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Abstract: In this paper we present a novel CMOS second generation voltage conveyor
(VCII) topology featuring a wide voltage swing both at the X terminal and at the Z terminal.
The VCII consists of a regulated common gate configuration at the Y current input terminal
and a class-AB complementary-MOS closed loop output voltage follower that ensures the
voltage buffering action between the voltage input X and the voltage output Z terminals. Spice
simulation results using AMS 0.35 um with a 0.9 V supply voltage are provided to
demonstrate the validity of the proposed topology. With a total power consumption of 28 uW,
the VCII achieves a voltage swing at the X terminal of £0.8 V, whereas a £0.72 V is achieved
on the Z terminal. Simulation results for DC and AC voltage and current gains are given, as
well as harmonic distortions and noise figures. A final comparison table is also presented,

where the proposed VCII is compared with other solutions presented in the literature.

Keywords: VCII, Current Mode, Voltage Conveyor Applications, Low Power Circuits,

Rail-to-Rail Circuits.

1. Introduction

The second generation voltage conveyor (VCII) was introduced in 2001 [1] as the dual circuit
of the second generation current conveyor CCII [2-3], in order to be used in applications
requiring voltage-mode processing. Current conveyors derive intrinsic benefits from current
mode signal processing: circuits employing current conveyors, in particular the CCII, exhibit
better frequency performance and simpler circuitry with respect to Operational Amplifier (Op-
Amp) based circuits [4-9]. However, as the CCII lacks a low impedance voltage output port, it
is not suitable for applications requiring a voltage output signal: in these cases, an extra voltage
buffer is required to provide a low output impedance, so leading to higher power consumption
and a larger chip area.

The VCII shows low impedance at voltage output port and allows to overcome CCII
limitation in voltage-mode applications: this makes it the ideal linkage between voltage mode
and current mode processing chains allowing the designer to mix the two approaches and
choose the best for the specific task. The ideal internal structure (a) and the symbol (b) of a
second-generation voltage conveyor (VCII) are shown in Fig. 1, where a clear duality can be
observed with respect to the CCIL. It is composed of a current buffer between Y and X terminals

and a voltage buffer between X and Z terminals.



Unlike the CCII, the Y terminal of VCII is a current input port, showing low impedance Zy
(ideally Zy = 0), X is a high impedance current output port (ideally showing Zx — ), and Z is
a low impedance voltage output port (ideally Zz = 0).

The relationships between port voltages and currents are expressed as follows:

i) =17 alli) L
where VCII+ (VCII-) is identified by a positive (negative) current gain +f (—f), where £ should
be ideally equal to 1, as well as the voltage gain a. Since the Y terminal has a low input
impedance, it can be considered as a virtual ground node. The main features of a VCII can be
summarized by the following three key points: first, unlike other active blocks, current
summing operation can be easily performed at the current input low impedance Y port; second,
as VCII shows a low impedance voltage output Z port, its flawlessly use in a voltage mode
workflow is allowed, giving to the designer the flexibility to easily perform current mode
operations. Finally, positive and negative voltage gains are simply obtained employing VCII+
and VCII-, respectively.

VClIIs are gaining more and more attention as proved by recent literature where many
applications and some topologies for the VCII block have been presented [10-15] but were
based on class-A output stages and suffered from limited voltage swings. When used without
external feedback, the VCII can implement all the standard building blocks such as voltage
amplifiers, current amplifiers, current to voltage amplifiers, transconductance amplifiers,
integrators, differentiators and so on [4]. When used with a feedback path, it can be used to
implement both current-mode (CM) and voltage mode (VM) oscillators (unlike Op-Amps).

The low voltage-low power restrictions imposed by advanced integrated technologies require
the design of a high performance VCII circuit which is able to operate under low supply
voltages and to provide an appropriate voltage swing at the voltage output port. Moreover,
class-AB behavior can often be a key feature to minimize power consumption without
sacrificing performance. These features are fundamental especially for applications such as
sensor interfaces where it is often challenging to achieve good sensitivity and resolution levels.
In [16], some of the authors proposed an improved VCII topology based on a more efficient
high drive class-AB output stage, that is able to provide a load current much larger than the
bias current for large input signals. Other transistor-level implementations of class-AB VCII
have been recently presented [17-18]. The topology in [17] presents a complex structure to

allow a large voltage swing, resulting in an increased power consumption and the need of



several voltage references. The VCII in [18] presents a simpler structure with open-loop
buffers, but this results in higher gain errors and nonideal port impedances.

In this paper, we propose a high-swing VCII topology suitable for low voltage applications,
where the voltage swing has to be maximized to fully exploit the limited supply range. The
topology allows an almost rail-to-rail swing both at X and Z nodes, thus overcoming the
limitations of most of the previously published VCII topologies. Moreover, a class-AB output
stage is exploited, in order to achieve low quiescent current and high current drive capability.
This is achieved with a simpler closed-loop structure, resulting in a low quiescent power
consumption.

This paper is structured as follows: in Section 2, the proposed topology is presented in terms
of internal transfer functions and equivalent impedances at input and output nodes. Simulations
of the topology in the AMS 0.35 um integrated process are presented in Section 3 in order to
highlight performance that can be achieved. Main results and conclusions are summarized in

Section 4.

2. The Proposed Topology

The proposed VCII topology is shown in Figure 2. The current input terminal Y is
implemented through a regulated common gate structure composed by the common gate
transistor M1 and the feedback differential amplifier M2-MS5. The low input impedance is
ensured by the topology as well as by the negative feedback itself. The negative feedback is
responsible also for keeping Y at virtual ground thanks to the voltage at the gate of M3, so
setting the input dc current bias. The current mirror M6-M7 ensures the condition Ix = Iy,
together with almost rail-to-rail operation at node X, only limited by the overdrive voltages of
transistors M7 and MB3.

The input impedance at node Y has been evaluated under the hypothesis that device output
conductance is negligible with respect to the transconductance (gm >> gas), and for
Cags >> Ccp, as follows:

_ 1+sCgs1(Rps2//Rpss)
Zy = Ryo (1+5/w1y) (1+s/way)’ @)

being:

Ryo = L
Y0 = gmil1+gm2(Rps2//Rpss)]

3)

The approximated dominant pole w;y and the second pole w:y are expressed as:



Im1[1 + gm2(Rps2//Rpss)]

Wy = : “4)
YT (Cas1 + Casz) + (Rpsa//Rpss) * [Cos19as1 + Cepr9m1 + Cepagma]
w ~ (C6s1+CGs2)+(Rps2//Rpss)Ces19ds1+C6p19m1+Cep29mz] (5)
¥y = (Rpsz2//Rpss)[Cep1Cep2+(Ces1+C6s2)Cas1l ’
The current gain f is given by:
1
B = (6)

(1+s/w1y)-(1+s/way)’

From (2) and (3) we can say that the impedance Zy behaves like a resonant low-pass filter,
showing a zero and a couple of complex conjugate poles, and can be modelled as a series-

parallel resonance, according to the circuit shown in Fig. 3, where:
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Fig. 1. VCII internal structure a) and symbol b).
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Fig. 2. The proposed high-dynamic VCII.
Reqy = Ryo. (7)



Cgs1(Rpsz2//Rpss) ~ _Cés1 8)

L =
eqy Im1[1+9m2(Rps2//Rpss)] Im19m2’

Ceqv = Cgs1 + Cgsz, )

In order to save the available dynamic of the current buffer, the voltage buffer is implemented
as a push-pull stage with auxiliary amplifiers: the feedback network allows to obtain a unity
voltage gain a, and at the same time to lower both the output impedance at the node Z and the
parasitic capacitance at node X (Cx). The following expressions have been derived when the
positive output voltage peak is considered, i.e., when the transistor M16 is pushing current in

the load, for the output impedance Zz and for the voltage gain «, respectively:

_ 1+5Cgs16(Rpso//Rps11)
2z = Razo (1+s/w12)-(1+s/w2z) 10)
_ 9Ims(Rpse//Rps11) 1+ sCss16/9mie 1)
1+ gms(Rpso//Rps11) (1 +s/w1z) - (1 + 5/wa7)
being:
1
Rz (12)

 Imiell + gms(Rpso//Rpsi1)]’

The approximated expressions for the dominant pole w;z and for the second pole w2z are:

Ims'dmie (13)

a)lZ E )
C6p16'9m16+CGSs16°Ims

_ Cepi6 " Gmie + Cesi6 " Ims
Wyr7 = .

(14)
Cepie * Cosie

Together with the approximations on ggs and Cep, the voltage gain g,,5(Rpso//Rps11) of
the symmetrical (i.e., gmg = gmo) differential pair has been considered much greater than 1.
Similar to Y terminal, from (10) and (12) we can say that impedance Zz behaves like a resonant
low-pass filter, showing a zero and a couple of complex conjugate poles, and can be modelled

again as a series-parallel resonance, according to the circuit shown in Fig. 3, where now:

Reqz = Rzo, (15)
_ Cs16(Rpso//Rps11)? ~ _Casie (16)
€42 ™ [1+gmg(Rpse//Rps11)1[gm16 (Rpso//Rpsi1)=1] — gmsgmie’
Cc Cc
Ceqz = % [1+ gms(Rpse//Rps11)], 17



Fig. 3. Resonant model for the input and output impedances of the VCII.
Finally, the approximated expression for the impedance at node X (which can be modelled

as a parallel of an equivalent resistance and a capacitance) has been determined as:

_ RDSB3//RDS7 _ Rxo
Zy = = , (18)
1+ sCx(Rpsps//Rps7) 1+ sCxRyy
being:
Rxo = Rpsps//Rps7, (19)
C m

5 Cepa(1ezpm) (20)

X = 1+gms(Rpse//Rps11)

The class AB output stage allows to improve the VCII overall efficiency, as the quiescent
current is much lower than the current available for load driving. The output dynamic range at

node Z is limited by the Vs voltages of the output stage devices.

3. Simulation Results

The proposed VCII has been implemented using a 0.35 um standard CMOS technology from
AMS and simulated through the PSpice suite. Current mirrors were designed to source a 3 uA
bias current (MB2, MB3) and a 1.5 pA (MB1, MB4, M20). With a supply voltage of +0.9 V,

the static power consumption stands at 28 uW. Transistor dimensions are listed in Table I.

Table I. TRANSISTOR DIMENSIONS AND PARAMETER VALUES.

Transistor Dimensions (W, L)
M1 60.2 um, 0.35 pm
M2, M3, M8, M9 100.1 pm, 0.35 pm
M4, M5, M10, M11 40.25 pym, 1.4 pm
M6, M7 21 um, 0.7 pm
M19, M18 7 um, 0.35 um
M12, M13 120.05 pm, 0.35 pm
M12, M13 20.3 uym, 1.4 um



MBO, MB2, MB3 10.5 um, 0.7 pm

MB1, MB4, M20 5.25 ym, 0.7 um
M16 20.3 um, 0.35 um
M17 60.9 pm, 0.35 pm

The gain of the feedback differential amplifiers M2-M5, M8, M11, M12-M15 has been tuned
to about 35 dB (Fig. 4). Terminal impedances are reported in Fig. 5, showing, as expected, a
high value of 1.9 MQ at the voltage input X, whereas a low value of 160 Q and 367 Q is
experienced at the current input Y and voltage output Z, respectively. The rail-to-rail
capabilities of this circuit have been tested configuring the circuit as a transimpedance
amplifier (TIA, Fig. 6), injecting a full-dynamic +3 pA ramp current signal at the Y terminal,
while connecting a variable load at the X terminal that varies from 1 kQ to 300 kQ. For this
configuration we can in fact write:

Vout = @V = aRyl, = aRyBl, = Ryl 1)

Such a circuit allows us to evaluate both the X and Z voltage dynamic ranges with a voltage
signal theoretically ranging from -0.9 V to 0.9 V according to the input current. Figures 7, 8,
and 9 show the DC current transfer function between Y and X terminals, the corresponding
voltage signal produced at the X terminal, and the voltage swing at the Z terminal. We can
conclude that the voltage at the X terminal can range between +0.82 V, whereas, at the Z
terminal the swing is equal to £0.72 V. Linearity error has been evaluated as well and plotted
in Fig. 9. It remains always below 2% (calculated respect to the best fit straight line and referred
to the full scale) for gains up to 100 k€2, while it raises to a maximum value of 8% for the full
scale gain of 300 k€2, considering the range of input currents that does not saturate the output
voltage.

The AC performances of the proposed VCII are given in Fig. 10, showing the behavior of
the magnitude of o and S parameters. For this analysis a 3 pF load has been connected to the Z
terminal. The former shows a -0.02 dB magnitude with a bandwidth of 3.2 MHz, while the
latter shows a 0.1 dB magnitude with a bandwidth of 71 MHz. Ultimately, the AC
performances are limited by the voltage buffer. Noise levels are reported in Fig. 11 where the
input-referred current and voltage spectral densities are plotted, respectively, showing a value
of 130 pA/NHz and 182 nV/\VHz at 1 kHz, respectively.

Time-domain simulations were conducted using the same TIA configuration reported in
Fig. 6 at different input current and gain levels (see Fig. 12). Through this analysis both large

and small signal harmonic distortions were evaluated both for the current at X terminal and the



voltage at Z terminal considering a total of 10 harmonics. The former analysis was conducted
injecting a full scale £3 p A current at the Y input with a large 200 k€ gain. Results show that
the THD remains close to -30 dB up to 100 kHz. Small signal harmonic distortion has been

evaluated as well and reported in the same Fig. 13.
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Fig. 9. Voltage swing at the Z terminal, and linearity error.
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Fig. 13. THD performance of the VCII at X and Z terminals.

In this analysis, a 1 pA current has been injected into the terminal Y and a trans-impedance
gain of 10 kQ has been set, so to generate a 10 mV voltage signal at X node. As visible, THD
level remains good for the entire useful bandwidth, being -51 dB at 1 MHz for both Ix and Vz.
Robustness of the proposed architecture was tested as well. Table II reports statistical outputs
derived from 100 Monte Carlo runs at each one of the three PVT corners. Being the main
source of non idealities, o and [ variations were analysed both in terms of magnitude and
bandwidth. Results show a negligible impact of both PVT and random variations, except for

the bandwidth of the a parameter that drops down to 1 MHz when in the slow corner.
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To conclude, a comparison with other works from the literature is given in Table III.
Specifically, the following figure of merit (FOM), introduced in [19], aims to quantify the
dynamic range of each circuit and is evaluated as:

Vpp + |V55|1

FOM =

[nAl. 21

iN,PPmax

where the first term represents the ratio between the total supply range and the maximum
allowable amplitude that can be placed at any input terminal without distortion, and the second
is the overall current that the circuit needs to operate.

From Table III results, we can say that the proposed topology shows the best value for the
FOM, due to its large voltage swing and low static power consumption. The closed-loop
structure allows a very low gain error on the voltage stage, while the much different loading
conditions do not allow an easy comparison of bandwidth and efficiency. Moreover, a large
ratio between max and min values of impedances at the VCII terminals is achieved, making it
particularly versatile in any practical applications, especially those where an external feedback

network is required (e.g., oscillators).

Table II. OUuTPUTS OF THE PVT AND MONTE CARLO ANALYSIS.

| 1Bl a, BW g, BW
u -0.021 dB 0.13dB 2.26 MHz 7.06 MHz
o 0.013dB 0.012 dB 567 kHz 240 kHz
Max 0.002 dB 0.15dB 3.9 MHz 7.12 MHz
Min -0.05dB 0.10dB 1.01 MHz 7.00 MHz
4 mean value; ¢%: standard deviation
Table III. COMPARISON TABLE.
This [4] [17] [18] [20] [21]-a [21]-b [22]
Tech. AMS AMS  LFoundry 0.18um TSMC TSMC TSMC TSMC
0.35pum  0.35um  0.15pm 0.35um 0.18um 0.18um 0.18um
Class AB A AB AB A A A AB
Supply 0.9V £1.65V +0.9V +0.9V +1.65V +0.9V +0.9V +0.45V
ﬁf,ZZZt vCil VeI el VCII  UVCH* Ve Vel VeIl
Ry 1OMQ 1.2MQ 522kQ 274kQ 240kQ 75kQ 75kQ 156kQ
Ry 160Q 6.7Q 23Q 1.88kQ  650mQ 930mQ 930mQ 2.7kQ
R 367Q  0.7Q 160 Q 1.75kQ 1.4 Q 705mQ 35mQ 38Q

13



|al
1]

|a|, BW*

Bl BW

Vz, THD

Ix, THD

Power
consumption

FomM

Data
source***

-0.02dB
0.1dB

3.2
MHz

71
MHz

-50.8
dB

-51 dB

28
uw

20

S.

—0.03dB
—0.1dB

217
MHz

200
MHz

—63 dB

-59dB

330
uw

330

-0.24dB
-0.03dB

55
MHz

155
MHz

-32.4dB

-39dB

120
uw

85

-0.11dB
0dB

100 GHz

170 MHz

1%@
1.78Vpp

1%@
2.4mAy,

179
uw

100.6

S.

0.32dB
N.A.

74
MHz

64
Hz

2.7%

N.A.

mW
4950

M.

-0.28dB
-0.1dB

2.57 GHz

794 MHz

N.A.

N.A.

664
uw

618

P.L.S.

0dB
-0.1dB

1.92
GHz

794
MHz

N.A.

N.A.

622
uw

345

P.L.S.

0.972
0.987

49.2 MHz

225 MHz

N.A.

N.A.

79
uw

196

P.L.S.

*|a|, BW is evaluated with a capacitive load of 3 pF at Z for the presented work, 1 pF for [10] and
unloaded for the others; ** Universal voltage conveyor; *** S: schematic simulations, P.L.S: post

layout simulations, M: measurements.

6. Conclusion

A novel topology of CMOS second generation voltage conveyor suitable for low-voltage,

high dynamic range and high driving capability applications has been proposed and analysed.

Expressions for transfer functions and Input/Output impedances have been evaluated and used

to design a VCII in a standard 0.35 pm process. Simulated performance has been compared to

other implementations reported in technical literature, and better dynamic range and FOM at

low voltage supply has been obtained.
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