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ABSTRACT

This thesis presents a simple technique based on commercial devices to realize differential
voltage-to-frequency converter. The proposed converter is designed using second-generation
current conveyors in connection with Set-Reset latch to generate the oscillating output signal
whose frequency is proportional to the difference between two input voltages. The converter gain
can be easily adjusted through the variation of a single resistor. Experimental results are given to
confirm the good operation of the proposed differential voltage-to-frequency converter.
Application examples showing the usefulness of the proposed oscillator in bridge circuit and

phase-locked loop frequency synthesizer are also introduced.
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717 3.14 ugnafretisvesnamsnanosii 1dannsia iotloudnadans sfuBuna
YA 100 mV 1a2dl5uAIANNAIUNIY R, 110D 0.5 kQ, 1 kQ, 2kQ uaz 3 kQ laodynw
poadanagUiludes (duvuge) Wudyanedion @, uozdyaaeoaFanagldmao
(§ui 2) Wudryanaeraya v, ﬁngn;maaﬁmawgﬂﬁmﬁ"au (&uii 3) Wudyanausa @,
uazdyanmeoadamagifmaon (dui 4) dudyansiedn v,

Tug1fi 3.15(n) waasnNUFURUT sz A NuRoIdya £ HAZHAANLIIAUDUNA
(Vint — Vi) 1498 Vi SARUA 0 — 200 mV, vz AV 0V Tuguii 3.15(v) uamsnnuduiug
szwinmmﬁsmﬁmﬁ, HAZHAANTIAUDUNS (Vi) — Vi) 1o Vi HAUNINY 200 mV, vy U
A 0 - 200 mv vesuaswamassiuiunanudinuu® 3 dmsusanudm R,
fidafusian 4 /1 e 0.5 ko, 1kQ, 2k uag 3k edloumradiausaduduna v, — v,
HuAFlugas 0 - 200 mv Tavidousmanisussdudumaiioz 10 mv wazlumsnanesldm

1 o

MSIAAMTIAU v, 92181 AsAU vy, TAUNINY 216 V, 2.24 V, 2.40 V uaz 248 V u
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A o

psdinmimsTusanudumiu &, 1l 0.5 kQ, 1 kQ, 2 kQuag 3 kO Muawy ierie
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nSeuiisusznimanisnaassiia ldtumfmiuialdninaunisi 3.22) wiiuld
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(Phase Locked Loop: PLL)
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R+AR 1
e | 2FaR 31 4.1
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unuaums 4.1) asluaumsn 3.23) w'ld

fo= ook _l) > (I-&) (4.2)
2R+AR  2) RyCvp,
119 Ea=(—€4—6,—84—E5—E5—8,—8,)

E1g =26, +26,+26,,+E 5 +6,4+2E,+2¢,

4R +8R,—2R &5 —(1+ k)Rge,
4R (1+k)+8R_—2R £, — (1+ k)Rgé;

&y =

4.3 wamsnaaeamsszgaalyanudimlawamanssmailunnuduuun 3 i
a d
29951309

iNonareUaNIIaUEMIRIIVeIs s wamas iAW BuUUR 3 fuaees
U3as 141 naaeulasn13ne 99599 UIALNARBIA20n15 19 101105 ADS44/AD,
4001BC uag LF351 1iluasessewiunssuaiuiiaes ueding uazestueni mudify
dm3v'lalen D, D, 14iues IN4148 dadmmmmulua1d &, = 5 ko dadunuves
29950309 R = 100 Q@ Mvuasiamnulsey ¢, = C, = 10 oF dmsumasseiiifosvesled
(U835 AD844/AD, LF 351, 4001BC 1az199313a7 lamuualiiiawmdy 5 V-5 v, 5 V/-5 V,
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4.4 madszgaalinuiunlaswamanssiudiuanudiuuuil 3 funsesradengy)

Jou= N X fin
———— Phase Detector » . Loop Filter > Proposed dVFC >
Jin
A
Divide-by-N
Counter -

4 =] 0
7 44 vdenmsinuvensiadeng

< 4 ag  a {
2vsadengl Wuszuuaiuguanud Taold35l5suifvui o (Phase) vosna1md

»
- a

MIAUIBIANA (Output Frequency) AUINAVDIAINWABUWA (Input Frequency) Fagniloridh
NNAUBUNAUDITZUY gﬂﬁ 4.4 uaﬂwﬁaﬂmiﬁnmmﬂmwnﬂaﬁaﬂqﬂ [23] TnouAas
vienimhiinismaudel nars 93U (Phase Detector) it suifivuidasyving
mﬁuﬁ'ﬁuvmfm AUALATAIR9IN 199513 (Divide-by-N Counter) 11An589721891 (Loop
Filter) Waviiins esanwuazilas adu Wil nas aios1019f0 avEC Aduaue 3
dvrC fnhiulastilassitldnnmiansesnaiql Wuaudiodiwa 7, Sinmdiorne
£, BAWIMAUAIMIABUYA £, AUSUSININ N 1092903115 (1, = N x£.) 1INUA8ANMSHINM
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4.5 wamsnaasamsdszgnalinudamlasmamanssduduanuduuui 3 fu

2sadengl

oAU NI TUzM MUY Iaras s wwmiluaNuduuDA 3 Al
< Y o ' ' v - o
dengl Téimsnamenlasnsdedssasuuuiunaaesdions 14 lediues ADs44/AD 1y
2ITIENILNTZIATURADS, 4001BC ilunesing, CD4070 Wumaasandumla, CD4040 151y
2993115 taz LF351 iueetuenil n1nnsesn1ungi1y Low pass Filter §11511aloa D,
D, 1d1ues 1N4148 ddwmunnudium 14 R, = 5 ko fmuamduduisey ¢, = ¢, = 10 nF
daunumasne Indoaveslodiues ADs44/AD, LE3s1 Tasmualiiinumiu 5 v/-s v uay

4001BC, CD4070, CD4040 HAUMINY 5 V/0 V ANIBBUNAINY 1 kHz

TR

Jout

CH1= 5.08U/8 (s 5,000/

51 4.7 vamsTavesasiadongl N=38
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= [ < A 1 P @
319 4.6 yaaanams IavoanvsaaengUi N = 4 @z 4.7 uananans 1Av092993
< a § o {a ' oW = (4 -
wladenqUii N = 8 iedmualdanudduna £, iy 1 kHz oz ldanudieana £, iy

4KHzNN=4uas 8SkHzNN=8

4.6 aq
dy 9 ' 2 79 ¥ @ ' o = ~ o
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Vi = Vi (1 - gvl) (ﬂ-l)

Vi2 =Via(1-£,3) (n.2)

=tV (n.3)
R; + 2R,

t4
Y o

‘é ' d’ d‘ - ' -
WBLNUATUNITN (N.1) Lo (N.2) avluaumsn (n.3) ilzmuuﬁnmﬂﬁn"lﬂmu
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i [V,,,l (1 — &, )}_ [vinZ(l - £v2)]

¢ R; +2R, ("4
iy =i,(1-&,4) (n.5)
thwit')'hJﬂzni‘lunﬁ'imﬁxﬁamsnuwmNilmmﬂszuaﬁaumﬁvm‘nﬁﬂan [19]
v, =i, R, (n.6)
V=V, (1-£,3) (n.7)
unueEunsh (n.6) asluaunsi (n.7) w14
Vi SR (1-¢,3) (n.8)
Vis = Vp(1-6€,5) (n.9)
unuaunsi (n.6) asluaunisi (n.9) 9214
Ves =R (1-£,5) (n.10)
iy = % (n.11)
unuaumMsh (n.8) asluaumsi (n.11) 9214
i =Rl=80) oy (n.12)
R,
i = % (n.13)

X

UNUANNISN (0.10) adluaumsn (0.13) = la
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unuauMsf (0.10) aaluaumsn (n.13) 12'1d

= ibRx (1 - 5"5)

Ls R, =i, (1-¢,5) (n.14)
iy =ia(l-€,) (n.15)
i, =i (1-€s) (n.16)
unuaunsi (n.12) asluaumsi (n.15)
Iy =Hp (1= €301 = &) (n.17)
unuEunsh (n.14) asluaunisi (n.16)
lyy =iy (1= £,5)(1 - £.5) (n.18)
unuaumsh (0.5) asluaumsi (7.17)
iy=i,(1-=g)A-¢,3)1~¢€.) (n.19)
unuausi (n.5) aaluaumsi (n.18)
Iy =i, (1= )1=¢€,5)1- &) (n.20)

o Y
fvualv

& = a- € ) - €3 )a- 6'c3)
=1- €3 =&y tELHE 3 —EnHELER TEHNEL —EHESE

=1-6,3—€4— & (n.21)
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fnuald

& =(1-g,)1-¢,;) (1-¢&;)
=1-&,5 — &, +E,Eys — o5 +E5E,5 + EE s — €158,

=l-g,,—&, - & (n.22)

e &, A AMANuAANMIA Haz j e MduveImInRaNIA HiBINN &, &, TAnteu iile

'-']"
o o ; -d 1 A o d’ 4
AUNU 2 fvu s mualdtawmin o unuaumsn (n.21) asluaumshn (n.19)

i;=i8 (n.23)

UNUENNIN (0.22) aaluaunish (n.20)
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ABSTRACT
This paper presents a simple technique based on commercial devices to realize differential
voltage-to-frequency converter for telemetry. The proposed converter is designed by using second- _
generation current conveyors in connection with Set-Reset latch to generate the oscillating output
signal whose frequency is proportional to the difference between two input voltages. The converter
gain can be easily adjusted through the variation of a single resistor. Experimental results are given to
confirm the good operation of the proposed differential voltage-to-frequency converter.

Key words: voltage—to—frequency converter, voltage controlled oscillator, telemetry, CClI-based circuit, S-R latch
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Improved Differential Voltage-to-Frequency
Converter for Telemetry

Teerawat Thepmanee, Amphawan Julsereewong, Thaksin Sangsuwan
Faculty of Engineering, King Mongkut’s Institute of Technology Ladkrabang
Ladkrabang, Bangkok, Thailand, 10520

Abstract-An  improved  differential  voltage-to-frequency
converter (dVFC) for telemetry is presented. The proposed
method employs op-amps in conjunction with current conveyors
and Set-Reset latch. Surpassing the previous  dVFC using only
current conveyors and Set-Reset latch, the proposed configuration
affords significant improvement in accuracy. Experimental
results are used to verify the good operation characteristics of the
proposed dVFC.

I. INTRODUCTION

A voltage-to-frequency converter (VFC), or voltage-
controlled oscillator (VCO), is very useful for measurement
and signal conditioning systems. Its applications can be found
in data conversion circuit [1] and sensor-based data acquisition
systems [2, 3]. A linearity of its voltage-frequency relation
then becomes one of the most important problems to be
considered [4]. In the past, one approach to realize the
differential VFC, defined as dVFC, whose output frequency is
proportional to the difference between two input voltages has
been reported [5]. This circuit was implemented in bipolar
technology with low supply voltage. Its operating frequency
can be adjusted via an external capacitor. The major
advantages of this approach are controllable frequency offset
and low temperature coefficient of frequency. However, this
technique requires perfectly matched bipolar transistors and its
structure is complex. For the ease of hardware implementation
based on commercially available devices and low cost in
design, a simple dVFC using second-generation current
conveyors (CCIIs) and Set-Reset (S-R) latch has been
proposed [6]. The design of the proposed dVFC is simple and
capable to connect with resistive sensors providing differential
voltage output such as strain gauge bridges or resistance
temperature detector (RTD) bridges, thus effects of stress or
temperature can be determined by the frequency measurement
[7]. Unfortunately, an accuracy of the overall circuit is limited
by the current tracking error due to the equivalent resistance at
input port X (R,) of the CCIIs [6].

In this paper, the circuit method to improve the previous
dVFC implementation is introduced. The high loop gain of the
op-amps can be utilized to minimize the limitation caused by
R; of the CClls, when the op-amps work in conjunction with
the CCIIs [8]. PSPICE simulation results are given to
demonstrate the effectiveness of the techniques with and
without op-amps. Experimental results showing the
performances of the proposed dVFC are also included.

978-1-4244-5607-9/10/$25.00 ©2010 ECTI
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II. DESCRIPTIONS OF THE PROPOSED CONVERTER

A. Circuit Configuration of the dVFC [6]

vml O N —0
Differential |7, | Dual-output Periodic Yo
V-to-1 - Current ) Voltage
Converter Follower 'a_2> Generator
vaO_(

Figure 1. Block schematic of the dVFC [6].

Fig. 1 shows a block schematic of the dVFC reported in Ref.
[6]. It consists of three basic components: a differential
voltage-to-current (V-to-I) converter for converting the
difference between two input voltages v;,; and v, into the
current iy, a dual-output current follower to provide two
currents i, and i,, which are equal to iz a periodic voltage
generator to provide tunable square wave v, which has the
oscillation frequency proportional to the currents i,, and iy,.

B.  Differential V-to-I Converter Based on CClls

Basically, the CCII is a three-port active element, whose
characteristics can be described by the following matrix
equation,

i 0.0 0|V
v, (=11 0 0 | (1)
i 0 za Offlv

z z

where the plus and minus signs of the current transfer ratio o
(= 1 — &, &is the current tracking error from port X to port Z)
denote a positive (or non-inverting) CCII and a negative (or
inverting) CCII, respectively.

Fig. 2 shows the CCll-based differential V-to-I converter
employed in Ref. [6], which is comprised of the CCI®;,
CCII®,, and the gain setting resistor R;. Assuming that both
CClIs used in Fig. 2 are well matched, and using typical circuit
analysis, iy can be stated as

2(v,, -V
id=ib+i¢=2ia(1—£,)=M(l—£,) ()
R;
where & is the tracking error of the scheme in Fig. 2, which
can be given by
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Figure 2. Differential V-to-I converter based on CClIs.
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If Rg is 1 kQ, and the AD844 IC is used as the CCII with the
resistance R, range of 50 Q to 65 Q, & will be in the range of
9%-11.5%. It should be noted that &, increases by reducing Rg.
This implies that R; with small value could not be chosen.

C. Improved Differential V-to-I Converter

ib
ccue, z | =
id
= =
i R 2V,
cae, z | == ]

Figure 3. Improved differential V-to-I converter.

The major factor that contributes to the inaccuracy of the
circuit as shown in Fig. 2 is &. To minimize the tracking
current error due to R, of the CClIs, two identical op-amps are
connected to each CCII as shown in Fig. 3. Both input ports of
each CCII are placed in the negative feedback loop of the op-
amp. The high loop gain of the op-amp ensures that the current
flowing through R, can be determined by only R in

conjunction with the differential input voltage (Vi — Vin2)-
From conventional circuit analysis, iy can be stated as
2(v
iy =i, +i,=2i,(1-¢,)= (= '"2)(1 &) 4)

where &, is the current tracking error of the scheme as shown in
Fig. 3, which can be written as

2R _+R;

(1+k)R; +2R, ®)

&, =
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where £ is the low-frequency gain of the op-amp. Using typical
values such as R; = 1kQ, R, = 50Q, and k = 10° gives & of
about 0.0011%. It can be seen that the overall effect of R, of
the CCIIs can be minimized.

D. PSPICE Simulation Results Between the circuit techniques with
and without op-amps.

In order to confirm the accuracy improvement of the
differential V-to-I converter using the op-amp based technique,
the schemes in Fig. 2 and Fig. 3 were simulated by PSPICE
program. In simulations, the AD844 and the LF351 ICs were
used as CClIs and op-amps, respectively. The supply voltages
were +5/-5V. Fig. 4 shows the DC transfer characteristics of
the schemes in Fig. 2 and Fig. 3, when (vi,; — vin;) Was varied
from 0 V to 500 mV for R = 2 kQ. The load resistor R; = Rg
is connected at the output node. The maximum errors were
estimated from simulation results to be approximately 48 mV
and 1.16 mV for the schemes in Fig. 2 and Fig. 3, respectively.

/
0. ///
€ 0 ,/
< = |
:do,. = x ldeal = I(V""")r——

v of Fig.2

0.2 o v of Fig. 3

A&

o 50 100 150 200 250 300 350 400 450 500
Differential input voltage (mV)

Figure 4. DC transfer characteristics of the schemes in Fig. 2 and Fig. 3.

E.  Proposed dVFC.

Fig. 5(a) shows the circuit diagram of the proposed dVFC
using the improved differential V-to-I converter in Fig. 3. The
CClI®,-CClI®, function as the dual-output current conveyor
to generate the currents i,, and i,. The NOR gates F,-F, are
connected to operate as the S-R latch, which has two inputs,
the reset (@) and set (¢,) signals, and two outputs, labeled v,
and vy, where vy is normally the complement of vg. The
diodes D, and D, are employed to control the capacitors C; and
C,, respectively, to be charged or discharged. By the operations
of the CCII®,-CCII®,, two currents i,, and i,; can be stated as

iol = iaZ = id (6)
By using (4) and (6), i,; and i,, can be given by
2(v,, -V
Ly=i, = _(Lﬂ)'(l _52) ™)
Rs

The sequential operation of the proposed dVFC to generate
tunable periodic voltage signals as illustrated in Fig. 5(b) can
be discussed as follows.

For the first instance at f = {,, it is assumed that the states of
Vs, and vpy are high and low, respectively.
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(a) Circuit Diagram

(b) Periodic voltage signals
Figure 5. Proposed dVFC.

When D, is turn on, C, will be discharged. When voltage v¢, of
discharged capacitor C, is approximately equal to the lower
threshold voltage v;, ¢, becomes low state. Simultaneously, C,
is left in the charge state by reversing D;. When voltage v¢, of
charged capacitor C, reaches to the upper threshold voltage vy

~at £ =1, ¢ is then set to high. The change of v¢; can be

expressed as

iol (11 _’o) — iolAtlo
C1 Cl

Av, = (8)

=V =V TV

where v; and vy are defined as the maximum voltage and the
minimum voltage guaranteed to be recognized as the low state
and the high state, respectively.

Next, the S-R latch will force vy, and vy, to be low and high,
respectively. C, is discharged at the on state by D,. When v, is
nearly close to v;, ¢, is set to low. At the same time, D, is turn

off causing C; to be charged. When v, increases to vy at t = t,,
¢, will be set to high state. The change of v, can be written as

< ia2 (tz _tl) - iozA’n
C

Aves
2 CZ

®

SV =V =V

Then vy, and vy are forced again to high and low, respectively.
From above discussion, the periodic signals can be generated.
The output frequency f,, or rate of repetition, of the proposed
dVFC can be calculated by using (8) and (9) as

1 i,

01702

Jo= Aty +AL,  (i,C,+i,C ) vy

(10)

By substituting (7) into (10) and setting C; = C,, f; including &,
can now be rewritten as
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(vml - vinZ)
f, R.Cors (1-¢,) (1)
From (11), it is evident that the proposed dVFC as shown in
Fig. 5(a) has the lower error as compared with the previous
dVFC reported in Ref. [6]. Output frequency is directly
proportional to the difference of two input voltages. Moreover,
/> can be easily adjusted through the variation of R;.

III. EXPERIMENTAL RESULTS

A practical implementation of the proposed dVFC as shown
in Fig. 5(a) was tested by using LF351 op amps, AD844
configured as CCIls, and 4001BC NOR gates. The supply
voltages of LF351, AD844, and 4001BC devices were set to
+5/-5 V, +5/-5 V, and +5/0 V, respectively. The 5% tolerance
capacitors Cy and C, were set to 10 nF.

] I :
o vz.. ) .
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(b) Gain resistor Rg = 1 kQ
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Figure 6. Measured results of the proposed dVFC for v, — viz = 100 mV

(upper trace: Reset signal ¢, lower trace: Output vy.)

The approximated threshold voltage vy = 2.72 V was used
to calculate in (11). It should be noted that vz, depends on the
gate IC fabrication process. Figs. 6(a)-6(c) display the
experimental results of the proposed dVFC for three
differential values of the gain resistor R i.e. 0.5 kQ, 1 kQ, and
2 kQ, respectively, where v;,,—v,,, = 100 mV was applied. The
obtained output frequency values are about 7.46 kHz, 3.72
kHz, and 1.85 kHz, respectively, whereas the calculated
frequency values by using (11) are 7.35 kHz, 3.68 kHz, and
1.84 kHz for R = 0.5 kQ, 1 kQ, and 2 kQ, respectively.

Plots of £, against (v, — vi,) are illustrated in Fig. 7 for three
differential values of R (i.e. = 0.5 kQ, 1 kQ, and 2 kQ) in both
the proposed dVFC and the previous circuit [6], when (v;,; —
Vinz) is varied in the range of 0-200 mV. The experimental
results of the proposed dVFC agree well with the calculated
values with a maximum variation less than 5%, whereas the
experimental results from Ref. [6] show a maximum variation
more than 10%. It is obvious that the accuracy improvement of

" the dVFC based on CCIIs and Set-Reset Latch can be achieved

using the proposed circuit method. Moreover, when the supply
voltages of the LF351 and AD844 devices were set to +10/
—-10 V, the experimental values correspond ‘well with the
calculated values.

IV. CONCLUSION

The dVFC employing CCIls, op-amps, and S-R latch as
basic building blocks has been described in this paper. The op-
amps can be utilized to minimize the limitation caused by R, of
CClIIs. Then, the accuracy of the proposed dVFC does not
depend on R, of CCIIs but depends on only external passive
elements. The effectiveness of the proposed dVFC has been
verified through experimental results.
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