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Active Area 
Supply Voltage 

Output Swing (RMS) 
(<l%THD) 

Power Dissipation 
Clock Frequency 
Positive PSRR 

177 

3 pm 1 . 2 5 ~  . 
loo0 mil’ 510 mil2 

f 2.5 V i 2.5 V 

3.11 V 3.3 v 
1250 pW 1250 pW 
256 Khz 256 Khz 

@ lKhz 
Negative PSRR 

@ lKhz  

Stop Band Rejection 7 1 34 dB 1 ::: 1 
(4 V @ 1Kh.z) -67 dB -69 dB 
Dynamic range 87 dB 

(C-message wtg) 

tal filters described here. These photos are to scale. Since in the 
1.25-pm filter the capacitor array makes up about 60 percent of 
the filter area, a dramatic further reduction in overall area would 
require an increase in the capacitance per unit area of the 
capacitors in the filter so that the capacitance area could be 
reduced without degrading kT/C noise. Since the dielectric 
thickness in the capacitors is not set by breakdown field strength 
considerations but by defect density considerations, there are a 
number of technological approaches by which the capacitance 
per unit area could be increased. 
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New Monolithic Switched-Capacitor Differentiators 
with Good Noise Rejection 

CHUNG-YU W U ,  MEMBER, IEEE, TSAI-CHUNG Y U ,  AND 
SHIN-SHI  C H A N G ,  ASSOCIATE MEMBER. IEEE 

Abstract -Inverting and noninverting switched-capacitor (SC) differen- 
tiators suitable for integrated-circuit implementation are proposed and 
analyzed. Their structures are simple, parasitic-free, and less sensitive to 
offset voltage and power-supply voltage changes. In addition, their fabrica- 
tion process and operating clocks are fully compatible with conventional 
SC integrators. Noise analysis on the SC differentiators shows a good 

low-frequency noise-rejection capability. Moreover, the high-frequency 
noise can be suppressed and does not over-drive the output of the SC 
differentiators. To demonstrate the application of the SC differentiators in 
the SC filter (SCF), a bandpass differentiator-type biquad is presented. 
Both differentiators and biquad were fabricated and measured. The mea- 
sured differentiation waveforms and the good consistency between the 
measured and the SWITCAP simulated circuit responses verify the correct 
operation of the SC differentiators. As a complementary circuit to integra- 
tors, the SC differentiators make feasible many interesting new applica- 
tions and provide different features for the SC circuits. 

I. INTRODUCTION 

As compared to integrators, little attention has been paid to 
applying differentiators in analog signal processing systems. The 
main reason is that circuit performance is severely degraded by 
high-frequency noise in a classical active-RC differentiator. In 
many practical systems, however, differentiators are important 
components for realizing various functions which may not be 
realizable by integrators. Typical examples are high-pass ladder 
switched-capacitor filters (SCF’s) [1]-[4] and many biomedical, 
electrochemical, and feedback control systems which require 
real-time derivative of an analog voltage [5], [6]. Consequently the 
design of functional differentiators is of considerable interest. 

Recently some switched-capacitor (SC) differentiators [2]-[4] 
were proposed and constructed with discrete elements. Among 
them, Montecchi [2] proposed a differential bilinear differentiator 
(BD) which uses a fully differential op amp and three nonover- 
lapping clocks. Horio and Mori [3], [4] proposed two lossless 
discrete differentiators (LDD’s), which have complex circuit 
structures. 

In this work, new SC differentiators suitable for integrated-cir- 
cuit realization are proposed. Circuit analysis shows that these 
new SC differentiators have many advantages and they are fully 
compatible in fabrication technology and circuit operation with 
SC integrators [7]. Thermal-noise analysis also shows that high- 
frequency noise can be suppressed and does not over-drive the 
circuit. Experimental results on these new SC differentiators and 
their application circuit are then presented to further confirm the 
circuit operation and its advantages. 

11. INVERTING AND NONINVERTING SC DIFFERENTIATORS 

The circuit structure of the proposed inverting differentiator is 
shown in Fig. l(a) where +1 and are nonoverlapping clocks. 
Analyzing the circuit operation, it can be shown that the net 
change of charges on C1 during the clock period T is C1[Yn(t,,) 
- Yn(t,l-  ,)I which also appears on C through induction. The 
output voltage thus is 

Using z transformation, the transfer function H ( z )  is 
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Applying the backward-difference (backward-Euler) mapping 
[ 81 with s - (1 - z ~~ I )/ T,  (2) becomes 

n ( s ) = - s ( F ) T  c1 
(3) 

It can be realized from (3) that the SC circuit in Fig. l(a) 
performs the differentiation with an equivalent resistor of T/C. 
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Fig. 1. (a) Circuit structure of inverting SC differentiator. (b) Circuit structure of noninverting SC differentiator with an inverting SC 

differentiator cascaded by a SC inverter. (c) Merged noninverting and inverting SC differentiators through the use of a fully 
differential op amp 
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Fig. 2. (a) Noise-equivalent circuit of Fig. l(a), and (b) the clock waveforms. In V,' expression. k IS the Boltzmann's constant, 0 is 
the absolute temperature, R,,,  is the ON resistance of the switch @,, and R, ,  is the equivalent input thermal noise resistance of the 
op amp. (c) Noise spectra of the inverting SC differentiator and integrator. 

Like the inverting SC integrator, the time constant of the SC 
inverting differentiator is (Cl/C)T which is proportional to the 
capacitance ratio and the sampling period. The time constant, 
therefore, can be precisely controlled in integrated-circuit tech- 
nology. 

In the operation of the SC differentiator shown in Fig. l(a), 
node 1 is always virtually grounded and node 2 is periodically 
connected to yn through the G2 switch. Thus the operation is 
insensitive to parasitic capacitances. 

switch periodically makes the output and the 
input nodes of the op amp short-circuited. Thus the op amp is 
always kept at the optimal bias point with the maximum gain and 
symmetry when signals come in. This makes the circuit less 
insensitive to offset voltages and power-supply voltage changes. 

The proposed inverting SC differentiator uses one op amp, two 
capacitors, two switches, and nonoverlapping clocks. Its structure 
is simple and the chip area is small. In addition, it is compatible 

Moreover, the 

with the conventional SC integrator [7] both in fabrication pro- 
cess and operating clocks. 

The noninverting SC differentiators can be implemented by 
adding a SC inverter to the output of the inverting differentiator, 
as shown in Fig. l(b). This structure requires two op amps, four 
capacitors, and three switches. Another way to implement the 
noninverting SC differentiator is through the use of a fully 
differential op amp as shown in Fig. l(c). In this structure, the 
inverting output Kit performs the function of the inverting 
differentiator. If the same (PI switch and capacitor C are added 
to the noninverting output as a dummy load, both outputs have 
the same loads and the noninverting output V;, has a symmetric 
but opposite output voltage. Thus it acts as a noninverting SC 
differentiator. Moreover, it can also be used as a fully differential 
SC differentiator. Both types of noninverting SC differentiators 
have all the advantages of the inverting differentiator except that 
the chip area is larger. 
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111. NOISE ANALYSIS 

In the frequency domain, the transfer function of (2) can be 

c1 
rewritten as 

H( e'' '> = - ( 7 1 (1 - e-/M '> ( 4) 

where w is the angular frequency. If w T  is much smaller than 
unity, (4) becomes 

( 5 )  

Thus, if the signal frequency is much smaller than the sampling 
frequency, this is an ideal differentiator function with the gain 
linearly proportional to w. Low-frequency noise, therefore, is not 
significantly amplified to disturb the signal. But in the high- 
frequency range, (5) is no longer valid since w T  is not much 
smaller than unity. Thus, unlike the active-RC differentiator, the 
high-frequency noise in the SC differentiator follows (5) and is 
not overamplified to saturate the circuit. This feature will be 
further verified by the following mathematical analysis. 

Since only high-frequency noise is of great concern, the follow- 
ing analysis considers the thermal noise rather than the flicker 
noise. The modeling approach proposed in [9] will be applied to 
analyze the internally generated thermal noise of the inverting SC 
differentiator of Fig. l(a) at output node 3. Since the noninvert- 
ing SC differentiator is derived from the inverting one, similar 
noise characteristics are expected. 

The thermal-noise equivalent circuit of the SC inverting differ- 
entiator is shown in Fig. 2(a) with the clocks given in Fig. 2(b). In 
the equivalent circuit, - all the thermal-noise sources originated 
from the op amp ((i) and the incremented channel ON resis- 
tance of the MOS switches (t:) are shown with their mean 
square voltages yf in the frequency range /. Note that only the 
internally generated thermal noise is to be calculated. Thus the 
external input noise source and the output +2 switch are not 
included in Fig. 2(a) and node 3 is taken as the output node. 
Later the transmission of the calculated noise to the next stage 
will be discussed. 

The thermal noise internally generated at output node 3 of the 
inverting SC differentiator is composed of a continuous-time 
broad-band unsampled noise and a sampled-and-held noise [9]. 
To calculate the unsampled noise, the three noise sources L$, 
y2%, and y i  are assumed to be uncorrelated so that their contri- 
butions can be linearly superposed. For A ,  >> 1, w/w,  << 1, and 
Ron' << l / w ,  where A,, is the midband gain and w, is the 
unity-gain frequency of the op amp, the averaged power spectral 
density (PSD) in the period T at the output is 

- 
- 

- 

- - 

aZRonz + (1 + a)' R e ,  + Ronl + 
( 6 )  

where a is the capacitance ratio Cl/C and m is the duty cycle of 
the clocks +1 and +* as indicated i n E g .  2(b). In (6), the first two 
terms are contributed by t: and t$ when G1 = 0 and +2 =l. 
The third term is contributed by y j  when +1 = 1 and +2 = 0. The 
last term is the output noise due to = 0 
or 1. 

The sampled-and-held noise of the SC differentiator is stored 
on the capacitor C1 at the end of the clocks G 2 ,  and then is 
transferred as a sampled-data signal to the output. Since the 
sampled-and-held noise stored on C1 is further subjected to the 
operation of the inverting differentiator when transferred to the 

- 
- 

when +2 = 0 and 

output, it has to be multiplied by the magnitude of the transfer 
function I H ( j w T ) I  in (4). The PSD formula for this sampled- 
and-held noise is the same as its corresponding one in the SC 
integrator [9] except that J H ( j w T ) I  is different. From [9, eq. 
(ll)], the formula for the SC differentiator is 

where f, is the sampling frequency and w, is the cutoff frequency 
of the SC differentiator when +2 = l .  Assume Ron2C1 << l /wo ,  we 
have w, = w,/(l + a )  [9]. 

Substituting w, into (7) and adding the two types of noises 
together, the total thermal noise in the inverting SC differentiator 
can be formulated. Under the same conditions, the noise spectra 
of both the SC integrator [9] and the SC differentiator are 
calculated and plotted in Fig. 2(c). As expected, the internal 
thermal noise of the SC differentiator in the low-frequency range 
can be more efficiently suppressed than that of the SC integrator. 
In the high-frequency range, the internal thermal noise does not 
saturate the SC differentiator. 

When +2 =1, the above calculated thermal noise at output 
node 3 of the SC differentiator is tranEitted to the next stage 
with the signal. So it can be treated as K:2 in the next stage. 

IV. EXPERIMENTAL RESULTS 

To experimentally verify the operations, the SC differentiators 
and their application circuits were designed in two testing chips 
which were fabricated in a 3.5-pm p-well CMOS analog process 
with poly-n+ capacitors. 

The single-ended op amps used in the inverting SC differentia- 
tor (Fig. l(a)) and the noninverting SC differentiator (Fig. l(b)) 
are the conventional CMOS two-stage op amp [lo]. The fully 
differential op amp in the noninverting SC differentiator of Fig. 
l(c) is a specially designed CMOS fully differential op amp with 
a high and symmetric driving capability. No common-mode 
feedback (CMFB) circuit is required in fully differential op amps 
for this application because one of the two outputs in the 
op amps is periodically connected to ground whereas the other is 
periodically connected to the virtual-ground node. This automati- 
cally eliminates the common-mode output voltage. 

The measured frequency responses of the fabricated inverting 
and noninverting SC differentiators with C1= 1.8 pF and C = 0.6 
pF are plotted in Fig. 3(a) where the sampling frequency f ,  is 
18.85 kHz and the center frequency f, is 1 kHz. The correspond- 
ing SWITCAP [ll] simulated result is also shown and is close to 
the measured results. As expected, the gain is linearly propor- 
tional to frequency w if w T  << 1. 

To investigate the operation of the fabricated SC differentia- 
tors in differentiating an analog voltage, a sawtooth waveform 
was input and the output voltage was measured. The output 
waveform is a square wave as shown in Fig. 3(b). It is seen that 
the differentiator is not saturated or overdriven by high-frequency 
noise or other input transients. 

As an example to demonstrate the application of the developed 
SC differentiator, a bandpass biquad designed by using the 
differentiators and fabricated in the test chips is presented here. 
The circuit structure is shown in Fig. 4(a) where the dummy load 
for the noninverting SC differentiators is also shown. 
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