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Abstract

In this paper, a design of current differencing buffered amplifier (CDBA) for low-voltage
applications is presented. The propesed CDBA is simple and is designed to operate with a minimum
power supply of 2 volts. The PSPICE simulation results demonstrating the circuit performance are
included. Some design procedures using this CDBA as an active element in the leapfrog simulation
of high frequency current-mode ladder filters are also introduced.

Keywords: Current Differencing Buffered Amplifier (CDBA), current-mode circuit, ladder filter
low-voltage circuit '

*
Original manucript submitted: July 14, 2004 and Final manucript received: October 11, 2004




2993 CDBA unwdiand uuulfassauladiosd uar mabhldueandldluaamiadygu 377
usaanslnuansug

Introduction

During the past few vears, comparing with voltage-mode techniques, current-mode signal
processing techniques have been received a wide attention due to its wide bandwidth, low-voltage
operation and simple implementation of signal operations such as addition and subtraction.
Usually, the design of high performance current-mode circuits employ circuit building blocks such
as second-generation current conveyors (CClls) and current feedback amplifiers (CFAs).
Recently, a current differencing buffered amplifier (CDBA) has been first proposed [C. Acar and
S. Ozoguz. 1999.] which is particularly suitable for the current-mode operation and realization of
continuous-time filters. The CDBA can offer high-slew rate, wide bandwidth and simple
implementation [S. Ozoguz. A. Toker, and C. Acar. 1999.] It is beneficial to use CDBAs as a
building block to realize the most general a™-order voltage-mode and current-mode transfer
functions [C. Acar and H. Sedef. 2003.] In addition, CDBA-based circuit implementation is
suitable for current-mode continuous-time fully integrated MOSFET-C filters, especially for filters
using MOS resistive circuit, MRC [S. Ozoguz. A. Toker. and C. Acar. 1999.],[Takagi.
Z.Czarnul. T.lida. and N. Fujii. 1997]. Despite the fact that several CDBAs have been reported
in the literature [C. Acar and S. Ozoguz. 1999, S. Ozoguz. A. Toker. and C. Acar. 1999],
there are no circuits that can operate at a low supply voltage. A low-voltage technique is one of the
maost important issues because of the advance of the large-scale integration with complicated circuit
systems and the increasing demands for battery-operated portable equipments. This paper
proposes a low-voltage CDBA, which can operate at a low DC power supply voltage of 2 volts.
The PSPICE simulation results of the proposed low-voltage CDBA show a low power
consumption and a wide bandwidth. Since the proposed circuit considerably simplifies the
realization of high frequency current-mode active ladder filters, a realization of the leapfrog
structure of current-mode ladder filters in which CDBA is employed as an active element is shown
as an application of the CDBA. The presented method shows that the CDBA-based leapfrog
simulation is simple and suitable for realizing of the current-mode ladder filters. Most importantly,
the current-mode [adder filters with CDBAs employ less active components compared with CClls-
based ladder filter implementations [E.l. El-Masry. 1996.]

Basic Principle

The representation of the CDBA is shown in Fig.l whose current and voltage
characteristics can be described by the following relations [C. Acar and S. Ozoguz. 1999 and
C. Acar and H. Sedef. 2003. ]:

v,=0 . v,=0 . i =i, -i,

It should be noted from the above expression that the differential input current i,-i,, is converted to
the output voltage v, through an impedance connected at the port z. Thus the CDBA basically
consists of two blocks ; a current differencing circuit (current subtractor) and a voltage follower.
In the following section, we will introduce a low-voltage current differencing circuit providing the
difference of the input currents i, and #, and a low-voltage buffered voltage amplifier.
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Figure 1 Circuit representation of a CDBA
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Figure 2 Low-inpuf resistance input stage

Low-Input Resistance Input Stage

Fig.2 shows a low-input resistance input stage, where the transistors Q1-Q4 function as a
feedback loop [T. Nagasaku. A. Hyogo. and K. Sekine. 1996.]. Assuming that the emitter signal
current of Q1 is ie, the emitter current of Q2 will approximately be equal to f2ie. The current
mirror formed by Q3-Q4 reflects the current f2ie to the collector current of Q4. Therefore, the
input signal current iin can be expressed as ;

fin =1 + Pole , )

Due to the negative feedback, the input resistance r,, of this circuit is very low and can be given by

r
Fig = ﬁi' @)
2

where /; is the current gain of the transistor Q, r.; is the small signa! emitter resistance which is

given by Fop = Y7 and Vy is the thermal voltage. Based on the low-input resistance input stage
R
Ipy
of Fig.2, in the following section a current subtractor will be developed.

Current Subtractor

The unity gain current amplifier based on the above input stage is shown in Fig.3. A
biasing circuit comprising the transistor Qg and the bias current source fp; is added to provide the
bias voltage Vg, and the imaginative ground at the input node, while the transistor Qs and the bias
current source [y; provide the output current i,,. Since the relationship between the input signal
current i, and the signal current 7, can be given by,

b @

jo=
© B+

thus, the output signal current i,,, of the circuit of Fig.3 can be expressed as
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P i (5)
,Bz +1

lout = —Drie =—
In general case, the current gain 5, >> 1, thus the output current i,,, of this circuit can be written as

lout = —lin (6)

Figure 3 Unity gain current amplifier

Fig.4 shows the proposed current subtractor circuit, which is obtained by using two unity
gain current amplifiers that are formed by Q,-Qs and Q7-Qy,. The current mirror Q,-Q3 reflects
the current i, to the output port, therefore, the output current of this circuit can now be expressed as

e
[

Loyt = l'p — i, ')

Figure 4 Current subtractor
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Buffered Voltage Amplifier

The high-input impedance voltage amplifier based on a simple emitter follower is
presented in Fig.5, where complementary NPNs and PNPs, Q4-Qys, form an input buffer that
forces the w terminal voltage to that of the z terminal. Let us assume that all transistors are well
matched and a good matching in V. between NPN and PNP transistors is obtained in order to
achieve low offset voltage, Thus, the input impedance at the port z becomes very high and is
approximately equal to

¥, 8
rzgﬂnﬂp[f"'Rw] ®

where £, = = Bu>> Y, B = PBis = Bir 3> 1, e = Fepy = P B 7eis = Forr and R, is the load
resistance connected to the port w. On the other hand, the output impedance at the port w becomes
quite low and is equal to

e, R | )
=le4
Y2788

where R. is a converting resistor connected to the port z. For example, if R, = 1 k2, R, = 10k,
Vy =26 mV, Iy, = {ps = 100 pA and B, = 5, = 100, then », and r, are approximately equal to 10
MQ and 130 Q, respectively.

Figure 5 Buffered voltage amplifier

Low-Voltage Current Differencing Buffered Amplifier (CDBA)

The proposed low-voltage CDBA is now shown in Fig.6, which consists of a current
subtractor of Fig.4 and a buffered voltage amptlifier of Fig.5. All bias current sources of the circuit
are realized by current mirror circuits and set to be equal to /5. Since the circuit uses only two
transistors and one bias current source between the positive.and the negative supply voltages, this
circuit can operate at a low power supply voltage of 2 volts (or £1 volts).
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Figure 6 Circuit diagram of the proposed low-voltage CDBA

Circuit Performance Analysis

By using a hybrid-n model and a routine small-signal circuit analysis, the performance of
the proposed low-voltage CDBA of Fig.6 can be analyzed as follows. Since the differential input
current i,-i, is converted to the output voltage v,. through the resistance R which is connected at the
port z, thus the relationship between the input and output snonals of this device can be described in
the term of the trans-resistance gain R,, as

“w__p R 1 ! (10)
ip—iy i+g N l+eg,

L
where g is the current transfer error associated with the current subtractor circuit and &, is the
voltage transfer error of the buffered voltage amplifier. Let us assume that g,, and g, denote
respectively the transconductance and the small-signal base conductance of the i-th transistor {i =
1,2,..., 17), the current transfer error & can be derived as

2g
(gmp +28zp)[3nm +grn[l+—ﬂ}}"gmp & mn (11
N & mn
[
Emp Emn
where Eon =&t T EBmz= o T Bl = 8t = Bt s Emn = Bt T &2 T - T But1 = Bard T Buttr Bop T

Lotz = i3 = Guis = Swis and B = 8ur2 = a3 = Eus = gurn For example if 0.7um BICMOS
process parameters are employed under the bias current {5 of 100 pA, then we will obtain ; g, =
2.23x107 AV, gup = 2. 14x10° A/V , g, = 4.17x10° A/V and gp =4 38x107 A/V. As a result,
the transfer error & of about 6.12 % is expected. -

The second error &, that is due to the buffered voltage amplifier formed by complementary
transistors Q4 to Q7 can be given by
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(&mn +8m N &mp + &mp)

In

Ey

where G, = 1/R,. With the same process parameters, the resulting voltage gain error &, for a load
resistance R, of 10 k{2 is approximately equal to 4.65 %.

For the high frequency responses, the high frequency limitation is strongly depended on
the stray capacitances and the current transfer function can approximately be expressed in the
relationship of the currents /. and (i, ) by

[. L Smp. Emmn

+2 o )
S & Emn +gm{] + 2gm]
Eumn /|

(i —-",,)2 (g ) I 2g )H
2 s +Conl 2 G, +2C,,, | 14757
15[ Xt G | |, _(_.f’_.....f'.’ \8mn __(_ N ™ s+[§?§f¢z ffﬂfﬁt?(%tﬁ*?ﬁ*f)]g
gnw+2gfp (gmh+gm) gmn(gmn"'ng)

(13)
where Cm, =Cy=Cp=..=Cp = Cﬂ; = leﬁ 5 Cﬂ" = Cﬂ; = Cﬂg =T C_“” = Cﬂu = C'um , C”F =
Ca2=Cauz = Cats = Criz, Cip = Coiz = Copz = Cys = Cyy and Cp , C,; denote the emitter-base
capacitance and the collector-base capacitance of the /-th transistor, respectively. The denominator
of equation (13) has three poles and can be written as

2 14
D!(S)z[]—LJ[[—s(l_*. .J.ﬁ...].{* s } ( )
P P2 P3 P2P3

where p; is a pole of equation (13). Usually, the poles p, and p; are widely separated. [f we
assume that p; is much larger than p,, the term 1/p; can be neglected compared with the term 1/p,
in the denominator. Thus, equation (14) becomes approximately

2
DI(S)E[I—-E—JI—L+ S (15)
2 P2 P2r3

By equating the coefficients in equation (13) with those in equation (15), the pole positions can be
obtained as follows

o= _{gmp +2gﬂpj’ (16)
205, +Cyp
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(17}
py=- Emn + 8xn
(2CJTH + C;m{ £an }"‘ (C:m + 2('!”1{1 + 2‘&&)
Emn Emn
and py=— Ean(2C o, +Cyf1)+(gmn +28m X Crm +2C;m) (18)

(2C,1 +C 1y ) Cry +2C 1)

At the port w, the approximate small-signal voltage gain can be written in the term of vw

and vz as
): (&mn + &m )(gmp +8m) ][1 + Com Sj'[l + C’E? _____ Sjl
Vi (G +&mp +g;rp)(gmn +gm)+ngnp _ (8mn +&m) (8mp + &mp)
:z_ ) {1 +{(Gw + &y + 8 o + Gy + Cy +gﬂ)¢£}s+{ _____E‘in_(_-‘_n-p____m___'___ N _}2}
(Gy + 8mp +gizp)(gmn +g;m)+ngnp (G +&mp +g:rp)(gmn +g:m)+ngsz
(19}

The denominator of equation (19) can be rewritten as

2 2
Dy(s)= i—S(—]H+~—l—}+ : =12 2 (20)
P4 P35 Pars P4 P4Ps

where we assumed p, << p;. The poles p, and p; can now be estimated by comparing coefficients
in equations (19) and (20). Thus we can identify

g =~ (Gw+gn1p +grrp)(gnm +g.?_m)+ngzrp 210
(G, + Emp T Emp Yo (G + Emn + Exn )Cﬂ‘p
and _ (Gw T Emn +gm1) (GW +g’7?p + g"TP) (22}
Ps == *
Crn sz’p

In order to figure the high frequency limitation, let us assume that C,, = 8.25x 10" F, C,,
= 89810 F, C,, =4.14x10"" F and C,, = 4.22x107* F. Since the poles p; and p; are the non-
dominant poles, the effects of these non-dominant poles are neglected in the calculation. Thus, the
poles py, p; and p, are approximately located at 1.5 GHz, 2.67 GHz and 2.14 GHz, respectively.
Clearly, the high frequency limitation of the circuit is due to the dominant pole p, that is dominated
by the transconductance and capacitance associated with the current mirror Q,2-Qy;. However, this
dominant pole p, is quite high. Therefore, the circuit can be used in high frequency applicaticns.



384 23wad aaesial wnane wasuwing ez Taan gysiwans

Application to Current-Mode Ladder Filters

An approach to derive CDBA-based current-mode ladder filters from passive RLC ladder
prototypes will be presented in this section. Due to the low sensitivity nature of doubly terminated
RLC ladder filters {R. Schaumann and M.E. Valkenburg. 200l.and P. Huelsman Lawrence.
2000.]1, this configuration has been receiving a considerable attention.  These active
implementations are conventionally designed based on the representation of signals as voltages.
But in the current-mode based implementation, the input, infermediate and output signals are
usually represented as electrical currents that seems to be recognized to offer potential advantage
for low-voltage applications. To illustrate the design procedure of CDBA-based current-mode
ladder filters by the leapfrog, consider a popular ladder structure that realizes the doubly
terminated RLC ladder filter shown in Fig.7. This structure can be characterized by the following
expressions

neig-A_p, 0 =02
Ry
Vy =¥ -1 s L=h
fy=17-14 v V=132, 23
M

-
=
=1
:"'-1
]
~—
=
L
|
~
3
T
-
1l
—y
N
=

Figure 8 Block diagram representation of the leapfirog structure
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Using above expressions, a LC ladder filter structure can be represented by the block
diagram of the leapfrog realization as shown in Fig.8, Observe that in this figure the repeated use
of two operations of Fig.9(a) and 9(c) makes up the complete circuit. These operations can easily
be realized by the CDBAs as shown in Figs.9(b) and 9(d). For the CDBA-based filter realization,
we can readily obtain the CDBA-RC circuit by interconnecting the corresponding sub-circuits of
Figs.9(b) and 9(d) according to the overall block diagram representation of Fig.8. As an example
of this design procedure, a current-mode fifth-order Butterworth RLC ladder lowpass filter shown
in Fig.10 is realized. The resulting CDBA-based circuit of the filter is shown in Fig.11, where the
normalized cutoff frequency w-3dB = 1 rad/s and the values of resistors and capacitors are in Q
and F, respectively. It can be seen that five CDBAs are employed for implementation of the fifth-
order filter. In general, nth CDBAs are required for realizing the nth-order filters. On the other
hand, CCll-based implementation in voltage-mode designs of this structure requires some
additional devices when they are used for cascading sections due-to the high-output impedance
[E.I. El-Masry. 1996. and S.I. Liv. 1991.]. It should be noted that the CDBA-based iadder
leapfrog filter implementations can reduce the number of active components by approximately
50% comparing with CCll-based [E.[. El-Masry. 1996. and S.I. Liu. 1991.] and OTA-based
[J. Wu and E.I. El-Masry. 1998. . Deliyannis. Y. Sun and J.K. Fidler. 1999 and J. Wu. and E.I.
El-Masry. 1998.] filter implementations, and less than 50% when comparing with the realizations
using Op-Amps [R. Schaumann and M.E. Valkenburg. 2001. and P. Huelsman Lawrence. 2000.]

[k-n'
7 ——1p wp——=oV, =17,
k I CDBA
I k7
k-1 Zk . Vk o n z
_ L=,
-y i Z, l :
(a) (b)
i fo=1r,
P/ v, 1 s
V.., Ve, o AN— p w F—AMA—— 5
i CDBA
y Vy. oA n z Vo= Zn
k "n Po= .
k-1 Yk — Ik ZYA' l": s
(c) {d)

Figure 9 Sub-circuits and their realizing operation using CDBAs

—— | —p |

4. I3 !
) T ) ’[ CjI

Figure 10 Current-mode fifth-order Butterworth RLC ladder lowpass filter
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Figure 11 CDBA-based realization of the current-mode fifth-order lowpass filter of Fig. 11}

This technique can also be wsed to design RLC bandpass filters. A sixth-order RLC
bandpass filter is shown in Fig.12, which includes parallel and series resonant circuits as sub-
circuits. The sub-circuits of the filter are realized by using CDBAs as shown in Fig.13. Thus the
whole structure can be shown in Fig.14.

! R
[; ¥,
o——p w o}
CDBA
_ n z
1 ql
¥ T N DY
CDBA
l—‘ Z np——=%©
o= Z4- Vo) L

(a)
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Figure 13 Sub-circuits of the fiiter of Fig. 12 involving CDBAs
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Figure 14 The current-mode sixth-order bantlpass filter using CDBAs

Design Examples and Simulation Results

The performances of the proposed low-voltage CDBA of Fig. 6 were confirmed using
PSPICE simulation with the 0.7um BiCMOS process parameters. The power supply voltage is +V
= +] volts and the bias current /5 is 100 pA. The simulated DC offset current at the port z, for R. =
1 kG2, is very low and is approximately equal to 3.23 pA, and the simulated DC voltage transfer
characteristic between the voltages v. and v,, for R, = 10 k€, has the DC offset voltage value of
about 1.98 mV. The total power consumption was found by the simulation to have a low value of
1.84 mW. Fig.15 shows the simulated frequency responses of the current and voltage transfer
characteristics of the proposed CDBA. It is clearly seen from the figures that the bandwidth
frequencies in the range of hundred MHz are obtained. The simulation results show that the circuit
has a wide bandwidth and low-power consumption.
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Figure 18 Simulated frequency responses of the proposed CDBA

As an illustration of a current-modé fifth-order Butterworth lowpass filter, the filter of
Fig.10 with a —3dB frequency @ of 100 Mrad/s was designed. This condifion Ieads to the
passive element values as follows ; Ry=R, = R=1kQ, C,=(;=6.18pF, L,=L, = 16.18 pF, and
C; =20 pF. The simulated and theoretical responses are shown in Fig.16.
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Figure 16 Simulated responses for the fifth-order Butterworth lowpass filter of Fig.11
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Figure 17 Sitmilated responses for the sixth-order Chebyshey bandpass filter of Fig. [4

389



- ¢ Y oAe ¢ ar a a o
390 TTHIA QHATIIRE HNTINA W@uﬁm‘l—pﬂu WaT IRaN Eg‘s:mwaﬁi

For illustrative purposes, a sixth-order Chebyshev bandpass filter was also designed with
the following specifications ; @.;5 = 100 Mrad/s, bandwidth (BW) = 0.45, and passband ripple =
0.1 dB. These specifications resulted in the following components values ; Ry= R, = R=1 k3,
=y =22923 pF, C;=3.921 pF, L, = L; = 4.362 pF, and L, = 25.498 pF. The simulated responses
of the designed filter together with the theoretical values are shown in Fig.17.

Conclusions

A design technique for realizing the low-voltage current differencing buffered amplifier
(CDBAY and its application to implement continuous-time current-mode leapfrog ladder filters has
been described. The proposed circuit can operate at a low power supply voltage as well as high-
frequency operations, and can easily be implemented in a monolithic integrated circuit. The
simulated responses with PSPICE are quite good over a wide frequency range and the circuit
requires low-power consumption. As seen from applications, we prove that it is very suitable for
realizing any current-mode leapfrog ladder filters employing CDBAs as an active element. The
proposed technique requires n"-CDBAs for the realization n™-order ladder filter, which is a
significant active element reduction in comparison with the previously reported methods using Op-
Amps, OTAs, and CClls.
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