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Abstract

As there is a great demand for lighter hand-held mobile phones, low power IC circuit
design solutions must be developed. For digital circuits, the power consumption is mainly
relative to power supply voltage, operating frequency and loading capacitor. It is a trend to
reduce the power supply. In the most case, the digital circuit is usually not affected too much.
On the other hand, for analog circuits, the dynamic range is strongly affected by the low
voltage supply. Based on the concept of System-on-chip, new design techniques for
low-voltage analog circuits are required to be developed. Since the transistors fabricated by
the deep sub-micron technology might exhibit different electrical characteristics, as compared
with the previous larger feature-size technologies, the study of the transistor characteristicsin
the process is heeded. We developed a new sampling switch applied in low voltage based on
advanced process technology. In later part of the proposal, we will apply the sampling switch
in the switched capacitor filter. After establishment of moderate circuit and architecture design,
we complete the switched capacitor filter.

Keywords. low power, low voltage, analog integrated cir cuit, System-on-a-chip, SC filter
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In order to reduce distortion due to variation of the gate overdrive and
the threshold voltage, a novel low-voltage constant-resistance sampling
switch is proposed. The technique to reduce nonlinearity can be used in
a high resolution sample and hold circuit. Results indicate that much
lower Total Harmonic Distortion (THD) is achieved by the proposed
circuit. The low THD meets the requirements in the application of the
low-voltage low-distortion switched-capacitor circuits.
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A Low-Voltage Low-Distortion MOS Sampling Switch

Chun-Yueh Yang
Department of Communication Engineering &
Innovative Packaging Research Center
National Chiao Tung University
Hsinchu, Taiwan

Abstract—In order to reduce distortion due to variation of the gate
overdrive and the threshold voltage, a novel low-voltage constant-
resistance sampling switch is proposed in this paper. The technique
to reduce nonlinearity can be used in a high resolution sample and
hold circuit. TSMC 0.18um standard CM OS technology is utilized
in this research. Results indicate that much lower Total Harmonic
Distortion (THD) is achieved by the proposed circuit. The low
THD meets the requirements in the application of the low-voltage
low-distortion switched-capacitor circuits.

I INTRODUCTION

In the modern system design, the voltage limitation of the
technology indicates the analog circuit must operate in the
same or comparable low voltage as the digita circuitry.
Digital circuit can benefit from size scaing down to achieve
low power and smaler silicon area, but it has become
increasingly difficult to design an analog circuit at low
voltage. For high resolution Anaog to Digital converter
(A/D), a high performance Sample and Hold (S/H) circuit is
needed. The dynamic performance of the S/H circuit usualy
limits the overall dynamic range of A/D. In order to achieve
high enough SNDR, a full swing range is necessary.
Unfortunately, the traditional CMOS analog switch is not
suitable for rail-to-rail swing at low voltage supply.
Therefore, a bootstrapped switch was introduced to achieve
the rail-to-rail operation and low distortion [1]. However,
the variation in the “on” resistance of the switch dominates
the distortion performance. Several techniques for
mitigating the variation of “on” resistance were aso
proposed [2][3]. This paper proposes a novel sampling
switch circuit to eliminate the nonlinearity by keeping the
gate overdrive and the threshold voltage constant.

This paper is organized as follows. Background of sampling
switches is presented in the next section. Then, various
techniques proposed previously to hold the “on” resistance
constant are illustrated. Section 1V shows the proposed
sampling switch whose resistance can be held constant by
resistible to variation of the gate overdrive and the threshold
voltage. The performance of the proposed switch is shown
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in Section V. Findly, the conclusion of this paper is
provided in Section VI.

(0

VinJ F Vout

Figurel. A simple samplé and hold circuit

. BACKGROUND

Figure 1 shows abasic SH circuit. When @ is high (usually
Vdd), the switch will be turned on and the capacitor will be
charged to Vin. When @ islow, the switch will be turned off
and the capacitor will hold the sampled voltage. Its
resistanceis given by

1
W
/unCox T(Vgs _th)

Ron = o

where Vi, =V + 72l [+Ve -2l @
There are some obvious drawbacks in this sampling switch.
The sampling switch output is limited to Vdd -Vt. If Vin >
Vdd -Vt, the output voltage would be saturated and the
incorrect voltage would be sampled. It would not have afull
swing range. Besides, the resistance would vary with the
input signa from Equation (1). It may donate larger
harmonic distortion. The body effect also contributes
nonlinearity, especially at low voltage. Therefore, the
bootstrapped switch was proposed to solve the full swing
problem and variation of the switch resistance.



1. BOOTSTRAPPED SWITCHESAND RELATED

COMPENSATION TECHNIQUES

From Equation (1), to obtain constant resistance, the gate to
source voltage should be held constant during the “on” state.

vdd

SW4(21)

SW5(@1

Vout SW2(22) T

{ swa(m )(

Figure2. The bootstrapped switch

i i

sw1((a2)

Figure 2 shows the principle of the bootstrapped switch [2]
and the circuit redlization is shown in [1]. During the “off”
state (SW3, SW4 and SW5 on), the capacitor would be
charged to Vdd and likely act as a floaing battery to
bootstrap the gate voltage when the “on” state (SW1, SW2
on) . It is assumed the input termina of the sampling switch
would be source. Therefore, the resistance of the switch is
given by

1

4Cocy (Ve -V)

Ron =

©)

Clearly, it can be independent of input signal to reduce
harmonic distortion. However, the MOS switch is
bidirectional and symmetric. The source and drain terminas
may interchange depending on the input signal and previous
sampled voltage. If the input signal is larger than previous
sampled voltage, the source and drain termina would be
interchanged. Therefore, the source voltage is not Vin but
sampled voltage in the previous state. Then, Vgs is
not "Vdd”. We can not maintain Vgs constant. Another
distortion source of threshold voltage variation from body
effect still donate large distortion, especially in low power
supply. Therefore, the body effect compensated switch was
proposed in [2] [3]. The main idea behind [2] is to use
direct connection from source to bulk to avoid the body
effect during “on” state. This is a straightforward idea, but
the real source is not aways the input termina in practice.
And if the source of the P-type transistor is not highest
voltage of al terminals, it may cause the latch-up problem
[5]. Of course, Vsb aso does not remain zero when the real
sourceis not the input terminal of the sampling switch.

Another technique was proposed to use a replica transistor
to cancel the threshold voltage [3], as shown in Figure 3. It
is modified from atypical bootstrapped switch. It creates a
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threshold voltage as the same as the one sampling switch
and cancel each other to be deprived of body effect. It is
derived as follows. The drain current of MD in saturation is
given by

Vdd

Ve

7 MD
Vs
= SW1(@2) I
SW2(@1)
N SwW3(@1) T -
Vdd L SW4(22)
SW5(@1)
= Vin I LVout

Figure3. Transistor replica compensation

(VGs -Vp)?

OX

2 n

The drain current is constant by ignoring the second-order
effect. Thenwe can find

I
Voo o T 0w, Y
zltln OoX L

When SW1 and SW4 areon (Vin =Vs),

I

Ve +V, +V,, 4)

1 W
4 C (=
5 o ox(L)

The gate voltage of the sampling switch would be equal to

V; +V,, . Substituting Equation (4) into Equation (1) and
assuming V's equals Vi, Ron can be obtained as following.

1

Ron = (5

21,

(Vdd
W
/unCox (T) MD

/’ln (04

From Equation (5), al the parameters of the resistance are
constant, but this circuit still suffers from the problem
described previously, where the source termina might be



the input. In practice, the Vt of the sampling switch and
replica would not match exactly due to the second order
effect and process variation. It is difficult to be compensated
completely. Theinput signal is aso needed to decrease by a
threshold voltage to make sure the replica transistor in
saturation. Another circuit was proposed to modify this
drawback of smaller swing rangein [4].

V. THE PROPOSED CIRCUIT

Through the above discussion, a key point is that a “source
follower” is needed to track the “real source” connecting the
charged capacitor and maintaining the gate overdrive to be a

constant voltage ”Vdd”. Figure 4 shows the proposed circuit.

The sampling switch is composed of a comparator and
several switches. Besides some necessary switches of a
typical bootstrapped sampling switch, additional switches
SW6 and SW7 are added. To ensure rail to rail swing, SW6
and SW7 are made of complementary switches. The
comparator is used to trigger SW6 and SW7 to make the
bulk connect to the real source terminal. The bulk is
guaranteed to connect to only one terminal, the source
terminal, during the “on” state. We adopt the structure of
direct connection between source and bulk because it has
less nonlinearity and large input swing than using a replica.
In the standard CMOS technology, the sampling switch
should be P-type. Two cases are discussed in the following
where Vin represents input signal and Vout represents the
voltage sampled in the “on” state.

SWWAEN

—_—
SWaon
+ Wdd

M

SO

S

-
SWSIE2)
< Wdd
Vin_J
bulk
- -,
S BT
Figured. The implementation of proposed circuit

SW& control
signal

SWT control
signal

m1

r [

Youl

Vout  vin

Case 1. When Vin > Vout, the real source is the input
terminal. During “off” state (SW2, SW3, and SW5 on), the
capacitor would be charged to -Vdd. During the “on” state
(SW1 and SW4 on), the comparator output will be low to
turn on SW6 to make a connection between the input and

12

bulk because input voltage is higher than Vout . And the
gate voltage of switch equals Vin - Vdd. Then the gate
overdrive (Vsg) and Vsb exactly equals Vdd and zero
respectively, during the “on” state.

Vsource :Vin ) Vgate :Vin _Vdd , th :VtO'ng :Vdd
Ron = 1 (6)

W
/upCox T (Vdd - |\/to|)

Case 2: When Vin < Vout, the real source termina should
be the output terminal. It is certainly the reverse of case 1.
The SW7 would be turn on by the comparator to connect the
output and bulk. The gate voltage would become Vout -
Vdd and the source voltage is also Vout. The gate overdrive
(Vsg) till maintains exact Vdd. And threshold voltage is
also held constant.

V,

source

=V,

out !

=Vou —Va ’\/tp =Vio, ng =V

gate

1
W

/upCox n Vg — |V10|)

Ron =

The above equation is the same as Equation (6). During
“on” state, when the difference between input and output
becomes “zero”, the comparator would be low and SW6
would be turn on again. At this time, we do not care which
terminal is source because Vin aready equals the sampled
signal.

V. RESULTS

The simulation was completed by using HSPICE and TSMC
0.18um CMOS process technology. The power supply
voltage is 1.8V. A 1.8Vpp 1Meg sinusoidal wave is applied
to the ordinary bootstrapped switch without compensation,
the bootstrapped switch with compensation in [3], and the
proposed switch in this paper respectively. They are al
loaded with 1 pF capacitance. The comparator in this paper
has the voltage gain of 2000. Figure 5 illustrates the voltage
of input, output, and bulk of the sampling switch. It is
shown that the bulk would track the lower signal between
input and output.

Figure 6 shows the FFT of the output voltage in the ordinary
bootstrapped switch without compensation, bootstrapped
switch with compensation in [3], and the proposed switch in
this paper. Table 1 summarizes the total distortion of these
switches. The results show that total harmonic distortion
(THD) is improved by 12.3dB and 42.5dB, respectively, in
contrast to [3] and ordinary bootstrapped switch. The FFT
results clearly indicate the huge i mprovement.
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(b} samplaed signal

EEE
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(=) Bulk voltags
Figurae5. The voltage of the sampling switch

Table1l. Simulation results for harmonic distortion

Typica Ref[3] Proposed
THD -41.6db -71.8db -84.1db
HD2 -44.2db -72.7db -87.9db
HD3 -46.9db -82.6db -105.9db
VI, CONCLUSION

In this paper, a novel low-voltage low-distortion switch has
been presented. The modified switch makes the rail to rail
input signal possible for low voltage switched circuit. By
desensitizing “on” resistance of the sampling switch, the
linearity of switch is improved. The main idea is to
distinguish which terminal is the real source terminal so that
the gate overdrive voltage can be maintained exact Vdd and
the variation of threshold voltage due to the body effect can
be canceled for the analog switch. Because the bulk always
connects to the real source, the latch-up problem would not
exhibit. Finally, the "on” resistance does not vary with the
input signal and is immune to variation. The total harmonic
distortion is highly suppressed.
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(@)FFT of the output using bootstrapped switch
without compensation

= axm

(b)FFT of the output in the ref[3]

Vi ————————

(c)FFT of the outiout.in the proposed
circuit

Figure€. FFT of the outputs of different switches
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