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TFE4188 - Lecture 5
Switched-Capacitor Circuits
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Goal

Understand why we would use switched capacitor circuits

Introduction to discrete-time, and switched capacitor principles
and the circuits we need
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Switched capacitor
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A pipelined 5-Msample/s 9-bit analog-to-

digital converter
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Fig. 6. (a) Schematic of S/H amplifier. (b) Timing diagram of a two-
phase nonoverlapping clock.
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https://ieeexplore.ieee.org/document/1052843
https://ieeexplore.ieee.org/document/1052843

Discrete-Time Signals



Define z. as a continuous
time, continuous value signal

Define £(t) — {(1) iii - 8

z.(nT)

Lt —nT)—L(t—nT-1)

Define z,(t) = i Tsn (1)

n——~oo
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Think of a sampled version of
an analog signal as an infinite
sum of pulse trains where the
area under the pulse train is
equal to the analog signal.

Why do this?
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11— &
And X,(s) = = ——— 3 z.(nT)e """
T

S
n=—00

o0

Thus lim — X,(s) = Z z.(nT)e "

7—0
n=—oo0

Or X, (jw) = % Yy X, (jw— ]k%)
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The spectrum of a sampled signal is an
infinite sum of frequency shifted spectra

or equivalently

When you sample a signal, then there
will be copies of the input spectrum at
every nf,

However, if you do an FFT of a sampled
signal, then all those infinite spectra will
fold down between 0 — f,; /2 or

—fs1/2 — fs1/2 for a complex FFT
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dt.py

#- Create a time vector
N = 2%%13
t = np.linspace(9,N,N)

#- Create the "continuous time" signal with multiple sinusoidal signals and some noise

f1 = 233/N

fd = 1/N*119

X_ S = np.sin(2*np.pi*fl*t) + 1/1024*np.random.randn(N) + 0.5*np.sin(2*np.pi*(fl-fd)*t) + 0.5*np.sin(2*np.pi*(fl1+fd)*t)

#- Create the sampling vector, and the sampled signal
t_s unit =11,1,0,0,0,0,0,0]

t s = np.tile(t_s unit,int(N/len(t_s unit)))

X_sSn = X_s*t_s

#- Convert to frequency domain with a hanning window to avoid FFT bin
#- energy spread
Hann = True
if(Hann):
w = np.hanning(N+1)
else:
w = np.ones(N+1)
X_s = np.fft.fftshift(np.fft.fft(np.multiply(w[O:N],x_s)))
X_sn = np.fft.fftshift(np.fft. fft(np.multiply(w[@:N],x_sn)))
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https://github.com/wulffern/aic2024/blob/main/ex/dt.py
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For discrete time signal
processing we use Z-transform

If you're unfamiliar with the Z-
transform, read the book or
search https://en.wikipedia.org/
wiki/Z-transform
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https://en.wikipedia.org/wiki/Z-transform
https://en.wikipedia.org/wiki/Z-transform
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Pole-Zero plots

If you're not comfortable with pole/zero
plots, have a look at

What does the Laplace Transform really
tell us
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https://www.youtube.com/watch?v=n2y7n6jw5d0
https://www.youtube.com/watch?v=n2y7n6jw5d0

Z-domain

AJQ «Z‘-W«'

W)
J
o 2~ ¢ 3 L Spectra repeat every 27
é/ Bi-linear transform
I z—1
V § =
78 z+1

Warning: First-order approximation https://en.wikipedia.org/wiki/
Bilinear_transform
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https://en.wikipedia.org/wiki/Bilinear_transform
https://en.wikipedia.org/wiki/Bilinear_transform
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First order filter

yln + 1] = bxn| + ayn| = Yz=0X +aY

yln] =bz[n — 1] +ayln —1] =Y =bXz ' +a¥2*

b

< — a

H(z) =

Infinite-impulse response (lIR)

hin] = k ifn <1
a” lb+ak ifn>1

Head's up: Fig 13.12 in AIC is wrong

lir.py
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https://github.com/wulffern/aic2024/blob/main/ex/iir.py
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Finite-impulse response(FIR)
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Switched-Capacitor



Carsten Wulff 2024

Qg3 = C1V1

Q24,5 =0
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Q1g,6 =0
Q24,3 = Qg3 = C1V1 = Co Vs

Vo (O

e
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Switched capacitor gain circuit
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Switched capacitor integrator
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Voln] =Voln — 1] + ==Vi[n — 1]
Co
Vo — 21V, = %lei
& 21 C1 1
H — p—
(Z) Cg 1 — 21 Cg z—1
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Both phases add noise, V2 > %—T
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Mean

- 1 +T'/2
o(t) = Jim /_ , o

Mean Square

: 1 +T'/2 )
z”(t) :111_1&?/_11/2 x”(t)dt

Variance
; 2
o’ =z (t) — z(t)

where o is the standard deviation.
If mean is removed, or is zero, then

o’ = z°(t)
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Assume two random processes, z; (t)
and z (t) with mean of zero (or removed).
Lot (t) = x1(t) + x2 (1)

Tpot (1) = 71 () + 23 (t) + 221 () 22 (¢)

Variance (assuming mean of zero)

1 +7T/2
Jtzot = lim — / w?ot (t)dt

1 +T/2
=0l tol+ lm / |, 200

Assuming uncorrelated processes

(covariance is zero), then

2 9 2
Oit = 071 T 05
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https://en.wikipedia.org/wiki/Mean
https://en.wikipedia.org/wiki/Variance
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Sub-circuits for SC-circuits
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F = minimum transistor gate length. For example 24F4F =>W = 24 x min gate, L= 4 x min gate
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Switches
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X layout1

Filel Editl Celll Windowl Layersl Drcl Optionsl Devices 1 | Devices 2 |

A TR SR
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9) +181.19 +1.3 mi
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7

L INAzZiNzZzpe] | |

X tran1: cicsimgen tran

PostScript

B

vsarn#branch .41887e-12
vsarp#branch .41887e-12
vem#branch .48377e-11
vclk#branch *)
J vref#branch .95701e-06
vdd#branch .09345e-05
vss#branch .35429%e-11

Reference value : 2.45178e-07
| No. of Data Rows : 768

Measurements for Transient Analysis

tpd_done = 7.022126e-08 targ= 7.067355e-08 trig= 4.522900e-10

i Error: no block to end.

J Warning: ignoring previous error
{ The file "tran_debuglaygtmttrtctttvtdtbt.spi.ps" may be printed on a postscript printer.
ngspice 292 -> plot allv

Warning: Unable to load any usable fontset

ngspice 293 -> |

@'O'® X tkcon 2.3 Main

Eile Console Edit Interp Prefs History Help
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% hox
Root cell box:
I width x height ( 1lx, 1lly ), { urx, ury ) area (units"2)

microns: 159.020 x 299.500 (-18.500, -9.990), ( 140.520, 289.510) 47626.488

|Lamhda.: 15902.00 x 29950.00 (-1850.00, -999.00), ( 14052.00, 28951.00) 476264896.00
|internal: 31804 x 59900 ( -3700, -1998 ), ( 28104, 57902) 1905059600

|%
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https://github.com/wulffern/sun_sar9b_sky130nm

Carsten Wulff 2024

O B

O Pun

)



Non-overlapping clocks
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Example
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