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Abstract. This paper proposes a new, compact CMOS
realization of current-mode (CM) first-order all-pass filter
(APF) using no external resistors. The circuit is created
using only ten transistors and one external capacitor. The
circuit uses lower number of transistors as compared to
previously reported CM APF’s using active building block
(ABB) based approach. A comparison with previously
reported CM APFs in terms of number of transistors and
current consumption has been provided. As a design
example, a 512 kHz pole-frequency (at typical process and
27°C) CM APF is designed in 40nm CMOS technology and
validated through SPICE simulations.
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1. Introduction

Recent criticism not withstanding [1], the current-
mode (CM) techniques have given way to a number of
important analog signal processing/signal generation cir-
cuits and which is evident from the vast amount of litera-
ture on such circuits published over the last three decades,
see [2]-[3] and references therein. CM first-order all-pass
filters have received a lot of attention in the last decade and
numerous implementations using a variety of active build-
ing blocks (ABBs) have been proposed. The use of novel
CM ABB:s for implementing compact CM circuit solutions
has received a lot of attention with authors claiming their
solutions to be minimal in terms of the employed ABBs.
Note that each of these ABBs, for an example, the very
popular current differencing transconductance amplifier
(CDTA) (proposed by D. Biolek in 2003, [4]) requires
more than eighteen transistors for CMOS implementation
[5], [6] and thus, unless the circuit solution is meant for
bread-board type implementations using commercially
available ICs, the claim of minimal circuit solution in terms
of the number of ABBs (a “black-box”) is misleading as
really matters is the number of employed transistors for

monolithic integration. The author admits to the fact that
several of his works also include the so-labeled “minimal
CM APF using one ABB and one capacitor” [7]. But
although the focus since the last several years has been to
realize minimum ABB circuit solutions, it is more mean-
ingful to focus on minimum transistor circuit solutions for
monolithic integration and which would save much of
silicon area and consume lesser power. Further the advent
of new ABBs and minimal circuit solutions using these
new ABBs are also not very suitable for bread-board
implementations as many of the newly reported ABBs are
often conceptualized and not available as “off-the-shelf”
components. Thus, even for discrete-component realiza-
tions on bread-board, the solutions are often not minimal
and require the use of several op-amps and/or OTAs for
their realization (e.g., creating a single DVCC requires
three current-feedback operational-amplifiers (CFOA) ICs
and two matched resistors [8]). The author of course does
not rule out the advantage of ABB based design approach
in creating new circuit solutions and devising additional
useful approaches to create the circuit solutions, but
believes that having realized a compact ABB based circuit
solution, the focus should be on compact CMOS realiza-
tion of the solution for monolithic integration. Before pre-
senting the newly proposed CMOS CM APF, a compara-
tive study of the most recent CM APFs have been provided
in Tab. 1.

Rest of this communication is organized as follows:
section 2 provides the CMOS implementation of the
proposed APF, section 3 provides the simulation results of
the designed 512 kHz pole frequency (at typical process
and 27°C) CM APF in 40nm CMOS technology and sec-
tion 4 provides the concluding remarks.

2. Proposed Circuit

Based on the concept that an APF function can be
realized with 1-2*LPF, where LPF is low-pass filtering
function, the proposed CMOS CM APF is shown in Fig. 1.
The circuit offers low input resistance- 1/(g,0tg,) and
high output resistance — 7,s||7y7||F9. As compared to other
CM APFs pointed in Tab. 1 (excluding [23]), our circuit
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Tab. 1.

Fig. 1.

Ref. ABB No. No. of No. of No. of Power
type” of transistors | resistors | external | consumption
ABBs capacitors (mW)
[9] CCII 1 - 4 2 -
[10] CCII 1 - 4 2 -
[11] CCII 1 56" 3 1 -
[12] CCII 1 24* 1 1 -
[13] MOCCI | 2 46 1 1 -
[14] FDCCII 1 36 3 1 -
[15] CCCII 1 15 0 1 -
[16] CCCII 2 32 0 1 6.5"
[17] CDBA 1 20%* 1 1 -
[6] CDTA 1 18 2 1 0.37
[18] CDTA 2 48* 0 1 10.2°
[7] CDTA 1 34 0 1 2.4"
[19] OTA 2 D 1 1 B
[20] OTA 1 12% 2 1 -
[21] DVCC 1 18 2 1 -
[22] FTFN 1 D 2 1 -
[23] - - 5* 0 0 0.28
Proposed - - 10 0 1 0.98
Comparative study with previous works:
*Refer Appendix for nomenclature of the ABBs,
- Not mentioned,
* Ideal current sources assumed,
" found using biasing current details,
D Discrete ICs used,
“* Using reference [24].
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CMOS current-mode all-pass filter.

does not use the ABB based approach and is a direct
CMOS CM APF. The circuit in [23] uses five transistors
but the current sources in the schematic are shown to be
ideal. Considering a simple MOSFET as the required V-I
convertor, the circuit in [23] would require only eight tran-

@_

sistors. Note that the circuit in [23] utilizes internal MOS
capacitances (e.g. Cg and Cyq) of the current-mirrors to
realize the APF. Since both Cy and Cy are voltage de-
pendent capacitances (with a non-linear relationship) this
technique would require appropriate node biasing of the
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current mirrors (e.g. Vg>> V1), so that the average pole
frequency does not vary much due to the variations in Cg
and Cyqy, when processing the input signal. Also, the circuit
in [23] requires one time constant of a current mirror to be
much larger than the time constant of the other current-
mirror to actually realize the APF transfer function (the
ratio of time constants in [23] is 1:4). If this condition is
not fulfilled, the circuit also degrades the output amplitude
with increasing frequency while providing the required
signal phase-shift. To alleviate the problems, our circuit
employs external linear capacitor much larger than MOS
parasitic capacitances (thereby providing voltage inde-
pendence to one of the components deciding the pole fre-
quency). Further, keeping the external linear capacitor
much larger than the C, guarantees the transfer function of
the circuit to be close to equation (6) of [23], rather than
equation (3). Thus, in the operating frequency range much
smaller than the pole frequencies of the mirrors, the pro-
posed circuit provides 0°-180° phase shift without any
amplitude degradation. Using routine circuit analysis of
Fig. 1, we find the following transfer function

—_ IO(S) _1 (Sc_gml-’)
T L(s) 2(sC+g,,)

where g, represents the transconductance of matched
PMOS transistors M2-M3. It is again emphasized that
C>>(C,, and the operating frequencies for which (1) is true
(i.e. APF function is valid) is w<<g,/(2C,). The above
equation is representative of the first-order all-pass filtering
function with phase shift of the input signal by

T(s) )

ZT(jo) =180° - 2tan " (2
gmp (2)

3. Simulation Results

To verify the workability of the proposed circuit, a
512 kHz pole frequency (at typical process and 27°C) CM
APF is designed in 40nm CMOS technology with £1.25 V
supply. The aspect ratios of the transistors are shown in
Tab. 2.

Transistor W/L
(pm/pm)
MO0-M1 10/0.3
M2, M3, M8 24/1
M6, M7 16/2
M4 64/4
M5 32/4
M9 48/1

Tab. 2. Aspect ratios of the transistors in CM APF.

Thick gate oxide (GO2) transistors (50A) are used for
the analog design at this supply voltage and it should not
be surprising that the transistors are not minimal length of
the technology (i.e. 40nm). Precision analog circuits are

preferably designed using long channel length transistors to
reduce short-channel effects and deliver good performance
(e.g. current mirrors are always designed with long channel
length transistors to alleviate effects of channel-length
modulation, provide good current mirroring and high out-
put impedance) and also lower the effects of device mis-
match on circuit parameters. Also, the details of minimal
length of the GO2 transistors (used for analog circuits) to
be used in design are always provided according to design
for manufacturability rules and in this technology, it is
preferred that GO2 transistors have more than 0.3u channel
length. Transistors with 40nm channel length would typi-
cally be used for digital circuits like logic gates and flip-
flops (these transistors are thin gate oxide and working at
a reduced supply voltage not suitable for analog designs).
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Fig. 2. Bias-voltage (V) creation using PTAT current
generator.

The biasing voltage Vg is generated using the PTAT
bias current generator circuit (Fig. 2) which acts as a
common current/voltage biasing block for all other circuits
present on the chip in addition to the CM APF. The
transistors M13-M14 work in sub-threshold region to
produce a PTAT current Iz '=mV7In(n)/R;, which flows into
the diode-connected transistor M11 to generate V3 for the
CM APF. The PTAT current not only helps in reducing the
transconductance variation with temperature of MOSFETS
in APF (thereby reducing the variation of pole frequency
with temperature), but also is essential for ultra-low-power
realization of the bias current generator and the CM APF.
Constant-gm biasing circuit is not used since it leads to
larger change of the bias current (and thus power
consumption) with temperature (oc 7' ) as compared to the
PTAT current (<7 ). However, constant-gm biasing can
be useful if the main concern is to reduce the pole
frequency variation of the APF; thus there is a design-
tradeoff. Note that the transistor count of the bias current
generator is not taken into account and only the transistors
employed in the APF (Fig. 1) have been considered. Also,
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although the bias voltage generator uses an external Temperature Pole Transconductance Current
resistor, the CM APF is resistor-less and MOS [°C] frequency Zmp [MA/V] consumption
transconductance is utilized to simulate resistance. The bias [kiiz] [uA]

5 -40 570.62 349.71 311.90
geqerator generates /g’ of the order of 220 nA to 280 nA at 27 51201 3412 3712
typical process corner and temperature range of -40°C to 125 273.03 28791 392.80

125°C and tail current for the CM APF, Iz= 96 uA at 27°C.
Clearly, the current consumption of the bias generator
block (considering M15-M16 arms) is negligible with
respect to the CM APF. With capacitor value C = 100 pF
(a value much larger than Cgs, Cu), the magnitude and
phase response of the circuits at different operating
temperatures, namely -40°C, 27°C and 125°C are shown in
Fig. 3 and 4, respectively.
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Fig. 3. Magnitude response of the CM APF at different
operating temperatures.

200,

1800

1600

1400

1200

@ 1000

800

P

60.0—|

400

200

Al T
20 a0 &0

T T
2 3 456 ghe 20 3040 en 1 oon 400 [CL SILVOIISK|S 4 56 .,

Frequency (Hz)

Fig. 4. Phase response of the CM APF at different operating
temperatures.

The gain of the filter changes by 0.22 dB in the
operating frequency range of 100 Hz-10 MHz and
temperature range of -40°C to 125°C, while providing
phase shift of 0°-180°. The pole frequencies (i.e. the
frequency at which phase-shift is 90°), transconductance
(gmp) and current consumption values at these temperatures
are provided in Tab. 3.

Tab. 3. Simulated parameters for CM APF at different
temperatures.

The transistors are also sized appropriately to reduce
the affect of device mismatches on the pole frequency.
Monte-Carlo analysis with 500 runs at 27 °C gives
1o = 40.5 kHz, which is about 0.08%. Transient analysis of
the circuit at 27°C and input frequency of 512 kHz is
shown in Fig. 5 and the output THD is less than 2%. The
linear range of the circuit, as shown in Fig. 6, is obtained
using DC simulation and can be extended further by
increasing the tail bias current which leads to increased
power consumption.
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Fig. 5. Transient simulation with input signal of 100 puA pp.

and 512 kHz frequency.

60.0u. DUM)

soou_|
so0u—
s00u_|
so0u|

2000

Current (A)

100U

oou|

1000

2000

3000

4000

-500U_|

T T T T T T T T T T T T T T T
400U -120.00 10000 -E0.0U 600U -40.0U -20.00 00U 200U 400U 600U SO0 100.0U 12000 14000
Current (A)

Fig. 6. Linear range of the designed CM APF.

4. Concluding Remarks

A new CMOS-based CM first-order APF using only
ten transistors, no external resistors and one external ca-
pacitor is proposed. Unlike the ABB based approach, the
solution provides direct and compact CMOS realization of



642 A. LAHIRI, NEW CMOS-BASED RESISTOR-LESS CURRENT-MODE FIRST-ORDER ALL-PASS FILTER USING ONLY ...

the circuit. A 512 kHz pole frequency (at typical process
and 27°C) CM APF is designed in 40nm CMOS tech-
nology with £1.25V supply and verified using SPICE
simulations. It is believed that the circuit would be useful
to both the workers and researchers in the field and more
compact and low-power CMOS realizations of the CM
APF are proposed in the near future.

5. Appendix

This section provides full nomenclature of the
aforementioned ABBs.

CCII: Second-generation current conveyor

CCIII: Third-generation current conveyor

MOCCII: Multiple-output second-generation current
conveyor

FDCCII: Fully-differential second-generation current
conveyor

CCCII: Second-generation current-controlled con-
veyor

CDBA: Current-differencing buffered amplifier

CDTA: Current-differencing transconductance am-
plifier

OTA: Operational transconductance amplifier

DVCC: Differential voltage current conveyor

FTFN: Four-terminal floating nullor
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