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Abstract—A clock-controlled voltage-to-frequency converter in
which the output frequency is proportional to the square root
of the input voltage is described and a detailed error analysis
is presented. Accuracies of about 0.02% of full-scale for the
voltage input range from 1 mV to 10 V have been achieved using
commercially-available CMOS components in good agreement
with theeretical expectations.

Index Terms—Analog-to-digital conversion, flow measurement,
high temperature, precision square-rooting.

I. INTRODUCTION

Voltége—to—frequency converter (VFC) with an output

frequency proportional to the square root of the input
voltage is useful in processing signals from liquid or gas orifice
and venturi flow measurement devices. In such applications,
a frequency measurement would then determine flow rate and
a count totalization over a period of time would determine
yolume delivered in that time period. A clock-controlled VEC
in which the conversion accuracy depends, to first order, only
on reference voltage and clock stability has been described in
the literature [1]. In the present work, this VEC is modified
to produce a circuit with output frequency proportional to the
square root of the input voltage and having the same stability
properties. Indeed, as will be shown later, if the input signal
is the output of a strain gauge bridge pressure transducer
~ powered by a reference voltage, the reference voltage is
ratioed out and only clock stability is important. Use of a
crystal-controlled clock then leads to an exceptionally stable
measurement system.

II. Basic Crcuir TOPOLOGY

The basic topology for the clock-controlled one-shot im-
plementation of the square-rooting VFC is shown in Fig. 1.
In this implementation, the one-shot period, M, is defined by
M = N1, where T, is the period of the system clock and
Ny is determined by selecting the appropriate output tap of the
oscillator-timer integrated circuit. The resistor R4 is connected
to Vier1 during the time M and to ground during the time
(T'— M) through the switches S1, which are a parallel pair of
analog transmission gates driven in anti-phase. The period of
oscillation, 7', of VFC can be determined by writing a charge
balance equation for Cy for one period of oscillation. This is
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Fig. 1. Clock-controlled one-shot or fixed mark implementation of a
square-rooting VFC.

given as

VT Vit M
= =T . 1
R, TR, M
This equation can be rearranged to yield
1 1 Vi 1 W
== t t @)

T - :7_\/[—Vref1 N T, Vies1

The charge balance for one period of oscillation is accurate to
within Vier1 7./ R4 C because the one-shot pulse is only called
on the system clock edge. This is equivalent to the amount
of charge that can be delivered through Ry by Vies1 during
one system clock period, T.. A more detailed description of
this VFC, including timing diagrams, measurement resolution
considerations, etc., can be found in [1].

If switches S2, which are also a parallel pair of analog
transmission gates driven in anti-phase, are used as shown in
Fig. 1, the amplitude of the waveform averaged by the lowpass
filter (Rg and Cs) will be equal to Vieps during the time M and
zero during the time (7" — M). Then V,ave, i.€., the average
value of this waveform for the case when R3Cy — oo, will
be given by

M

= Ve
T £2

_ W‘/refQ
Wefl

Now, if Vier1 18 taken to be V..., as is the case in'the circuit

of Fig. 1,
%ave =V V;fvvref2 (4)

‘/2) ave
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Fig. 2. Circuits for input bias current and input offset voltage analysis of the
integrator and the lowpass filter. For single-ended operation, finite CMRR is
taken into account by adding Vs /(2CMRR) to V.1 and V2.

and the output frequency f will be given by

1 [
f - Nch eref2 . (5)

The effect of a finite R3Cj5 is considered in Section IV.

If a strain gauge bridge pressure transducer powered by
Vies2 is used to measure the pressure drop, its output, Vi,
will be proportional to Viers and Vi will cancel in (5) to
produce a fully ratiometric measurement system with a long-
term stability determined only by the stability of the clock
producing 7. and the properties of the pressure transducer.

III. ERROR ANALYSIS

The effects of mismatches in the “on” resistances of the
switches S1 and of integrator operational amplifier bias cur-
rents, input offset voltage and common-mode rejection ratio
must be considered in the above VFC. The effects of these
nonidealities can be included in writing the charge balance for
C, [Fig. 2(a)] to give

144 + I (Ry +111)
Viefi Vief1

M
i 6
T 1_<1_ V{)Tm—m ©
Vies1 ) Ra+ 111
where
!
Vi :W+V051+m—lBlR2- 0

Similarly, the effect of mismatches in the “on” resistance
of the switches that connect Vieso and ground to the low pass
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Fig. 3. (a) Analysis of the effect of pulse shape and delays on converter
accuracy and (b) finite 7 = R3C3 on converter accuracy.

filter and the effects of bias currents and input offset voltage of
the buffer amplifier can be assessed for a very long filter time
constant by writing a charge balance for the filter capacitor
[Fig. 2(b)] to give ‘

% IEQ(R;’, +'f’h2)

Vs T Vier2

Viet2 1_{_(1*_1\{)7%2—”2 (
T ) Rs+rp
and
V
erefl - V;)ave = <V_f> eref2 + VOSZ

ref2

V. V

75 - fo Vief2
ref2 — 9

t—mMrrz " lee ©

In (6)—(9), the subscripts 1 and 2 refer to amplifier number;
CMRR is the common mode rejection ratio; I and Ig are the
amplifier input bias currents for the inverting and noninverting
terminals; r; and 7;; are swifch resistances when R4 is
connected to V1 and ground, respectively; rn2 and 7o are
switch resistances when R3 is connected to Viere and ground,
respectively; and Vy is voltage across capacitor Cs.

Errors due to the sets of switches S1 and S2 and to imperfect
lowpass filtering as indicated in Fig. 3 are given by the
following expressions. '

A. Error Due to Switches S1 and S2 [Fig. 3(a)]

The frequency error in percent of full-scale is given by

‘ Y Vi
= |5 — 4/ = 10
FSE, % [T ‘/ref2:| = 100 (10)
where ,

M Vi 1
e 11
T\ Ven |, &0 b

NiT,
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Fig. 4. Calculated total worst-case error.

B. Error Due to Finite Lowpass Filter Time
Constant 7 = R3C3 [Fig. 3(b)]

The frequency error in percent of full-scale is given by

M- Vi
== - 0 12
FSE, % T Ve x 100 (12)
where
Vi M LT (1 — e~ (T=M/T))(1 — e~ (/7))
Viez T M 1—e=(@/m) .
(13)

As an example, suppose auto-zeroing amplifiers such as
the TS913A are used in a single-ended configuration with
Vs =15 V. Vgpg can be as high as 15 x4V, the CMRR can
be as low as 110 dB, and the bias currents can be as high as
90 pA with a possible mismatch between I3 and I of 20 pA
at 25 °C. If 4066 CMOS analog switches are used, rp — 7;
can be as high as 50 Q. If B3 = 1 M{2, C3 = 0.22 uF, and
At = —50 nS, a reasonable value for the 4066 switches, the
total error in the output frequency calculated using (6)—(13) is
given in Fig. 4. It appears that 0.02% of full-scale accuracy is
possible at low oscillator frequencies and large R3Ch.

IV. EXPERIMENTAL RESULTS AND CONCLUSIONS

Results of measurements on the circuit of Fig. 1 are pre-
sented in Fig. 5. The clock frequency, f., in each case was
1.024 MHz with N1 = 1024, N: = 512, N1 = 256, and
N; = 128 yielding full-scale frequencies, frg, of 1, 2, 4,
and 8 kHz, respéctively. No adjustments other than the setting
of f. were required to achieve 0.02% of full-scale accuracy
in the input voltage range from 1 mV to 10 V for full-scale
frequencies of 1, 2, and 4 kHz. At a full-scale of 8 kHz,
the error at higher input voltages begins to increase fo a
more substantial level. The calculated error curve shown in
Fig. 4 is in good agreement in both shape and magnitude
with that which was measured. It can be shown that the
errors for (Vi/Viera) — 1 are due primarily to pulse-shape-
related effects, whereas the errors for (V;/Vier2) — 0 are due
primarily to amplifier offset voltages, amplifier finite common-
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Fig. 6. Measured errors as a function of temperature. Error in percent of

full-scale = 100 x [fmeas - fFS \V4 W/%efZ]/fFS-

mode rejection ratios, and to ripple on Vi1 = Viave. The
ripple component of the error cannot, of course, be reduced
without increasing the system response time to changes in V;.

As noted earlier, and as is evident from (5), the voltage-
to-frequency transfer function is independent to first order of
passive component values. Since the operational amplifiers
are auto-zeroed, this. transfer function should be practically
indepéndent of temperature if Voo and T, are fixed. Error
plots for fme = 4 kHz operation at 0, 25, and 50 °C are
shown in Fig. 6 to confirm this property of the converter. In
generating Fig. 6, the amplifiers and switches were changed
from those used to generate Fig. 5 to show that there is
practically no sensitivity to those components as well.

In conclusion, the clock-controlled square-rooting VFC is -
capable of 0.02% of full-scale accuracy operation when con-
structed with commercially-available 18 V CMOS components
and 18 V auto-zeroed amplifiers. If a crystal-controlled VFC
is used as part of a flow measuring systemn where a strain
gauge bridge pressure transducer is operated ratiometrically,
the above level of performance can be expected from the
signal processing circuits.
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