, while g, and
gm3 are respectively set to constant at 1 mS and 0.4 mS ;
thus the cut-off frequencies f- are approximately equal to
200 kHz, 400 kHz and 800 kHz, respectively. The
frequency responses of the low-pass filter are shown in
Fig.6(b).

Fig.7 shows simulated responses of the tunable current-
mode multifunctional filter of Fig.3, when A = Agz = 0.05
and g./gm = 0.1. This filter is designed for w/2n = 50
kHz at the unity Q-factor. All the simulated results shown
above imply that the proposed integrator cxhibit reasonably
good agreement with the predicted values.
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Fig.6 : (a) first-order RL lowpass filter
{b) frequency responses of the simulated RL lowpass filter
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Fig.7 : Simulated frequency response of
current-mode filter of Fig.3
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Fig.8 : Simulated frequency response of
rth-order current-mode filter of Fig.4

Te illustrate the current-mode filter using all active
elements of Fig.4(b), a design of a third-order Butterworth
filter with a cut-off frequency of 100 kHz is an example.
The normalized transfer function for this filter can be
written by

AON 1
1,(5) sT+2sT 42541

(13)

The active-only filter realizaton based on the circuit of
Fig4 is constructed, in which the transconductance
elements g,..0 and  goao Will be ¢liminated due to the

coefficient values ap and by equal to unity. Thus, by
calculating the circuit parameters we obtain : go.q = 0.424
mS, gap2 =0.212mS and g,y =0.106 mS, while g, (i =
1, 2, 3} are set equal to 2 mS. In addition, the values of g, ;
can be used to change the cut- Off frequency. The simulated
frequency responses are shown in Fig.8 that exhibit
reasonably close agreement with theoretical results. Ii is
also shown that the cut-off frequency can be tuned
electronically through adjusting the transconductance gains
(gma.l = Buaz =gm3)'

5. Conclusions

This paper presented an alternative scheme for realizing
continuous-time active-only cumrent-mode integrator. The
proposed integrator is rtealizable with ooly Intemally
cormpensated type OA and OTAs, and does not require any
external passive elements. Because of their active-only
nature, the integrator can be easily employed to realize active
network functions and are suitable for implementing in
monolithic integrated form in both bipolar or CMOS
technologies. Since the proposed circait utilizes an QA pole,
it is also suitable for high frequency operation. The simulated
results have been used 10 venfy the theoretical analysis.
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Immmittance Function Simulater using Commercial Available CCII ( AD844 )

Songphan Prakobnoppakao', Boonruk Chipipop', Wanlop Surakampontorn? and Kenzo Watanabe®
' VLST and Signal Processing Laboratory,
Department of Computer Engineering, Faculty of Engineering,
King Mongkut's University of Techrnology Thonburi,
91 Pracha-Uthit Road, Bangkok 10140, Thailand
Tel. +66-2-470-9083, +66-2-470-9085, Fax.: +66-2-872-5050
? Department of Electronics, Faculty of Engineering,
King Mongkut's Institute of Technology Ladkrabang,
Ladkrabang District, Bangkok 10520, Thailand
Tel +66-2-326-7723, Fax.: +66-2-326-9968
? Research Institute of Electronics, Shizuoka University,
3-5-1 Johoku, Hamamatsu 432-8011, Japan
Tel +81-53-478-1326, Fax.: +81-53-478-1326
e-mail ; boonruki@cpe eng kmutt.ac.th, kswanlop(@iamit! ac th, watanabe-k(@rie shizuoka.ac.jp

Abstraci: ndpﬂ proposes the desizn of a current-
mode CCll-based 2*-order bandpass biquad filter from a
grounded senes capacitor and ifrequency-dependent
negative conductor { C-D ) immittance function simulator
using the macro model of a commercial available CCU+,
AD844, from Analog DevicesInc. The results are
compared with the other results those are designed using
ideal model of CCII-. The gain and phase deviations; due to
the effects of passive sensitivity, active sensitivity, gain
seasitivity and component variability; are considered using
Monte-Carlo analysis of PSpice program.

1. Introduction

CCII has been proposed since 1970 by A. Sedra and K.C.
Snuth [1]. Now, it is a farnous and versatile current-mode
device. One important class of its application is continuous-
time filter. Filter can be designed by many methods. One
method uses immittance function simulator [2-5]. But the
method proposed by T. Sattaya-aphitan.et. al. {6] uses less
components, component matching is not required and more
generalized method than the previous papers. Nevertheless,
lhey use ideal model of CCTI-.

Nowadays, there are only CCIT+ in the market. We must
use 2-CCil+ connected in cascade to form CClI-. The real
characteristics of CCIl+ and CCII- are not exactly the same
as the ideal cases. In this paper, we use off-the-shelf
integrated circuit no. AD844 of Analog Devices,Inc.
functions as CCII+, and use macro model [7] in design a
current-mode 2*'-order bandpass biquad filter from a
grounded series capacitor and frequency-dependent
negative conductor { C-D ) immittance function simulator.

2. Theory

2.1 CCl +
In gencral, the characterstic of an ideal second gencration

furrent conveyor (CCIIY 1s given by the following hybrid
matnyx : .

& ¢ 0 ofv, (1)
Vel= a of/,
iy 0 +1 O|v,

+1 in equation{1) is referred to CCIl+ and -1 is referred to
CCIJ-. All currents go into the terminals of CCH+.

The macro {or real) model of AD8B44 functions as
CCII+ is shown in figure 1.

X ix Rx
? i

N-
—

Y

LI T

i

Figure 1. Macro model of ADE44.
Where Ry =50 Q, Ry =10 MQ, R; =3 MQ, Cy=C;=4.5
pF. The two-cascaded AD844 functions as CCII- is shown
iz figure 2. ADB4< ADRA4

Xo— X X
72— 2oz

___EY

Figure 2. AD844 implementation as CCII-.

Yo— Y

2.2 Grounded Series
Simulator

The grounded series immittance function simulator {6] is
shown in figure 3 and its input impedasce is shown in
equation (2).

Immittance Function

Ta{s)
Y Z;';'(S)O—f
v(: i | g 247y 3
wls wre X
: 4 g (L2
.
-LZ**‘S’ @ 5 W ==

Figure 3. (2) Grounded series immittance function
simulator.

(b) Equivalent curcuit.
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LGy 1) Z
Given Z, = 1/sC, , Z, = R; and Z; = 1/5C;. We obtain the
grounded serics C-D immittance function as shown in

equation (3).

]

! 3
Z (s)= + 1 )
qu s D,
where Ceq = C[CJ/(C1+C]) and ch = C|C3Rz
which D, = equivalent frequency-dependent negative
conductance (FDNG)
I
= —y
+ C7 L om- 7
11 )
v X
- )
M
1 o 1
Figure 4. Grounded serics C-D immittance function

simulator,

We subsdrte the macre model of AD844 of figure 1 into

the blocks of figure 2, afier that, substitute it in CCII- of

figure 4. We will obtain the input admitiance as shown in
equation (4) below.

r(sy=2sd

v (s)

A5+ Bs+ C 4)
Ds+ £

where
A=CC+CLC, +CC, +C,CGR, +C,C.G R, +C,CG,R

L P S o
B8=C,G, +CG+CG +CGGR +CGIGrRx
C=G,06,
D:C[+C3+CHG:RV‘.+C}G_,RX
E=C,

3. The Practical Bandpass Filter
We construct the practical bandpass filter as shown in
figure 5 and the obiained current-mode bandpass transfer
function is shown in equation (5).
Vils) (s
—>

Figure 5. The practical bandpass filter.

K 2y
——+5
1,.6) g, )
Ter (o) = I} RN
s) s+ Lsrw)
where w, = JCYEG ) A = w, (for BP filter)

= JHC+ EG) (8 + DG)

K =—C,G, {8+ DG,)

4. Simulation Results
We use PSpice program as the tool for simulation. Furst,
given C, =C; =225 pF, R; = Sk and R, = 10 k2. The

gam and phasc responses are shown in figure 6 ang
important data are shown in table 1.
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Fagurc 6 Uncompensatcd BP filter vs ideal-model BP ﬁlier
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Figure 7. Compensated BP filter vs ideal-model BP filter.
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Table 1. Bandpass filter charactenstics of fi 6.

F BPFusing | BPF using real
\ ideal model of model of
CCII- OCI-
f,= center frequency 1.0 MHz 83328 kHz
Lower and upper 515 kHz and | 284 kHz and
cutofi frequency ( f; | 193 MHz 2.48 MHz
and fl)
Bandwidth (BW) 1415 MHz 2.196 MHz
Quality factor (Q) 0.707 038
Gaim at {,(dB) 75.04n -6.89

Second, given C; = C; =22.5 pF, R, = 10 K and adjust
R; to be 3.5 K} The gain and phase responses of the
compensated BP filter are shown in figure 7 and important
data are shown in Table 2.

Table 2. Bandpass filter characteristics of figure 7.

BPF using BPF using real
deal model of model of
CCII- CClI-
| fo= center frequency 1.0 MHz 1.0 MH>
Lower and upper 515kHzand | 330 kHzand 3
cutoff frequency ( f 1.93 MHz MHz
and 2}
Bapdwidth {BW) 1.415 MHz 2.67 MHz
Quality factor (Q) 0.707 0.375
Gain at §,{dB) 75.04n -5.62

If all values of components in the model of CCII- are
chapged within *1%, the gain and phase deviations are

shown in figure 8 and table 3.

-
(TR T

®)

Figure 8 Gain and phase deviations due to active devices

If all values of other passive componcais are aiso
changed within 1%, the gain and phase deviations are
shown mn figure 9 and table 3.

‘ ™. } - ::-:ﬁ?:l‘l! .

[
B e
Sty P Wi & YT \ H

Figure 9. Gain and phase deviations due to passive
elements.

Table 3. AG and Ad at lower and upper cutofl frequency
and at center frequency.

(2) Due to active elements only.

| frequency 330 kHz i MHz 3 MHz
AG{dB) 0.0046 0.0139 0.0281
A ( degree ) 0.061 0.093 0.096
(b} Due to passive elements only.
frequency 330 kHz i MHz 3 MHz
AG(dB) 0.1155 0.0779 0.1878
| A ( degree ) 0.666 0.785 0.818
{c) Due to both active and passive elements .
frequency 330 kHz 1 MHz 3 MHz
AG (dB 0.1317 0.636 0.1041
Ad (degree) 0.708 0.78 0.64

If all vaiues of active devices and passive elements are
chanped within +1%, the gain and phase deviations are
shown in figure 10 and table 3.

ITC-CSCC 2002
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Figure 10. Gain and phase deviations due to all elements.

5. Discussion & Conclusion
Real model of commercial CCII- { 2-cascaded AD844 }
causes the gain and phase responses deviate from the
responses of the prototype that uses ideal model of CCIl-,
although we use the same values of passive components.

We can see the effect in figure & that we call
“uncommpensated BP filter”. The phase response ts shifted
about 180° for all frequency range.

After tying to adjust all components and observed the
cffects that happened. We found that it will give the best
results when adjust R; only. The results is shown in figure 7
that we call “cormpensated BP filter”. Nevertbeless, the
phase response is still shifted about 180° for all frequency
range.

The right way to comrect the phase response is to use
180°-phase shifter at the source or at the output.

In this design, we use Butterworth approximation for the
clear picture of graphs.

There are still deviations both gain and phase responses
around center frequency due to the effects of nonidealities
of the real CCIl-. :

The effects of passive sensitivity, active sensitivity, gain
sensitivity and component variability to the gain and phase
deviations are very small. We can observe the cffects in the
graphs of figure § to figure 10 and table 3.

ix 1s drawn from the BP filter by wide band current
amplifier and is wansmitted to a load.

If we break terminal Z from ground to draw curent iy
instead of §x as the output current, the responses are not as
good as we do because of the effect of Rz and C;.
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Dual Translinear Loop Multi-Output FTEFN

Amorn JIRASEREE-AMORNKUN!, and Wanlop SURAKAMPONTORN?

tFaculty of Engineering and Research Center for Communications and Information Technology {ReCCIT)
King Mongkut’s Institute of Technology Ladkrabang (KMITL), Ladkrabang, BKK 10520 THAILAND

E-mail :

ABSTRACT
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An alternative implementation scheme of a multi-output four-terminal floating nullor (FTFN) using dual
translinear loops in BiCMOS technology is proposed. This presented circuit is simple and realized by base
on the advantages of dual translinear loop cell circuit that comes up with high gain and wide bandwidth. The
negative impedance is inserted between translinear loops to compensate the parasitic elements. The circuit
performances are confirmed through HSPICE simulations. A current-mode low-pass filter and current-mode
inverse low-pass filter with 10 MHz cut-off frequency are determined to exhibit the potentiality of this proposed

scheme.

Keywords: Translinear, Muti-output, FTFN, Current-mode Filter

1. Introduction

In recent, there are many attempts to design a high
performance four-terminal floating nullor (FTEFN),
which has been stood out as a more fexible and ver-
satile than the other building blocks [1] - [4], espe-
cially in current-mode circuits. This paper shows
another way to realize an integrable multiple-output
FTFN i BiCMOS technology, which offers higher
gain and wider bandwidth.

Since many FTFNs are usually implemented by
using the conventional op-amp with a supply current
sensing method, which are suffering from the critical
limitation of op-amp itself and ungeneralized feed-
back path caused from using the cross-coupled cur-
rent mirrors |1] - [2]. Translinear implementation,
in contrast, allows the design of high performance
circuits that provide both extended bandwidth and
high thermal stability (5] - |6].

In addition, the number of output ports can be
easily expanded to support the designer applications.
It has been specified in the literature that an inap-
propriate implemmentation of the nullor can lead to
errors in the realization of inverse filter |8). There-
fore, the current-mode low-pass and inverse low-pass
filters are adopted to demonstrate the performance
of this proposed circuit.

2. Basic Theory
2.1 Multi-Output FTFN

ETFEFN is an active device that equivalent to an ideal
nullor, which can imply to be a bhigh gain transcon-

Fig. 1. (a) A nullor model (b) traditional implemen-
tation.

ductance amplifier with floating characteristic at in-
put and output terminals. Fig. 1{a) shows a nuilor
model of an FTFN that can be described by its port
relation in matrix form as:

vy _ 0 0

iy | |0 ¢
This mean the differential voltage across and the cur-
rent {eed through the input port are both zero. More-

over, the output properties are arbitrary withe
restriction to input signai|9].

Yo | (1)

_io ]

Lany

One of the most famous realisation techniques is
built up from a basic type shown in Fir. 1 (b) |1] -
[2]. Tt is using one op-amp and supply current sensing
technique, where the output impedance of the port
W is very low and the impedance of the port 4 i~
very high.

The multi-output idea can be easily applied to the
original FTFN by adding the new oulput teriminals

as shown in g, 2, where s characteristies can b



pointed out by the matrix

k' 0 1
iv |'=[0 0 o
iz o 0 -1],

wheren =1, 2, 3, .. .is number of the ov

Fig. 2. (a) Multi-output FTFN block (b) possible
implementation.

Fig. 3. Schematic form ¢l the dual translinear loop.

2.2  Dual Translinear Loop

The dual translinear loop as shown in Fig. 3 com-
poses of two PNP's and two NPN's transistors. Its
characteristic is analyzed from the translinear rela-
tionship between collector currents of those transis-
tors |5]:

hiy =121, (3)

The de currents 4 are biased both 2 and 3. Thus,

wecan ey Jy = 1y o Sy by assaming that the current

gant 3 of the transistors e much gregter than unity,

2002 IEEJ Intemational Analog VLSI Workshaop

“he voltage between this two points depends on the
ant I;,(#) as given by

Veall) = ;%fm(z) (4)

T/g ~ 26 mV at 27°C is the thermai

,ume that the magnitude of the cur-

auch smaller than 275 |7). It sbouid be

-t the impedance at port A is high and the

ance at port B is low. Therefore, this dual

.slinear cell can be used to realize the FTFN of
rig. 1{b).

3. Circuit Diagram

Fig. 4. Complete circuit of tize dial translinear loop
muiti-output FTFN.

3.1 Owerall Circuit

Fig. 4 show the complete circuit of the multi-output
FTFN. This circuit basically comprises of 4 dual
translinear loop cells connected each 2 cells’ low-
impedance ports together. Transistors () to Qg and
the bias circuit, current source fg, and transistor
Mg Lo Mpe, perform the Orst 2-dual translincar
cells. Note that MOS transistors are used for the
biasing to minimize noise; the main contribution in

noise coming fronm curient. mirrors,
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Fig. 9. Frequency response of current-mode filter.

5. Conclusions

We have proposed a simple FTFN circuit with addi-
tional extended output ports. The achievement has
been realized through the use of quad dual translin-
ear loop cells. The negative impedance implemented
from dual translinear locp is added to compensate
the internal parasitic impedance that can boot up the
gain and also extend the operation frequency. Sim-
ulation results from HSPICE program confirm the
high qualification of our presented circuit. A current-
mode low-pass filter and its inverse filter are good ex-
amples to identify the feasibility of the circuit, how-
ever, the useful applications from the multi-output
topology are still need some further researches.
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An analog multiplier-divider circuit that realized through the use of OTAs is proposed in this paper. Since
the scheme is realized in such a way that employs only OTAs, which does not require external passive circuit
elements and temperature compensated as a standard cell and does not require external passive circuit elements,
1he circuit is simple and can be easily constructed from coramercially available 1C. The circuit bandwidth is wide
and close to the transistor fr. Simulation results that demonstrate the performances of the multiplier-divider

circuit are included.

Keywords: Current-Mode. Multiplier- Divider, OTAs

1. Introduction

Analog multipliers and dividers are important non-
linear building blocks that have found useful in a
wide range of appiications, such as telecornmunica-
vyon, control, instrumentation and signal processing.
At present, because of the main featluring of wider
bandwidth, greater linearity, wider dynamic range
and simple circuitry compared with their voltage-
mode counterparts, current-maode circuits have been
received growing interest in analog signal process-
ing circuits. Many techniques to design current-
mode analog multiplier-divider circuits have been
presenied in the literature {1-3]. Also, a multiplier-
divider circuit using only two second-generation
current-controlled current-conveyors [CCClls) has
been presented recently, where no resistors, no ca-
pacitors and no MOS transistors are required by such
a realization scheme {4},

It is well accepred that OTA is a useful circuit
building block in the design of analog circuits. Since
OTA is a programmable device and has only a sin-
gle high-impedance node, this makes the OTA an at-
tractive device for high frequency and programmable
basic building block [5,6}. Therefore, the implemen-
tation of analog circuits in such a way that employs
only OTA as a standard cells will not only be eas-
ily constructed from readily available cells, but also
sipnificantly simplified the design and layout. Al
though, a circuit technique to employ OTAs to im-
plement analog multiplier has been presented 71
However, the citeuit is a voltage-mode circuit where

R

only muftiplication function is realized and the ¢ir-
cuit bandwidth is only about 2 MHz. 1 this paper. »
current-mode temperature compensated multiplier-
divider circuit using only OTAs as active circuit ele-
ments has been presented, where no passive eiements
are required by this realization scheme. i should
be mentioned that this realization scheme iz -uit-
able for the bipolar-based and CMOS-based OTAs
that their transconductance gain can be tune by DC
bias currents |8-9]. PSPICE simulation 1esalts will
be used to demonstrate the performimce of the pro-
posed scheme.

2. Basic principle

As shown in Fig.1, in this work an OTA that realized
in bipolar transistor technology will be emploved ay

active circuit elements. Its transconduciance gain

{gm = Ig/2V¢)can be Lune by the DC bias current

{/g). The schematic diagram of the proposed current
multiplier-divider circuit using OTAs is shows w Fip
2. The input signal current ¢, s injected mue Lo
operational transconductance amplifier OTA1, woch
is connected as a grounded resistor. The voltage
across the OTAl is then used as the input valtuge
for the OTAZ and OTA3. The input signal current
iin2 1% added with the bias current I, of the OTAZ
H gm1, Gin2 214 Gun3 are thie transconductance galn
of the OTAY. OTA2 and OTA3, respectively: then.
fron roudine circuit analysis, the output currenis 7,
aned T of the OTAZ and OTAZ, respectively, can b

wiillen as



i

Fig. 1. The schematic diagram of the OTA.

- a2 + fin2) .
lom = m2, = (ﬁ__{)z‘.nl 1)
Iml ‘[Bl
and
m.ao. j . -
103 = - g—q'z;nl "("_B—i')"'fnzl (2)
gm1 181

where gm1 = /51/2Vr, 9m2 = {{B2 + in2)/2Vr
and gma = Ig3/2Vy and Vi is the thermal voltage.
If we sel /go = fga = Ig , the outpul current [ .,
of the circuit, that is the summation of the currents
los and !os can now be given by

tinilin?

(3)

Joue = lo2 + o3 = o
1

which 15 1n the form of a current-mode analog
multiplication-division functien. The circuit per-
forms as a {our-quadrant multiplier if 1;,; and 1,2
are the input signals, while it performs as a divider
circuit if ¢, (Or 1,02) and /g are the input signals.
It should be noted that. since it is the ratio of OTAs
transconductance gain, the output current {,,, is less
sensitive 1o temperature.

The major factors that contribute Lo Lhe error
and non-linecarity in the circuit can be ciussified as
follows. The first factor is due 1o the offset current
at the output port of the OTAY. From (3), if [,
is the offset current, the output current foul can be
rewritlen as

\i:nl t ‘rr's)iun'z
'Iout = - —] -
i1

(@)

We can see that, if 1,01 15 small or the peak value
finil < loe, the multiplication for the positive peak
and the negative peak of 2,4, will not be equal. While
the offset currents at the oulput ports of the OTA2
and OTAZ are not contritmte Lo the multiplication

A
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N OTA3

Fig. 2. The proposed current-mode multi-
plier-divider circuit using OTAs.

error, but will produce » DC current at the cutput
of the circuit. The second factor aflecting the non-
linearity of the circuit is due to the limited linear
range of the input stage of the OTA2 and OTA3S.
For a bipolar-based OTA, where the input stage is
a conventional differential pair. the input differential
voltages for linear operation are restricted to be less
than 26 mV. Therefore, to minimize this error, the
voltage swing across the OTA] should be kept o
be less than 26 mV. Since 1/gm1 = 2Vr/fp,, this
restricted linear range can be improve by increasing
Is: .

3. Simulation results

The performance of the proposed muliiplier-divider
circuit of Fig.2 was verified through the use of
SPICE simulation results. Afl the OTA was sim-
ulated by using the bipolar transistor paramelers
of the 2N3904 and 2N3G0€ for the NPN and PNP
transistors, respectively. The transistors fr were
186MHz. The multiplier function was tested by mul-
tiplying two sinusoidal signals. The result obtained
are shown in Fig.3 for ¢;,, = 0.55mn(2710000)mA,
Tne = 0.53in{2730000t)mA and [g5; = ImA. Since
the DC offset current will distort the output signal,
a DC current of about 5uA was injected atl the out-
put of the OTAL to adjust the offset to be less than
f.1uA. Similarly, a DC current of about 5pA was
used Lo keep the offset current at the output of the
circuit to be less than 0.1:24. The power sapply volt-
ages were set Lo Voo = 10V and Vi = —10V.

The divider function was tested by inverting »

triangular signal. The results oblained are show in
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Fig.d4. Fig.4 show the simulated transient response
of the circuit that function as a divider. The out-
put cusrent {,,,, which in this case is an inverting
function of a triangular signal, was simulated for
iim1 = 100mA, i;,2 = 300mA, and Ig; is a 500Hz
triangular wave with amplitude of 100pA and DC
component of equal to 200uA.

Fig.5 shows the simulated DC transfer character-
istics for the multiplier function, where the bias cur-
rents wereset to /gy = Ig2 = I'gz = 1mA. The figure
shows the plot of the output current I, against the
input signal current i;,,; from -1mA to 1mA and the
input signal curremt i;,2 from -1mA to 1mA with
0.5mA per step. The simulation and calculated data
are agree very well over the 0.8mA input range with
an error of less than 0.1%. Fig.6 shows the simulated
frequency response of the circuit from the input 4,
to the output, with i;,2 = 100uA and 7g, = 1mA.
The response indicates that the circuit -3dB band-
width is about 162 MHz that is close to the transis-
tor fr. The total harmonic distortion (THD) against
input current, for the case that the input signal i;.2
is a dc current, 7,,2 = 100pA and the input signal
current 1,,, = 0.1sin(2710000t)mA, is aboui 0.24%

On the other hand, when the input current ;.
is dc current, i;,; = 100mA, and the signal current
fine = 0.1s5in(2710000¢)mA the THD is about 0.39%.
I'ig.7. Shows the simulation result of the output cur-
rent {/5u¢) due to the change of temperature for op-
erating temperature variations from 0°C to 100°C.
We set the input signal currents 4,5, and 1;,2 as dc
currents, where 1,,) = 1000pA and £, = 60uA,
where {4, = 60pA. From the figure, the output cur-
rent varies only from 59.62pA to 61.38uA, for the
temperature 0°C to 100°C respectively. This simu-
lation result shows that the temperature dependence
of transconductance gains g, , gmo and gma of the
bipolar OTAs are compensated.

4. Conclusions

In this paper, we have proposed a temperature com-
pensated analog multiplier-divider circuit that real-
ized through the use of OTAs. The circuit does not
require any external passive circuit element and the
cireuil bandwidih is close to transistor f+ Simula-
tion results that demonstrate the performances of
the multiplier-divider circuit are included. Noting
that although the bipolar-based OTA has been used
as the active circuit elements, however, the CMOS-
based OTA which its transconduciance gain g, can

il

500a j
5 5%
g |
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a |
= 000/,
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Fig. 3. Simulated transient response for the multi-
phier function.
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Fig. 6. Frequency response of current-inode multi-
plier-divider circuit using OTAs.
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be tune by the DC bias current [9] can also be used.
Thervefore 1he reabization scheme is also suitable for
nnplemented 1 CMOS technology.
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bandpass responses of the filter when g, is varied are
shown in Fig4. The corresponding natural frequencies
obtained by simulation are 48.98 kHz, 97.72 kHz and
484.17 kHz, and are correspond to theoretical values
calculated from the equation {13). All the simulated results
shovn above imply that the proposed filter exhibits
reasonably good agreement aith the predicted values.

Magnitude (dB)

Frequency (Hz)

Figure 4 : Simujated responses of bandpass fitter
when g, is varied.

5. Conclusions

This paper presented an alternative scheme for realizing
continuous-time electronically tunable active-only current-
mode and voltage-mode filter.  The proposed filter is
realizable with only internally compensated type OA and
multiple currend output OTAs, and does not require any
external passive elements. [t has been shown that the
proposed circuit can realize three voltage and current
transfer functions simultancously, and that the circuit
characteristics can be electronically and independently
tuned. Because of their active-only nature, the circuit can
be easily employed to realize active network functions and
are suitable for implementing 1n monohithic integrated form
in both bipolar or CMOS technologies. The simulated
results have been used 1o verify the theoretical analysis.
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Abstract: A design technique for the practicai
implementation of a variable four-terminal floating nullor
(FTFN) is presented, which contains three operational
mirrored amplifiers (OMAs) and four grounded resistors.
The proposed FTFN provides tunable both voltage-gain and
current-gain with constant bandwidth property by varying
the value of a single grounded resistor. PSPICE simulation
results that agree with the theoretical analysis are obtained
by modeling a variable-gain FTFN using a commercial
AD844 ICs.

1. Introduction

At present, current-mode circuits have been receiving
significant attention owing to its advantage over the
voltage-mode, particularly for higher frequency of
operation and simpler filtering structure {1]. Recently, the
applications and advantages in the realization of transfer
functions using four-termina! floating nullors (FTFNs) have
received considerably attention. The designs of current-
mode circuits employing FTFN as active devices such as
amplifiers [2], current-mode filters [3-4], sinusoidal
oscillators [5-6] and floating immittances [7], have been
developed in the literature. Some previous-mentioned
topologies have been demonstrated that an FTFN is a more
flexible and all-round building block than an operational
amplifier and a current conveyor [2],[4]. This is due to the
fact that the nullor model of FTEN, the nullater and the
norator, are isglated from each other, which is more flexible
in active network synthesis. Moreover, the FTFN-based
structures also provide a number of potential advantages,
such as, complete absence of passive component-matching
requirement, minimum number of employed passive
elements. In addition, the FTFN whose the gain can be
independently tuned seems o be mare attractive, flexible
and suitable for design and implementation of the
frequency selective systems, such as, biquads, oscillator
and so forth. Although some tunable FTFNs have been
recently reported [8-9], they can variable only current-gain
between i, and i.. There are no circuit realization based on
tunable FTFN that can variable both voltage-gain and
current-gain.

The aim of this paper is to propose a circuit technique
for the practica! implementation of the FTFN with variable

voltage and current gains. The circuit realization uses only
three operational mirrored amplifiers (OMAs) and four
grounded resistors. The proposed tunable FTFN offers
independently variable de voltage and current gains while
remaining a constant bandwidth. Moreover, it is interesting
to show that the dc gains of the circuit can be tuned by
adjusting grounded resistors without effecting the useful
bandwidth. The performances of the proposed variable-
gain FTFN using a commercial AD844 ICs are given with
the simulation results, which will show that the
characteristics of the resulting circuit become tunable.

2. Circuit Description
An FTFN has the potential of being an extremely versatile
analog active building block. It is a four-terminal active
device with two input terminals (y, x) and two output
terminals (w, z), whose circuit representation is shown in
Fig.l. The terminal characteristics of the FTFN can be
defined by means of the following relationship.

s ve=pv, and i =tady, (1

where # = l-g, (J¢ << 1), and ¢ denotes the voltage tracking
error, and a = [-6, (j& << 1), and & represents the current
tracking error of an FTFN. The sign + is applied for the
positive FTFN (FTFN+), whereas the sign — uses for the
opposite polarity case, represented the negative FTFN
(FTFN-). For an ideal FTFN, the voltage and current
tracking error are equal to zero, te, 6= 8 =0, or f§ = a=
[. The usefulness of the FTFN can be extended if equation
(1) is implemented in such a way that the voltage and
current transfer ratios can be varied, in which case a more
generalized tunable FTEN should be investigated.

i, *i
—— - —
v, o—y zZ —o0
FTFN
V. o— X w20
—» -—
i 1

Figure | : Symbol of an FTFN



Fig2 shows the circuit implementation and
representation of the OMAs. The negative OMA (OMA-)
comprising an op-amp and two pairs of current mirrors ag
shown in Fig.2(a) is a more general and flexible device
owing to it can be equivalent to an ideal nullor or FTFN+
[1-2], whereas the other type of OMA which requires only
one pairs of current mirrors is named the positive OMA
(OMA+) and is shown in Fig.2(b). Therefore, it can be
concluded from Fig.2 that the port characteristics of the
OMA can be characterized as

and

a=Eve o

i =iy =0 =i )

(b)
Figure 2 : Possible implementation of OMAs
(a) negative OMA (OMA-) (b) positive OMA (OMA+)

_y.._ —:—b-
\l., o—] ¥ r2
THTFN
vV o— W ——0
"7\- ‘w
(b}

Figure 3 : Proposed tunable FTFN (TFTEN}
(a) circuit implementation  (b) its symbol

The proposed tunable FTFN with arbitrary voltage-gain
and current-gain, named TFTFN, is shown in Fig3. It
mainly consists of three OMAs and four grounded resistors.
A derail analysis results that the voltage-current
characteristics of this device can be defined by

(3)

Also note that the proposed TFTFN of Fig.3 s more
flexible, which can be varied the voltage-gain and the
current-gain through the ratio of two grounded resistors.
Furthermore, if the 3™ positive OMA (OMA+) of Fig.3(a)
is used instead with the negative OMA {(OMA-), then the
variable-gain FTFN- will also be obtained.

3. Performance Analysis

One important issue that must to be taken into account is
the non-1dealities of each OMA on the frequency dependent
performance. Fig.4 shows the macro-model of the OMA,
where f and « denote the non-ideal voltage- and current
gains of the OMA. By applying the model from Fig.4 nto
the sub-circuit between OMAIT and OMA?2 of Fig.3(a},
routine analysis obtains that

vy (bR 1 @
vy R,  \l+sR,C,

where R, =R, /{ R,/ R, , C4=C,+ C. and f and g; are the
voltage gain and current gain of the OMAI (i = 1, 2, 3).
Typically, the values of R, and R, are too large and can also
approximate to R, , R. »> R, (hen equation (4) can be
rewritten as :

vy [ Bifrasky ) 1 )
vy - R2 l-I-SR]CA

According to equation (5), the dc voltage gain, fi. and the
high-frequency dominant pole between the port y and the
port X, @, can respectively be given by

R
fao = 220K ©)
Ry
and
1 1
Wpy = 27?7rpv = 7

RCy R(C,+C,)

TV T

V,
w0y L.
v, +
%R‘ I B,

I

Figure 4 : Macro model for non-ideal OMA



It can easily be noted from equations (6) and (7) that the
dominant pole frequency can be adjusted by tuning the
value of the resistor £;, while the dc voltage-gain of this
circuit can be adjusted through the resistor R, without
affecting the bandwidth property, For example, if R, = §
k2, C, =2 pFand (. = 4.5 pF, then this pole frequency will
locate at 4.89 MHz. This means that the dc voltage-gain of
the proposed TFTFN can be independently varied without
changing the useful bandwidth.

In the same way as above, the transfer characteristic
between the currents /; and iy can be considered by
applying the model from Fig.4 into the sub-circuits formed
of OMA2 and OMA3 of Fig.3(a). Reanalvsis gives the
relations :

ip _[ BragasRyR; | !
e | Ra(R,+Rp) | (1+5R,CO(1+sR.C))
8

where R, = R; // R, /l R., R, = R, // R, and R, is the load
resistance connected to the port z. Since R; and R, are very
small, comparable to those resistances, ie, R, , R, >> R;, R,
>> R,. Thus equation (8) can be reduced to :

i _| ProaasRy
Ry

1
[(1+ SR}CA)(I +5RLC_,):|
)

fw

if we choose R; >> Ry, then the above equation becomes

iy _| Breaas Ry ]
i Ry (L+5R;C;)

Hence, the dc current-gain, ., and the high-frequency
dominant pole between the port w and the port 2, w,, are

(10)

| B Ry
R4

(1)

X e

and

! 1
RiCy Ry(C,+C))

Wp; =27 i = (12)

From equations (I 1) and (12), R; should be selected s0 as to
meet the desired bandwidth, whereas R, can be modified to
change the gain without disturbing the bandwidth,
Similarly, if R; =5 k), €, =2 pF and C, = 4.5 pF, then this
pole frequency is also located at 4.89 MHz It also
concludes that the dc current-gain of the proposed TFTFN
can be independently controlled without changing the
useful bandwidth.

4. Simulation Results
The performances of the proposed variable-gain FTFN of
Fig.3 have been simulated with PSPICE using an OMA,
which consists of AD844 transimpedance op-amps as
shown in Fig.5 [6]. The simulation was performed using
macro-model of the AD844 IC shown in Fig.6 [10]

lo— vy 4
ADB44 Tz —o 4

I: X )
X i

AD844 tz|— %3

2 y

Figure 5 : Realization of OMA+ with
commercial available AD844 [Cs

X o
C, l I
+i
R, BR, -
¥ O—ANA— AW

+ -J_ O 7L
C, T v, (Y VR SR, TC, (Al IR, "\Cz
o _

Figure 6 : Small signal equivalent circuit for
the AD844 transimpedance amplifier [10]
Ry=3000, R, =508, BR, =20k, R, 2 MQ,
C,=2pF, C,=26pF.C,=2pFand C, 4.5pF

Ll
)

Fig.7 shows the voltage frequency responses, v, / v, ,
when R; = 5 kQ and R; is changed to 5 k2, 2.5 kQ2, | k2
and 0.5 kQ), which corresponds to the de voltage gain p = [,
2, 5 and 10, respectively.

W04 o o
—— j - - -
oM H
g
=
L - S
@

s M
o 07 < o~
> ==
COdK, - 05K
OOTRS1I0KD
DOV I5kD
i OR,-S50KO
T SRR o oo
100 10k

Frequency (Hz)
Figure 7 - Voltage transfer characteristics of
the proposed tunable FTFN for R, = 5 k2
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Figure 8 : Current transfer characteristics of
the pronosed tunable FTFN for R; =5 kQ

The ac current responses of the proposed TFTFN for R;
= 5 kO are shown in Fig.8. From the simulated frequency
responses in Figs.7 and 8, it is evidenced in both cases that
the useful bandwidth is nearly constant with respect o the
variation of the voltage-gain or the current-gain of the
proposed TFTFN, which are well confirmed the theoretical
analysis.

5. Further Applications

Finally, the proposed FTFN with variablie-gain can be
applied for implementing active filters with electronic
control of the imporiant circuit parameters, such as, the
natural angular frequency w,, the quality factor (O-factor)
and the absolute bandwidth. Moreover, oscillator with
electronic control of the frequency and the condition of
oscillators can also be realized. But it is not demonstrated
in this paper, because of some applications employing this
device have been recently reported in references [7-9].

6. Conclusions

In this paper, a circuit configuration for an FTFN with
variable voltage- and current-gains is proposed in order to
simplify the representation of different building block in the
ideal case. The proposed tunable FTFN employs only three
OMAs and four grounded resistors, and offers constant
pandwidth, whereas both the dc voltage- and current-gains
can be independently controlled through a single grounded
resistor.  PSPICE simulation results obtained from an
implementation with the AD844 transimpedance op-amp
have been demonstraied that its performance is quite
satisfactory for discrete high-frequency circuit designs,
such as, biquads, oscilaators and so forth.
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Abstract : The systematic procedure for realizing lowpass and bandpass leapfrog ladder filters using onty
active elements is presented. The proposed architecture is composed of only two fundamental active
building blocks, i.e., an operational amplifier (OA) and an operational transconductance amplifier (OTA),
without external passive element requirement, making the approach conveniently for further integrated
circuit implementation with systematic design and dense layout. As illustrations to demonstrate the
systematic realization of current-mode ladder filters, a 3rd-order Butterworth low-pass filter and a 6th-

order Chebyshev bandpass filter are designed and simulated using PSPICE.

Keywords : Operational Amplifier (OA), Operational Transconductance Amplifier (OTA), Leapfrog

filters, Ladder structure, Active-only circuits

1. Introduction

Analog designs have been viewed as a voltage-
dominated form of signal processing for a long time.
However in the last decade current-mode signal-processing
circuits have been demonstrated and well appreciated over
their voltage-mode counterparts due to the main featuring
of wide bandwidth capability. Designs for active filter
cirguits using high performance active devices, such as,
operational aroplifier (OA), operational transconductance
amplifier (OTA) and second generation curtent conveyor
(CCID, have been discussed previously "3 Due to the fact
that active filter designs utilizing the finite and complex
gain nature of an internally compensated type operational
amplifier are suitable for integrated circuit (IC) fabrication
and high frequency operation “®. Several implementations
in continuous-time filters using only active components are
recently available in the literature “®,  They have been
demonstrated that the realizations of the resistor-less and
capacitor-less active-only circuit would be attractive for
simplicity, integratability, programmability and wide
frequency range of operation. However, a design approach
with only active architectures that arc efficient for
systematic design and very large scale integration (VLSI)
has not been reported sufficiently.

The following paper deals with the alternative
systematic approach that has been used the leapfrog
structure 10 obtain current-mode ladder active filters with
the employment of all-active elements. The proposed

-1046-

design approach is quite simple and systematic which has
no passive element requirements. The basic building
blocks of all circuits mainly consist of OA and OTA. The
obtained feature of the filter constructed in this way is a
general structure and is able to adjust the characteristic of
the current transfer function by electronic means. Owing to
all-resulting circuits arc implemented such a way that
employs only active-element sub-circuits and minimizes the
number of different fundamental building blocks. It is not
only easy to construct from readily available IC type, but
also significantly simplified in the IC design and layout. As
examples to illustrate that the approach considerably
simplifies for the current-mode Yadder filter realizations, the
icapfrog-based simulation of a 3rd-order Butterworth low-
pass and a 6th-order Chebyshev bandpass filters are
designed. Detailed analysis are given as well as some
simulation results, as an example, being performed with 2
commercially available LM741 type IC OA and a CA3080
type IC OTA.

2. Basic active building blocks

2.1 Operational Amplifier (OA)

The first fundamental active device is to be an internally
compensated type operational amplifier (OA) as shown
with its symbolic representation in Fig.l. As is known in
practice, the open-loop amplifiers have a finite frequency-

PROOOT/03/0000-1046 ¥400 © 2003 SICE



dependent gain.  If @, 15 the -3 dB bandwidih and by
considering for the frequencies @ >> @,, the open-loop
valtage gain A(s) of an GA will be henceforth characterized

A(sy=—2-L == n

where B denotes the gain-bandwidth product (GBP) in
radfan per second, which is the product of the open-loop d¢
gain A, and the 3-dB bandwidth @,.

Vin T _—
A v, — Yin Yo
L v

Fig.1 : Symbel of an OA

v 1
in © B s
>, —

@)

i
V.-,.
Y0 Loy i,
O E V‘." O &
(b)
Fig.2 : Symbol of an OTA

(a) for posItive g, fn = Zuin
(b) for negative g, f. "~ ~ZuVis

2.2 Operational Transconductance
Amplifier (OTA)

An operational transconductance amnplifier (OTA) is a
voltage-controlled current source (VCCS), which ifs
symbolic representation can be shown in Fig.2. For the
ordinary bipolar OTA, the transconductance parameter g,
can be given by

/g
=— 2
g”’! 2VT ( )
where V7 is the thermal vollage and /3 is the external-bias
current. It is indicated from equation (2) that the g, value
is tunable electronically by changing I5.

After these circuit elementary considerations, an
approach to derive leapfrog-based current-mode ladder
filters from passive LC ladder prototypes will be presented
in the following section,

3. Current-mode leapfrog
ladder filters

Since the doubly terminated LC ladder network has
been receiving considerable attention and popular due to it
shares all the low sensitivity and low component spread of
the RLC prototypes "' In this section the systematic
approach to realize current-mode ladder filters using only
active elements is proposed. It is based on the leapfrog
structure representation, which is derived from the passive
RLC ladder prototypes. To demenstrate the proposed
design approach, censider the general resistively tenminated
current—mode ladder filter with paralle) impedances and
series admittances shown in Fig.3. The rclations of the
currents-voltages for the branches, the meshes and the
nodes in this filter can be interrelated by :

Fig.3 - General resistively terminated current-mode Jadder prototype

Fig.4 - Leapfrog block diagram of the general ladder prototype of Fig.3
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where (i=1,3,5, . ...mand(j=2,4,6, ..., nl).
Equation (3) can be represented by leapfrog block diagram
depicted in Fig.4, where the output signal of each block is
fed back to the summing point input of the preceding block.
In contrast with the conventional simulation topology,
however, we will present a simple, systematic and more
efficient method unique to active-only current-mode ladder
fifters by using the features of an OA and an OTA.

4. Realization procedure

4.1 Lowpass leapfrog realization

As an cxample to illustrate the design procedure,
consider the current-mode 3rd-order all-pole LC ladder
lowpass prototype with regarding the terminating resistors
shown in Fig.5. The design techniques of these partial
conversions can be accomplished in the way as shown in
Fig.6, through the use of only an OA and an OTA as
mentioned 1 the section 2. Therefore, the circuit
parameters have the typical values calculated by :

oni ——B,'CJ- for i=1,3,5,7, ..,n

d ——1 for j=2.,4,6,8 1

an Boni =" or j=2,4,6,8, ..., »n
YoBL;

(4)

where B (k=i or ) represents the GBP of the k-th OA.

Based ¢n the directed simulation of the LC branch as
shows in Fig.6, the system diagram thus straightforwardly
derived from the passive RLC ladder circuit of Fig.5 can be
shown in Fig.7. The design equations of the circuit
parameters can be expressed as follows -

B 1 _ | _ |
R Ry R,
Zm = B1C)

Em

1
Byly
and &m3 = B3C3 (5

Em2 =

Note that all elements, which simulate the behavior of
capacitor and inductor, are tunable electronically through
adjusting the transconductcane parameters, g,

.ﬁL_:o
m-*
Y
\/

(Z)
¢ Em BiCr
V=2,
(a)
X Loy v A
Lol = s
— ¥, —— 1
- By =
{“_ YLVJ‘ " BJ'Lj
(b)

Fig.6 : Partial branch simulations using OA and OTA
of the lowpass network of Fig.3
(a) parallel branch impedance
(b) series branch admittance

Fig.7 : Systematic diagram for current-mode 3rd-order
lowpass filter using active-only elements

Let us first illustrate the step-by-step procedure for the
design of the current-mode fadder lowpass filler based on
the employment of all active elements.

Example 1 a design of current-inode 3rd-order
Butterworth lowpass filter of Fig.5 with a cut-off frequency
of fo = 100 kHz is realized as .a prototype. The
correspending normalized passive component values of the
ladder are given by :

-1048-



RSZRL=1Q N CI=C_€:]F H LJ=2H

We then denormalize these component values with the
frequency f; of 100 kHz and the scaling resistance R of ]
k0. The corresponding deormalized component values are
obtained as :

Re=R,=R=1 kG, Cr=C;=159nF, L, =3.185mH

Assume that LM741 type OA having the gain-bandwidth
product B = 5.906 Mrad/s is used . Thus, by calculating
the circuit parameters of the filter in Fig.7 obtained from
equation (5) with the choice of the equal scaling
conductance g, = /R yields :

Em= I ms s Emi = Bm3 = 939 ms and Em2 = 53 us

Since all circuit parameters depend on the g. values, a
property of the proposed filter implementations s,
therefore, possible to tune the characteristic of the current
transfer function proportional to external or on-chip
controlled transconductances. It is shown that for the
employment of all active elcments, a further advantage is to
allow integration in monolithic as well as in VLSI
fabrication techniques.

4.2 Bandpass leapfrog realization

The proposed approach can also be employed in the
design of current-mode LC ladder bardpass filters.
Consider the current-mode 6th-order LC ladder bandpass
prototype shown in Fig.8, having parailel resonators in
paralle} branches and series resonators in series branches.
Observe that the repeated use of the bandpass LC structure
branches typically consisting of parallel and series
combinations of capacitor and inductor, shown respective
in Figs.9(a) and 9(c), makes up the complete circuit. The
voltage-current characteristics of these partial operations
can be derived respectively as follows:

For the parallel combination branches of Fig.9(a) :

1 V.
Vi=Zel =Y V)= — 1;-—'—1 6(a)
SCi SL‘:/

for i=1,3,5,7,...,n.

oy

For the series combination branches of Fig.9(c) :

l !
Jo=Y v —zct)=—|v, =L o)
J LV ) Y i

SL_] 5 J

for j=2,4,6,8,. ., #n-l.

Fig.8 : 6th-order LC ladder bandpass prototype

I f
| i,
S
[ s
S ;

|4— = —»|
o
K
9

Eoi
a _ i b _ thl
V,=Zf- Y, V) Ene =7 a, Emi i
. i
(@) (b)

() (d)

Fig.9 : Sub-circuit simulations using all-active elements
of the bandpass network of Fig 8

Fig.10 : Systematic diagram for current-mode 6th-order
bandpass filter using active-only elements

The resulting circuits for the active-only implementation
of these structures corresponding 1o the sub-circuit
aperations of Figs.9(a) and 9(c) arc then resulted in Figs.9
(b) and 9(d), respectively. The design formulas for the
circuit parameters of each branch can be summarized
below:

-1049-
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Abstract

A circuit realization of three-inputs and single-oulput
(TISO) current-mode universal biguadratic filter with the
employment of current differencing buffered amplifiers
(CDBAs) is presented in this puper: The proposed filter
can realize simulianecusly the highpass (HP), lowpass
(LP), bandpass (BF), bandstop (BS) and allpass (AP)
responses without changing the circuit configuration. The
ratural angular frequency @y and the quality factor Q are
independently controllable through the passive elements,
and have low passive and active sensitivities. The PSICE
simulation results are given fo confirm the theoretical
analysis.

1. I[ntroduction

During the past few years, comparing with voltage-mode
techniques, current-mode signal processing techniques
have been received a wide atention due to its wide
bandwidth, large dynamic range and simple
implementation of signal operations such as addition and
subtraction [I]. The realizations of high performance
current-mode circuits usually employs active circuit
building blocks, such as, second-generation current
conveyors (CClls) and current feedback amplifiers
(CFAs). Recently, a new active building block, which is
called a current differencing buffered amplifier (CDBA),
has been introduced [2]. Since the CDBA is considered as
unity-gain current-mode and voltage-mode operations, this
element would be quite large dynamic range and wide
bandwidth similar to its current-mode counterparts, such
as, CClls and CFAs [2-3]. Moreover, the structure of a
CDBA is suitable for virtually grounded capacitance,
which can reduce the effect from the stray capacitance [4],
suitable for current mode operation and simple
implementation while keeping the compatibility with

existing voltage signal processing circuits.  Although
several versions of biquadretic filters based on CDBAs
have been reported [3-6], the CDBA-based current-mode
biquadratic filter that can generaie all biquadratic current
transfer functions in the same circuit has not vet been
proposed.

Generally, it is well known that biquadratic filter is an
important basic building block, which is widely used in
analog signal processing applications, communication
systems and instrumentation systems. Therefore, in this
paper, we present a new TISO current-mode universal
biquadratic filter employing three CDBAs, two really
grounded capacitors and five virtually grounded resistors.
By the proper choice of the input terminals, the proposed
configuration can realize the HP, LP, BP, BS and AP
current transfer functions without any change in the circuit
topelogy. The filter provides orthogonal tuning of the
parameters @, and O-factor, and also displays low passive
and active sensitivities. PSPICE simulation results on the
filter are included to verify the presented theory.

2. Circuit description

The circuit representation of the CDBA is shown in
Fig.1, where p and r are the inpul terminats, and z and w
are the output terminals. Its current and voltage

characteristics can be described by the following relations
2-3].

v, =0, v, =0, i =i -i and v, =v, (1)

lp [w

V o—p— P W [—»—0 vw
i CDBA i

Y o——n Z—>—ov,

Figure 1 : Circuit representation of CDBA.



current differencing circuit

——— e — —

voltagéwf;ﬁllower

Figure 2. : Circuit configuration of the proposed CDBA

According to the CDBA characteristics, the differeniiai
input current i,-i, will convert into the output voltage v,
through the impedance connected at the terminal z, where
ideally the input impedance’s of the terminals p and » are
zero. This means that the CDBA can be realized by a
cascade connection of a current differencing circuit and a
voltage follower.

Fig.2 shows the proposed low-voltage CDBA in CMOS
technology. The realization scheme is based on the use of
the CMOS unity gain current amplifier that composed of a
source follower and a current mirror to provide the low
input resistance at the input terminal [7]. From the figure,
the current differencing circuit utilizes two unity gain
current amplifiers (M;-M; and M3;-My;) and the current
mirror M 5-M 3 , where Mg and the bias current source /x
are used to bias the terminals p and » at ground potential.
Group of transistors M;;-Mg functions as a voltage
follower, where the transistor My, and the current source
I are connected as a voltage level shift.

3. Proposed CDBA-based current-mode universal
biquadratic filter

Fig.3 shows the proposed CDBA-based universal
biquadratic filter. Routine circuit analysis yiclds the
current transfer functions as foliows :

.5'2[1+-—l -JIW;—:[- lﬁ]Imz-r[— l*——Jlm-’
(. sCyR, RC, R R,CC,

D(s)

(2)

where

Dsy=s5"+3 L1y &, .
R.‘) C‘z RI RI R-l CICZ

The parameters @, and O of the filter can be expressed as :

w, = #
V&&&qq
[_RC
and =R, —22— 3
Q=R RR,R.C, ()

The sensitivities with respect to the circuit passive
parameters can be writien as equations :

Simn e TS s )
1

S ] (©)
2

S )

All the filter passive sensitivities are within unity in
magnitude. Furthermore, if setting R;(j=1,2,...,4) = R
and C, = C; = C . then the circuit parameters , and Q-
factor can be rewritten as -

o =

]
" RC

and o= RF (&)



[

Figure 3. : The proposed current mode universal filter based on CDBAs.

It is interesting to note that the O-factor parameter can
independently be controlled by adjusting R;/R without
taking an effect to the o, that is adjusted by R and/or C.
Moreover, the HP, LP, BP, BS and AP output currents will
be obtained by seleciing input currents appropriately from
these specifications:

1. HP filter where J;;=/,s are input currents and J,, = 0.

2. LP fiiter where /,,; is an input current and 7, = f,; =0.

3. BP filter where £, is an input current and £,y =7,;=0.

4. BS filter where £} =l;,»= I,,; are Input currents and Ry=R.

5. AP filter where £, = f» = [,3 are input currents and
Re&=2R.

By taking into consideration the non-idealities of the
CDBA on the frequency performance, the port relations in
equation (1) can be expressed as : iy = Gpip - Cwip AN Yy
= fiva, where o, = 1- &, (184<<1), & = I- &; (jgal<<1),
and § = 1- &, (|af<<l), and &, and &, are the current
tracking errors from the terminal p and from the terminal »
to the terminal z, and &, is the voltage tracking error from
the terminal z to the terminal w of the i-th CDBA,
respectively. In this case, reanalysis the proposed filter
configuration of Fig.3 yields the natural angular frequency
w7, and quality factor Q“as :

] Jap!apzap.lanlﬁlﬂiﬁjRj

@, =
RRRCC,

— Rs fap!aplaplanrﬂ/ﬁJRch

and O'=—2> (9)
an?v ﬂZ‘RIRZRJCJ

The active sensitivities are written as

5 - l (10

By Cpae Cpye 2. B0 By B 2
Sat ay = O (1)

o

- S
Cppe Gpre By By B By T VB T (]2)
s, - z
s§ -0 (14)

Equattons (10}-(14) verify that the active sensitivities of
the @), and Q" with respect 1o @, and /4 are less than
unity.

4. Simulation results

PSPICE simulation has been used to confirm the
characteristics of the proposed CDBA-based universal
biquadratic filter of Fig.3. The CMOS CDBA of Fig.2 has
been constructed using the 0.5-pm CMOS LEVEL3
SCNOSH technology supplied by MOSIS (vendor ; HP-
NID). The W/L ratios of all NMOS and PMOS transistors
are set to 20pm/1um and 40um/1 um, respectively. The bjas
currents of 7 = 200 LA and power supply voltages of +V =
-V =1 V are used. Fig.4 shows the simulated frequency
responses of the proposed filter when R;=1kQ (= 1,2,..,,
5), excepted in AP case the resister Ry =2 k), and C; =
= 0.159 nF. This condition leads to £, (w,/27) = | MHz at
O-factor= 1.

To demonstrate the independent adjustable of the w,
without effecting the O-factor, Fig.5 shows the BP current
responses when the , is respectively set to 200 kHz, | MHz
and 5 MHz whereas (-factor is set to constant at unity.



4. Simulation results and application

The performances of the proposed CDBA of Fig2 has
been simulated with PSPICE using the 0.5-um CMOS
LEVEL3 SCWNO5SH technology supplied by MOSIS
{vendor : HP-NID). The aspect ratios of the transistors
used are W/L = 20 for the NMOS devices and W/L = 40
for the PMOS devices, respectively. The supply voltages
used are +Vpp = -Vgg = 1.25V, and the bias currents are Jg

= 30pA.

p1} H

g
< :
g i
s -I(I:
- i
o
[
<0 Rea R
0=t
10 Tk M g 1000 1G 105G
Frequency (Hz)
(a)
[ -
E ulw
2 |
L q
5 i
18!
[ 100% M 10M LIHIN G

Frequency (tz)

{b)

Figure 3 : Frequency characteristics of the CDBA
{a) current characteristics
(b) voltage characteristic

Fig.3 shows the simulated frequency response
characteristics of the proposed CDBA, when the resistors
R.=1kQ and R, = 1 k() are connected at the port z and
the port w, respectively. From the simulation, the current
and voltage gains a,, &, and [, are found to be 0.992,
0.994 and 0.962, respectively, corresponding to the errors
of 0.8%, 0.6% and 3.9%, respectively.

Note that the error due to S, can be reduced by
increasing R,. The input resistances r, and r, are 262 and
the output resistances r,. and r. are 1002 and 200k€2,

respectively. The offset current from the ports p and » to
the port z are about 0.52uA and the offset voltage from the
z to w ports is 1.67 mV. The circuit power consumption
for i, = i, = 0 and for i, = j, = 30pA are 0.62mW and
0.93mW, respectively.  For the frequency response
characteristics, the -3dB bandwidths of the current gains
ifi, and ifi,, and the voltage pain v,/v,, are respectively
located at 327MHz, 630MHz and 195MHz. This means
that the performance of the proposed CDBA is excellent
over a very high frequency range extending beyond
195MHz. Note that the high-frequency limitation of the
cirewit is due to the pole P, at the port w, which is given
by

\ 2

gnr]SRw(; -i-@lgro_’g}—!
(1+ &5 JosCaste. J

Py (7

n

Therefore, a higher frequency response can be extended by
increasing the value of R,,.

In order to demanstrate the performance, a current-
mode multifunction biquadratic filter as shown in Fig.d
has been simulated using the proposed CDBA, where the
current transfer functions are as follows [5].

tHp _ Y (8)

’.in D(‘)

igp _ #(/R3C)) -

Tin D(‘)

i __(RyR5CiCy) (10)

i."n D(&)

where

s
D(é‘)=S2 +s[ ! ]+ ! }
RiCy ) \ RyR3CIC,

Fig.5 shows the frequency characteristics of the
hlghpass (TH;r = fo'/i”,), bandpass (TB,D = igp/’i,,,) and
lowpass (7;» = i /i,) responses where R, (i=1,2,3,4)=
318 kQ and €, = €, = 5 pF. The filter is designed with a
natural frequency of f, = 10 MHz and O-factor = |. The
simulated natural frequency is approximately equal to 9.77
MHz, which 1s found to be in good agreement with the
predicted values.
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(4)
where F(.) is
F(X:\anh n!’y; n1—1)=ao)(:+nl/\, +GX nl bzynil
(5)

Normally, 2° possible values of F (.) are generated from
eqn. (5, rounded to B bits and stored in the memory. The
signals y/ x/ yi v/ are tapped from shift registers

n—12 n 1! m-1

for addressing the data result contents in memory. The
output Y, is obtained by B+1 consecutive additions in the
accumulator, which is shifted from the memory output [6].

2.2 Error Feedback and DA

Error Feedback (EF) is a general method that is
useful in reducing the error inherent in any quantization
operation. Thus, it ¢an also help to reduce the quantization
errors introduced in finite word length implementations of
MR filter [8]. To implement the system of eqn.(1), usually,
the quantized value of the function F() is stored.
However, if we apply the EF for improving the round off
error, thus the eqn.(4) can be rewritten as eqn.(6) [6].

SR FK )R+ E ) (6)

where - ¢y is the quantized function of £()and, 7 () is the

noise function (depended on addressing). If 7, 7, 7,.5,, and

&, are quantized coefficients. then
Fy=a,X +a X + @ X, —hy!

"=l 17 a1

-bys, (7
and,
IO (a, =8 X ] +{a, - a) X, Ha, - @)X,

(b, b)Y (b, b)Y, (8)

Fig.2 The 2" order recursive digital filter with 2™ order
quantizer error feedback structure

For the 2™.order quantizer dash line block (error
feedback block) shown in Fig. 2, the round off error occur
in this quantizer that can be given by

£, = )’n-}_’; :c(n)“ae(n—l)+b.c(n—2) &)
where the errors g(n-1yand g(n—2) in egn.{9) can be pre-
computed and approximated from eqn.(8), as follows

eln—1)=(a, -8)X,  Ha,-a)X, (b -y, (10)

e(n=2)=(a,~ &)X, ,+{a. &)Y, , 1)
Actoally, @ and bin eqr.{9) are difficult to find.

Therefore, dand bin integer format can be used 1o
search the grid point that will give the minimum noise.
Then £ () becomes

FLO) =K, (a8 X L, + (o =T XL, = (b =B, )

+K, (e, =805, +(a, =8} + K (o - )T,
(12)

where g g and g are integer weighting factors and

accordingly and the difference filter will give the
difference factors. Now the memory contents of the filter
are the summing of the rounded values (4) and the pre-
computed error of (9). Consequently, the filter can be
represented as shown in Fig.3, which is same to that given
by Peled and Liu [l], only the changing in memory
contents are different. By programming LUT in VHDL
formatted will give efficiently a programmable filter.

ol -
s -
W un
¥
= ©

Fig.3 The 2™-order IR filter with error feedback

It should be noted that the round off bits are already
stored in the memory. The accumulator word length can be
kept to equal to the data word length, and/or extend it for
the high precision filter,

3. Designing steps

The designing steps of this filter, can be separate in
fwo main parts as shown in Fig.4.

1) Defining the Filter Specification: By using Matlab,
the filter frequency response, filter coefficients, quantized
coefficients are calculated. The quantized coefficients plus
round off are converted to signed binary 2’complement
number for programming the filter.

2) Designing through HDL language: From the DA
filter structure as shown in Fig.3, we can design all
components using VHDL language. Those component are
comprised of paraliel to serial shift registers, a look up
table memory, a scaling accumulator, and controller unit,
XilinxISE and Model SIM are used to design, synthesis,
implement the VHDL components, and timing simulation.



|— Specification sisnulate

MATLAB E
Conveing :-.\cl‘ﬁii:ﬂ]
Desipn all comprnents
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Fig.4 Steps in designing 2"%-order DA-IIR filter

Fig.5 shows the schematic diagram of the
programmable 2"-order DA IR filter, which consists of a
8-bit PISO (Parallel in Serial vut-shift register). four 8-bit
SISOs (Serial in Serial out-shift registers), a 8-bit LUT
{Look up table memory), and a parallel Add/Sub
accurnulator. The summation of the quantized coefficient,
and noise error values were stored in LUT. Besides, the
double precision block can be extended to the structure
7.

A brief description of the Fig.5 can be explain as
following. The initial condition of the two taps (y.. and
vn1) addressing from the SISOs is set to “0”. During the 8-
bits input data y from ADC is fed to a PISO, then, it is

serially passed to the next registers. Each tap from the
registers are connected to addressing the memory content.
Every clock cycles, the data output from LUT and the
filter output y are extended one-bit (at signed bit), after
the addition in accumulator the output is valid.
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Fig.5 Hardware structure of 2"-arder DA HR filter
with error feedback

4. Simulation results and Filter
Implementation

In this paper, two recursive digital filters are considered
(1) 2" order Elliptic filter with w,= 0.4, A, = 1dB, and
A, =50dB
(2) 2" order Butterworth filter with w, = 0.3
where @, is normalized passband frequency, A, is the
passband attenuation, and A, is the stopband attenuation.
Using Matlab simulation, table 2 {(a) and (b) are
comparison of the reference filter coefficients and the

quantized coefficients.

Co Quantized Coef. Reference Cocf,
Numerator | bo 0.999965482421875 | 1 00000000080000000
b 0.999969482421875 1.97587219341086810
b, 4.999965482421875 0.9954999999999699272
Denominator 8 0.969969482421875 1.000000C0002400000
a, -(:.350677490234375 -.35066371873525548
2 0.330718994540625 330717675431367320

(a)

! Co Quantized Coef. Defcrence Coef.
Numerator bo 0.999969482421875 | 1.00000000000000000
b, 0.96996048242[875 2.0000000000000000%
b,y 0.999969452421875 1.06006A00003000000
Derominator N 0.99996948242)1875 1.00000060000000000
a, -0 747802734375000 - 74778917825850344
23 0.272216796875000 0.27221493792500728

(b)

Tab.1 (a) The 2™ order Elliptic coefficients,(b) The 2"
order Buiterworth coefficients

In Fig.6(a) and Fig.7(a) show the magnitude response
of the two filters, which were effected by the quantization
transfer function. ‘

Maroie £

e
T
L

i

(b)
Fig.6 The 2" order IR Elliptic w,= 0.4, A, = 1dB, A, =
50dB (a} Magnitude response. (b) Noise Loading Method.



From the Fig.6 (b) and Fig.7 (b), the solid line is a
noise power spectrum of quantized filter, and the dashed
line is a noise power spectrum of quantized filter with
error feedback. We can see that the noise power spectrum
of the EF filter can be attenuated approximate -10dB and -
7dB respectively, at the transition band.

"

.......

(b)
Fig.7 The 2™ order IR Butterworth o,= 0.3
{a) Magnitude response. (b) Noise Loading Method.

After, the specification of filter was defined and simulated.
Then we start 1o design the hardware structures, which are
realized on Xilinx FPGA (spartan2 x¢2s50-tq144-5). The
block components of DA-IIR filter structure from Fig.5
are written by VHDL code, after that, synthesis the VHDL
code and implementation on FPGA. Fig.8 is shown the
timming signals of the filter, that include the delay time on
FPGA. The floor planner of realized structure can be
shown in Fig.9.
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Fig.§ The timming simulation of a 2" order DA-1JR
filter.
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Fig.9 The floor planner of a 2™ order DA-IIR filter.

The results of implementation DA-IIR filter utilizes the
environment of FPGA are as following.

Number of Slice Flip Flops: 47 out of 1,536 3%
Total Number 4 input LUTs: 30 out of 1,536 1%
Total equivalent gate count for design: 635
Maximum Frequency: 131.631MH

8-bits Analog to digital converter (ADC) MX7821 and
Digital to analog converter (DAC) MX7224 were used in
this research, and the connection of hardware circuits 1s
shown below.

I'ig. 10 Interfacing analog input signal and digital output
signal to FPGA board.

F G i e )

W e

Fig.11 Apalog input signal versus anolog output signal.

Cut off frequency 300KHz of 2™ order Butterworth
filter is programed to the FPGA. The analog input signal
with the amplitude of 2Vp-p at 120KHz is fed 1o ADC



MX7821, a sampling rate 1MHz, given the digital input
data to FPGA. The digital output signal from FPGA is
connected to DAC MX7224, conversion for analog signal
as shown in Fig 11, In the transition band, the output
signal without Error Feedback was gave noise magnitude
more than Error Feedback output, which is agree to the
simulation serult. Generally, most of digital filters are n
higher order form; however, the order of filter can be
increased from second order to N time of second order by
cascading the group of 2" order filter as demonstated in
Fig.12.

2™ order 2™ order 274 order
»! fiter No.| o2 [T 7 = | fitterdion [P

Fig.12 Block diagram of the cascade 2n-order filter

5. Conclusions

In this paper, the method has been introduced of
programmable direct form digital filter realization. The
lookup 1able contents of memory were modified for
reducing coefficient round off noise, noise feedback was
included in the memory. Designing sleps and
implementation have shown that reduction in noise output
and low hardware size could be achieved by such a
realization.
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Abstract

Ihis paper presants the development of o Pocsag pager
which has the capabiluy of displaying text both in Thai and English.
The pager svstam consists of the VHF recetver part and the digital parz,
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An integrable temperature-insensitive g,—RC
quadrature oscillator

Kiattisak Kumwachara and Wanlop Surakampontorn

The authors are with
The Facuity of Engineenng and
The Research Center for Conununication and Information Technology {ReCCIT)
King Mongkut’s Institute of Technology Ladkrabang
Ladkrabang Bangkok THAILAND 10520

A novel g, -RC quadrature oscillator using operational transconductance amplifiers
(OTAs) and grounded passive elements 15 proposed. The circult provides lwo
quadrature outputs of equal magnitude and the oscillation frequency is insensitive to
lerperalure. The oscillation frequency can be linearly and electronically controlled
without afleciing the condition of osejllation. The aclive w,-sensitivity has been
shown to be small. Experimenial and simulation results that demonsirate the
performance of the proposed osciilator are also included.

1. lotreduction
{t is well accepted that swusoidal oscillators realized wilh operational
transconduciance amplifier (OTAs), transconduciance-C or gm—C technique, provide
highly linear electronic tunability and have more reliable high-frequency performance
than the operational amplifier based oscillators. Moreover (he gn~C sinuscidal
oscillator circuits are suitable for integrated circuit implementation both m bipolar and
CMOS technologies (Abuelmz’aii 1989, Senani 1989, Liparess-Barranco el al.
1991). In recent years, a quadrature oscillalor, which is typically an oscillator that
provides two sinusoidal outputs with 90° phase difference, has reccived some
attention (Ahmed et al. 1997, Srisuchinwong 2000, Khan and Khwaja 2000). The
quadrature oscillator is an important unit in many applications in communication,
signal processing and instrumentation systems. Some g.—C based quadralure
oscillators have been reported (Ahmed et al. 1997, Khan and Khwaja 2000}
However, due 10 the transconductance gam g, of the bipolar OTA is inversely
proportional to lemperature; this causcs the characteristic of OTA-based circuit to be
strongly dependent on the temperature which is undesirable. There is no any paper
proposed a technique {or gn-RC oscillator 1hat the oscillating frequency is insensitive
to temperature. Although, a bias circuit with a current linearly proportional to
temperature has been introduced recently for the temperature compensation of OTA-
based circuits {Surakampontorn ct al. 1998). Bui, however, due to the bias circuit, the
OTA iransconductance gain can be accuralely tuned only for lwo decades.
In this paper, a2 novel techmque is proposed (o realize g,~RC quadraiure
oscillator using bipolar OTAs, where the oscillaling frequency w, 15 temperature-
insensitive and the entire passive element 1s grounded. The frequency of oscillation of

Irealen. =, =y T - ST e wmsaua - . e T o —_
iﬂ?&ﬁg? plzu;;,, hence avmdmg the oscillation to begin. ; ];;‘r;:lfgalll]:;;?l;r ?Omplcp.
right ha“:)nr;e Tom of regeneration to ensure that the roals are initiplly loca?egr. must
19 pranc and hence that the oscillation is created (Rodmgues iy

90). We can see that by adjusting OTAS a gucz-Vazquez et al.

‘ p b li
o ”]e ”nagl“m y axis l-br gmj &’tﬁ- 3} &:S}gmo’ [ 113 [hc I'OO{S OF
- ]:(H ] < case means I t =




characteristic equation are initially inside the nght plane, 1t ensures that the system 1s
self-starting. On the other hand, for the case that gn.s<gns means that there roots move
towards the left-half plane once the oscillation amplitude increases. Therefore, in
order to initially locate the poles mside the right-half complex frequency plane to
assure self-starting operation, the condition for the oscillation can be stated as

Ens ~8me 2 € (4)
or
Ipo—1p2¢ (5)

where € is a small positive number. The oscillating frequency is

nggmd {
w, = 6)
¢ \/R1R2Clczgmlgm3 '

For simplicity, if we select R;=R,=R, C;=C,=C, gm=gms=Ilp/2Vr and
Em1=gm3=I[31/2V7, the frequency of oscillation can be given by

gm2 1 IBZ 1
G ="\ (—=
° g (RC) 1, (RC

) (7

It is obvious from the eqns. (5) and (7) that the oscillation frequency can be tuned
without disturbing the oscillation condition. Moreover, the frequency of oscillation
@, 1s temperature independent and can be linearly controlled by adjusting the DC bias
current fzz ={za.

4. Error analysis

In practice, the accuracy of the V/I circuit and the accuracy of the OTA
transconductance gains are the major factors that contribute to the deviation from the
ideal performance. The first factor is due to the accuracy of the V/I circuit. Using the
eqn. (1), the charactenistic equation of the oscillator can be given by

52 _S(gms _gm6)+ gngm‘i - 0 (8)
G, CC(+g,R)1+g,,R,)

The frequency of oscillation can now be written from the eqn. (8) as

gng,,,e;
Wop = (9)
o \/Clcz(l+gmlR,)(1+gm3Rz)

If we let g, 1s the oscillating frequency error, by comparing with the eqn. (6), the
frequency e can be rewntten as

Wor =wp(l—¢,) (10)



Then, the oscillating frequency error is

1
£ = x 100% 11
1+ gnl]gm3R1R2 ( )

1+g..R +2..R

ml

For example, if g,;=0.0192 A/V, g,,3=0.0096 A/V, R;=10 kQ and R,=50 k< then the
error of less than 0.72% 1s obtained. This error can be further reduced by increasing
the value of the term g gm3f iRz

The second factor is the temperature dependence of transconductance gains g,
and g.; and the resistors R; and R; that affects the oscillating frequency @og. In this
case, the percentage error of the wy that due to the variation of g, gu3, Ry and R, can
be expressed as

8@ -1 AT
= —x100% 12
IBIIBBRIRZ T ( )

1+-——
AV + (T R + T ROV,

a)OE

where the T is the room temperature and A7 is the change of temperature from room
temperature. It is clearly seen from the eqn. (12) that the temperature influence can be
reduced by increasing the value of the term fp,{p;R;R;. For example, if Vr=26mV at
room temperature, fg; = 1000uA, I3 = 100p4, R;=10kQ, Ry=100 kQ, and AT =25°C,
then the percentage error of @y is about 0.04 % for the case of temperature
compensated. However, for the uncompensated (/z/=0 and Iz;=0) case, the percentage
error of @y 15 about 8.39 %. This demonstrates that the temperature influence can be
must reduced by the proposed scheme.

The third factor 1s the @y sensitivity that can be given by

@, @og 1 Dop @ 1
ng: :Sg,,,. :E’ SC. =SCZO£ Z—E (13)

R R
S;Jmof ZS;C:IOE ____l[ Emty ], S;d,:?f :S}[:IOE =_£[ Emifly } (14)

and

2\ 1+g,..K, 2\1+g.4R,

We can see that all the sensilivities with respect to the circuit passive and active
elements has very low sensitivity, approximately 0.5.

5. Experimental and simulation results

The circuit of Fig. 2 was constructed using the LM13600-type OTA, 1-%
tolerance discrete resistors and polystyrene capacitors. Fig. 3 shows the results
obtained with R;=R2=10kQ, Cf=C2:O.51’LF, fg,r=]33=500},1A, ]32=]34=785]J,A, IB5=



CAPTION ON THE FIGURES

Figure |
Figure 2
Figure 3

Figure 4
Figure 5

Circuit diagram of the OT A-based temperature-insensitive V/1

The g,-RC quadrature oscillator with temperature-compensation
Experimental results of the g,-RC quadrature oscillator

(Vertical scale: 2V/divider. Horizontal scale: 5 ps/divider)

Variation of the frequency of oscillation with the DC bias current Ig;=Ig4
Vaniation of the frequency of oscillation against temperature
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CCCIID, respectively. Due to the characteristics of the CCClls, the voltages V,and IV,
will also appear at ports X3 and X4 of the CCCll¢ and CCCllp, respectively. Let us

choose such thatRg = Rs,, Rey = Rey andRyy =Ry, =V, /21, . where Ry is the
internal resistance at the port X of the CCClls and Vy is the thermal voltage at room

temperature (approximately equal to 26 mV). Then, from the equations (D-(5), the
output current Iy, can be expressed as

iauf = iz3 + iz«‘l (73.)
and

. 2 /2
lowr = 2k Ve 8k 1| R, ‘2k1R51(4112 +’51) (7b)

where &, =1/(Rq, + Ry;) and Vec is the positive power supply voltage. It should be
pointed out that it 1s the third terim of the equation (7b), which is in the form ef 2 root-
sum of a square relation that will perform the frequency doubling action.

2.24. Sinusoidal frequency doubler:
For a sinusoidal input voltage signal v, =V, sinerand from the equation
(6), the signal current i,; is equal to i,=/, sinar, where [ =V _[R. . 1f we

set ky = 2k Ve —4%1Rg,) and select the signal amplitude such that ‘i,,is 1,
then the equation (7b) becomes

, ( ) )‘1’2
fowe = Ky =40k R\l + Ky sin™ ar (83

onl

where ky = 12121, )2 . U the power  scries of  the form

"

1/ieri:l+(l/2)x—(1/8)x2+..,are ecmployed, then the equation (8) can be

rewritfen as

P 2hy =41k R (I e + 1y, cOs2ax + 1y, cosdm+..) (9)

onr =

where Inc , he , 4w ... represent the amplitudes of the DC component and the
harmonic components and

l 3o, 5,
I = 4Lk R 1+ =ky —— ki + ———k; 10a
0C 171 Sl( 4 R] 64 3 256 }] ( )
| J 15
/20 54111‘11351("3!(3*‘Tgkzzl";‘zk;] (10b)
l,, =4Ik R —1—k1+~3-k3] (10¢)
deg =~ | B 64 3 256 3

For k3 < 1.0, the k; and k; terins of the equation (10) can be neglected, then the
output current can be approximately given by



(arz it )" i, (16b)
I3 = 7 9

kS

From this circuit, the resistors Rg; and Rs; sense the currents Isy and Is3, respectively,
resulting in voltage V4 and Vp at ports Y3 and Yq of the CCCll¢ and CCCllip,
respectively. Due to the characteristics of the CCCII that v, = v,, the voltage Vi and Vy
will also appear at ports Xj and X4 of the CCCllc and CCCllp, respectively. Then,
from equation (14) the expressions for ¥4 and ¥ can be given by

Vy=Vee —(21 + 2154 Rsy (17a)
Ve =V +(31, + 234 )R (17b)

The signal current i3 is conveyed to port Z3, which is the output port of this circuit,
by the conveyor CCCll¢, where the output current i,,, 15

Vn(.') - VA - VH (1 8)
R('z +2R.\'3 Rr.‘z +2Rx3

md

If R =R and Ryy =Ry, =V, /21, then the oulpul current i,, of the
CCCIl); can be expressed as

12
by = g (Ve =V ) = Sk T Ry = 2k, R, (417 +1) (19)

where &, = l/(Rcz + 2R y3), Voo and Vi are the positive and negative power supply
voltages, respectively. From equation (19}, it is clearly seen that the third term is in
the form of a root-sum of a square relation. By comparing the equation (19) with the
equation (7h), we can see that the third teris, that perform the frequency doubling
action, are the same. It 1s therefore expected that the circuit of figure 3 will give the
similar performance as the circuit of figure 2, where the amplitudes of DC
components and harmonic components are as {ollows:

] 3 o 5 3
[ =84l kRl b —ky —— ki +—k 20a
nc 154 51[ T o5 3) (20a)
| Lo, 15 4
{, =4l kRl ——ky+—ky -—k 20b
1 174 Sl[ 4 k] ]6 3 512 3] ( )
L4 = 41 k4R [——l—k%lk-‘ (20¢)
4 = 174451 64 3 256 3

it is should also be noted that by applying the same conditions as in the section 2.2B,
the circuit of figure 3 1s also working as a rectifier circuit.

3. Simulation and experimental results:
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4

drain currents of M; and My, respectively, the currents Ip; and /p; can be respectively written as

(Bult and Wallenga 1987, Landolt et al. 1992)

41 —1. )
Dy Z(_Tal)_ for Ifn <4l, (N
h
41, +1. Y
Ip, = (—;;_"i for |I|'nl < 4If1 (2)
b

The unity gain positive current mirror CM,, formed by transistors M, and M, reflects the current
I in order to add with the current ;. Then the summation of the currents fp; and Ip; or fg4 =

Ini+Ip2 becomes

[s/a:_m""z]b (3)

We can see that /g4 consists of the signal current that 1s the squaring of the input signal £;, and the
DC current of value 21,,. If the DC current 2/, can be compensated, the circuit will be functioned
as a squarer/divider circuit (Antonio and Alfonso 2001), which can be used as a basic cell to

realize rms-to-dc converter.

2.2 The proposed true rms-to-dc converter

Fig. 2 shows the proposed true rms-to-dc converter, which is composed of the squaring

circuit in Fig.[ in combination with four current mirrors, CM; through CMs. The circuit is

constructed such that the drain current of the transistor Ms of the current nmurror CM» sources the
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