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ABSTRACT the CM voltage could be achieved either by injecting a fixed

amount of charge at the opamp input at each clock cycle
[2], or by using different reference voltages at the input and
output of the differential switched-capacitor integrator as
shown in Fig. 1. Both the input signal and the amplifier
output has a CM voltage equal 14.,,,_,.,; which is usu-
ally chosen near the mid-supply range in order to maximize

A fully differential opamp suitable for very-low volt-
age switched-capacitor circuits in standard CMOS tech-
nologies is introduced. The proposed two stage opamp
needs a simple low voltage CMFB switched-capacitor cir-
cuit only for the second stage. Due to the reduced sup-

ply voltage, _the CMFB cireuit |.s.|m;_)lemented using boot- signal excursions. Bootstrapped switches are thus used to
strapped switches. Minor modifications allow to use chop- switch signals arount, On the other hand. the am
cm—out- ’ -

per stabilization for flicker noise reduction. Two different lifier input CM voltage is at/,,, _;, which is nearl’S.s
compensation schemes are discussed and compared US"EQJch that single-switches arecgtj;flirclzient

an example for 1V operation of the amplifier.
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1. INTRODUCTION T T 9, | Tonextsiage
. . . . . ?2 91 cs2
The increasing interest in low-voltage, low-power inte- 01 q Cst (432 o Cr 1 + %
grated circuits has lead to modifying the existing circuit H s B
techniques in order to be able to work correctly under these,, N S R

new constraints. In switched-capacitor circuits, reducing [l 7\
the supply voltage increases drastically the switch resis- ? I %7 ,,,,,,,, ‘ %
tance. One technique to overcome this problem is clock-

voltage multiplication. This however is not power efficient ¥ o 0,7| Tonextsage
and not compatible with very advanced low-voltage CMOS Vemout  Vemin J
processes where gate oxide breakdown becomes an issue. [ 1 . vemou

Some designs use low threshold transistors for the switches. ~ Bootstrapped switch Normal switch CMFB circuit
Obviously, a special process is required. Alternatively, the Figure 1. Fully differential integrator using bootstrapped
switched-opamp technique (SO) [1] has been proposed to switches.

get around this problem. However, the circuit becomes
more complicated and loses some of the speed. This re- Since reduced supply voltage forces current consump-
sults in relatively poor performance of the switched-opamp tion to increase [3], the amplifier topology plays a critical
circuits. role in low-voltage, low-power switched-capacitor design.
In [2] a bootstrapped switch is introduced that allows Additional circuitry for common-mode operation must also
rail-to-rail operation of a single-switch in a standard be considered in the same time so as not to degrade the over-
CMOS process. Together with using different common all amplifier performance.
mode (CM) voltages at the input and the output of the In[4] a 1V two-stage amplifier is designed for the SO tech-
opamp, this leads to possible rail-to-rail operation of very nique. It is based on p-type folded-cascode two stage
low-voltage switched-capacitor circuits with the least mod- Miller-compensated structure. An additional common-mode
ifications introduced to existing designs and in the same amplifier, also performing the necessary signal inversion, is
time enhancing the linearity performance due to the con- used for the CMFB. The overall opamp operates at a mini-
stant drive of the bootstrapped switches [2]. This shift of mum supply voltage o¥ss + Vpssar, but speed and power



consumption are both limited by the additional CMFB am- Vegfo Vs Vet v

plifier. In [5], the same opamp is used but with the CMFB in \]

. . . . M10 M M7 M9 M12
the first stage implemented using a cross-coupled transistor

stage. CMFB in the second stage is achieved using a simple I I I% ! !
passive circuit suitable only for SO circuits. The minimum n3 n4
supply voltage needed is however increased bylane,q:. '”+H \] .
This paper introduces further modifications to the above H M1 m2 Jle | 4
cross-coupled connection so as to reduce the minimum sup-o“‘;,_l I M3 nt n2 M4 I |_<gut-

ply voltage. Bootstrapped switches allow a simple switched- ces ce-
capacitor CMFB circuit to be used. Two compensation
> —|H

schemes are considered and compared with respect to the — —

amplifier performance. As the signal level is reduced for M1l MS1/ M52 M62 | M6l M13

reduced supply voltages, the noise level becomes more crit- V{;ﬁ

ical. Special noise reduction techniques are discussed for Figure 2. Proposed opamp schematic.

the modified architecture.

The paper is organized as follows: Section 2 introduces

the modified opamp stru_cture. In sectlon_ 3, simulation re- The conductancems, seen at the gate of transistors M51

sults are shown comparing the two possible compensation,, vg1 is thus canceled by the opposite action of the paral-

schemes. Finally, conclusions are summarized in section 4'Ie| transistors M52 and M62 respectively. Proper matching
of these transistors, together with other terms in equation

2. PROPOSED OPAMP (1) prevent the output resistance from going negative. The

total conductanceds,.;; is thus limited bygdss.

For the differential opamp shown in Fig. 1, the low supply On the other hand, for the common mode signal, the output
voltage prevents the use of stacked transistors so that a twoconductance is also given by equation (1) but with the neg-
stage amplifier is usually needed to achieve the required dcative term turned positive. The total conductagds, .1

gain. in this case is limited byms; + gms2. This impedance is
An input PMOS differential pair allows the use BSS as a low one and thus the first stage does not require an addi-
the opamp CM input voltag¥.,,,, . tional CMFB circuit. In fact the cross-coupled devices act

like a built-in CMFB circuit that senses the output of the
first stage and regulates its common mode voltage. It also
2.1. Common-Mode Feedback allows a minimum supply voltage 6f;s + Vbssat.

Due to the differential structure, the common mode output | "€ sécond stage is composed of the NMOS common
voltage ofboth stages needs to be regulated using CMFB. Source amplifier M11(M13) with active load M10(M12). A

Biasing of class-A amplifiers is typically accomplished with SIMPIe passive switched-capacitor CMFB circuit (shown in
a CMFB circuit that senses the output CM voltage in order F19: 1) can be used in this case. The dc voltage across
to control the tail current source via a current mirror. How- Cyis det_erm_med by cap_acnc@g which is switched be-
ever, owing to stability considerations, the gain and band- tween being N pargllgl witl'y and Ve —out — Vi, where
width of the CMFB loop are limited to at most those of the Vo IS the desired biasing voltage for the current soyrce
differential mode signal path. Moreover, power consump- ransistors M10 and M12. Since the potentiglis close

tion is increased due to the added CMFB circuitry. to VSS, n—tran5|§tors can be used to §Wltch it. Howe'ver,.
Fig. 2 shows the proposed amplifier structure. The NMOS bootstrappeql switches must be us_ed In the CMFB circuit
cascode current source has been split into two equally—sizedff)r those switches that have _to switch thig,, —our pOten'
cross-coupled devices (M51, M52 and M61,M62) with their tial. T_hese bootstrapped _swnche_s can be shared with the
gates connected to the two outputs of the first stage (nodesc"”“”nplmg network connectlng.the integrator output to sub-
n3 andn4). This negative feedback connection causes the sequent stages as shown in Fig. 1.

differential signal at the output of the first stage (nod8s

andn4) to see a high load impedance given by the reciprocal 2.2. Opamp Compensation

of
Two possible compensation schemes are possible for this

two-stage opamp structure:

The first one is the standard Miller compensation scheme
gdsz(gds1 + 2gdss:) ) which consists of connecting the compensation capacitor

gdss + gds1 + 2gdss1 + gms + gmbs Cc in series with a compensation resistariée between

gdsout1 = gdsg + (gms1 — gmsz)




the output nodes and the output of the first stage (nedes Rz R VO e R
andn4). Analysis of the amplifier shows that the transfer
function has five poles and two zeros that can be placed in M8 M|7'| M9
the half-left plane. A sort of pole-zero cancellation is also | |
possible by properly choosing the valueRy:. This further | n |
enhances the phase margin. .

The second compensation scheme is shown in Fig. 2. This 4L JH M1 M2 4 JH
is done by connecting the compensation capacitoto the M32 || m31 ni n2, M4l || M42
source of the cascode devices (nodéandn?2) [6]. These
low impedance points decouple the gate of the output stage ><
amplifier (transistors M11 and M13) from the compensa- — —
tion capacitor. This technique offers a much improved high- M51/MS2  M62 M61
frequency power-supply rejection ratio (PSRR) and moves Vg

the right-half plane zero resulting from Miller compensa-  Figure 3. Output chopping using the cascode transistors.
tion into high frequencies. It can be shown [6] that this

type of compensation results in two complex poles bESidestion. To overcome this, techniques such as chopper stabi-
the dominant one. It is thus quite possible to obtain a de'lization [7] can be used. For the proposed amplifier, the
sign with adequate phase margin, which suffers from insuf- input is chopped using four input-switches as shown in
ficient gain margin due to gain peaking beyond the unity- 5 1 * o the other hand, the output of the first stage is
gan bandW|dt'h, caused ,by a high pole quality faay. chopped as shown in Fig. 3 using only two additional cas-
This pole quality factot), is given by [6] code transistors M32 and M42 in parallel with the existing
1/2 ones but with their sources connected to nod2sandnl
Qp = gmuCr Cc 2) respectively. The gates of both cascodes are then driven by
(gms + gmbs)Crz]  Cr+Cc two overlappingchopper clocksd.,1 ande.,») at half the
sampling frequency. The two chopper clocks must overlap

It can be kept low by making the transconductances of the . . .
. to avoid the simultaneous cutoff of both cascodes in parallel
cascode transistor M3(M4) large compared to the output.

driver M11(M13). In addition a moderate value 6t is in the same tlme which would increase thg settling time of
required the opamp. Using the supply as the gate bias of the cascode
q . . : transistors eliminates the need of an additional biasing volt-
Both schemes ensure stability. La; considerations . ' ;
. . age. This arrangement reduces thig noise for all transis-
for the second one usually impose more constraints on the

design of the amplifier. High cascode transconductance im—LOSrzdbUt M8 and M9 where a larger transistor length must be

plies either lowew/c.s — V2, or higher current. LoweVes — It should be noted that the input chopper switches, shown
Vi1, leads to higher parasitic capacitance which will reduce .

the amplifier bandwidth, This implies an optimus — in Fig._ 1, create an additional p_oIe together with the ?nput
) L capacitance of the opamp. This pole must be considered

Vi, value. Higher cascode currentimplies larger power con- during the amplifier design

sumption and higher input referred thermal noise. In addi- '

tion, the value of the compensation capacita6gein the

second case is limited by the requir@¢. Since the aliased 3. RESULTS

input referred in-band white noise in switched-capacitor cir-

cuits is inversely proportional to the value of the compensa- As an example of the proposed architecture, table 1 shows

tion capacitor of the amplifier, this restricts the white noise the simulated results of two sized netlists. The first using the
performance optimization. cascode compensation scheme, and the second (shown be-

tween brackets for different values) using the Miller scheme
with a nulling resistor to compensate for the right half-plane
zero. Both circuits are sized for the same supply voltage,
For low-noise input front-ends, the input amplifier noise unity-gain frequency, phase margin, slew rate, and output
optimization is an important step in the overall system de- voltage range in order to be able to compare them. A0.35
sign. Thermal noise can be reduced using higher input cur-technology is used with - andn-transistor thresholds of
rent in the input differential pair. While flicker noise can 0.63 V and 0.6 V respectively.

be reduced using larger areas for the transistors contributdt is to be noted that for the CMFB network shown in Fig.
ing to the flicker noise (namely M1, M2, M5, M6, M8 and 1, the capacito€’; loads the amplifier output. At the same
M9). This causes higher parasitic capacitance on the inter-time, it is connected to th&.,, s, input of the amplifier

nal nodes and thus increases the amplifier power consumpwhich has an input capacitance equal to double the gate ca-

2.3. Noise Reduction



Specification | Value |
VDD 1V
GBW 10 MHz
Phase Margin 75°
Slew rate 7.0 Vius
Load Capacitance{r,) 5 pF
Compensation Capacitana@) 1.4(2.3) pF
CMFB Loading Capacitanc&X;) 1.0 pF
DC gain 63 (70) dB
Pole Quality factor@,) 1.0
Power Dissipation 175 (213)uW
Total Input Thermal Noise 122 (84)uV
Max. output voltage 0.82V
Min. output voltage 0.15V

Table 1. Simulated Results

pacitance of M10. A capacitor divider thus exists and some
gain of the CMFB network is lost. To overcome this prob-
lem, 1 is chosen to be five times the size of the input capac-
itance atl’.,,, r». During sizing this capacitance is limited to
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75'Casccde Compensation
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Figure 4. Simulated Open-loop Gain for the two

compensation schemes.
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20% of the load capacitance. with 88dB dynamic range.

For the cascode compensation scheme, a lower com-
pensation capacitance value could be used, this reduces the
overall power consumption. However, due to |63y-con-
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