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V= izu(r) - izcos(coor)u(t) + W 0)coslagt)u(t)
(71.36)
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The quadrature sinusoidal oscillator is an essential electronic circuit, because it can
produce two sinusoidal outputs of identical frequency but of 90° phase shift, as for
example in telecommunications for quadrature mixers and single-sideband generators
(Horowitz and Hill 1991), or for measurement purposes in vector generator or selective
voltmeters (Tietze and Schenk 1991). Therefore, quadrature oscillators are widely used in
many communications, signal processing and instrumentation systems (Holzel 1993; Khan
and Khwaja 2000). In recent works of quadrature oscillator design, research attention has
been concentrated on single-element frequency control to avoid tracking problems
inherent in dual-element control.

The purpose of this article is to introduce a new single-resistance-controlled quadrature
oscillator (SRC-QO) circuit with a reduced number of passwe elemcnls The proposcd
SRC QO employs two CDBAs, three : ded..e

2 OF more '- sctw@as—

mw andtabe

o‘>

analogue

P e

§291918

Figurc I.  CDBAL. (a) Circuit representation, (b) possible realisation with two CFA AD844s.
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From Equation (1), the CDBA can be considered as a transimpedance amplifier that
converts the difference of the input currents i, and i, at the terminals p and n, respectively,
into the output voltage v, at the terminal w through an impedance connected at the
terminal z. It can be further inferred that the terminal impedances of the p and n terminals
must be very low. Usually, this CDBA can be constructed by various techniques, one
possible realisation is based on the use of two CFAs as shown in Figure 1b (Svoboda,-
Mcgory and Webb [991). .

Figure 2 shows the proposed SRC-QO, which is composed of two CDBAs, three
virtually grounded resistors, and two grounded capacitors. Note that the employment of
grounded capacitors is suitable for IC implementation (Bhusan and Newcomb 1967; Pal
and Singh 1982). From routine circuit analysis, the characteristic equation of the proposed
CDBA-based SRC-QO circuit can be writien=a

SRC-QCfin b corfeoFPRQRE]
whereas ..1 oﬁﬁ. f | ‘,!“y“

oscillatio Fdon RBGALP
Fr 2 ST LT d E
rom en*ol B & ’\ th At10 r.r_uy-',}« eer
expressed I )

%319 i
N 5!
=S AyLna

° "‘ul

Figurc 2. Proposed SRC-QO using CDBA:s.
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where the phase difference is ¢ = 90°. This guarantees that the proposed oscillator circuit
provides the quadrature outputs ¥y and Voo,

3. Effects of the CDBA non-idealities

By taking into consideration the non-ideal CDBAs, the relationship of the terminal
currents and voltages given with Equation (1) can be rewritten as:

i 00 B8, =B, [v
wl |z 0 0 0 Iy
| J0 0 0 o0 | i, ()
Vi 0 0 0.0 iy
where f, = 1 — ¢, and ¢, is the curre -tracking er ) terminal to =
terminal, 8, =1 — ¢, e | € \ eking error erminal to z
terminal, and o = | nd a,ﬂ‘q% \ ﬂ/ug rror fro minal to
w terminal of th A. ReanalysiS-of 3 ator confi ion of
Figure 2 yields aracteristic-equition ﬁoll S :: = s [ .
“N17, NN /09 S
~ —
)

where f§
respectiv
as:

and

Sensitivity an

calculated as:

ents is

(10)

and

—

S‘;;;RJ-CI.CZ = ) (11)

As it is clear from Equations (10) and (11), all the incremental parameter sensitivities
for the w, are within 0.5 in magnitude. Hence, the proposed circuit also exhibits attractive
sensitivity performance.
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4. Simulation and experimental results

To.confirm the theoretical prediction, the proposed CDBA-based SRC-QO circuit of
Figure 2 has been simulated with PSPICE and the simulation results have also been
verified by experiments. In simulations and experiments, two AD844 ICs from Analogue

Output voltage (V)

Output voltage (V)

(%]
2 SRR S R

0 T 40 60 80
Frequency (kHz)

(b)

Figure 3. * Simulated results of the quadrature outputs ¥,, and Voo 6f the proposed SRC-QO. (a)
Output waveforms (b) output spectrums.

wnasthluenansianulidmsunisldauiiontsfnuirinuu leygebmdluldusslomisnunisi

Linnsdllaqnsdu dnvainudlvdaudanien uazdesdndadadvevenarynasaminisuilyly
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Devices were employed to construct the CDBA as shown in F igure b with supply voltages
of +12 V.

To obtain the quadrature output waveforms with the oscillation frequency of f, = w,/
2r =2 1591 kHz, the values for resistors and capacitors were chosen as: Ry = Ry = 10 kQ,
C, = (> =1 nF. Figure 3a shows the simulated quadrature sinusoidal outputs V,, and
Vo2 of the proposed SRC-QO, where the value of R, = 10.5 kQ was chosen to be slightly
larger than R; to ensure that the oscillations will start. From the simulation result, the
oscillation frequency of f, = 15.10 kHz is obtained, which agrees very well with the
theoretical analysis. Figure 3b represents the simulated frequency spectrums of the outputs

Vo1 and V5. The results of the total harmonic distortion analysis are summarised in Table
1.

Figure 4 shows the experimental results.ofthesquadrature sinusoidal outputs F,; and
T 1 g andwexperimental results of
¢ value of the resistor

Table 1. Total h

W V01
m— .- F T q i  —
Harmonic no/ﬁ;ucnc_v (Hz)ld e6m ?Z) % Normalised e
a2

I P04 Li04 > s : 0

2 152 I 70 E 40

3 TYBH0477592 SGI-B, 180 E40

4 2303°E -+ ) - —27155 2
5 L NE=02/ 2. —0 ; g+ 2

DC compolient = —2.

"ﬁéﬂf&% 2 I A | '_lﬁg

usitiv racel=
3,80V {%
us.giy) ax 6.600
RN:20MS/s 5 S 4-??%
3 il -2G6 L0
Freq 14. z
Duty g{%
P 607
@ 5.6
semenaof anflan vy W
¥ Fi kHz
a 7%

Figure 4. Experimental sinusoidal output waveforms of the proposed SRC-QO.

147



[Tangsrirat, W.] At: 09:00 14 October 2008

Downloaded By:

International Journal of Electronics 1125

— Theoretical
o Simulation
A Experimental

f, (kHz)

5. Con valv”, w

This artic iploying {iwe,LDBAs "two
grounded 3 &!Eﬁo vide@w
sinusoidal lputp dith! the “phaseadifle 12 0 .4'3“ al 0] OF"the
oscillation frequéney and,© proposed eon guratién; the
number of passi Lomparison withfhe istircuits feporte

previously, = (o

Thailand, through the Re

in Microelectronics for 7
for their valuable comments a%
manuscript.

ﬁg@ﬁ%’%ﬁ}f{& > . tc uality of the

References

Acar, C., and Ozoguz, S. (1999), “A New Versatile Building Block: Current Differencing Buffered
“ Amplifier Suitable for Analog Signal Processing Filters,” Microelectronics Journal, 30, 157-160.

Acar, C., and Sedef, H. (2003), “Realization of nth-Order Current Transfer Function Using Current
Differencing Buffered Amplifiers,” International Journal of Electronics, 90, 277-283.

Bhusan, M., and Newcomb, R.W. (1967, “Grounding of Capacitors in Integrated Circuits,”
Electronics Letters, 3, 148—-149.

Holzel, R. (1993), “A Simple Wide-Band Sine Wave Quadrature Oscillator,” IEEE Transaction
Instrumentation and Measurement, 42, 758-760.

148



[Tangsrirat, W.] At: 09:00 14 October 2008

Downloaded By:

1126 W. Tangsrirat et al.

Horng, J.W. (2002), ““Current Differencing Buffered Amplifiers Based Single Resistance Controlled
Quadrature Oscillator Employing Grounded Capacitors,” IEICE Transaction Fundamental,
E85-A, 1416-1419.

Horowitz, P., and Hill, W. (1991), The Ar: of Electronics, Cambridge, UK. Cambridge University
Press, p. 291.

Keskin, A.U. (2005), “Voltage-Mode High-Q Band-Pass Filters and Oscillators Employing Single
CDBA and Minimum Number of Componcnts,” International Journal of Electronics, 92, 479~
487.

Keskin, A.U., and Hanciogly, E. (2005), “Current-Mode Multifunction Filter Using Two CDBAs,”
International Journal of Electronics and Communications (AEUE), 59, 495-498.

Khan, LA, and Khwaja, S. (2000), “An Integrable gm-C Quadrature Oscillator,” International
Journal of Electronics, 87, 1353-1357.

Ozcan, S., Toker, A., Acar, C., Kuntan, H., and Cicekoglu, O. (2000), *‘Single Resistance-Controlled
Sinusoidal Oscillator Employing Current Differencing Buffered Amplifier,” Microelectronics
Journal, 31, 169-174.

Current Conveye
Tangsrirat, W., S

318-326.
Tietze, U., an

Springer, p

A\
>
Eog et e ats

/4

-llllllnll_n}

149



150

hJ
-
T

3
-
%
=

[ i

International Journal

of Electronics and
Communications

dgj I dl ¥ o QJ k24 4‘ =% I 3}, 1 ¥ o 8/ 5 ¥ b4
nanstiluenarsnanubidmdunsldmuienisdnwiinu Weugnlihluldusglevdsmunisi

Winsdllagvdu Snvivihudlvidauwdasiion uasdesdwdadaudvesenarsnnasandniniluly



Available online at www.sciencedirect.com
ScienceDirect

Int, J. Electron. Commun, (AEQ) 63 (2009) 249-258

151

International Journal &) L
of Electronics and
Communications

www.elsevier.de/acue

Low-voltage digitally controlled current differencing buffered amplifier and

its application

Worapong Tangsrirat*, Danucha Prasertsom, Wanlop Surakampontorn

Faculty of Engineering and Research Center for Communications and .‘nﬂ:mlm‘rmr Technology (ReCCIT), King Mongkut's Institute of

Technology Ladkrabang (KMITL), Chalongkrung Road, Ladkrabang,

Received 13 March 2007; accepted 16 January 2008

Abstract

In this paper, a design of a low
duced. The realization scheme is
(CDN) and a buffered voltage ¢
proposed. The proposed DC-Q
0.5-pm CMOS process parar
as active elements in the reg
© 2008 Elsevier GmbH. A

Keywords: Current differenci

characteristics such as, adaptive filters, "
formant speech synthesizers and tracking

O%egntrol
the circuit parameters. However, in low-voltage app
there is a limitation on the allowable range of the analog tun-
ing voltage. Hence, in these applications, the digital control
is more attractive [5]. Another example utilizing digital con-
trol is the interface with the digital signal processing (DSP)
unit in the modern digital system. For example, in mod-
em wireless systems, all of the baseband signal processing
are implemented digitally by DSP unit. There are baseband
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-CDBA) is intro-
vision network
¢l CDN is also

less receiver
band blockers
selection, and
ghmable gain set-
baseband analog

progr'lmmable mpm
f&r‘d

epTO |dc new possibilities in the circuit synthesis
and to simplify the circuit implementation [6,7]. The CDBA
is suitable for integrated circuit (IC) implementation in both
bipolar and CMOS technologies [7-12]. Moreover, since
the CDBA can be considered as a collection of current- and
voltage-mode unity gain cells, it has large dynamic range and
quite wide bandwidth similar to its current-mode counter-
parts such as, current feedback operational amplifiers (CFAs)
and second generation current conveyors (CClls). Owing
to these advantages of the CDBA, in this paper we present
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a digitally controlled CDBA (DC-CDBA) with low supply
voltage operation. The proposed DC-CDBA is realized by
interconnecting a current differencing circuit, a current di-
vision network (CDN), and a unity-gain voltage amplifier.
The novel CDN circuit is also proposed in order to provide
the digital control of the current gain of the DC-CDBA. An
application of the proposed DC-CDBA in realizing digitally
programmable current-mode universal filter with the advan-
tage of linearly tuned frequency to the digitally controlled
parameter has also been discussed. PSPICE simulation re-
sults of the proposed low-voltage DC-CDBA and its appli-
cation are included.

2. Circuit configurations
2.1. Basic concept
The proposed DC-CDBA is a versatile analog-building

block, described symbolically as shown in Fig—I(a) and
mathematically by the followingmatrix equation:

< 0 0 o —u« ug

v | 10 0 0O v
v, | 510 00 0 ffie .
U 0o 00 oflt,

where o is the current gain/that.is confrolled digitally. Ae-
cording to the above matrix eqiiation, thig device consistsof
three stages as shown in Fig. I(h). The-input stage is a cur-
rent differencing circuit to provideithe difference oftheinput
currents (i, and i;;) through theferminalspand ninto the x-
terminal current (iy). The second.stage is.a'CDN, which.is
based on the linear current division principle, At this stage,
the current i, is copied to the Z-terminal ‘and.is digitally
controlled by the current gain parameter «. The Tast stage is
simply a voltage buffer, sinceithe volfage at the w-tentinal

i i
| 7
v,e——p w ey
i DC-CDBA i
v, L w W
(@)
4
i ﬂ ;
p currenl L=, current buffered H
i ditterencing division voltage —ow
ne—= circuit @ network amplifier i
H
:

lifa(ip- i)
z

®

Fig. 1. (a) Circuit symbol of the proposed DC-CDBA; (b) block
diagram of the proposed DC-CDBA.

'Vss

Fig. 2. Low-input resistance input stage.

+Vop

@ T Il I B IJ.'
; | .
I I: i Your

_ ——p
M [—«—i M, ——o

NN |
B

Vs

Fig. 3: Unity-pain current amplifiepwith vefy Tow input resistance.

follows | the'voltage of“the s<termindl. Therefore, the op-
efation 0f each stages will'bE described fin the following
seetion.

2.2. Current/differencing circuif

Fig=2 shows an NMOS<based gircuit with a low-input
resistance termifial'il3].,From the elementary small-signal
circuit analysis, the inputTesistance of this configuration can
be calculated as

1 1
e (g—]) (—-[ - F), @

where F = ((gm28m47oB)/(gm2 + &m3)) and gn; represents
the transconductance of the transistors M; (i = 1,2,3, 4)
and ryp denotes the output resistance of the current source
Ig. Usually rop > 1/gmi, then F> L. Therefore, the input
resistance of this circuit is very low.

Based on the use of the low-input resistance input stage
of Fig. 2, the unity gain current amplifier can be realized as
shown in Fig. 3. The biasing circuit comprising the transis-
tor Mg and the current source I is used to bias the input
terminal at ground potential. By direct analysis, the output
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Fig. 4. Proposed CMOS current differencing circuit.

current oy of this circuit can be expressed as

. F ;
loul = — (m) lin- (3)

Usually F> 1, the output current igy€an be approximated
to

fout = — ijp. (4}

Fig. 4 shows the proposed/ CMOS current differencing
circuit, which is composed ofitwg unity-gain eutrent ampli-
fiers (M1a—-Ms4) and (M g—=Msg). Dueto the-current mir=
ror M7—Mj, the signal current flowing out of the términal x
(ix) can be expressed as

i.r =ip - iu- (5)

In this case, the input resistanges of theterminals pyand
n can also be written as

1 l
tp=\|— 6
! (gmlA)(l'i'Fp) %

and

[ i
Mz(&nlB) (1+Fﬂ), @

where gnia and g,,ip represent respectively the wansegnduc-
tance of the transistors M;a and M (i=1,2.3, 4, Syl =
((gm2ngmaaron) /(gmaa+gn3a)) and Fu=((gmongmsnron)/
(gm2B + gm3s)). Therefore, the input resistances rp, and r,
are very low due to the factors from the feedback (1 4 F,)
and (1 + F,), respectively.

2.3. Current division network (CDN)

Fig. 5(a) shows the proposed current division cell (CDC).
It should be noted that this cell is mainly composed of the
unity-gain current amplifier (M1c-Msc) of Fig. 3 and a cur-
rent divider (M7-Mp). According to the current division
principle, the output currents (i, io; and 7o;) of the proposed

CDCTelateduo.théinput current (ij4) are respectively ob-
tained as follows:

N2 @)
s-za-(ff“'"]) C)
gl i 2

(10)

wherclo; is, thesdigital-controlzbitsof this,cell. "The circuit
symbalof.tlie proposed 'CDC is! depictedrin Figh 5(b).

The proposed. GDNj, consisting ofyn EBCs, is shown in
Fig6{a)-As can be scen/from Fig26(a), the output current i;
of the €DE; (i=0,.1, 2 . | | , 1S used as-an input current of
the next stage’and the'current igis added'to iy;! Therefore, the
output cutrent (iyy ) ofthe'proposed CBN gan be described
by

iom:(q"”)[l+2a,2*:] (n
or

ic ‘mu
%2 = S 1 gl 12
i - (W){ +Za. } 4

From Eq. (12), the current gain (o) of the proposed CDN
can be controlled digitally, where a is less than, or equal to,
unity. An electrical circuit symbol of the proposed CDN is
also shown in Fig. 6(b).

2.4. Buffered voltage amplifier

The circuit of Fig. 7 is a unity-gain voltage amplifier,
which is based on the use of the low-input resistance input
stage (M p—Myp) from Fig. 2. From the configuration, the
transistor M and two bias current sources Iy are connected
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+V

DD

fadl|

g 5. Proposgd CDC:
|

® s _an
Lﬂnax)r&r%m

Vg shift. Therefore, the relationship of the volt-
ages al the terminals w and z (or vy, and v,) can be given by
IB IB
@ | vy = fyvz (13)
| l:M:D
o =
@ @ ] /3 . ( 8inl17oB ) [ 8miD (1 + g""’gru“) _J (14)
v i () ’

I My Elhim L+ gmitron §w + &m1D (l + %ﬁ)
where g,,=1/R,, and R,, is the resistor connected at the ter-
Vss minal w. If g1 170 > 1 and guin (1 + (gmebproB/2)) > gu»

Fig. 7. Buffered voltage amplifier. then vy =v,. Since transistors Mp~Msp performs a
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CDN

Fe=rl(i-f D
ima(i-i)

n

w——ov

DC-CDBA

2 s

Figs#8. Proposed low-voltagge DC-CDBA.

low-input resistance stage, the resistange of the t€rminal w
(ry) becomes quite low and is equalido

1 1
Foy = | —— 5 (15
v (gmlD) (l + Fw)
where
F, = (ngngliD ?'UB) : (163
&m2D + u3h

If rogp > 1/gm11, the inptt resistance looking into the toc-

minal z (r;) becomes a high valie and«is approximated to
(1)

2.5. Proposed low-voltage DC-CDBA

Fig. 8 shows the proposed low-voltage,.DE-CDBA; which
is constructed by the cascaded connection ofithe-eurrent dif-
ferencing circuit in Fig. 4, the CDN in Fig. 6 and the buffered
voltage amplifier in Fig. 7. From the circuit diagram, it«can
be considered from the positive to the negative supply volt-
ages that the proposed circuit uses only two MOS transistors
and one bias current source. Therefore, the circuit can op-
erate at a low power supply voltage of (2Vps + Vig), where
Vps and Vip are the drain-to-source voltage of the MOS
transistor and the voltage drop at the bias current source /g,
respectively. As an example, for the standard 0.5-pum CMOS
process parameters, the threshold voltages Vn and — Vp of
the NMOS and PMOS transistors are about 0.64 and 0.91V,
respectively. If the bias current sources Ip are realized by the
basic current mirrors, as a result, the minimum supply volt-
age is about [2(0.64 V) + (091 V)] =2.19V or £1.095V.

‘Fable 1Th€ nodel_parameters set 0f,003-pm CMOS SCNOSH
techgology

MODED #MN-NMOS LEVEL=3

PHI=0:700000 "TOX =9 6000E==09 X1=0.200000U TPG=1
VIT0=0.6573-DELEA=5-9880E—01 1iD=1.9240E—08
KB=1.8]160E-04 UQ=305. FTHETA=1.8930E=0]
RSH:=8.7930E+-00-GAMMA=0:5569" NSUB = _2090E 17
NESE5:9090EA+ LI VMAX=2T340E+05 BTA=2.4370E=02
KAPPA=3.2050E 04’ CGDO=4"0920E 10 CGS0=4.0920E-10
CGBO=3 880 EAQCI=5 0415 E=04MI=7.3366E— O
CISW=2:0000E-+ LI MISW=677865E+01 PB=0,9999E-0(

MOPEL/MP FMOS. IEVEL=3

PHI=0,700000 TOX=9.6000E -9 X4=0,200000U TPG=-1
VTO==09269 DELTA=5.0100E=0| BD=3.4410E—-08
KP=42121E=05 VD=7 ] "ITHETA =42 L5 0E=2
RSH=Y.0910E=02CAMMA=(4354 NSUB=7.3800E+16
NFS=6:4990E%1] VMAX=100§0E+06 ETA=2.7270E—02
KaAPPA=1 000051 01"CGDQ=21260E~ 1 0"CGS Q=2 1260E~10
CGRO=3.7854E 1 07CI=0.2997E— 04 MI=4.9086E~01
CISW=232251E L1 MISW =1.6669E <1 'PB=8.7R37E-01

3. Simulation resulfs

The petformanceoftheproposed DC-CDBA of Fig. 8 has
been.simuilated using PSPICE program with 0.5-pum CMOS
SENO5SH technology provided by MOSIS. The model pa-
rameters of 0.5-pm CMOS process are given in Table 1,
and the aspect ratios of the transistors used are W/L =
20 pm/1 pm for the NMOS devices and W/L =40 pm/1 pum
for the PMOS devices, respectively. The supply voltages
used are taken as: + Vpp=—"Vss=1.25V, and n=3 (4 bits).
All the biasing currents are set to Jg = 100 pA. Grounded
resistors R, = 1kQ and R,, = 10k are connected at the
terminals z and w, respectively.

Fig. 9 shows the DC current characteristics of the termi-
nal z versus i, and i, when the digitally controlled word pa-
rameter o is scanned from 0.125 to 1.000 in steps of 0.125.
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Fig. 10. AC current transfer characteristics of the proposed DC-CDBA for different values of o.
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Fig=12. AC voliage transfer chareteristic-of theproposed DC-CDBA.

In Fig. 10, the AC current respanses of the terminal'z for,
the same o setting are shown, which can-be seen thatithe
bandwidth is approximately equal«o, 100 MHaz.

Fig. 11 shows the w-terminal voltage (v,,) when the z-
terminal voltage (v;) is swept from™—1"to 1 V(for different
values of o« ranging from 0.125 te 1.000 with 0.125 stepl

It can be seen from the figure that, theinclination of the -

voltage transfer error starts to inercase ‘Whemw, gredter
than +0.8 V. This effect is mainly cansed by thelimitation
of the operating range at the terminal w, Jt.is noted that,
in the configuration of Fig. 8, the maximum_ value of oy,
is restricted to be less than [Vpp — Vrp — Vg s (Mim)l.
The w-terminal AC voltage response is shown in Figel2
from which it can be found that the bandwidth is ap-
proximately located at 500MHz. ‘Therefore, the high-
frequency limitation of the proposed DC-CDBA is located at
about 100 MHz.

4. Application example

As an application example for the proposed device, the
digitally tuned current-mode universal filter with three
inputs and one output shown in Fig. 13 is realized. The
configuration consists of only three DC-CDBAs, two

fouw =3 [

resisions and two groaundéd sapacitors. Reutine gircuit anal-
ysisrusmg [Eqy ¢ ) yields! ihegdollowing’ cursent transfer

Jfuncrion: ||

D) 1 (s RECryea) I — o o) 13}
BAE D(s) g

(18)

whotd D)= (28R, RaC1Go F sR\ @loz + oyaz) and o
denotesite parameter z.ofithe it DC-CDBA (i = 1, 2, 3).
From Eq, (18), it’cad beisurnmanzed that:

(1Y if I =I,=0,and [3=T;, (an input current), the lowpass
(EPYTespoase™Can be realized;

(2) 1if I = I3 =0 and Iz = [iy, the bandpass (BP) response
can be realized;

(3) if I} = I = Is = [y, the highpass (HP) response can be
realized;

(4) if 5 =0and I} = I, = Iy, the bandstop (BS) response
can be realized;

(5) if h=0and /| = I/2 = I, the allpass (AP) response
can be realized.

Therefore, the filter can realize five standard types of
the biquadratic filtering functions without any component
matching condition requirements. The DC gain (H), the
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natural frequency (m,) and the bandwidth (wo/Q) of the
proposed filter are found to be

H =03,

O = oo .
°T YV 3R R:CC>

19)

(20)

and

Wo %42

0 B 21
Q 3R2C @0

It can readily be shown from Eqgs. (19)—(21) that the pa-
rameters H, m, and w,/Q for all the filter responses can be
controlled digitally using o3, a; and oy, respectively.
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Fig. 16. AP frequency responses with different current gains a(=o; = 22).

The proposed digitally tuned filter of Fig. 13 has been
simulated using PSPICE program with R} = Ry = Lk
Cy = C, =2nF and o3 = | to obtain the filtepfesporise
for H = 1. The simulation results of the LP, BP, HP and
BS responses when o) = ay = 1 are shown in Figr14:
From the simulations, the natural frequency is fourid-to
be fo = wo/2r = 45.43kHz, whichds very close to the
calculated theoretical value. Figi 15 represents’the simu-
lated BP response of tuning fi, Alsing-different- values. of
o =dy = oy, while O is consgant at [.732, The simulatipns

yield the natura! frequency of jf, = 10:85,22.50,34.17 and:

45.43kHz, while their theoretical values-are’ o= 1148,
22.97, 34.46 and 45.94kHz, respectively. Sinularly, \the
frequency responsc for the AP function, both-for gain, and
phase, is shown in Fig. 16 and is in conformity-with the
theory.

5. Conclusion

A novel digitally controlled current diffcren_cing bufferedts
amplifier (DC-CDBA) is proposed inthis paper. Based on the
use of the low-input resistance, inpurtage as a-core.circuit; -

the proposed circuit is realized by the €ascade connection of

the current differencing circuit, the-currént division network-.

(CDN) and the unity-gain voltage amplifier. Alnovel current
division technique has also been propesed, in order to pro-
vide digital control on the current gain. To, demonsteaté the
versatility of the proposed DC-CDBA, an application on the
digitally controlled current-mode universal filter has_been
included.
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Low-Voltage Digitally Controlled Current Differencing
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Abstract—A low-voltage digitally controlled current differencing
buffered amplifier (DC-CDBA) is proposed. The realization
scheme is through the cascade connection of a gurrent
differencing circuit, a current division network (€DN).and a
buffered voltage amplifier. To achieve the digital coritrol of the
current gain of the circuit, a novel CDN is@lso’proposed. “The

proposed DC-CDBA can operate with the low supply-voltage of N

*1.25V. PSPICE simulations using/Standard #:5-um_CMOS
process parameters are in agreement with the theory.

L. INTRODUCTION

Programmable tuning charagteristic.of an analog-circuit is
an attractive feature that is widely used in several useful
applications. In analog signal processiug area, there are many
engineering  applications| whieh' requirg - programmiable
- characteristics such as, adaptive filters, «misic synthasizers,
formant speech synthesizers andytracking filters: Generally,
analog or digital tuning can be employed to'centrol-the cifcuit

parameters. However, in low-voltage applications; there 1s a,

limitation on the allowable range of the analogtuning voltage,
Hence, in these applications, the digital~control. is, mote
attractive [1].  Therefore, digitally “prograpiutable  tuning
characteristics have been an'ongbing research. topic for. a
number of years.

In 1999, a new active building<block circuity, nameély

current differencing buffered amplifiers (CDBA), was first

introduced to provide new possibifities in€he circuit synthesis
and to simplify the circuit implementation [2}-[3]. The CDBA
is suitable for integrated circuit (IC) implementation in both
bipolar and CMOS technologies [3]-[8]. Moregver “sincgthe
CDBA can be considered as a collection "of cumrent and
voltage-mode unity gain cells, it has large dynami&wange-and
quite wide bandwidth similar to its current-mode counterparts
such as, current feedback operational amplifiers (CFAs) and
second generation current conveyors (CClls). Owing to these
advantages of the CDBA, in this paper we present a digitally
controlled CDBA (DC-CDBA) with low supply voltage
operation.  The proposed DC-CDBA is realized by
interconnecting a current differencing circuit, a current
division network (CDN), and a unity-gain voltage amplifier.

978-1-4244-2342-2/08/$25.00 ©2008 [EEE.

\ ebirtent division principle.

The novel CDN circuit is also proposed in order to provide the
digital.control of the current gain of the DC-CDBA. PSPICE
simulationsigsults ofi.the proposed low-voltage DC-CDBA are
included.

IL- CIRCUwt DESCRIPTIONS

4" Bdsic Concept
The propesed! DC-CDBA™is a versatile analog building

block, . described"symbolically_as shovm in Fig.1(a) and
mathematically by the-following matrix equation.

' ] 0530 Yo =V,
~0 WY O i}

9

) Bix M
vy |5F0=0 0L _07fi,
Va7 b0 070 ) 0 4pi,

where & is the r.:_urrcnf gam that yis reontrolled digitally.
According ‘to'eq (1);/this| device consisfs of] three stages as

“shown in Fig 1(b). . Thé input.stage is &eurrent differencing

¢ircuit to provide thedifference.ofithe input currents (i, and i,)
through the teiminals g and /1 into the¥sterminal current (i,).
The seeond) stage s’ a CON, whichixis based on the linear
At this.stage fthe current i, is
copied.to (the zwterminal and is @igitally/ controlled by the
current gaintparametér & Thedast stage is simply a voltage
buffer, since the valtage at the w-ternifial follows the voltage
ofithe'zsterminal. :

B. Current Différencing Civcuft

Fig.2®shows the#Propbsed CMOS current differencing
gikcuitywhich™ is.€omposed of two unity-gain current
amplifiers{(M, ,-Ms,) and (M,g-Msp) [8]. Due to the current
mirror M;-Mj, the signal current flowing out of the terminal x
(iy) can be expressed as :

@

In this case, the input resistances of the terminals p and n
can also be written as [8] :

i =iy
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1 1 (1 1
rp_(gmlAJ(l'*'FpJ and rn—[gmwj[l'*'FnJ (3)

where g,y and g,p represent respectively the
transconductance of the transistors M;4 and Mizg (i =1, 2, 3, 4,

5), F, =(gm2Agm4AraB] and F, =(gm28gm48r03]
8m24+ Em34 8m2B+ &m3B

Therefore, the input resistances 7, and r, are very low due to
the factors from the feedback (1+F,) and (1+F,), respectively.

[21
fp i
v o—a—] w ———o v,
i DC-CDBA i
v, o—— n z —oy
(a)
o
..... (1 w—"
i L :
— [[F——
po—= current | i current bufleted :
i diffcrencing divigion voltage : w
RN S : !
circuit @ nef@ock amplifier H
lis-acr',-.',l
z
(b)

Fig.| : Proposed-DC-CDBA
(b) block diagram

(a) circuit symbel

Fig.2 : Proposed CMOS current differengingeircuit

C. Current Division Network

Fig.3(a) shows the proposed current division cell (CDE).
It should be noted that this cell is mainly composed of the
unity-gain current amplifier (M,c-Msc) and a current divider
(M7-Myg). According to the current division principle, the
output currents (i;, i,; and i,; ) of the proposed CDC related to
the input current (j;1,) are respectively obtained as follows.

. . I; — —i
'i='7+1 ) ’oi=ai(%lj and ’oi=ai(%lJ “)

where g; is the digital control bit of this cell. The circuit
symbol of the proposed CDC is depicted in Fig.3(b).
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Fig.3 "Bgopesed CDC

(@) circuitdiagram {bYeircuit symbol

Odigital control ‘werd)

=

=1, (i 1)
@ ::—4 CONY |9 @
!
(b)
Figs-+ Proposed CDN

(a) circuit diagram (b)firetit symbol

The propoesed ‘crrent division network (CDN), consisting
of n CDGs, is'shown.in"Figié(a). As can be seen, the output
current #; of thesCDCe(i = 0, 1, 2, ..., n) is used as an input
current of thesficxt stage and the current iy is added to i,
Therefore, the output current (i,,,) of the proposed CDN can
be described by

.1 LR

low = ( ot ]’:l+i§0ai 2 :l’x )
oo a=—i- ="?—"’=( = ][” iaﬂi] ©)

ty~iy Le 2 i=0

From eq.(6), the current gain (&) of the proposed CDN can be
controlled digitally, where @ is less than, or equal to, unity.
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An electrical circuit symbol of the proposed CDN is also
shown in Fig.4(b).

D. Buffered Voltage Amplifier

The circuit of Fig.5 is a unity-gain voltage amplifier,
which is based on the use of the low-input resistance input
stage (Mip-Myp). The transistor M,;; and two bias current
sources [y are connected as voltage level shift. Therefore, the
relationship of the voltages at the terminals w and z (or v, and
v.) can be given by

Q)

vy =By,

EmaDToB
’_ gmbD I+——)
Eml 1708 J, " [ 2

I+ K Zmapt,
Emi 1708 \\gw'{_ngD[l"' m42D 08)

where g,,= /R, and R, is the resistor connectedat the'terminal

and f, =( ®

w. If  gunrp>>1 and gmlD[H—ngr“i] SNEL S
then v, = v,.

III.  PROPOSED Low-V@LTAGEDE-CDBA

Fig.6 shows the proposed/low-voltage DCCDBA, which
is constructed by the cascaded connéction .of the cufrent
differencing circuit in Fig.2y the CDN .in | Fig.4and \the
buffered voltage amplifier in Figs5,) Fromithe cireuit diagram,
it can be considered from the positive {6 the negative supply
voltages that the proposed cireuit Jusés- only—two, "MOS
transistors and one bias current setirce. Therefore; the circuit

can operate at a low power supply voltage-of (2¥ps + Vi) .

where Vpg; and Vi are the drain-to-soureg voltage-ofithe MOS
transistor and the voltage drop at-the bias: cufrent, sotrce %,
respectively. As an example, forthe Standard Q.5-tm CMOS
process parameters, the threshold weltages Vawand=#1» ofithe
NMOS and PMOS transistars arezabout 0.64Vand. 0.91V:
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respectively. As a result, the minimum supply voltage is
about [2(0.64V)+(0.91V)] = 2.19V or +1.095V.

IV. SIMULATION RESULTS

The proposed DC-CDBA of Fig.6 has been simulated
using PSPICE program with 0.5-um CMOS SCNOSH
technology provided by MOSIS. The aspect ratios of the
transistors used are W/L = 20um/1 um for the NMOS devices
and W/L = 40um/l1zm for the PMOS devices, respectively.
The supply voltages used are taken as : +Vpp = -Vgg = 1.25V,
and n = 3 (4 bits). All the biasing currents are set to Iy =
1004A. Grounded resistors R. = 1 kQ and R, = 10 kQ are
connected at the terminals z and w, respectively.

Fig.7 shows the DC current characteristics of the terminal
z versus i, when & is scanned from 0.125 to 1.000 in steps of
0125 IFig.8, the AC current responses of the terminal z for
the same @"setting “are, shown, which can be seen that the
bandwidth is approximatelyeequal to 100 MHz.

Fig.5 Buffered voltage amplifier

v

p w
DC-CDBA

Z—"—OV,

Fig.6 Proposcd low-voltage DC-CDBA
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Fig.9 : DC voltage transfer characteristic of the propesed:DC-CDBA

Fig9 shows the w-terminal voltage (v,) When™“the z-
terminal voltage (v.) is swept from -1V to 1V for different
values of & ranging from 0.125 to 1.000 with 0.125 step. It
can be seen from the figure that the inclination of the voltage
transfer error starts to increase when v, greater than +0.8V.
This effect is mainly caused by the limitation of the operating
range at the terminal w, which is restricted to be less than [V,
~ Vip— VpssadMip)]. The w-terminal AC voltage response is
shown in Fig.10 from which it can be found that the
bandwidth is approximatély located at S00MHz. Therefore,
the high frequency limitation of the proposed DC-CDBA is
located at about 100 MHz.
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Fig.10 : AC voltage transfer characteristic of the proposed DC-CDBA

V. CONCLUSION .

A digitally “eontrolled current differencing buffered
amplifier (DC-CDBA) isyproposed. The proposed circuit is
realized by the eascade connegtion of the current differencing
circuit, the cutrerit division networki(CDN) and the unity-gain
voltage ‘amplifier. . A-novel current division technique has also
been jproposed -in - order to=provideydigital control on the
current gainy Applicationsion the propesed DC-CDBA in the
realizationyof «the “digitally conirolled eurtent-mode analog
signal processing are-our|filfther investigated.

ACKNOWLEDGMENT:

This work 'Wwas suppoited-by the Commission on Higher
Edueation, \Ministry.\of JEducationy~THhailand, | through the
Resedrch), Group™ Development Prograti (CHE-RG-01A),
Research Grouplin Microglectionics for Communications.

REFERENCES

[I]. A AUEAdawy/A M. Soliméan and HO! Eledn, "Low-voltage digitally
contro|led®CMOS currént'conveyor”, Int. JoElectron. Commun. (AEU),
vols56| aedygp.137-144, 2002

[2J9°C." Acar fand S« OzoguZ, “A)new vegsatile bilding block : current
differencing buffered/amplifier suitable Yor @ndlog signal processing
filters'', Microelectron, J., vol.30, ppsl 57-160, 1999.

{33, S, Oroguz, /A Toker-and C. Akdr, “Citrcént-mode continuous-time
fully<integrated umiversal filterusing GDBAs™, Electron. Lett., vol.35,
nbd:2,pp.97-98,1999,

[4] W. Tangsrirat,"W. sSurakampontom’ and N. Fujii, “Realization of
leapfrog filters dsing currentdifferential buffered amplifiers”, , IEICE
TranScfundumental., yol"E86°A, pp.318-326, 2003.

(5] H. Sedef and GoACar,#On the realization of voltage-mode filters using
COBA", Freguenz, vol.54, pp.198-202, 2000.

[6] N. Tanm and H. Kuntman, “A high performance current differencing
buffered amplifier”, Proceedings of Inter 1 Conference on
Microelectronics, Rabat, Morocco, pp.153-156, 2001.

[7] C. Acar and H. Sedef, “Realization of nth-order current transfer
function using current differencing buffered amplifiers”, nt. J.
Electron., vol.90, no.4, pp.277-283, 2003.

[8] W. Tangsrirat, K. Klahan, T. Dumawipata and W. Surakampontor,
“Low-voltage NMOS-based current differencing buffered amplifier and
its application to current-mode ladder filter design®, Int. J. Electron.,
vol.93, no.11, pp.777-791, 2006.

1077

Authorized licensed use limited tor King Mongkuls Instituls of Technology Ladkrabang. Downloaded on March 21,2010 at 05:42:34 £DT from IEEE Xpilore. Restrictions apply.



166




Proceedings of the 2009 (12™') IEE] International Analog VLSI Workshop
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Abstract This article presents a realization of a
programmable sinusoidal quadrature oscillator employing
the digitally coutrolled current differencing buffered
amplifier (DC-CDBA) as the major active element. _The
proposed oscillator circuit is realized by wsing=tivo
DC-CDBAs, three virtually grounded resistors and two

grounded capacitors. Attractive features'obtained by {he.

circuit are the ability of independent digital tifing-of-the

oscillation condition and the oscillation frequmc_y, and the
ability of generating quadrature sinuseidal-oufputs with™
The operation of the propesed

90° phase difference.
circuit is checked by PSPICE simulation;

Keywords: current  differencing buffered ampliﬁe;
(CDBA), current division network {CDN), MOS fransistor,
cutrent-mode circuit

L. INTRODUETION
In 1999, an active circuit buildifig block™called. a ctirent

differencing buffered amplifier(CDBA)vas introdiiiced forthe
first time and received considerable interest:[1].

guaranteed [6].

The sinusoidal oscillator plays an important circuit building
block widely found in several electrical engineering
applications... THe*name quadiature sinusoidal oscillator is
used because it can produce twa sinusoidal outputs of identical

\frequengy/ but of 90° phase dlffennce for examples, in
_tcimonnnumcatmns for quadrauue mixegs and single-sideband
“pencrators“f7]{8], _and-in-Ticasuremenit, purposes for vector
- generator and seléctiye volimeters [9].

A variely of quadrature
oscijlator elrciils usingICDB A dsactive clemignts arc available

i the techhieal Nitcrature [10F13),,  Howevé, these earlier

- reponted, implefientations dostiot providesthe digital tuning

wproperty! of! their parametets,-ie., oStillatiom candition and

| /escillafion’ condition_dnd ay,
- consists  of - lhree DC»-CDBAS, three virmally ) grounded

oséillaiion freqiiciey (@) Considering allabave advantages
of the'DESCDBA insthis papm' we-plesént the programmable
qUiadtatute sinusvidal oscillafot achieving the digital cantrol of
¥ The proposéd configuration

LITiesistons, ‘and Bwo prolnded, ¢apacitors, ) Fhe cffects of the

SDC-COBA | norsidealitied are~3lso investipated.

The
eharactezistics) of the InOposed circuit afes dcmonstmed by

\ PSPICB sitmulation results”

Since'the,"

CDBA consists of only unity gain eells, this element would be -

the most reasonable for high-frequency operatioand free from :

many parasitic capacitances [2]-[3]. “Moreover it is quite

suitable for operating in current-mode “as “well “as. il

voltage-mode [4].  In a recent work, a relativelyrnewractive
building block so-called DC-CDBA (Digitally Controlied
CDBA) has been proposed [5].  This device is a modified
version of the conventional CDBA, which its current gain can
be controlled digitally. To achieve the digital control of the
current gain of the circuit, the output current (i,) of the current
differencing unit is modified by the CDN (Cwrrent Division
Network). The CDN block works as a cutrent attenuator with
digitally controlled attenuation.  In contrast to the analog
control, the DC-CDBA device seems to be optimal, because a
greater accuracy of the parameter race in the application canbe

IPIGITALLY CONTROLLED GURRENT
DIFFERENCINGBUEFERED AMPIFIER (DC-CDBA)

AS showi'in Fig, 1 (a)#E DE-CDBA is an analog building
blocky=described _mati€matically by the following matrix
equation [5].

vp 00 0 (v
Vel |0 0 0 0 |4 0
iy 100 a -« i
vy 10 0 0|3,

where e is the cutrent gain that is controlled digitally.
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o2

Il

v o—r— P W20V
DC-CDBA
v,o——n Z —»—0 v,

(@)

Vo,

i,
() "

difference of the inpu Qf angd /. i\'r.h_..-'!i 5 SASAN
pandn into the x-terminal ﬁ'ent( ) 1 ”w u:__#'-- Q.?,:A.“
CDNwhlchls edlon thestinear cury .E inl I
b[é 15 0 _::- .‘.

controlled by the current gait meter oo =The:
simply a voltage buffer { ,3 ) jaﬁ}.c the_yolfag:

w-terminal follows the voltag cz
[t-can be S€en from j’ ind (4) that the oscillation
I PROPOSED PROGRAMMARBLE U%S 3 oondiggn of ircuit can be controlled digitally
OSC[LIA'IDR P 2] al y.tzua inghe yalue of o, while the w,~value can
g also be progra i*by @, without affecting the oscillation
Fig.2 shows the proposed digitally programmable quadratm condition=="Therefore, both the frequency of oscillation and the
oscillator using only two DC-CDBAs, three virtually grounded oondmon of oscillation are orthogonally and digitally controlled.
resistors, and two grounded capacitors. Routine circuit From the configuration of Fig.2, the relationship between V;;

analysis using the charactetistic of the DC-CDBA described in and ¥, can be expressed as :
equation (1) yields the characteristic equation of the circuit can

. 4
as follows: 1:_2 _SRyC 6
Voo
sl als (o |, )
Ry R )G \ RyRyGCy B where the phase difference is equal to ¢ = 90°. This
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guarantees that the proposed oscillator circuit provides the
, Bp2Banrca;
quadrature outputs ¥, and V,,. and W, = [F——= )
RR;CCy

Sensitivity analysis of the proposed circuit with respect to

a active and passive elements are calculated as :
]

{1l !
- . §% - 10).
P pecopa” v, " be-cona ™ © b Bp2.Bal.r172.01.02 5 (10

2 R
n O . ﬂ p @ —
I ¢, C;r‘[: d §% i 1

5\/\, - * an RyLR3LCLC T 5 (n

As can be seen from above expressions, all the incremental
¢ nsitivities for the @, are within 0.5 in magnitude.

relationship of the terminal currents afd. 4o
equation (1) can be rewnitten as :

vy 00
v | 10 0
i,{ 0o
vl |7 0

AN
cupHi e 1320
}?’.H‘n"g.:?d“ A\

A"m 08 Glvices \

where §,=(1 - ) and g, (&) =
from p to z terminals, /3,
current-tracking error from # to

& (8] << 1) is the voltage-tracki
of the DC-CDBA, respective

(24
2a S L Pana],
G\ R Ry

quadraturc sinusoi i _' and ¥, of the proposed
Q is chosen to be s!lghtly

" i’amtﬁl@mam >
where f;, ff; and 3 are the parameters /3, , f,and ¥ of A tha

DC-CDBA, respectively. In this case, the oscillation condition Miated frequency spectrums of the outputs ot

and Vo;. From the simulation, the total harmonic distortion

and &, are modificgey: (THD) was measured about THD < 5.43%.
With the same setting as above, the digital tuning of the
oscillation frequency f, through the digital parameter o
a = L ®) without influencing the oscillation condition is shown in Fig 4.
Bririky The results also demonstrate that as the digital parameter o

varies from 0.125 to 1.000, the oscillation frequencies change
from approximately 56 kHz to approximately 159 kHz. The
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deviations in the oscillation frequencies from the theoretical

values are mainly caused by the non-idealitics of the

DC-CDBA.

160mV 1=

ovis

~100mv L

Time (ms)

(a)

100mV " r . 1

50mV
ov J (8 = a0y
0 100 200 300 400 500
Frequency-(kHz)
]
Figure3.  Sinmifated results ofihe.quadrature outputs Jpand ¥,
(a) output waveiamg (b) output spedinirs
200
150
a
a
5 -+
2 100 o
~ J — Theorctical
50 /’ O Simulation |__

0
0000 0.125 0250 0375 0500 0.625 0.750 0.875 1.000
a

Figure4. ‘Theoretical and siumlation resulis of f; of ¥, by tuning s,

VI. CONCLUSION

In this work, the digitally programmable  sinusoidal
quadrature oscillator is described.  The propased circuit is
composed of three DC-CDBAs, three resistors and two
capacitors. It offers an independent digital control of
oscillation frequency without disturbing oscillation condition
through the digital control word of the DC-CDBA.  Two
outputs of equal magnitude but 90° phase shift are available in
the circuit.  The effects of the DC-CDBA non-idealities are
also studied. The circnit performance is evaluated by
sitmulations, which verify the theoretical results.
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Abstract— A realization of the CMOS digitally controlled
current follower (DC-CF) suitable for low-voltage high-freq uency
application is proposed. To achieve very low input resistance, it
is realized using a modification of a low-input resistance stage.as’
an input stage. To achieve the precise digital control” of .the
current gain, the current division techmique is”used. The
proposed DC-CF can operate with low voltagesupplies of +1.5 Vi
and is designed with 0.5-zm CMOS SCNO5SH process. As.an
application, the digitally programmable/cufrent-mode universal

filter using the proposed DC-CF is givens Simulation results are .

also included.

Index Terms— Current Follower (CF),
Circuits, Digitally Programmable.

Currenit-iMode

I INTROBUCTION

The current follower (CF) is én¢ ofthe-most fifiportaht and
versatile current-mode building_blocks ‘for realizing | many
analog signal-processing applications:)' This-is-'a-wetsknown
fact that it offers inherent wider-bandwidth, widgr dynaric

range, simpler circuitry, and lower power consuinptiontdue o5
the current-mode nature of the performed signal processing 1]

In addition, the employment, of “CF§"as- active *elemants
increases design simplicity a8 it offérs the ability of virtually
grounding admittance when they are connected torthe CF input

terminal. Another significant advantdge, of using-CFs Is-tfiat2

the voltage tracking error related active serisitivity problerms are
not taken into consideration becauseiof Virtual grotnd at. the
input terminal. Therefore, a carefilly'seléeted configuration
can lead to reduction of active sensitivigy ‘probiéms caused by
the sole exiting current-tracking error. Censidering Hiis_fact,
the CF has attracted considerable attention“as “aliernafivé to
other more complex building blocks in the impleémentation of
filtering, immittance simulating and oscillator circuits [23(9].

The aim of this paper is, therefore, to present a novel
CMOS current follower which provides the ability of digital
trimming current gain. The proposed digitally controlled
current follower (DC-CF) is realized through the modification
of the low-input resistance input stage [10] and the current
divider cell. It is shown that the circuit utilizes the current
division technique to achieve precise digital trimming with no
component spreading, and uses the current-mode approach to

obtain low-voltage operation and high bandwidth. An
application of the proposed DC-CF in realizing digitally
programmable current-mode  biquadratic filter has been
described,. PSPICE simulation results based on the MOSIS
0.5-1tm CMOS SEN05H.parameters are in agreement with the
presented theory.

1./ / PROPOSEB-DIGITAPLY €ONTROLLED CURRENT
- EOEEOWER (BC=CF)

As shown.in Pig1(a);"the CM_OS realization of the
proposed. &utrent division2ell (CDC) istbased on the use of the
unity-gainveurtent amplifier (M;-Ms) with,a very low-input

» “resistance termtinal [10] and % eusrent divider circuit (M+-M;o).
7 The inputeerminaliof thisweell 1§ held"ae vigtual ground which

results in\adoW-fnput resistance input stage (My-M;). Based on
the “ourrent.- division techiique;. the ofitput currents (i, i,
and( ;) of the proposed!CDC Felated tavthe imput current (ix)
canirespectively be given by 7 ¢

aTA :: A ;'
fi?-_*i;l 3 fos?“i[—"‘"?] and i ; =g, —E;IJ
1)

whereda; 15 /the digital .-'cbntrol bit oP this eell. The circuit
symbol of the CDE is represented in Fig. I(h).

Fig.2(a) shows the proposed DC-CF. /1t is realized through
theeaScading contection of n CDCsofFig. 1, where the output
owrentyof the'€DC; (j = L2 )8 used as an input current
of the next stages The, utput cufrefit (i,,.) of the n-stage CDCs
is then applied tothe unity-gain'current amplifier (M, -M,s) to

provide two output curfenis™,,.. and i,,. Therefore, by the

action of the@PC.metwork, two output currents of the
proposed DC-EFTan be expressed as :

louts =gy = O, @
1 & i
where a= (2"—+1][l + an,-z ] 3
ISIC 2009
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Fig.2 : Proposed DC-CF.
(a) circuit diagram (b) its symbol

487

Autharized licensed use limited to: King Mongkuts Institute of Technology Ladkrabang. Downloaded on Karch 20.2010 al 69:05:14 EDT from IEEE Xplore. Restrictions apply.

dsj =t d‘ ¥ o U k4 4‘ <3 | gj I ¥ o }%4 & v 1'%
wnansiiluenarspanulidmsumsldnuienisfinwiiity lenaelinlulddsylovlsunism

Linnsdlaquedu Snviviuiilidawlasiiont Lagdewsdadadivedenaisynasandnisiluly



From equation (3), it is seen that the current gain (&) of the
proposed DC-CF can be controlled digitally. The circuit
symbol of the proposed DC-CF is also represented in Fig.2(b).

From Fig.2(a), it can be considered from the positive to the
negative supply voltages that the proposed circuit uses only
two MOS transistors and one bias current source. Therefore,
the circuit can operate at a low power supply voltage of
(2Vpsi + Vig), where Vg and Vg are the drain-to-source voltage
of the MOS transistor and the voltage drop at the bias current
source Ip, respectively. As an example, for the standard 0.5-
pum CMOS process parameters, the threshold voltages Vry and -
Ve of the NMOS and PMOS transistors are about 0.64V and
0.91V, respectively. If the bias current sources Iy are realized
by the basic current mirrors, as a result, the minimum supply
voltage of about [2(0.64V)+(0.91V)] = 2.19V or £1.095V can
be used. ‘

III.  SIMULATION RESULTS

The proposed DC-CF of Fig.2 has been studied”through
PSPICE simulation using the 0.5-um CMOS+SCNO5H
technology. The aspect ratios of the transistorsaised are WAL =
20um/1um for NMOS devices and W/Ls= 40um/1mi~for
PMOS devices, respectively. The power supply-voltages are
chosen as +Vpp = -Vss = 1.5V, and alf bias_currents [; are_sef
to be 100¢A. The digital control input is # = 3 (4 bits).

Fig.3 shows the DC current fransfer characteristic ‘of the
proposed DC-CF given in Fig.2 when the ifiput cusrent| iz is
varied from -100 A to 100/ uA~for various values of the
digitally-controlled current/gain_¢ scanhing: from: 0.125 to
1.000 with a 0.125 step. It can be-measured from simulations
that the maximum offset gurmrents are<lesssthan 5 pA. \These
offsets regarding theory values are mainly dueto theeffect of
the current transfer error exhibited\by-thé current wiiwor,. With
the same o scanning, the  simulated 'AC ‘current transfer
characteristic of the proposed DE-CF is"shown in\Fig.4, from
which its bandwidth of about 100 MHz is.ebserved. All'\pain
values are approximately changed from'=30 dB (o 0'dB.

50

-100
-100 -50

0 50 ’ 100
i, (UA)

Figure 3. DC current transfer characteristic.
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Figure 5. Digitally programmable current“mode universal filter.

il

IV “"DIGITALLY PROGRAMMABEE- CURRENT-MODE
UNIVERSAL BILTER-

As ‘an ‘applicaionzexample of the .proposed DC-CF, the
digitally programmable/)current=mode” universal filter is
desighed, and” shown, 'in  Fig5. | The" configuration can
simultaneously/ realize—towpass (LP), “bandpass (BP), and
highpass/(HP) " current. responses’ jall__at /the high-output
impedance terminal. It also), achieves—independent digital

[ricontrol of the, natural.angularsfiequency (@) and the quality

factar (O),~Direct analysis of the'configuration with ;s = o5 =
o =.1,000cyelds the following current transfer functions.

ooy ] ket 4F
T G S S

B Dty | &Y JDG) i D(s)
A 2P e s + [ A5 | A% 4
Pt o [qu 3 RiRy GGy @

From above expressions, the filter parameters @, and Q can
be obtained as :

(29129

L a2 Rl Cl
RiR,C\Cy

o Ry Cy

Furthermore, if R =R, =R, C,1=C;=C, = = @,
and o3 = g, then equation (5) become

Authorized licensed use limited to: King Mongkuts Instilute of Technology Ladkrabang. Downloaded on March 20,2010 at §8:05:14 EOT from IEEE Xpiore. Restrictions apply.
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o= 2C and

©

Tt is clear that @, and @ of the proposed filter are independently
and digitally programmable through ¢, and ap, respectively.

20
20

-0oo-:LP
-0-0-0-: BI’
-9 : HP

Current gain (dB)

10k 100k

Frequency (Hz)

M loM

Figure 6. Simulated current responses of Fig.6When a, = ap=1.000:

Current gain (dB)

10k LoDk

Fregueney (Ha)

Figure 7. Simulated BP reSponSesavhen o, iswaried:

Current gain (dB)
&

Frequency (Hz)

Figure 8. Simulated BP responses when ap is varied.
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The proposed filter of Fig.5 has been sitnulated using
PSPICE with R = 1 kQ and C = 1 nF. Fig.6 shows the
simulated current responses when @, = op = 1.000. The
simulated value of the natural angular frequency is
approximated to f, = @/2x = 151 kHz, which is in close
agreement with the calculated value where f, = 159 kHz. Fig.7
shows the simulated BP responses for four different values of
a,, while ap is set to be constant at 1.000 to keep the Q-value
also constant at unity. As can be seen, a digital control of f
independent of Q is possible by programming ¢, The
tunability of Q with different values of ¢ is depicted in Fig.8
while keeping f, constant at 159 kHz.

V.

In this paper, the low-voltage DC-CF is proposed and
simulation results are presented. The proposed DC-CF is based
on=awlow-inpiteiesistance stage and a current division
technique. The Towsinput resistance stage based on a negative
feedback technique is employed as an input stage to provide
very low inpltresistance. The new current division cell is also
proposed-and used to-provide the digital control of the current
gain belween-input-and-output terminals of the proposed DC-
CF.)As an application;-a digitally programmable current-mode
universal diitec islalso-incladed.

CONCLUSION
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Abstract— This paper describes a sinusoidal quadrature
oscillator circuit using current differencing buffered amplifiers
(CDBAS), that features a single-resistance-controlled frequency
and current amplitude control. The proposed circuit contains
two CDBAs, three resistors, and two grounded capacitors. The
oscillation condition (OC) and the oscillation frequency (@,) of
the circuit are independently controlled by a single resistory
whereas the oscillation amplitude is electronically eontrolfed by
an external DC current. Outputs of two sinuseidalvoltages are
shifted by 90°. The validity of the propescds€ircuit has.been
verified by hardware circuit tests using AD844 based CDBA.

L. INTRODWYCTION

The quadrature sinusoidal oseillator=plays san essential
electronic circuit, because it ¢an produce.tWwor sinuspidal
outputs of identical frequency but of90% phage ‘shift, as for
example in telecommunications for quadrafuie’ mitcrs and
single-sideband generators [1], o for measurement purpases
in vector generator or selective voltmeters, (2] As a result,
quadrature oscillators widely find various- applications»in
modulators and spectral ‘phase~measurements [3]5[4]. -Ia

1999, C. Acar and S. OzoguZ presented a Wersalile active |

building block called as a cument differencing biiffered
amplifier (CDBA) [5]. | It offers several  advantageots
features, such as high slew “rate,\.frec, froni, parasitic
capacitances, improved bandwidth-and accurate port wackiig
characteristics.  After a few ‘years, various ‘analogy signal
processing and conditioning circuit refilization 'schemes based
on CDBAs have been appeated. i the, recent technical
literature {6]-[14]. The CDBA T also fiseful for'sinnsoidal
quadrature oscillator design [11]:[14]. " The oscillation
condition (OC) and oscillation frequency (@), of these
oscillators are independently controllable.s, Howeyer, the
performance of electronic controlling 1% thes, oscilldtion
amplitude has not yet been achieved.

In this paper, a new sinusoidal quadrature oscillatof*eiscuit
with current controlled amplitude is presented. The proposed
oscillator circuit employs two CDBAs, three virtually
grounded resistors and two grounded capacitors, which is
advantageous from the integrated circuit (IC) implementation
point of view [15]. The @, of the circuit is orthogonal control
through a single resistor, and the OC is satisfied without
disturbing the @,-value. Moreover, the oscillation amplitude
can be electronically controlled by an external DC current.

978-1-4244-7009-9/10/826.00 €2010 IEEE

The usefulness of the proposed circuit is confirmed by
laboratory experiments using commercially available current
feedback amplifier (CFA) AD844-based CDBA.

1. BASICIDEA

To begin our development, let us briefly consider the
dynamic/beéhavior of the segond-order system. In general, we
found/ that theé_describing equauon of a second-order system
can bethatacterized by-a second-order differential equation
of the foltoWwing standard form :

dt(!}

T 24 0,)

pE: 0 Stx(1) = f(1) (1
e

where (s called asitherexpdncntialddamping ratio, @, is
referred tol as’ the natural-angular frequency, and f{1) is the
inputforcing function'which.is a-kiiown function detcrmined
by-thelindependent sonrces. s However, the realization in this
work iSibased on ‘the-coneepfual danalysis of multiple time
varables; whichas-cecently proposed insf16]-[17]. With this
concept. the input for¢ing " function cail be applied to the
system-at another vaginble of time (7). (Fhus, equation (1) can
be rewritteiras £

d- x(r)

S s

s wpx(t)g T ) 4 )

#5.d gefCralatle, then,thetotal'response of equation (2) is
of the following.equation,:

x(1,7) = X k)5 o) . 3)

where x,(/) is the natural response obtained by setting f{7) = 0,
and x(7) is the forced response. For the underdamped case (¢
< 1), the-total response of equation (3) can be rewritten as :

x(t,7)= A THOD ¢ gy AT () ()
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where o= ¢w, and ;= @l - )" In case where x,(f) is
an undamped oscillatory response (i.e.,, =0 and 4, =4, =
A72), the complete response reduces to

x(t,7)= Acosawt + x £ (T)

®)

In equation (5), 4 is the constant that can be evaluated via the
initial conditions : =0, x(0,7) = X, and dx(0,7)/dt = 0.
Therefore, the initial conditions produce the constant 4 = (X; -
x/{7)), and equation (5) becomes

x(t,r)=[X0—xf(t)];:os wl+xg(T) ©6)

From equation (6), we see that the amplitude of the natural
response depends upon the initial value Xp and the forced
response x{7). It is, therefore, possible to control the
amplitude of the oscillated output by x(7) at any arbitrary
time. As a result, the precision amplitude control of the
resulting oscillator has been achieved. In the next sectiongwe
will apply this method to implement a quadraturesoscillator
circuit, in which its oscillation amplitudes€an'be controfled
electronically.

[I. OSCILLATORREALIZATION

The circuit symbol of the CDBA is shown in¥iz. 1. v The
CDBA is a four terminal japalog_ciretit buildingy block
described by the following relations. :

i1 001 1w
vel_[1 0 0 0k .
v, |0 0 0 ofli,
v, 10 0 0 0l

From equation (7), the CDBA ganwbe considered” asiia
transimpedance amplifier that'converts therdifference of the
input currents i, and i, at the tepninalsyp and pefespeetively,
into the output voltage v, at the “tegminal we—through Jan
impedance connected at the tepminalyzl It can be further
inferred that the terminal impedanges,of thep and n.terminals
must be very low.

W

CDBA

Fig.1 : Circuit symbol of the CDBA.

Using the method introduced in previous section, the
proposed quadrature oscillator circuit with current-controlled
amplitude using CDBAs as active elements is shown in Fig.2.
The proposed circuit consists of two CDBAs, three virtually
grounded resistors, and two grounded capacitors. Note that
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an external current ir(7) functions as the forced input that is
applied to the circuit at any arbitrary time z Also, a notable
feature of the structure of Fig.2 is the use of both grounded
capacitors, which is attractive from the viewpoint of
integrated circuit implementation [15]. Similar analysis
yields the describing equation of the proposed CDBA-based
quadrature oscillator circuit in Fig.2 as follows :

dlva) 11 1)@ (| ]v
d?  G\Ry R} dt RyR3GCy

For sustained steady-state oscillation, one may infer that
the exponential damping ratio ¢ must be zero ({'= 0). Thus,
from equation (8), the corresponding oscillation condition
(OC) is found to be

Ry = Ry %)
and, then, the @, tAtefoNows from equation (8) is obtained

asi:

1

w, =
%" JRBRCE;

As. oleatly seen. frofmsgquations (9) and (10), a virtually
grounded. “resistor /R Idontrolg=the_ OC, of the proposed
oscillator eircuit avithout dnterfering with'the @, which is
coutrolled by a'singlc/resistanceRy. Therefore, both OC and
), can'be orthogonally-contialled;

Additionallymif ~is-easyito find from |Fig.2 that the
relationship betiveer v, (1) and v,2(r) can be expressed as :

(10)

A
! o an
Vo;‘ (‘9)

Egquation {14} shows that the Phase differenge between vy (1)

and=v (1)) /of 90° | is (obtained, thds providing quadrature

property tothe proposed-oscillator ‘eitcuit.

Rl
f AT v _,(1)
| @
P 5%pBa " coa ¥

T

'A%

1

Fig.2 Proposed CDBA-based quadrature oscillator
with current amplitude control.



Furthermore, substituting equation (9) into equation (8), i.e.
when the OC is satisfied, it can be seen that, when i/(7) is an
external DC bias current I, equation (8) simplifies to

)val(t)

As follows from equations (5) and (6) at the initial condition ¢
= 0, the resulting complete response for v, (f) can then be
obtained as :

1rRy

=— > 12
RyR3 GGy 2

drva(t) (1
dr* Ry R CCy

Vor(t,7) = Vogy — 1 Ry cos @t + 1 /Ry (13)

where V,, is the saturation voltage at the z-terminal of the
CDBA. Equation (13) readily shows that the oscillation
amplitude now depends on a constant forcing function, I
Thus, it is possible to control the amplitude of the oscillated
output voltage v, (¢) by electronic means through tuning the
value of I.

IV. EXPERIMENTAL RESULTS

To verify the workability of above given theoretical

analysis, the proposed CDBA-basgd guadrattre oscillator of
Fig.2 has been experimentally tesied. For the purpose’of
experimental verification, the CDBA element was-eonstroeted
by based on the use of two CFA AD844s shovim i Fig:3,[18],
and 1% tolerance RC components were used. The'DC.power
supplied were chosen as : £5V, :

Practical realization, with two CFA AD844s,

Fig.3:

As an example, to obtain the quadtature output-waveforms:

with the oscillation frequency of f, = @2 7= 1591 kHz, the

values for resistors and capacitors werg,chosendsa R, = £, =
10 kQ and C, = C, = | nF. In orderstovensure that the
oscillations will start, the value of R, was slightly incfeased
from its theoretical value of 10 kQ to 10.5 k€, Fig.d(a)
shows the measured quadrature sinusoidal outputs v, and v,
of the proposed oscillator of Fig.2, when I;= 0 A. From the
experimental results, the amplitudes of the quadrature
sinusoidal outputs v,; and v,; are approximately equal, and
they are 90° out of phase, which is close to the theoretical
analysis. The oscillation frequency of f, = 14.12 kHz can be
measured, thus the percentage error in f, equal to ~1.125%.
Fig.4(b) represents the frequency spectrums of the output v,,,
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from which the percent total harmonic distortion (%THD)
was found in the order of 1.1%.

RIGOL T'D 8K pnrnrEizon~rnd £ 8 -46000

5 3

:Freaii=14.12kHz Urelll= 5,33 Ure2)= 5.030

EE3 1.2  CH2= 1.28Y  Time 20.66us »8.0000s
(a)

RIGOL  T* D @K (vrrrnriSmaizionnnnnd 5 @ -480nU
. v

i
3T T i Wl LW o R :

Time 28.08us B:3,.6008s

b),

Figi: Experimental results on the'proposed oscillator circuit
of Fig.2,(when [.=0 A
“olaytypical putput waveformsofv,fand v,;. (vertical scalc is
I AT YAV diveand horizontalscale is 20.us/div.)
S (b frequency spectmimaof vgy, (Vertical scateris 0.5 Vrms/div.
I and horizontal scatetis,}2.50 kHZ/div.)

Next, in‘order 1o “demonstrate thes current controlling
amplitide of:the oscillated guadrature outputs, the propose
Gircuit is experiméntally fested by yarying/the value of //to be
ISO7uA," 200 1A and 230 A, respectively.f The results obtained
aresshowian Fig.§! Fig.6 displays the plot of the amplitudes
of ilie. tWo Oscillating outpuirsigndl ¥, and v,, against the
controlling current /. A8\t tangde semarked from Figs.5 and
6, the oscillation signabamplitides decrease when the value of
Iy i ifgréaged.) It is to_berhoted also that the experimental test
results agree wellawith the theory as expected.

Ti addition, the"experimental results of the f, of v,;, which
are obtained by varying the value of the resistor R, are shown
in Fig.7, and the experimental and theoretical results are in a
agreement as well.
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Fig.5 : Experimental waveforms ofa,"and v;a.
(vertical scale is 1.2 Vidiv, and horizontal scale i5'20 ps/div.}
(@) when [;=150 A (b) when /;=200 gA  (c) whenJ =230 vA

V. CONCLUSION

This paper presents a quadrature sinusoidal oscillator
employing two CDBAs, two grounded capacitors, and three
virtually grounded resistors. The circuit provides two
sinusoidal outputs with the phase difference of 90°, and an
orthogonal control of the oscillation frequency and oscillation
condition. With the proposed configuration, the amplitude of
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quadrature output voltages can be controlled directly through

adjusting the value of external DC current. The

results of

measurements appear to be in approximate agreement with

the presented theory.
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