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1. Introduction become commercial products, one such example which

can be implemented in FPGA (Field Programmable Gate

Cross-correlation can be used to measure flow in Array) is from Auto TEC [9]. Other examples are the
multiphase fluid One has to be careful with theed&sd  UFDC-1 [7, 10, 11] and UFDC-2 [12, 13]. A variast i
signal, as it is mixed with noise. Wavelet transfor the time to frequency converter, as implemented in
techniques may be used to improve the correlatoreferences [14, 15]. The objective is to desigomverter
performance in such conditions [1, 2, 3, 4, 5].Hee  capable of working in a wide frequency range. This
purpose of this work, piezoelectric and capacitanc&/HDL block will be combined with analog and RF
transducers are used as part of an oscillatoritimuch  plocks to build an Application Specific Integrat@tcuit
as, Colpitts or Pierce. The oscillator is then @mted to - ASIC. At this stage, the FPGA is used to validaiel
a frequency to digital converter, see Fig. 1. Fesqy  mature the design. Thus, the need to develop Fhisote
encoded information has several advantages as eethpafor a royalty-free solution.
to other analog sensor output, such as: high noise
immunity, output signal power, wide dynamic range, This paper is divided into 5 sections. This
high accuracy of frequency standards. The generatg@troduction is the %t next, a brief review about flow
signal is detected, processed and transmitted fmart  measurement is presented. In SectiyrtBe methods of
sensor. The controller and correlator core with tieae conversion are described; explanations are presénte
features is also under development, including speci terms of the conversion time and accuracy. THe 4
digital signal processing techniques. The commuitioa section presents the results and analysis. Final isn
interface is a Controller Area Network - CAN module conclusions. Flow rate is adjusted with a 3-phaserier
which has been reported previously [6, 7, 8]. connected to a Programmable Logic Controller - PLC.

Fig: 1. Block diagram of proposed flow meter.
In this paper, a precise frequency to digital cotere
VHDL core is reported. Several topologies of cosi@n
are found in the literature, and some of them have
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Fig. 1. Block diagram of proposed flowmeter.

2. Flow M easur ement

One of the most utilized techniques for flow
measurement is based on the differential presSinis.
includes: orifice plate, nozzle and Venturi nozZlde
basic equation for volumetric flow rate is displdym
Equation 1.

. (21 p)Ap
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where Cd is the discharge coefficient, it is redate
friction, varying with the Reynolds number; Y idaked
to he fluid compressibility, Y = 1 for incompresks

fluds; AP is the measured differential pressure;

F = d/Dis the diameter ratio, A is the cross-
sectional area of the pipe, amés the fluid density. Some
typical values are

04 < # = 0.75, 50mm < D < 250mm,

obtained. They can be used for the measurement of
frequency, period, their ratios, duty cycle andgghshift

[7, 10, 11]. UFDC-1 features a frequency range from
0.05Hz to 7.5MHz (120MHz with pre scaling),
programmable accuracy from 1% to 0.001%, and the
conversion time can be determined from Equatioh92.[
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Where fO and fx are the reference and the input
signal frequency, respectivelfj,r;

(2a)

i (2b)

Fmax

the quantizatioore

and Vs = 1/ % Its conversion times limits are 0.0002 —
0.2 s. UFDC-2 has an extended frequency rangeHa.05
to9MHz (144MHz with pre scaling), increased accyrac
1% to 0.0005%, and shorter conversion time: 0.00016
0.32 s. It is based in the novel modified methodhef
dependent count [13]. Many performance comparisons
are presented in reference [12]. The method seldote
our application can achieve a better accuracy, th pp
(0.0001%), and convert frequencies up to 10MHz
(without pre scaling), as compared to the methodsid

in the literature. This method consists in counthragy
many cycles of the input signal, Nis, occurs inieeg
number of clock cycles, Nck. The clock frequencysiu
be stable and accurately measured. An illustratiothe
measurement method is shown in Fig. 2 this teclmigu
widely used for frequency to digital conversion 97,10,

And Reynolds number over 105. To get the mass flow43, 15, 16, 18].

rate, ‘M, from Equation 1, it is enough to mulipQ by
the fluid density. For multiphase flow with no pkas
slipping, Equation 1 is adapted by replacing thedfl
density with a combined density. One such posgjbidi
the linear combination of the individual phase dés
Phase slipping occurs when different phases irfltve
have different velocities. In this work, it assuntbdt all
phases have the same velocity. Circuit [6].

3. Methodsfor Frequency to Digital Conversion

Several conversion methods are described in the

literature [7, 9, 10, 11, 16, 17]. An FPGA-based
implementation is supplied by Auto TEC, with 16-aitd
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Fig: 2. Waveforms to illustrate the measurement
method

Flag

12-bit counters and a 1MHz clock frequency asthe plock diagram of the implemented converter is

reference. The conversion range is from 35Hz t&l22,
with absolute error £+5Hz [9]. Disadvantages of éhes
topologies are low accuracy and narrow input fregye
range. The Universal Frequency to Digital Convetter

shown in Fig. 4. To achieve a precise measurenhent,

counters are used; one counts a pre-defined nuotber
cycles of a stable and well known clock (CLOCK
COUNTER), during this counting period, the other

UFDC-1 and UFDC-2, are also commercial convertersgqnts the cycles of the input signal (IN SIGNAL

sold as an of the- shelf chip.. This method cogsisthe
separation but simultaneous counting of the periods

COUNTER). When the clock counter reaches its pre-
defined final count, the output of the IN SIGNAL

the frequency to be measured and that of a refereng;OUNTER is read. The maximum converted frequency

frequency until a program specified number of psilise
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is just below the frequency which causes a counter N,
overflow. t= f{; (3)
L e ]
Input | COUNTER
sighal | > e N, DIVIDER 1
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Fig: 3. Block diagram of the frequency to digital
converter. Fig: 4. the dependence between conversion time (t) and
accuracy

Next, both counter outputs are fed to a divider to
calculate the ratio Nis/Nck. Finally, the frequenisy The division operation is performed through
obtained by a multiplication with the clock freqegnas  shifts, which can be used to divide any two numbass
shown in Equation 3. The input signal is notlong as the divider is a power of two. An implensiun
synchronized with the clock signal: they are, iotfawo  example with two decimal digits is shown in FigTo
totally unrelated signals. Due to this, a maximunoreof  ease the result presentation, the divider has been
+1 count should be considered in the response ®f thimplemented on base 10 format. The divider basicks
converter.[19]. (DIV IDER) is organized in cascade to allow theisiion

of the rest. Therefore, the input divider Nck mhbst of
o = fon (\ i L) & the form 2n, where n is a integer. A stage to rplyitby
T\ N ™ N i ten has been implemented with shifts and addition
(MULT 10). The FINISH signal (present in each diid

This multiplication step can be avoided by basic block) generates a pulse with the width 23hef
renormalization of the unit of frequency. For thisclock period when the calculation ends. This sigisal
application a clock frequency of 1IMHz is used, éfiere  required for the initialization of a next divideradic
the digital output is understood to be in MHz. Theblock.
precision of the division step determines the dVera
precision of the converter. To reduce counting reino

the input signal counter synchronization is esshldd: S T Lot

the input signal counter starts only after thet frkck T e ‘ |
signal rising transition with RESET in low levelh& R I e B el |t

. . . . . . ! e M) S

accuracy,® of conversion is given by Equation 4. This | - il B
equation indicates the measured uncertainty, its ufi § s _,_{_,R‘fm fl oAl s -
frequency, for a given input signal frequency. | - i L™ o 7 0
L T | — e

f : ‘ _“ _,_,_ Rocat Flag ;:

o ; L i
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The input signal counter must have at least the Fig: 5. Block diagram for the divider with two decimal
same number of bits as the clock counter. Increatia digits
number of bits allows for the measurement of higher
frequencies. A RESET signal is used to put theesysh 4. Resultsand Analysis
initial condition: if it is set to high, all the tputs are
reset to zero. An automatic RESET mechanism has bee 4.1. Synthesis The design has been
introduced allowing the converter to perform contins ~ implemented, simulated and synthesized using Xilinx
measurements. With Equation 5, one can estimate th#esign tools. The synthesis is carried out witparn-
conversion time, t. Conversion time increases higlaer  3E (XC3S500E Spartan-3E FPGA) starter kit board.[20
accuracy is required, as shown in Fig.4. Each block was validated separately, and later goedb
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to form the converter. The FPGA utilization is ab60%
for a 30-bit clock counter and a 30-bit input signa
counter. The summary also indicates that the maximu
frequency that can be converted is about 16MHz [19]

development kit. This clock signal is divided dowm
1MHz. The results of these two readings were simila
until a particular decimal digit, from this decindibit a
fluctuation was observed in both devices, as cascaa
in Table 1. The fluctuation is due to the instapili

The stable RF generator signal is used as clocresented in the oscillator circuit.

after conditioning. The measurement results areatgot
at the end of each conversion cycle and presenteétieo
starter kit board LCD display. The LCD display cade
based on an example from reference [21]. The frecue
is also measured with an HP53181A precision frequen
meter for comparison. A converter with 30-bit wide
counter, a clock frequency of 1MHz, and Nck =228 ha
been synthesized. The conversion process startheas

5. Conclusion

A precision frequency to digital converter has
been synthesized in VHDL with Xilinx TM XC3S500E
Spartan-3E FPGA. The proposed converter has been
designed to work in a wide frequency range (100b1z t
10MHz), both above and below the reference frequenc
A 1 ppm (0.0001%) precision has been achieved.h&o t

RESET signal is set to low level. The measurementauthor's knowledge, the only converter close tcs thi
display a 1 p pm error, as compared to the frequencimplementation is the UFDC-2 (0.0005%).

meter. A plot of the relative error between frequen
meter and converter is presented in Fig. 6. Thgalini

points of the plot have a higher scattering, as the \
measurement data from the frequency meter presented

more decimal digits than the converter data. Tioeeef
the relative error increased. The converter works &
fixed amount of decimal digits unlike the frequency
meter that adjusts automatically. However for
frequencies above 500 kHz the relative error is tean
1ppm.
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Fig: 6. Relative error for measures made from 100Hz to
2MHz compared to the frequency meter (fFREQ).

With Equation 5, one can estimate the
conversion time. For this implementation Nck/fcK. =s,
the processing time of division stage is much smnall

v,

XTAL

Pierce | Vo
— : ——| Inverter
T | Oscillator

Spartan-3E kit board

Fig: 7. Experimental apparatus for measuring crystals
frequency.

Table: 1. Conformity between the converter and

HP53181A frequency meter.

Crystal Coincidence digits
X-cut (10 MH,) 10.0109 MH
Y-cut (10 MH,) 9.924 MH,
Commercial (10 MH) 9.998 MH
Commercial (4 MH) 3.9992 MH

Frequencies as high as 10MHz can be converted
with no pre-scaling, while UFDC-1 achieves 7.5MHhid a
UFDC- 2 achieves 9MHz. Using a stable, and well
characterized reference clock, it can achieve aigiom
of 1 ppm. Simulations indicate the frequency above

than this one. The measurements are updated in tH&OMHZ can be converted. For this implementatios th
display every 1 s, ignoring the processing time toconversion time is 1 s. It is possible to reduce th

generate the LCD displays which is a few millisedsn
The converter response to a sudden change of pu in
signal frequency will be stabilized soon after oeading

of the converter. Next, a Pierce-oscillator circuiais
built. Different crystals were positioned in the XIT
component (see Fig. 7). The Vout signal was applied
an inverter, to convert the sinusoidal wave integaare
wave. The output was applied to the frequency meter
shown in Fig. 7. In this scheme, the clock sigral i
obtained from the 50MHz signal present in the
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conversion time, sacrificing the precision. The \anter
has been designed combining the behavioral and
structural styles. Every block has been validated
separately before integration. This combination of
hierarchical design and well-define interfaces Bcle
block gives a great deal of flexibility to the dgsér, and
reduces the possibility of mistakes. This developms
part of a smart flow meter under development. The
precision is higher than the oscillator circuit. get full
benefit, a carefully designed oscillator circuitréjuired
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and it is under development. Further developmeaotiish [10] “Universal Frequency-to-Digital Converter (UFDC-
improve precision and conversion speed, as the
possibility to measure signals with Pulse Width
Modulation (PWM).

1),” Specification and Application Note, 2004
[11] S. Y. Yurish, “Universal smart sensors interface an
signal conditioner,” in Proc. IEEE 6th Conference
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