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Abstract. In this paper, a low voltage modified current
backward transconductance amplifier (MCBTA) and
a novel first-order current-mode (CM) all-pass filter are
presented. The MCBTA can operate with 0.9 V supply
voltage and the total power consumption of MCBTA is
1.27 mW. The presented all-pass filter employs single
MCBTA, a grounded resistor and a grounded capacitor.
The circuit possesses low input and high output imped-
ances which make it ideal for current-mode systems. The
presented all-pass filter circuit can be made electronically
tunable due to the bias current of the MCBTA. Non-ideal
study along with simulation results are given for validation
purpose. Further, an nth-order cascadable all-pass filter is
also presented. It uses n MCBTAs, n grounded resistors
and n grounded capacitors. The performance of the pro-
posed circuits is demonstrated by using PSPICE simula-
tions based on the 0.18 um TSMC level-7 CMOS
technology parameters.
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1. Introduction

All-pass filters (APF) are widely used in analog sig-
nal processing in order to shift the phase while keeping the
amplitude constant, to produce various types of filter char-
acteristics, and to implement high-Q frequency selective
circuits. Therefore, numerous circuits are proposed in the
literature for realizing all-pass filters (see [1-11] and the
references cited therein). However most of these circuits
suffer from the use of excessive number of active compo-
nents. Since power consumption is one of the most impor-
tant parameters for the circuit designers, they look for
simple structures employing no more than one active ele-
ment. Use of large number of passive components, lack of
electronic tunability, use of floating capacitors, and unsuit

ability for cascade connection are some of the other disad-
vantages which we may encounter in previously reported
all-pass filters. The proposed circuits in references [1-6]
operate in voltage-mode (VM). In addition, the circuit in
ref. [7] operates in transadmittance-mode (TAM) where the
input is voltage, the output is current. However, the CM
based filters where both input and outputs are current
[8-16] have been considered favorable owing to properties
such as design simplicity, greater linearity, wider dynamic
range, higher usable gain, and low power consumption
compared with their VM counterparts.

Active circuits and other signal processing circuits
play an important role in electronics. One of the versatile
components for such applications is current backward
transconductance amplifier (CBTA) proposed in 2010 [17].
As a consequence by using CBTA, grounded and floating
inductance simulators [18], [19], frequency dependent
negative resistor (FDNR) [19], and voltage- and current-
mode filters [7], [17], [20-22], oscillators [23], [24], mutu-
ally coupled circuit [25] and multiphase sinusoidal oscil-
lator [26] are presented in the literature.

In this paper, firstly, a low-voltage low-power modi-
fied CBTA (MCBTA) is proposed and discussed. Then,
anew CM APF filter is proposed. The proposed APF
employs one grounded capacitor, one grounded resistor
and one MCBTA. It has low input current and high output
impedance properties which make it ideal for cascade con-
nection. The proposed CM APF is compared with some
other previously reported ones as shown in Tab. 1. Al-
though, the filters in [13] and [14] employ less passive
component than the proposed filter, they use an active
component namely; the z-copy current differencing trans-
conductance amplifier (ZC-CDTA) which has more termi-
nal than the MCBTA. In fact the implementation of the
ZC-CDTA needs more transistors than MCBTA which
consequently brings more power consumption and larger
chip area. Further, a new current-mode general nth-order
cascadable all-pass filter by cascading # first order all-pass
section is proposed. It employs n grounded capacitors, n
grounded resistors, and » active components. Finally, the
simulation results are given for verifying the theoretical
analysis.
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# of Active # of Passive Electronic Low Input High Grounded Wlthqut Mode of
Ref. - Output . matching .
Components Components Tunability Impedance Capacitor e Operation
Impedance condition
[8] 4 0 yes yes yes - no CM
[9] 1* 4 no no no yes no CM
[10] 2 1 yes no yes no yes CM
[11] 2 1 yes yes yes yes yes CM
[12] 1 2 no no yes yes yes CM
[13] 1 1 yes yes yes yes yes CM
[14] 1 1 yes yes yes yes yes CM
[15] 2 1 yes yes yes yes yes CM
[16] 2 1 yes yes yes yes yes CM
Proposed 1 2 yes yes yes yes yes CM
Tab. 1. Comparison of the CM APFs.
* Composed of two NMOS transistors
2. Modified Current Backward 2 by
. Vpo—rdp wl w
Tl:ans.conduct.an.ce Amplifier and MCBTA | L
Circuit Description In e
Vyyo——n ‘ z
A recent publication introduced the concept and im- £
plementation of a circuit building block termed CBTA (a) Iy
[17]. CBTA is proven useful in many voltage-mode and =W
current-mode analog signal processing applications, such e v,
as current-mode and voltage-mode filters, and immittance * I ¢
function simulators; see for example [7], [17-26]. The Hwh Yz
MCBTA is obtained by modifying the CBTA active com- Em (V- V)
ponent that introduced in [17]. The symbol of the MCBTA
and its equivalent circuit are shown in Fig. 1, where p and =
n are input terminals, w, and z are output terminals. In (b)
comparison to the CBTA, the MCBTA differs in the rela- Fig. 1. (2) Block diagram of MCBTA. (b) Equivalent circuit

tionship between currents /,, and 1,. While in CBTA I,= 1,
(ideally), for the MCBTA we define /,=-/,. This will
simplify the internal CMOS structure of the MCBTA in
comparison to CBTA. The MCBTA terminal equations can
be defined as

L= L.= gu(s)( V,— Va)s Vie= )V,
L,= -0,($)], I, = -04,(5)1,. )
The parameters a,(s), a,(s), u.(s) and g,(s) in (1) are
the current, voltage or transconductance gains between the
respective terminals. They can be expressed as;
(Zp(S) = a)ap(l - 8(11))/(5 + w(xp): a,,(s) = wan(l - San)/(s + a)an)a
,Ltw(S) = w,u(l - gw)/(s + a),u)» gm(S) :gaa)gm(l - 8gm)/(s + a)gm)
where |e,,], |6, |€om| known as tracking errors are ideally
equal to zero, g, is the DC transconductance gain. Also
Wapy Dan, Ogm, @, denote corner frequencies. Note that, in
the ideal case, the voltage and current gains (u,(s), a,(s),
a,(s)) are equal to unity.

The number of z-output terminals of the MCBTA can
be increased easily by extending current mirrors used in its
internal structure. In this case, the currents of the copied z
terminals are defined as .= g,(s)(V,— V,). Meanwhile,
the voltage at w terminal is dependent only to the z
terminal.

of the MCBTA.

The CMOS implementation of the MCBTA is shown
in Fig. 2. It consists of a transconductance stage [27] and
a current conveyor stage [28]. The internal circuit of the
MCBTA is simpler than CBTA since there is no need to
invert the current of the p terminal. Therefore smaller
number of transistors is used in the internal structure of the
MCBTA than CBTA. The dimensions of the MOS tran-
sistors used in the MCBTA implementation are given in
Tab. 2. As seen from Fig. 2, the transistors M3—M,, are
used for realizing a dual-output transconductance stage,
while transistors M,—M;, form a current conveyor. In
addition the current source Izzr and transistor M; are
employed for biasing purpose. The input voltage is defined
as v;, = v,— v, and i, is the output current of the transcon-
ductance stage. The output current i, can be found as:

in =8mVin = (V 2IBK)V[11 (2)

where K = uC,,Wis10/2L1519, 1 is the mobility of the car-
rier, C,, is the gate-oxide capacitance per unit area, Wg 9
is the effective channel width, Lg 9 is the effective channel
length of the transistors M;g-M;9 and [ is the bias current
flowing through M,.
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Fig. 2. CMOS implementation of MCBTA.
150u —
PMOS Transistors W(pm)/L(pm) b/ e U
M]*Ms 7.2/0.36 100u — — - i;, f,c _______
Me, My 3.6/0.36 : P
M;-Myy 11.52/1.44 < .
NMOS Transistors W(um)/L(pm) <
M, Mo 1.8/0.36 7
M,o-Mi» 3.6/0.36 et
Mg, Myy 4.5/0.36 .
My-Ms, 5.76/1.44 PP
Tab. 2. Dimension of the CMOS transistors. 150
TT.300m 200m -100m 0 100m  200m  300m
'V
3. DC and AC Characteristics of the Fig.3. The transconductance  transfer  characteristics
2= e = gul(Vp= Vi)

MCBTA

The characteristics of the proposed circuits have been
verified using PSPICE simulations. The MCBTAs are
simulated using the schematic implementation shown in
Fig.2, with DC power supply voltages equal to
Vop=—Vss=0.9 V. Ipgr and I are chosen as 100 pA. The
simulations are performed using 0.18 pum level-7 TSMC
CMOS technology parameters. Some of the technology
parameters used in PSPICE simulations are given as
follows: threshold voltage Vo= 0.3725 V, low field mo-
bility U, =259.53 cm’/Vs, and gate oxide thickness
T,,=4.1.10° m for the NMOS transistor in addition to
Vino=-0.3948 V,  Uy=109.976 cm’/Vs, and T,=
4.1.10° m for the PMOS transistor. The power consump-
tion of the MCBTA is 1.27 mW. The DC transconductance
transfer characteristics of i. and i.. against v,-v, when
2,= 0.5 mS are shown in Fig. 3. For this simulation, a DC
voltage sweep between —09V<(v,—v,)<09V was
applied to the p and »n terminals of the MCBTA. The output
z terminal current was measured while 1 TQ resistor was
connected to the w output of the MCBTA and the output z
terminal was grounded. It can be seen that the MCBTA
works linearly between —-70pA<i, <70pA and
—140 mV < v,— v, < 140 mV with an error less than 1 %.

The DC characteristic of v,, versus v, for the proposed
MCBTA is obtained as shown in Fig. 4. The DC voltage of

the z terminal is sweep between —0.9 V <v,< 0.9 V and the
output voltage at w terminal was measured while the p and
n terminals were grounded. From Fig. 4 it can be seen that
the MCBTA works linearly between —0.75 V<v,,<0.85V
with an error less than 1 %.

In addition, the DC current transfer characteristics of
i, and i, terminal currents versus i, are extracted and
shown in Figs. 5a and 5b, respectively. The i, current was
changed between —120 pA and 120 pA and the p and n
terminal currents were measured while the z, p and n ter-
minals were grounded. As it can be seen from Fig. 5a and
b, the MCBTA works linearly between —120 pA <-i,<
105 pA with an error less than 1 %.

In addition, the AC analysis of the CMOS imple-
mentation of the MCBTA given in Fig. 2 is investigated.
The frequency characteristics, non-ideal parameters (cur-
rent, voltage and transconductance tracking errors and their
corner frequencies) and the maximum operating frequency
of the MCBTA are found. The frequency responses of the
transconductance gain |g,, |= 1. /(V,-V,)|, the voltage

gain | u,, [=|V,,/V_ |, and the current gains |, |<1,/1,, |,
e, = 1,/1, |are given in Figs. 6 (a-c), respectively. It

should be mentioned that the same simulation results are
obtained for |I,,/Iw| and |I,,/Iw| both given in Fig. 6¢.



526

U. E. AYTEN, M. SAGBAS, S. MINAEI, LOW VOLTAGE MCBTA ...

200m
V.
s00m| ~ "W
.
2 0
~500m/
-900m = : : .
-900m _500m 0 500m 900m
v,V
Fig. 4. The voltage transfer characteristic v,,= v..
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Fig. 5. The current transfer characteristics a) i, versus i,,
b) i, versus i,.

From these simulation results, corner frequencies are
found as w,,=9610, w©,,=9610, w,,= 650, w,=9675
Mrad/s and errors of these gains are &,=0.0013,
gan=0.0013, &, =-0.02 and ¢,=—-0.079, where, g, is
0.5 mS by choosing /3= 100 pA. As a result, the maximum
operating frequency of the MCBTA can be found as fol-
lows finax = min{f,,, fon, fom> fu} = 104 MHz.

Fig. 7 shows the non-ideal case and high frequency
applications device model of the MCBTA, including es-
sential non-idealities such as the high level input and out-
put terminal resistances (R,, R,, R., R..), the low level out-
put resistance (R,) and the input and output capacitances
(C,, Cy; C., C.). This approach is almost acceptable, pro-
vided that the implementations of the active devices do not
employ multi-stage or complicated parts, which may insert
additional poles or zeros to the frequency responses. The
parasitic resistances and capacitances values of the
MCBTA for proposed CMOS implementation are given in
Tab. 3.

520m
(LOOK, 509.063u)
400u-|
i
R
52000
=
0
10Hz 100Hz 10KHz 1.0MHz 100MHz 1.0GHz
Frequency
(@)
3.0
T
= 2.0
(100K, 1.0073)
1.0
0 ; T ‘ ‘
10Hz 100HZ 10KHz 1.0MHz 100MHz 10GHz
Frequency
(b)
3.0
L‘;- 2.0
= . .
= (100K, 0.9937)
:E 1.0
a0
L] T T T T
10Hz 100Hz 10KHz 1.0MHz 100MVHz 10GHz
Frequency
(©)
Fig. 6. Frequency responses; a) the transconductance gain,
b) voltage gain, c) current gains.
Non-ideal MCBTA
|
| I
1 Ry I
| Rw
P 7 who{_ }———|tow
Ideal

Fig. 7. Parasitic resistance and capacitance of the MCBTA.

Parasitic Impedances Values
R, 50.1 kQ
R, 50.1 kQ
R. 249 kQ
R.. 249 kQ
R, 75 Q
G, 180 fF
C. 180 fF
C. 244 fF
C. 196 fF

Tab. 3. Parasitic impedances of the MCBTA.
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4. MOCBTA Based All-Pass Filter
Design

Consider an inverting first-order all-pass (AP)
transfer function given by
s—o
T(s)= . 3)
s+o

The proposed current-mode first-order AP filter is
shown in Fig. 8. Nodal analysis using (1) yields the fol-
lowing current transfer function

— [o(s) —_ ngRl —&m /Cl .
1;(s) s+g,/C

From (4), the R, resistor should be chosen as
2,= 1/Ry. Therefore, c=g,/C; and the ideal transfer
function 7(s) has a unity gain and a frequency dependent
phase given by

T(s) = 2tan” (0 C\/g,,) for g,,= 1/R,. (3)

T(s)

“

Fortunately, this matching condition does not affect
the AP filter characteristics because it is orthogonally
controlled with the external resistor R;.

4
R
I—AA—# i
o MCBTA zc _15_"'
I||—| I ” z —‘

L

Fig. 8. MCBTA-based current mode first order all-pass filter.

4.1. Effect of Tracking Errors

Fig. 1b shows the equivalent circuit of MCBTA. Here
a,(s), a,(s) and p,(s) are the current and voltage gains,
respectively. g,(s) is the transconductance gain as defined
before.

The effect of the tracking errors can be found from
the traditional analysis and by using non-ideal terminal
equation of the MCBTA, the current transfer function of
the circuit can be written as

Gp8m

Sapngl - Cl

IO (S) —

I;(s) S+g7m

(6)
1

Comparing (6) and (4) it can be realized that the pole
of the proposed all-pass filter transfer function does not
affect from the non-ideality parameters of the MCBTA.

4.2. Effect of Terminal Impedances

Considering the parasitic resistances (R, R,; R, R.,
R,) and capacitances (C,, C,; C., C..) shown in Fig. 7, the
total impedances at nodes terminals p and n for the circuit
of Fig. 8 can be given as follows

Zpi = Ry[[R,||(1/5C,), (7a)
Zo1= Ry|IRI(VsCII(A/sCII(1/s Co). (7b)

Therefore, the non-ideal the transfer function of the
circuit in terms of a,, o, Zg; and Z¢, can be given as,

_ gm(apZRl _anZCI

T(s)=
ngCl +1

®)

The non-ideal input and output impedances of the
proposed filter can be found as follows

Zi: Rwo Zo = ch”(l/sczc)' (9)

In ideal condition the output has infinitive impedance
property since R, is the high impedance output terminal of
the MCBTA and C,. is almost zero (see Tab. 3). Moreover,
since R,, of the MCBTA has low value (ideally zero) the
proposed circuit enjoys low input impedance property.
Therefore the proposed all-pass filter is fully cascadable.
Further, the parasitic impedances can be compensated by
choosing the external resistor value (R,) small enough with
respect to the terminal resistance (R,) and the external
capacitor value large enough with respect to the terminal
capacitances (C,, C,).

5. Design of nth-order All-Pass Filter

The general all-pass filters have the transfer function

_1,(s) _D(=s)
S L(s)  D(s)

Equation (10) can be rewritten the multiplication of
the n all-pass sections as follows

T(s) (10)

T(S)ZH;S[ ,Re {s;}>0,=1,2,...,n (11)
i=1 i

S

where T(s) is the all-pass function defined by the open
right half of s-plane poles s;. If all of the poles/zeros of 7{(s)
are real, it can be realized by cascading » first-order all-
pass filter of Fig. 8 with transfer function given in (4). The
result is shown in Fig. 9. In this case the transfer function
on the obtained nth order all-pass filter is given as

=]«
i=1

where Emi= 1/Rl and N g,,,,-/Cl», 1= 1, 2, Lo, N

sgmiRi ~ Emi /Cl
5+ 8! C;

) (12)
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Fig. 9. A general nth-order all-pass filter.
6. Design Example and Simulation
Results
The fourth-order all-pass filter circuit is realized to
verify the performance of the proposed nth-order all-pass

filter circuit as an example. The proposed fourth-order all-
pass filter transfer function is determined to be

2 2
T(S)=TI(S)T2(S)=|:S 2.ls+l}{s 2s+l}
. (13)

s2420s+1 )| 57 +25+1
:[s—0.73}|:s—1.37}{s—1}|:s—1}
s+0.73 | s+1.37 | s+1 ] s+1
The passive components values of the 4™-order all-
pass filter can be found as follows;

Section I: C;=1/(0.73R w.), gm = l/R;
Section II: C= 1/(1.37Rw.), gm2=1/R,
Section I1I: C3= 1/(R;w.), gn3= 1/R3
Section IV: Cy= 1/(Ryw¢, ) gma= 1/R4.

The angular frequency is scaled by w,=2mx10° rad/s.
Firstly, the simulation is done for the first-order all-pass
filter circuit shown in Fig. 8. g, and R, are chosen as
0.5 mS and 2 kQ, respectively and C is found 79.58 pF for
f.=1MHz. The gain, phase and group delay characteristics
of the proposed first-order all-pass filter can be seen in
Fig. 10.

To test the input dynamic range of the proposed cur-
rent-mode first-order all-pass filter, the time-domain simu-
lation of the all-pass filter as an example has been per-
formed for a sinusoidal input signal at =1 MHz. Fig. 11
shows the time-domain response of the filter where
an amplitude of 140 pA (peak to peak) is obtained at the
output without significant distortion. The THD value for
the current output is less than 0.1% and the total power
dissipation of the proposed all-pass filter is found to be
1.27 mW. The famous X-Y pattern (Lissajous pattern) for
the circuit as -90° phase shifter is shown in Fig. 13. Since
the amplitudes of the input and output of the proposed APF
are different, the shape of the simulated phase characteris-
tic in Fig. 12 looks like ellipsis.

The 4™-order all-pass filter circuit using the MCBTA
is shown in Fig. 13. This circuit is obtained by cascading
four all-pass filter circuits shown in Fig. 8.
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Fig. 10. a) Gain, b) Phase, c) Group delay characteristics of the
proposed first-order all-pass filter.
S0ud
AWM A A N WA
N I I EE I A
4omadf 4 ' ! 1 H (IR ! 1 i
19 i}, | HIR 1 | 1 HE H IR na
R s s e fas IR b L
1 i 1 il [ il
AENEIE TR HE TR HENE 1l
BRI R R R R H I R R R R
A IR I
RN
i !
A H N MR
1 Wi H " HE ! i
v b Ly
[ W] 1 [ 1 : [ 1] H '
~40uA ! H I ' H i ! H H
H } 1 H ' " H i }
|: " ‘-" \l' : [ u' : !
v u [} u v YV H u P TE
Slui T : .
Os 2us 4us 6us Sus 10us
Input - — - Qutput Time

Fig. 11. The input and output waveforms of the proposed first-
order all-pass filter.

The proposed 4™-order all-pass filter circuit is built
with R| :R2:R3:R4: l/gm: 2 kQ, 8n= 0.5 mS, and
C,=109 pF, C,=58 pF, C;= C4=79.6 pF for f.= 1 MHz.
The simulation results with respect to ideal ones are shown
in Fig. 14. It can be seen that the simulated and theoretical
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magnitude and phase responses of the all-pass filter are in
good agreement

I 40u 80u
A

Fig. 12. Lissajous pattern (/, against /;,) for the proposed AP
filter.

w 2 w zc w e—w 2 -F—"I
& MC BT A MC BT A MC BT A MCBTA ¢

FRRERTE

Fig. 13. 4™-order all-pass filter circuit.
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Fig. 14. a) Gain, b) Phase, ¢) Group delay characteristics of the
proposed 4"-order all-pass filter circuit.

From simulation, the gain values of the proposed cir-
cuit are 0.98 for frequencies lower than 500 kHz and
1.0152 for the corner frequency 1 MHz, while the theoreti-
cal value is one. The phases are measured to be -0.7° at low
frequencies and -362° at 1 MHz while they are 0° and 360°
respectively for ideal case.

A sinusoidal input current with 70 pA peak value is
applied to the circuit and the output signal is observed as
shown in Fig. 15a. The simulation results are found in very
good agreement with the ideal ones. The FFT spectrum of
the input and output signals are shown in Fig. 15b. The
THD value for the current output is 2.52% and the total
power dissipation of the proposed 4™-order all-pass filter
circuit is found to be 5.08 mW.

BluA

4luA-

0A

-40ua

-30uas

H] Sus 10us 15us
Input -— - Qutput Time
(a)
1.0ma
100us
w3 L0ua
10nA
o
1.0nA T T T T
0Hz 20NHz 40MHz G60MHz SOMHz  100MHz
Frequency
(h)

Fig. 15. a) The input and output waveforms of the proposed 4"-
order all-pass filter circuit, b) FFT spectrum of the
current output.

7. Conclusion

A novel low-voltage low-power MCBTA is proposed
and verified through PSPICE simulation using 0.18 pm
TSMC level-7 CMOS technology parameters. The
MCBTA operates at a low supply voltage of only +0.9 V
and a total power consumption of only 1.27 mW. A novel
first-order current-mode all-pass filter using two grounded
passive component and one MCBTA is also proposed. The
proposed circuit has the advantage of having low input and
high output impedances which makes it for easy cascad-
ability. Further, a nth-order all-pass filter topology which
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uses n MCBTAs, n grounded resistors and » grounded
capacitors, is also proposed. As an example, a fourth-order
all-pass filter which has only real poles/zeros and low O
value is designed. Non-ideal study along with simulation
results are given to verify the theory.
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