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Abstract

In this research a minimum component current mode (CM) first order universal
filter (FOUF) is proposed. The filter is designed using a single Extra X Current
Conveyor Transconductance Amplifier (EXCCTA) and one grounded capacitor.
The filter can realize all pass (AP), low pass (LP) and high pass (HP) responses
simultaneously. The filter offers low input impedance and high output impedance
making it fully cascadable. Additionally, the filter feature on chip tunability of the
-3 dB frequency. The filter is resistor less and did not require passive component
matching constraint for realizing the responses. The performance and cascadability
feature of the filter are examined by using it in the design of second order current
mode filter. A non-ideal analysis is also performed to study the effects of process
spread and component variability on the operation of the filter. The filter is
simulated in cadence software using 180 nm process design kit (PDK). The filter is
designed for a frequency of 16.233 MHz at supply voltage of +1.25V. The
theoretical and simulation results are found to be in close agreement.

Keywords: All pass filter, Current-mode, First order filter, Universal filter, Voltage-
mode.
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1. Introduction

The universal active frequency selective filters are an essential building block of any
signal processing system. To design multifunction filters, current mode (CM) active
elements are the most preferred as they exhibit higher order linearity, extended
bandwidth, simple design and higher performance under low voltage low power
(LVLP) conditions [1]. The first order all pass filters (APF) are used in the design of
multiphase oscillators, high Q bandpass filters, phase shifters, for phase
compensation and equalization [2, 3]. Several CM active blocks are employed in the
design of first order active filters like Current conveyor (CC) [4-7], Inverting current
conveyor (ICCII) [8-11], current differencing transconductance amplifiers (CDTA),
Dual X current conveyor differential input transconductance amplifier (DXCCDITA)
[12], Dual X current conveyor transconductance amplifier (DXCCTA) [2], Fully
differential current conveyor (FDCCII) [13], differential difference current conveyor
(DDCC) [14], differential voltage current conveyor [15], voltage differencing current
conveyor [16], etc. Numerous first order universal filter topologies are available in
the literature [2-4, 6, 8, 9, 12-45]. A comparative analysis of some exemplary design
is performed, and it is observed that the filters in [3, 6, 7, 15, 20, 36, 37, 42, 43]
employs more than one active block. The filters in [13, 17, 40, 41, 43] require passive
components more than three. The filter topologies in [7, 13, 15, 16, 17, 41-45] make
use of one or more floating passive components. The designs in [2, 17, 40] employ
more than one capacitor for first order function realization. The filter in [2, 17, 40,
41, 43] requires passive components matching constraint. It can be inferred from the
literature review that most of the filter structures suffer from one or more of the
following drawbacks:

e Use of excessive number of active blocks

e Use of large number of active and passive components

e Use of floating passive components

¢ Unavailability of electronic tuning

e Passive components matching requirement

In this paper we propose single extra X current conveyor transconductance

amplifier (EXCCTA) [46] based first order universal filter that can work in current
mode and can also provide HP, LP and AP filter responses simultaneously. The
proposed filter is cascadable and electronically tunable. A second order current
mode all pass filter is synthesized to validate the performance of the designed

filter. The analysis of the filter is carried out in cadence software. The theoretical
and simulation results bear close resemblance.

2.Extra X Current Conveyor Transconductance Amplifier (EXCCTA)

The Extra X current conveyor transconductance amplifier (EXCCTA) is
functionally an improved and more versatile version of extra x current conveyor
(EXCCII) [38]. The EXCCTA [46] includes features of current and voltage
followers and operational transconductance amplifier (OTA) making it more
versatile. The voltage current (V-1) characteristics of the developed EXCCTA are
given in Egs. (1)-(5) and the block diagram is presented in Fig. 1.

Vip =Vyn =Vy 1)

Ixp = Izpy = —Izp- (2
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Iyy = Izne = —Izn- 3)
Ios = gm(Vzp4) (4)
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Fig. 1. Symbolic representation of EXCCTA.

The expression for transconductance (gm) is given in Eq. (5).

w
Im = ’unCOXTIBias )

where Cpx is the gate oxide capacitance, p, is the mobility of electrons in
NMOS, gm denotes the transconductance of OTA set via bias current Iy and % is
the aspect ratio of the transistors .

The CMOS implementation of the EXCCTA as proposed in [46] is presented
in Fig. 2. The Y terminal is high impedance voltage input node and Xp & Xy are

low impedance voltage output/current input nodes. The O, Zp+ & Zn+ terminals are
high impedance current output nodes.
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Fig. 2. CMOS implementation of EXCCTA.

3.Proposed First Order Universal Filter

The proposed single EXCCTA based current mode FOUF is presented in Fig. 3.
The filter operates in CM and can provide HP, LP and AP responses
simultaneously. The major features of the filter are (i) electronic tunability (ii)
cascadeability (iii) employment of minimum number of active blocks and passive
components (vi) availability of LP, HP and AP responses simultaneously (vi) low
input impedance and high output impedance which is essential for cascading.

The procedure to evaluate the AP filter transfer function is as follows. Using

the V-I relations of the EXCCTA given in Egs. (1)-(4) and applying Kirchhoff's
Current Law (KCL) at node B.
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Ixp = gmVa + Iin (6)
Applying KCL at node A and solving for V,

ImVa + iy +sC VAo + 1Ly =0 @)

Va(sCy + gm) = —2L1y 8

Va= oo ©)

Applying KCL at node C and putting the value of Va from Eq. (9) the AP
transfer function is obtained as given in Eq. (12).

Lip = Ixp = —gmVa — Iin (10)
—gm2I

Ip = séc?1+g::] — Iy 11)

lap _ 5C1-0m (12)

IINn  sCi+gm

In the similar manner the transfer functions for HP and LP filter responses can
be found as presented in Egs. (13) and (14). The expression of pole frequency and
phase are given in Egs. (15) and (16). It can be inferred from the analysis of the
transfer function the pole frequency can be electronically tuned.

IL_P — —29m
IIN sC1+9gm (13)
Iup _ _ _25C;
IIN sC1+gm (14)
®(0)=180 — 2tan”" (Im/ Cl) (15)
_1(8m
o= (57/c,) (16)
[[N X 7 A
O+ AN p -
+ L | /r
Zo. S |Ci
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I+

J__Y 0. O: 7y M
I

Fig. 3. Proposed first order universal filter.

4.Non-ldeal Analysis of the Filter

A simplified non-ideal model of EXCCTA is presented in Fig. 4 for analysis. The
most important aspects contributing to the deviations in frequency performance are
the non-ideal frequency dependent current and voltage transfer gains, a;(s)and
Bi(s), respectively, where a;(s) = ay/(1+s/wy;) and Si(s) = Boi/(1 +
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s/wg;) . ldeally, @y =pfo; =1 and wg, = wg; =% . Another important
performance parameter is the associated parasitics at the X nodes which can be
quantified as Zyp = Zyy = Ryp) + SLxvpy - The parasitic resistance and
capacitance associated with the Y and Z nodes are R;p, Ry and Ry. While the
associated capacitances are C,p, C;y and Cy. There ideal values being equal to
zero. The vy represents the transconductance transfer inaccuracy of the OTA,
while R, and C, are parasitics at the OTA output. If the effect of the non-ideal
gains is considered the V-I relations of the EXCCTA will be modified to I,=0,
Vxp = Bp(S)Vy, Van = Bv(SIVy, Izpy = ap(s) Ixp, Izp—- = ap'(s) Ixp, Izns =
an(s) ens Izn- = an'(s) Iy, low = YImVzrsr lo- = =V GmVzp+

When non-ideal gains are considered the filter transfer functions are modified.

The non-ideal AP transfer function and expression for pole frequency are presented
in Egs. (17)-(19).

IA_P - a;’a{\lscl_a;?aNgm (17)
IIn sC1+apygm
®()=180 — 2tan! (O‘Pygm/wcl) (18)
_1 (apYg
fo=m (T ) 19
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Fig. 4. Proposed First Order universal filter.

The sensitivities of w, and Q with respect to the non-ideal gain and passive
elements are given below. The sensitivities are less than one which is desired.

1
~S8 =S8, =S¢ =52, =3

5.Results and Discussion

To validate the proposed CM FOUF filter it is designed and simulated in Cadence
virtuoso design software. The EXCCTA is designed in 0.18 um Silterra Malaysia
technology at a supply voltage of £1.25V. The width and length of the transistors

Journal of Engineering Science and Technology April 2023, Vol. 18(2)



1282 V. Muniyappan et al.

used are given in Table 1. The transconductance of the OTA was fixed 1.02 mS by
selecting the bias current I;,; = 120 pA. The layout of the EXCCTA is presented
in Fig. 5. It is drawn using the nhp and php high performance MQOS transistors from
the Silterra library and occupies chip area of 65*26pum?.

Table 1. Width and length of the MOS transistors.

Transistors Width Length
(M) (M)
M1-M2, M5-M6 1.8 0.36
M3, M4, M7, M8, M9 5.4 0.36
M10-M14 1.8 0.72
M15-M18 3.06 0.36
M19-M22 10 0.36
M23, M25, M27, M29, M31, M35, M37, M33,
M42. M4d 2.16 0.36
M24, M25, M28, M41, M43, M34 0.72 0.72
M30, M32, M36, M38 1.08 0.72

Fig. 5. Layout of the EXCCTA.

The CM FOUF is design for a frequency of 16.233 MHz by setting Iy, =
120uA and C; = 10pF. The ideal and simulated LP and HP responses are
presented in Fig. 6. The gain and phase response of the AP filter is shown in Fig.
7. The proposed filter can have a maximum frequency of 16.233 MHz beyond this
error between the simulated and theoretical frequency increases due to effect of the
node parasitics and frequency dependent voltage and current transfer gains. None
the less the proposed CM FOUF can be designed for higher frequency by
redesigning the EXCCTA so that it is capable of working at higher frequencies.
Additionally, the -3 dB frequency of the proposed filter is electronically tunable.
By changing the bias current (I;,,) of the EXCCTA the frequency can be tuned
without changing the value of the capacitor.

Figure 8 presents the transient analysis performance of the filter for an input
sinusoidal signal of 50 YA (p-p) at a frequency of 16.23 MHz. To examine the
phase relation between the input and the output signals Lissajous curve is plotted
as shown in Fig. 9. The Fig. confirms that the phase difference between input and
output signal is 90°. The total harmonic distortion (THD) of the AP filter is also
evaluated for different input signal values as shown in Fig. 10. The THD remains
within acceptable limits (<5%) for considerable input range.
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Fig. 6. The HP and LP responses of the filter.
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Fig. 7. The gain and phase response of the AP filter.
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Fig. 8. The time domain response of the AP filter.
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Fig. 10. Total harmonic distortion with increasing input signal current.

The Monte Carlo analysis is performed to measure the effect of device parameter
variations and process spread on the performance of the filter. The Monte Carlo
analysis is done for 200 runs using the mismatch models provided in the PDK for
MOSFETSs. As can be seen from Fig. 11 the mean frequency is found to be 16.37
MHz which is close to designed frequency of 16.233 MHz. Also, the frequency
spread is small for majority of the samples so it can be concluded that the filter
exhibits acceptable performance with minimum deviation under process variations.

The effect of temperature variation on the functioning of the filter is
examined by analysing the AP phase response under different temperature values
ranging from 0°C to 100°C. It can be inferred for the graphs in Figs. 12 and 12 that
although the filter frequency decreases with increase in temperature it is close to
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theoretical value within 20° to 60°C. Theoretically, the frequency of the filter
should not change with temperature, but the frequency of the filter decreases due
to rise in temperature because of the decrease in OTA transconductance (g,,). Two
main contributing factors that influence the transconductance are the threshold

voltage (V;) and carrier mobility.

The power dissipation of the filter is measured to be 3.39mW for lpias=20 HA
and -3 dB frequency of 7.36 MHz. The power dissipation of the FOUF can be
further reduced by lowering the supply voltage at the expense of reduced
operating frequency.

24 1 Min. Freq=15.07MHz, Max. Freq.=17.81MHz
—_ Mean Freq.=16.37Mllz, Std.Dev.=298.42k11z

152M 156M 16.0M 16.4M 16.8M 17.2M 17.6M 18.0M
Frequency (Hz)

Fig. 11. Monte Carlo results of the AP filter.
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Fig. 12. Variation of phase response of the AP filter with temperature.
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Fig. 13. Variation of the AP filter frequency with temperature.

The tunability of the filter is examined by varying the bias current of the OTA
(Isias) and measuring the -3 dB frequency of the filter. As can be seen from phase plot
of AP configuration, Fig. 14, the frequency of the FOUF can be electronically tuned.

200.0

150.0 -
5 100.0 -
[
a
(]
2 500
=)
o
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— l;,s=80uA (Frequency=14.42MHz)
sl l,.,.=120nA (Frequency=16.30MHz)
1
10k 100k m 10M 100M

Frequency (Hz)
Fig. 14. Frequency tuning for AP configuration.

6.Design of Second Order Filter

The presented first order AP configuration can be used for several applications like
as phase shifter, for phase compensation, for designing higher order filters by
cascading and in the design of oscillator. It will find widespread use in
communication system and instrumentation systems. To give an application example
the proposed AP filter is used to design a second order AP filter. Two all pass filters
are connected to obtain the second order response. Direct cascading of the proposed
AP is possible due the fact that proposed AP filter has low input impedance and high
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output impedance. The transfer function and expressions of pole frequency of the
obtained second order AP are presented in Eqgs. (21) and (22). The filter is designed
for a frequency of 16.23 MHz by selecting C; = C, = 10pF and g,, = 1.02 mS.
Figure 15 presents the frequency response of the designed filter which confirm the
cascadeability and correct operation of the proposed AP filter.

I
”(\I)—P— XN Zp| J_ > XN Z]n J_
Iy G I G
Xp EXCCTA . I Xp EXCCTA I
LP- Zp_ —
Tap
J-— . 0, O Zn. —‘ J-— Y 0 O Zn. —‘
Fig. 13. Second order AP filter derived
by cascading the proposed AP filter.
Tap _ (SC1—9ma sC2—9mz2
IIN - (SC1+gm1) * (sCz+gm2) (20)
TakingC; =C, =Cand gn, = gmz = EmWe can write
Tap _ (SC—gm sC—gm
Itn - (sC+gm) * (sC+gm) (21)
1 *
fO:; (gm gm/C . C) (22)
6 200
4 ——gent—{
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27 &
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24 - -50
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Fig. 15. Gain and phase response of the second order AP filter.

The time domain analysis for the filter is done to examine the signal processing
capability and phase relation between the input and output signals. A sinusoidal
signal of 16.23 MHz frequency and 50 YA (p-p) input current is applied and the
output is analysed as presented in Fig. 16. It is found that the filter can process the
signal with minimum distortion.
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Fig. 16. Time domain analysis of the second order AP filter configuration.

7.Conclusions

In this study a minimum component current mode FOUF has been designed. The
developed filter is resistor less and uses single EXCCTA and a grounded capacitor
for implementation. The filter provides LP, HP and AP responses simultaneously.
The -3 dB frequency of the filter can be tuned electronically by varying the OTA bias
current. The non-ideal and sensitivity analysis conducted for the filter reveals that the
performance and active and passive sensitivities of the filter are within acceptable
limits. The filter is validated using simulation analysis by designing it for a frequency
of 16.23 MHz. The power dissipation of the filter is measured to be 3.39mW for
lhis=20 A and -3 dB frequency of 7.36 MHz. As an application example a second
order AP filter is designed and tested by cascading the proposed FOUF. The only
drawback of the filter is that the HP response is available through the capacitor and
an additional current follower is required to sense the HP response.
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Nomenclatures

Cox Gate oxide capacitance

Om Transconductance of OTA

Igias Bias current

s Laplace operator

Greek Symbols

a Frequency dependent current gain
B Frequency dependent voltage gain
y Frequency dependent transconductance gain
L The mobility of electrons in NMOS
(0] Phase

Q) Frequency
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