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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.

Similartothe analysisin SectionIIl, the peaking and bandwidth
performance of the lossy SH and HS networks can be determined
from the transresistance, H'(jw), of the reference network in
Fig. 11(a) and thisis given by (9), shown at the bottom of the page,
where the quality factors in the equation are defined as Qs =
wLg/Rg, Qc12 = 1lj/wri2C12 and Q' = Qr.Qc1Qco2.
With the use of (9), the passband-edge peaking of the lossy ref-
erence network G; can be approximated at ws of the ideal ref-
erence network of Fig. 5(b) [see (2)] and this is expressed as
G, = 0G), where § is given by (10), shown at the bottom of the
page. Note that Qr,, Qc1,2 and Q' in (10) are also defined at
wo of the ideal network. By using (10), the surface plot of the
peaking level G’p versus the s is shown in Fig. 12(a) for the
SH network at Cy/Cy, = 0.6, and in Fig. 12(b) for the HS net-
work at Cy/C, = 1.0. Due to higher losses, the peaking con-
tinuously drops at smaller (s. For a particular case of interest
at Qrs = Qcg = 8, 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 —1.87 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 Cy/C,, are given in Fig. 13(a) for
asetof Qrs = Qcg = 4, 8, 16, and oo at wy. 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 R = 1/g,, = 1 and C, = 1. 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 Cy/C,, i.e., approaching Cy/C, = 1, with a consequent
requirement of a larger C?;. Also, from the phase plots versus
the normalized frequency w/wp of Fig. 13(c), as compared to
Fig. 8(c), the lossy SH network exhibits considerably less steep
phase characteristics, particularly at a small Cy/C,.

The surface plots of the BWER versus Q1. and Q¢4 at wo are
given in Fig. 14(a) for lossy SH peaking at Cy/Cy, = 0.6, and in
Fig. 14(b) for the optimum lossy HS peaking at Cy/C, = 1.0.
At Qrs = Qcy = 8, 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) Cy/C, = 1.0 for the normalized

1197

HS network [Fig. 15(a)], and 2) C;/C, = 0.6 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 N = 32 [see Fig. 11(c)] where
close matching with the responses based on the single r, — C;
gate model is observed. From the magnitude plots, the HS net-
work exhibits a BWER of 3.25 and an attenuation at —1.87 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 Ly and Lg 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 F' of a CA with identical
stages for frequencies up to near the passband edge can be ex-
pressed by

F=2+ 4R( Ly
R, (gm) R2n71Ro

n—1
¥ 1
1+ —— T 11
+< + ng> > (ng)QJ (11)

i=0
where R, 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 fr of the transistors [13]. Since a CA typi-
cally exhibits bandwidth somewhat less than fr, 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

1
F=2+ ( —4p>
G‘?ot

A pQ(n—l) 1/2n A n—1 1 i/n 0
+ 7( 4G%0t ) + P Z <4p2G%0t) ( )

=0

where p = R/R,, Giot = (gmR)"/2p = G7/2p [8], [9]. It
should be noted from (12) that F' increases with both n and p.
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Fig. 13. Effect of parasitic resistances (via the () factors Q. = Qcy = Q)
on (a) BWER, (b) normalized bandwidth and (c) phase responses at ¢ = 8.

At a larger n, a lower gain per stage, particularly in the first few
stages, leads to more noise contribution of subsequent stages
and hence a higher F results. At a higher p, although the stage
transconductance g,, is reduced, more stage noise (x g,, R =
gmp> R?) is effectively generated due to higher interstage resis-
tance. From the described characteristic, it follows that, given
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CA specifications, both n and p 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 n which
should be kept small. For most typical applications with low to
moderate noise requirement, n is lower than five stages [11].
From the total gain and noise factor specifications, Gy and F',
the resistor ratio p is determined at the selected n using (12) and
this yields the interstage resistance & = pR,,. Next, the inter-
stage gain (G; can be decomposed from Gt at

13)

R
Gi= ¢ 2R_Gtot = V2pGiot

and the required transconductance g,,, for the transistor at each
stage is at g,, = G;/R. For the CA to exhibit gain advantage
over the DA, it requires that G; > n(1/7»~D[8]. If this is not
the case, n should be reduced until the condition is satisfied.
From the total bandwidth specification BW4,., since both SH
and HS peaking are fourth-order networks, the interstage band-
width BW; may be calculated by [12]

Bwtot

(=)

where k 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

BW, = (14)

o - BWER/ Im
7 (14+a) G2rBW;’

5)

The equation requires estimation of the parameters
a = C4/C, and BWER' 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 Qs
and ()¢,. With another estimation on the parasitic capacitances
that contribute to Cy and Cy, the intrinsic gate-source capaci-
tances Cgys and hence the amplifier transistor’s width W at the
minimum feature length L.,;, 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 V,q4(= V,s — V;) and the drain current consumption I,
are obtained. Subsequently, the inductances Ly and Lg are
determined using (4) and (6) where C; = C, and Cy = Cy4
for SHCA and vice versa for HSCA. For optimum bandwidth
in HSCA, an additional capacitance may be required to make
the ratio Cy/C, = 1.0 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 Q¢ for (a) SH peaking and (b) HS peaking networks with parasitic resistances.
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Fig. 15. Simulated frequency responses based on distributed RC model (dark dotted curves) and single RC equivalent model (dark solid curves) at Q. = Qg =
8.0 for (a) HS peaking at C;/C; = 1.0 and (b) SH peaking network at Cy /C,, = 0.6.

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 Ly and
Lg for the desired @)s 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 W, V4
and I, can be re-calculated with improved precision. Finally,
given the simulated total capacitances C,; and Cy, 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-um 1.8 V 6-Metal RF CMOS process. The amplifier’s
total gain was specified at G, > 15 dB and the bandwidth at
BW;o > 12.5 GHz. The specified noise factor is at F < 10
(or < 10 dB). The input source and output load impedances are
selected at R, = 50 (). 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

Specifications

G > 15dB
BW,, > 12.5GHz
F<10
Amplifier parameters
n=4
G;=2.027
gn=27.03mS
R=75Q
BW, = 15.4GHz
Component parameters
Parameters Initial values Final values
C, 300fF 255(F
Che 180fF 170fF
Cy,+Cy 0.4C, (0.137+0.196) C,
w 90um 85um
Vo 0.248V 0.32V
I 4.6TmA 6.155mA
Ly 0.85nH 1.16nH
Ls 1.3nH 1.67nH
a=C,IC, 0.6 0.63
01/ Qce 8/8 77167
[@w,] [@27-13.16-10° rad/sec] [@27:12.4-10° rad/sec]
Rs/ 1, 13.43/5 NA
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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 Initial values Final values
C, 300fF 215fF
Che 180fF 170fF
C,+Cy 0.4C, (0.095+0.116) C,
Ly 0.85nH 1.0nH
Lg 1.64nH 1.82nH
C 72F 90fF
Ows! Qcg 8/8 7.7/8.3
[@w,) [@27-10.15-10 rad/sec] [@27-11.38-10° rad/sec]
Rs/rg 13/6.5 NA

(b)

parameters’ design at four stages, i.e., n = 4, 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

0 1.3V

10
Frequency (GHz)

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

Performance

Condition (°C) BW M (GHz) | BW,™ (GHz) BW; Ratio

—40 15.14 11.51 131

Slow 27 14.39 11.2 1.28
100 13.48 10.85 1.24

—40 15.52 11.81 131

Typical 27 14.9 11.6 1.28
100 14.07 11.25 1.25

—40 15.24 11.72 1.30

Fast 27 14.13 11.39 1.24
100 13.02 11.03 1.18

Fig. 16(a) shows the schematic of the designed SHCA. A re-
sistor (10 2) 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 W/ L ;,, I; and R identical
to the final parameter assignment in Table 1. 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 C’), 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 Cq/C, = 0.63, 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 C”; added to yield Cy/C, = 1.0, 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 wy = 2712.4 - 109 rad/s is 0.5 dB. For the
HSCA, there is —2.5 dB attenuation at its w, = 2711.38 -
10%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 —10 dB within their corre-
sponding bandwidth. Fig. 18(b) shows the simulated phase re-
sponses of the amplifiers. The simulated noise factor F' (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
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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 Cq/C, 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 C;/C, 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 Cy/C,
decreases and a certain Cy/ Cy 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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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

1
v 2 Vv n-1 Vv
1 — 3 n
I I
Y. Y

i-1 Ii+1

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

rewritten in form of

viez (1w -1 -]
1= 41 IN 2 RS )

L =Y(Vi — V3),

V3 =231 — 1y), )
Vn = Zn(ln—l - Io)»

V,
I, =—.

Ry

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 Rj,. All relations in Eq. (1) are
then transformed into their corresponding current transfer
functions as

Vi Z1 Vi
—=—=\In—L——],
R, R, R

P 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 MCCClIs. 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 0O 0 0 o0 Vy
Vx 1 Rx 0 O Ix
= , (3
17 0O 1 0 0 Viz
1_7 0O -1 0 O V_7

where Ry 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 Ry 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 R, as mentioned in Section 2, their voltage and
current relations in form of current transfer functions can be
shown as

Vi

IR I —Livy), 4

Rp SC,‘RP( i—1 i+1) (4a)
R, (Vi V)

Ij:_p<,,_1_,_+1>‘ (4b)
sL; R, R,

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

MCCCII
<«
n o
Vyo—— +, ¢ E +Z
N <_I+z,
C N
I !,
sl RO
—> . ° -7
Vo= ENIPE2
PR AL

1 I L.
W M V.']._I 'j V;'+I
% _, =°
* I
=14 ’
— o——0
(a) (b)
1,
—»
+Z —O
mccecn
Ck X -Z —O
T [ —
- - - k

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

Iy

= {CiRx (TIe—1 — Ig+1)- (5
Mapping the equivalent circuit to the shunt capacitor by let-
ting Iy = Vi/Rp, Ix—1 =1;—1 and I; | = I; 1 results in the
design parameter Cy=(C; R,)/Rx. Similarly, the design pa-
rameter for the series inductor branch is Cy = L;/(R,Rx),
which is deduced from mapping the circuit variables Iy =1},
Ii-1=Vj_1/Rp and Ix+1="V;41/R,. Since after the trans-
formation, all variables are related to Ry, the adjustment of
Ry 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

1
—> —>

..
T
&

Vi 1

R, sCiR,

(i—1—Iiy1)

Ry (vj_l vj+1>
j=—b (2L it
sLi\' R, Ry

Vi sL; I L)
= Ui1 =l
Rp RP

Ik
—
Y ——o
mccecu
T [
—
= = -1,
1 ! (1 I )
k_SCkRX k—1 k+1
o
-Ik+1l lk
o Y +Z [——O0 —
s Mccel _z ——o —»
k-1 J__ X -Z -1
k
+Z Y
mcccin C’(

X—_LI

I =sCrRx (Ik—1 — Ir41)

Cr = (CiRp)/Rx for shunt C

Cy=Lj/(RpRy) for series L

Cr=L;/(RpRx) for shunt L

Cy = (CjRp)/Rx for series C

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

Passive elements

Voltage—current relations

MCCCII-based circuits

Vil g
Ry sCiRg+1 N1+l

1 VJ—H
lj= L; <11N T TR
s—— +1
Ry
L;
il
\4 R
Rf’ = L_is(lm —1liv1)
S i
s— +1
Rg

I,

—>

X -Z —O

mcccn

+Z —O0

—»

-,

= ! Y Ty 1)

k_kaRX—I—l k—1 k+1

o
-Ikﬂl Ik
o X Lo —
— MCCCH +Z f—-0 —»
T J__ Y +Z -1,
+Z Y
mcccn G
11
sCrRyx
=—=—()_1 -1

k kaRX+1( k=1 = dk+1)

Cr = (C;Rg)/Rx for shunt C

Cr=L;/(RgRyx) for series L

Cr=L;/(RsRy) for shunt L

Cr = (CjRgs)/Rx for series C




A. Jiraseree-amornkun, W. Surakampontorn / Int. J. Electron. Commun. (AEU) 62 (2008) 11-23 15

equations as in the single passive element can be obtained
when choosing Rg = R,. Again, mapping /i, Ix—1 and Iy
of the MCCCII equivalent circuits to the passive branch ele-
ments result in the same design parameters C; =(C; Rs)/Rx
for the shunt capacitor and Cy = L;/(RgRx) 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 MCCClIIs. This is because we directly use Ry 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
Iy is absent since load devices are considered. The equiva-
lent MCCCII circuit remains unchanged, so does the design
parameter Cy. 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 MCCClI-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 Ry. 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, M, and My, respectively. Assuming
Ki =K, =Ky,K3=K4=Kp, Vr1 = Vr2 = Vry and
Vrs = Vra = Vrp, we can write the following current
relations:

I
IB+2UY\/KNIB+KNU%, for vy > — K—B,
. N
Ip2 =
Ip
0 forvy < — [ —,
Kn
(62)
I
IB—2vy«/KPIB+KPv12/ for vy < + K—B,
. P
ips=
0 f + 1B
or vy > —
Y Xr
(6b)

where Ip is the bias current and MOSFET parameter
Kypy= ,uN(P)COX(W/L)/Z. Combining these two branch
currents in Egs. (6a) and (6b) results in the total current
flowing out of the X-terminal as

Ix =1Iip2 —ip4
=2J15(V/Kn + VKp)vy + (Ky — Kp)v2. ©)

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 /p is sufficiently large.
Then the X-terminal current could be a linear function of the
Y-input voltage and we can consider Ry as a linear resistor
of 1/4/KIp Q, aslong as Ky = Kp =K and |ix| <4Ip
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 /p. 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 vy replacing vy and the last parenthesis be-
comes (Kp — Ky). 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 My _cys help control the drain-source voltage,
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Fig. 5. Circuit schematic of a CMOS MCCCII.
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Fig. 6. Small-signal equivalent circuit of the upper half of MCCCII.

Ups, between transistors within the current mirrors Mp and
My . 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 gqs
is much smaller than the transconductance g,, and the con-
ductance gj in the load admittance y; =g+ sCj. 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,z, consists of the gate-source capacitances Cgsp of the
mirror transistors Mp and all other parasitic capacitances
at node v, excluding the gate-drain capacitances Cgqp and
Cqqp. 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;z, can be
determined as

Cizn ~ (n+2)Cqsp = (n +2)3Cox WpLp, ®)

where n is the number of output 4+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 Cgq are far
smaller than the capacitances C;z, and Cj, therefore the
upper half vy-to-iyz transconductance function can be

determined as
C C
(S gd2 ]> (S gdP 1)
8m2 8mP

=gm2 . )
upper half (S@ + 1) (S% + ])
8ml 8mP

iyz
vy

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
M p1 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 Cgq 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

3 uplp
w = L= (10)
n+2\ 2C,WpL3,

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
M 1. 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
Mpy and Mpy,. 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-pm level 49 CMOS model. For
the MCCClII circuit in Fig. 5, the aspect ratio of all transistors
are listed in Table 4. The bias current I is set to 50 pA under
the voltage supply of Vgyp = £2.0 V. The simulated open-
loop transconductance gain (g,,) 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
My, M» 5/0.5 M3, My 18.5/0.5
Mp1, Mp> 90/2 Mp3, Mpy 90/0.5
Mps, Mg 30/2 Mp7, Mpg 30/0.5
Mp 60/1 Mp_cas 100/1
My 60/1 My _cas 50/1
IIﬁ.} VI L2 V3
J R +lC seout | T R,
IN S
! IZ 3:: llo
10 7—‘;.83 nF 51.830F 10

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

-1
2
i <_'10 V;/R)
Iy V, IR, I, 1,
C_> X -Z Y +Z - X -Z _>0
1C., | mccen 1c, MCS” 1cg MCé)CII
Y +Z X -Z Y +Z
L L 1L 1

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

19

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 MCCClII-based circuit is shown in Fig. 8.
Obviously, only three MCCClIs 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_34p
of 5MHz. Refer to Tables 1 and 2 for the design param-
eters Ci. Let R, = Rg = 1Q for simplicity and MCCCII
Rx(1/gm) of 1887Q, the capacitor values become C¢c| =
Cc3 = 17.506 pF and Cpy = 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 pA.
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 MCCClIs.

0.0 -
lg = 12.5 pA
-20.0 - Iy = 50 pA . . -
*, Prototype filter
lg =200 pA *
8 ....................
S .40.0 MCCCII filter
£ 0.0
()]
o
c
g
5 -60.0 -
9]
-10.0
-80.0 4
-20.0 ‘ ‘
3meg 10meg \
-100.0 5 \ \ \ \ \ =
100k 300k 1meg 3meg 10meg 30meg 100meg

frequency (Hz)

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

C. 23.130F
I 2 | %
NG v, 11 )
143.9 nH
I, Rt [c, | LM 1 o + 1R,
= 1 £ ¢10
; —
105 | 303.94F 403.9 nF 1Q

Fig. 10. Prototype current-mode 3rd-order elliptic low-pass RLC
ladder filter.
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Fig. 11. MCCClIIs and only grounded capacitor current-mode
3rd-order elliptic low-pass filter.

corner frequency has been selected to be 1 MHz with 1dB
pass band ripple and 40 dB stop band attenuation. The simu-
lated frequency responses are depicted in Fig. 12. The large
variation of MCCClIs-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 C; from the passive filter in
Fig. 10 and then realize the canonical MCCClII-based all-
pole low-pass ladder filter first. After that, adding the scaled
capacitor C 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 MCCCllIs-based
filter is shown in Fig. 14. It is clearly seen that a better
performance than the previous circuit using only grounded

CC3

X -Z Y +Z X -Z
mccenrn mcccnn mccenrn

j:_:J:_—y@u—-I:_:-I;JT_—x@-Z :-Ijj;—y@u

N
—> CCI

v

Fig. 13. MCCClIIs and floating capacitor current-mode 3rd-order
elliptic low-pass filter.
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Fig. 12. Simulated frequency response of the grounded capacitor elliptic low-pass filter.
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21

I -1,
Ny Y, L, G « 1, (VR
I~ VR, 1, 1,
I R + 182.6 nH  138.7 nF c_> o X -z - Y +Z > ° X -z >
IN, s> C L ) mccen mccen z [ 1 mcccn sz
1 1 cT vy O + cT X @® + C vy ® +z
al | [ o | [ o |[1
10 = |= = |= = |=
— aiccen” |C 11 MCéCII Y C,. +Z MCécu I 13
X -z X X
164.2 nF 154.3 il 64.2 nF 154.3 nH 1T 1T 1T

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 0.2dB 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. MCCClIIs 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 MCCClIs 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
MCCClIIs. 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-pm CMOS process pa-
rameters, PSPICE simulation results show that the
proposed CDBA provides the terminal resistances of
T =Tp = 320, r, = 144kQ, r, = 99, 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 f; of NMOS device
is approximately two times higher than the f; 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 wg and the quality
factor ) 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]:

i 001 —1 v,
vw | |1 00 0 i
v | |1 00 0 iy (1)
Un 100 0 in

The CDBA can be considered as a transimpedance
amplifier that converts the difference of the input cur-
rents i, and i, at the terminals p and n, respectively,
into the output voltage v,, at the terminal w through
an impedance connected at the terminal z. It can be
further inferred that the terminal impedances of the
p and n terminals must be very low. 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 :

S [

_ <gm2gm4ToB>
F = (fm2dmiTol )
Im2 + 9gm3

where

and g,,; represents the transconductance of the
transistors M;(i = 1,2,3,4) and r,5 denotes the
output resistance of the current source Iz. Usually

Fig.3: Unity gain current amplifier with very low
mput resistance

ToB >> 1/gm: , 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 Mg and the current source I, is used
to bias the input terminal at ground potential. From
routine circuit analysis, the output current ., of this
circuit can be expressed as :

F
-ou =\ = 'in 3
Lout (1+F>Z (3)

where usually F' >> 1 then the output current iy,
can be approximated to :

Z’out = _iin (4)

Normally, two of the unity-gain current amplifier
circuits can be used to accept the input currents i,
and i,. Then, the differential current between i, and
in (or i,-i,) can be achieved by a negative current
mirror, formed by PMOS transistors, as shown in
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il

Fig.5: Proposed NMOS-based current differencing circuit

Fig.6: Buffered voltage amplifier

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 M;-Mjo 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 i,,; of this circuit is approximately
equal to an input current i;, (Or fout = iin)-

Fig.5 shows the proposed NMOS-based current dif-
ferencing circuit. The current source Iz and transis-
tor Mg are used to bias the terminals p and n at
ground potential. Groups of transistor (M;-M;) and
(M1-M5) form two unity-gain current amplifiers that
produce the currents (Ig —i,) and (Ig — 4,) at the
drains of M5 and M3, respectively. Due to the nega-
tive current mirror M7-Mjq, the drain current of Mg
is equal to (I +14,,). Therefore, the signal current i,
of the terminal z can be expressed as

i, =2Ip—[(Ip —1ip) + U +in)| =ip —tn. (5)

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

by
iy = Qplp — Qpip (6)
where
Fp
e (1 + Fp>
a :<gm7gm8>( Fn )
P Im9dm10 1 + Fn
Fp — <gm29m4roB>
gm?2 + 9ms3
and o
Py = (Leteres )
9m2 + 9m3
Then as long as F}, >> 1, F,, >> 1, and g7 = gms =

~

Im9 = gmio, the current gains o, = o, = 1. The
input resistances of the terminals p and n can also be

expressed as
1 1
=(— 7
vl es) o

"o (gjnl) (1 +1Fn> ®)

We can notice that, the input resistances r, and
r, are very low due to the factors from the feedback
(14 F,) and (1 + F,), respectively.

and

2.3 Buffered voltage amplifier

From Fig.6, transistors M;;-M;ps function as a
buffered voltage amplifier, where the transistor My
and the two bias current sources Ip are connected as
voltage level shift. The relationship of the voltages at
the terminals w and z (or v,, and v,) can be expressed
by :

VU = ﬁv % (9)

where

gm12 (1 + W)
Guw + Im12 (1 + W) ’

3 :< 9mi11ToB )
Y 1+gm11roB

gw = 1/R,, and R, is the resistor connected at the
terminal w. If gm11705 >> 1 and ¢p,12 (1 + %),
then v,, 2 v,. Similar to the equation (2), since M-
Mj5 are connected as a low-input resistance input
stage, the output resistance of the terminal w be-
comes quite low and is equal to

1 1
Tw=|— P a—
gm12 1+Fw

Fo— (9m139m157“03)
I AL UG SN I
9Im13 + 9Imi4

(10)

where

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

ro= 22 (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 (M;-M;g, M1-M5), and the
buffered voltage amplifier (M;1-Mj5) 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 (2Vpg; + Vip), where Vpg; and Vip
are the drain-to-source voltage of the transistor M;
and the voltage drop at the bias current source Ip,
respectively. As an example, for the standard 0.5-
pm CMOS process parameters, the threshold voltages
Vrn and —Vpp of the NMOS and PMOS transistors
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are about 0.64V and 0.91V, respectively. If the bias
current sources Ip 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-
pm CMOS LEVEL3 SCNO5H technology supplied by
MOSIS (vendor : HP-NID) [10]. The aspect ratios of
the transistors used are as follows : W/L = 20 for the
NMOS M;-Ms, M-M5, and W /L = 40 for the NMOS
M7-Mjs. The supply voltages used are +Vpp = -
Vss = 1.25V, and the bias currents are Ig = 30uA.
Grounded resistors R, = 1 k2 and R, = 10 kQ are
connected at the terminals z and w, respectively.

Fig.8 shows the dc transfer characteristics of the
output current ¢, = 7, — 4, against the input current
in , Fig.8(a), and the output voltage v,, against v,, for
different values of the input current i,, 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 (Ip

0 \
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SLo20
=, 0:i/i
-~ <p
o i/,
-30 \
40
10k 100k M 10M 100M 1G 10G
Frequency (Hz)
(a)
0
-1
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10k 100k M 10M 100M 1G
Frequency (Hz)
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Fig.9: ac transfer characteristics of the CDBA

(a) current transfer characteristics
(b) voltage transfer characteristic

=30pA). From Fig.8(a), the maximum offset currents
from the terminals p and n to the terminal z is equal
to 1.2pA, 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 M,
and Mi,. 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 i, = ¢, =0
is 0.98mW and for i, = i, = 30pA is 1.22mW, and
the resistances of the terminals p, n, z and w (rp, 7y, 72
and r,,) are equal to 3212, 3202, 144k} and 99, respec-
tively.

Fig.9 shows the ac transfer characteristics of the
proposed CDBA. The current and voltage gains
oy, apand (v 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 ¢, /i, and i, /i,, and the voltage gain v, /v,
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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Fig.10: Universal current-mode biquadratic filter
using CDBAs

the pole P, at the terminal w, which is directly pro-
portional to R,, and can be given by

_ gleRw (1 + QM125TOb)
(1 + gleRw)'roBCgsB

P, = (12)

where Cgslg is the gate-to-source capacitance of
the transistor My3. This pole frequency can be ex-
tended by increasing the value of R,,, for example,
for R,, = 20 k2, the pole frequency P, 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.

1 1
Lot = |8° 1+ ——Tin3 ) = s | 5=— ) Lin
' [S<+SR502 3) S<ch'2> ?
1
S — D(s)- (1
Hgmeatn) | /per a3
where

1 R3
D — 2 - 7w ).
(8) =" +s <R5CQ> * (RlelecQ)

The parameters wy and @ of the filter can be ex-

pressed as :
R3
o =] —————— 14
“o =\ RIRyR.C1Cs (14)
and
| R3Cy
= _— 1
©="Fs RiRyR,Cq (15)

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

S§27327R47C1702 = _Sluég = 2 (16>

S0 =0 (17)

1
Q _ Q _
SRI;R2;R4;CI - _SRg,Cg - _5 (18)

SE =1 (19)

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

1
wo = RC (20)
and R
=2
Q=7 (21)

It is interesting to note that the Q-factor parameter
can independently be controlled by adjusting Rs/R
without taking an effect to the w,, 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 I;,5 = I;,3 are input currents and
Iin1 = 0.

2. LP filter where I;,; is an input current and I;,2 =
Iin3 = 0.

3. BP filter where I;,2 is an input current and I;,; =
Iin3 = 0.

4. BS filter where I;,1 = Ijno = I;ing are input cur-
rents and R5 = R.

5. AP filter where I;,,1 = I;n2 = I;n3 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 1 iy = Qpilpi — Qpiln; and vy, = B;v,;, where
Qp; = 1- 6pi(|€pi| << 1)70[»,”' =1- ani(|€ni| << 1)7
and §; = 1 — €(|ewi| << 1),and €p; and €,; are the
current tracking errors from the terminal p and from
the terminal n to the terminal z, and ¢€,; is the voltage
tracking error from the terminal z to the terminal w
of the i-th CDBA, respectively. In this case, reanal-
ysis the proposed filter configuration of Fig.10 yields
the non-ideal natural angular frequency w, and qual-
ity factor Q as :

‘ O‘ploép205p3an1616253R3
= 22
o \/ RiRyR4C1CY (22)
and
s R Qp10p20ip3ain1 B1 83 R3Co (23)
Qn2 BaR1 R R4 C

For this case, all active sensitivities of the W, and Q
with respect to o, ap; and 3; are less than unity.
Fig.11 shows the simulated frequency responses of
the filter using the proposed CDBAs, when R; = 1
k2, excepted in AP case the resistor R5 = 2 k) , and
C1 = C3 = 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 fq is varied.

obtain Q-factor = 1 at a natural frequency f, (w,/27
) = 1 MHz. The corresponding f, 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 @-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 R; to 5 k€2, 1 k€2, and 200 €, 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 R; without disturbing the @-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 f, 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 P,, 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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Abstract
A new bipolar-based realization of a current-controlled current differencing buffered amplifiers
(CC-CDBAys) 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],
[51, 9], [10].

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

v, 0 0 0 0w,
v, 00 0 O
C = ANINCY
i 00 1 -1|i,
5 1 0 0 0]:

Equation (1) shows that the difference of the
input currents i, and i, is (i,-i,) and is conveyed
into the output voltage v, 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 r, = r, = 0 Q.
However, the CDBA can be considered as a
more flexible and versatile active circuit
building block, if the values of 7, and r, 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
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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.

Vp p w vw
n z
y o—»— n Z —»——o0 vz

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 (i,-i,) consists of transistors
Q1-Qy4, where groups of transistors Q;, Q,, Qs,
Qs and Q, Q;, Qs, Qg constitute the input
translinear loop [18]. In this case, the circuit
presents the parasitic resistances 7, and r, at the
terminals p and n respectively, which can be
given by :

Vr

r,=r,=R.=—— 2

P n X7y 1, ( )
where Vr = 26 mV at 300°K is the thermal
voltage. Therefore, it is possible to
electronically tune the value of the resistance R,
by means of an external dc bias current /.

The input currents i, and i, are subtracted at
the collectors of Q; and Qg, and flow from the
terminal z into an external load by the current
mirrors Q;7-Q, and Q,1-Qs. The voltage across
the terminal z (v,) is transferred to the terminal
w (v,,) by a unity-gain voltage amplifier Qs-Qas.
Here, transistors Qjs, Q,; and Q, Qo 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 (r,) as:

;= ﬂnﬂp[%+ ij 3)

where B, = Bos = fo7>> 1, B, = fos = Pos >> 1,
Ve = VT/[B = V25 2 Vo2 = Vor7 = Vs, and R, isa
load resistor connected at the terminal w. The
parasitic resistance looking at terminal w (7,,) is
low and given by :
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CC-CDBA can be summarized by the following

matrix.
- [%+%] 4)
e v,] Jo o R 07w,
where R. is a converting resistor connected to v, | |00 0 R | 5
the terminal z. From the circuit operation, the i - 00 1 =111 ®)
current-voltage characteristics of the proposed : 7
v, 1 0 0 0|1,
+V
Q9 Q1() Q17 Q|x
1, g:B Iy 8:8
Qll Q12 Ql‘) QZO
. Q Q +—1 o
oK ——K L | "
1 1 1
A " z Q
) po__> Y e— ZC<_ K z [Qze ow
N I N .
3-/| ~ Q, ~ Q, P~ =t |\Q28

Q]S Q15 Q23 Q24
-V
(a)
i i,
Vpo—Le 1 p WH—p—oV,
; CCCDBA ;
Vy o——— 1 Z—»—oV,
(b)

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

Z;, can be written as :

A2 s(RaRC)  (6)
L

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

Leq = Rlesz (7)

Note that the L. 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
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minimum number of active and passive
elements as in [14], but without requiring any
additional MRCs. Since all the resistance's R,;
directly depend on the bias current /; of the CC-
CDBAI, the L. value can also be linearly
controllable by /,;. Although the value of R,; 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 = 43 V and all the bias
currents /p were set to be constant at 250 pA.
The simulated characteristics of the proposed
CC-CDBA in Fig.2(a) are listed in Table 1,
when 7, =100 pA, R, =1kQ and R,, = 10 kQ.
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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 2 HA
(from i, and i, to i,)
Maximum offset voltage 13 mV
(from v, to v,,)
"p s Tn 140 Q
7, 650 kQ
Ty 53 Q

The simulation result showing the typical
waveforms of the voltage and current through
the proposed floating inductor L., of Fig.3 is
illustrated in Fig.4, when /, = 100 pA and C =
10 nF. The deviation in the current response i,
from the ideal value is mainly caused by the
non-idealities of the CC-CDBA, i.e., the error
values of r, and r, from the calculation values,
and the effects from the parasitic resistances at
the terminals z and w.

(mV) (mA)
100 0.8

50 0.

\L

ARVES

\\ // \\/\/

=3
a =)

=507 -0.

/\@ e / A

-100¢  -0.8 /
0 10

Time (us)

Fig.4 Typical waveforms of voltage and current
of the proposed floating inductor L.,

PAl

Fig.5 Series RLC resonance circuit
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Fig.6: Simulated current characteristics of the
resonance circuit of Fig.5, when [, 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 L.,. For R; =1kQ, C; =1 nF and
three different values of IA (IA = [AI = 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.

6. Acknowledgment

This work is funded by the Thailand
Research Fund (TRF) under the Senior Research
Scholar Program, grant number RTA4680003.



Thammasat Int. J. Sc. Tech., Vol. 11, No. 1, January-March 2006

7. References

[1] K. Pal, Novel Floating Inductance Using
Current Conveyors, Electron. Lett., Vol.17,
No.18, pp.638, 1981.

R. Senani, Generation of New Two-
Amplifier Synthetic Floating Inductors,
Electron. Lett., Vol.23, No.22, pp.1202-
1203, 1987.

M. Higashimura and Y. Fukui, Simulation
of Lossless Floating Inductance Using Two
Current Conveyors and an Operational
Transconductance ~ Amplifier, [Int. J.
Electron., Vol.66, pp.633-638, 1989.

C.M. Chang, H.Y. Wang and C.C. Chien,
Realization of Series Impedance Functions
Using One CCII+, Int. J. Electron., Vol.76,
pp-83-85, 1994.

W. Kiranon, and P. Pawarangkoon,
Floating Inductance Simulation Based on
Current Conveyors, Electron. Lett., Vol.33,
No.21, pp.1748-1749, 1997.

(2]

(3]

(4]

(3]

[6] O. Cicekoglu, Active Simulation of
Grounded Inductors with CCII+ and
Grounded Passive Elements, Int. J.

Electron., Vol.85, No.4, pp.455-462, 1998.

M.T. Abuelma’atti, M.H. Khan and H.A.
Al-Zaher, Simulation of Active-Only
Floating Inductance, Frequenz, Vol.52,
pp.161-164, 1998.

S. Minaei, O. Cicekoglu, H. Kuntman, and
S. Turkoz, Electronically Tunable Active-
Only Floating Inductance Simulators, /nt. J.

(8]

Electron., Vol.89, No.12, pp.905-912,
2002.
[9] R. Senani, Novel Lossless Synthetic

Floating Inductor Employing a Grounded
Capacitor, Electron. Lett., Vol.18, pp.413-
414, 1982.

[10] S.A. Al-Walaie, and M.A. Alturaigi,
Current Mode Simulation of Lossless
Floating Inductance, [nt. J. FElectron.,
Vol.83, No.6, pp.825-829, 1997.

[11] C. Acar and S. Ozoguz, A New Versatile
Building Block: Current Differencing
Buffered Amplifier Suitable for Analog

65

Signal Processing Filters, Microeletron. J.,
Vol. 30, No.2, pp. 157-160, 1999.

[12] W. Tangsrirat, W. Surakampontorn and N.
Fujii, Realization of Leapfrog Filters Using
Current Differential Buffered Amplifiers,
IEICE Trans. Fundamental., Vol.E86-A,
No.2, pp.318-326, 2003.

[13] A. Toker, S. Ozoguz, and C. Acar, CDBA-
Based Fully Integrated Gyrator Circuit
Suitable for  Electronically = Tunable
Inductance Simulation, AEU Int. J.
Electronics and Communications, Vol.54,
No.5, pp.293-296, 2000.

[14] A. U. Keskin and E. Hancioglu, CDBA-
Based Synthetic Floating Inductance
Circuits with Electronic Tuning Properties,
ETRI Journal, Vol.27, No.2, pp.239-242,
2005.

[15] S. Takagi, Z. Czarnul, T. lida and N. Fujii,
Generalization of MRC Circuits and Its
Applications, IEEE Trans. Circuits Syst. 1,
Vol.44, No.9, pp.777-784, 1997.

[16] M. Bhusan and R.W. Newcomb, Grounding
of Capacitors in Integrated Circuits,
Electron. Lett., Vol.3, No.4, pp.148-149,
1967.

[17] M.S. Abougabal, B.B. Battacharyya, and
M.N.S. Swamy, An Optimal Design of RC
Active Filters Using Grounded Capacitors,
Int. J. Circuit Theory and Applications,
Vol.6, pp.31-40, 1978.

[18] A. Fabre, O. Saaid, F. Wiest and C.
Boucheron, High Frequency Applications
Based on a New Current Controlled
Conveyor, [EEE Trans. Circuits Syst. I,
Vol.43, No.2, pp.82-91, 1996.

[19] W.Surakampontorn, V. Riewruja, K.
Kumwatchara and C.  Fongsamut,
Temperature Compensation of Translinear
Current Conveyor and OTA, Electron.
Lett., Vol.34, pp.707-709, 1998.

[20] D.R. Frey, Log-domain filter : an approach
to current-mode filtering, IEEE
Proceedings, Pt. G., Vol.140, pp.406-416,
1993.



TATIMTTUNUIIBING

(599 M3290UAAMUINITT WA W UM Uszuranadym

. Folasams  MIduNUMINMI (509 “MIveuaz i nsudmiumslssuranadyana”

2. Wan NIazIug e

: 4 @ o o a ad a J a 4
NNMIN AMANI19150 asdaan  geeimass dananIAIv@EInIelnd AMLIAINT SUMAAT
o = Yy v o 9 v 1 a 1 Aaw aAa o
amtiuma TuTagnszrounaugunmsaanszia (ava.) “lmm;lummimqmaﬂ CHRETRPIE))
ARG Mo TINdmMs umslsanasadyanas andninaunemuaium UMY
IS a2 A J ] o A a 2 o A a 3 o a
@n2.) Huna 39 fs TusgrinaaaIun 15 Aan1ay 2546 D9 TUN 14 Famay 2549 Wiy
< @ 4 a o awv o {
Wizanat 7,500,000 1 (Aad i wauumin) Taelidhwnevaniewnaminides inAneminunin Tag
anuiteranie  WewliamsiIteseuvl seutanadya ey (Mixed signal Processing Research
£ a4 = a 4 o = y_ Y o
Laboratory) #40g7 #n B AaIzIAINTsuA@AS aontjimalulagnszaaund 191namnisa1an sz
wowlfiiams msddeszuuihzutaradynamey Usznousoindlevateszau fie 1indve  1inade
9 v =K @ (= o X a a v K [ a o 2
{1 Wnanwisza sy uen WnAnylTyauenmaanamn (aln) WamneszaulsyanIn dndnm
Y a = 2 o 9 ay A ' A Y o A Av o w o Y
seduTanes taziviemsidviuandatazianvans iesdronadiiums Insesnsisoiia i udes
1" o Y a v o & = Aa A A o A 9 av Y a oA I
sesaldnuitelszaumwdisvedwiidszansnmlunamdmua e ldiaudseludosdjianisdu la/lu
~ [y A A Y v Aav = k) A 9 a < 4
Rty uaziodla Temalminitenindnu lauanalasuniwi anudAadiy  Uszaunisa nis
[ 1 dal 9 o KR F Yy [ a dgl Y] @
oy warmaauenuzaee  Tunisimeauezd Wede ladalwiin s duumadnmsiunnivesms lu
J [ a a wva o
FEMINOM 13.00 W. 9 17.00 U. Taguonandumsuonan um O mMsvesyaans el §uansuad &9
Y Aa 9 a a A Y v Aav U=t Y A a a [ a o ] ~ v
I8 Fadns snapa luaaniswiusses  melminidelaiamimuannenuauivenl  uaziSous

Jaw a
Uszaun13ai 390 NNE NI AR 20

] 4
3. Jagiszesn
A 9 = Y} ] Ao ' '
1. weldnswasmun mnilweswa e ludimeg voalasanig
4' Y v Av v K YA o Aa o
2. melininddeaindnun 188 To martinauonas I e
4 v Aav @ { a [~ 4 a
3. medalemalminidesindn laimsuani/asunnug anufamiudseaunisel uazina
v 9y
MS9UINTI U ING U

A QYo av Yy Y= D) Ao o .
4, rwa“lwum%ﬂ"lmwugmuuﬂumm NITAVYLULAT WU 1INVTT I Glfl/ill“]



4. MIAUUUNT
13.00 - 13.15 W. aaniion
13.15— 1330 u. (Waduun Tao a5 5aan gszdmass Wi Insems
13.30— 15.00 4. M3 990 AN/ AN BT WU 0IUITY (UM TIUL)
15.00 - 15.30 ¥. WAMUBIMTIN
o a a <
15.30 - 16.30 U. 01w uanlagua nupaiiv

1630 - 17.00 u. a1l Alamsduumn Iaemih Tnseims

Y 9

v Insanag 1 AU
NI 3 AU
Y v Av

Aeninite 1 au
@ =R Y a

unAnmszaulTyaen 5 AU
o =X [ a

vnAnwszdulTaanIn 5 au
BTNl g unws uUmMS 1 AU
91 o A A

giruduninoun naula 10 AU

6. 2L

RDUAUNY - FUIINY 2548

7. @oun

Y
W09 1iAMT Mixed Signal Processing AN B U 4 1104 402 AmgArnssuemans aoniumalulag

WIZDOUNG 1D N UNHITAIANTZA S

8. UWAIIY

NUAAATUNGLIVY (UTIT01]a) dNINAU NI UAT AU ITE (anI.)

9. ilszua
nnvnaa lFaos (duuun) Tnsams : m3Iven s udmiunisUseuianad o
- MADULN LN 59904 9
1w -4 1A
- e / 9Unsal / tonansgiie
' 1 ) A A
- 0TI INNTOULAT DIAN

- MO NANIU



10. AAUTUMS
A Y o o 9
10.1 fSnn 1.f.a5. 3000 giziwass wanth Tnsens

4

b4
2.5AAT2TWIA Aans 3 Want e 91§17An 15 MVLSI

102 UsgenunwMmmuns L Uagayy guell

11. HUIBNUNFUHAYO U
TAsams : MW NI INAMTUM I seuramadyanu

] Yy 9 ]
amiiumna TuTagn sz 9oun A1 AMN HITAAN T T

d' 1 Yo
12. wanamnaz1asy
9 = k) Y Aawv 1 1
1. lansudn nudnmiweawamside Tuaiunee
v Av = Yy ) =X
2. dnideaindn 183 Tenainauon a1l 9o

v Awv o 2 ~ = Y a < o a A av
3. umi]ﬂ/uﬂﬁmelmiamﬁuamﬂaaumm; ATUAALHU ﬂigﬁﬂﬂ15m AN ALATBUIYN 17 I8

v Ay 14 9 =R 9 av o 1
4. uﬂ')i]flul,ﬂl ﬂugﬂﬂlluﬁiu3Jﬂ13'Ji]EJLmZW@JH'I'NﬂiTJlJGl,WﬂJ‘]



o~ L N

1seaRndIUmn9

ANARSIASE ATARAN FITNIWAGS

%ﬂ—mmq@ (mm%ﬂ) 1NEaaN @ixﬁﬂwaﬁ?

%@—umm@ (ﬂﬂ‘]:l’]ﬁﬂﬂt]‘]:’r) Mr.Wanlop Surakampontorn

INA i ADNUSININNTENTA ANTA
T ihew Thite 8 nanIug 2497
anuzilaqiiu (UnAnwn,a1a7 98, WA, 96, A.) ANARNIIANTE A1l 11

fiag (MMWIW)_ nededidnnsatind  AugAANIsuAtans

DUUDAENNTY LIFAAT0 AN

IR NIAUNWHINUAT g9 1 gwailel 10520

MIANA 0-2326-4224 3419 0-2739-2398

E-mail kswanlop@kmitl.ac.th

Pag (M) 1614/82 ianzmuTuaynalsnnig

° 4 v o A
MTANEITINU ANNBALNAN

CRPLT) ayn1la1n1a g9a 1 g walel 10280

Tnadwi 0-2395-4408 Tnsang -
UseARnAnn

7.1 Bryeymaanan A 11.(INAuU AN) Ufiau_ w.e.2518

anTiyunmenay_amifumelulatinszaesindidnanmmisainngziia
7.2 Enynyninanan e () Tnau__ w.A 2521

amtiwunmenay_amifumelulatmszaaindidnpnmmisaiangziia

7.3 dynyenanen_ Ph.D.(Electronics) I9au_ W.A2527

AnL/AIN N q@ﬂmwemammmklg&mingm_—
’i’]\‘i'J@/V]uVILﬁEIVLmi‘LI AR S sl

L@mﬂgummmm 15_RamAn 2546

o ! ¥ ¥ ¥ 3| 2
UBTLITEN QW%@H@‘HW\‘Iﬁ]uLﬂu“’i‘i\W‘lﬂﬂ?ZﬂWﬁ‘

(Fnamsansel A 88N zgi:ﬁﬁw af9)



oA W

54

1seaRndIUmn9

o,

(- ¥4

SRANRRMSNIANTE AS.LNUSAANA  ANITSE

ar

Ta-uwana (N ne) e NN ANATIY

To-umana (M denn®)  MrKiattisak Kumwachara

WA el ANNUTIMNNTANTA ANTA

A4 1Aaw Thin 5 1n21AL 2508

anuzlaqiiu (UnAnen,81a1%, WA, 9., A1) 989 ARINa09t]

ot (191W)___N1AA113AINIINIZINIANIAN  AMIAAINITHAART

anfumaulatingza annaudng NN A AN a1l

AUURANNIN LARATA APIAIN

CRPLT) NIAUNWHINUAS g9a T g wadel 10520
Tnadwit 0-2326-9989 Tmeans 0-2326-9989

E-mail kiatti@mvlsi.eng.kmitl.ac.th

g (M) ___ 622 nuupTduns

A.1ing

CSTL0) AALLAL g9ia T gweilel 40000

Tnadwid - Tneang -

dseRnsnen

7.1 Beyymsanan an.11(AAnA lazengd) Uflau_ w./.2530
amtiwamnmenay_amifumelulatinszaaindidnanmmisaiangzila

7.2 nyryrinanan 1A u.(Adaneaalwiln) Ufiau_ w2534
annTiyunme ay_aniumelulatinezaasindnidpnmmnisaiangziis

7.3 Wy uenanan__ ad.a.(Gaansalnin) Tfiau_ w.e.2540
amtiyunmenay_anifumelulatinazaasindidnanmmisaiangziia

meTamuieellasy -

éuﬂﬁﬁﬁmwﬁﬂ 15 AN 2546

195U Yoy adesuiiuazenlsznis

ar

(FARATIANTET AT INIRANR  ANTTIY)



o~ L N

1seaRndIUmn9

4
(.74 = QU

H18Mans 10158 A5.29WA AIAZIAL

di ?/ o g
TR-UIHANA (mm%ﬂ) UNLNTMNA  ANATIR U

%@—umm@ (ﬂﬂ‘]:l’]ﬁﬂﬂt]‘]:’r) Mr.Worapong Tangsrirat

WA 8l A0N1UZININTENTE Tam
T ihew Thite 7 fanAM 2511
anuzilaqiiu (UnAnwn,a1a7 98, WA, 96, A.) faasiA1ananangl srA1l 6

ot (M19W) N3 AINITNIZULALAN  AULAAINITHA GRS

DUUDAENNTY LIFAAT0 AN

IR NIAUNN g9 1 gwailel 10520

MIANA 0-2326-9989 3419 0-2326-9989

E-mail ktworapo@kmitl.ac.th

Pag (M) 116913 dasilszasmys 39

DUUNPUNN-UUNIT LRI

CSTL0) NIAUNN g9a 1 g walel 10800

Tnadwet - Tneans -

UszARn9AN N

7.1 Bryeymaanan ad.11(Alannaaiing) Ufiau_ w.e.2534
anTiyunmenay_amifumelulatinszaesindidnanmmisainngziia

7.2 Enynyninanan A u. (A naaalwiln) Tfau__ w./2540
amtiwunmenay_amifumelulatmszaaindidnpnmmisaiangziia

7.3 Bynyenanan_ aa.e.@eaanssulnin) Ufau_ w.A2546
ant/amneNae

NI/ uNA AT -

BT ERTHE 15 AwAN 2546

o ! ¥ ¥ ¥ 3| 2
UBTLITEN QW%@H@‘HW\‘Iﬁ]uLﬂu“’i‘i\W‘lﬂﬂ?ZﬂWﬁ‘

(HHaepnangnanatl A9.05NA  F9ATIR)



1seaRndIUmn9

d
HT8MaN 19138 As.enfnA 15NITg

Ta-uNana (Nelne) Weandng 25Ny

To-UWANA (N8INO M) Mr. APISAK  WORAPISHET

WA My ADNUTININNTANIE ausd
Fu pau Uine 10_A9mMIAN 2514

o o e 1 I'd
anuzilaqiiu (AN, 81479, WA, 9., A.) roman 1950

Pag (M) maimisnssy Insaumnay  auginans sumans

UYNeANA 1u L ad uri U A5

4 v o
U ulsﬁﬂﬂﬁﬂwu‘ﬁ LA UDNID N

CRIP BT N3 UNN 99 T |9 tcidel 10530
Inadwd Tnsans
E-mail apisak(@mut.ac.th

A Aw 'y a v d
nag (ninw) 64/71 HUTTUAR NINDT O Iﬂiﬂf‘ﬂi4

1hnin3a
o o = o A o
F9nin UUN1Y3 9976 L9 ] 11120
Tnadwi 02-988-3666 Tnsang 02-988-4040
UseARnsnen
= ad a 4 = dl

7.1 UFeynymsanan IANNIOUNA (IF.1.) 1nay W.A. 2534

AT/ At
7.2 Enyyrinanan 2OAL1I1NITIIY TNau__ w.et 2538

ADNT/NINMNE AL University of New South Wales, Sydney, Australia

73 B UaNaN TN 9 anulniNe s I TNau__ #2543

An111%/13N N8 8l Impenial College of Science, Technology and Medicine, London, England
sNTa/uNA AT -

Guififeniie 16 NUATHUT 2548

o/ 1 ¥ ¥ v =1 a
il@?ﬂﬁ"ﬂﬂfﬂﬁl’ﬂNﬂﬂ‘ﬁNmuLﬂu@Nnﬂﬂﬁ‘tﬂ’]ﬁ‘

| o

(fihafranmansd araddna  asWiag)



1.

1seaRndIUmn9

C>J %4

d
HALAS.AINA eTiuARTaSM

o e

Ta-uwana (N ne) 1NEANANA  AUANTIY IR

2

%@—umm@ (ﬂﬂ‘]:l’]ﬁﬂﬂt]‘]:’r) Mr.Kongsak Anuntahirunrat

2. WA g ANTUTNINNTANIEA ANIR
3. Tukeu Tiin 29 pAIAN 2503
4, gonuzilaqiiu (AN 21AN9e, WA, 36, A.) BA
5. ‘ﬁlﬂg’ (Y191)__ N1AATNIAINIINITLUAILAN  ARATIAINITUANERNT
AUUAARNNG  LIAAIANTEIT
IR NIAUNN g9 1 gwailel 10520
Tnadwi 0-2326-4221 Tnsang 0-2326-4221
E-mail kakongsa@kmitl.ac.th
6. eg (i) 112/30 walfi 3 waftiuAuss-seuys
LANAIANTLIT LIAANANTLTTS
CSTL0) NIAUNN g9a 1 g walel 10520
Tnadwi 0-2326-8740 Tnsang -
7. dagARnsfnn
7.1 Bryeymaanan ad.1.(nplulafifid ansafind) Tfiau__ w.d.2530
anTiyunmenay_amifumelulatinszaesindidnanmmisainngziia
7.2 Enynyninanan A u. (A naaalwiln) Uflau__ w.r2536
amtiwunmenay_amifumelulatmszaaindidnpnmmisaiangziia
7.3 Wy nenanan__ ad.n. @Arnssa i) Uiau_ w.A2544
A0/ Al
8 snSamuiintldi -
9. éﬂﬂﬁﬁ/ﬁﬂuﬁﬂ 16_RAAN 2546

o ! ¥ ¥ ¥ 3| 2
UBTLITEN QW%@H@‘HW\‘Iﬁ]uLﬂu“’i‘i\W‘lﬂﬂ?ZﬂWﬁ‘

o 6\

(NA.AT.ANANA BUURATTYTM)



o~ L N

U5z diuma
o.du¥ani  vsnaadave

o o L a o

To-uwans (M lve)  wedudae] amaatedw oo

3

%@—mm@q@ (mmﬁmq‘]ﬂ) Mr.Chaiwat Jongkunstidchai

LW A il ANTUSIMNNNTANTA ANTEA

A4 1hau Thin 11 FWAN 2502

anuzilaqiiu (UnAnwn,a1a7 98, WA, 96, A.) ANANTE 2 FALI 7

Vg (M19)_ Angdnlwi

o J

1
96 UHN 3 AN1IAAIANEIN AUNANNTNIUT A

u

IR upstlga 9918 Tl geiiel 73170

MIANA 02-8894585 - 7 5if 3419 02-8895014

E-mail

iag (M) 631 wenadtuaiinasd 89

LANLNAR  LURLININAR

CSTL0) NIAUNN g9a 1 g walel 10700

Tnadwid 0-2435-8769 Tmeans -

UszARn9AN N

7.1 Bryeymaanan a1, (Wihdaans) Tfiau_ w.e.2506
anTiyunmenay_amifumelulatinszaesindidnanmmisainngziia

7.2 Enynyninanan A u. (A naaalwiln) Uflau_ w2542
amtiwunmenay_amifumelulatmszaaindidnpnmmisaiangziia

7.3 Brygyenanan_ - YAy -
A TW/AMINe N -

eTamuiineli -

G?Iuﬂﬁﬁﬁmul,ﬁﬂ 16 UANAUE 2548

o ! ¥ ¥ ¥ 3| 2
UBTLITEN QW%@H@‘HW\‘Iﬁ]uLﬂu“’i‘i\W‘lﬂﬂ?ZﬂWﬁ‘

(a.dedmi  Aanaatnde)



oe W N

1lssandruma

a1a158 Yoty Uy

To-wwana (N ey wnenjoyde 1o

TR-WINANA (N11189Nq 1) Mr.Boonchai Boonchu
WA Gra ADNUZININNFANTE Tan

A4 1Aaw Thin 16 NINgIex 2512

anuzilaqiiu (UnAnwn,a1a09d, wA., 961, #.) aataryal

g (MMWIW)_nedadmnisufidnnsaind  pogdanisumans

wnmnenasina luladumuag

auAaNANRUS R 9ann

CRPLT) NIAUNWHINUAS g9a T g wadel 10530
MIAWA__ 0-2988-3655 , 0-2988-3666  N3&N3 0-2988-3655
E-mail s4610008@kmitl.ac.th

Peg (M) 75/50 myjliuANIAE LAA 4 DUWANINAD

WINUAULALL A H [T

CSTL0) NN g9ia T gweilel 10510
Tnadwil 0-2914-9996 Tnsang -
UszdRna@nen
7.1 Beyymsanan ad.11. (Aidnnaaind) TNau_ W.A.2536
aonThy/amnamende_uvnanenasmalilatiunnuas
7.2 nyryrinanan aA.u. (Gaansmlnih) TNau__ w.A.2543
aonwummende_uuianendamailafiuvuag
7.3 Bynyananan_ - ey -
AN/ NN MR-
o Aﬂl Yo
sNTa/munA AT -
Guifrifauie 16 _gAAN 2546
195U Yoy adesuiiuazenlsznis
(@1an9efyeyte yeyt)



oA W

1lssandruma

UIEANT  ATLETANTNA

%;@—mmrm (nqmimﬂ) WA NS %m%mq@
%ﬂ-mmq@ (NMEeeng ) Mr.Amorn Jiraseree-amornkun
WA Gilatd ADNULNINITANIA lan
s ihiav Thite 6_FA1AN 2520

anuzilaqiiu (UnAnwn,a1a09d, wA., 961, #.) ind A

Mo (Tlaqi)_ 164/5 1iajil 3 wiaWngFil #ed 203

TAL INNIN 2

lUAANAN 714
CRPLT) NIAUNWHINUAS g9a T g wadel 10520
A 02-3269397 Tneans -
E-mail amorn@ieee.org

g (M) 20/48 DUULANAIL

ANUARATAWHA A1 LAALEAd

CSTL0) fallaf g9ia T gweilel 83000

Tnadnst (076)234124 Tnsains -

dseRnsnen

7.1 Beyymsanan 1AL @dnnraiind) Uflau__ w./.2540
amtiwamnmenay_amifumelulatinszaaindidnanmmisaiangzila

7.2 nyryrinanan /.0 (Aan2aalwiln) Tfiau_ w2543
At/ Nae

7.3 3eysyenanan

ADNT/NIN MR

o Aﬂl Vo
sdamunaglasy -
Guifrifauie 1 dQune 2548

195U Yoy adesuiiuazenlsznis

(UeBNT ﬁam?ﬂmqa)



o b~ w0 D

1seaRndIUmn9

WLRANNUN NaIAYNS

%;@—mmrm (N nel) wslaaNA el Wasayns
%ﬂ-mmq@ (NMEe9ng ) Mr.Chalermpan Fongsamut

WA gl ANULININTANTE lan
Fu vheu Thin 13 NOHN1AN 2515

anuzilaqiiu (UnAnwn,a1a09d, wA., 961, #.) ind A

g (T1aq11l)__90 1aj#l 1 A11a11aneel

ALnaLia g
SN L0 TAL[T g97a g ereiel 20000
BN (038) 284916 , 01-9883351 Tneans -
E-mail chalerm@mvlsi.eng.kmitl.ac.th

= dl ¥ |dl o
g (M) 90 UM 1 AN1IATINNES]

ALNaLEag

A9nin SR g9a 1 g walel 20000

Tnadwid (038)284916 Tmeang -

szdRna@nen

7.1 Bryeymaanan 1A @dnnraiind) Tfiau_ w.e.2539
A0N1TU/NIN M AE

7.2 1Bryyninanan A (A na s i) Tfiau_ w2542
amTiyunmenay_anifumelulatinazaasindidnpnmmisainngziia

7.3 WBynyenanan__ - Viau__ -
AW/ MR _-

Tamuiineld -

Gﬁluﬂﬁﬁﬁmmﬁ'@ 15 @wAN 2546

o ! ¥ ¥ ¥ (=1 a2
UBTUITEN Q’]‘ﬂ‘ﬂﬁﬂ@“ﬂ’]\‘iﬁ]uLﬂu"W\‘W‘lﬂﬂiﬁiﬂ’W?

(WERANAT Nasayns)



S e

1seaRndIUmn9

UNAN ﬂﬁﬂg’l LNALAS

%;@—mmrm (nqmimﬂ) mqmwﬁwgﬁ LAQLLAY
%ﬂ-mmq@ (NMMEeeng ) Miss.Khanittha Kaewdang

WA ST ADNULNINITANIA lan
Fu vheu Thin 30 nangnex 2519

anuzilaqiiu (UnAnwn,a1a09d, wA., 961, #.) ind A

g (T1aqiil)__33/193 a@aeila et 4

AUUAANGY  RANANE1D

SN L0 NIUNNANUAT g97a g ereiel 10230
Tnadnsd 0-2931-5664 , 01-4022886 Tnsains -
E-mail $5160306@kmitl.ac.th

fag (M) 1299/17 nuunanigsnln

o A A o A
ANUALNANLAUA - AT LNALNAN

CRIP BT AT AN 99 T |9 tcilel. 33000

Tnadwid (045)611338 Tmeang -

szdRna@nen

7.1 Bryeymaanan A 11, (AAqnssalni) Tflau w.p.2542
AT/ 1A NI INEN AR §LIATITAT

7.2 dseyayinanan A3, (AN A AN NIAUNE) Uflau_ w2545
amTiyunmenay_anifumelulatinazaasindidnpnmmisainngziia

7.3 WBynyenanan__ - Viau__ -
AW/ MR _-

Tamuiineld -

Gﬁluﬂﬁﬁﬁmmﬁ'@ 15 @wAN 2546

o ! ¥ ¥ ¥ (=1 a2
UBTUITEN Q’]‘ﬂ‘ﬂﬁﬂ@“ﬂ’]\‘iﬁ]uLﬂu"W\‘W‘lﬂﬂiﬁiﬂ’W?

(W194an qmﬁwﬁ;ﬁ WA LA)



ok W

1lssandruma

HNANINHTA ﬂielj'mﬁllu

%ﬂ—mmq@ (N1 ne) UN9A1UNEGAT NG
%@—mm@q@ (mmﬁmq‘]ﬂ) Miss.Katesuda Klahan

LN A LN ANTUSNNNNTANTE Tan
Fu 1hau Thie 3 NQEN1AN 2520

anuzilaqiiu (UnAnwn,a1a7 98, WA, 96, A.) dnAneezeiifoouan

Do (Taqiu)  13/38 1a) 3 waWnnua (Wes 2116)

TRLINNGA 2 WINANANTLITS

WA AN AN T
IR NIAUNWHINUAT g9 1 gwailel 10520
NIANS 09-4446168 IM9@13 -

E-mail____ s5160307@kmitl.ac.th , kkatesuda@hotmail.com
Viag (M) 324 nuuswilu

o I o I
LA UEAY  ANLNALNAY

CSTL0) ALIATMAN g9a 1 g walel 34000

Tnadwi (045)264304 Tnsang -
UseARnAnn

7.1 Bryeymaanan A1 GAqnasa i) Ufiau_ w2542

AN TAYNININE QYNNI ArgUA 61T

7.2 \Byoynnanan_ qda. GAnsmddnneaind) 0 TAeu_ w.A2545

amtiwunmenay_amifumelulatmszaaindidnpnmmisaiangziia

7.3 Brygyenanan_ - ey -

AN TW/NIN ML RE_-

NI/ uNA AT -

BT ERTHE 15 AwAN 2546

o ! ¥ ¥ ¥ 3| 2
UBTLITEN QW%@H@‘HW\‘Iﬁ]uLﬂu“’i‘i\W‘lﬂﬂ?ZﬂWﬁ‘

(BWNAN QAN ﬂé’ﬁmﬁy)



o~ L N

1lssandruma

v J
MENYR aueIzqld

%ﬂ—‘mmq@ (N1 ne) weayn) Auonzmlsd
%@—umm@ (ﬂﬂ‘]:l’]ﬁﬂﬂt]‘]:’r) Mr.Manoon Santawakoop

LN A 8l ADNULMINN AN lan
Tu neu Thin 28 WOWANAN 2522

anuzilaqiiu (UnAnwn,a1a7 98, WA, 96, A.) dunAneezeiiBoygnn

g (Tlaqily) _ 1/8-9 dae 2 TseFenmALna 4

DUUANASNIA AN1IALIIN1N

ALNALIA
IR anvsilanig g9 1 gwailel 10280
Tnadnd 0-2387-1710, 06-9777039 Tneans -
E-mail jia_friendly@yahoo.com

fiag (M) 1/8-9 gae 2 TseFaumALna 4

DUUANASNIN AN1IALIIN1N

ALNALIAY
A3nin anv3lanig g9ia 1wl 10280
Tnadwi 0-2387-1710 Tnsang -
UseARnsnen
7.1 Bryeymaanan /.1, (A NI INBE NNIATNE) Tfau__ w2544
AT/ ae

7.2 3rynynInanan

A0NT/NN M NAE -

7.3 inynyuananan__ - ey -
A0/ N RE_-
v Ay

sNTa/MuNA AT -

Guifrifawie 15 Awnes 2546

o/ | ¥ ¥ v =1 a
ABTUTAN ’J’]‘IJ@N‘]@?J’NmuLﬂu@NVlﬂﬂﬁ‘Zﬂ’]ﬁ‘



oA W N

1seaRndIUmn9
N1\‘]ﬁ1')ﬁﬂ§1 !ﬁﬂi‘lﬁ’]ll

Ta-uwana (N ne) 198NN LiNel TRl

%@—mm@q@ (mmﬁmq‘]ﬂ) Miss.Patra Pienchaob

WA LN ANUENNNTANTE Tan

T ieu Tiiin 30 nanpaes 2523

anuzilaqiiu (UnAnwn,a1a7 98, WA, 96, A.) dunAneezeiiBoygnn

Mot (Tlaqii)_ 65/4 e 14 ALARINS

AN LNALEAITEI A
IR 28189 9978 T ailel 21000
NIANA 09-2519492 , 01-5562523 N5@N3 -

E-mail pat_rapi@yahoo.com

Vg (M) ___65/4 1Maffl 14 AIARAZNS

AN I8 B
ANin 92199 997 ) sweilel 21000
Tnadwil 09-2519492 , 01-5562523 Tngang -
UszdRnafnen
7.1 Bryoymaanan N1 @ANeNAN 40 FHE il e 0l Ufiau_ 2544
antiwunmenay_anifumelulatimszaasindidnpnmmisaiangziia
7.2 Bryyninanan - Ay -
A0/ N R
7.3 Brygyenanan_ - YAy -
A0NT/NN M NAE -
meTamuiieeldzy -
Giluﬂgjﬁﬁmmﬁﬂ 15 AN 2546

195Uses Yoy adeuiuazanlsznis

(W19gNWNIN eI TaL)



=
aR-

wwana (Nunlne)

1seaRndIUmn9

wasiian ez

o S A o
Wil lezne

%@—umm@ (ﬂ’}‘]:f’]‘ﬂvﬂﬂq ) Mr.Tanawat Piyathat

LA W18 A ULNINNTANTA laa
o A a) a w
T 1hau Ui 13 Nueneu 2525
4 o =K & v K (% a
@muzﬁ%quu (UNANEN DR8], WA, TA., A.) UnA NI TZ AL 1Y 110

Vet (Tagiiv)

113/1 081NN 1

AUUDADIN TS
AUARIAN T2 11
CRIP BT NTINWUHIUAS 99 T |9 tcidel 10520
naANA 01-6841194 Tneans -
E-mail §7060503@kmitl.ac.th
fleg (Athw)__ 138/6 uafii 2
fMuarzine
8110 03)38 3
Fann UA AT FITNT 1Y 97 1 lseilel 80110
NiEa (075)411854 Tneang -
UsedRnnsrne
7.1 Bywianan_ eau.(malulaslWthenamns) Tfau__ 2546

AN TWY/NINME A

7.2 3tynynInanan -

ADNT/NINMNE AL

Unau_ -

=L
=)
]
£

7.3 Ty nenanan__ -

o = v
TNIVNUNLA EIVLG] T

QI a A dl
FuliRemde

AN TW/NINME A

16 AUATRUT 2547

o/ 1 ¥ ¥ v =1 a
il@?ﬂﬁ"ﬂﬂﬂﬂﬁl’ﬂNﬂﬂ‘ﬁ’]\‘imuLﬂu@Nnﬂﬂﬁ‘tﬂ’]ﬁ‘

wnasudmd Yazin)



o~ L N

1seaRndIUmn9

p1w13ENAN  Unanaviiumi

%ﬂ—uﬁmq@ (N1 nel) wadnainen  1leapaziunil
%@—mm@q@ (mmﬁmq‘]ﬂ) MISS TATTAYA PUKKALANUN

WA LN ANUENNNTANTE Tan

A4 1hau Thin 23 AwmAL 2521

anuzilaqiiu (UnAnwn,a1a7 98, WA, 96, A.) A7l

Pt (19w)_ nedsmalulatiliienamnisy augdmnssumans

AUAHUMA N A1 ALAd

IR SFGITE) g9 1 gwailel 25230
WAWi___ 037-216500-4 Ba 7100-3  Tns@ns 037-215887
E-mail tatteam@hotmail.com

Peg (M) 78/100 vajtiudengnd 2 auwAmung

WINUAULALL AN S

CSTL0) NIAUNN g9a 1 g walel 10510

Tnadwi - Tnsang -
UseARnAnn

7.1 ﬂ?cyaanm?mm_'immn@mmqgﬁm@ﬁﬂw—ﬂﬁw WA 2541

anTiyunmenay_amifumelulatinszaesindidnanmmisainngziia

7.2 Bryuninanan 2ennaaulnin TPau__ WA 2546

amtiwunmenay_amifumelulatmszaaindidnpnmmisaiangziia

7.3 srynynInanan MSC in Advanced Electronic Engineering T4l N.A. 2544

Ao/ angnat_University of Warwick , UK

NI/ uNA AT

e

BT ERTHE 16_NuAIUE 2548

o ! ¥ ¥ ¥ 3| 2
UBTLITEN QW%@H@‘HW\‘Iﬁ]uLﬂu“’i‘i\W‘lﬂﬂ?ZﬂWﬁ‘

(@R13Ehimen  Yapaztiund)



1seaRndIUmn9

a v d

wgansian  jilaw

Te-umana (Nslne)_ wedniian  gileu
Te-WWANA (N8N ) MEITTIPAT _ROOPKOM

WA My ADNUTININNTANIE Tan
o A a) a w
T 1hau Ui 7 Auensu 2519
4 o =K & v K (% a

an mzﬁ@f«guu (UNANTN,BN[T8L, WA, TA., A.) UnA NI TZ AL 1Y 110
Vg (Mlagiiu)_ 72 vy 8 auus WauNN

un i

AIAIN AU
CRIP BT N3 UNN 99 T |9 tcidel 10230
NIANA 09-1466410 Tn9ang -

E-mail

dl 1 4 'd‘
nag (MuUAT)_7/5 viyn 8

Lo RUIRITER
A IRRTGAY
[ o o a ¢
9199 NFANN 9918 Tl g eiie] 10230
NIANA - 3219 -
s ARNNTFN 1N
= PR
7.1 UFeynymsanan InsnuUIAY Tnau___ W.f1. 2545
AN T/NM e A e WAnenasmalu 1asumua s
7.2 Enyyrinanan Insnuun TNau__ w.e 2547
AT/ MRS WHIINN AN ALY JaduIUA T
73 Syyuananan__ - ey -
ADNT/NIN MY R~
e A nye
sNTa/uNA AT -
Guififeniie 16_nUATHUT 2548

o/ 1 ¥ ¥ v =1 a
il@?ﬂﬁ"ﬂﬂﬂﬂﬁl’ﬂNﬂﬂ‘ﬁ’]\‘imuLﬂu@Nnﬂﬂﬁ‘tﬂ’]ﬁ‘

(Weananmil  3UAN)



ok W

1seaRndIUmn9

d o d d A A d
D1VNIEYNHANIHY AT INY

Fo-umana (M i) wnedufned  eadned
%@—mm@q@ (mmﬁmq‘]ﬂ) MR.KUNNTHPHONG  SRISATHIT
WA el ANTUTNNTANTA Tan
T ieu Tiiin 6 NIN7IAN 2516

anuzilaqiiu (UnAnwn,a1a7 98, WA, 96, A.) A7l

Vg (MMWIW)_ nedadmnssuinspuulAl AEIANITNA AR

wnmnenasuna luladumuag

puumaNAuRug [ Rvua9aan

IR NIAUNN g9 1 gwailel 10530
Tnadwi 06-7021978 Tnsang -
E-mail ssrisathitpong@yahoo.co.uk

Viag (M) 51 vl 6 desdanilszan

DUUAABANGY  WUNANENT

AL 990N

A3nin NAUNN g9ia 1wl 10530

e 02-988-4554 , 06-702-1978 Tnsang -

UszdRna@nen

7.1 Bryeymaanan /.1, (AAINIINBLANNTDENA) Tfau__ 2539
AT/ ame Nde_uvnanendsma i latiuunuas

7.2 nyryrinanan .31 (AAongainsanLnAL) Tflau___ 2545
Ao Meae_uvnanendamalulaguriuag

7.3 inynyuananan__ - Vflau__ -
A0/ N RE_-

Tamuing i -

L’?uﬂﬁﬁﬁmmﬁ"ﬂ 20 fiuenem 2548

o/ 1 ¥ ¥ v =1 a
il@?ﬂﬁ"ﬂﬂﬂﬂﬁl’ﬂNﬂﬂ‘ﬁ’]\‘imuLﬂu@Nnﬂﬂﬁ‘tﬂ’]ﬁ‘

(81A19¢TUANAE A9 Dimel)



