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Clock-Feedthrough Cancellation Technique
For Current-Mode T/H Circuits

CHAPTER 1
INTRODUCTION

Recently, Switched-Current (SI) circuits for analog sampled-data
signal processing have become important. The SI technique has been
employed to design sampled-data filters [1,2,3,4], A/D converters [5],
and D/A converters [6]. This technique has two advantages over the
well-known Switched-Capacitor (SC) technique. First, SI circuits offer
low power supply voltage operation because they operates in the
current-mode instead of the voltage-mode (complex voltage
operational amplifiers require a high supply voltage to achieve wide
dynamic range). Second, they can be simply implemented with a
standard CMOS pi-ocess unlike Switched-Capacitor circuits which
require a non-standard fabrication process to provide precision linear
floating capacitors.

The SI technique is the complement of the Switched Capacitor
technique. SC circuits use voltage operational amplifiers as the basic
building blocks which require high supply voltages to achieve low
distortion and wide dynamic range. On the other hand, SI circuits use
current mirrors as basic building blocks; therefore, they operate at a
supply voltage as low as 1.5v (based on a 0.75v threshold voltage).

The SI technique has several advantages over the SC technique,
but it also suffers a major problem current-feedthrough. Current-
feedthrough is caused by the nature of MOS (metal-oxide
semiconductor) switches. When a switch is on, the gate voltage
produces an electric field which attracts mobile charges to the
channel region; when the switch is turned off, the channel charge
must be conserved. Usually one end of the switch is tied to the data
holding node and additional charge AQ from the switch is added to the
data holding-node causing DC offset, and AC harmonic distortion and
gain errors. So in order to design very precise analog sample-data



circuits, this current-feedthrough has to be understood and an
effective cancellation technique has to be developed. Although several
cancellation techniques have been proposed, none of them has
completely eliminated the DC offset, AC gain, and AC harmonic
distortion errors, which become very critical when the normalized

A

peak signal current (1) is large.

The main purpose of this project is to study clock-feedthrough
effects in a SI T/H circuit caused by the non-ideal nature of the MOS
switches and to develop an improved clock-feedthrough cancellation
technique for SI circuits. Device mismatches are also studied in this
project, and a new dynamic current mirror technique is also included
to improve the performance of SI circuits.

In Chapter 2, the SI technique is introduced and discussed for the
purpose of realizing necessary analog signal processing functions such
as summing, inverting, scaling, delay, and integration.

In Chapter 3, current-feedthrough effects are characterized, and
an analytical model is developed. DC offset, AC gain error and
harmonic distortion induced by clock-feedthrough effects are
included. Various existing techniques to solve the clock-feedthrough
problem and their Spice simulation results are illustrated. In the last
part of this chapter, an effective clock-feedthrough cancellation
technique is developed and its operation and Spice simulation results
are illustrated.

In Chapter 4, device mismatches are studied; the discussion of DC
offset, AC gain error and harmonic distortion induced by device
mismatches is included, and existing techniques to solve this problem
and the corresponding Spice simulation results are also provided. In
the last section of this chapter, a proposed dynamic current mirror
technique and its simulation results are illustrated.

In Chapter 5, several SI circuit applications are presented that use
the proposed clock-feedthrough cancellation circuit technique.

Finally, conclusions are given in Chapter 6.
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CHAPTER 2
SWITCHED-CURRENT CIRCUIT TECHNIQUES

2.1 ABSTRACT

The switched current technique has several potential advantages
over the SC technique. First it requires a low power supply voltage
because current mirrors are used instead of Operational Amplifiers.
Second, it has potentially high speed operation due to the low
impedance node at the diode-connected transistor and the low
internal swing voltage. Finally, it only requires a standard CMOS
fabrication process unlike SC circuits which require extra steps to
provide linear floating capacitors. All these features make the SI
technique a very promising circuit technique for applications
requiring a low power supply voltage, a high operating speed, and a
simple fabrication process.

2.2 SWITCHED - CURRENT SIGNAL PROCESSING

There are four basic operations needed for signal processing:
inverting, summing, scaling and delay. In Switched-Current circuits,
each of the operations is implemented with current-mode circuitry. A
simple current Mirror/Amplifier is the basic building block of SI
circuits, as shown in fig-1, where "I" is the DC bias current, "i" is the
AC input signal current, "A" is the scale factor defined as

(L)2
and "Clock" is the clock input.
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Fig. 1. Switched-current track-and-hold circuit.
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2.2.1 SI inverting circuit

Figure 2 shows a unity-gain SI inverting current amplifier.
withAssuming the current mirror is ideal, witn 2 2=t1, the AC signal

current i, plus bias current I are applied to the input node of the
diode-connected transistor Ml. By applying Kirchhoff's current law,
and assuming MI and M2 in saturation, the current flowing through

M1 is I+i, which causes a. gate-source voltage, Vgsi=eg K2( (virI+i )
+ Vt,

where "K" is the parameter related to the semiconductor material and
the thickness of the oxide layer K=p.Cox and 'Vt" is the threshold
voltage. In this current mirror configuration, Vgsi=Vgs2.

We then calculate the current through transistor M2:
(Assume M2 is operating in the saturation region)

K.,W, .,, )2iz=y-t-i-)2-tvgs2-vt

K
)2*(

2(I+i)
Vt -Vt)2L

=I+i (2.1)

Now, applying KCL at the output node:
io+I+i-I=0

and i0=-i
(2.2)
(2.3)

As shown above, the output is inverted relative to the input signal
current.
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Fig. 2. Switched-currrent inverting circuit.
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Fig. 3. Switched-current summing circuit.
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2.2.2 SI summing circuit

Figure 3 shows an SI Summing circuit with i1 +i2 being the total
signal input current into the amplifier. The total current flowing
through MI is The total current flowing through M2 (assuming
saturation) also equals By applying KCL at the output node:

and ==> (i +i2) (2.4)

From the above equation, the output is an inverted sum of the input
signals.

2.2.3 SI scaling circuit

Figure 4 shows a SI scaling circuit. To scale the signal current by a
factor of K, we need to scale both the DC bias current as well as the
device ratio of M2 by a factor K, where K is the aspect ratio of M2 to
Ml. The drain source current of Ml is the sum of the DC bias
current, I, and the AC signal current

Ids =I +i (2.5)
The drain-source current of MI is reflected to M2 by the scale

factor K:
Ids2=Kids1 =K(I+i1)

By summing all currents at the output node,
KI-i0-K(I+0=0

and i0=-Ki1

(2.6)

(2.7)
Therefore, we conclude from the three examples above that the
current Mirror/Amplifier efficiently performs current summation,
inversion and scaling.
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2.2.4 SI delay cell

Figure 5 shows the SI current track-and-hold (T/H) cell. The
current T/H has two modes: track mode as shown in Fig. 6(a), and
hold mode as shown in Fig. 6(b).

In the track mode, the switch is closed (CLK goes high), and

Vgsi(t)=Vgs2(0= w + Vt , (2.8)

W defines the width and L the length of the transistors. Assuming M1
and M2 are matched,

K ,W, 2(I+i(t))10(02 t-D=-2 + Vt -Vt)2 + I (2.9)
K(1-4)1

and jo(t)=-i(t) (2.10)
From equation 2.10, we see that the output current tracks the input
current with inversion during the track mode.

In the hold operation, the switch is opened (CLK goes low) at
time=T. The charge stored on the gate capacitance of M2 corresponds
to the voltage at time T, just prior to when the switch is opened:

and

Vgs2(t)=Vgs 1(T)

o(t)=-l y- t-02*t
K. 2(I +i( T))

W +Vt-V02 + I (2.12)
K( -17)1

jo(t)= -i(T) (2.13)

(2.11)

From this, we see that the output current ideally holds the input
signal at time=T. The non-critical MOSFET gate capacitance is used to
store the charge which directly corresponds to a constant output
signal current until the CLK goes high again, at which time the gate
voltage is updated as the circuit returns to the track mode.



1+i

11

1

I

Vdd
I

M1

1 K

M2

Fig. 4. Switched-current scaling circuit.

M1

CLK

1
M2

Fig. 5. Switched-current delay circuit.
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Vdd

M1

Vgs(t)

lo(t)

M2

I

Fig. 6(a). Switch MS in Fig. 5 is on and replaced by a short circuit.

Vdd1

iin(t)

11
Vgs(t)

1

Vgs (T)

M2

lo(t)

Fig. 6(b). Switch MS in Fig. 5 is off and replaced by an open circuit.
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2.2.5 Switched-current integrator

A SI integrator is shown in Fig-7 [13]. It consists of a cascade of
two current T/H circuits. The switches (CLK1, CLK2) are operated
from two non-overlapping clock phases. Input it is at the non-
inverting terminal of the integrator which is represented by a "+" sign:
input i2 is at the inverting terminal of the integrator which is
represented by a "-" sign. In order to analyze how this circuit works,
let us first open the feedback path "if". We write expressions
representing the currents if and ic.:

ii=i1Z-1 + ifZ-1 i2Z-0.5 (2.13)
i0=Kif

11Z-1- i2Z-0.5..===>
10=K 1-Z-1 (2.15)

W
where K is the L ratio of M8 to M4, and M6 to M5.

This result is comparable to the so called "Bottom-Plate/Parasitic-
Insensitive" SC integrator [7], shown in Fig -8, where CLK1, CLK2 are
two non-overlapping clock phases, assuming that \rout is sampled on
CLK1. The output voltage is related to the input voltage as,

ci Vi Z-1- V2z-0.5v - (2.16)out-c2 1-Z-1

Comparing Eqn. (2.15) and (2.16), we see that the SI circuit is
equivalent to the SC circuit if we just replace the capacitor ratio in the

WSc circuit by the L ratio in the SI circuit.

From the above example, we see that an SC integrator uses an
operational amplifier and operates in the voltage mode. It is easier to
replace the SC integrator with a differential current SI integrator,
which is two cascaded Track-Hold circuits. Therefore, a low supply
voltage and higher speed integrator can possibly be obtained by the SI
method.
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Fig. 7. Switched-current integrator circuit.
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+
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+
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Fig. 8. Parasitic-insensitive differential switched-capacitor integrator.

io



13

CHAFFER 3
CURRENT-FEEDTHROUGH AND CANCELLATION

TECHNIQUE IN SI CIRCUITS

3.1 CURRENT FEEDTHROUGH IN SI CIRCUITS

Current feedthrough, also called clock feedthrough induced by the
imperfection of the MOS switch, is one of the fundamental factors that
limits the accuracy of SI and SC analog circuits such as A/D, and D/A
converters, and Track-and-Hold circuits.

When the switch transistor is turned off, some portion of the
mobile charge which existed in the previously conducting channel is
transferred to the data holding node and causes an error voltage AV at
the data holding node.

In this chapter, we analyze the switching-off behavior of MOS
switches and the harmonic distortion of current-mode T/H circuits
caused by the clock feedthrough voltage. Finally, we develop some
techniques that can reduce the clock-feedthrough effects.

3.1.1 Analytic model for clock-feedthrough voltage

A simple SI Track-and-Hold circuit is shown in Fig. 5, and its
equivalent lumped model is shown in Fig. 9(a), where Vin and Rs are
signal-dependent parameters.
Recall eqn. (2.8):

Vin=Vgs(t). 2(I+i(t))
+ Vt (3. 1)

K(r)
Since i(t) is time dependent, Vin is also time dependent. When the
switch is on, CLK=Vdd, the charge in the channel of the MOSFET
switch is given by:

Q=CmW11(Vdd-Vgs(t) Art] (3.2)
where C.c is the oxide capacitance of the switch per unit area.



Clocki

Fig. 9(a). Equivalent lumped model for SI T/H circuit.
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CI

When the switch turns off, the charge in the channel is
redistributed. The redistribution is very sensitive to the clock rate (K.
When the clock rate is very slow, all the channel charge has time to
flow to the low impedance node which is the diode connected
transistor side, so ideally none of the charge will flow onto the data
holding node; therefore, AV will be ideally zero. On the other hand,
when the clock rate is very high, the channel charge does not all flow
to the low impedance node, but is split equally into two parts.
Therefore, half of the total charge will be deposited on the data
holding node causing a feedthrough error voltage AV. In Fig. 9(b), the
behavior of the switch when it is turned off is shown.



Vin+Vt

I--
Switch On phase a

urtich Off phase b

15

Time (nS)

Fig. 9(b). The behavior of the switch when it is turned off.

The process of turnoff MOS switch consists of two distinct phases:

1) During the first phase (phase a), the gate to source voltage (Vgs)
of the switch is greater than the threshold voltage (Vt). In this phase,
the transistor is on, and a conductng channel exists (see Fig. 10(a).)
The channel extends from the source side to the drain side of the
transistor. The mobile charge in the channel is described by Equation
3.1.

2) During the second phase (phase b), after the gate to source
voltage is less than or equal to the threshold voltage, the switch is
turned off, and the conduction channel disappears (See Fig. 10(b).)



Rs

NV\
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g(t)

L-Cg/2
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Fig. 10(a). Equivalent lumped model when the switch is on.

Rs

Col

1G

Col

Fig. 10(b). Equivalent lumped model when the switch is off.



The parameters from Figs. 10(a) and 10(b) are described as follows:

Cox: Gate capacitance per unit area
Col: Overlap capacitance (gate-drain, gate-source)
Cl: M2 gate capacitance

CI=Cox*W2*L2
Ci: M1 gate capacitance
Rs: Signal-dependent source resistance

Rs- 1

K (1--)
W 2(I+i(t))

K(L)

g=2 Col +
c"2

g(t) : The transconductance of the switch
8Id

g(t)=
g
; K (Vgs -Vt)

Applying KCL to node D and S in Figure-10a, we obtain the
following equation [81:

where:

I8VsVs

--Ci=g(t)*(Vd-Vs)-17; iinj (3.3)
8Vt

dVd
--Cig(t)*(Vs-Vd) + iinj
dVt

V,:

Vd:

(3.4)

The clock-feedthrough voltage injected on the
source side of the switch.

The clock-feedthrough voltage injected on the
drain side of the switch.

17
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iinj: The current injection due to the coupling of the
switch capacitance to load capacitance defined

as:
,2Col+CoxWefiLe

iini = 2
mea; a is the rate at which clock is

turned off.

8Vg
a=

8V t

Equation 3.2 and 3.3 can be solved numerically by the Runge-Kutta
method [9], (the basic algorithm listed in Appendix A.) A computer
program written based on this algorithm is called MATHLAB. We used
it to obtain the numerical solution for the clock-feedthrough voltage
on the data holding node, (the programs are listed in Appendix B.)
Figure-11 shows the 3-D plot of the clock-feedthrough voltage on the
data holding node vs. the clock fall rates and source voltage.
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Fig-11

.c2)
'34E. ;.ZS, 21 S0 ,% S .T4:

4 13

i5C7FS:55:
N4C2%:C

PCVE.

1 . CZ
..7.

3-D plot of clock-feedthrough voltage on the data
holding node vs. the clock falling rates and source
voltage
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From Figure-11, we see that as Vs increases, Vgs decreases, and
therefore, the clock-feedthrough voltage decreases which agrees with
the theoretical analysis. Also from this graph, we see that as the falling
rate of the clock increases, the clock feedthrough voltage increases,
which agrees with the theoretical analysis as well.
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3.1.2. Harmonic distortion analysis for T/H circuits

Refering to Fig. 5, if we neglect the channel length modulation
effect, and recall equation 2.8:

..
2(I+i)

Vgs. w + v t (3.5)
K(i.,)

The voltage Vgs developed in the diode-connected M1 is applied to
the gate of M2. Assuming that the switch is turned off and a
feedthrough voltage AV is injected into the gate of M2, we then get:

2=f (W)2 (, g s- v t 2)
2

124 (I)2( 2(wI+i)
+AV+Vti-Vt2)2

K(r)1
W W

For simplicity, assume Vt1 =Vt2, (-1)1= (-02, 13=Kr. Then:

.\F2I
lout= 12-1= i+DAV 1+1

I
+

2
11AI/2

0

Since

==>

,
2

t v GS- v ti2

= (VGS-Vt)

Substitute equation 3.6 into equation 3.5, we have:
A A A

2AV 1 i 1 i 2 1 3
jout=i+NGS-Vt) (2 (I ( ) M

+ R (A1.7)2

is 2 AV 2AVI(AV) + i [1+ 1

v 1' +(Vcs-Vt) 1

5 A'

A

(1 )3 -ffg (1 )4 +

with: DC offset term= -13(AV) 2
2

(3.6)

(3.7)

(3.8)

A

5 i 4
128 (I) + *1

A

-g (I)2 1

(3.9)

16
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AV
a1= 1+

(VGs-Vt)
-AV

a2- 4(VGs-Vt)I
AV

a3= 8(VGs-Vt)I2
-5AV

a4= 64(Vcs-Vt)I3
Now, solving for the Fractional Harmonic distortion terms:

1 ,a2,
HD2= (al) 1

-1 eV A

8 (Vcs-Vt) i()
AV I

(3.10)

1+ (Vcs-Vt)
1 a3 2

HD3= -4 ai) (3.11)

1 AV A
32 (Vcs-Vt)

(1)2 (3.12)
AV

1+
(Vcs-Vt)

-5 AV A

HID
512 QV

(I
-Vt) is34- (3.13)

AV
1

1+ (Vcs-Vt)
A

Linear gain
(1+ (Vcs-V

V
t) )

(3.14)

Total Harmonic Distortion is given by:
THD = -\/(HD2)2+(HD3)2+(HD4)2+ (3.15)

The linear gain is shown in Fig. 12, and the 3-D plot of the Total
Harmonic Distortion (THD) is shown in Fig. 13.



Fig-12 3-D Plot of the linear gain
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Fig. 13. 3-D Plot of the Total Harmonic Distortion (THD).
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3.2 CURRENT-FEEDTHROUGH CANCELLATION TECHNIQUES

For very precise analog applications, the AC harmonic distortion
and input related current-feedthrough shown in equation 3.5 are
undesirable, and a charge-feedthrough cancellation technique has to
be developed to improve the performance. But due to the
unpredictablity of the charge distribution, it is very difficult to achieve
perfect cancellation [71. To illustrate the effect of current-feedthrough,
the Switched-Current Sample-and-Hold circuit in Fig-5 was simulated;
Figures 14 and 15 show the current-feedthrough effect of the SI
circuit for two different device sizes. From the simulation results of
Figures14 and 15, we see that the current-feedthrough is most severe
for smaller transistor sizes. This can be explained from the basic
equation AV= g. For a fixed Q, smaller device size means smaller C,
since C is defined by C=Cox*(W*L), and therefore a larger clock-
feedthrough voltage AV. There have been some suggestions to solve
this problem by the use of the dummy switch technique as used in
many SC circuits or the use of the fully-differential structure in order
to cancel the common-mode components of current-feedthrough.
However, both approachs do not work well with small transistor sizes
nor cancel current-feedthrough caused by the input AC signal.
Recently there has been a better solution to this problem proposed by
Paul Lao [121. His approach works well with smaller devices; it also
cancels first-order current-feedthrough caused by the input AC signal.
However, this approach is strongly dependent on the same
feedthrough charges AQ injected onto the drain and source side of the
switch, From Eqns (3.2) and (3.3), we know it is only true with a high
clock rate, but when the clock rate is slow, the mobile charges in the
channel will have enough time to flow to the low impedance side
which is the source side. Therefore, AQ injected onto the drain is not
the same as AQ injected onto the source side. When this occurs, this
cancellation technique fails. Also this approach strongly depends on
the capacitance matching between the dummy and the data holding



26

capacitances, which may require a special layout technique to achieve.
In the following section, we discuss in detail the operation of these

three existing charge-feedthrough cancellation techniques and show
their Spice simulation results. Finally, I will present my solution to
this problem, discuss the operation of this circuit, and show Spice
simulation results.

All the Spice simulation conditions are listed below:

Amplitude Frequency

I 100 pA DC

A
i 50 pA. 1 KHz

cl) 0 5V 20 KHz
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3.2.1 Dummy switch technique
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The dummy MOSFET cancellation technique (14] is shown in Fig.

Vdd

CLKINV

CLK

tM
I

4.# M2

io

M4

Fig. 16. Dummy switch cancellation technique.

The idea behind this technique is that when the switch M2 is shut
off, the dummy switch MD will turn on to collect all the excess charge
injected by the switch M2. This process very strongly depends on the
falling and rising edge of the two non-overlapping clock phases CLK
and CLKINV. Spice simulation results for different (T.--,) ratios are
plotted in Figs. 17(a) and (b). We see from those results that this
technique is not totally successful for SI circuits due to the signal-
dependent source impedance associated with the diode-connected
MOSFET Ml.
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3.2.2 Fully-differential technique

A replication clock-feedthrough cancellation technique has been
proposed [10]. A circuit diagram using this technique is shown in
Figure-18.

1,11

CLK

tMS2 I

vCC

T
14.

M5 --I-
I

LA-41-

1,

CU<

to j
M1 M2MS1

I

Clock feedthrough current
cancellation circuit

Switched-current Sample-Hold
circuit

Fig. 18. Replication current cancellation technique.

The circuit works as follows:
M 1, M2 and MS1 form the Switched-current track-hold circuit.

M2, M4 and MS2 form the current-feedthrough cancellation circuit
which is a replication of switched-current track-hold circuit. Since
both parts are switched by the same clock, the clock-feedthrough
currents are also in phase, and both currents are ideally the same
amount. So the clock-feedthrough current generated in the
cancellation circuit is mirrored across to the output node to be
subtracted away.

This technique successfully cancels the DC offset part of current-
feedthrough, but it doesn't eliminate the signal-dependent current-
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A
feedthrough due to the input AC signal. Therefore, when the (T) ratio
is large, large AC harmonic distortion and gain errors are expected.This technique is also strongly dependent on the device sizes. Spice
simulation results for different (L) ratios are plotted in Figs. 19(a) and
(b). Improvement of the signal-independent component of the
current-feedthrough by 20 dB has been reported by this technique.

As you can see from above two techniques, none of them
completely cancels the current feedthrough, and both of them areWstrongly dependent on the ( -f-, ratios.
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3.2.3 Lao's current-feedthrough cancellation circuit

Ml

M4

M8

Fig. 20. Lao's current-feedthrough cancellation circuit.

Lao's current-feedthrough cancellation technique [12) for SI T/H
circuits is shown in Fig. 20. In the scheme, the switches M2 and M5
have the same length and width (they are identical transistors) and are
controlled by the same clock phase (1). Transistors M7 and M8 are

W Widentical (f)7= ts and form a current mirror. Transistors Ml, M3

and M4 are identical and M6 has twice the width W. M3 acts as a
dummy transistor so that the combined capacitance of M3 and M4 is
identical to the capacitance of M6. The operation of this circuit can be
analyzed in two cases: Switches are on and switches are off.
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Case I: The Switches Are On

When the switches are on, the equivalent circuit is shown in Fig.
21. The drain current in MI is I + i, since M6 has twice the width of
M 1, the drain current of M6 is 2(1 + i), by applying KCL at the output
node we obtain:

M1

1111,,1

M4

io

M6

Fig. 21. An equivalent circuit when the switches are on.

jo=(I +Id 4) Id 6= (I+I+i) 2 (1+0 = - i

So we can see that the output tracks the input with inversion
when the switches are on.
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Case II: The Switches Are Off at time t = T

An equivalent circuit when the switches are off is shown in Fig.
22. The idea behind the operation of this circuit is to assume that the
total charges injected into the drain side and source side of the
switches are identical. Therefore, the total charges injected onto the
gates of M3-M4 (2AQ) is twice as much as that injected onto the gate
capacitance of M6 (6,Q), because M3-M4 are tied to both the drain side
of switch M2 and the source side of switch M5, and M6 is only tied to
the drain side of M5. From the basic equation AQ = C tiV, we conclude
that 2AV is added onto Vgs of M3-M4 and AV is added onto Vgs of M6.
With the above information, we calculate the drain current of both
transistors M4 and M6.

c
T g"

M4

M8

I

T

M6

Fig. 22. An equivalent circuit when the switches are off.



The drain current of M4 is

1d4 (Vgs Vt + zA v ;

1d4 =
P

I (Vgs Vt)
2

+ 4(Vgs -WAN, +4AV

The drain current of M6 is

2]

[3= K'( L) (3.16)

(3.17)

Id6 =
2P

(Vgs Vt + Ay)2 (3.18)

2
IId6 = 2

f3

I. (Vgsgs Vt)
2

+ 2(Vgs -Vt),AV + LV2J (3.19)
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The drain current through M4 is mirrored across to the output node.
by M7-M8. Applying KCL to the output node we obtain:

io + Ids Id4 I = 0 (3.20)

10 +
P

Vt)
2

PAV
2

- I = 0 (3.21)

Recall that before the switches are turned off the voltage at the
gate of M1 is Vgs: so are the voltages at the gates of M4 and M6. From
the basic MOS equation, the current through the drain of M1 is

Id 1 = Vt)
2=

I + i(T)

Substituting Eqn 3.20 into Eqn 3.19 results in
(3.22)

io = -i(T) + 13ZW2 (3.23)
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From Eqn 3.21, we see that the output current is holding the
input current just before the switch is turned off with a small error
current of mv2.

Spice simulation results for different 1,
W

ratio are plotted in Figs.
23(a) and (b). As we see from the simulation results, this circuit
performs well compared with the dummy switch and replication
structure techniques, but the drawbacks of this technique are the
dependency of the clock rate, and special layout technique needed for
the MOS capacitance matching.

In the next section, I will introduce a new cancellation technique,
and discuss its operation.
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3.2.4 The proposed current-feedthrough cancellation circuit

The proposed current-feedthrough cancellation circuit is shown in
Fig. 24.

CLK

i>

VCC

M7

lo

M1 M2 M4

M6

M5

Fig. 24. Proposed current-feedthrough cancellation circuit.

The switches M2 and M4 are identical, transistors M6 and M7 are
identical, transistors M1 and M3 are identical, and transistor M5 has
same the length (L) as transistor M1 and M3, but it has twice the

W W W
width as M1 and M3, ( /7--,)5=2(T-4)1=2(1)3. The operation of the circuit

consists of two cases: switches are on and switches are off.
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Case I: The switches are "on"

When the switches are on, the equivalent circuit is shown in Fig.
25. Since MI and M3 have the same (L) ratio and Id =I+i,

we get Id3=I+i
W W WSince (-05=2f-01=2(1)3,

I5 =211 =2 (I+i) ,

By applying KCL:

Id5=Iss

Since M6 and M7 forms a current mirror,
Is7=Is6

By applying KCL at the output node:
Io=I7-Id3-I (3.24)

=2(I+i) (I+i) -I

So we can say that the output current tracks the input current
without inversion.

vcc
T

M1

M7 M6

M3 M5

Fig. 25. An equivalent circuit when the switches are "On".



Case II: When the switches are "off'
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When the switches (M2,M4) are "off', the equivalent circuit isshown in Fig-26. We know from the previous analysis,
Cg=Cox*(W*L)

Since ( -EW )5=2( )3, therefore

Cg5=2 Cgs
AQRecall AV= Cg (3.25)

AV3=20V5=20V (3.26)
The drain current of M3 is,

Ic13= [Vgs-Vt+2AV] 2

[(Vgs-Vt)2+4AV(Vgs-Vt)+ 4AV21 (3.27)
where 3= K (L ).

The drain current of M5 is

(3.28)Ids
2

=-13

[Vos-Vt4-AV]2

213

2
((Vgs-Vt)2+20V(Vgs-Vt)+ AV21

and since 415=46

===> Is6=
2 [(Vgs-Vt)2+2AV(Vgs-Vt)+ AV2) (3.29)

213

W WM6 and M7 form a current mirror, and (-1--)7= 4)6,
therefore l7=I6=

2-3-1(Vgs-Vt)2+20V(Vgs-Vt)+ AV21.

By applying KCL at the output node,
Io=17-Id3-1

2
(Vgs-Vt)2-pAv2-I.

Since
2

(V
g
s-Vt)2= I+ i(T)

(3.23)

(3.31)

(3.32)
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Therefore
Io=i(T) - pAv2- (3.33)

From Eqn (3.31), we see the output current is holding the input
current just before the switch is turned off with a DC error term 130N2.
Using AV=20 mV, which is typical value, the error current fle1V2 is 90
nA which is a very small number.

I

1

M1

Vgsl

vcc

0

M3

Vgs3

M6

--I M5
Vgs5

Fig. 26. An equivalent circuit when the switches are "Off'.

The Spice simulation results of Fig-18 using different device sizes
are shown in Figs. 27(a) and (b). It is obvious from these results that
this circuit performs much better than the dummy switch and
replication current-feedthrough techniques. It also has several
advantages over Lao's proposed current-feedthrough cancellation
circuit: First, it is less sensitive to the clock rate. Second, it consumes
less DC power. And third, it does not require a precise dummy
capacitance which may require a special layout technique. With this
technique, we can now implement a SI T/H circuit with smaller
device sizes and a higher precision level. Hence more devices can be
fabricated per die area.
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CHAPTER 4
DISTORTION CANCELLATION IN THE CURRENT T/H CIRCUIT

4.1 MISMATCHES

SI circuits suffer not only the clock-feedthrough effect, but also
from the device mismatches which are caused by process variations.
This problem arises from the mismatches in the transistor aspect
ratio, (i), threshold voltage, Vt, transconductance parameter, K, and
the channel-length modulation parameter, X. Analysis can be
performed for these mismatches in a way similar to the analysis
performed for clock-feedthrough. The results are summarized in Fig.
28. Typical variations in these parameters are approximately ten
percent [151 across the wafer. These mismatches introduce not only
DC offset and AC gain errors, but threshold voltage mismatches cause
harmonic distortion as well. A plot of the total harmonic distortion

A

versus the (i) ratio due to the threshold voltage mismatch is shown in
Fig. 29.
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Parameter DC Offset AC Gain Error

AV=Vt 1 -Vt2 2AVt/(Vcs-Vt) AVt/(Vcs-Vt)

AW=W1 -W2 AW/W AW/W

AL=L1 -L2 -AL/L -AL/L

AK=K1 -K2 LK /K AK/K

0(? VDs)=RVDs)1-(A.Ds)2 A(XVDs)/(XVDs) ARVDs)/(XVDs)

Fig. 28. Distortion of output current due to W, L, K and XVDS
mismatches for Fig. 1.
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4.2 DYNAMIC CURRENT MIRROR TECHNIQUE

The dynamic current mirror (11) is shown in Fig. 30. It uses only
one noncritical MOS transistor that serves as both the diode-
connected transistor and the mirror transistor. 4)1 and 4)2 are two
non-overlapped clocks. When the 4)1 switches are closed and the 4)2
switch is open, the transistor is diode-connected. The drain current is
the sum of the bias and the signal currents. A gate to source voltage
which corresponds to the drain current is memorized on the gate
capacitance. When the 4)1 switches are open and the 4)2 switch is
closed, the gate capacitance holds the voltage corresponding to when
the diode connection was opened. The output current is the current
sampled during clock phase 4)1 minus the bias current, I. Therefore,
the current has been mirrored to the output. This technique
eliminates any mismatch distortion, and it can be applicable to high
accuracy A/D and b/A convertors as well as signal processors, but
there are three potential problems associated with this technique. One
is the clock-feedthrough distortion. Second is the "hold-and-float"
nature. During phase 4)1 the current is stored on the gate capacitance.
When both 01 and 4)2 are low, (the non-overlapping region,) the
transistor drain current is I+Iin, and the current source supplies only
the current I. This will force the drain voltage of M1 to compensate
for a mismatches in current. and it may result in severe non-ideal
circuit operation. The third problem can be seen in three extreme
cases:
Case 1: Switch M3 is turned off a little earlier than switch M2 (assume
4)2 is still low, switch M4 is still turned off.)

The equivalent circuit is shown in Fig. 31. The input is
disconnected from the rest of the circuit, and the drain current of M1
is equal to I+Iin(T), where T is the time just prior to when M3 is
opened, and the current source supplies only the current I. This will
force gate and drain voltage to move along the line of Vds=Vgs on the
Id vs Vds curve to compensate for a mismatches in current. Also the
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Vdd

Fig. 30. Dynamic current mirror.

Vdd

02

lout

M1

I+lin(r)

M4

Fig. 31. The equivalent circuit for case 1.



54
clock-feedthrough voltage AV caused by the switch M3 will be
deposited on the gate of Ml through the conducting channel of M2. It
gets worse when the switch M2 is turned off following the turning offof switch M3, because 2AV will be injected on the gate capacitance of
Ml. Combining these two effects will result in severe non-ideal circuit
operation as well as large distortion on the output waveform. These
effects also get worse if the input signal is larger.
Case 2: Switch M2 is turned off little earlier than switch M3 (assume
4)2 is still low, switch M4 is still turned off.)

The equivalent circuit is shown in Fig. 32. The gate capacitance of
Ml holds a voltage level corresponding to the drain current of Ml just
prior to when the switch M2 is turned off with a clock-feedthrough
voltage AV injected from M2. In this case, we can treat the distortion
as being only due to the clock-feedthrough effects.

lin

4l
I

Vdd
--,---

cp
02

I Iout

M3

Ml

Il

M4

Fig. 32. The equivalent circuit for case 2.
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Case 3: Switch M2 and switch M3 are turned off simultaneously
(assume (I)2 is still low, switch M4 is still turned off.)

In this case, there is not a clear explanation as to what will happen
to the output signal, but we can assume it will behave somewhere
between the two previous cases. Spice simulation results for different

L) ratios are plotted in Fig-33 and Fig-34. We see from these results,

that this technique does not work well with large input signal.

In the next section, we introduce an improved version of the
dynamic current mirror, and discuss its operation.
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4.3 THE PROPOSED DYNAMIC CURRENT MIRROR CIRCUIT

The proposed dynamic current mirror circuit is shown in Fig. 35.

Vdd

CLK2

lin

CLK2'

lout
M4

CLK1'

4=1 MD
M3

1
M1

M5

Il

Fig. 35. Proposed dynamic current mirror circuit.

Switches M3, M4 and M5 are identical transistors (same length and
width). Dummy switch MD has the same length, but half of the width
of switches M3, M4 and M5. M1 and M2 are also identical transistors.
The clock waveforms are shown in Fig. 36. Notice that CLK1 is turned
off a little earlier than CLK2. The idea behind this circuit is similar to
the analysis we did for the case 2 of section 4.2.1. By sampling the
clocks at different times, we can eliminate the input signal related
charge on the data holding node, and therefore, simplify this problem
into a clock-feedthrough problem.



I I

I Icuiu- - -

CLK 1

I

I

I I

IMMI..

I

I

I

CLK2'.

1
%

1

1

ir-1\1
CLK2

let

Fig. 36. Clock Waveform.

.1=M1 =IMP

59

The drain and source of the dummy switch MD are shorted and
the gate is controlled by an opposite clock phase from switch M3.
Therefore, when the switch M3 is turned off, the dummy switch MD is
turned on and absorbs the excess charge injected by the main switch
M3. Switch M2 is also a dummy switch, which will absorb half of the
excess charge being injected by the main switch M3. Shown in Figs.
37 and 38 are the Spice simulation results of Fig. 35. It is obvious from
these results that this circuit performs much better than the existing
schemes we have shown. One main advantage that this circuit has is
that it eliminates any device mismatch distortion and therefore
achieves higher accuracy.
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CHAPTER 5
APPLICATIONS

5.1 IMPLEMENTATION OF SI INTEGRATOR CIRCUITS

Refer to Fig. 7, a SI integrator circuit can be implemented by
cascading two T/H circuit with two non-overlapping clock phases
CLK1 and CLK2 to control the gate of the switches [161. The general
transfer function of a integrator can be expressed as:

Al + A2Z+ A3Z-1
H(Z) - -1 (5.1)

1 Z
Where H(Z) is the transfer function of the circuit.

Shown in Fig. 39 is a current integrator using the clock-
feedthrough cancellation technique. The expression for the output
current io can be derived following the same method used in section
2.2.5.

1 - 1
14 + 1fL, = lo

if = io

-1 1iZ +10Z =10

10(1 Z 1) = iZ 1

-1
io Z

(5.2)

(5.3)

(5.4)

(5.5)

(5.6)H(Z) - -
1 Z1

We can see that equation 5.6 is the same as equation 5.1 with Al =
A2= 0, and A3 = 1.



if

CLK1

M3
MI

CLK2
V

8

io

M3 M9

M6

M5

Fig. 39. Current integrator circuit.
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5.2 IMPLEMENTATION OF A SI LOWPASS BIQUADRATIC FILTER

In order to see how this clock-feedthrough cancellation circuit
performs, we implemented a SI lowpass biquadratic filter using a two
micron P-well CMOS process offered by MOSIS. The (L) sizes for the

integrator transistors are W- 20
and the switch transistors are2 gm

W 3
L-2 ilin

The block diagram of a general switched-current biquadratic filter
is shown in Fig. 40, where K1 and K2 represent the dynamic range
scaling factors, and the alpha charactor factors represent the current
mirror ratios used to scale signal currents. The filter was designed for
a cutoff frequency of 5KHz when the sampling frequency is at 128KHz.

The layout of the SI biquadratic filter is shown in Fig. 41. In this
layout, the top row are the cascode current mirrors used to scale
signal currents, and the bottom row are the two integrators. Two
integrators are required to form one biquadratic filter.
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(G/D)1 /K1

Fig. 40. A block diagram of a general SI biquadratic filter.



51 lorrpeee blquedrent filter

111.1.1.1IIIIImmuntimr

Fig. 41. A chip layout of the SI lowpass biquadratic filter
W 20 gmwith mirror transistors (L) ) 2 pan and switch

W 3µmtransistors ( T ) ".
Li 2 µ m.
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CHAPTER 6
CONCLUSIONS

This thesis presented the analysis of clock-feedthrough effects in
SI T/H circuits and the clock-feedthrough cancellation techniques.
The simulation results showed that this cancellation technique is very
promising for future high precision analog T/H circuit designs. Device
mismatchs were also studied in this thesis, and an improved dynamic
current copier technique was developed to eliminate this problem.
Even though the simulation results are very promising, there are still
some performance improvements that must be made to make this
technique more attractive. Elimination of the clock-feedthrough and
device mismatch effects significantly increases the accuracy, speed,
and dynamic range of the SI circuit technique.

The existing current-feedthrough cancellation techniques which
we have mentioned before cannot cancel the signal-dependent clock-
feedthrough AC harmonic distortion and linear gain error at smaller
mirror transistor sizes, and the performance of these techniques is
also strongly dependent on the clock falling rate. These problems
effect the speed, accuracy and reliability of SI sample-and-hold
circuits. Hence, a better clock-feedthrough cancellation technique
must be implemented.

In this paper, I presented a clock-feedthrough cancellation
technique which allows the use of small mirror transistors. The
simulated performance is very promising, as both speed and dynamic
range are improved compared to existing techniques. In order to
confirm the performance of the proposed clock-feedthrough
cancellation technique, a lowpass SI biquadratic filter with mirror

W 20µm W 3 p.mtransistor sizes (L) - and switch transistor sizes T ) -2 inn 2µm
has been implemented and sent for fabrication using a two micron
standard P-well CMOS process technology offered by MOSIS (MOS
Integration Service). The results of the circuit will be reported as soon
as the chips has been tested.
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APPENDIX A
THE ALGORITHM OF THE RUNGE-HUTTA-FEHLBERG METHOD

FOR SOLVING CLOCH-FEEDTHROUGH VOLTAGE

===>

kl=hRxn,Yn)
h ,

k2=11R -4-xn + . yn + V
kl

3h 3k1 9k2,k3=hipcn + , yn + 32 + 32 i
12h 1932k1 7200k2 7296k3k4=hf(xn + ----,, v13 ./ n + 2197 2197 ÷ 2197 )

3680k3 845k4,
k5=h .f(xn + h, yn +

439k1
216 8k2 + 513 4104 i

h 8k1
k6=114(xn + , yn + 2k2

3544k3 1859k4 11k5
2565 + 4104 40 )

25k1 1408k3 2197k4 k5,
Yn+1=Yn + (216 + 2565 + 4104 g-.)

16k1 6656k3 28516k4 9k5 24,
Yn+ 1 =Yn + (125 + 12825 + 56430 50 + 55 i

error estimation:

k1 128k3 2197k4 k5 2k6error-360 42475 75240 + 50 + 55
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APPENDIX B
PROGRAM FOR SOLVING CLOCK-FEEDTHROUGH

% Main Program for solve the charge feedthrough

echo on
cic
to1=1.e-3 ;
trace=1 ;

for j=1:21
ain=5e6 * (1+50*0-1)) ;

for i=1:10
vs=1+0.23 * (i-1);
to=b ;

Tfinai=5/ain ;
y0= [0 0];
z= ace ('fun' , tO , tfinal , y0 , tol , trace vs , ain )
c( j i )= z (2, 1)
end

end
save c;
mesh(c), pause
title('charge feedthrough waveform for vd')
meta plot3d
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0/0 Sub program to define the partial differential equation

function yprime = fun(t, y, vs, ain);
vh = 5 ;
vs = vs ;
a = ain ;
beta = 133.92e-6 ;

% rs is the signal-dependent input impedance of the diode-connected
% transistor
rs = 1/(beta*(vs-0.93)) ;

ci = .1e-12 ;
cl = 1.e-12 ;
cg = 8.61e-15 ;
1 = (vs + 0.876 * (sqrt(vs+0.6)-sqrt(0.6))) / (vh-0.93) ;

tan=(vh - 0.93) * (1 1) / a;
vt = 0.93 + 0.876.* (sqrt (vs+0.6) - sqrt(0.6));
if t > tan,
gt=0;
iing=0.59348e-15*a;
else
gt=beta*(vh-a*t-vs-vt);
iing=cg/2*a;
end
y1 = (gt * (y(2)-y(1)) / ci -y(1) / (rs*ci) -iing / ci);
y2 = gt * (y(1) -y(2)) / cl iing / cl;
yprime = [y1;y2] ;
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function [tout, yout]= ode45(F, tO, tfinal, yO, tol, trace, vs, ain)
% ODE45 Integrate a system of ordinary differential equations using

4th and 5th order formulas.

% [tout. yout] = ode45(F, tO, tfinal, yO, tol, trace)
0/0

% input:
% F - String containing name of user-supplied problem descripation.

Call: yprime = fun(t, Y) where F= ' fun '.
t - Time (scalar).
y - Solution column-vector.
yprime - Returned derivative column-vector;
yprime(i)=dy(i)/dt.

% tO Initial value of t.
cY0 tfinal Final value of t.
% y0 initial value column-vector.
% tol The desired accuracy. ( Default: tol = 1.e-6 )
% trace if nonzero, each step is printed. ( Default: trace = 0 ).

% OUTPUT:
% tout - Returned integration time points ( row-vector).
% yout - Returned solution, one solution column-vector per
% tout-value.

% The result can be displayed by : plot(tout, yout).

% c.a. Moler, 3-25-87.
% Copyright (c) 1987 by the MathWorks, Inc.
% All rights reserved.
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0/0 The Fehlberg Coefficients:
alpha = [1/4 3/8 12/133 1 1/21' :

beta=[[ 1 0 0 0 0 01/4

[ 3 9 0 0 0 OV32

[1932 -7200 7296 0 0 01/2197

[8341 -32839 29440 -845 0 01/4104

[ -6080 41040 -28352 9295 -5643 01/205201';

gamma = [ [ 902880 0 3953664 3855735 -1371249 277020 1/7618050
[ -2090 0 22528 21970 -15048 -27360 1/752400 1';

pow = 1/5;
if nargin < 6, trace = 0; end
if nargin < 5, tol = 1.e-6; end

% Initialization
t = tO;
hmax = (tfinal t) /5;
hmin = (tfinal t)/200000;
h = (tfinal - t)/100;
y = y0(:);
f = y*zeros(1,6);
tout = t;
yout = y. ';
tau = tol * max(norm(y, 'inf), 1);

if trace
cic, t, h, y

end
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0/0 The Main Loop
while (t < tfinal) & (h >=hmin)

if t+h > tfinal. h = tfinal - t; end
0/0 Compute the slopes
f(: , 1) = feval(F,t,y,vs,ain);
for j=1:5

f(:, j+1) = feval(F, t+alpha())*h, y+h*f*beta(:,j),vs,ain);
end

% Estimate the error and the acceptable error
delta = norm(h*f*gamma(:,2), 'la);
tau = tol*max(norm(y,'inf),1.0);

% Update the solution only if the error is acceptable
if delta <= tau

t= t + h;
y= y + h*f*gamma(:,1);
tout= [tout; ti;
yout= [yout; y.'1;

end
if trace

home, t, h, y
end

cY0 Update the step size
if delta -= 0.0

h=min(hmax, 0.8*h*(tau/delta) A p OW) ;

end
end;

if (t < tfinal)
disp ('singularity likely.')
t

end


