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Abstract— Sample and Hold (S/H) circuit is one of the most important circuits in analog and mixed signal integrated circuit. This
circuit is the main block of many applications, such as switched capacitor circuit, analog to digital converter (ADC), etc. The majority
of S/H circuits are implemented using MOS technology because the high input impedance of MOS devices performs excellent holding
functions. Ideal characteristics of the S/H circuit are low hold error, low On-resistance and constant On-resistance in all voltage
levels. There are some techniques to reduce the hold error and achieve low On-resistance. However, these techniques need additional
compensation circuit. For this reason, a simple transistors width adjustment method on CMOS transmission gate (TG) switch to
reduce hold error of S/H circuit without additional circuit that can be implemented in theactual design process is proposed in this
paper. The basic idea of the proposed method is balancing hold error caused by N-type and P-type MOS transistor in CMOS switch
that is used in S/H circuit. The performance of the proposed method is evaluated using HSPICE with 0.6 um CMOS standard
process. As a result, using 1.5 V constant input in the PMOS transistor wid#y range of 3 to 35 um the average \WW5 ratio given

by this proposed method is 0.928 with the average absolute hold error is 0.427 mV and maximum absolute hold error is 0.8 mV.

Keywords— sample and hold circuit; hold error; hold error reduction; CMOS switch; clock feedthrough; channel charge injection.

One of the most important parameter of S/H circuit
[. INTRODUCTION performance is accuracy. However, the error voltage induces
by the turning off of an MOS switch limit the accuracy of
S/H circuit. This error is called hold error in S/H circuit. In
general, a MOS switch is not ideal switch. A finite amount
of mobile charge is stored in the channel when MOS
[2], etc. The on/off behavior of an analog switch is tr_ansistor is on. When t_ransistor turns off, thg channel charge
controlled by the gate voltages that produce an inversiond'sappe"jIrS through either the sogrce/d_ram electrodes or
: §{Jbstrate electrodes. Charge which disappears through
source/drain is deposited on hold capacitor creating an error
component to the sample voltage. This phenomenon is called
channel charge injection. In a MOS transistor it is also
known that it has parasitic capacitance that is formed by
overlapping between gate and diffusion (source and drain).
switch in the S/H circuit can be implemented using only one When transistor turns off, this _overlap ca_pacitance also flow
the charge to hold capacitor creating another error

MOS transistor. However, the problem of non-uniform on- £t | it This ph . led
resistance, narrow analog signal swings and the existence ofomponent to sample voltagé. This pnenomenon IS calle

hold error limit its performance. To pass a wide analog clock feed through. These two mechanisms are the main

signal swing and overcome the non-uniform on resistancesogrCes that creatt1e ;;:m erbror In sample v(;)ltagt(:,l_[?;]].d di
problem, single MOSFET switch is replaced by ome research has been done and publisned regarding

complementary MOS (CMOS) transmission gate (TG) these two mechanisms. Models of strong inversion channel
Switch injection and gate-to-drain overlap capacitive coupling in

An analog switch is a basic building block in analog and
mixed-signal integrated circuits (ICs). It is the main block of
many applications such as switched capacitor circuit [1],
delta-sigma modulation, analog to digital converter (ADC)

circuit that uses an analog switch is sample and hold (S/H)
circuit. This circuit use only one analog switch and capacitor.
The majority of S/H circuits are implemented using MOS
technologies because tife high input impedance of MOS
devices performs excellent holding functions. The analog
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NMOS switches have been analyzed [3], [4]. The use of theappearing in the holding (output) node will be held until the
continuous equation to model clock feedthrough for a single next operation step occurs. This phase is called hold phase.
MOSFET switch has been revealed [5]. The extendedIn the transition phase between sampling and hold, some
analysis and measurement of channel charge injection haghysical phenomenon exists inside the transistor cause hold
been studied [6]. More recently, channel charge injection error in the hold phase. These phenomena are called Channel
model that includes weak inversion region is investigated [7].Charge Injection (CCI) and Clock Feedthrough (CFT).

A new Simplified model for channel charge injection,

modeling in Z-domain and modeling in SIMULINK are Vi = High

examined [8], [9] [10]. All of these papers, however, only
consider a single NMOS switch. The analysis and model of

clock feedthrough in TG switch has also been studied [11]. Vin
From all of these papers, it can be obtained the analysis and

model of channel charge injection and clock feedthrough in \
detail. However, these papers focus on analysis and model, p-Substrate Qeh I

© Vout
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©0000000)

not the techniques to reduce the hold error. Moreover, there
are some techniques to reduce the hold error caused by
channel charge injection and clock feedthrough. However, Fig. 2 Sampling phase of S/H circuit
they need additional large compensation circuit. This paper
proposed a new design method based on the anatysis t
reduce the hold error that can be implemented in the actual
design.

Vclk = ngh — Low

IIl. MATERIAL AND METHOD

Sample and hold (S/H) circuit consist of two main parts,
first is an analog switch and second is hold capacitor. The p-Substrate

analog switch is used to control the connection between

signal-source (input) no_de and data-holding (outqu) node, _ 3 =
whereas the hold capacitor is used to hold the data in output Fig. 3 On-Off transition phase of S/H circuit
node. A simple S/H circuit using a single NMOS transistor o channel Charge Injection

as an analog switch and\?lrold capacitor is shown in Fig. 1. Consider the S/H circuit of Fig. 1 and suppose that the

S/H circuit is in the sampling phase. In this condition, the
l transistor is ON and a channel exists at the oxide-silicon
|_| interface. This phase can be depicted in Fig. 2. The total

Voo charge in the inversion layer (channel) can be obtained as
n

* o Vout
l Q.= _WLQx(thk Vi _VT) 1)
Cu WhereW is channel widthl is channel lengthC,, is oxide
:I: capacitance per unit are¥q is the high level of clock
L voltage, andvy is the threshold voltage of the transistor. In
B many applications, the high level of clock voltage is equal to
a) the supply voltageMyx = Vpp)- Thus, the equation (1) can
be rewritten as (2).
Q = _WLCSx(VDD —Vi _VT) )
When the switch turns off (S/H circuit enter hold phase),
Qqn exits through the source and drain terminals like shown
in Fig. 3, this phenomenon is called “channel charge
injection”. The charge injected to the left side of Fig. 3 is
p-Substrate I absorbed by the input source, creating no error. Whereas, the

(

Ve

charge injected to the right side is depositedCgncreating
— an error in the output node. Assuming that the amount of
(b) charge which flow to the left side equal to the one which
Fig. 1 S/H circuit: (a) Circuit schematic, (b) Device cross section flows to the right side, it is obtained that the amount of
charge causes an error in the output nodg{®. Therefore,
The operation of S/H circuit takes place in two phases: the error voltage caused by channel charge injection then can
sampling and hold. When the clock voltage,Mwhich is be written as follow

applied to the gate of the transistor is high, the transistor is Q

on. Channel appears underneath the gate and connecting AV, = & 3)
drain and source of the transistor. In this phase, the input 2C,,

node and output node are connected, and sampling function - WLC;)X(VDD -V, —VT) 4
is performed. After the switch is turned off, the data AVee, = 2C,, (4)
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B. Clock Feedthrough WPLPCOX(Vi —‘VTPD

MOS transistor is a device which has parasitic AVeep = 2C 9)
capacitance formed by overlapping between gate and H
diffusion. On the turning off process, the MOS switch _ LovaVeCox
it i AVierp = Vholk (10)
couples the clock transition to the hold capacitor)(C LW G, + L, W.C,, +C,
through this overlap capacitance (gate-drain or gate-source
overlap capacitance), as shown in Fig. 4. The coupling Vv
current that flows from gate to drain/source through overlap g'k
capacitance causes an error in the output node. The error
voltage caused by clock feedthrough can be written as
follow Voo oV
in out
AVier = _%lek () —L
LDVWCOX + CH CH
WherelL,, is gate-drain or gate-source overlap length. T :I:
Ve — ~
Fig. 5 S/H circuit using CMOS switch
D. Proposed Method
proubstrate "cov Some techniques have been developed by many
o researchers to decrease hold error voltage in S/H circuit [12-
{Drg;‘:/uss(')z';ce) 21]. Most of them use an additional circuit to decrease the
hold error. Adding additional circuit means that it will
V. = high —slow increase the chip area and power consumption as well. To
0 avoid that drawback, another approach to decrease hold error
Vi, 0 Vs is proposed in this paper.
S/H circuit which uses CMOS as its switch has four error
Ch components as written in equations (7) - (10). These
p-Substrate :I: equations can be rewritten as
Fig. 4 Clock feedthrough AV = 1COX{WP LP(V'" NTP‘) }
. . L . 2C,, - Wy LN(VPP ~ Vi _VTN) (11)
C. Basic Model of Hold Error in S/H Circuit Using CMOS
Switch + LveVVe — LW
Figure 5 shows schematic of basic S/H circuit using Lvp VW G = LondWACox +Cy o

CMOS switch. The switch part of this circuit consists of two This equation consists of two types of parameter and
MOS transistors, N-type MOS transistor and P-type MOS variable. First one is device parameter and the second one is
transistor (complementary). By using CMOS switch in this design variable. Device parameter is a value or constant
circuit, the problem of narrow input voltage swing and non- which is given by technology of fabrication process
uniform on-resistance can be solved. The input range of thisregarding the intrinsic condition of the device. These
switch is nearly OWpp, on-resistance of this switch also parameters includ€,,, Vrn, Ve, Lovw and Loyp. Whereas
relatively uniform. design variable is a variable which its value can be chosen or
The total hold error of this circuit is the total error caused given by designer freely or based on some constraints. These
by channel charge injection and clock feedthrough in N-type variables includ&/pp, Vin, Ve Chy Wi, We, Ly, @andLp. The
MOS transistor and P-type MOS transistor. There are fourapproach used in this research is minimizing hold error by
error components in this circuitVccn (error voltage caused  adjusting design variable.
by channel charge injection on N-type MOS transistor), Theoretically, hold error produced by N-type MOS
AVcern (error voltage caused by clock feedthrough on N- transistor and hold error produced by P-type MOS transistor
type MOS transistor)AVcep (error voltage caused by in CMOS switch are in opposite sign. Therefore, the basic
channel charge injection on P-type MOS transistor), andidea to decrease hold error in S/H circuit using CMOS
AVcerp (error voltage caused by clock feedthrough on P-type switch is by adjusting design variable, so that the absolute
MOS transistor). The total hold error then can be written as value of hold error produced by N-type MOS transistor
AV=AV oy ¥ AVepry + AVegp + AVeprp (6) equal to the absolute value of hold error produced by P-type
W, LG (VDD -V, _VTN) MOS transistor. If this condition can be achieved, hold error

AV = N ~ox @) in S/H circuit will be zero.
2C, In design variableVpp, Vin, Viek are determined by its
L W,C application. Based on equation (11), small hold error can be
e v ox ) achieved by setting a large value @f. However, a large
Lo VW Gox + LovpWo Coxc + Cy value of Cy will cause large chip area as well. By this
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condition, the possible variables which can be adjusted to W,.C V

decrease hold error are width and length of N-type and P- Yi :Nlcioxmlk (19)
type MOS transistor. However, hold error is not the only H

problem in S/H circuit, the other problem is on-resistance. In 1 Wi Ly (VDD -V, —VTN)

design, length of the MOS transistor is usually set to the z =4V, +fCox WL (V _N. ) (20)
minimum value of standard process used to achieve low on- H Pi=P\in ‘ TP‘

resistance. Thus, only width of N-type and P-type MOS Equation (17) is an equation with two unknowns free
transistor that will be adjusted to decrease hold error. variableLo, and Lo The solution of this equation can be

Assuming that the total overlap capacitor of N-type and obtained by forming simultaneous equation from this basic
P-type MOS transistor is small enough compared to hold equation. A simultaneous equation can be formed by doing
capacitor WpLoypCox + WiLownCox << Cn). The error voltage  two preliminary simulations with a different value\&% and
caused by clock feedthrough in CMOS switch can then beW, so that it is obtained equation (21). This equation then

written as can be solved to get the valuelgfy andLgp.
{)S.LDVP_ylLDVszl (21)
AV, = Loup\ = LoVl CViak % L = Yo low = 2,
I'DVP\/\é Q:x - LDVNWN Cox + C:H (12)
Loy Wo = Ly Wiy Algorithm 1 Proposed method
= CoVhei 1: Begin
C .
H 2: Determin&/pp, Vin, Vhei, andCy;

) . . ) . ) 3: Coy Vo, Vip < device parameter model;
psmg this app_roxmayon, equation (11) can then be written 4. L, Lp < minimum length of standard process;
in two free design variablédl andWp as 5: &« Desired value:

AV=aW —-bW, (13) 6: W, < Desired value;
7: If Loyn & Loyp can be obtained from device parameter
a=_+_ LPCOX(Vm - MP\)+ Lol oM naic (14) modelthen P
2Cy Cu 8: & — {L/(2C)} LCor(Vin — IVrel) +
1 L C V (LovFCoxthIk)/CH;
T, ColVoo =V ~Vu ) =2 . - o b {1/(2C)lnCox(Vop — Vin = V) +
From equation (13) it can be known that total hold error ;. \(,I\_/Wfo(x;/;g)'e\/lcf"
. . . . . . . N P
consists of two simple parts with a different sign, the width ;4. else
of P-type MOS transistdl, with a coefficienta and width 12: fori=1to 2do
of N-type MOS transistoMy with a coefficient-b. The 13: Wi — W
coefficienta and b is shown in equations (14) and (15), 4. WNi‘_WP; - (i - Lum:
respectively. These equations can now be used to atfust 4. Do simulation: '
andWN proper_ly to achl_eve zero hold error. By setmwto _ AV, — Simulation result:
zero in equation (13), it can be obtained the ratio between 4. if (JAV/| < |¢]) then
We andW, as shown in equation (16). 18: Wi — Wi
a .
_a 16 19: End
W bWP (16) 20: else

This ratio can be used to determit@ and Wy in the 21: X «— (WriCoVhei)/Chi;
design process to decrease hold error in S/H circuit. 22: Vi < (WNiCoxVhe)/Ch;
However, in some cases, it is difficult to get the valuaof  23: z «— AV; + {1/(2Cy)} Cox
andb in equation (16) exactly because the length of overlap {Wnikn(Vob = Vin = V) =
capacitance of N and P type MOS transistgy andL,p are WhiLp (Vin = [V1e])};
sometimes not given directly in the model parameter of 24: end
MOS transistor.L,,n and L,pe are the variations of the  25: end
fabrication process. Therefore, it is difficult to determine the 26: Lown <= (Y122 — Y22z1)/ (XaY1 — XaYo);
value theoretically. Without the value bf,y andL,p, it is 27. Love < (X120 — X22)/(XoY1 — X1Y5);
not possible to get the ratio betweah andWj, theoretically. 28: a < {1/(2Cu)} LeCol(Vin— |V1el) +
To solve this problem, another approach is used to obtain the (LoveCoxVhei)/Chi;
length of overlap capacitance by making a simultaneous 29: b — {V(2Cy)ILnCoxVop = Vin = Vrn) +
equation use numerical values gotten from preliminary (LoNCoxVhei)/Chi;
simulations. To make this approach, equation (13) is 30: Wy < (a/)We ;
rewritten as 31: if (AV, < 0)and (W, < Wy) then

Xi LDVP - yl I'ovN = Zi (17) 32: WN - WNZ:
33: end
= WPiCoxthIk (18) 34: end
' C, 35. End
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This complete proposed method is shown in Algorithm 1. its Wi /W ratio is 4.70/5 is 0.3 mV (0.02% from input
This algorithm is made to make the proposed method morevoltage).
procedural and more comfortable to be implemented in the Figure 6 shows the simulation result of 0.2 V peak-to-
actual design process. The first step in this method ispeak amplitude sinusoidal input with the frequency of 100
determining all design variables based on the application andkHz. In this simulation, the sam@j, and W, are used
getting device parameter from device parameter model.(4.70/5). From the figure, it can be known that the hold error
After that, to get low on-resistance of the switch, lengths of is minimal, 0.6 mV in 1.6 V input voltage and -1.1 mV in
the transistors are set to minimum value. In this method, 1.4 V input voltage. Furthermore, this proposed method is
variable epsilong) is introduced as a small error which is evaluated in the various width of the transistor. Using
tolerated in preliminary simulations. After determining\Vi constant input of 1.5 V, this proposed method is simulated
is set to the desired value that designer wants to use. Théom 3 to 35 pm. Hold error produced by this simulation is
consideration that is usually used to choose the width of theshown in Fig 6. From Fig. 7 it can be known that the
transistor is on-resistance, the wider transistor the lower on-absolute value of hold errors produced by this proposed
resistance. If the lengths of overlap capacitances can beanethod in the range of 3 to 35 um are less than 0.8 mV, with
obtained directly from the model parameter of CMOS the minimum error is 0 V and maximum error is 0.8 mV. In
transistor, thenWy can be calculated directly by using the range of 3 to 35 um, the averalygWs ratio given by
equation (16). But if the lengths of overlap capacitances this proposed method is 0.928 with the average hold error is
cannot be obtained directly then the next step is doing two0.427 mV.
preliminary simulations to form equation (21) and bgk

and L, However, if the hold error produced in these 1.65
preliminary simulations is less than or equaktdhen the
final Wy is Wy that is used in the preliminary simulatonand | ¢+ |7 7777 Input
process is finished. If hold error in preliminary simulations 1.6 r‘g\_ Output
is larger tharx thenW is calculated using equation (16). To /
ensure that the final hold error produced by equation (16) is 1 55 )\
less than hold error produced by preliminary simulations, _ :
selection condition at line 29 in algorithm 1 is applied. % ‘\-.\
g 15 7
Ill. RESULTS ANDDISCUSSION § \7 /
In this section, the steps in algorithm 1 are done to obtain  1.45 /L]
the width of N-type and P-type MOS transistdf(andWe). d
The value of design variables and device parameters used il
this algorithm are shown in Table 1. Device parameter 1.4 =
shown in Table 1 are taken from 0.6 um standard CMOS
process model parameter and preliminary simulations are 4 35
done using HSPICE with this model parameter. 0 2 4 6 8 10
Time (us)
TABLE |
THE VALUE OF VARIABLES AND PARAMETERS OFN AND P TYPEMOS Fig. 6 Simulation result of 0.2 V peak-to-peak amplitude sinusoidal input
TRANSISTOR with the frequency of 100 kHz
Variable/Parameter Value 0.6
Vop 3V /.
\ 15V 0.4
Vhelk 3V rJ
fclk 1 MHz 02
CH 1 pF >
Cox 2.6037% 10°FIn? £,
Vin 0.734587 V S
Ve -0.876414 V &5 0.2
LN! Lp 0.6um % I
We 5um T o4
The value oflgn Lowp, and Wy obtained from this e
algorithm are 0.09895 pum, 0.10300 pm, and 4.70248 pm, '
respectively. The performance of this proposed method is 08

then re-evaluated using HSPICE. The simulation will show
the hold error produced by S/H circuit which u$ts and
Ws produced by previous steps. The result of this simulation

indicates that the hold error produced by S/H circuit which Fig. 7 Hold error produced by a proposed method in the various transistor

widths
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IV. CONCLUSION [5]

In this paper, a new method to decrease the hold error in
S/H circuit is proposed. Basic notiofithe proposed method  [6]
is to adjust design variable, in this case the width of N-type
and P-type MOS transistor in CMOS switd(andWs) so 7]
that the absolute value of hold error caused by N-type MOS
transistor equal to the absolute value of hold error caused by
P-type MOS transistor. To construct this proposed method,]
some analyses an underlying mathematical model of hold
error of S/H circuit is done. From the result of the analysis, [9]
an algorithm of this proposed method is made to make it
more procedural and more comfortable to be implemented in
the actual design condition. [10

The proposed method performance is evaluated using
HSPICE with 0.6 pum CMOS standard process. As a result,
using 1.5 V constant input in tiMgs range of 3 to 35 um the
averageM/We ratio given by this proposed method is 0.928 (11
with the average absolute hold error is 0.427 mV and
maximum absolute hold error is 0.8 mV. The proposed [12]
method is the simulated using 0.2 V peak-to-peak amplitude
sinusoidal input with the frequency of 100 kHz and 4.70/5
Wi/We ratio. As a result, the hold error is 0.6 mV in 1.6 V
input voltage and -1.1 mV in 1.4 V input voltage.

Future work of this research is to develop this proposed
method using more detail mathematical model of channel 15]
charge injection and clock feedthrough and evaluate that
new proposed method through HSPICE simulation and
measurement of fabricated transistors.

[13]

[14]
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