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ABSTRACT

A current-mode square-root domain filter based on a new geometric-mean circuit is
presented. The circuit is a tunable first-order low pass filter, working in low voltage, and
featuring low nonlinearity. It employs MOSFETSs that operate in both strong inverted
saturation and triode regions. Simulation results by HSPICE confirm the validity of the
proposed design technique and show high performance of the proposed circuit.
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1. INTRODUCTION

Companding process (compressing and expanding) as an attractive
technique in analog circuit designs have drawn the attention of many
researchers. In a filter employing companding technique, the circuit is
internally nonlinear and the dynamic range (DR) of its signal is different at
various points of signal path, and still, the resulting input-output current
relationship is linear. The main advantage of these filters is their large
dynamic ranges in low voltages, caused by voltage swing reduction at
internal nodes. The first implementation of companding systems employed
the exponential 1-V characteristic of bipolar transistors that led to the log-
domain structures [1, 2]. Developments in CMOS circuits and also
similarity in 1-V characteristics, caused the bipolar transistors were
substituted by MOS transistors operating in weak inversion region [3].
However, the effects of limited speed and transistor mismatches restricted
their applications. Afterwards, companding systems employed MOS
transistors in saturation region based on voltage translinear principle and
class-AB linear transconductors that led to Square-Root-Domain (SRD)
structures [4-14]. The main drawback of these topologies is that for correct
operation, all MOS transistors of the circuit must work in saturation region.
If, in some conditions, the transistors are forced to enter in triode region, it
will invalidate the MOS translinear or transconductance principle. This
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restricts the input range and affects the linearity. In this work to overcome
the above problems in SRD filter, a new approach in which MOS transistors
operate both in saturation and triode regions is proposed [15]. The
simulation results of the proposed circuit show less nonlinearity and less
total harmonic distortion (THD) compared to those reported before [4]-[8].
This paper is organized as follows. In section 2, the basic principle of
current-mode SRD filter operation is presented. In section 3 a divider-square
root-multiplier (DSM), as the basic building block of the filter, is presented.
This DSM has been realized by using of a new geometric-mean circuit. In
section 4 a current-mode first-order LPF is designed. The simulation results
of the filter show that the circuit has favorable characteristics.

2. BACKGROUND STUDY
In a current-mode first-order low pass filter and in Laplace domain, the
output current 1 ,, and input current 1, are related as:
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in which, A is the DC gain and «, 1 is the cutoff frequency of the filter.
T

In time domain eqgn. (1) can be written as:
T%—i_lout:Alin' (2)
Also in the circuit shown in Figure 1, the I-V relation of MOSFET MF in
saturation region can be expressed as:
—av,
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transconductance parameter and V, is the threshold voltage of MOS
transistor.
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Figure 1: SRD filter principle
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Using (3) in (2) and also using equation 1, = CT result:
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in which, tuning currents 1., and 1., are given by:
2 2
Itunel = (C;)C) 1 tune2 :M : (5)
B 2p
Eqgn. (4) describes the internal nonlinear dynamic operation of the filter;
nevertheless, the 1., — 1, relationship remains linear as described by (2).
The cutoff frequency and dc gain can be written as:

a)c — \/Zﬂltuna ’ A= {Itunez . (6)
C Itunel

The divider-square root- multiplier operator(DSM) is defined as:

s ™

y
Therefore the right hand side of eqn. (4) is subtraction of two DSM
operators with different inputs and outputs.
Figure. 2 shows the symbol of the DSM operator and Figure. 3 shows the
block diagram of the current-mode first-order LPF which consists of two
DSM, one capacitor, two MOS transistors (MF1, MF2) and two current

mirrors (CM1,CM2).
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Figure 2: DSM operator symbol
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Figure 3: Block diagram of the LPF filter
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3. Circuit Design

3.1 Geometric mean

Figure. 4 shows the proposed geometric-mean circuit that consists of two
input current mirrors (CM1, CM2), two Vthlevel shifters, two isolating
MOS transistors (M7, M8), and a output current mirror (CM3). I, and I, are

input and 1, is the output of the geometric-mean.
In this circuit, transistors M1, M2, M3 and M4 are identical
B=p5,=p=6,=)and also g =p. As the figure shows transistors M1

and M2 of the input current mirrors are always in saturation region and the
I-V relationship of them are represented respectively by:

21

Vg~V = ﬂx )
21
ng _Vth = 7), . (9)

The drain voltages V,, and V,, are determined by:
Vd3 :ng _Vth (10)
Vaa =Vg —Vin - (11)

Figure 4: Geometric-mean

The operation regions of transistors M3 and M4 are explained as follows. It
can be shown that when input current I, is higher than input current

I,(1,>1,) or equivalently(V,, >V,,), transistor M3 operates in triode

region andtransistor M4 operates in saturation region. Similarly when input
current 1y is less than input current 1 (1, <1,) or equivalently (v, <V,),

M4 operates in triode region and transistor M3 operates in saturation
region.So the two following cases exist:
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Casel:
Forl,>1,, transistor M3 operates in triode region and transistor M4

operates in saturation region so we can write:
lgs = g [2(Vgl —Vin Va3 _Vd23 ] (12)

laa :g(vgz —Vin )2 : (13)
Substituting (10) into (12) results:
las zg[z(vgl —Vin )(ng —Vin )_(ng —Vin )2] -(14)

The drain current of transistors M5 and M6 can be written as:

I, =14 +14,. (15)
Substituting (13) and (14) into (15) gives:
Iz = ﬂ(vgl _Vth )(ng _Vth ) (16)
and substituting (8) and (9) into (16) results:
1, =211, . (17)

Case 2:
Forl, <1, transistor M3 operates in saturation region and transistor M4

operates in triode region so we have:
lys = g(vgl —Vin )2 (18)

lga = g [Z(ng —Vin )Vd4 _Vd24] . (19)

Substituting eqgn. (11) into (19) results:

s =2 T2z Vi ) (Vs ~Vor )~ (Vy —Vi 1. 20)
The drain current of transistors M5 and M6 are expressed as:
I, =lgg+1y,. (21)

Substituting (18) and (20) into (21) gives:
Iz :ﬂ(vgl _Vth )(ng _Vth ) (22)
and substituting (8) and (9) into (22) results:

1, =2/1,1, (23)
As (17) and (23) show in both cases the circuit acts as a geometric-mean.
The squarer/divider is obtained after few modifications by taking the 1, as
the output, I1,and I, as the inputs, and removing the connection between

gate and drain of transistor M2 and instead biasing transistor M2 and M4 by
connecting their gates to the drain of transistor M8. It results:
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3.2 Vth level shifter

As shown in Figure. 5, the Vth level shifter is realized using MOS
transistors ML1, ML2, ML3 and four equal current mirrors 1,,1,,,1,,and

|b4 (|b1= |b2 = |b3 = |b4 = Ib)'
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Figure 5: Vth level shifter

The voltageV,, in the figure can be written as:

| | |
Vap = (Vi — ﬁ)+(vth+ %)JF(Vm*' %)-(25)
Assuming that K, = K, = 4K, eqgn. (25) can be rewritten as:
Vab =V (26)

This circuit is used as theV,, level shifter of Figure 4.

3.3 Divider-Square root Multiplier

The operation of the Divider-Square root-Multiplier (DSM) as defined in
eqgn. (7) can be rewritten as:

2
|z= M*|X:|z=2 I tune ' (27)
\/ 1 (41, )

Egn. (27) shows that the DSM can be implemented by cascading of, the
previously designed squarer/ divider circuit with input currents 1,1 and
2

tune?
y
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IIX and output current 1, .
y
Figure. 6 shows the block diagram of the DSM. The advantage of cascading
a squarer/divider and a geometric-mean with inverse functions is its ability
to compensate the non-linearity.
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Figure 6: DSM building

4. Simulation Results

Simulation of the current-mode first order low pass filter of Figure 3 is
performed by using HSPICE and with 0.6um AMS CMOS process
parameters. V,, = 2.2V and an external capacitor C=1nF were employed. The
aspect ratios of the NMOS and PMOS transistors (except for the Vth level
shifter transistors ML1, ML2, ML3) were chosen 61.2um/4.8um and
122.4um/4.8um, respectively. The aspect ratio of transistor ML1 in Vth
level shifter was chosen 12um/2.4um and for ML2 and ML3 it was
24um/4.8u. As mentioned in section 2, the frequency response of the
proposed filter is tunable. Using 15uA for the tune currents 1., and 1., a
transient simulation was carried out. Figure 7 shows the time response of the
filter for a sinusoidal input current with 19uA peak-to-peak amplitude, DC
bias current 10uA and frequency of 2 kHz.

As the figure shows the distortion of the output current is negligible and the
input-output current relationship is linear. This is in spite of the fact that the
capacitance voltage in the lower half of the signal is strongly distorted,
meaning that the system is internally nonlinear. Figure 8 shows the
simulation results of the frequency response for different tuning currents,
ranging from 1.4 = lyne = 0.4UA to 40uA (from left to right). The results
are approximately equal to the expected results from eqgn. (6). Figure 9
shows the nonlinear behaviour of the output current by using Total
Harmonic Distortion (THD) with a 4096 point Fast Fourier Transform
(FFT). The worst-case THD of the output current is less than -51db (0.28%)
for the input amplitudes close to the DC current bias. The comparison of the
results with those reported in other works [4]-[8], shows 10db lower THD
and more tuning current.
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5. CONCLUSIONS

Using MOS transistors operating in both saturation and triode regions a new
current-mode geometric-mean structure for low voltage square-root domain
filters is presented. The proposed circuit has low nonlinearity and high
dynamic range. Simulation results of a first-order LPF show that the
proposed technique is applicable to design filters with very low voltage
requirement. Since the time-dependent state-space equation of a higher-
order linear filter can be reduced to a set of first-order differential equations,
the technique can be readily extended to the higher order configurations.
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Figure 7: Time response of the LPF; a: Input and output currents, b:
Capacitance voltage
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Figure 8: Frequency response of the LPF (for Itunel from 0.4uA to 40uA
from left to right)
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Figure 9: nonlinear performance of the LPF
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