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   The approach to synthesis taken in this paper will be to configure the two-phase.

clock switched capacitor (SC) amplifiers to simulate the conventional continuous time

RC amplifiers as much as practicable. ..
   Advantages of this approach are;
 1) We can design the SC amplifiers by using classical continuous time theory direc.tly.

 2) We can reduce the circuit complexity as we assume a two-phase clock.

   Several circuits are designed, built with the discrete components, and tested.

Theoretical results are compared to experimental ones.

                            1. introduction

   Switched capacitor (SC) networks have been recongnized as an efflcient tool for

performing analog signal processing in the form of monolithic integrated circuit. This is

due to the recent availavility of suitable MOS operational amplifiers, as well as high

quality MOS capacitors and switches. The physical size of all components can be made

sufficiently small. The integrated resjstors have poor temperature and linearity char-

acteristics as well as requiring a large amount of silicon area. The concept of switched

capacitors was originally introduced to replace resistors in the implementation of active

MOS integrated filters. Resulting Mters have characteristics that depend only on ratios

of capacitances, with a frequency scale proportional to the frequency of a clock. The

switehed capacitor resistors require very little silicon area to implement large resistance

values. In fact the silicon area decreases as the required value of resistance increases.

    Such an appealing feature is a good motivation for investigating new application

areas beyond the traditional simulation of analog filters.

    Recently Seki et al. developed several circuit realizations for SC amplifiers by

replacing the resistors of the conventional RC amplifiers by equivalent switched

capacitorsi)'2). The SC amplifier has the advantages that various characteristics can be

controlled by the clock frequency and it achieves very low power consumption because

active elements act during only the charge transfer period. Seki's circuits require a three-

phase clock signal rather than the usual two-phase one, then the situation is more

complicated due to the elavorate clocking scheme.

    It seems interesting to research for more advantageous circuit realizations.

    This paper describes the principle for the realization of a SC amplifier especially

designed to operate by a two-phase nonoverlapping clock.

    The frequency characteristics of SC amplifier are the function of the clock fre-

quency .tL, and the maximum frequency of input signal to the SC amplifier is restricted

by the frequency derived from the sampling theorem. Thus, the higher the frequency is,

the wider the frequency region where the faithful amplifying operation is performed
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becomes. Therefore, the clock frequency should be chosen as high as possible. From the

standpoint of constructing circuits, the frequency of a two-phase clock signal, which is

higher than that of a three-phase clock one, can be easily obtained. Then it is expected

that a two-phase clock SC amplifier allows higher frequency amplifying operations than

a three-phase clock one. And it is possible to reduction of the whole circuit scale

because the digital controlling logic becomes very simple.

                    2. SwitchedCapacitor"resistors"

   In many exciting designs, the switched capacitor is grounded and switched between

the nodes, as 'shown in Fig. 1 (a). A switch is assumed to be an element with zero

impedance in the closed position and infinite impedance in the open position. A clock is

a sequence of nonoverlapping pulses used for operating the switches. A two-phase clock

as shown in Fig. 1 (c) is assumed. In Fig. 1, as in al1 other circuits,a switch will be

represented with the symbols ¢i or ¢2 . The symbols ¢i and ¢2 wil1 indicate the phase

of the clock during the switch is closed. In Fig. 1 (a), the switch is in the left hand posi-

tion during the clock phase ipi and in the right hand position during the phase ¢2 .

   It can be easily shown that the average current i2 delivered by the capacitor to node

2 is ((ilt7}) [vi - v2] where Tl, (= 1nt) is the switching (clock) period andfb should be

large compared to the maximum frequency of interest. Thus in this restricted sense, the

circuit of Figl 1 (a) is equivalent to a conductance C77} connected between nodes 1 and

2. An alternative circuit, which operates by charging and discharging C is shown in

Fig. 1 (b).

   Using the circuits of Fig. 1 as basic building blocks, it is possible to design SC

amplifier.
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          (c)
 Switched capacitor equivalents of a resistor.

 (a) Shunt capacitor. (b) Series capacitor.

 (c) Timing diagram.

                           3. SCAmplifiers

   A conventional self bias FET amplifier using resistors is shown in Fig. 2 (a). Each

resistor is replaced by a switched capacitor arrangement on a one-to-one basis. The

resultant SC amplifier which is made up of FET and four capacitors Cle, (Z,, C2t, and Ck,
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   An important difference between Seki's SC amplifier and the circuit of Fig. 2 (b) is

that Cka is added to the circuit to sample and hold the output signal v. . And all switches

are controlled by a two-phase clock.

   The following equations should hold.

Q = i/(RgJ})

C]ls = 11(Rsfh)

C2t + Clia = 11ptnd)

(1)

(2)

(3)

   By choosing capacitors whose values are designed from Eqs. (1) 'v (3), the equiva-

lent self bias SC amplifier can be obtained.

   The outline of the circuit operation is as fo11ows. The gate resistor Rg is replaced by

switched capacitor Clg. The capacitor Cb is connected to the source of FET during the

phase ¢2.During the phase ¢i the charge of the capacitor (Z, is removed by short cir-

cuiting it. The capacitor C2t is charged to the power supply voltage'Vbd in phase ipi and

switched to the drain of FET in phase ¢2. Therefore, FET operates during only the

clock phase ip2. The capacitor Cka is charged to the output voltage v. in phase ¢2 and
then holds it until the next sampling period.

   Fig. 3 (a) shows an alternative amplifier using resistors and Fig. 3 (b) shows an

equivalent SC amplifier. The load circuit is constructed in the same way as the circuit of

Fig. 2 (b). The biasing circuit is made up of three capacitors Ci , C2 , and C3 switched at

the clock frequency IZ. During the phase ¢2 , the capacitors Ci and C2 are connected in a

series and the new voltage Vi at the a-node becomes Zg. During the phase ¢i,C2 is

grounded and Si is closed, then Vi equals Vdd. The b-node voltage Vli equals zero in

phase ipi and Vk in phase ¢2. The input signal superposed upon the bias voltage Yg is

applied to the gate of FET by the combination of C3,S3 andS4.Fig.4 shows the tim-

ing example of the biasing circuit.
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 Fig. 3 (a) Alternative self bias amplifier.

       (b) Switched capacitor version of (a).
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                Fig. 4 Timing example of the biasing circuit

   The bias voltage Vk is determined as fo11ows.

            Cl
      P<k = c, + c, Vdd

Then the fo11owing relation can be obtained.

      C,IC, =R,IR,

....-.

(4)

(5)
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   We wil1 mention briefly about the relation between the gain and the clock fre-

quency f} . The voltage gain 24. of FET amplifier can be obtained as

where g. and Rd are the transconductance of FET and the load resistance respectively.

   Substituting Eq. (3) to Eq. (6),

       1"vl =(c?, {lill!c.,)j2,. (7)

Then,

       20 1oglA.1 =20 1og{g./(Cb + (Jke,)} -20 1og .f}. (8)

   From the above equation it is seen that a linear relationship is established between

the gainl A,1 [dB] and log .f}.

                        4. ExperimentaIResults

   The circuits of Fig. 2 (b), Fig. 3 (b), and a two-stage SC amplifier are designed, built

and tested.

   Prior to building the SC amplifier of Fig. 2 (b), we design the conventional amplifier

of Fig. 2 (a). To have the voltage gain A. = 13.5 dB, the element values are determined

by the well known classical continuous time theory as follows; Rg =250 kSZ,R, = 200st,

Rd =3.68 kst, where VLid = +15 Vandg. =1.7mS.

   Then, substitution in Eqs. (1) 'v (3) yields the element values of the SC amplifier of

Fig. 2 (b) as (l, =40 pjF; q i=,50 nF, and Cb + Cka = 2.7nF, when f} =100 kHz. When

we actually build the circuit of Fig. 2 (b), the modified values of capacitors given in

Table 1 are used.

                   Table 1 Values of capacitors for the circuit

                          of Fig, 2 (b).

Q 41.06[pF] Cs 53.03 [nF]

Cd 2.247[nF] Csa 467.0[pF]

   The circuit of Fig. 2 (b) vvas built using 2SK30A for FET, and HI5051 units for the

switches. The calculated and measured frequency responses are compated in Fig. 5,

where i2, =100 kHz. This amplifier has a region where the gain is essentially constant

and in this region there is an excellent agreement between the calculated and meas-

ured curves. However, high-frequency-response curves fall off. In this experiment the

smoothing capacitor (Jh (= 462 pl) is added between the output terminal and the

ground. It operates as a low pass filter to reject the undesired frequency components

appeared in the output signal by switching operations. A principal cause of the loss in

gain at high frequencies is due to the impedance reduction of Ch according to the

frequency increasing of input signal. Moreover, switched capacitors don't act 1ike ideal

resistors, because the condition that n must be large compared to the maximum fre-
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quency of input signal is disturbed. Then the gain falls off at high frequency region.

   A plot of gain versus clock frequency is given in Fig.6, where the input signal

frequency is 100Liz. For this experiment capacitor values are changed so that the

voltage gain is 13.5 dB at f}, =10 kHz. The renewed capacitor values are ( k =228 pE

C,=304 nE Cd =21.8 n]F; Cka =2.33 nE and Ch =2.15 nE As .tL, increases, the gain

decreases straightly as mentioned in Chap. 3. ,

   Next we show the experimental results of the circuit shown in Fig. 3 (b). The SC

amplifier is designed to have the voltage gainA,=18.4clB at fk =15kHz and g. of

3SK22 is 2.8 mS. Values of capacitors are given in Table 2.
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C
,
120.0 [pF] Cd 21.06 [nF]

C, 3.340 [nF] fu 1.115 [nFl

C
,
592.0 [pF]

    The calculated and measured frequency responses in the case of.fla == 15 kH2 are

shown in Fig. 7. To compare with the data at f} = 15 kH2, the frequency responses at

f}r " 30 kth are shown in Fig. 7, too.

    From Fig. 7 it is seen that the frequency characteristics are improved when the

clock frequency fb is high. In the high frequency region, the gain falls off by siniilar
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reasoning mentioned above.

   In Fig. 8, we have drawn the spectrum of the output signal forf} =50 H2, where .f}

is the input signal frequency, and.12, = 15 kHz. The harmonics of clock frequency appear

very slightly, therefore, the waveform distortion is very low.

   Finally the two-stage SC amplifier by cascading the circuit of Fig. 3 (b). without

coupling capacitor is shown in Fig. 9. Values of capacitors are given in Table 3. For FET

3SK38A is used. For the biasing circuit of second stage the negative power supply

voltage - Vlrd is required to correct the bias voltage, because the output signal of the

first stage contains excessive positive DC component. It is designed that the gain of the

first and second stages are 1O.5 dB and 13.0 clB respectively andf} = 1OO nvz. The gain

of two-stage amplifier is the product of the gains of its individual stages. The frequency
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Table 3 Values of capacitors for the circ' uii

      of Fig. 9.

C
,
985.1 fpF] C

,
9.921 [pF]

C, 2,828 [nF] C
5
1.274 [nF]

C, 2.208 [nF] C
,
425.2 [pF]

Cdl 1.811 [nF] Cd2 2.106' [nF]

Csal 430.5 [pF] (Zsa2 429.8[pF]

responses are shown in Fig. 10. Almost the expected results are obtained.

   Photographs 1 and 2 show the input-output waveforms for sine and triangular

inputs, where the frequency of input signal is 100 H2. It is appear that the waveform

distortion is very low.
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                              5. Conclusions

    In this paper, we proposed two-phase clock SC amplifiers. Some configurations of

the circuit have been built and tested, and the results confirm the theoretical predictions.

    The design technique is very simple and its procedu're is as fo11ows. Design the con-

ventional RC amplifier satisfying the required specifications. Then replace the resistors

of resultant circuit by the switched capacitors.

   The maj or advantages of this circuit are;

1. Precision monolithic amplifier can be efficientiy realized and its physical size can be

    made sufficiently smal1.

2. The very low power consumption can be achieved as FET operates during only the
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   char'ge transfer period. '

3. The vQltage gain can be controlled by the frequency ofa clock.

   Therefore this approach might be applicable to many other organizations.

1
)2
)
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