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frequencies as a result. This thus implies bandwidth degradation
in both the lossy SH and HS networks due to the reduction.

SimilartotheanalysisinSectionIII, thepeakingandbandwidth
performance of the lossy SH and HS networks can be determined
from the transresistance, , of the reference network in
Fig. 11(a) and this isgiven by (9), shown at the bottom of the page,
where the quality factors in the equation are defined as

, and .
With the use of (9), the passband-edge peaking of the lossy ref-
erence network can be approximated at of the ideal ref-
erence network of Fig. 5(b) [see (2)] and this is expressed as

where is given by (10), shown at the bottom of the
page. Note that , and in (10) are also defined at

of the ideal network. By using (10), the surface plot of the
peaking level versus the is shown in Fig. 12(a) for the
SH network at , and in Fig. 12(b) for the HS net-
work at . Due to higher losses, the peaking con-
tinuously drops at smaller . For a particular case of interest
at , the SH network exhibits about 1.26-dB
peaking—a drop by as much as 7 dB from the ideal response in
Fig. 10(b). For the HS network, the peaking disappears and there
is attenuation at about dB [see (9) and (10)].

Also based upon the transfer function in (9), the resulting
BWER and absolute bandwidth that include the effect of the
parasitic resistances can be computed numerically. The BWER
dependences against the ratio are given in Fig. 13(a) for
a set of , 8, 16, and at . Whereas the
plots indicate the degradation of the BWER with the reduc-
tion as implied by the triple resonance movement in Fig. 11(b),
it is noticed that the impact on HS peaking is more pronounced.
Another important observation can be made from the plots of
the corresponding absolute bandwidth in Fig. 13(b) for the nor-
malized networks with and . When
compared to the ideal case in Fig. 8(b), in the presence of the
parasitics, the optimum bandwidth of HS peaking occurs at a
larger , i.e., approaching , with a consequent
requirement of a larger . Also, from the phase plots versus
the normalized frequency of Fig. 13(c), as compared to
Fig. 8(c), the lossy SH network exhibits considerably less steep
phase characteristics, particularly at a small .

The surface plots of the BWER versus and at are
given in Fig. 14(a) for lossy SH peaking at , and in
Fig. 14(b) for the optimum lossy HS peaking at .
At , the BWER drops from 3.7 to 3.5 (5.4%
reduction) for SH, and from 3.54 to 3.25 (8% reduction) for
HS peaking. This suggests that, although the parasitic effect is
included, SH peaking still maintains a bandwidth advantage.

As a verification, simulated magnitude and phase responses
for the lossy SH and HS peaking networks are given where two
cases are considered, i.e., at: 1) for the normalized

HS network [Fig. 15(a)], and 2) for the normal-
ized SH network [Fig. 15(b)]. Also included in Fig. 15(a) and (b)
for comparison are the simulated responses based on the dis-
tributed RC gate model at [see Fig. 11(c)] where
close matching with the responses based on the single
gate model is observed. From the magnitude plots, the HS net-
work exhibits a BWER of 3.25 and an attenuation at dB
whereas the simulated responses for SH indicate the BWER at
3.5 and peaking at 1.28 dB, in good agreement with the plots of
Fig. 12(a) and (b) and Fig.14(a) and (b). The phase plots indi-
cate similar phase characteristics between the two networks with
respect to their corresponding bandwidths. It should be noted
that, due to such changes of both peaking and bandwidth of a
practical CA, some adjustments on and from the design
equations in (4) and (6) are necessary to maintain a flat response
at midband frequencies.

C. Noise Characteristics

Due to the multiplicative noise characteristic of a CA, its
noise performance is inferior to a classical DA. By considering
only thermal noise, the noise factor of a CA with identical
stages for frequencies up to near the passband edge can be ex-
pressed by

(11)

where represents both the input source and output load im-
pedances, and denotes the excess noise coefficient. Note that
the noise figure equation omits thermal noise from the bulk re-
sistance of the gate material, and the gate-induced noise that is
only significant when the operating frequency approaches the
transition frequency of the transistors [13]. Since a CA typi-
cally exhibits bandwidth somewhat less than , only the drain
current thermal noise appears as the dominant transistor noise
source over the entire bandwidth of the amplifier. To assist the
following design procedure in Section V, (11) may be expressed
in terms of the overall amplifier parameters, with all variables
related to devices and components removed, as

(12)

where , [8], [9]. It
should be noted from (12) that increases with both and .

(9)

(10)
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Fig. 13. Effect of parasitic resistances (via the � factors � � � � �)
on (a) BWER, (b) normalized bandwidth and (c) phase responses at� � �.

At a larger , a lower gain per stage, particularly in the first few
stages, leads to more noise contribution of subsequent stages
and hence a higher results. At a higher , although the stage
transconductance is reduced, more stage noise

is effectively generated due to higher interstage resis-
tance. From the described characteristic, it follows that, given

CA specifications, both and should be minimized for a low
noise design.

V. DESIGN EXAMPLES

A. Initial Design Calculation

Based on the developed equations in the previous sections,
a flow of initial parameters’ calculation that can be equally ap-
plied to both SHCA and HSCA is outlined as follows. The de-
sign may start from a selection of the number of stages which
should be kept small. For most typical applications with low to
moderate noise requirement, is lower than five stages [11].
From the total gain and noise factor specifications, and ,
the resistor ratio is determined at the selected using (12) and
this yields the interstage resistance . Next, the inter-
stage gain can be decomposed from at

(13)

and the required transconductance for the transistor at each
stage is at . For the CA to exhibit gain advantage
over the DA, it requires that [8]. If this is not
the case, should be reduced until the condition is satisfied.
From the total bandwidth specification , since both SH
and HS peaking are fourth-order networks, the interstage band-
width may be calculated by [12]

(14)

where is equal to 8. By combining (13)–(14) and the BWER
definition, the total gate capacitance at each of the transistor
amplifiers is determined at

(15)

The equation requires estimation of the parameters
and which can be obtained from the

plot similar to Fig. 14(a) and (b) where the effect of the para-
sitic resistances is included via the estimated parameters
and . With another estimation on the parasitic capacitances
that contribute to and , the intrinsic gate-source capaci-
tances and hence the amplifier transistor’s width at the
minimum feature length can be computed. Continuing
the design, by using the short-channel MOS transistor model
equations (see [13] for an example), the transistor gate-over-
drive and the drain current consumption
are obtained. Subsequently, the inductances and are
determined using (4) and (6) where and
for SHCA and vice versa for HSCA. For optimum bandwidth
in HSCA, an additional capacitance may be required to make
the ratio as indicated by the theoretical plot
in Fig. 13(b). At this stage, the estimation of the parasitic
capacitances and resistances in the amplifier transistors and
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Fig. 14. Calculated plots of BWER versus quality factors � and � for (a) SH peaking and (b) HS peaking networks with parasitic resistances.

Fig. 15. Simulated frequency responses based on distributed RC model (dark dotted curves) and single RC equivalent model (dark solid curves) at� � � �

��� for (a) HS peaking at � �� � ��� and (b) SH peaking network at � �� � ���.

inductors can be made more accurate with the help of simula-
tion using practical electrical RF models and layouts. This also
enables selection of the dimensions of the inductors and

for the desired via the plot similar to Fig. 12 so that the
passband-edge peaking of the CA can be controlled. By putting
back the simulated parasitics into (15), the parameters ,
and can be re-calculated with improved precision. Finally,
given the simulated total capacitances and , the input and
output matching inductances of the CA can be obtained based
on the traditional T-network design.

B. Simulation Results

To demonstrate the integrity of the analysis and design,
the SHCA has been designed, laid out and simulated using a
0.18- m 1.8 V 6-Metal RF CMOS process. The amplifier’s
total gain was specified at dB and the bandwidth at

. The specified noise factor is at
(or dB). The input source and output load impedances are
selected at . For implementation of the amplifier
stages, the cascoded transistor configuration was employed.

For realistic simulation, practical RF MOS device and passive
component models provided by the process design kit were em-
ployed. The interconnect parasitics were characterized via elec-
tromagnetic (EM) simulation and these were subsequently in-
cluded in SpectreRF circuit simulation. Following the outlined

TABLE I
SUMMARY OF DESIGN PARAMETERS FOR THE SHCA
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Fig. 16. Schematics of the designed SHCA and HSCA with four stages.

TABLE II
SUMMARY OF DESIGN PARAMETERS FOR THE HSCA

parameters’ design at four stages, i.e., , the initial compo-
nent values can be computed. Subsequently, these were adjusted
manually via simulation for the final values. Table I summarizes
the initial and final design parameters of the SHCA where close
matching between the two parameters implies the efficiency of
the design flow. In the table, the numbers in italic were estimated

Fig. 17. Simulated interstage responses of the four-stage SHCA and HSCA
without interconnection parasitics (gray lines) and with parasitics (dark lines).

values for calculation of the initial parameters. Also, the final in-
ductances are larger than the initial design and this is mainly to
account for the parasitic resistance effect.
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TABLE III
INTER-STAGE BANDWIDTH PERFORMANCE UNDER EXTREME PROCESS AND

TEMPERATURE CONDITIONS

Fig. 16(a) shows the schematic of the designed SHCA. A re-
sistor (10 ) is inserted at the gate of each of the cascode tran-
sistors for good stability [4]. In the amplifier layout (not shown),
the circular spiral using metal 6 was adopted for all the induc-
tors. For comparison, the four-stage HSCA was also designed
using the same transistor stage with , and identical
to the final parameter assignment in Table I. This essentially
yields the same gain and power consumption as those of the
SHCA but the bandwidth is different. The amplifier schematic
is shown in Fig. 16(b) with the additional , implemented by a
MIM capacitor, included for optimum bandwidth. The final in-
ductance and capacitance design values are listed in Table II for
the optimum HSCA. From Tables I and II, since the resulting
overall capacitance ratio at each of the SHCA transistor gain
stages is , it is anticipated from the BWER plots
in Fig. 14(a) and (b) under their corresponding final parame-
ters that the SHCA should exhibit a bandwidth advantage over
the HSCA, with added to yield , by about a
factor of 1.3.

The simulated interstage frequency responses of the designed
SHCA and HSCA with and without interconnect parasitic ca-
pacitances are shown in Fig. 17. It is seen that, for both of the
CAs, a bandwidth reduction by about 7% results from the para-
sitics. For the SHCA, the interstage peaking near the passband
edge frequency at rad/s is 0.5 dB. For the
HSCA, there is dB attenuation at its

rad/s. The interstage bandwidth of the HSCA is at 11.6 GHz
and that of the SHCA is larger by a factor of 1.28, i.e., at 14.9
GHz, close to the theoretical prediction. It should be noted that,
as indicated by simulation under extreme process and tempera-
ture conditions, the relative bandwidth figures between the inter-
stage responses of the SHCA and HSCA are only varied slightly,
as summarized in Table III.

Fig. 18(a) shows the simulated overall frequency character-
istics of the four-stage CAs. The responses indicate the SHCA
bandwidth at 12.8 GHz and this is about 1.2 times more than
the bandwidth of the optimum HSCA at 10.6 GHz. From the
responses in Fig. 18(a), both the CAs exhibit a low- frequency
gain at 15.7 dB and the return loss characteristics at the input
and output ports are all kept below dB within their corre-
sponding bandwidth. Fig. 18(b) shows the simulated phase re-
sponses of the amplifiers. The simulated noise factor (in deci-
bles) of the amplifiers is almost identical at 10 dB [Fig. 18(c)]
for frequencies up to their passband edges. Note that simula-
tion also indicates a less than 4% contribution from gate noise.
Finally, simulated output eye diagrams for a set of 12.5- and

Fig. 18. Simulated CA performances (a) overall magnitude responses (b) phase
responses (c) noise figure.

15-Gb/s input random data are given in Fig. 19(a) and (b) con-
firming the speed advantage in the SHCA.

VI. CONCLUSION

The triple-resonance bandwidth enhancement techniques
based on SH and HS peaking for interstage networks of
wide-band CAs have been investigated. From the qualitative
time-domain operation, although both networks enable se-
rial charging of the drain and gate capacitances, it has been
shown that SH peaking inherently offers superior bandwidth
enhancement due to less diversion of the gate charging current.
By using the triple-resonance concept, the frequency-domain
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Fig. 19. Simulated eye diagrams at (a) 12.5 Gb/s and (b) 15 Gb/s.

characteristics of the networks were studied. Based upon this
frequency-domain insight and also the reciprocal property be-
tween the SH and HS networks, analytical design equations that
are equally applicable to both networks have been developed.
Subsequently, the equations were employed for a quantitative
bandwidth comparison. The frequency characteristics of both
peaking networks against the capacitor ratio were
discussed through the relative locations of their three resonant
frequencies. Specifically, it has been shown that SH peaking
maintains a high BWER over a wide range of ratios
and, as the ratio converges to zero, its BWER approaches the
theoretical limit of a bandwidth enhancement two-port network.
On the other hand, HS peaking exhibits a considerably inferior
BWER. Moreover, its BWER is degraded as the ratio
decreases and a certain ratio is required to achieve
optimum HS bandwidth. Peaking suppression and bandwidth
reduction in the SH and HS networks as a result of the nonideal
effects due to transistor’s gate resistance and inductors’ losses
were analyzed in detail. The noise expression of a CA was
given and calculation of the initial parameters was described.
Verification of the analysis equations was provided via practical
simulations where close agreement between the theoretical
indications and simulation results was observed. Following the
extensive theoretical analysis and verification, SH peaking has
manifested itself as a superior technique for implementation of
integrated wide-band CMOS CAs.
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Abstract

A methodology to realize continuous-time current-mode tunable ladder filters of any order has been presented. This pro-
posed technique individually simulates signal flow graph (SFG) of each branch element from passive filter prototype using
only multi-output second generation current controlled conveyors (MCCCIIs) and grounded capacitors. This leads to simple
structure, ease of design and suitability for IC fabrication. A third-order Butterworth low-pass filter, a third-order elliptic
low-pass filter and a sixth-order Chebyshev band-pass filter are employed to demonstrate the proposed realization scheme.
These simulated filters retain minimum requirement of passive and active elements and provide the filter corner frequency
tunability. Moreover, the method allows an implementation of the elliptic filters by simply adding floating capacitors to
all-pole filter structures.
� 2007 Elsevier GmbH. All rights reserved.

Keywords: Tunable ladder filter; Current-mode; Multi-output current controlled conveyors

1. Introduction

Although information processing is migrating contin-
uously to digital domain, analog filters have still been
found in wide range of applications as a medium con-
necting digital processors and analog signals often found
in nature. This paper concentrates on functional emula-
tion of high-order passive RLC ladder filters, which are
well known for their low pass-band sensitivity to com-
ponent variations and component spreads. There have
been numerous developed methods to enjoy these ben-
efits using Op-amp-RC and OTA-C circuits [1]. Among
these methods, the signal flow graph (SFG) simulation
has gained better popularity than the synthetic elements
replacement as it shares the low sensitivity and low com-
ponent spreads of the precedent RLC filters. Traditionally,
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E-mail address: amorn@ieee.org (A. Jiraseree-amornkun).

1434-8411/$ - see front matter � 2007 Elsevier GmbH. All rights reserved.
doi:10.1016/j.aeue.2007.01.005

the SFG simulation is based on a modeling of the circuit
characteristic using voltage signals. However, interests in
current-mode signal processing are substantially expanding
since it possesses a large number of good properties such
as low internal nodes impedance, which gives a potential
to achieve a large bandwidth. As signals are represented by
current, a much lower voltage is required as compared with
the voltage-mode signal processing. This makes the current-
mode circuits suitable for low voltage designs. Furthermore,
summation and subtraction of signal currents can be directly
performed at circuit nodes, resulting in a simple structure.
Consequently, many suggestions of the current-mode active
ladder filters employing multiple output OTAs and CCIIs
have been published [2–4]. However, most of them showed
the realizations of the simulated transfer function in rather
complicated ways and do not possess the optimal or effi-
cient employment of active and passive elements. Further-
more, the realization may not have a direct connection to
the prototype RLC filters. Thus, the sensitivity may not be
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necessarily low. Recently, the linear transformation has been
adopted to realize the active ladder filters with some good
results [5,6]. But, complex synthesis equations as well as
some external resistors are required. Moreover, the utilized
frequency is fixed by their determined passive elements.

Rather than converting the whole network to a large SFG
equivalent diagram, this paper shows an intuitive idea to di-
vide the original ladder network into subsections, and then
realize SFG of each subsection one by one. Hence the low
sensitivity basis is guaranteed while reducing the complex-
ity of a large SFG diagram. This proposed scheme possesses
many advantages. First, the structure is very simple and easy
to design including realization of the finite transmission zero.
All capacitors are grounded and no external resistors are re-
quired, thereby saving chip area in IC implementation. In
addition, each individual subsection SFG is simulated using
the multi-output second generation current controlled con-
veyor (MCCCII), the tunable internal impedance of which
can be utilized to electronically adjust the frequency char-
acteristics of the filters. This will be useful to reconfigure
the system or to compensate for component deviations using
automatic tuning system in IC integration [7].

The next section briefly describes the current-mode lad-
der structure and the idea of individual component synthe-
sis. An introduction to the multi-output current controlled
conveyor and how to use it to implement each component
of current-mode active filters using the proposed structure
are discussed in Section 3. The circuit design of MCCCII
is shown in Section 4. Section 5 explains some filter exam-
ples and their simulation results and Section 6 contains our
conclusions.

2. Current-domain ladder component
partitioning

The traditional SFG simulation technique emulates
voltage–current relationships of all elements in the pro-
totype ladder filters. For a large network, however, this
appears to be a roundabout and impractical way [1]. In
this paper, a new viewpoint has been proposed. The idea
is based on a partitioning of a large network into individ-
ual basic sections. Consider a general doubly terminated
lossless passive ladder network in Fig. 1. Such a network
can be partitioned into two basic sections: shunt and series
(as depicted in Figs. 2(a) and (b), respectively), the cor-
responding SFG equivalent block diagrams of which are
shown in Figs. 2(c) and (d). The block diagram in Fig. 2(c)
(and Fig. 2(d)) represents the output voltage (current) as a
result of the product of the impedance (admittance) and the
subtraction between corresponding current (voltage) of the
previous and next stages. Therefore, the overall equivalent
structure can be constructed by a proper cascading of these
two equivalent branches. With these two basic operations,
the branch relationships for the entire structure can be

Fig. 1. General doubly terminated ladder network.

(a)

(d)

(c)

(b)

Fig. 2. Fundamental operations: (a) shunt branch, (b) equivalent
shunt branch, (c) series branch, and (d) equivalent series branch.

rewritten in form of

V1 = Z1

(
IIN − I2 − V1

RS

)
,

I2 = Y2(V1 − V3),

V3 = Z3(I2 − I4),
...

Vn = Zn(In−1 − Io),

Io = Vn

RL

.

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

(1)

Since the summation or subtraction of current signals can be
implemented at circuit nodes, converting all variables into
current forms will lead to design simplicity. The conversion
is simply performed by either normalizing or scaling the
equations with resistance Rp. All relations in Eq. (1) are
then transformed into their corresponding current transfer
functions as

V1

Rp

= Z1

Rp

(
IIN − I2 − V1

RS

)
,

I2 = Y2Rp

(
V1

Rp

− V3

Rp

)
,

V3

Rp

= Z3

Rp

(I2 − I4),

...
Vn

Rp

= Zn

Rp

(In−1 − Io),

Io = Rp

RL

Vn

Rp

.

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

(2)
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3. Synthesis of branch elements using MCCCII

After the separated shunt and series portions have been
created for the prototype ladder network, they will be sub-
sequently implemented using the MCCCIIs. Each block of
them has two outputs: a positive output for the forward path
and a negative output for the feedback path. Finally, cas-
cading every portion of branches back together with proper
connections of the feed forward and feedback paths will re-
sult in the complete equivalent circuit. This method is as
easy as the synthetic element replacement, yet maintaining
the benefit of low sensitivity of the ladder structure.

3.1. Characteristic of MCCCII

Typically, current conveyor has only one output current
terminal, whose signal is available only once for each feed-
back path. Therefore, in multi-loop feedback topologies,
which require several duplicated signals, multi-output con-
figuration will gain more advantages. The equivalent circuit
of MCCCII is shown in Fig. 3 and its port relations can be
described by the following matrix equation:

⎡
⎢⎢⎢⎢⎣

IY

VX

I+Z

I−Z

⎤
⎥⎥⎥⎥⎦ =

⎡
⎢⎢⎢⎢⎣

0 0 0 0

1 RX 0 0

0 1 0 0

0 −1 0 0

⎤
⎥⎥⎥⎥⎦

⎡
⎢⎢⎢⎢⎣

VY

IX

V+Z

V−Z

⎤
⎥⎥⎥⎥⎦ , (3)

where RX is an intrinsic resistance of the current input port
X and it is possible to be controlled by varying the external
bias current [8]. The equivalent MCCCII-based components
for simulating the two fundamental operations in Fig. 2 and
the use of RX as a tunable parameter fall into 3 categories
namely (1) single passive element, (2) single passive element
with source or load resistor, and (3) double passive elements,
details of which will be described in the following sections.

3.2. Simulation of single passive element

The first two basic single passive element frames: a shunt
capacitor branch and a series inductor branch, are shown
in Figs. 4(a) and (b), respectively. With all voltage signals
transformed into their current counterparts by a scaling re-
sistance Rp as mentioned in Section 2, their voltage and
current relations in form of current transfer functions can be
shown as

Vi

Rp

= 1

sCiRp

(Ii−1 − Ii+1), (4a)

Ij = Rp

sLj

(
Vj−1

Rp

− Vj+1

Rp

)
. (4b)

Obviously, both equations represent an integrating function.
Hence, they can be simulated by an equivalent MCCCII

Fig. 3. Equivalent circuit of MCCCII.

(a) (b)

(c)

Fig. 4. Single element: (a) shunt C, (b) series L, (c) equivalent
MCCCII structure.

integrator in Fig. 4(c), which has the current transfer function
of

Ik = 1

sCkRX

(Ik−1 − Ik+1). (5)

Mapping the equivalent circuit to the shunt capacitor by let-
ting Ik = Vi/Rp, Ik−1 = Ii−1 and Ik+1 = Ii+1 results in the
design parameter Ck=(CiRp)/RX. Similarly, the design pa-
rameter for the series inductor branch is Ck = Lj/(RpRX),
which is deduced from mapping the circuit variables Ik =Ij ,
Ik−1 =Vj−1/Rp and Ik+1 =Vj+1/Rp. Since after the trans-
formation, all variables are related to RX, the adjustment of
RX will tune the corner frequency of the filters.

The shunt inductor and the series capacitor can be treated
in the same way. For ease of reference, all single passive
element syntheses are summarized and listed in Table 1.

3.3. Simulation of single passive element with
source or load resistor

By using the same concept as in Section 3.2, all single
passive element syntheses with a source resistor are sum-
marized in Table 2. Notice that similar current transfer
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Table 1. Single passive element syntheses

Passive elements Voltage–current relations MCCCII-based circuits

Vi

Rp
= 1

sCiRp
(Ii−1 − Ii+1) Ck = (CiRp)/RX for shunt C

Ij = Rp

sLj

(
Vj−1

Rp
− Vj+1

Rp

)
Ik = 1

sCkRX
(Ik−1 − Ik+1) Ck = Lj/(RpRX) for series L

Vi

Rp
= sLi

Rp
(Ii−1 − Ii+1) Ck = Li/(RpRX) for shunt L

Ij = sCjRp

(
Vj−1

Rp
− Vj+1

Rp

)
Ik = sCkRX(Ik−1 − Ik+1) Ck = (CjRp)/RX for series C

Table 2. Single passive element syntheses with source or load resistor

Passive elements Voltage–current relations MCCCII-based circuits

Vi

RS
= 1

sCiRS + 1
(IIN − Ii+1) Ck = (CiRS)/RX for shunt C

Ij = 1

s
Lj

RS
+ 1

(
IIN − Vj+1

RS

)
Ik = 1

sCkRX + 1
(Ik−1 − Ik+1) Ck = Lj/(RSRX) for series L

Vi

RS
=

s
Li

RS

s
Li

RS
+ 1

(IIN − Ii+1) Ck = Li/(RSRX) for shunt L

Ij = sCjRS

sCjRS + 1

(
IIN − Vj+1

RS

)
Ik = sCkRX

sCkRX + 1
(Ik−1 − Ik+1) Ck = (CjRS)/RX for series C
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equations as in the single passive element can be obtained
when choosing RS =Rp. Again, mapping Ik, Ik−1 and Ik+1
of the MCCCII equivalent circuits to the passive branch ele-
ments result in the same design parameters Ck =(CiRS)/RX

for the shunt capacitor and Ck = Lj/(RSRX) for the series
inductor. Note that it is also possible to realize these func-
tions using an additional MCCCII connected as a resistor
together with the circuits in Section 3.2 [9,10], but this will
unnecessarily require some extra MCCCIIs. Comparing the
circuits in Tables 1 and 2, the single passive elements with
and without source resistor have nearly identical equivalent
MCCCII circuits, except for a few different port arrange-
ments of MCCCIIs. This is because we directly use RX to
simulate the source resistor and employ the potential of the
multi-output structure.

Furthermore, it can be shown that single passive elements
with a load resistor also share the same structures. How-
ever, we have to consider the input signals coming into the
right-hand side of the passive RC/RL instead and the current
IIN is absent since load devices are considered. The equiva-
lent MCCCII circuit remains unchanged, so does the design
parameter Ck . This is also true for the rest of passive el-
ements with either source or load resistor. Filter designs
in Section 5 will clearly illustrate their usages in actual
applications.

3.4. Simulation of double passive elements

Double LC passive elements, both with and without
source/load resistor(s), can also be considered in a similar
way as in the case of the single passive elements. Their
results are shown in Table 3.

4. MCCCII implementation

4.1. Circuit description

The implementation of a current conveyor based on a
complementary push–pull class-AB has gained popularity
in many applications since its structure is as simple as a
basic OTA but consumes less power [8]. Although the bipo-
lar technologies provide higher gain, greater linearity and
wider frequency bandwidth, CMOS technologies have been
in wide spread use in almost all areas of applications when
low power consumption, low cost and suitability for mixed
analog/digital implementations, are of major concerns. A
circuit schematic of a CMOS push–pull MCCCII is shown
in Fig. 5. All transistors are biased to operate in saturation
region. The multi-output topology can be easily imple-
mented by appending additional output transistors to the
current mirrors at port +Z and −Z as required.

4.2. Nonlinearity consideration

From the proposed MCCCII-based filter topology, there
are two major circuit functions: voltage-to-current con-

verter and current buffer. Nevertheless, both the Y-terminal-
voltage-induced current and the input current that directly
flows into the X-terminal have been nonlinearly divided into
two paths flowing through the output NMOS and PMOS
current mirrors, before they are duplicated and summed
up again at the +Z and −Z outputs. Their transfer lineari-
ties can be shown in term of RX. First, consider an input
voltage applying to Y-terminal. This voltage will induce a
current at the X-terminal, which in turn flow into the upper
and lower transistors, M2 and M4, respectively. Assuming
K1 = K2 = KN, K3 = K4 = KP , VT 1 = VT 2 = VT N and
VT 3 = VT 4 = VT P , we can write the following current
relations:

iD2 =

⎧⎪⎪⎨
⎪⎪⎩

IB + 2vY

√
KNIB + KNv2

Y for vY > −
√

IB

KN

,

0 for vY < −
√

IB

KN

,

(6a)

iD4 =

⎧⎪⎪⎨
⎪⎪⎩

IB − 2vY

√
KP IB + KP v2

Y for vY < +
√

IB

KP

,

0 for vY > +
√

IB

KP

,

(6b)

where IB is the bias current and MOSFET parameter
KN(P) =�N(P )COX(W/L)/2. Combining these two branch
currents in Eqs. (6a) and (6b) results in the total current
flowing out of the X-terminal as

iX = iD2 − iD4

= 2
√

IB(
√

KN + √
KP )vY + (KN − KP )v2

Y . (7)

Note that the short transition to weak inversion before the
complete transistor turn-off is neglected, as this current does
not normally contribute to a large error in the total current
in the X-terminal if the bias current IB is sufficiently large.
Then the X-terminal current could be a linear function of the
Y-input voltage and we can consider RX as a linear resistor
of 1/4

√
KIB �, as long as KN = KP = K and |iX| < 4IB

are assumed [11]. This also implies that all transistors in the
push–pull current conveyor will remain in saturation region
until X-current signal is almost four times larger than the
bias current IB . Thus, its class-A operation range is nearly
four times greater than a typical class-A current conveyor.
This is also true for the input current directly flowing into
the X-terminal in the current buffering operation. Eq. (7) is
still valid with vX replacing vY and the last parenthesis be-
comes (KP − KN). The wide swing cascode current mirror
has been chosen in order to minimize the current transfer
error and raise the output impedance. The cascode transistor
MP−cas and MN−cas help control the drain-source voltage,
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Fig. 5. Circuit schematic of a CMOS MCCCII.

Fig. 6. Small-signal equivalent circuit of the upper half of MCCCII.

vDS, between transistors within the current mirrors MP and
MN . The difference of drain-source voltages between the
mirror transistors is in the order of a few millivolts for a
proper design, hence the distortion from the channel length
modulation effect is insignificant.

4.3. Frequency limitation

The small-signal equivalent circuit of the upper half from
Y-terminal to +Z-terminal of the MCCCII is presented in
Fig. 6, assuming that the transistor output conductance gds
is much smaller than the transconductance gm and the con-
ductance gl in the load admittance yl =gl +sCl. For simplic-
ity, all current mirrors are considered as simple MOS cur-
rent mirrors since the cascode transistors barely contribute to
the overall frequency response limitation. The capacitance
C+Zn consists of the gate-source capacitances CgsP of the
mirror transistors MP and all other parasitic capacitances
at node v2, excluding the gate-drain capacitances Cgd2 and
CgdP . Typically, the current mirror transistors usually have
relatively large gate areas in order to minimize the current
transfer error. Therefore, the gate-source capacitances are
dominant and consequently the approximated C+Zn can be
determined as

C+Zn ≈ (n + 2)CgsP = (n + 2) 2
3CoxWP LP , (8)

where n is the number of output +Z ports and all mir-
ror transistors have the same size. Note that the number
n + 2 in the parenthesis will become n + 1 if there is no
−Z-terminal.

Suppose that the gate-drain capacitances Cgd are far
smaller than the capacitances C+Zn and Cl, therefore the
upper half vY -to-i+Z transconductance function can be
determined as

i+Z

vY

∣∣∣∣
upper half

= gm2

(
s
Cgd2

gm2
− 1

) (
s
CgdP

gmP

− 1

)
(

s
Cgs2

gm1
+ 1

) (
s
C+Zn

gmP

+ 1

) . (9)

The transfer function has two poles and two right half-plane
(RHP) zeros. The first pole is the product of NMOS parame-
ters that usually results in a much higher frequency than the
second pole, which is originated from PMOS current mirror
MP 1 especially for the multi-output circuits. The RHP zeros
do not contribute a great deal to the amplitude response near
the corner frequency. Furthermore, the relatively insignifi-
cant Miller effect of Cgd can be reduced even further by in-
corporating the cascode transistors into the current-mirrors.
Accordingly, we can assume the second pole as the domi-
nant pole that limits the frequency response of the upper half
circuit. Therefore, the corner frequency can be expressed as
a function of device dimensions, number of +Z ports and
bias current in form of

�0 = 3

n + 2

√
�P IB

2CoxWP L3
P

. (10)

The above equation shows a trade-off between bandwidth
and number of ports. Therefore, the port numbers must be
minimized in order to use in higher frequency applications.
As the corner frequency strongly depends on the channel
length, there is also a strong trade-off between bandwidth
and gain accuracy as well as bandwidth and distortion.

The lower half circuit of +Z-terminal can be similarly
derived. This will show a dominant pole at the current mirror
MN1. However, such a pole frequency is almost three times
larger due to the greater mobility of NMOS over PMOS.
The frequency response of the −Z-terminal will have the
additional poles and RHP zeros due to the current mirrors
MP 2 and MN2. Therefore, the number of −Z ports must
be reduced as much as possible in order to prevent further
limitation on the operating frequency.

5. Filter designs and simulation results

The performance of filters designed by using the proposed
methodology has been examined through HSPICE circuit
simulator using AMIS 0.5-�m level 49 CMOS model. For
the MCCCII circuit in Fig. 5, the aspect ratio of all transistors
are listed in Table 4. The bias current IB is set to 50 �A under
the voltage supply of Vsup = ±2.0 V. The simulated open-
loop transconductance gain (gm) and 3-dB cutoff bandwidth
are 0.53 mA/V and 183 MHz, respectively, when using the
dual output MCCCII as a transconductance cell.
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Table 4. W/L area of MOS in MCCCII circuit

Transistors W/L Transistors W/L

M1, M2 5/0.5 M3, M4 18.5/0.5
MB1, MB2 90/2 MB3, MB4 90/0.5
MB5, MB6 30/2 MB7, MB8 30/0.5
MP 60/1 MP−cas 100/1
MN 60/1 MN−cas 50/1

Fig. 7. Prototype current-mode 3rd-order Butterworth low-pass
RLC ladder filter.

Fig. 8. MCCCIIs-based current-mode 3rd-order Butterworth
low-pass filter.

Fig. 9. Simulated frequency response of the 3rd-order Butterworth low-pass filter.

A current-mode third-order Butterworth low-pass ladder
filter in Fig. 7 is adopted as the first design example. From
the prototype passive filter, we can easily divide it into three
sections of branch elements, comprising with the first shunt
capacitor with the source resistor, the second series inductor
and the third shunt capacitor with the load resistor. Refer to
Table 2 for implementing the shunt capacitor with source
and load resistors and Table 1 for the series inductor. The
final equivalent MCCCII-based circuit is shown in Fig. 8.
Obviously, only three MCCCIIs and three grounded capac-
itors are needed for realizing the third-order filter. It can
be concluded that merely n MCCCIIs and n capacitors are
required for the nth-order all-pole low-pass filters imple-
mentation with no requirement of external resistors. There-
fore, this structure delivers a truly minimum requirement of
active and passive components.

To picture out the feasibility of the proposed technique,
the filter has been designed with the cutoff frequency f−3 dB
of 5 MHz. Refer to Tables 1 and 2 for the design param-
eters Ck . Let Rp = RS = 1 � for simplicity and MCCCII
RX(1/gm) of 1887 �, the capacitor values become CC1 =
CC3 = 17.506 pF and CL2 = 35.013 pF. The simulated fre-
quency responses of the designed circuit and the prototype
RLC filter are shown together in Fig. 9. The tuning ability
is performed by varying bias current to 12.5 and 200 �A.
The corner frequencies are 2.65, 5.09 and 9.34 MHz relating
to the calculated frequencies of 2.5, 5 and 10 MHz, respec-
tively. The frequency accuracy is within about 6%. The pro-
posed structure shows almost identical characteristic with
the passive prototype filter before the signals begin to de-
viate at frequency beyond 100 MHz due to the frequency
limitation of the MCCCIIs.
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Filters including transmission zeroes like a third-order
elliptic low-pass filter in Fig. 10 is also possible to be
separated into three sections. By using the circuits in
Table 3 for implementing the middle parallel LC elements
while the first and the last blocks are, again, adopted from
Table 2, the complete equivalent filter using only MCCCIIs
and grounded capacitors is shown in Fig. 11. The prototype

Fig. 10. Prototype current-mode 3rd-order elliptic low-pass RLC
ladder filter.

Fig. 11. MCCCIIs and only grounded capacitor current-mode
3rd-order elliptic low-pass filter.

Fig. 12. Simulated frequency response of the grounded capacitor elliptic low-pass filter.

corner frequency has been selected to be 1 MHz with 1 dB
pass band ripple and 40 dB stop band attenuation. The simu-
lated frequency responses are depicted in Fig. 12. The large
variation of MCCCIIs-filter in high frequencies is noticed.
This comes from the frequency restriction of the multi-
output current controlled conveyor especially the second
current conveyor with three output ports, as predicted in Sec-
tion 4.3. Note that the notch position is not as deep as in
the prototype filter due to the limitation of quality factor of
simulated LC components.

Because this proposed technique derives each element
with one-by-one replacement concept, it is possible to sep-
arate the floating capacitor C2 from the passive filter in
Fig. 10 and then realize the canonical MCCCII-based all-
pole low-pass ladder filter first. After that, adding the scaled
capacitor C2 to the synthesized circuit at the corresponding
node will result in a circuit shown in Fig. 13. Simulated fre-
quency responses of the floating capacitor MCCCIIs-based
filter is shown in Fig. 14. It is clearly seen that a better
performance than the previous circuit using only grounded

Fig. 13. MCCCIIs and floating capacitor current-mode 3rd-order
elliptic low-pass filter.
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Fig. 14. Simulated frequency response of the floating capacitor elliptic low-pass filter.

Fig. 15. Prototype current-mode 6th-order Chebyshev band-pass
RLC ladder filter.

capacitors is achieved. It is worth noting that the peak-
ing magnitude at the corner frequency due to phase lag is
also smaller by 0.2 dB comparing to Fig. 12. This is be-
cause the use of low frequency three output ports MCCCII
is avoided. Furthermore, this structure has the filter capac-
itances presented at all nodes and is suitable for high fre-
quency operation. Therefore, this solution is preferable for
realizing the elliptic filters when the floating capacitor is
permitted.

The last example is a sixth-order Chebyshev band-pass
filter shown in Fig. 15 with 1 MHz center frequency and
1 MHz bandwidth. Its three branch sections are all listed
in Table 3. The complete MCCCII-based band-pass fil-
ter appearing in Fig. 16 has the frequency response as
shown in Fig. 17. There is a noticeable peaking due to
the Q-enhancement effect. Since every separated section
can be tuned electronically, incorporating a suitable Q-
control circuit will help adjust the filter to the desired center
frequency [7].

Fig. 16. MCCCIIs and only grounded capacitor current-mode
6th-order Chebyshev band-pass filter.

6. Conclusions

The current-mode ladder filter synthesis using multi-
output current controlled conveyors has been proposed.
The design method is very simple and covers all types
of precedent passive LC ladder filters. This technique re-
quires the minimum number for both passive and active
components. There are only n MCCCIIs needed for re-
alizing the nth-order all-pole filter and elliptic low-pass
filter with an absence of the external resistor provided that
floating capacitors are permitted. However, 2n − 1 and
2n − 2 MCCCIIs are required to achieve odd and even nth-
order elliptic filters, respectively, when implementing with
only grounded capacitors. The characteristic frequency can
be tuned electronically by controlling the bias current of
MCCCIIs. Third-order Butterworth and elliptic low-pass
filter and sixth Chebyshev band-pass filter were chosen as
design examples. HSPICE simulation results yield good
agreement with the theoretical expectation.
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Fig. 17. Simulated frequency response of the Chebyshev band-pass filter.
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ABSTRACT
An integratable circuit technique to realize a

low-voltage current differencing buffered amplifier
(CDBA) is introduced. The realization scheme is
through the modification of a low-input resistance
CCII+ and the proposed CDBA can operate with
the minimum supply voltage of ±1.25V. In order that
the signal path consists of only NMOS transistors, a
negative current mirror using NMOS transistors is
employed. With standard 0.5-μm CMOS process pa-
rameters, PSPICE simulation results show that the
proposed CDBA provides the terminal resistances of
rn = rp = 32Ω, rz = 144kΩ, rw = 9Ω, and the -3dB
bandwidth of about 400 MHz. An universal CDBA-
based filter is also proposed to demonstrate the use-
fulness of the CDBA

Keywords: current differencing buffered amplifier
(CDBA), CMOS transistor, current-mode circuit.

1. INTRODUCTION

Recently, an active circuit element called as a cur-
rent differencing buffered amplifier (CDBA) has been
introduced [1]. The CDBA provides the advantages,
particularly in the realization of continuous-time fil-
ters, in that it simplifies the implementation, being
free from parasitic capacitances, quite suitable for
current mode operation and can operate in the fre-
quency range of more than tens of MHz [1]-[3]. The
CDBA is also useful for oscillator design [4]. To re-
alize the CDBA, two commercially available current
feedback amplifiers (CFAs), AD844, can usually be
used, where the CFAs are formed as second genera-
tion current conveyors (CCIIs) and voltage buffers
[1,4]. However, the CDBA characteristic is domi-
nated by the property of the CFA. Recently, a CDBA
in integrated circuit form has been proposed, but it
is only suitable for implemented in bipolar technol-
ogy [3]. For CMOS technology, so far there are two
implementation schemes that have been reported in
the literatures [2,5]. However, the terminal resis-
tances of the CMOS based CDBA are quite high,

EL1R27: Manuscript received on January 13, 2004 ; revised
on March 30, 2004.

in the order of several hundred ohms, and its volt-
age gain is much less than one, i.e.,∼=0.7. Thus, the
application of the CDBAs is limited and, in practi-
cal application, methods to compensate these effects
should be included [6]. In addition, most of the ex-
isted CDBAs are operated at high supply voltages.
The advance in integrated circuit technology makes
the devices in an IC form so small and the power
supply voltage of the circuits must restricted to a low
value. Furthermore, with the increasing demands for
battery-operated portable equipments, single battery
operation equipment is now most essential. Thus, a
CDBA with very low input terminal resistances and
can be operated in low supply voltage operation is
more preferable.

Usually, a current differencing function can be
achieved through negative current mirror using
PMOS transistors. For a typical n-well CMOS pro-
cess, the unity gain frequency ft of NMOS device
is approximately two times higher than the ft of
PMOS devices, due to electrons have a higher sat-
uration velocity compared to holes [7]. In addition,
to realize the same transconductance with transistors
of the same gate length, a PMOS gate length must
be 3 times wider than a NMOS. This is because the
junction capacitance per unit area is approximately
2 times larger for PMOS than for NMOS [8]. There-
fore, in order to avoid the limitation of the high fre-
quency operation effecting from PMOS transistors,
the CDBA should be designed so that signals pass
through only NMOS transistors.

The major goal of this paper is to propose a simple
low-voltage NMOS-based CDBA, which has a low re-
sistance at both the current-input terminals (p, n)
and at the output-voltage terminal (w). The re-
alization method is based on the modification of a
low impedance current conveyor (CCII+) to func-
tion as a current differencing circuit and a voltage
buffer circuit [9]. To achieve a maximum high fre-
quency response, the CDBA is designed such that
the signal has an all NMOS signal path, where a neg-
ative current mirror using only NMOS transistors is
proposed. Moreover, three-input and single-output
current-mode universal biquadratic filter using CD-
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Fig.1: Circuit representation of a CDBA

BAs is also presented. The proposed filter can real-
ize simultaneously the highpass (HP), lowpass (LP),
bandpass (BP), bandstop (BS) and allpass (AP) re-
sponses without changing the circuit configuration.
The natural angular frequency ω0 and the quality
factor Q are independently controllable through the
passive elements, and have low passive and active sen-
sitivities. The performances of the filter using the
proposed CDBA are also included.

2. CIRCUIT CONFIGURATION

2.1 Basic concept

From the circuit symbol of the Fig.1, a CDBA is a
four terminal analog building block described by the
following relations [1]:⎡

⎢⎢⎣
iz
vw

vp

vn

⎤
⎥⎥⎦ =

⎡
⎢⎢⎣

0 0 1 −1
1 0 0 0
1 0 0 0
1 0 0 0

⎤
⎥⎥⎦ ·

⎡
⎢⎢⎣

vz

iw
ip
in

⎤
⎥⎥⎦ (1)

The CDBA can be considered as a transimpedance
amplifier that converts the difference of the input cur-
rents ip and in at the terminals p and n, respectively,
into the output voltage vw 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. From the above
equation, this device can be realized by a cascade
connection of a current differencing and a voltage fol-
lower circuits.

2.2 Current differencing circuit

Fig.2 shows the NMOS circuit with a low-input
impedance terminal [10]. From the elementary small-
signal circuit analysis, the input resistance of this con-
figuration can be calculated as :

rin =
(

1
gm1

) (
1

1 + F

)
(2)

where

F =
(

gm2gm4roB

gm2 + gm3

)
,

and gmi represents the transconductance of the
transistors Mi(i = 1, 2, 3, 4) and roB denotes the
output resistance of the current source IB . Usually

IB

+V
DD

iin

M
3

V B

-V SS

M
2

M
4

M 1

Fig.2: Low-input resistance input stage
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i
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I
B
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Fig.3: Unity gain current amplifier with very low
input resistance

roB >> 1/gmi , then F >> 1. 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
shown in Fig.3. The biasing circuit, that comprising
the transistor M6 and the current source IB , is used
to bias the input terminal at ground potential. From
routine circuit analysis, the output current iout of this
circuit can be expressed as :

iout = −
(

F

1 + F

)
iin (3)

where usually F >> 1 then the output current iout

can be approximated to :

iout
∼= −iin (4)

Normally, two of the unity-gain current amplifier
circuits can be used to accept the input currents ip
and in. Then, the differential current between ip and
in (or ip-in) can be achieved by a negative current
mirror, formed by PMOS transistors, as shown in
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Fig.4(a). As the reasons mentioned previously, the
negative current mirror would be the major high fre-
quency limitation. To increase the circuit bandwidth,
an unity-gain NMOS-based negative current mirror
shown in Fig.4(b) is proposed, where M7-M10 form

as a positive current mirror. Since the NMOS tran-
sistors provide the basic current mirror action, thus
its performance is equivalent to NMOS positive cur-
rent mirror. Note that the voltage at point A must
be high such that all devices are in the on state. If
we assume that all transistors are well matched, then
an output current iout of this circuit is approximately
equal to an input current iin (or iout

∼= iin).
Fig.5 shows the proposed NMOS-based current dif-

ferencing circuit. The current source IB and transis-
tor M6 are used to bias the terminals p and n at
ground potential. Groups of transistor (M1-M5) and
(Ḿ1-Ḿ5) form two unity-gain current amplifiers that
produce the currents (IB − ip) and (IB − in) at the
drains of M5 and Ḿ5, respectively. Due to the nega-
tive current mirror M7-M10, the drain current of M8

is equal to (IB + in). Therefore, the signal current iz
of the terminal z can be expressed as

iz = 2IB − [(IB − ip) + (IB + in)] = ip − in. (5)

In order to account for the non-ideal performance,
let αp and αn are the current gains for the inputs from
the terminals p and n, respectively. From routine
circuit analysis, the output current iz can be given
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Fig.7: Proposed low-voltage NMOS-based CDBA

by
iz = αpip − αnin (6)

where

αp =
(

Fp

1 + Fp

)

αp =
(

gm7gm8

gm9gm10

) (
Fn

1 + Fn

)

Fp =
(

gm2gm4roB

gm2 + gm3

)

and

Fn =
(

´gm2 ´gm4roB

´gm2 + ´gm3

)

Then as long as Fp >> 1, Fn >> 1, and gm7
∼= gm8

∼=
gm9

∼= gm10, the current gains αp
∼= αn

∼= 1. The
input resistances of the terminals p and n can also be
expressed as

rp =
(

1
gm1

) (
1

1 + Fp

)
(7)

and

rn =
(

1
´gm1

) (
1

1 + Fn

)
(8)

We can notice that, the input resistances rp and
rn are very low due to the factors from the feedback
(1 + Fp) and (1 + Fn), respectively.

2.3 Buffered voltage amplifier

From Fig.6, transistors M11-M15 function as a
buffered voltage amplifier, where the transistor M11

and the two bias current sources IB are connected as
voltage level shift. The relationship of the voltages at
the terminals w and z (or vw and vz) can be expressed
by :

vw = βv · vz (9)

where

βv =
(

gm11roB

1 + gm11roB

) [
gm12

(
1 + gm15roB

2

)
gw + gm12

(
1 + gm15roB

2

)
]

,

gw = 1/Rw and Rw is the resistor connected at the
terminal w. If gm11roB >> 1 and gm12

(
1 + gw15roB

2

)
,

then vw
∼= vz. Similar to the equation (2), since M12-

M15 are connected as a low-input resistance input
stage, the output resistance of the terminal w be-
comes quite low and is equal to

rw =
(

1
gm12

) (
1

1 + Fw

)
(10)

where

Fw =
(

gm13gm15roB

gm13 + gm14

)
·

If roB >> 1/gm11, the input resistance looking into
the terminal z becomes a high value and is approxi-
mated to

rz =
roB

2
(11)

2.4 Proposed low-voltage wide-band NMOS-
based CDBA

Fig.7 shows the proposed low-voltage NMOS-
based CDBA, which is based on the use of the pro-
posed current differencing (M1-M10, Ḿ1-Ḿ5), and the
buffered voltage amplifier (M11-M15) circuits. From
the circuit diagram, it can be considered from the
positive to the negative supply voltages that the pro-
posed circuit uses only two NMOS transistors and
one PMOS transistor (or one bias current source).
Therefore, the circuit can operate at a low power sup-
ply voltage of (2VDSi + VIB), where VDSi and VIB

are the drain-to-source voltage of the transistor Mi

and the voltage drop at the bias current source IB ,
respectively. As an example, for the standard 0.5-
μm CMOS process parameters, the threshold voltages
VTN and −VTP of the NMOS and PMOS transistors



TANGSRIRAT et al.: LOW-VOLTAGE WIDE-BAND NMOS-BASED CURRENT DIFFERENCING BUFFERED AMPLIFIER 19

are about 0.64V and 0.91V, respectively. If the bias
current sources IB are realized by the basic current
mirrors, as a result, the minimum supply voltage is
about [2(0.64V)+(0.91V)] = 2.19V or ±1.095V.
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Fig.8: dc transfer characteristics of the CDBA
(a) current transfer characteristics
(b) voltage transfer characteristic

3. SIMULATION RESULTS AND APPLI-
CATION

3.1 Proposed CDBA characteristics

The characteristics of the proposed CDBA of Fig.7
have been studied through PSPICE using the 0.5-
μm CMOS LEVEL3 SCN05H technology supplied by
MOSIS (vendor : HP-NID) [10]. The aspect ratios of
the transistors used are as follows : W/L = 20 for the
NMOS M1-M5, Ḿ1-Ḿ5, and W/L = 40 for the NMOS
M7-M15. The supply voltages used are +VDD = -
VSS = 1.25V, and the bias currents are IB = 30μA.
Grounded resistors Rz = 1 kΩ and Rw = 10 kΩ are
connected at the terminals z and w, respectively.

Fig.8 shows the dc transfer characteristics of the
output current iz = ip − in against the input current
in , Fig.8(a), and the output voltage vw against vz, for
different values of the input current ip, Fig.8(b). It
is evident that the CDBA can convert the differential
input current into the output voltage with high accu-
racy and linearity over the entire dynamic range (IB
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Fig.9: ac transfer characteristics of the CDBA
(a) current transfer characteristics
(b) voltage transfer characteristic

= 30μA). From Fig.8(a), the maximum offset currents
from the terminals p and n to the terminal z is equal
to 1.2μA, which is mainly due to the influence of the
current transfer errors from the mismatched mirror-
ing transistors. In Fig.8(b), the offset voltage from
terminals z to w appears to be about 3.5mV, owing
to mismatch in the current scale factor between M11

and M12. From the simulation, it is found from that
deviation from its ideal curve is less than 12 % within
the range -100mV to +100mV. Also from the simula-
tions, the circuit power consumption for ip = in = 0
is 0.98mW and for ip = in = 30μA is 1.22mW, and
the resistances of the terminals p, n, z and w (rp, rn, rz

and rw) are equal to 32Ω, 32Ω, 144kΩ and 9Ω, respec-
tively.

Fig.9 shows the ac transfer characteristics of the
proposed CDBA. The current and voltage gains
αp, αnand βv are found to be 0.992, 0.983 and 0.991,
which corresponding to the errors of 0.8%, 1.7% and
0.9%, respectively. The -3dB bandwidths of the cur-
rent gains iz/ip and iz/in, and the voltage gain vw/vz,
are respectively located at 628MHz, 642MHz and
432MHz. As shown in the figures, the proposed re-
alization leads to high accuracy and high frequency
operation, which is excellent over a high frequency
range extending beyond 432MHz. Note that the ma-
jor high-frequency limitation of the circuit is due to
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the pole Pw at the terminal w, which is directly pro-
portional to Rw and can be given by

Pw
∼= −

[
gm12Rw

(
1 + gm15rob

2

)
(1 + gm12Rw)roBCgs13

]
(12)

where Cgs13 is the gate-to-source capacitance of
the transistor M13. This pole frequency can be ex-
tended by increasing the value of Rw, for example,
for Rw = 20 kΩ, the pole frequency Pw is located at
510 MHz.

3.2 Current-mode biquadratic filter using
CDBAs

In this section, an universal current-mode multi-
function biquadratic filter as shown in Fig.10 has been
proposed. From routine circuit analysis, the current
transfer function is as follows.

Iout =
[
s2

(
1 +

1
sR5C2

Iin3

)
− s

(
1

R2C2

)
Iin2

+
(

1
R1R2C1C2

Iin1

) ]
/D(s)· (13)

where

D(s) = s2 + s

(
1

R5C2

)
+

(
R3

R1R2R4C1C2

)
·

The parameters ω0 and Q of the filter can be ex-
pressed as :

ωo =
√

R3

R1R2R4C1C2
(14)

and

Q = R5

√
R3C2

R1R2R4C1
(15)

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

Sω0
R1,R2,R4,C1,C2

= −Sω0
R3

= −1
2

(16)

Sω0
R5

= 0 (17)

SQ
R1,R2,R4,C1

= −SQ
R3,C2

= −1
2

(18)

SQ
R5

= 1 (19)

All the filter passive sensitivities are within unity
in magnitude. Furthermore, if setting Rj(j =
1, 2, . . . , 4) = R and C1 = C2 = C, then the cir-
cuit parameters ωo and Q-factor can be rewritten as
:

ω0 =
1

RC
(20)

and
Q =

R5

R
(21)

It is interesting to note that the Q-factor parameter
can independently be controlled by adjusting R5/R
without taking an effect to the ωo, which is adjusted
by R and/or C. Moreover, the highpass (HP), low-
pass (LP), bandpass (BP), bandstop (BS) and allpass
(AP) output currents will be obtained by selecting in-
put currents appropriately from these specifications:
1. HP filter where Iin2 = Iin3 are input currents and
Iin1 = 0.
2. LP filter where Iin1 is an input current and Iin2 =
Iin3 = 0.
3. BP filter where Iin2 is an input current and Iin1 =
Iin3 = 0.
4. BS filter where Iin1 = Iin2 = Iin3 are input cur-
rents and R5 = R.
5. AP filter where Iin1 = Iin2 = Iin3 are input cur-
rents and R5 = 2R.
By taking into consideration the non-idealities of the
CDBA on the frequency performance, the current-
voltage relations in equation (1) can be expressed
as : izi = αpiipi − αniini and vwi = βi.vzi, where
αpi = 1 − εpi(|εpi| << 1), αni = 1 − αni(|εni| << 1),
and βi = 1 − εvi(|εvi| << 1),and εpi and εni are the
current tracking errors from the terminal p and from
the terminal n to the terminal z, and εvi is the voltage
tracking error from the terminal z to the terminal w
of the i-th CDBA, respectively. In this case, reanal-
ysis the proposed filter configuration of Fig.10 yields
the non-ideal natural angular frequency ώo and qual-
ity factor Q́ as :

ώ0 =
√

αp1αp2αp3αn1β1β2β3R3

R1R2R4C1C2
(22)

and

Q́ =
R5

αn2

√
αp1αp2αp3αn1β1β3R3C2

β2R1R2R4C1
(23)

For this case, all active sensitivities of the ώo and Q́
with respect to αni, αpi and βi are less than unity.

Fig.11 shows the simulated frequency responses of
the filter using the proposed CDBAs, when Rj = 1
kΩ, excepted in AP case the resistor R5 = 2 kΩ , and
C1 = C2 = 0.159 nF. These values are selected to
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Fig.11: Simulated frequency responses of the pro-
posed filter of Fig.11
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Fig.12: Simulated frequency responses of the BP
output when f0 is varied.

obtain Q-factor = 1 at a natural frequency fo (ωo/2π
) = 1 MHz. The corresponding fo for the HP, LP,
BP, BS, and AP responses measured from the sim-
ulations are found to be 0.72 MHz, 1.14 MHz, 0.90
MHz, 0.94 MHz, and 0.91 MHz, which differ from the
predicted valued of about 28%, 14%, 6.35%, 5.45%
and 9.38%, respectively. This confirms that the filter
can simultaneously realize all standard filtering func-
tions in the same configuration by properly choosing
input currents.

To demonstrate the independent adjustable of the
fo without effecting the Q-factor, Fig.12 shows the
BP current responses when the fo is respectively set
to 200 kHz, 1 MHz and 5 MHz through changing
resistors Rj to 5 kΩ, 1 kΩ, and 200 Ω, respectively,
while the Q-factor in this case is set to constant at
Q=1. It should be noted from the simulated results
that the various values of the fo can be adjusted by
varying Rj without disturbing the Q-factor.

For the controllability of Q-factor by adjusting the
ratio of R5/R, the simulated frequency responses of
the BP filter, when Q-factor is respectively adjusted
to 1, 5 and 10 while keeping fo constant at 1 MHz,
are shown in Fig.13. The Q-factor that calculated
from the simulation response are 1, 4.87 and 11.06,
respectively, which are close agreement with the de-
sired value.
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Fig.13: Simulated frequency responses of the BP
output when Q-factor is varied.

4. CONCLUSION

A circuit configuration for realizing low-voltage
current differencing buffered amplifier (CDBA) in
MOS technology has been described. The proposed
circuit can be operated at low power supply voltage
(±1.25V) and can easily be implemented in mono-
lithic integrated circuit. The simulated responses
with PSPICE have been quite good over the fre-
quency range of about 400MHz, with low-power con-
sumption. Owing to the dominant pole Pw, the
improvement of the frequency performance of the
buffered voltage amplifier is our further investigated.
We also demonstrate that a current-mode universal
biquadratic filter using the proposed CDBA as active
elements provides the response closed to the theoret-
ical prediction.
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Electronically Tunable Floating Inductance 
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Current Differencing Buffered Amplifiers 
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Abstract
A new bipolar-based realization of a current-controlled current differencing buffered amplifiers

(CC-CDBAs) is introduced.  It is a novel electronically tunable lossless floating inductance simulator.
The proposed floating inductance circuit uses only three proposed CC-CDBAs and a grounded
capacitor. Its equivalent inductance can linearly be tuned by means of the external bias current of the
CC-CDBA.  Without the employment of any external passive resistors, the proposed inductance
simulation circuit is particularly attractive for integrated circuit (IC) implementation. PSPICE
simulations of the proposed circuits give results that agree well with the theoretical analysis.

Keywords : current differencing buffered amplifier (CDBA), floating inductance (FI), electronically
tunable, current-controlled, active filters.

1. Introduction 
Owing to the desirability of building 

active filters without the employment of 
physical coils, much attention is focused on 
inductance simulation using various high-
performance active building blocks, such as, 
current conveyor (CC), current feedback op-
amp (CFOA) and four terminal floating nullor 
(FTFN). There are several applications of 
inductance simulators such as active filter 
design, oscillator design, and cancellation of 
parasitic elements.  Early implementations of 
a simulated inductance have been reported in
the literature [1]-[10]. However, all of these 
existing circuits suffer from one or more of 
the following disadvantages : 

1. Require an excessive number of active 
elements [1], [2], [5], [9], [10].

2. Use different types of active elements [1],
[3], [7], [8].

3.Lack electronic controllability [1],[2],[4], 
[5], [9], [10].

4. Require some external passive resistors
[6], [9], [10].

For ease of monolithic IC fabrication processes,
it is advantageous to realize an inductance
simulation circuit by using only one type and a 
minimum number of active elements.

Recently, a current differencing buffered
amplifier (CDBA), which is a new active circuit 
building block especially suitable for the 
realization of a class of continuous-time filters,
has been proposed [11].  It can also offer 
advantageous features such as high-slew rate,
freedom from parasitic capacitances, wide 
bandwidth and simple implementation [12].
Although CDBA-based floating inductance
simulators have been recently reported in 
[13]and [14], they still require some additional
MOS resistive circuits (MRCs) for providing an 
electronic tuning capability [15].  Moreover, 
their equivalent inductance value is dependent 
on the gate voltage of the MOSFETs in MRCs,
which is a square function.  This means that an 
electronic tuning property of the circuits is 
nonlinear.  From a practical point of view, it is 
preferable for the mentioned circuits that their 
tuning ability is linearly tunable.
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The focus of this study is to present a 
translinear-based current-controlled current 
differencing buffered amplifier (CC-CDBAs).
Its parasitic input resistances can electronically
be varied.  We then propose a novel 
electronically tunable lossless floating 
inductance simulation circuit employing the 
proposed CC-CDBAs as active elements, whose 
equivalent inductance can linearly be tuned
though adjusting the external bias currents of the 
CC-CDBAs.  The proposed scheme uses only 
three CC-CDBAs and one grounded capacitor,
which requires fewer active and passive
components than most of the counterparts in the 
literature. Without external passive resistor
requirements, the configuration has remarkable 
advantages in ease of IC fabrication processes
[16],[17].  PSPICE simulation results are 
included to confirm the presented technique.
Also, the performance of the proposed
inductance simulator is demonstrated on a series 
RLC resonance circuit.

2. Circuit Description
2.1 CDBA

Basically, the CDBA is a four-terminal
active element represented symbolically as
shown in Fig.1.  For ideal operation, its current 
and voltage relations can be described by the
following equation [11]-[12].
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Equation (1) shows that the difference of the 
input currents ip and in is (ip-in) and is conveyed
into the output voltage vw via an external
impedance connected at the terminal z.  The
terminals z and w of the CDBA can be
considered as the current and voltage outputs, 
respectively.  Ideally, the input terminals p and n 
are internally grounded or rp = rn 
 0 �.
However, the CDBA can be considered as a 
more flexible and versatile active circuit 
building block, if the values of rp and rn can be
varied and controlled by electronic means.
Therefore, a circuit configuration of a current-
controlled CDBA (CC-CDBA) will be 
introduced in the next section.  Then, it will be 

used as an active element for realizing the
proposed electronically tunable CC-CDBA-
based lossless floating inductance simulation
circuit which requires only a grounded capacitor
as a passive element.

vw

iw

iz vz

vp

ip

vn

in
n

w

z

p
CDBA

Fig.1  Symbol of the CDBA

2.2 Proposed CC-CDBA 
The circuit diagram of the proposed CC-

CDBA and its symbolic representation are 
shown in Fig.2.  The input stage providing the
difference current (ip-in) consists of transistors 
Q1-Q24, where groups of transistors Q1, Q2, Q3,
Q4 and Q1, Q3, Q5, Q6 constitute the input
translinear loop [18].  In this case, the circuit
presents the parasitic resistances rp and rn at the 
terminals p and n respectively, which can be
given by :

A

T
xnp I

VRrr
2

		
 (2)

where VT = 26 mV at 300�K is the thermal
voltage.  Therefore, it is possible to 
electronically tune the value of the resistance Rx
by means of an external dc bias current IA.

The input currents ip and in are subtracted at 
the collectors of Q7 and Q8, and flow from the
terminal z into an external load by the current 
mirrors Q17-Q20 and Q21-Q24.  The voltage across 
the terminal z (vz) is transferred to the terminal
w (vw) by a unity-gain voltage amplifier Q25-Q28.
Here, transistors Q25, Q27 and Q26, Q28 are 
constructed as a cascade emitter follower.  Let
us assume that all transistors are well matched,
the routine circuit analysis gives the equivalent 
input resistance at the terminal z (rz) as: 



�
�

�
�
� �
 w

e
pnz Rrr

2
��  (3) 

where �n = �25 
 �27 >> 1, �p = �26 
 �28 >> 1,
re = VT/IB = re25 
 re26 
 re27 
 re28, and Rw is a 
load resistor connected at the terminal w.  The 
parasitic resistance looking at terminal w (rw) is 
low and given by :
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where Rz is a converting resistor connected to
the terminal z.  From the circuit operation, the
current-voltage characteristics of the proposed

CC-CDBA can be summarized by the following
matrix.
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Fig.2: The proposed CC-CDBA 
(a) circuit diagram   (b) circuit symbol
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Fig.3 The proposed electronically tunable floating inductor using CC-CDBAs

3.Proposed Inductance Simulation 
Circuit

Fig.3 shows the proposed electronically 
tunable lossless floating inductor.  It consists of 
only three CC-CDBAs and a grounded
capacitor.  According to the property of the CC-
CDBA from equation (5), an input impedance
Zin can be written as : 

� CRRs
i

vvZ xx
L

in 21
21 	

�
	 �  (6) 

where Rxi is the parasitic resistance Rx of the i-th
CC-CDBA (i = 1, 2, 3), and the resistances Rx1
and Rx3 are identical.  From the above equation,
the proposed inductance simulation circuit of 
Fig.3 provides inductive impedance with an
equivalent inductance Leq :

(7).CRRL xxeq 21


Note that the Leq value obtained from the 
proposed circuit has the same value as that 
proposed in [5], [9], [10], but the number of 
conveyors is reduced by one and it does not
require any external passive resistors.  In
addition, the proposed circuit requires a 

minimum number of active and passive
elements as in [14], but without requiring any
additional MRCs.  Since all the resistance's Rxi
directly depend on the bias current IAi of the CC-
CDBAi, the Leq value can also be linearly 
controllable by IAi. Although the value of Rxi is 
found to be sensitive to the temperature, a bias 
circuit with a current linearly proportional to 
temperature can be employed for the
temperature compensation [19].  By using only a
grounded capacitor in the circuit realization, the
proposed floating inductor is particularly 
suitable for monolithic IC implementations
[16],[17].  Furthermore, if the capacitor C of
Fig.3 is replaced by an external passive resistor 
R, the proposed circuit performs as a resistance 
multiplier.

4. Simulation results 
The proposed circuits were simulated by

PSPICE using the AT&T ALA400-CBIC-R
bipolar process parameters [20].  The power
supply voltages were +V = +3 V and all the bias 
currents IB were set to be constant at 250 �A.
The simulated characteristics of the proposed
CC-CDBA in Fig.2(a) are listed in Table 1, 
when IA = 100 �A, Rz = 1 k� and Rw = 10 k�.
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Table 1: Characteristics   of   the proposed
CC-CDBA

Parameters Value Unit
Total power dissipation 7.37 mW
-3dB bandwidth 40 MHz
Maximum offset current
(from ip and in to iz)

2 �A

Maximum offset voltage 
(from vz to vw)

13 mV

rp , rn 140 �
rz 650 k�
rw 53 �

The simulation result showing the typical 
waveforms of the voltage and current through
the proposed floating inductor Leq of Fig.3 is
illustrated in Fig.4, when IA = 100 �A and C = 
10 nF.  The deviation in the current response iL
from the ideal value is mainly caused by the
non-idealities of the CC-CDBA, i.e., the error 
values of rp and rn from the calculation values, 
and the effects from the parasitic resistances at
the terminals z and w.
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Fig.4 Typical waveforms of voltage and current
of the proposed floating inductor Leq
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Fig.5 Series RLC resonance circuit 
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Fig.6: Simulated current characteristics of the
resonance circuit of Fig.5, when IA is 
varied.

In order to demonstrate the performance of 
the proposed floating inductor of Fig.3, the basic 
series RLC resonance circuit shown in Fig.5 was 
built, where the physical coil L is replaced by
the proposed Leq.  For R1 = 1 k�, C1 = 1 nF and 
three different values of IA (IA = IA1 = IA2 = IA3),
the simulated current characteristics of the
resonance circuit are shown in Fig.6 as the solid 
lines.  The dashed lines are the ideal results
corresponding to calculations when L = 0.676
mH, 0.169 mH and 0.042 mH, respectively.  The
simulation results show good agreement with
the ideal calculation results.

5. Conclusion
A design of the current-controlled current

differencing buffered amplifier (CC-CDBA) has 
been proposed. Based on the use of the proposed
CC-CDBA as an active element, a novel
current-controlled lossless floating inductance
simulation circuit has also been proposed.  The
proposed inductance simulation circuit offers the
following advantageous features, namely:

(i) requires a minimum number of active 
components,

(ii) linearly electronic control,
(iii) only one grounded capacitor,
(iiii) no external passive resistors.
PSPICE simulation and calculation results 

are in agreement and verify the usefulness of the
proposed floating inductor for building active 
filter implementations.
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