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Abstract. An integrated voltage controlled current scalor is presented. The
circuit, based on a current amplifier with voltage controlled amplification, was
designed in a 0.35 um AMS technology. A theoretical analysis and smulation
resultsfor several linear and nonlinear impedances are given.
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1. Introduction

The x-controlled current scalor, where x can be a voltage or a current,
has been introduced by Goras (1979) as a particular case of the x-controlled

power scalor.
The linear x-controlled power scalor (LXCPS) has been defined as a

nonlinear four-port characterized by the following transmission matrix between
ports 1 and 2:

" Corresponding author: e-mail: mmocanu@etti .tuiasi.ro


mailto:mmocanu@etti.tuiasi.ro

54  ManudaMocanu, Rizvan Vieru, Arcadie Cracan, Pavel-Viorel Brinzoi and Liviu Goras

éK,x 0
T1-P2|_ =& . 0 D
L) g0 KiXH

where x and X’ can be currents or voltages applied at the remaining ports.

The linear x-controlled voltage scalor (LXCVS) and the linear x-
controlled current scalor (LXCCS) are nonlinear three ports characterized,
respectively, by the transmission matrices between ports 1 and 2
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the controlling variables x and X’ being applied at the third port.
Theimpedance Z;(s) “seen” at port 1 of an LXCPS loaded at port 2 with
Zx(9) is

KyXZ,(8)

Z,(s) = K x'

©)

Making use of theloop or cut-set equationsit is easy to prove the following

Theoreml An LXCPSloaded at port 2 (1) with an arbitrary linear
one-port, behaves at port 1 (2) like the initial one-port having the resistances,
inductances, and elastances multiplied by K,x/K;x" (K; X/ K,Xx).

If controlled sources or coupled inductors are present, the theorem is
valid according to the dimension of the parameters; dimensionless parameters
do not change.lnvoking piece-wise linearization, the above theorem can be
extended to nonlinear networks.

Theorem2 An LXCPS loaded at port 2 (1) with an arbitrary
nonlinear one-port, behaves at port 1 (2) like the initial one-port having the
eements characteristics scaled by Kx (/K\X) on the v- and ®-axis and by Kix’
(VKix)) on thei- and g-axis.

If X is a voltage, the above scalors are obviously voltage controlled.
Moreover the voltage controlled current scalor can be considered as a circuit
dual of that exhibiting the well-known Miller effect and having as ingredient the
presence of a double controlled current source. In a previous work of one of the
authors (Goras, 1979) two implementations with discrete components of the
LXCVS and LXCCS are reported. The aim of this paper is to present an
integrable version of a voltage controlled current scalor based on a variable gain
current amplifier designed in a CM OS technology.

2. Principle of Operation

The proposed structure implements in CMOS technology the schematic
shown in Fig. 1. Unlike the solution proposed by Goras (1979) in this one the
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unity term that appears in the denominator has not been absorbed in the
controlling factor. Besides, the control voltage is not necessary linear.

Fig. 1 — Idea representation of the proposed structure.

From elementary considerations, the impedance “seen” at port 1-1'
while port 2-2' is loaded with alinear impedance Z(s) is

_Z(s
Z,(s)= m (4)

From the above equation it is clear that the impedance Z(s) can be
scaled by means of the current gain, k, which will depend on a control voltage,
Vc . Both negative and positive scaled impedances can be obtained depending
onthesignof 1+ k(Vc).

The simplified structure of the proposed current controlled impedanceis
shown in Fig. 2, being based on a series-shunt feedback amplifier (Sansen,

2006).
Mp2 7} {JMpl
=7

vB-—>_||: Mnl
R’

W node 1

*IRC

input

AAL

Fig. 2— Simplified structure of the voltage controlled impedance.

The structure consists of a current amplifier working with an
operational amplifier implemented as a simple one-stage NMOS differential
amplifier and two resistances, R; and Rc , the latter being that which will
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provide the control of the gain factor. Other ways of obtaining continuous gain
adjustment in current amplifiers are reported in some works (Koli, 2000;
Toumazou et al., 1990). For identical geometry of the CMOS transistors, the
current gainis given by

k=1+%. (5)

The advantages of the proposed schematic are that the current gain
depends only on a resistors ratio and the input impedance is very low, ideally
zero. This represents an advantage in comparison with the structure reported by
Aguado Ruiz et al. (2011).The current flowing through the impedance Z(s) we
intend to scale, is k times amplified by the current amplifier, copied by the
simple PMOS current mirror and injected into the input node. The main
problem that appears when the resistor value, Rc, is changed is that it influences
the DC potential of the source of transistor Mnl. The solution adopted in this
work keeps the DC potential at node 1 constant preventing the operating point
of transistor Mnl from changing, when modifying the value of Rc . The
proposed solution is to use an additional current source implemented by
transistor M5, as shown in Fig. 3. By choosing an appropriate value for its gate
source voltage, we keep the MO NMOS transistor implementing the Rc
resistance in deep triode region. Therefore transistor MO behaves as a variable
resistance, whose value is given by

1
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Fig. 3—The proposed current controlled impedance.

where u, represents the NMOS transistor mobility, Cox — the transistor
gate capacitance and W/ L —the transistor aspect ratio.
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From (6) it can be concluded that a way of changing its equivalent
resistance is to modify its gate source potential. In order to obtain a linear
current gain we must ensure that both R; and Rc are linear. R; is implemented
using a 0.35 um AMS technol ogy rpolyh resistance whose value is 30 kQ, while
Rc isimplemented using an NMOS transistor. For its equivalent resistance to be
linear, we must ensure that it operates in deep triode region (Johns & Martin,
1997). Therefore, the following condition must be satisfied:

VDS < 2(\/GS - VTH) ) (7)

where Vps represents the transistor drain source voltage, Ves — the transistor
gate source voltage and Vi — the transistor threshold voltage. In the following a
mechanism that keeps the drain source voltage of the transistor implementing
Rc very small is presented. It is based on choosing an appropriate value for the
gate-source voltage of transistor M5 so that its drain source voltage equals Vrer.
Acting in this manner, the drain source voltage of MO transistor working as a
variable resistance is theoretically zero ensuring its operation in deep triode
region. As a consequence, the DC potential at node nl remains unchanged,
being equal to Vger regardiess of the variations of the gate potential of the
transistor implementing Rc . The current gain amplifier is thus affected in a
linear way by keeping the NMOS transistor implementing Rc in deep triode
region. Imposing the potential at hode nl equal to Vrer, the necessary voltage
Vo1 to be applied at the gate of transistor M5 is given by

4(\/5 B VREF)/ Pl
MG, W/ L)AL+ Vi) '

Var =Vin +\/ (8)

where /) represents the channel length modulation coefficient.
By replacing Z, in Fig. 3, with aresistance, a capacitance, or adiode, we
obtain a scaled resistor, a scaled capacitance or a scaled diode, respectively.

3. Simulation Results

The structure was implemented in a 0.35 um AMS technology provided
by AUSTRIA MICROSYSTEMS. The program used for performing the
simulation was Mentor Graphics. The performances of the simple one-stage
operational amplifier are summarized in Table 1.

We keep the R; value fixed while changing the value of Rc . R is
modified by changing the gate potential, Vc, of the NMOS deep triode region,
MO. For V¢ varying between 1.5 V and 3.3 V the R resistance and current gain
kvalues aregiven in Table 2.
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Table1 Table2
Performances of the Smple Differential Rc and k Values for Different V¢
Amplifier Voltages
Unity Phase Ve, [V] Rc, [kQ] k
Gain | Bandwidth gain margin 1.5 3.86 8.77

dB KHz bandwidth degress 23 1.06 29.3

MHz 3.3 0.8 38.5
52 745 158.08 70

First, the impedance to be scaled, Z, has been replaced with a 1 kQ
resistance.
The equivalent resistance seen at the input node, vy, is given by

R
A

9)

The resulting DC characteristics are shown in Fig. 4 for three different
values of V¢ voltage The simulated equivalent resistance values as well as the
calculated ones are givenin Table 3.
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Fig. 4 — DC characteristics of the scaled resistance.
Table3
Smulated and Calculated Requ Values for Different Ve Voltages
vV [V] Simulated REQU Calculated REQU
co values, [kQ] values, [kQ]
1.5 0.17 0.2
2.3 0.033 0.039
3.3 0.024 0.028

A periodic steady-state analysis was performed using a sinusoidal
current source at the input node, in order to measure the total harmonic
distortion (THD) of the circuit. The simulation results, for different input
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current signal amplitudes varying from 1 uA to 5 uA, are shown in Fig. 5.
Three different values for V¢ voltage source have been considered: Ve = 1.5V,
Vc =23 V, Vc =3.3V.
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Fig. 5— Total Harmonic Distorsion Coefficient.

Next we replace the impedance Z with a PMOS transistor in diode
configuration. The static characteristics of the diode current as a function of the
voltage across it are shownin Fig.6.
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Fig. 6 — Static characteristics of the diode-connected transistor.

The equation describing the scaling of the PMOS diode connected
current—voltage characteristicsis

= (1K)l g NN - 10, (10)

where: i represents the current flowing through diode connected transistor, lss—
the diode saturation current, V,y — the input voltage source used to determine the
static current—voltage characteristics, Vg — the DC voltage source applied at the
positive input terminal of the AO implementing the current amplifier and V¢ —
the thermal voltage.
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Last, we replace Z with a 1 pF capacitor C. The equivalent capacitance
seen at hode vy is given by

Ceu =(L+K)C. (11)

The AC plots showing the magnitude and phase of the equivalent input
capacitance are shown in Fig. 7 for different V¢ voltage source values. The
simulated equivalent capacitance values as well as the calculated ones are given
in Table4.

Table4
Smulated and Calculated Ceoy Valuesfor Different V. Voltages
Ve [V] Simulated CEQU Calculated CEQU
’ values, [pF] values, [pF]
15 12.8 9.77
2.3 335 30.3
3.3 4.1 39.5

The difference between the simulated and calculated equivalent input
capacitance is a consequence to the fact that the actual value of the capacitance
C we want to scale is 1 pF plus the value of the parasitic capacitances at the
node viy.
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Fig. 7 — Magnitude and phase of the equivalent input capacitance.

4. Conclusions

In this work, an integrated voltage controlled current scalor is presented.
The circuit is based on a current amplifier with voltage controlled amplification.
A solution is proposed that prevents the circuit's DC operating points from
changing, while continuously varying the current gain. Several linear and
nonlinear elements are scaled in order to show the circuit principle of operation.
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SCALOR DE CURENT CONTROLAT IN TENSIUNE
(Rezumat)
Se prezinta un scalor de curent controlat in tensiune. Circuitul se bazeaza pe un
amplificator de curent cu amplificare controlata Tn tensiune si este redlizat intr-o

tehnologie de 0.35 um. Sunt date rezultate teoretic si simulari pentru a evidentia
principiul de functionare a circuitului.








