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A CMOS V–I Converter With 75-dB SFDR and
360-�W Power Consumption

Sotir Ouzounov, Student Member, IEEE, Engel Roza, Johannes A. (Hans) Hegt, Senior Member, IEEE,
Gerard van der Weide, and Arthur H. M. van Roermund, Member, IEEE

Abstract—This work describes a method for analysis of
voltage-to-current converters (V–I converters or transconductors)
and a novel V–I converter circuit with significantly improved lin-
earity. The new circuit utilizes a combination of cross-coupling and
local resistive feedback for a significant, simultaneous suppression
of the third- and fifth-order harmonic distortion components in
the transconductor characteristics. An evaluation of the optimal
circuit dimensioning is shown. Simple and robust design rules
are derived for the chosen operation conditions. The transistor
implementation is presented and a prototype V–I converter is
realized in a digital 0.18- m CMOS technology. The measured
spurious-free dynamic range is 75 dB in a frequency band of
10 MHz. The circuit occupies less than 0.02 mm2 and dissipates
360 W.

Index Terms—CMOS transconductors, harmonic balancing, lin-
earization.

I. INTRODUCTION

C IRCUITS that convert the voltage applied to their input
terminals into output current are generally referred to

as transconductors or V–I converters. These circuits are basic
building blocks in many applications. The precision of the V–I
conversion, with respect to the introduced distortion and noise,
can be a limiting factor for the precision of the overall signal
processing. There are numerous works that treat the improve-
ment of the V–I conversion, in different application contexts
and via different techniques [1]–[6]. In some recent, high
performance designs [7], [8] a combination of linearization
techniques is used. In this paper, first, an approach for a gener-
alized mathematical treatment of the V–I function is suggested.
It explains and confirms the potential of the combined lin-
earization techniques to achieve better linearity. Second, a new
circuit solution based on MOS differential pairs is described as
an example of the implementation of that approach. Then the
realization of this circuit is shown and the performance-limiting
factors are discussed.
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II. LINEARIZATION OF THE V–I FUNCTION

The operation of the V–I converter is described by the func-
tion , where and are, respectively, the applied
input voltage and the output current. For a differential circuit
in equilibrium (symmetric biasing and lack of excitation signal)
the function reduces to a constant: the static transconduc-
tance value . The transconductor circuit is linear for a cer-
tain input voltage range: , if for that range is equal to
the equilibrium value. The influence of the circuit parameters on
the linearity of can be investigated via a Taylor expansion
of the function around the equilibrium point. For a
fully differential circuit this expansion is given in the form

(1)

where the parameters are determined from the particular cir-
cuit implementation. For a harmonic input of the type

, and after grouping of the frequency components, (1)
can be rewritten in the form

(2)

From (1) and (2), the goal of the linearization would be to
design and parameterize a circuit solution in a way that the har-
monic content is significantly suppressed. For example, a simul-
taneous minimization of the parameters and in (1) and
(2) would lead to a major suppression of the third harmonic and
a simultaneous reduction of the fifth. That would require a cir-
cuit with enough degrees of freedom—a combination of param-
eters that would allow cancellation or significant suppression of

and . As it will be shown, such a circuit can be imple-
mented via a combination of two cross-coupled resistor-degen-
erated CMOS pairs (Fig. 1).

III. V–I CONVERTER ANALYSIS AND DESIGN

In Fig. 1, the proposed circuit solution is shown. The basic
transconductor core consists of two input pairs – and

– . Each of these pairs has a local resistive feedback and
a split tail current source implemented, respectively, via and

, and , and . The two input pairs are cross-coupled at their
drains.

0018-9200/$20.00 © 2005 IEEE

Authorized licensed use limited to: IEEE Xplore. Downloaded on January 21, 2009 at 06:47 from IEEE Xplore.  Restrictions apply.



1528 IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 40, NO. 7, JULY 2005

Fig. 1. Basic transconductor circuit.

A. Initial Assumptions

The circuit is analyzed according to the approach described
above with the following initial assumptions.

• The circuit solution is regarded as fully balanced (differ-
ential). In such a case, all even-order distortion compo-
nents can be neglected. In a practical situation, the device
matching and the bandwidth of the common-mode oper-
ation are limiting factors. Those will be discussed in Sec-
tion IV-B.

• The basic quadratic dependence [9] for a CMOS dif-
ferential pair in saturation, with tail current and

is used in the formula

(3)

The channel length modulation is initially neglected. For
the submicron process that was used for prototyping, this
assumption might be an oversimplification. This will be
discussed further in Section IV-A.

• The reactive effects in the circuit are not included in the
mathematical evaluation. The static and the dynamic lin-
earity (the response of the system to dc and harmonic
input excitations) are assumed equal for low frequencies.
The actual bandwidth and the reactive effects are dis-
cussed in Section IV.

The relation for the circuit of Fig. 1 can be derived
in the following steps. First, the relation (4) for the
two input pairs is derived. This inverse expression of the input-
output function is used due to the simplicity of the derivation

(4)

where the index refers to pair one and pair two. Second,
the two equations (4) are Taylor expanded and represented in
the inverse form: , and finally the cross-coupling
is taken into account via a subtraction of the output currents:

. The resulting expressions for the coeffi-
cients in representation (1) are as follows:

(5.1)

(5.2)

(5.3)

Equations (5.x) give the relation between the circuit parame-
ters that can ideally fully eliminate the unwanted harmonic con-
tent. However, they are rather cumbersome and at the same time
create a multidimensional design space. In order to derive im-
plementable design rules from the above relations they are fur-
ther simplified, as follows.

B. Parameterization and Optimization Procedure

A simple approach that gives more insight in the circuit oper-
ation and reflects its structure is to represent the parameters of
the two transistor pairs as ratios, i.e., as a relation between the
dimensioning of the two pairs

(6)

Then using (5) and (6), (1) is rewritten in the form

(7)
where and . The ratios (6) were
determined after an optimization procedure of (7). The goal of
the optimization was to find a global optimum that would lead
to a cancellation or significant suppression of the harmonic con-
tent and would not greatly deteriorate the signal component. The
optimization range was bounded for practically implementable
ratios (good matching for a reasonable chip area). Several ob-
servations have to be pointed out:

• The linearization mechanism is to a great extent indepen-
dent of the absolute values of the design parameters (cur-
rent consumption, resistors and transistor sizes). As ar-
gued later, when those are increased, the linear input range
also increases.

• Primary concerns for the choice of absolute parameter
values are the application specifications for noise and
bandwidth.

• The impact of the technology with respect to the available
voltage room has to be taken into account.

The optimization procedure showed that the third- and fifth-
order harmonic components are minimized, for

(8)

Moreover, the functions , have rather flat
minima (see Figs. 2 and 3), so the minimization of the harmonics
is not very much dependent on the absolute accuracy (matching)
of the ratios (8). Due to this flat optimum, the linearization is
also robust to technology spread and temperature variations. By
substitution of dependencies (8) into (5.1), it is estimated that
the transconductance value of this circuit is decreased by
25% with respect to that of a single differential pair with the
same size and current settings, while and are ideally fully
cancelled. This small reduction of the intrinsic transconductance
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Fig. 2. Graphical evaluation of the optimal parameterization for the v

harmonic component.

Fig. 3. Graphical evaluation of the optimal parameterization for the v

harmonic component.

makes possible the realization of the required linearity and noise
specification with relatively low power consumption.

Up to now, we established optimal ratios between the two
parts of the proposed V–I converter that would lead to minimal
harmonic content. The actual circuit dimensioning is done in
the context of a particular application that sets the requirements
toward the current consumption, signal-to-noise-and-distortion
ratio (SNDR), and bandwidth. The proposed circuit was used as
a building block in a - filter for a continuous-time sigma-
delta modulator. The specifications are defined as a SNDR of
75 dB, a maximal differential input signal of 400 mV peak-to-
peak, and a bandwidth of 10 MHz.

The input dynamic range is estimated by solving (4) for the
boundary condition , when only one transistor in the
input pairs carries the entire tail current, ideally assuming the
other is fully off. That corresponds to

(9)

where are threshold voltages of the input transistors. From
(6) and (9), the two input pairs have different dynamic ranges
due to the different dimensioning. The dynamic range with max-
imal linearity for the whole V–I converter is then determined by
the dynamic range of the smaller pair [pair 2, according to (6)].
After the overload of the smaller pair the stage operates close to
a single, resistor-degenerated pair. This behavior is illustrated in
Fig. 4.

Formula (9) gives an indication for the required currents, bi-
asing, and resistor values. An important note is that the resistors

are just modifying the transconductance characteristics and

Fig. 4. Simulated THD, 5–MHz input, A-B region with maximal linearity, B-C
region single degenerated pair operation.

can be quite small with respect to the reciprocal of the transcon-
ductance of the complete stage. For the final transistor sizing,
the following nonidealities are taken into account.

IV. NONIDEALITIES IN THE TRANSCONDUCTOR

IMPLEMENTATION

A. Thermal and Flicker Noise

The thermal output noise current of the V–I converter is a
combination of the noise generated in the input pairs, the tail
current sources, the active load, and the degeneration resistors.
An analysis of the influence of the combination of the two pairs
on the noise and the signal-to-noise ratio (SNR) shows that the
noise increases due to the cross-coupling of two pairs with dif-
ferent sizes to a much less extent than the linear input dynamic
range. That leads to an improvement of the overall SNR.

In the submicron process that was used for prototyping, the
flicker noise also has a significant impact in the frequency range
of interest. In the current design, a simple increase of the device
sizes was used to decrease the flicker noise. A transistor length
of m was used for the transistors
that determine the noise performance. The width (the W/L ratio)
is determined from the requirements discussed up to now. The
increased transistor sizes lead to two additional benefits:

• the effect of the channel length modulation is significantly
decreased;

• the larger size of the devices assures better matching.

B. Mismatch and Reactive Effects

As already stated, the linearization mechanism is rather in-
sensitive to mismatch. Moreover, the target bandwidth specifi-
cation of 10 MHz is relatively modest for the chosen technology
for prototyping. That allows a significant increase of the device
sizes and additionally alleviates a possible matching problem.
The evaluation of mismatch showed that the even-order har-
monics remain significantly lower (at least 5 dB) than the odd-
order terms. However, in the layout special care was taken for a
very good symmetry between the two differential branches and
equal electrical and mechanical environment.
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Fig. 5. Circuit schematic of the proposed V–I converter.

The full circuit schematic including the common-mode feed-
back is shown in Fig. 5.

In the design of the stage, care is taken that the following
reactive effects do not decrease the performance in the specified
band of operation:

• the decrease of the common-mode rejection ratio at high
frequencies due to the source capacitances of the differ-
ential pairs;

• the bandwidth of the common-mode feedback;
• the different frequency responses of the two input pairs

due to their different sizes (8).

V. EXPERIMENTAL RESULTS

The V–I converter was fabricated in a standard 0.18- m five-
metal digital CMOS process. The resistors are implemented in
the n+ poly layer. The occupied area is less than 0.02 mm and
200 A are consumed from a 1.8-V power supply.

The evaluation of a standalone V–I converter is very compli-
cated because of the very low level of the output signal. The
difference between the two output currents is converted into a
voltage across an external resistor and this voltage is then mea-
sured. For a correct evaluation, this resistor should be small with
respect to the output impedance of the stage, so that the op-
eration of the circuit is not influenced. A 10-k resistor was
used whereas the output impedance the V–I converter is approx-
imately 1.5 M . A second limitation is the limited bandwidth
of the setup due to the capacitive load built-up by the internal
protection ring and the packaging. This load was estimated to
be in the order of 2 pF.

TABLE I
MAXIMAL MEASURED INL, % FULL SCALE (�V )

Fifteen ICs from a single batch were evaluated via static and
dynamic measurements.

A. Static Measurements

Via a static measurement, the output signal as a function of a
dc sweep of the input voltage was established. The measurement
was done with a digital multimeter in differential mode. For
a quantitative evaluation, the integral nonlinearity (INL) was
calculated. The measured characteristic was subtracted from an
ideal straight line generated via a least mean square (LMS) fit.
The results are summarized in Table I.

B. Dynamic Measurements

The dynamic performance of the V–I converter was evalu-
ated with the measurement setup shown in Fig. 6. The output
of the signal generator (SG) was low-pass filtered in order to
assure spectral purity of the input signal. At the input and at
the output, respectively, single-ended-to-differential and differ-
ential-to-single-ended conversion of the signals was done via

Authorized licensed use limited to: IEEE Xplore. Downloaded on January 21, 2009 at 06:47 from IEEE Xplore.  Restrictions apply.
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Fig. 6. Dynamic measurements setup.

Fig. 7. Measured SFDR with 4.9-MHz sine input signal in a frequency band
between 4.8 and 15 MHz.

transformers. The output signal was measured with a spectrum
analyzer (SA) in a low-distortion mode. Due to the very small
levels of the measured signal, the resolution of the measurement
setup was limited to 78 dB. A second harmonic at 75 dBFS
that originates from the limited dynamic range of the spectrum
analyzer in a low-distortion mode is limiting the measurable
SFDR.

For a full-scale 4.9-MHz input signal, a SFDR of 75 dB was
measured (Fig. 7).

This SFDR is determined from the second harmonic distor-
tion component as stated above. The third harmonic is 1–3 dB
lower than the second harmonic in all measured samples. The
distortion behavior with respect to the frequency of the input
signal is plotted in Fig. 8. The measured SFDR is almost flat up
to approximately 10 MHz. For higher frequencies, the SFDR
starts to decrease, mainly due to the attenuation of the signal
component. In turn, both even- and odd-order harmonics start to
increase, mainly due to the different frequency behavior of the
larger main differential pair and the smaller supplementary pair.
That deteriorates the effectiveness of the harmonic suppression.

The IC specifications are summarized in Table II, and in
Fig. 9, a die photograph is shown.

VI. CONCLUSION

The possibility to design transconductors with improved
linearity via a combined application of linearization techniques
was investigated. An integrated CMOS V–I converter has been

Fig. 8. SFDR with respect to the frequency of the input signal.

TABLE II
SUMMARY OF MEASURED PERFORMANCE OF THE V–I CONVERTER

Fig. 9. Chip photograph.

presented that achieves an SFDR of 75 dB for a differential input
signal of 400 mV peak-to-peak in 1.8-V technology. The low
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power consumption of 360 W is due to the utilized linearization
principle that allows simultaneous suppression of third- and
fifth-order harmonic components in the V–I characteristic
with only 25% decrease of the transconductance of the basic
differential pair. Due to the flat optimal parameterization, the
circuit is relatively robust to process spread and temperature
variations.

A boosting of the output current is recommended in order to
facilitate the measurement of the standalone V–I converter and
show the full potential of the presented technique.
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