


flowing through the switch capacitor is directly proportional to the input frequency,
and it provides a current to the resistor in feedback connection of the op-amp. As
the current is directly proportional to the input frequency, and the negative input of
the op-amp is zero, the output value of FVC is also directly proportional to the
input frequency. The non-linearity problem is removed by using the FVC on the
feedback connection in VCO.
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Fig.2. Simple FVC
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Fig.3. Switch capacitor

But using FVC also leads to the instability of the output signal of FVC. The
stable value of the output voltage of FVC can be formed after 100 us delay time
range (Fig.4).
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Fig.4. Vfeedback of VCO when Vin=1.5v (characteristics are taken from [1])

For the solution, an optimization method is developed by which the delay
time range will be short.

There are several methods of creating accurate FVC, for example:

e using a differentiator and a RMS-DC converter [2],

e using a R-C network, an amplifier, a rectifier and a filter [3],

e using a phase frequency detector [4],

e using a counter [5].

Comparied with these methods, the new method secures a low area for the FVC.

A method of FVC optimization (first step). The main problem of this
circuit is that the current strength in Req is not fixed during the period. The value
of the current strength that we are using in formulas is its middle value. When the
S2 switch is on, the voltage of the C1 capacitor immediately increases, the current
strength is big, and the output voltage is big at the beginning of the half-period.
When the voltage of C1 comes close to 0, the current strength becomes much less,
and the output voltage decreases. In the second half-period, when S2 is off, the
output voltage completely decreases. So, the output characteristics will be as they
are shown in Fig.5.

Vout

PoAC A A

Fig.5. The output characteristics of FVC.
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When we set the C2 capacitor in the circuit, the output voltage is becoming
more balanced during the period. When S2 is on, a big current starts to flow to the
input of op-amp. Some current goes to the R1 resistor and some current charges the
C2 capacitor, so at the beginning of the half-period the output voltage will not be as
high as without the C2 capacitor. By op-amp features, if the positive input is 0,
then the negative input also must be 0, so the charge on the C2 capacitor goes to
the output and at the end of the first half-period we will have a higher output
voltage than in the case of not using the C2 capacitor. In the first half-periods of all
the periods, when S2 is on, the output voltage increases nearly by the same size. In
the second half-periods, when S2 is off, the speed of the output voltage decrease
depends on the output voltage value. The higher is the output voltage at the end of
the first half-period, the faster the second half-period decreases. So, the output
voltage will stop on the value, by which the decreased voltage size will be equal to
the increased size. So, the output characteristics by using the C2 capacitor will be
as in Fig.6.

WVout

Fig.6. The output characteristics of FVC using C2

The higher the input frequency, the larger will be the increasing voltage range
in the first half-period and the smaller the decreasing voltage range in the second
half-period (because of the short period), the higher the output voltage will be.

Now let’s consider as R1 resistor in feedback connection. In case of high
resistance of R1, the increasing voltage range of the first period will be much
bigger than the decreasing voltage range, and the output voltage will reach the
constant value after many periods. So, in case of a big R1 we will have a big delay
time range. If we use an R1 with a low resistance, then we will have a constant
output voltage very soon, but in this case, the output voltages in different
frequencies will differ in a very small voltage range. To improve this, we can use
the second op-amp (having a small R1). For the first and the second op-amp-s a
folded cascode op-amp is chosen (Fig.7).
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Fig.7. A folded cascode op-amp

voltage range between the output voltage values for different frequencies. Also, the
output voltage will be near to 0, then, if for the op-amp2 we use the output of the
op-amp1 for the positive input and 0 voltage for the negative input, we will have a
much increased voltage in the output of the op-amp?2 than in the output of the op-
amp1 (Fig.8).

So, we use the small resistance of R1 for the small delay time range and the
op-amp2 to have a high output voltage. The C3 capacitor is used to smooth the
dynamic transitions at the input node of the op-amp2.

Switched-capacitor Reg=(f " C1) "
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Fig.8. An optimized FVC

The output characteristics of the optimized FVC are shown in Fig.9.
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Fig.9. The output characteristics of the optimized FVC
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The second step of the FVC optimization (with the feedback connected
resistors on the op-amp2). An op-amp may have a problem of minimum output
voltage. If its two inputs have the same voltage, the output voltage can be much
higher than zero and, because of that, we can have a little range of the output
voltage. We can fix this problem connecting two resistors by feedback connection
on the op-amp?2 (Fig.10).

Switched-capacitor Req=(f * C1) "

Output

Fig.10. The optimized FVC (with feedback connected resistors)

As the negative input is connected to resistors, by the features of the op-amp
it will have the same voltage as the positive input. The current formed on the R2
resistor will flow through the R3 resistor. The output voltage of op-amp2 will be
(R3/R2) times higher than the output voltage of the op-ampl. We can choose a
high value for (R3/R2) to have a high output voltage in FVC.

Simulation results. Here are presented the simulation results for the 32 nm
technology. Simulations are performed using the HSPICE simulator. The
amplitude of the input signal is 2.5 v. It changes in the [-2.5 v: 0 v] range (vddI=0,
vssl=-2.5 v, vdd=2.5 v, vss=0). Knowing that Va is -2.5 v, we use a negative range
for the input signal to keep the right switching of transmission gates. To the
negative input of op-amp2 we give a constant voltage instead of zero. The features
of the op-amps are not very perfect, and at the zero moment, the output voltage of
the op-amp1 can not be very near to zero. In this case, the output voltage of the op-
ampl at the zero moment is 0.1427 v, by that, the voltage of the negative input of
op-amp2 is chosen 0.1427 v to secure the linearity of the output characteristics
(frequency voltage dependency) of op-amp2. R1=2.4 kom, R2=1 om and R3=250
kom. The gain of the op-amps used in this circuit is 49 dB.

The output characteristics of the op-amps in the optimized FVC (Fig.10) are
shown in Fig.11 and Fig.12. Frequency is changed from 0.02 GHz to 0.2 GHz with
a 0.02 GHz step.
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All characteristics are created by a HSPICE simulator.
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Fig.11. The output characteristics of the op-amp1.
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Fig.12. The output characteristics of the op-amp?2

The dependency of the output voltage on the input frequency of the optimized
FVC (with feedback connected resistors on op-amp2) is shown in Fig.13.
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Fig.13. The linearity characteristics of the optimized FVC (the dependency of the output
voltage on frequency). Frequency is changed from 0.02 GHz to 0.2 GHz with a 0.02 GHz
step

In Fig.14, output characteristics in which the input frequency is becoming
twice less at the end of every 2000 n time range are presented. At the [0 - 2 u]
range, the input frequency is 0.2 GHz, at [2 u - 4 u] it is 0.1 GHz, ([4 u - 6 u] - 0.05
GHz, [6 u - 8 u] - 0.025 GHz, [8 u -10 u] — 0.0125 GHz). In the picture, we can see
that the decreasing range of the output voltage also becomes nearly twice less
during every 2 u time range.

t=0u t=1\l t=4u t=6u = B“ t:]ou
vout = 2,10V ) ) )
vout = 1,64V

vout = 1,20V
vout = 1,144V
wout = 1,108V

£=02G £=01G £=0.05G £=0025G £=00125G

Fig.14. The output characteristics with different frequencies in different time ranges.

Conclusion. The main advantage of the method is that we ensure the
accuracy of the characteristics by providing a low voltage, and then we obtain a
high voltage from it by an op-amp. In fact, the first circuit of FVC (Fig.2) has
many problems in the working process. They are non-constant current, noises,

delay time range, also not all features of the op-amp have high quality. The effect
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of all these problems will be small if we try to get a small current and a small
output voltage, and even with small values of these parameters, the linearity of the
circuit is ensured. We just make a big output voltage value from small voltage
using an additional op-amp, thus the operation work of the circuit is more accurate.
In the FVC presented in [1], the delay time range is nearly 100 us. In the new
designed FVC the delay time range is 400 ns and the area of the new design is
higher by 68% than that of a simple FVC.
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Brunk ONGruskNL Nkt ULUNNY, T TLRUSHL UTULTCULE UK
NhTUSUUL ShrOk3EeNY ZULUNNRESNPL-LUCNRU-ONUUYEMNH2

Unwowplpmu t tnp dbpny  hwdwpim pymb-jupmu-thnpwbpughsh (2LO) upubdugh
oyunhdwugiwt hwdwp, tpp oquruugnpdynid ki oybpughnt nidknupup b thnjuwbigun-
Unn nunktuwnnn: Owyunhduyugdwb inp dkpnnh fhpundwdp Epughtt wqnupwith nipwg-
dwt dudwtwlughtt nhpnypp qquijhnpby thopputmd b Uju dkpnnh oquinuugnpsdwdp upub-
duyh dwlbpbup dkdwunid 68%-ny: Owyunhdwjugqus ZLO-u twhpbwnpkih k oguuugnpsty
Jwpnudny nEjudupynn ghukpunnpmy, hnywhwdwpwuiughtt hwignygnud® hnwngupd
Juuh hwdwp: Unp htwhwgsyws ZLO-nud dkdwgnyy nipugdwt dudwbwljuyhtt wnhpnypep
400 &yt wythy wy) 2LO-h ujubdwbbpnud wyt Yupng b hub) wdbih put 100 4

Unwigpuyhll punkp (injuwtguunnn Ynunkiuwnnp, oybpughnt nudbnupup, Z2LO,
(upnudny nhjuyupynn ghubpuwnnp:
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B.IIl. MEJIUKSIH, 3.P. KATPAMAHSH, A.A. BABAJI’KAHSIH, P.O. MYCAEJISIH

HPEOBPA3OBATEJIb YACTOTbBI B HAIIPSI')KEHHUE C IBYMSI
OIIEPAIIMOHHBIMH YCWJIHUTEJISIMHU U C KOPOTKHUM JUATIA3OHOM
BPEMEHMU 3AJIEPKKH BBIXOJHOI'O CUT'HAJIA

[pencrasieH HOBBI METO/ ONTHMM3ALIMK CXEMBI IIPeoOpa3oBaTelis 4acTOThl B HAIps-
xenue (ITYH) ¢ omepanmoHHBIM ycUIUTENEM M MEPEKIIYaonIMMces KoHaeHcaTopoM. Mc-
MOJIB3Yysl HOBBIA METOJ| ONTUMM3ALNH, IUANa30H BPEMEHHU 3aJ€PXKKH BBIXOIHOTO CHTHalla
CTaHOBMTCS 3HAYMTENILHO MeHbIe. [Ipu MCronb30BaHMU TaHHOTO METOJA IUIOAAb IU3aiHa
noBeimaercs Ha 68%. OntumusupoBansslid [TYH npeanodruTensHee HCIONB30BATh B Te-
Heparope, yInpaBiIsieMOM HalpsDKEHHEM, B (a30BOH aBTOINOJICTPOHKE YacTOTHI I 00paT-
HoW cBsi3u. B HOBOM mpoektupoBanHoM [TYH HanGompmmii Auamna3oH BpeMEHH 3aJepKKU
BBIXOJHOTO curHana cocrasisieT 400 ne, B To BpeMs Kak B apyrux cxemax [TYH on moxer
OnITH Gostee uem 100 mxc.

Knrouegwte cnoea: mepexIrovaronMics KOHICHCATOP, ONEPAlMOHHBIN YyCUIIUTENb,
npeoOpazoBatens yacToThl B HanpsbkeHue (ITYH), renepatop, yrpaBiisieMblil HalIpsHKEHUEM.
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