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In this paper, a new current-mode (CM) circuit for realizing all of the first-order filter responses is
suggested. The proposed configuration contains low number of components, only two NMOS transistors
both operating in saturation region, two capacitors and two resistors. Major advantages of the presented
circuit are low voltage, low noise and high linearity. The proposed filter circuit can simultaneously
provide both inverting and non-inverting first-order low-pass, high-pass and all-pass filter responses.
Computer simulation results achieved through SPICE tool and experimental results are given as examples
to demonstrate performance and effectiveness of the proposed topology.

Keywords: NMOS, first-order filter, current-mode.

1. Introduction

The use of current-mode (CM) active devices offers some important potential
advantages called as higher usable gain, more reduced voltage excursion at sensitive
nodes, greater linearity, less power consumption, wider bandwidth, better accuracy and
larger dynamic range compared to that of voltage-mode counterparts for example
operational amplifiers '~. It is a well known fact that an all-pass filter (phase shifter)
topology like previously reported first-order signal processing units *'® finds wide

*
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Table 1. Comparison with previously published CM all-pass filters

Properties Passive
Number of | Number component Type of Technology Power
transistors of R/C matching response supplies
Reference constraint
[10] 6 0/1 no inverting BIT +1.5V
[11] 3 2/2 no Non-inverting 0.18um +1.8V
[12] 7 0/1 no Non-inverting 0.35um +3.3V
[13] 12 0/1 no Non-inverting BJT +3.0V
[14] 10 0/1 no inverting BIT +5.0V
[15] 38* 2/1 yes Both ** 0.35um +2.5V
[16] 38 1/1 no Both 0.5pm +2.0V
simultaneously
[17] 32 1/1 no Both *** 0.25um +1.25V
This work 2 2/2 yes Both 0.13pm +0.75V
simultaneously

* Except four NMOS transistors used to obtain two tunable resistors
** There are two different circuits, one of which is inverting while other one is non-inverting.
*#* Inverting response is obtained by RC-CR transformation.

application areas in analog signal processing systems, control engineering, etc. in order to
shift phases of the signals while keeping their amplitudes unchanged. A first-order all-
pass filter requiring at least one capacitive component and one resistive component has a
pole on the left half s plane and a zero on the right half s plane. The pole and zero has the
same value in magnitude. The filters of ° use CMOS technology but operate in voltage-
mode (VM). On the other hand, the circuits in '® ' '* operate in CM but employ BJT
technology. The CM filter of '', which is suitable for high frequency applications,
contains three CMOS transistors, a floating resistor for biasing purpose and a large
coupling capacitor for dc isolation of the load. The circuit reported in ' is a square-root-
domain CM filter which needs two identical bias currents. It is worth to note that a simple
square-root-domain integrator needs more than 30 transistors '*. Further, many phase
shifters like circuits in '>'® using active building blocks such as second-generation current
conveyors (CClls) have been reported in open literature. It should be noted that a CCII
typically involves more than ten transistors.

In this paper, a novel CM circuit for simultaneously providing both inverting and
non-inverting first-order low-pass, high-pass and all-pass filter responses is suggested.
The developed filter structure includes a lower number of elements such as only two
NMOS transistors, two capacitors and two resistors. The presented circuit enjoys low
voltage, low noise and high linearity. However, it requires matching conditions for all-
pass responses. Simulation results and experimental measurements are included to verify
the theory. Table 1 summarizes the advantages and disadvantages of the previously
published CM all-pass phase filters as well as the proposed one.

2. Proposed CM All-pass Filter

The proposed CM topology for realizing various first-order filters is shown in Fig. 1.
It can be seen that it employs an inverting amplifier with the voltage gain of —f. The
employed inverting amplifier should possess high input and low output impedances
ideally. Such an amplifier with unity gain in magnitude can be found in * using two
NMOS and three PMOS transistors or in ® ® using only two NMOS transistors with large
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Fig. 1. Developed CM configuration for realizing first—order filters.

dimensions. Analysis of the proposed CM configuration of Fig. 1 gives the following
responses:

i. Non-inverting low-pass transfer function (TF) and phase response

Ipr 1

I,, 1+sC/R
-1
Ppi(w) =—tan  (@CiRy)
ii. Non-inverting high-pass TF and phase response
I/’lpl _ SCI Rl
1 in 1+ SClRl

4 -1
Ppp1(@) = 5 ~tan (wCiRy)
iii. Inverting low-pass TF and phase response
Ry
Ipp "Ry
1;, 1+sCiR

P2 (@) =7 —tan~ (@C|R))

iv. Inverting high-pass TF and phase response

]hp2 _ SﬂCle

Iin 1+SC1R1

T -1
(phpz (CO) = —5 —tan (C()ClRl)

(1a)

(1b)

(2a)

(2b)

(32)

(3b)

(4)

(4b)
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Here, the pole frequency of the filter from Fig. 1 is found as @, = 1/(C\R,). Further, if
S =1 as for the inverting amplifiers in > °, the following responses can be obtained:
v. Inverting all-pass TF and phase response if R, = R, as

Lap1 _ Tp1 +IZpZ _ 1=sCiry

(5a)
iy Liy Ly 1+5CiRy
Pap1 (@) == 2tan" (0C|R)) (sb)
Vi. Non-inverting all-pass TF and phase response if C; = C| as
I 1 I 1-sC|R
ap?2 _ Ipl n hp2 _ sC1q (62)
iy Liy iy 1+sCiR
Pap2 (@) = -2tan"! (@C1Ry) (6b)

It should be noted that the all-pass filters of *'> ' ' can realize only one all-pass
response. In order to obtain output currents at high-output-impedance terminals from the
structure in Fig. 1, a current buffer is required for each current. For this purpose a current
follower (CF) '’ can be a good choice. However, a CF has an input parasitic resistance
denoted by R,. The output of the developed inverting all-pass filter connected to the input
of a CF is shown in Fig. 2. Considering the required conditions for the inverting all-pass
response as R; = R, and f = 1, the corresponding gain and phase responses are computed
as

Iapl _ 1-sCiR;
1

(7a)
in RP
1+R—+sC1(R1 +3R,)

RS Ci=/= % T

Iﬂ]ll

j_lnlﬂ

Fig. 2. The output of the suggested all-pass filter connected to the input of a CF.
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» | 0GR +3R,)
Pyp1 (w) =7 —tan (a)ClRl )— tan R (7b)
I+
Ry
From (7), one should select R, >> 3R, to prevent the loading effect.

3. Parasitic effects

The parasitic of the employed amplifier can be considered as parallel capacitance
and resistance at its input terminal (Ry| |Cy) and output resistance (R,) in series at its
output terminal as shown in Fig. 3. Since R, and C, appears in parallel with externally
connected R; and C), their effects can be neglected selecting R, >> Ry and C, << C,.
Considering the output resistance R, of the inverting amplifier, while the current
responses Ij,; and I, remain undisturbed, /;,, and /;,, and their corresponding phase
responses convert to

Tyy PR (83)
I, (1+sCR)R, +R, +sC,R,R))
» 4 oC,R,R,
@, (w) =m—tan” (@C\R,) — tan (ﬁ] (8b)
1, _ BsC,R\R, ©3)
I, (1+sCR )R, +R, +sC,R,R))
T _ 4| @C,R,R,
lez(a)) = —E—tan l(a)ClRl)—tan l(ﬁ) (9b)

It can be seen that a second pole appears in the TF of the filter due to the nonzero output
resistance of the amplifier as

R,+R, 1 1
w,, = = +
C2R2Ro C2Ro C2R2

(10)

Ideal inverting amplifier

Fig. 3. Inverting amplifier with parasitic impedances
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Thus one should select R, << R, in order to neglect the effect of the second pole.
Similarly, for the all-pass responses we can obtain

Ligpi _Rl (ﬁ_SCl (R, +Ro)_SZC1C2R2Ro)

- 11
]m (1 + SCIR1 )(RZ + Ro + SCszRD) (11a)
Pop (@) =7~ tan” wCIz(Rz PR ) an (@C\R)—tan™' 0CGRR,
B+®’C,C,R,R, R +R
(11b)
I[apz = R, +R,—sC,R,(BR, —R,) (12a)
I,  (A+sCR)R,+R, +sC,R,R))
R,(PR, — R R.R
?, 2(60) = —tan"' CUCZ 2(ﬁ 1 0) —tan ™' (0)C1R1)_ tan ™' M
p R, +R, R, +R,
(12b)

Selecting R, << R, with R, = fR; and C; = SC; in (11a) and (12a) one can obtain the ideal
all-pass responses (5a) and (6a), respectively. Note that the proposed all-pass filter having
no capacitor connected in series to the X terminal of the inverting amplifier; accordingly,
it can be worked at higher frequencies *°.

4. Noise analysis

The inverting amplifier used in the structure of the proposed CM all-pass filter can
be implemented with two NMOS transistors as shown in Fig. 4a ®. The gain of the

ampliﬁer iS found as

0 - _fB=— |1 13
o=-p 13

| ("1)
L}y
where (W/L); is the ratio of the channel width to channel length of the i-th (i=1, 2)
transistor.
The inverting amplifier including noise sources of the transistors is shown in Fig. 4b.
The noise density sources of the transistors can be represented as:

Vi = 4KTR 71 df (14a)
AV = 4KTR g df (14b)
Here, R.y; is the effective thermal noise resistance of the i-th transistor given as
2
3 2
Reﬁ=_+RGi+RBi(n_1) (15)
Emi
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Fig. 4. (a) NMOS-based inverting amphﬁer (b) Noise model.

2

In (15), —3represents the channel noise effect, R is the poly gate resistor and
Em
R p is the substrate resistance 21 The substrate resistance is multiplied a factor of (n-1)
which is equal to the ratio of the bulk transconductance to the transconductance of the
Emb
Em
The total output current noise density of the inverting amplifier can be given as
)
dout Eml dVl TEm2 dVZ (16)

Thus the equivalent input noise densny of the amplifier is found as

transistor, i.€.

— 1
VL, =dvi+ ng Em2 4y2 - dV1+ﬂ—dV2 (17)

g ml
Considering matched transistors i.e. g ml = g,,2 and consequently S=1 the total

equivalent input noise density is ¢ Vz eq = =24 V1

For the all-pass filter of Fig. 1, there are additional thermal noises due to the external
resistors Ry and R,. Thus, the total equivalent input noise of the proposed CM all-pass
filter can be given as:

— — 1
Vg allpass = kTRidf +2dv 3+ ?4kTR2df (18)

From (18), an equivalent input resistance (R,,) for noise calculation purpose can be
defined as:
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R

1
ieq—allpass = Ry + 2Reﬁ'l + ?R2 (19)
The bandwidth (BW) of the equivalent input noise density is limited by the external
capacitor C,. Thus the integrated noise of this resistor-capacitor combination (or all-pass
filter) is found by taking the integral over all frequencies as

2 dV i n
Vigq = [ e4mampass ”"Zss = 4kTR;0, BW 5 (20)
0 1+ S
BW
where
W:; (21)
27Z'Rl'eqC1

Substituting (21) into (20), the integrated noise is simply found as k7/C,. For wideband
systems the integrated noise is important, thus to reduce the noise we have to select larger
capacitances which obviously will increase the power consumption *'.

5. Simulation and experimental results

In this section, simulation results of the proposed first-order all-pass filter in Fig. 1
based on 0.13 zm IBM MOS technology parameters ** with +0.75 V dc power supply
voltages are demonstrated. The aspect ratios of both NMOS transistors of inverting
amplifier in Fig. 4 ® are chosen as 104 £m/0.13 um. The aspect ratio of the transistors are
selected large to prevent loading effect. The non-ideality parameters of the structure
given in Fig.4 are found as f=0.852, R,=13.66Q, C,=2211{F, R,~o. Passive
components of the all-pass filter depicted in Fig. | are taken as R, =R, =12 kQ and
C1=C,=10 pF to obtain the resonance frequency of f, = 1.32 MHz. For this purpose,
ideal and simulated magnitude and phase responses of the all-pass filter, /,,; and I, are
shown in Figs.5 and 6, respectively. Time domain responses of I, and I, are
demonstrated in Fig. 7. Total Harmonic Distortion (THD) variations versus amplitudes of
peak values of input current are given in Table 2, where at the outputs of 7,,; and /.
20Q resistors are connected to simulate the effect of the current. Similarly, input and
output noise variations against frequency for /,,; and /,,, are tabulated in Tables 3 and 4,
respectively.

Monte Carlo analysis of the introduced all-pass filter with 20% variations of
C =10 pF is achieved after a hundred runs. In addition, the variations of the magnitude of
all-pass filter at 1.32 MHz are demonstrated in Fig. 8. The magnitudes of /,,; and I,
with respect to frequency are drawn in Fig. 9.

In order to confirm the simulation results, the behavior of the /,,; response of the
proposed all-pass filter has also been verified by experimental measurements using
network-spectrum analyzer Agilent 4395A, function generator Agilent 33521A, and
oscilloscope Agilent DSOX2014A. In measurements the readily available array
transistors CD4007UB ** by Texas Instruments with £15 V dc supply voltages have been
used. To perform the measurements of the proposed current-mode filter, the circuit was
extended by voltage-to-current and current-to-voltage converters realized by OPA860 ICs

* by Texas Instruments with dc power supply voltages equal to £5 V as it is shown in .
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Since the OPA 860 generally behaves as CCII+, the measured voltage compared to the
I 1s shifted in the phase by 180°. The experiments have been performed with
R =R,=12kQ and C; = C, =100 pF and the results are shown in Fig. 10. In this case
the 90° phase shift is at f, = 1.26 MHz, which is very close to the theoretical value of
Jo=1.3263 MHz. The time-domain response of the measured /,,; response of the all-pass
filter is shown in Fig. 11 in which a sine-wave input of 1 V peak-to-peak and frequency
of 1.26 MHz was applied to the filter. From Fig. 11 it can be seen that the phase shift in
the 7, output against the input is 91°.

Magnitude (dB)

Phase (deg.)

90 AN
: N
: \

Ideal — - — Simulation l
T

T~

1k 10k 100k M 10M 100M 1G
Frequency (Hz)
Fig. 5. Simulated magnitude and phase responses of the /.
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Fig. 6. Simulated magnitude and phase responses of the /,,.
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Fig. 7. Time domain responses of the all-pass filter.
Table 2. THD variations of all-pass responses of the filter in Fig. 1 at 1.32 MHz.

Magnitude of input current (LA) L1, THD (%) 1op2, THD (%)

_— |

1 0.379 0.628

5 0.582 1.242

10 1.119 2.306

15 1.609 3.275

20 2.046 4.072

25 2.353 4.684

30 2.581 5.192

35 2.782 5.639

40 2.955 6.050

45 3.114 6.490

50 3.232 7.103

Table 3. Input and output noises of the all-pass filter in Fig. 1 (,,1) against frequency.

Frequency (Hz) Output noise (pV/\Hz) Input noise (pA/NHz)

>0 [s15e4 3381
a0t [s575e4 3381

0I5  [3378
a0t [s57504  [3198 |

<00 [st404 2954

1x10° 574.02 29.48
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Table 4. Input and output noises of the all-pass filter in Fig. 1 (/,,,) against frequency.

Frequency (Hz) Output noise (pV/VHz) Input noise (pA/NHz)
1100 | 57577 | 28.79
>0t [ 5757 | 28.79
110 | 57577 | 28.82

o [ssm2  [3067

<100 [ 57559 | 34.60
1x10° 572.45 35.11
1

0
-0.9 -0.85 -0.8 -0.75 -0.7 -0.65 -0.6
DB(I(Vapl))
nsamples =100 mean =-0.736788 minimum =-0.888412 median =-0.722585 maximum  =-0.613337
n divisions =20 sigma =0.0765834 10th %ile =-0.844094 90th %ile =-0.631443
1
8
23
£
8
5
H
84
5
o
0 B
-1.8 -1 - -1 -1 -0.8
DB(I(Vap2))
n samples 100 mean -0.771189 minimum -1.59304 median -0.834566 maximum 0.109475
n divisions 20 sigma 0.475813 10th %ile -1.45792 90th %ile -0.123338
Fig. 8. Variations of the magnitude of all-pass filter at 1.32 MHz.
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Figure 9. The magnitudes of ,,; and /,,, with respect to frequency.
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Fig. 11. Measured time domain response of the ;.

It is observed from Figs. 5-7, 10, and 11 that the simulation and experimental results

are in close proximity with the ideal ones as expected. Nevertheless

, the discrepancy

among ideal, simulation and experimental results fundamentally arises from non-

idealities of NMOS transistors.

6. Conclusion

A new CM all-pass filter structure for simultaneously realizing inverting/ non-

inverting first-order low-pass, high-pass and all-pass filter responses is

developed in this

paper. The suggested first-order filter consists of a lower number of components for
example two NMOS transistors both in saturation region, two capacitors and two
resistors. Major advantages of the proposed configuration are low voltage, low noise and
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high linearity. Nevertheless, it needs matching constraints for all-pass characteristics.
Simulation results accomplished via SPICE and experimental tests confirm the theoretical
ones well as expected.
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