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ABSTRACT

This thesis presents a-design of an-active building block for analog signal processing,
named as current-controlled differential difference current conveyor, (CCDDCQG). Its parasitic
resistance at X'~terminal can be controlled by an input bias current. The proposed element is
realized in a CMOS technology. 1t displays wsability. of the new active-clement. The THD is
obtained around 0.8 % within 0.6/%,_, input range. The power dissipation of aGCDDCC at
10444 biased current is obtained around' 1.35mM¥ with & 1.257 power supplies.-In addition,
grounded capacitor-based floating-capacitance mulfiplier and current-mode (CM) multiple-input
single output (MISO) second-order universal analog filters are included as the applications. For
realization of ‘a grounded capacitor-based floating capacitance multiplier, it employs three
CCDDCCs and one grounded capagitor without resistor ¢onnection. The capacitance can be tuned
electronically through the-biasing ctrrent. The filter offers the simulianeous reéalization five- type-
standard filter responses:. The quality factor and the frequency. response parameters can be
independent tuned. The non-ideal effects of the developed struetures” are examined. PSpice

simulation results of proposed CCDDCC-and its applications-are also presented.
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2.5.2.3 ¥I91052UadNA7 (Saturation Region)
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ol N4
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2.7.3 WUUDI0I5LAVHI (Level 1 Model)
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Abstract— An active-only devices current-mode universal filter
using the biquadratic transfer function is proposed. The
proposed circuit is realized focusing on the minimized active-only
components count without external passive elements. The
different kinds of filter function as low-pass, high-pass, band-
pass and band-reject response can be obtained without changing
circuif topology. The proposed circuit is realized by using 4 MOS
transistors, 2 OTAs, and 2 OPAMPs. The parameters @p can be
electronically tuned through simply adjusting the transconductance
gains of the OTAs or supply voltage of electronic resistors. The
Qp can be tuned in bath concepts, changing of their companents
and the transconductance gain. The simulation results are given
by PSpice.

1. INTRODUCTION

The high performance active-filters have been-received
much attention. In filter circuit design, current-node filters are
becoming popular, since they / have many advintages
compared with their voltage-mode counterparts. Design of
current-mode filters employing active-devices sueh as current
followers (CFs) [1), second=generation” current-conveyors
(CCIIs) [2] and operatignal transconductance “amplifiers
(OTAs) [3,4]. The ransfer funetion biquadratic filteris a basic
principle for synthesized is filter eircuit to ‘obtain efficiency
especially universal filter, and the prineiple for auxiliary create
to filter with integrator based on a synthesized [13]. The open-
loop gain of operational amplifier, OA is known well in'term
of Gain-Bandwidth, GBW.  While (10 obtain. using  OTA,
therefore can be implemented by filter circuit. The same with
a high frequency and-they have been-introduced i1 the
literatures. The current-mode operations were” proposed  in
recent literatures [5-7]. The voltage-mode operations were
proposed in recentoliteratures [8-9)° Although, many active
elements are employed but they have very advantages.in high-
frequency and further integration.

This paper fecuses on the synthesized of universal filter
using active-only devices. The proposed cireuit is realized by
using MOS transistors, OAs, and QTAs. The objective on the
design is current=mode of evation based  on biquadratic
function using only. aetive ‘elements without any-eXternal
passive elements in reeent literawres [5-9), The minimization
of active e¢lements and electronically is-tunable a core of this
paper.

Consider in previous of current-mode active<only filter in
recent literatures [5-6], which using 2.0Asand 3 OTAs. The
@e is imed by an OTA which in term of square-root finetion:
The linear controlled can not be achieved and complicate in

the practical. Another filter [7], the @ is tuned with linear
controlled has been achieved but the many components are
used, 2 OAs, 5 OTAs, that is not suitable for the compactness
ICs fabrication. This paper proposed only using 2 OAs, 2
OTAs and 4 MOS transistors for circuit implementation. The
achieved circuit can be electronically twned by either
ransconductance gains of OTA and electronic resistor for the
@p parameter. The proposed circuit can be also physically and
electranieally tuned by changing of transistor aspect ratio for
Op parameter without effect to the @, parameter.

IT.,. THEORY AND PRINCIPLE
The 2 integrators-loop principles have been introduced in
recent-iteratures [12]. The bloek diagram has been shown in
Fig1 and transfer function can be expressed in (1) as tollows

LE) 85,
L (s} s°+sB,k%B Bk,

[ Tk
b

(

:

Fig 4 The 2 lmtegrators-loop block diagram

The comparison of (1yand characteristic equation (2)
; 5 @, 5
Dls)=s* + 5= +iw} (2)
)
P
The patameters @p and @p can be expressed as

| [B Bk
Wp = m:md T p \/%
| 2

(3)

4. Voltage-Gain Circirit

The voltage=gain eircuit [10] which used in this paper
consists of an OTA and an electronic resistor as show in Fig2.
The transresistance of the electronic resistor circuit can be

expressed in (4)
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Vin

Electronic \\ v
= Resistor

v, L
qu L - — - ey
I, 2uCo W (L op~ Lr)
The voltage gain of Fig.2 can be obtainedto
v
- 7R )

Opamp as a lossless integrator

Consider the open-loop GBW of OA [6], as shown in
-3 can be expressed the transler finction as-a lossless
:grator as (6)

B
AF) =5 =12 (6)
5
Gain{dB)
?
v, Vo
o

Fig.3 The OA and frequency response. /(2 p

Current-mode Universal Filter Realization
The proposed filter are realized by using the above
thods as shown in Fig.4

4
-qut

2.4-1 The first implementation of proposed cunent-mode universa) filter
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Fig.4-2 The second implementation of proposed cwrrent-mode umversal filter

From Fig.4-land 4-2, the different wansfer functions are
illustratediin (7) — (10)

]i R(':, Ri']ZBB“‘Igz (N
ja'n D(.S')
1 by
SRE_ W @)
[m D(‘S)
Tor 1) 32+ Ry RpBiB. 8,8, -
Iin D(‘S)
SR Bya,
Lo S o238 + for Figd-l (10a)
M Dfs)
sR, B
and Lam ——- Uil ) .. for Fig.d-2  (10b)
[m D(S)

Where D(S)=Sg + SRy By &3 +R R, B, Bg g, (11a)
and D(S):S: +SR 0 B\&, + R R BB, 2,2, (11b)
Eq.(11a) and (11b) are wbtdined. for Fig.d-1 and 4-2

respectively. The conceming paramieters @ and Qp are
become

B Regs 808 2 fE 4 (12)

R,
o a4 or Figa-1 (13a)
\ ‘an:gz

and ¥ = «jﬂw’"g,ﬁ : for Fig.4-2 (13bh)
an.Bl gl

The parameter g; represents for the transconductance of
QTA(7) and R.q represents for the electronic resistors (7)
Generally, B; is OAs open-loop GBW, are identical suppose
that (B,=B,=B), the quality factor is unity (Qp=1), From (12)
and (13), the mp can be electronically muned by giving simply
parameters as (g, = g = g) and (Roy; = Repz = Ryy). From (12),
The frequency response parameter can be will become is also
obtained wp = R, Bg.

ECTI-CON 2007
The 2007 ECTI International Conference

58



Theretore, the frequency response can be linearly tuned by
2 approaches, through the transconductance gain of OTA or
the electronic resistors from (4) and (13). The parameter Qp is
distinguished for flexible 1o adjust in electronically and
physically.

For Op > L. first method the physically tuned can be
abtained by ratio adjusting of (R, Reg2) while (g, = g = g).
another method can be tuned by the nansconductance gain g,
and g; while (R; = Re2 = Rep). However, Op achievement by
ratio adjusting of (R, Ryg2) or (21, g2) have to perform in the
properly rule otherwise that may effect to the @p. The properly
adjusting rule of (g;. g;) can be described below

A
g =— (19

&,8; =4 or
it

19

From (13), the parameters are given as (Roy = R.y) and
(8, = B,). The parameter Qp in (13) can be obtained by setting
of g, and g, as follows

O = |5 AL AT (152)
\‘“I-”gt VA g2
& I

On AP <z B (15b)

We, g )4

III.  SENSITIVITY
The other filter performances can be considered by its
sensitivities. The performance with respect to active elements
according to the frequency response & and [quality

factor Sfi , while x is active elements. The achieved
sensitivities can be as follows: SoF and
R v 8182 Roy 1\ Ry 2. By . By

52

(. ! Op - - "~y
21.R, HBRTE 0.5 and Ss:-Ra,n.Bl ==0:3respectively.

Gain (1B}
50

-100 - -
LOKHz 10KKHz 100KHz 10MHz

ol ¢ Iy Vs & Jup

1.0MHz

Frequency

Fig.5 Proposed filler characteristic while power supply of R, are=5 Volt
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Gain (1)
50

=

S

100!

1.0KH2

100Kz 1LONMT, 1M

LUK
ofr ¢ hur ¥ Jun & for

Frequency

Fig.6 Proposed filter characteristic while power supply of Ry ave = 1 Volt

IV. SIMULATION RESULTS

The proposed universal filter can be confirmed its
performances and characteristics by PSpice. The TI4Y
MOSIS.0.25 o CMOS model has been employed, V= 0.42
volts and xCax = 250.10484/F for the electronic resistors.
The OA and OTA use the macro model [11] of LF351 and
CA3080, respectively. The £35 volts power supply is used for
the electronic resistors. The transistor aspect ratio (/L) used
for: electronie resistors (Rep, WRega) are defined for the Op
adjustment aceording to-(4) and (13).

The elecuonically controlled @y can be confirmed by
adjusting power supply of Ry, shows in Fig.5 and Fig.6. The
characteristic of universal filter as shows in Fig.4 with Qp= 1.
The following equipment parameters can be defined (F7) =
(1271 tom) for. the electronie resistors Ry, = Ry, = 2.63 k(2
apen-loop GBW of ‘OAs are about.4 MHz or B, = B, =
2537x10° rad/s, power supply of Ri; are &5 volis and + |
volts, tespectively. The frequency response @p are shown
about 100 kHz and 220 kHz: The electronically controlled @
by adjusting’ the, supply, voltage of electronic resistors or
transconductance gain 2 OTAs are confinmed according to the
theory ahove,

TaBLEL THE DIFFERENT (P BDJUSTED BY Rog |, Rog2 Avp 8. &£,

g1 2.8815 9.42 15 Reg1 R oga=(1pom/ | i)

e Re Rog2 &1 £
(/L) (WD)

! (L Lgt i) (1mflgem) A ©.42p5 | 94248

2 2uenfium) | (Span/lam) | 18.84us | 4.7

2 (dgon/1gom) J (25} | 37.68us | 2354

8 (82on/1pm). |2 (12a8m/ 1) | 753645 | 1.17us

16 (16 Lpesn) (061 /140m) 150.7 us 0.59 1,
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Consider (15), the adjusting of @pwithout effect 1o ap by
simulation results of universal filter. The e is delined at
100kHz while Qp is varied as 1. 2, 4, 8 and 16, respectively.
Firstly, The parameters (g,=g.=g) are defined. The adjustment
resistor R,y and R,,, can be adjusting of by (H7/L) as table L.
The secondly method is based on the setting of (Reg1 = Ropz =
R.) and wansconductance gain of OTA, g,. g are adjusted
electronically according 1o table I.

The simulation results in term of BPF and BRF with the
different O in table 1, are shown in Fig.7 and 8 respectively.
The adjusting parameter Op without effect to its @, can be
observed. The frequency response when Op increased has a
few errors because the error of electronic resistor that is a
channel length modulation effects: % (L=146m). The s and its
magnitude are quite stable while Op is varied according to the
theory above.

Galn (dR)
n
b Cr// \x\\\\
=20 y : -
IOKIHz 100K H RUITN P2
O0p=1a0pm2 X Cp=d 0Qs=8+ @p= 16
Frequency
Fig.7 Proposed BPE ousput with varying @5 by 1516
Gain (dD)
oAl
=20
-0
-6l
30KHz IWKNZ JOKH
0 (=1 A80p=2 X Op=d 0OQs=8 4 (=16
Frequendy

Fig.8 Proposed BRF outputawiili varying Opby 1-16

V. CONCLUSION
This paper described avminimum activesonly devices
current-mode  universal  filter “without  external <passive
elements. In this paper, the high-frequency applications and
further ICs technology are suitable. The proposed filter
realization is operated based on 2 integrators-loop principles,
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The @p can be elecrronically tuned through the transconductance
or supply of devices. The proposed circuit comprised 2 OTAs,
2 OAs, and 4 MOS ransistors that met the minimum devices
target. The pole frequency response is given by open-loop
GBW of OA corporated with the transconductance gain. The
adjustable Qp can be obtained without effect tw @, .
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Accurate Tunable Current-mirror and its
Applications
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Abstract— This paper proposes an accurate electronically
tunable current-mirror circuit based on translinear type-A
(Polarities Allernative) topology. This circuit is realized by
only 6 transistors with BJT technology. A shunt-feedback
buffer principle is used in order to regulate its emitter voltuge
of translinear part. For current mirror behavior, output and
input currents are identical with a small error. Current-gain
can be obtained by adjusting the ratio of the 2 particular
current sources. This proposed circuit is wsing only 6
transistors for the simple structure, The analysis of input,
output resistance and current-gain are depicted. An extra
transistor is added for maintained the translfer minimum
error which is also proposed. The constant bandwwidih more
than 40MHz of various current-gains ean_be oblained. From
current output mathematic function, several applications such
as current multiplier, current divider and tunable current
mirror are certainly performed. Other applieations are raised
to confirm realistic applicable inclnding squaring and square-
rooting circuits, All characteristics and performances are
earried out by PSpice for conlirm their well operations.

Keywords: translinear, tunable, current-mirror

I T INTRODUCTION

Recently, realization of analag Signal proecssing based
on current-mode has reecived- considerable altention, For
several good benefits of current=mode are obviously known
that better than _voltage-mode i low-power, high-
frequency opcration and- small die_arca. Current-made
functional eircuits can be obtained based on their operations
of devices. There are many familiar curvent-mode building
blocks such as cusrent-mirror, eurtent source, voltage-io-
current converterand functional circuits. The netw ¢ircuit
structures can' besimplementing based-on their valuable
existing  building “blocks.  Current mirtors, (CMs)are
important building blogks which able to develop by BJT or
MOSFET deviees. Many type of CMs have heen achieved
numerous benefits aswell asinput and-eutpul vesistances.

Tunable CMs ot currenl vamplifiess  have " been
introduced with translinear (TL) doop type A [1] and-TL
loop class AB [2-4]. Simply construction of type A can be
implemented but the current woulpul cerfors.-has  been
detected. More complicated TL.Class AB [2-4] siructure
can also be implemented but mismatehed of INPN and PNP
were also giving output crrors. TL Loop type. B [5] with
nonlinear current output obtaining exponential current -gain
was obtained.  Also composite  devices, BIT, MOS
transistors and OPAMP [6], source degeneration technique

978-1-4244-2336-1/08/525.00 © 2008 IEEE

[7] and MOS TL (MTL) [8] were also introduced as a
current amplifier. It can see that although accurate current
output was done but complexity is sulfered. However,
simple structure can not be received accurate current
output as well.

This paper proposes a new structure of tunable current
mirror based on TL type-A. Simple configuration and
accurate. output can be obtained with electronically
tunable:gharacteristics. Shunt-feedback buffer is deployed
for regulated the nen-linear internal voltage transferred.
Lincar current outputl isutransferred according with their
various current inputs. Tunable output can be dane by the
assigned particular currents. Obtained current output in
term of multiplicr and divider ¢an be also applied for
severalmathematical-functions.

11, ELECTROMICALLY TUNABLE CURRENT MIRROR

From " theory wof -BJT, lincar transconductance is
basically - ‘according  “40its  collector  current
(Transconductance of BJT Linearly proportional 1o its
1C). Prineiple of TL has been discovered and introduced
[1]- Many applications-of TL circuil were acquired this
prineiple-to realize the new. curient-mode analog function
circuits” rapidly. ~The piineiple of (' TL can be bricfly
described for 2 types, A and B, as shown in Fig. 1.

v, /
() (1)
Fig.1 principle of TL (@) Type-A (b) Type-13

TL structure” ol type-A. (Polaritics Allernative) and
type-B~ (Balance) ardy.shown” in Fig.l (a) and (b).
respeclively. The TLecharaeteristic of both types can be
similar obtained although structure and applying inputs
are different.

As mentioned about TL type-B is a [amiliar structure
for the several-building block designs. A conventional
tunableeutrent mirror was introduced [1] as shown in
Fig.2 and current output is obviously realized to

Lty
[1

=1, )



VDD

Fig.2 Conventional tunable current mivror [ 1]

Two conditions of error can be found that in collector
current of @, and (4 which their collector currents are not
identical of /; and f,. respectively. The collector current of
O, can be expressed as

T di
](.'I:[Im(%} [2]

Consider Fig.2, the base and emitter currents of both
transistor (J> and (J; are mutually dividedithey would be
approximalely cancelled of each other. Consequently, for
comfortably in collector current calenlation of both (J» and
()3 can be defined as

w1, @A)
and likewise I oy =T (4)
Substitution of  Eq.(2)=(4) inte—Eq.{ D, the —output
current is found that
[]1 _(": + 1y J-"'z
o=t A _J (5.1)
=1, R
or iﬂg[ﬂ;[:*]:}-!:]j (52]
A,

It could be conclude that more crrors arc occurred
depending on the tunablemore currenls-gain by /5 and 4s.
Fee

I

O; 0,

¥4

Fig.3 Proposcd clectromically tunable current mirror

1L CIRCUIT DESGRIPTION

The TL type-A strugture is ‘deployed to achieve a
proposed electronically tunable eurrent mirror as;shown in
Fig.3. The shunt-feedback buffer.circuit taking in‘account
for regulates the internal transfer voltage between. input and
output parts. Shunt-feedback buffer consists of (s and
current source (/) to maintain the properly emitter voltage
of Qs according with its collector current and base voltage.
Transistors () is added for balancing compensatc the

vollage across the current source (f).
The current-feedback buffer circuit using for regulate
the internal transfer voltage between input and output parts.
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Current-feedback buffer consists of O and current source
(/) to mamntain the properly emitter voltage of ()
according with its collector current and base volage.
Transistors (), is added for balancing compensate the
voltage across current source (/). From Fig.3, straight
forward single loop analysis in terin of base vollage using
KVL can be expressed as

Vg = Vg = Vapy =V (6)
Rearrangement Eq. (6) into the collector current, Eq.

(6) will become

5 W
4 In{h} -V In[LJ =l I"LL’ J — ¥y lu[—ILJ (7.1)
e ko d 'y Iy

or Tde _, (7.2)
=Fo
I,

From Eq.(7). we found that multiplying and dividing
functions arc obvious agreement with the theoretical
without a temperature dependence. The multiplier and
divider circuits can be actually simply applicd.

IV. "ERROR ANALYSIS AND IMPROVEMENT

Consider Fig.3; current output (/) is transferred
from current input (f) based on Eq.7.2. The currents /. /4
and~/.-are not actually equaled 1o /¢y, Jep and Jen,
respectively. The current-gain errors of proposed current
mirrorcan be analyzed by thecollector currents flowed of
allaransistors. Using their translinear relations of Eq.7.2,
the exactly of collector_currents are provided by input
currents. Thewoutput current of propased circuit can be
rewritien as

=1 1 2 /
R B | _ e, W W
“‘,r:'n-’mf[“ ‘\ lad ] ﬁH' A ﬁ] (8.1)

Tg: {I,’ . "ns)
Rearrangement Eq.(8.1) for cvaluate the current
outputerror, the current outpul is become

B O+ 1 - 1] (8.2)
o 3
/{7"("» '*"{w)'l' !a(lﬁ‘— 1)_"/; 44
From  Eqg.(8.2); the dominant parameter which

affcets to the €urrent output error is the base current of
teansistor (Jg (dgs). 1Ewe assumed the current /s is very
simall approach tezero and #=%i. The eurrent oulput can
bo re-¢sprossed as

(810 (9)
(ﬁfh o /‘.)

o

Os
r oY,

Fig.4 Proposed electronically tunable current with error
improvement

2008 International Symposium on Communications and Information Technologies (ISCIT 2008)

57



From Eq.(9), it shows that small current out error is
directly effected by Jys. This crror can be reduced by
decreasing of /g5 using a current-gain additional (ransistor.
Therefore, the modified structure is developed for error
minimization by adding a transistor current-gain (s, as
shown in Fig4. Eq.(9) is also obviously illustrated that
while £, and [, arc identical and /g5 is very small current
output is very accurate. The input port of proposed circuit
which suitable for further applications is /.

V. ANALYSIS OF INPUT, QUTPUT RESISTANCE AND
CURRENT-GAIN

Generally, current mirror is a device which described in
2 parts, input and output. It has single input but able to have
multiple inputs. Good current mirror is obviously known
that input and output resistance should be respectively
lowest and highest. For analysis of resistances, they are
considered in term of small signal model [10]. From Fig.3,
O, ¢h and Qs arc an input part while emitter of O is
operated as a voltage source named ‘“‘common-node”
corporate with a shunt-feedback buffer. Since the collector
current of transistor Q. O, Qyand-@, are /, . f,, I, and la,
respectively, where ¥, /1€ g V. /1, =g, ¥ I\
HI/](} =8Bma? /j.l,gm; y !fl’}. W~ = VJI”;-:‘ Lop 22 s
and & is supposed roughly unity eurrent-gain (In/[h) of
proposed circuit, Where F4-1s u-thermal voltage at room
temperature (=26mV) and _J%; ds—an carly voltage of
transistor (=159.4V). The equivalent  cireuit can/ be
simplificd for evaluate the-common-node resistance. input
resistance and _oulput. resistance. and their small-signal
models are respectively shown in Fig's and Fig.6.

Owing fo the commen-node (emitter of @») is actually
very low-impedance implied as o grounded connection, The
equilibrium situation of their collector currents is supposed
for comfortably straight forward analysis, the iransistors are
assumed in totally ~matched  condition, therefore, the
commen-node resistance cun be realized by
l ﬁ(}ff'f SN )+ A [3."“!" T2+ r;) (o)

A
Where' 4 = ﬁ(? | Br, riiaeSi o 3 BEL A R 350 )

202 1?9983 4 3

R om

s s
e § 2o

Fig.5 Simplitied configuration foreyalome Ze, 2, and Za,

From the mentioned conditions of parameter relations
and £ >>1, the final resistance at common-node can be
approximated as

r(r, +1,) (10.2)
3p+5)+r,(38+11)
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(T "x)

1 8
s

Fig.6 Hybrid-x small signal madel for evaluate Zeon, Zin Zo and A,

From Eq.(10.2), a very low resistance at common-
node js obviously observed according with the theory.
Secondly, the input resistance, using the same
configuration and conditions, the input resistance can be
expressed as

,H(l TPrs 4 Se o + 30 %+ o rt 4 apri! +4ff:;f)

in B
Fe i ) SR a4 5 ;
Lg ) +9r g 0w + 207, (11
> B
Where

4
)

B = /3(251;:;,“ 1B B + I?rf.'f RS T A Y

) T R Tt ) + 180+ 207

The parameters are considered with the following
condition, /#>>1{ the fipalresistance at input node can be
approximated as

2 4
+48r" + l::

- {g](/fﬂhm; (1.2)
RN 1y

From Eq.{11.2), a'quile low resistance at inpul-node
is ‘observed. which suilable for obtaining as the current
input_port, Thirdly, the output_resistance, using the same
configuration and conditions, the output resistance can be
written as

AU A S 3 prls 7] 4 BB, 2407

tat
A

4! L it 3+ 200 (2.1
A
Likewisec,output resistance can ‘be concluded the
approximately results with ‘following condition, /& >>1,
the finalresistance at output node is simplified (o
R, o=, (12.2)
From Eq.(12:2). a high resistance at output-node is
observed whigh suitable for obtaining as the current
outpul pert. ‘Finally,“the” current-gain. using the same
configuration and conditions. the curreni-gain can be
expressed as

ol

SR 3 ¢ 4/11“1;”

s (13.1)
B
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Likewise, equilibrium state of unity current-gain can
be concluded the approximately results with following
condition, £>>1, current-gain is given by

fuur 30, + P, +3r, (1

gl

i, 4+ pro+3r,

" o

3.2)

From Eq.(13.2), based on the following conditions,
>>1 and r,>>r, a very small errors of current output about
less than 2% of unity current-gain.

VI APPLICATIONS
As we mentioned about the multiplier and divider
behaviors of proposed circuit as Eq.(7). Examples of analog
function circuits are rtaised lo confirm the realistic
applications.  Simple one-quadrant current  mulliplier,
divider and squarer can be achieved without changing
circuit topology.

A. Multiplier circuif

For multiplier function, 2 inputs, Iy andfy apply. for J,
and /., respectively while /4, is keeping-in constant, /.
Current multiplier output can be'expressed as

(fx,]],): /. (14
1 (7}
.
B. Analog Divider
In cureent divider—function, numerator and

denominator, fy and [, apply for fand /., respectively
while /, is keeping in constant /g Current multiplier output

can be expressed as
'l
1| Sl
A[].’)} [
C. Squarer eircuit
Squaring function ¢an be obtained -vsing Eq.(14)

by applying cqually Iy = I = [, Carrent squaring outpot
can be expressedas

(13)

(Base
"K

(16)

D. Square-rooting circuit

Square-reoting funetion can be obtained by adding
more 3 transistors as~shown in Fig 7. Consider Eq.(7).
defining /y=ly and keeping in_constant /=4 while /4 is
applied for'eurrent input, /,,. Current square-roating output
can be expressed as

(L7

Tel

=1,

[

FJQ??

in

Fig.7 Square-rooting circuit application

VIL. SIMULATION RESULTS
Proposed new structure of electronically tunable current
mirror based on bipolar technology is confirmed its results
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by PSpice using AT&T ALA400 Model of NR 100N and
PRIOON as listed in Tablel for NPN and PNP,
respectively. Assumed of conditions, power supply (Fee)
and constant current source (/) arc +2V and 150pA.
respectively.

Table 1. AT&T ALA400 model parameter of BJT transistors

<MODEL PR10OON PNEP (RB=327 IRB=0 RBM=24.55 RC=50 RE=1
+15=73 .5E-18 EG=1.206 XTI=1.7 XTB=1.866 BF=110.0
+1KF=2.359E-1 NF=1 VAF=51.8 ISE=25.1E-16 NE=1.850
+BR=0.4745 IKR=6.478E-3 NR=1 VAR=9.96 18C=0 NC=2
+TF=0.610E-9 TR=0.610E-8 CJE=0.180E-12 VJE=(.5
+MJE=0.28 CJC=0.164E-12 VJC=0.8 MJC=0.4 XCJC=0.037
+CJS=1.03E-12 VIS=0.55 MJ$=0.35 FC=0.5}

-MODEL NR10ON NPN (RB=524.6 IRB=0 REBM=25 RC=50 RE=1
+I15=121E-18 EG=1.296 XTI=2 XTB=1.538 BF=137.5
+IKF=6,874E-31 NF=1 VAF=159.4 ISE=36E-16 NE=1.713
+BR=0.7258 IKR=2.196E-3 NR=1 VAR=10.73 ISC=0 NC=2
+TF=0.425E-9 TR=0.425E-8 CJE=0,214E-12 VJE=0.5
+MJE=0.28 CJ(=0.983E-13 VJC=0.5 MJCU=0.3 XCJC=0.034
+CJ8=0.913E-12 VJS=0.64 MJS=0.4 FC=0.5}

I -
i Ty=10uA
2508 I.=30uA
A
fféé )
200uA e
0A ’,,—””” d"’{,-—t‘
A 5 1.00A //
2 ,a’/”’l’/‘ |-
et //// ¥ "”pj::’,——i::::‘,’a
VA5 %
4 %ﬁf’/ ]
it b 54 |t
A el Y ’j\
W _0A - 200 40uA _ 60UA 80uA  100uA

a

Fig.8 Conventiomal structure DC-characteristic of Fig,2

The performance. comparison. between  proposed
cireuit-and conventional circuit are-illustrated to confirm
for the performances and accuracics. Fig.8 shows DC-
characteristic ‘of conventional structure in Fig.2. The
following. condilions arc| varied./; along 0-100pA,
stepping f5 along . 0=30pA  and “keeping 1,=10pA in
constint, Al lower input..more than 0.5pA errors can be
observed. | Whereas 1,=0, while~/, is varied along 0-
100pA; small-outputlerror is also-abserved.

lo =
300uA s,

A

e
é/;

/"_‘__
S—

200uA

RN

\

100uA;

\

L

z

40uA
Ic
Fig.9 Proposed structure DC-characteristic of Fig.3
Fig.9 shows DC-characteristic of proposed circuit in
Fig.3 with the same conditions as Fig.2. No current outpul
crror whercas /,=0 while varied /. along 0-100pA and

(e}

T
AY
e
;
)"‘{
Vg

60uA 80uA 100uA
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without error at lower input can be observed. Fig.9 also
shows small errors at unily-gain and more gain has more
accurate compared with conventional structure. However,
the small error has been detected which can be reduced by
improvement structure in Fig.4.

5 oou,:[° 1,=10UA
IFB%
2! -~
L1
o - // L1
) % — S g
a e ] //
% / ]
100uA A
A / / [
A T L
l’m_ | 0
Woa -’  20m 40UA 60uA 80uA  100uA

e
Fig.10 Proposed improved structure DC-charncteristic-of Fig 4

Fig.10 shows DC-charagcteristic=of improvement
proposed circuit in Fig.4 with the same conditions, as Fig.2.
No current output error whereas /,=0 while varied /, along
100pA can be observed: Fig.10 also shows. na error at
fower input current. Qutput current at high-inputis lifted-up
closely the theoretienl that much more dceurate compared
with conventional structure and proposed circuit in Fig3.,

Gain =
40 Ib 10uA 1
I,=40uA ]
| ¥ &
3.0
I,=30uA
2 TL,=200%
1.0 I,=10uA
0
0 20 40 &0 80 100
Temp(c)

Fig. 11 Gainof proposed circyit along wmperatore varied

The temperature effect s confirmed by the, diffcrent
gains charaeteristic-based on Fig.3. The temperature and
current-gain are waried while is fixed - 10pA, varied
current-gain by, 4, fram =l10pA-20pAL Fig 1 shows
achieved low temperature dependences.along - 0-100
temperature  degree vapied.” Thes current-gain is “shall
changing about 4% and.6.5% per 100°C for gain=1 and 4,
respectively.

Input and output resistaniees by the different gains
characteristic of proposed circuit aresshownvin-Fig.12 and
Fig.13. respectively. Varied input current (#a)=among,_0-
100pA is applicd to evaluate input resistance by input
voltage. Fixed input current /. at 100pA while varied output
voltage along 1-3V to evaluate output resistance by output
current. Low-input resistance has very small effects from
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the current-gain; otherwise high output resistance is
affected from the current-gain according with the above
output resistance analysis. Fig.14 shows frequency
response of proposed both structures circuit around more
than 40MHz. The constant bandwidth of various current-
gains has also been illustrated.

; G“R,.(Ohms) Gain=I,/I;, Jy=10uA

100K:

11
N

1.0K e
100
200A 40uA 60uA 80uUA  10QuA
13
Fig- 12 Input resistance of proposed circuit for ditferent gains
Ra(oMg L=100uA, I;=10uA, Gain=1/T;
P | Gairi=1"
151 /_ :
1,0M
4 Gain=2
[ a3
0.5M /[— -
o T+
1.0v 1.5v 2.0v 2.5V 3.ov
Vo

Fig13 Output resistance of proposed circuit for different gains

Gain Gain=I/1y, I,=10uA
10 T —
Gain=3
i Galn=2.
10 sl (';a,'.n;|
100nr f
1.0KHz 10KHz 100KHz 10MHz  10MHz  100MHz 1.0GHz
Frequency

Fig. 14 Frequency.respanse of proposed circuit

Thedivider-characteristics is done by varying I,
along 20pA-and step varied /7y between 0-100pA while
Ie=10pA._Fig 15 shows a divider characleristic of
proposed circuit based on Fig.3 structure according with
Eq.(15).
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Io ]K= 10uA
B00uA
600UVA-
400uA

In=100uA
200uA-
0A L
0A SuA 10uA 15u0A 20uA
In

Fig. 15 Divider characteristic of proposed circuit

The squaring characteristic is done by applying input
(/i) triangular waveform at both inputs, /, and /... Triangular
wave 100kHz is applied using the following conditions,
10pA current offset. 20puA amplitude-while [=10pA.
Fig.16 shows a squaring charactesistic of proposed circuit
based on Fig.3 structure according with. Eq.(16).. The
square-rooting characteristic is done by applying mput (/)
triangular waveform same the previous conditions: Fig. 17
shows a squarc-rooting characteristic of propesed-circuit
based on Fig.7 strueture according with Eq.(17).

Ix=10UA
30uA -
Iin
20uA "4
o =T B PPN 72N
0A
-10uA
G0UA:
40uA o
200l L /N Vara v, ILVAY /N
0A \ / / \\ /
-20us
0Os 10us 20us 30us 40us
Time
Fig.16 Squaring charaeteristic of proposed eircuil
Tx=100A
20uA
AL AT
10uA.
0A
20uA /;Drt
1oual TN 2N NSO 218
Os 10us 20us 30us 40us
Time
Fig.17 Square-rooting characteristic of proposed circuit
VI CONCLUSION

A new high-performance tunable current mirror
based on translinear type-A using bipolar technology is
proposed. Electronic tuning of current-gain is oblained by
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adjusting the ratio of 2 particular currents. Simple
structure can be casily applied into other circuits using a
benefit of the same direction of their current inputs. Low-
error is obtained compared with a conventional structure.
Low-temperature effect less than 4% per 100°C s
achieved with 600uW ol power dissipations. Only 6
transistors are deployed wilh constant bandwidth of
different current-gains more than 40MIlz. Analog signals
processing applications, multiplier. divider, squarer and
square-rooling circuits are raised for confirm the realistic
applicable.
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Abstract— An active-only devices current-mode universal
filter using the biquadratic transfer function is proposed. The
proposed circuit is realized based on minimized active-only
compounents count without external passive elements. The
electronic resistors are used instead of 2 OTAs. The different
kinds of filter function such as lowpass, highpass, bandpass
and band-reject response can be obtained without changing
circuit topology. A quadrature oscillator can also-he easily
modified without changing circuit-topology. The proposed
circuit is realized by using 4 MOS transistors, 3 OTAs, and 2
Opamps. The parameters @ and Qp can be electronically
tuned independently through adjusting the transconductance
gains of the OTAs. The simulation results are given by PSpice.

I. INTRODUCTION

In analogue. signal processing, the ‘active: filters are
rapidly developed based on veltage-mode and current-niode
approaches. The cumrent-mode filters are becoming popular,
since they have many advantages compared with their
voltage-mode counterparts. Design of current-mode filters
employing active ‘devices such as Current Followers (CFs)
[1], second generation eurrent converyors (CCIs) 2] and
Operational Transconduetance Amplifiers (OTAs) [3] have
been introduced in the literatures, ‘Other devices CDTA 4]
and CDBA [5] are now popular devices to implement for
biquad filter. Unfortunately ' many . transistors, poor
bandwidth ‘and more power consumption are| definitely
suffered for such devices, The grounded capacitors are'also
actually used in their works.

The filter circuit based on a biquadratic function [6] was
been found a few. decade ago. The open-loop gain of
operational amplifier (OA) is known well in term of Gain-
Bandwidth product (GBW).. That GBW characteristic is
mostly the same with a high frequency lossless integrator
building block. Therefore, a. biquad filfer” can’ be
implemented by biquad structure using OAs GBW as well,
The active-only filter, without external passive elements,
can also be realized by OAs and OTAs. The current-mode
operations were proposed in recent literatures [7-9]. The
voltage-mode operations were proposed in recent literatures
[10-11]. Although, many active elements are emplayed,
they have advantages in high-frequencies and also
integrable.

This paper focuses on the design of current-mode active
filter based on biquadratic function using only active
elements without any external passive elements. The

978-1-4244-2565-5/08/$25.00 ©2008 |IEEE

minimization of active elements and the electronic control
of the filter is a theme of this paper.

Congider in previous works [7-8], using 2 OAs and 3
OTAs. The trequency response (@p) is tuned by an OTA
in term of a'square-root function. The linear controlled
can-not be achieved and complicate in the practical
adjustment. Another paper. the linear controlled has been
achieved but-the many components are used, 5 OTAs and
2 0QAs [9],that.is.not suitable for the compactness 1Cs
fabrication,

In practically, any-active device does not matter to
consider_but the design should be made as simple as
possible with high-performance. The OTA is a best one
for taking.in account. This paper proposes universal filter
using-only 2 multiple outputs- OTAs (MOOTAs). 2 OAs
and 4 MOS transistors for electronic resistor for reduce
the mumber  of OTAs. The mutifunction filters can be
obtained with the tunable @ and Q. The achieved circuit
can‘be ¢lectronically tuned by transconductance gains of
OTAs for the @y parameter, Thepropased circuit can be
clectronically, tned by biased current of OTA for O
parameter without effect to the 'wp parameters. The low
sensifivities. with respeet to the active elements are
obtained. The filter characteristic functions including low-
pass, high-pass, band-pass and band-reject can be
abtained without changing the ircuit topology.

1. THEORY AND PRINCIPLE
A" Foltage-Gain Civenir
The voltnge-gainy cirenit'[12] which used in this paper
consists of an OTA and an electronic resistor as shown in
Fig, 1.-The transresistance of the electronic resistor circuit
can'be expressed in Eq.(1)

Vi
o

|
Elecrronic |
Resiswor

e =
"L 2o g ;)
The voltage gain of Fig.1 can be obtained to
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Fig.2 OA and 1ts frequency response
B. 0A as a lossless integrator
Consider the open-loop gain of Operation Amplifier
(OA) while its frequency is varied to high-frequency as
shown in Fig.2. The OA open-loop gain-bandwidth can be
expressed asEq. (3)

4 (.s-):i (i =172) &)

A Adiustment Pan

Regr

Fig.3 The implementation of proposed current-mode aetive-only universal
filter
C. Universal Current-maode Realizarion

The proposed filter-as shown in Fig. 3 is realized based
on 2 integrators loop structure addilionally cooperated with
a Op adjustment part. The different transfer functions are
straightforward analysis by KCL basis which expressed in
Eq. (4).

o —RR.:8B, 8 8ok +58,RgiB, It D(s)4, (4)
8 D(s)

Whereas the denominator; D(s) is given by
Dls)=s"+sg,R,\B, + &ER,, R BB, It can be seen
that the proposed filter can realize five types ofthe standard
biquadratic filter which are summarized.as follows-

Casel (gm=gn2=gno)
(1Y The LP response can be realized, when ,=F=0.and /, =

(2) The HP response can be realized, when /, = -L,=1,= I,
(3) The AP response can be realized, when 7, =0 and /2=
Iy= 1in~

Cusel (gml=gm2¢ £mo)
(4) The BP response can be realized, when /, =/;=0 and /.

(5) The BR response can be realized, when /; =0 and -7,
:]3: lin-

@p = JRy R B B.g e, &)
and 0. =L [RuBgie, (6)
g\ R.B.

The parameters g; represents for transconductance of
OTAs and R, represents for the electronic resistors and B,
is an OA open-loop gain-bandwidth. Generally, g,, g, and
&p are equalled and also R is fixed to constant (0 = 1).
FromEq.(8), the epcan be electronically controlled by the
transconductance gain of OTAs. For adjusting Op, by
using only identical of both OTAs, g, and g, From
Eq.(9), the parameter Op is orthogonally adjusted with ey
by go.

III. SEnsITIVITY

Thevother filter performances can be considered by
its sensitivities. The performance with respect to active
¢lements according with the frequency response S and

s 0 : 5 ;
quality _faetor S¥7 . wihile v is active elements. The

achieved sensitivities can be below illustrated.
13

d o n

Sé’z»-gz-R.‘xﬂ-Rmz‘Bl-B: =05

' Op $
18R By T 0.3
52

cql=

SQP L&p
2 =11 and LSg{, =0

B.=-0.5

IV. OsCILLATION BEEAVIOR
Consider the denominator D(s), it can seen that when
g 15 glven to_zero without mput (4,70), the function
become 1o the eritical situation (double poles are located
at jwaxis). The OTAg. is split ‘out of the circuit. The
oseillated condition is ebtained with achieved unity loop-
gain as

» N(s) e, gngR.wil'?!qlBEB.‘ (7)
D(s) F 4

By _oscillated condition (OQ) with g, =0 the
oscillation frequency (wp)is realized by
&)="RgR B B 2.8 )
Vo, NON-IDEAL ANALYSIS
In. this section, the non-idealities effects of the OAs
on the transfer function of the proposed multifunction
filterare diseussed. Considering the parasitic pole of OA,
theopen loop gain 4(s) can be assumed as
B . .
Ay o S cENRY
T m s(l+r,s)
Where ey denote the second pole of OA and =1/ ap.

In the frequency range @<<ap of our interest. A(s) is
assumed to be

P e (10)
.
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Using Eq. (10) and reanalysis of the proposed cireuit
gives the following functions:

D, (5)—:— 5 (l —goRu B, + 8,8 R, R, . B B, 1, )

* ‘y(ngWIBQ -8:8:R R, .5 B,T, - glngqu:BlBﬂz )

+ 8,18 3R¢q1Rm23132 (] 1}
88oR Ry BB, [537'1"1 —s{r+r)+ l] (12)

T (f) = D (S)

it

T (s) = D.(5) U=
[ gQRl\qlB'.'(_S:r? +‘Y) (14)

Tgpnls) = __—[3“(:]_
5 ‘T:+g|gQRwlRw2ﬂl‘B?[x:r*r?7S(T1+T2]+1} (]5)

T ()=

D,(s)

Where =1/wp of the ith OA. From Eq.-(14), the
parameters of the non-ideal multifunction filters are
expressed as

s Eaa et
@p, = \:glgleqJRﬂ'qule (16)

0. 2 [RGB ] 1 (17)
e \“ RenBa '_3@ _g!g:quzBl(": +n)

It can be seen that due-to the parasitic ‘effects, The
parasitic poles are/not disturbed 'to.the-frequency response
of proposed filter but the small affected of quality factor
(©r,) can be observed. However, the quality factor effect is
more increased in higher frequency depending on second
poles of OA; Undesirable - factors -are  yielding in' the
transfer functions of the filter, From (11)+(13), it is found
that such factors-can be made negligible by satistying the
following conditions for the ¢treuit

(gaR,e,B; 8 ERGR B BT, )“‘f ! (18)
glg’_‘nqurqulB’.’ {r;‘ - = T|)<‘< (goRmB'z)

V1. SIMULATION RESULTS

The proposed universal current-mode active-only filter
can be confirmed its performances and characteristic by
PSpice. The TSMC MOSIS 0:25umrlevel 3 model has been
employed. The implementations of CMOS OAs. CMOS
MO-OTA and. their aspect ratio \with +2_volts power
supplies are illustrated in Fig.4 and Tig.5 and listed in Table
Land II, respectively.

Voo

M M,

o
Var "-blM:F

Fig.4 CMOS OA implementation

The various four filters characteristics with Qp =1 is
used for verify a frequency response applicable. The
clectronically tunable of frequency response can be

confirmed by adjusting of current biased, SuA and 50 xA
of every OTAs as shown in Fig. 6 and Fig. 7, respectively.
The aspect ratio of electronic resistors is given by (H7L) =
(um/2um) with +£2 volts power supplies. The CMOS
OAs using € = 30pF with bias voltage Iy, and I set to
-1V and -0.5V, respectively. From Fig. 6 and Fig. 7, the
varying frequency has roughly found that 300 kHz and
900 kHz while varying of every OTAs current biased,
SuA and 50 pA, respectively.

For

M M
T ~h
#] %
—1
.Ug\«;_'— =
% —I @1 v
M ¥ il VO
= My
Veg

i
S g 7
61

4 L
Ve 8m i Ny

H——r—tox
___;/_3‘”‘_‘_"’0\'

Fig.5 CMOSMO-OTA implementation

TABLELLASPECT RATIO USED QF CMOS 0A

Transistor W pe, Transistor W E
(yrm) () (pm)  (prmy)
My, M; 250 3 Ms 392 1
My My 100 y My 232 3
M, 80 33 Ms 39 1
TABLE 1. ASPECT RATIO USED OF GMOS MO-OTA
Transistor W L Taansistor W L
(#m)  (rm) (zm)  (ym)
My, M, | ks M, Mg 5.8 1
MMy, b 1 Ms-Mz 3 1
M, M;
Gain (dB)
a0
-~ % =

12 N

/“ o il
80 fea
A
/ AT
120 :
TkHz 1CkHz 10CkHz LMHz 10MHz
Frequency

Fig 6 Filter charactenstics while fg= S#A

The orthogonal Op adjustment is conlirmed by setup
a frequency response at 300 kHz based on the current
biased of OTA, (/5)) and OTA,; (/5,) are constant of SuA.
The biased current of OTAy (fzg) for orthogonal O
adjustment is varied among SuA, 1.8uA, 1.5uA, 1 uA
and 0.54A.
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Fig.7 Filter characteristics while fa= 50uA

The simulation results in term of BPF and BRF with the
different Qp adjustments are shown in Fig.8 and Fig9,
respectively. The parameter Op does not have-any effects to
its wp agreed with above theosetical. - The frequency
response and magnitude are quite stable.

G;In (dB)

Ig=5uA

-80 ”, <
1.0KHz 100KHz 1.0MHz
Frequency
Fig 8 Proposed BPF with varying Qp by varying OTAg biased cuirent

Gain (dB)
0

10KHz 10MHz

D lor5uAd
O ko1 BuA
T | SuA
A Ty=10A
O Tap=l 5uA

-40

100KHz 300KHz 1.0MHz
Frequency

Fig.9 Proposed BRF with varying Op bvyarying OTA, binsed eurrent
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Toi=Iez=50A"[_Ipo=0.01UA

o Ia [ Ie

. NESERLY
X OGN

50.0us 57.5us

55.0us
Time

Fig.10 Sinusoidal output for oscillator moditication

52.5us 60.0us

Achieved oscillator result is confirmed by giving the
following parameters, Jg=/p,=5uA and I35=0.01uA. Note
that g0 is nearly to zero according with the theoretical,
Four phases multiple outputs of oscillator about 300kHz
are illustrated in Fig.10. The 90° degree phase different of
current output signal of both OTA is observed.

VII.  ConcLusion

This paper presents an active-only current-mode
universal filter without external passive elements. The
electronic resistors are used to reduce the number of
OTAs. The pole frequency is given by GBW of OAs. The
proposed circuit is based on 2 integrators loop topology
and a minimized number of component counts. It uses
only 2 OAs, 3 OTAs and 4 MOS transistors. The @p can
be electronically tuned through the transconductance gain.
The high-frequency can be applied and also suitable for
further 1Cs technology. The perfect electronically tunable
of Op has been carried out through the transconductance
gain of OTAwthew without any effect to @y The
multifinction filters: can be obtained by proposed filter
without any change of the topology. The multiphase
oscillator _can—be also achieved by split out of g,
electronically without changing eircuit topology
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ARTICLE INFO ABSTRACT

This.papec presents design of anactive building block for analog signal processing, named as current-
controlled differential differenct current conveyor (CCDDCC), Tes parasitic resistances at X-terminal can
be controlled by-an input bias-currenit. The proposed element is realized in a CMOS technology. It
displays-usability-of the new-active element, where the maximum bandwidth of voltage and current
followers are around 1,GHz, 100MHz, respectively. The THD is obrained around 0.8% within 0.6Vp-p
input range. The power dissipation of a CCDDCG-at 10 A biased current is obrained around 1.35 mw
with i 1,25V power supplics: it addition, grounded capacitor=bascd floating capacitance multiplier
and eurrent-mode (CM) multiple-input single output (MISO) second-order universal analog filrers are
included” as-the” applications. For” rcalization- of a-grounded capacitor-based floating capacitance
multiplier, it.employs three CORDCCs and ane erotmded capacitor Withour resistor connections. The
capacitance can be tuned electronically throuzh the biasscurrent. The Rlter offers the simultancous
realization five type standard filter responses. The quality factor and the frequeney respense parameters
can be independently tuned. The non-ideal effects of the developed strucrures are examined. SPICE
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simulation results of proposed CCDDCC and its applications are also presented.

£ 2009 Elsevier GmbH. All rights reserved.

1. Introduction

Second-generation current conveyors (CClls) ['1] prove to be a
versatile building-block that can be used to implement many
analog signal processing circuigs such as active filters [2-4],
sinusoidal oscillators[5] basedon grounded caparitors and
resistors, CCls ‘have low, impedance at X-terminal and high
output impedance at the Z-terminal. However,.they-have lack of
the electronic control and require resistor connections. Current-
controlled current conveyor(CCCI) is-a more versatile building
block that can be electronically controlled-the parasitic resistance
of X-terminal. It can be realized by BIT [6] and €MOS el
technologies. The resistorless and. electronic tunability of analog
signal processing designs have been realized based on CCCII. The
design of current-mode universal filter based on €ClI [8] and CCCll
[9]which comprises of three active. components ands twao
grounded capacitors, has low inputtimpedance based-on CCII
characteristic of X-terminal. The frequeney. response (cy,) and
quality factor (Q) cannot be orthogonally tuned {8} The CCClI
filter [9] is designed by using SFG which is able to be
electronically tuned but () and (Q) cannot be tuned orthogon-

* Corresponding author. Tel.: +66 2 326 4242; [ax: +662 3264554,
E-mail addresses: kppipat@kmitlac.th, pipat@telecom.kmitlac.th
(P. Prommee), monsom@siamu.com (M. Somdunyakanok).

1434-8411/3 - see fronl matter & 2009 Elsevier CmbH, All rights reserved.
doi:10.1016/j.acue.2009.12.002

ally, Another ilter has the advantage thatall passive elements are
grounded and‘it uses three CCIl4 and ene CClI~ [10]. They can
only be med by changing-the passive elements [8-10].

Differential difference current conveyor (DDCC) [11] and
differential voltage current conveyor{DVCC) [12] are discovered
and-realized for filters {13-20] and oscillaror [21]. The accurate
performance and high bandwidth areinteresting characteristics of
DDCC and DVCC A-veltage-modeunultifunction filter based on
fully differential current conveyor (FDCC)with a single input and
four outputs [22] was introduced. However, with proposcd
configurations only three standard filter signals can be simulta-
neously obtained. Anotlier, voltage-mode universal biquadratic
filter based on CCll and DVCC witha single input and five outputs
[23] was also_reported. Nevertheless, using resistors in those
circuits [1<5,11-23] cannot-be provided clectronic tunabilities
which is-not suitable in IC production. Another device, current
feedback amplifier (CFA) prefers to realize in both of voltage-
mode.and current-mode filter [24.25). The CFA characteristics are
quite-similar to the CCIL It therefore requires the resistors
connection and is without electronic tunabilities.

The purpose of this paper is to design and synthesize a
modified-version DDCC, which is newly named current controlled
differential difference current conveyor (CCDDCC) by using a
CMOS technology. The intrinsic resistances at X-terminal can be
controlled by an input bias current; therefore, resistor connection
does not required in practical applications, The performances of

Please cite this article as: Prommee P, Somdunyakanok M. CMOS-based current-controlied DDEC and 163
multiplier and universal filter. Int J Electron Commun (AEU) (2010), doiz10.1016/j.aeue.2009.12.002 - ;
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proposed CCDDCC are illustrated by SPICE simulations; they show
good agreement with theoretical. The applications, capacitance
multiplier and current-mode universal filter are comprised.

2. Circuit descriptions
2.1, Basic concept of CCDDCC

The DDCC is mostly similar to DVCC but only the number of ¥-
terminal is different. DDCC has three Y-terminal but DVCC has
two Y-terminal inputs. The CCDDCC properties are similar to the
conventional DDCC or DVCC, except that resistance at X-terminal
of CCDDCC has finite input resistances Ry, This intrinsic resistance
(Rx) can be controlled by the bias current Ip as shown in the
following:

Vx Rx 1 -1 1 0 Ix

Iy 0 0 0 0 0f|W,

Iyy | = 0 0 0 0090 Vs (4}
Iys 0 0 0 0 Off Wy

Iy 1 0 0 Q0 Vz

The symbol and the equivalent circuit of“the CCDDCC are
illustrated in Fig. 1(a) and (b), respectively.

22, CMOs differential voltage buffer

The CMOS differential voltage buffer (DVB) is shown in Fig. 2.
The circuit structure of-this CMQOS/DVB s similar-to .the¢ DDA

4

Iy ,
i,
o‘:::: Y Zr“""ll""
ol Zitfes0
> y,€CoDCes |
O}T 5 4 —L?o
o X - byn
(@)

Fig. 1.CCROCC (o) symbol(b} equivalent cirewit:

Voo

MSL"E_

Fig. 2. CMOS dilferential vollage buffer.

realization in [26G]. The input transconductance elements are
realized with two differential stages (M, and My, M5 and M), The
high-gain stage is composed of a current mirror (Ms and M;). It
converts the differential current to a single-ended output current
(M3). The output voltage of this amplifier can be expressed as

Vi = Vi =V + Vya (2)

In the discussion so far, we have assumed that the current
mirtor has unity gain, and transistors are perfectly matched.
However, in practical realizations, several non-idealitics must be
presented. The major factors will be considered here are finite
transconductance g of the transistors, and transistors mis-
matched. The relationship among Vy,, Vy,, Vys, and Vi can be
obtained using small-signal analysis. The transistors in Fig. 2
are replaced by appropriate equivalent circuits and the node
equations can be derived. To simplify discussion, the body effect
has been neglected and the two differential pairs are assumed to
be identical, Then. by solving the equarions, we obtain

Vi == fiy Versfiyo Vst B3 Vi 3

£A Em78m1 (Eme + G+ Laa -+ 8us) ()
M B Bz o+ EBmeBer7 (B -+ Sz + Lus)

ﬁv! - gniiigurﬁ;um} s)
Ema s Emr+Lmoar a1 -+ Lay +Eas)

Ema8m7 (Lingt bl Lis ) (6)
B 18ms L7t Smi8u7 (Lar -+ Bus -+ Zas )

By~

where gy and-g,; denote the.drain conductance and transcon-
ductance of transistor M,. respectivelyele is clear that the voltages
ar ¥y ¥y, and Yy terminals will be accupately transferred to
X' rerminal | if and only if gy > g Similarly, the terminal
impedance looking into X' terminal can be derived by setting
Vi, Wy -and Viey to zero; applying atestvoltage V. at node X', and
calculating the current ly.. The resulr is

) Ein6!Bd1 = 8z +-Bus )
Iy = (7)
&na8nis&mi hEm6En (& -+ Lds -+ 8u3)

1t is clear that the X' rerminal resistance will be evidently low
ifand enly if g, » g

23, Current-controlled.current conveyeor (CCClI)

A CCClLds a versatile active building bleck including three-
terminals, X, Y and-Z- The relationship between voltage and
currentvariables among X, Y and Z terminals of ideal CCCll can be
deseribed, as iy.s= 000 vy + iVRe and dp =+ iy, )

Wherce the pesitive and negative signs of the current i, denoted
the. positive (CCCIl-+) and negative (CCCIl--), respectively, and
Ry is an intrinsic resistance of CCCll. The circuit configuration
of conventional CMQS CCGIl is illustrated in Fig. 3 based on
complementary source follower 7] The X-terminal impedance is
calotlated by

1

Ry 22—l (8
X 1o L &m0 )

where g, denotes a transconductance of transistor M,. Il matched
transistors Myg and My are assumed, g9 = Zuzo. then
1
L — 9
V81t Cox (W /Ll

whereas p, Cox, W and L are, respectively, surface mobiliry, oxide
capacitance, channel width and length of MQS transistors (Mg
and Maq). Consequently, Ry can be tuned electronically by current
bias Ig.
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The relationship berween Vy and Vy without load connected at
X-terminal can be obtained by using small-signal analysis, The
transistors in Fig. 3 are replaced by appropriate equivalent circuits
and the node equations can be derived. Then, by solving the
equations, we obtain

A
A+B
where A= gnig8mz1 (€m19 +Em20) +Emis&mio(Ln + 21, B2 Gy
Em21 (&9 +8iz0). The relationship between [, and Iy can be
expressed as

Em208m23(8m1g + Ly + o)
Emnofm21 +8noZmn
+8inzz
+8m198i0

I; )
Eygm ¢ (1

Vi .
VY__[}AA, (10)

where

C= guaolinz (Gms + L&as +Larw)
— (gmlﬂgmll +Ea1sEmn +gm19gdzu)
+8a208m21 + & 198 /
+8misBmz08a2) +EmoLn218n s

16 8uni 2 &aie B2t = Bn23i Emis = Emazs the X-terminal voltage and
Z-terminal current can be expressed as Vi = Vg and fp = fy.

24. Current-controlled differential difference current conveyor
(ccopee)

The internal realization of CCDDCC is done by connecting
X'--ternunal of VDB with Y-terminal-of CECIlwhich is shown in
Fig. 4. Due ta the low-output impedance of DVE and high-input
impedance of CCCIl as discussion in Section 2.2, the DVE ¢an
cascade connect to.CCCII. Voltage gain at X-rerminal with respect
to Y-terminal denetes by f# = fiyfly. Current gain at Z-terminals

from X-terminal denotes by + 2. The properties of DDCC and
CCCIl are combined which can be described in the following
matrix equations:

Vel [Re B =B By O][ K
f\'] 0 0 Q 0 0 Vyi

lyy | = 0 Qg 0 0 0 Vys (12)
Iys 0 0 0 0 0 Vi3

Iz o O 0 0 0 Vy

3. Applications
3.1. Grounded capacitor-based floating capacitance multiplier

By realization of acrive element, the various applications can
be ebtained “especially in generalized impedance converter
and active filters. The first example application of proposed
CCDDCC is a grounded. capacitor-based floating capacitance
mulriplier which depicts in. Fig. 5. The multiplication factor
can ~be -tuned .elecrronically by biased current of CCDDCC.
Owing to the advantage of grounded capacitor in integrated
circuit—{27], grounded capacitors and three CCDDCCs are
employed: which s easy to fabricate without any resistor
connections.

Considering in Fig. 5 using"CCDDCC properties in Section 2.1,
the current and voltage relationships can be expressed as

AMr=Vig)

~ : 13
J Ra’l R.\'I .
hh=ly = &‘ (4
l’\‘\"_’
\ o §i
Lin I @
> o ¥ LA Yy Z
7 ol ¥, €ONDCC, X COpOeC; 2+ —
in Yo\ ¥ £ i x Z+ 4
SRANI S |
o B
fml ]_:
I -
— 7+ £
ceppee; h
=1
-J.:F =

Fig. 5. Grounded capacitor-based Noating capacitance multiplier.

Fig. 4. CMOS current-controlled diflferential difference current conveyor {CCDDCC).
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4
Va
il A 5
h=ln= gt (15)
Vo 2 (16)
s

From substitution of Eq. (13)-(16). Ry; can automatically be
cancelled. Practically, it should be assigned Rys = Ry,. Therefore,
the equivalent input impedance of Fig. 5 is found below
. _Ra

SRy C
It is evident that the capacitance value can be tuned by the

intrinsic resistances of CCDDCC; and CCDDCC,. The new capacitor
and its multiplication factor can, respectively, be concluded as

(7

RxaC

Ceg=KnC = 2= 18
X1

o B fins (19
" Ra Vi

3.2. Current-mode universal filter

Due to the low-input impedance issue, X-terminal is recom-
mended for current input {8,9]. The second example applicationof
the proposed CCDDCC is a current-mode biquad filter which
shows in Fig. G. The frequency respofise and quality factor are
elecrronically tuned by CCDDCC curtent biased. Only the plis type
of CCDDCC is used, the multipledinputs can-be applied in both of
current and voltage signals,

Three current inputs are applied in different nodes and a single
current output is provided by current output of CCDDCC;. Fram
routine analysis with IKCL, the cuivent transfer function can be
described in Eq. (20). The dominant filter funetions, low-pass (LP)
and band-pass (BP) can’ dircctly be obtained by applying the
particular currentinputs. The corporate functions, high- pass {HP),
band-reject (BR) and-all-pass (AP) filters can he obtained by
summing a replica cugrent input (Is).

s 1
~h (——r) ~h (—u) +130(8)
Ry3 (o Ry RysCy Cy
f(}(5)=“ X3k2 D,E;J\x‘i 182 20

whereas, the denominator, Disy is given by
Dus) =82 4-5 fRy3Co 1/ Rx1 Rx2Cy G2 Thes propoesed filter is realized
for five types of the standard biquadratic filter which can_be
summarized as follows:

1. The LP response can be realized, when fy= fy = 0.and J, = input
current signal fy,

. The BP response can be realized, When [ wfy
. The HP response can be realized, when [, =
. The BR response can be realized, whenl, =0 and h=h =l

. The AP response can be realized, whenls = 0and I3 /2 =I5 = ;.

0 and Iy = I,
=1y e Ly

v W

Note that there are no critical component ‘matching conditions
in the realization of all the filter responses. The denominator Dis)

P. Pronnmee, M. Somdunyakanok / Int. J. Electron. Contnuun, (AEU) ¥ (1san) 1up-am

is compared with the characteristic equation, D(s)=s>
+5ao/Q +w. The frequency response () and quality factor
(Q) are given by

o
[ N (B A 21
0 ‘\r' RaiRa GGy e
and

i G
S Rty e

From Eq. (21) and (22). it can be seen that the frequency response
(ewp) and the quality factor (Q) are independently tuned. From
Fig. 6, it can be seen that the voltage-mode flter can also be
modified by assigning current inputs to zero. The rwo volrage
inputs can be applied ar ¥; of CCDDCC, and CCDDCC, and output
isobtained at node of ;.

4. Non-ideality studies

Eqs. (17)-(22) have been realized by considering the ideal
description-of the CCDDCC. The ¥y, Ys. Y3 and Z terminals exhibit
an infinite input resistance. Practically, when implementing the
active clement using transistors, these resistances assume some
finite value depending on the device parameters. Similarly, the
high frequency effects also.need to be accounted by assuming
capacitances at-these rerminals. The nen-ideal CCDDCC symbol
with various parasitic elements is shown in Fig. 7. It is shown that
X-terminal exhibits low-value intrinsic serial resistance Ry, and
Y1,¥3 and Yy terminals exhibit low-value capacitance Cyy, Cys,
and Cyy-with high-value parasiric resistance Ry;, Ry: and Rys,
respectively. The 2y and Z, terminals exhibit high-value parasitic
resistance Rz in parallel with low-value capacitor C,.

CCRNCC

¥y

Fig. 7.Block diagram of CCODCC with its parasitic elements.

Jo

ifru

I I e 2
A 73 + ¥ 7 ¥ 7 .
Y, CODDCC, (o1 Y coopece, | T Yeenpec fo
l i I¢
noox Boox - N ox
k- Ak L=

Fig. 6. Current-mode CCDDCC-based universal lilter.
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Taking the non-idealities of the CCDDCC from Eq. (12) into
account, the relationships of the terminal voltages and currents
can be rewritten as Vi == )V~ fop (Vi + flgp(5)Vis -+ Ix Ry,
yy=kz=0and!l, = + 2 (SYx, where f3,(s) represents the voltage
transfers from the ¥ terminal to the X-terminal of the k-th
CCDDCC and ap(s) represents the current transfers from
X-terminal to Z; terminal of the k-th CCDDCC.

Thus, a(s) and fi,(s) can be approximated by LP functions,
which can be considered to have a unity value for frequencies
which are much lower than their corner frequencies [28]. By
assuming the circuit is working at frequencies which are much
lowcl than the corner frequencies of wy(s) and Bits) namely,

Pi(®) == By == 1= and el < 1) which denotes the voltage
nack:ng error from the Y terminal to the X-terminal of the k-th,
Ajy(8) == 10y and dp(ldy] < 1) which denotes the current
tracking error from the X-terminal to the Zj. of the k-th CCDDCC,
the equivalent capacitance in Fig. 5 is rewritten as

By RxaC

ern= nnC = ﬁz:‘?'_’}RXI (23)
The nan-ideal current-mode filter function becomes
v &
b RaRx;( C
11280233 )
any’ Av" LESE W]
; (R\:zﬂnf G bt b
oy 4
onl$) = 07 6) (24)
the denominator of the transfer functions is
= 1 1 Pzl tiaeas
=52 s fed 21720 |40
Duts=+ 3 S(R,nc g &, ) WG T,
1
: (25)

TRaRC G, RGO G
where R,p-!\'v-»,"f\’-u. Ryj== RapiiRp g€ =€) +Cuz +Chy ' and
C, =G +Ca +Cap, Considering Eqs. (24)and (25),  parasitic
resistances Ry and Ry are very larger ‘than Ry, Hence, the
resonance angular frequency and quality factor are satisfied by

I ), -
[Bralioon gz
gn = \/—_‘——Rm {\,\ZC; Cz (26)
and
—a N Y
_ G oy %y 212
Qu=Rx3 \#/W (27)
The low active and passive sensitivities of g and..Q “can ‘be
expressed as SP =1, Sy S5 S = SU0 =51 =5 mSge
Siy == 5 = 0.5 and S = S = S0 S N o Sﬁe",, .s‘g} = 0,5,

5. Simulation results

To verify the overall technical performances of the proposed
CCDDCC and its applications, a simulation using SPICE with a
TSMC 0.25 pun process [29] is performed. The CMOS implementa-
tion of the CCDDCC i 1s shown in Fig. 4 and transistor aspect ratios
are listed in Table 1. The supply voltages were Vyp = - Vg
1.25V, and the biasing voltage is Vy= --0.55V. The results are
described  in two  parts, CCDDCC  performances  and s
applications.
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Table 1
Transistors aspect ratio of CMOS CCRDCC.
Transistors W(pnn Ligen)
M~M, 1 0.25
Mz Myg 5 025
Mig, Mz 8 0.25
All NMOS 8 0.25
All PMOS 5 0.25
A0mY
Vy=300mY
00mV
;
& ov
Py
~H00mV
Vi 00mY
-$00 V. r v v r v
S00mv 2l -100mY DV 100V 2000V 3000V
Vo ¥y
Fig. 8. DC-voltage transfer from Y-terminal to X-terminal.
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Fig. 9. DC-voltage transfer ertor of X-lerminal.
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Fig. 10. DC-current transfer from X-terminal to Z-terminal.
5.1. CCDDCC performances

Fig. 8 presents a DC-characteristic between Y-terminal and
X-terminal based on +0.3V inputs. The voltage output at

ite zhts rtfcjeas Prommee P, Somdunyakanok M. CMOS-based. currcnt controlled. DDCC~and s applic
Iri‘pher and | ,nwcha] ﬁlter Int J Electron Commun (AEU) (2010}, doi:10.1016fj, Aeue.2009.12.0
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Fig. 12, THD of voltage follower with 10 and 100 MHz.
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Fig. 13, Frequency response of X-terminal with respect todilferent Y-terminals,

X-terminal is obtained according to the Vy;—Vyy +Vyy function.
Voltage transfer error of Y-terminal to X-terminal is less than
+4mV which depicted in Fig. 9. Fig. 10 shows the current
follower characteristic of X-terminal to Z-terminal based on
+£100pA input. Current output at Z-terminal is quite accurately
transferred  from  X-terminal input but current at negative
Z-terminal has slightly errors more than positive one.

The controllability of intrinsic resistance at X-terminal (Ry) is
illustrated in Fig. 11 with varied current biased from 0.1 to 100 pA.
The resistance Ry is controlled around 1--12kQ along varied

P, Prommee, M. Somdunyakanok / Int, |, Electron, Commun. (AEU} ¥ (ran) smm-ns
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Fig. 14. Frequency response of Z-terminals with respect to X-terminal.
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Fig. 16. Magnitude impedanee of equivalent capacitances which tuning by ly,.

biased current Iy. Fig. 12:shows the THD of Vy by applying 10 and
100MHz at Vyge=Vyzwhich are around 0.8% within 0.6 Vp-p. The
voltage follower and current follower frequency responses of
CCDDCC are, respectively, shown in Figs. 13 and 14 which are
obtained more than 100 MHz. The transient response of current
follower is done by applying with square-wave signal, 50MHz,
+ 100 pA into X-terminal. Qutput current at Z-terminal is shown
in Fig. 15 and obrained around 1 ns for rise-time and fall-time.

5.2. Grounded capacitor-based floating capacitance multiplier

The capacitance multiplier based on the circuit in Fig. 5 uses
an original capacitor C=10pF and biased currents gy = Iy =
10pA. Capacitance value is tuned through biased current

te this article as: Prommee P, Somdunyakanok M. CMOS-based current-controlled DD
ier and universal filter, Int J Electron Commun (AEU) (2010), doi:10.1016/j.3eue,2009.12.002
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I =01-10pA. The simulation is performed by varying the
frequency input from 100kHz to 1GHz. The magnitude impe-
dance of circuit provides the multiplication value around 1 to 10
times is obtained in Fig. 16.

5.3. Current-mode universal filter application

This filter application is designed for fy=1MHz by choosing
Cy=Cp = 10pF and Ig=1pA. Fig. 17 shows the simulated CM
amplitude responses for the BR, LP, BP, and HP filters based on the
circuit in Fig. 6 and the conditions in Section 3.2. Fig. 18 shows the
simulated CM amplitude and phase responses for the AP filter.
The electronic tunability of frequency response is provided by
changing the biased current Iy from 0.1 to 10 pA which is shown
in Fig. 19. The electronic tunability of quality factor is provided by

Gaia (i)

100
1L.OKIz

10KHz TR LOMHz 100MILe

Frequency

108 de

Fig. 17, Current=-mode magnitude responses of LP, HP, 8P and BR,
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Fig. 18. Current:mode magnitude and phase responses of AP,
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Fig. 19. Electronic tunable of frequency responses current-mode filter,
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Fig. 20, Electronic tunable of quality factor current-mode filter,

0.06125 to kA which is shown in Fig. 20.

6. Conclusion

Fromehe restriction of DDCG, it lacks in tunability feature and
requires the-resistor connections. The new active building block
for analog signal processing, named as current-controlled differ-
ential difference current conveyor (CCDDCC) is presented. This
device composcs the outstanding benefits of DDCC and CCCl
which are differential difference, wide-bandwidth and current-
controlled features. The proposed element is realized in a CMOS
technology. The wide-bandwidth of voltage and current followers
are obtained around 1GHz. 100 MHz, respectively. The power
dissipation of-a CCDDEC at 10pA biased current is obtained
around-1.35mW. I, applications, ~grounded capacitor-based
flaating capacitance multiplier, current-mode multiple-input
single output (MISD) second-order wniversal analog filters for
simultancously realizing standard filter responses from the same
topology are included. They only used grounded capacitor with-
out the resistor connections which is suitable in the IC production.
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