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Abstract. This paper describes the design of a high-speed CMOS sample-
and-hold (S/H) circuit for pipelined analog-to-digital converters (ADCs).
This S/H circuit consists of a switched-capacitor (SC) amplifier and a
comparator to generate the mixed-mode sampled output data, which are
represented both in analog and digital forms. The mixed-mode sampling
technique reduces the operational amplifier (op amp) output swing. As
a result, the requirements on op amp DC gain, slew rate and bandwidth
are relaxed; the linearity of the SC amplifier is also improved. The reduc-
tion of signal swing in the front-end also brings benefit to the pipelined
stages in speed and power consumption. The aperture errors at high
frequency are minimized by time constant matching and digital error
correction logic in the pipelined ADC. Designed in a 0.18-pm CMOS
process, the proposed S/H circuit operates up to 200-MSample/s with a
total harmonic distortion (THD) less than -60 dB and a signal-to-noise
and distortion ratio (SNDR) larger than 59 dB in the worst-case simula-
tion. The power consumption of the mixed-mode S/H circuit is 3.6-mW
with 1.8-V supply voltage.

1 Introduction

The pipelined analog-to-digital converter (ADC) is one of the most popular con-
verter architectures and has been widely used in many high-speed applications
in wireless communication and video systems. Most pipelined ADCs include a
sample-and-hold (S/H) circuit at the front-end to minimize the high frequency
errors and to improve system performance. The performance of the S/H circuit
dominates the overall ADC dynamic characteristics and plays a major role in
determining the spurious free dynamic range (SFDR), signal-to-noise and dis-
tortion ratio (SNDR) of the system.

The stringent performance requirements of the S/H circuit make it the most
design-challenging and power-hungry block in a pipelined ADC. Although a
dedicated front-end S/H circuit can be removed and the sampling function is
performed in the first stage of a pipelined ADC, the input capacitance of the
pipelined ADC in this implementation is significantly increased due to the multi-
bit first stage configuration [1]. A large input capacitance stresses the driving
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circuit of the ADC, which usually is a variable gain amplifier (VGA). In some
solutions, the full scale input range of the ADC is reduced and so is the achievable
dynamic range [2]. The time constant matching is another concern in a pipelined
ADC without a front-end S/H circuit. Although the aperture errors due to the
time constant mismatch can be treated as comparator offset errors and removed
by the digital error correction logic, due to the high gain of the multi-bit first
stage, it is easy for the aperture errors to saturate the S/H circuit output swing.
This sets a limit on the highest working frequency of the pipelined ADC without
a front-end S/H circuit. Therefore, a dedicated front-end S/H is necessary in
these considerations.

The performance of an S/H circuit is usually determined by an operational
amplifier (op amp) in a switched-capacitor (SC) implementation. In an S/H
circuit, the op amp must have enough DC gain to guarantee the accuracy re-
quirement; and a fast slew rate and large bandwidth to meet the speed demand.
The op amp performance also has an effect on the linearity of the S/H circuit,
and consequently the overall ADC dynamic performance. Beyond these, in order
to achieve a desirable signal-to-noise ratio (SNR), a large signal swing is required
at the output of op amp even in the low voltage environment.

In high-speed low-power applications, it is always desirable to use the single-
stage op amp architecture with the minimum transistor size whenever possible.
This is due to the high-speed, low-noise, low-power and stability characteristics
of the single-stage op amp. In practice, one of the challenges is that the DC gain
of the single-stage op amp is limited unless larger transistors are use to increase
the output impedance. However, a larger transistor size transfers into a lower
speed because of the parasitic capacitance load. Another problem associated
with single-stage op amp is the limited output signal swing due to the cascode
operation, which leads to a limitation on the SNR and linearity. These challenges
become more and more significant as the supply voltage and device size scale
down.

This paper proposes a mixed-mode S/H circuit that reduces the requirements
of op amp DC gain, slew rate, bandwidth, and output swing. The relaxation on
performance requirements enables the use of single-stage cascode op amp in low
voltage environment without degrading the system performance. The reduced
requirements are accomplished through a built-in comparator in the S/H circuit.
The aperture errors are minimized by time constant matching and digital error
correction logic.

2 The Op Amp in the S/H Circuit

The schematic of a conventional fully differential switched-capacitor S/H circuit
is shown in Fig. 1 [3]. In the sampling mode, switches S7, So and Sy are on
and S3, S5 off, the input signal is sample in Cg and the feedback capacitor Cg
is reset. At the end of the sampling mode, S5 turns off first, leaving the top
plate of Cg floating to eliminate the signal-dependent charge-injection caused
by S7. Subsequently, Sy, S4 turn off and S3, S5 turn on. The charges in Cg are
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transferred to the feedback capacitor Cr. The output is given by

Cs

Vou = V;n - 1
t Cr + C'F+C'Ai+cm 1)

where Cj, is the input gate capacitance of op amp and Ag is the op amp DC
gain. If Ay is large,

Cyg 1
Vout ~ V;ni(l - 6 R AO

Cr
where 8 = Cr/(Cr + Cs + Cyy,) is the feedback factor in the holding mode.
Equation (2) shows that there is a gain error of 1/(8 - Ap) due to the finite op
amp DC gain.
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Fig.1: SC implementation of a sample-and-hold circuit.

Assume this S/H circuit was used in an N-bit ADC, for a full scale step
input, the output error due to finite op amp DC gain must be less than half
of the least-significant-bit (LSB) in order to avoid introducing any error to the
following pipeline stages This determines the minimum DC gain requirement of
the op amp, which is

1
AO > =X 2N+1 (3)
B
Although an S/H gain error can be tolerated in some applications, the gain

error drift must be minimized, which requires a high op amp DC gain across
temperature and process corners.



4 Shan Jiang, Manh Anh Do, and Kiat Seng Yeo

2.1 Op Amp DC Gain Variation with Input Signals

The op amp DC gain depends on input and output signal swing, which can be
illustrated by the differential amplifier shown in Fig. 2. In this amplifier, the
current difference AT = I™ — I~ can be expressed as [4]

AI:%MC Wy i

_y2
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Ly m

w
,uncom TII
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7,uncozL71‘/zn\/4(VGS - VTH)l - ‘/7477,

2
W, v
= /leOoxfl(VGS — Vru)1Vin x \/1 - m
V-2
= 9m V;n 1- "2 4
gt \/ Vas — Vi) )

where L1, W7 and g¢,,1 are the channel length, width and transconductance of
M, respectively.

Fig. 2: A differential amplifier.

The output impedance of the amplifier is 741 ||ro3. Assume 1,1 = 753, the gain
of the amplifier equals to

A= AI%/VM

Tol Vi
=9m—— 1-— 2T TRV
2 4(Vgs — VTH)1
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where Ay = gm1701/2 is the amplifier DC gain when the output is zero. Ve =
(Vas — Vg )1 is the input transistor overdrive voltage.

The discussion so far on the op amp DC gain dependence on input and
output signals has been based on the assumption that the output impedance r,
of MOS transistor in the saturation region is constant during signal swing. This is
approximately true for long channel device working at high voltage environment.
In short channel device, however, r, varies very much with the drain-to-source
voltage Vpg. In saturation region, this dependence can be approximated as

. 2L 1 qNB
To = 1— % I\/2€si (VDS Vdsat) (6)

The variation of r, gives rise to nonlinearity in an op amp. The amount of
nonlinearity is heavily depends on how much the output signal swing, i.e. how
much the Vpg changes. In addition, the transistor transconductance g,, also
varies with Vpg, which further exacerbates the op amp nonlinearity since the
voltage gain is determined by g, - 71. This phenomenon becomes significant in
cascode op amp as Vpg of the cascode devices change significantly during the
operation. The g,,, r,, and voltage gain of an op amp vary with the output is
illustrated in Fig. 3, 4, and 5, respectively.

Because the voltage gain varies during the operation, the gain requirement in
(3) should be the gain when a largest output swing is applied. At this condition,
the required zero output op amp DC gain is usually much larger than (3).
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Fig. 3: g, variation with output.

2.2 Nonlinearity Errors

The nonlinearity of the op amp DC gain is an important cause of nonlinearity
errors in the S/H circuit. This harmonic distortion can be analyzed via charge
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Fig. 4: r, variation with output.
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Fig.5: Ag variation with output.

conservation in a switched-capacitor circuit. If Ay in (2) is replaced with A in
(5), the transfer function of the S/H circuit in Fig. 1 can be written as

Cs 1
out = Vin ~— 1———
Cs 1 1
~ Vinm— (1= : ) (7)
Cr B-A 1-— 8‘%%

V' is the voltage at the op amp input, which can be approximated as

., Cs
7V0ut 7‘/1 Cr

Ao Ao
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Substitute (8) into (7), Vout can be expressed as

Cs 1 1
Vout ~ Vzn [1 - : 2 }
C <A Vin(Cs/Cr)?
ia B-Ao 14 +§
Cs 1 Vi, - (Cs/Cr)?
~ Vi =21 — (1 — Sin SR
Cyg 1 (Cs+CF)3 3
= Vip =2 (1 — + V3 9

Equation (9) indicates the dependence of the S/H nonlinearity on the input
signal. The above analysis doesn’t take into account the nonlinearity due the
device transconductance g,, and output impedance r, variations with the output
swing. This also contributes a large amount of nonlinearity but its derivation is
tedious.

2.3 Op Amp Slew Rate and Bandwidth

The speed of an S/H circuit is determined by the settling time of the op amp
in holding mode. The op amp settling time can be divided into two phases as
shown in Fig. 6. The first phase is the nonlinear settling which is contributed by
the slewing behavior of the op amp. The second phase is the quasi-linear settling
which is contributed by the bandwidth of the op amp. For speed consideration,
the slewing phase should be minimized, which requires a high op amp slew
rate. The op amp with a high slew rate settles to the final value in the linear
settling phase. Therefore even if the op amp is not fully settled at the end of
the hold mode, there is only a linear error and an improvement of the dynamic
performance can be expected. Since the slew rate of the op amp is determined
by the output swing and the sampling frequency, a reduced output swing can
improve the S/H accuracy and linearity.

In the linear settling phase, the op amp output settles exponentially towards
its final value. If the op amp has one dominated pole and the second pole fre-
quency is much higher, the output of the S/H circuit in Fig. 1 can be expressed

as C
Vout(t) = (1 — _%V;i
()= (= )i 2

For the op amp incomplete settling introduced error to be less than LSB/2 of
an N-bit ADD, the minimum value of op amp time constant 7 should be

(10)

1
1
TS9F (Nt1)-in2 (11)

where Fg is sampling frequency. The time constant 7 can be further related to
the op amp unity-gain bandwidth w,, as

(12)
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Fig. 6: Settling behavior of the op amp.

As a result, the op amp bandwidth requirement for an incomplete settling error
smaller than LSB/2 is

2.(N+1)-F,-In2
>

3 (13)

Wy

3 The Mixed-Mode S/H Architecture

From above discussions, the variation of op amp DC gain with respect to the
output swing introduces both gain error and nonlinearity in an S/H circuit.
These errors become severe as the headroom left for the cascode device operation
decreases in a low voltage environment. Although the single-stage op amp is
preferred in high-speed applications, the error and nonlinearity often deprive its
use ability in low voltage environment.

In order to exploit the single-stage op amp in low voltage environment, we
propose a mixed-mode S/H circuit as shown in Fig. 7. One comparator is added
to the conventional S/H circuit. The S/H operation is controlled by two non-
overlapped clock phases, namely sampling phase ¢; and holding phase ¢3. ¢14
is a copy of ¢; but with an earlier falling edge. During the sampling phase,
switches controlled by ¢ and ¢, are on, the sampling capacitor C's is charge to
Vin — Vos with the aid of the virtual ground formed by the op amp in the unity-
gain configuration. V, is the offset voltage of op amp. Meanwhile, the feedback
capacitor CF is reset. The sampling phase ends at the falling edge of ¢1,. At
the same clock edge, the comparator quantizes the input signal and generates
the digital output Doyr. Subsequently, ¢, turns off the input switches and the
bottom plate of Cg is connected to either +V,..r/2 or —V,¢;/2, determined by
the value of Doyr. The S/H circuit is in the holding mode and the op amp offset
is eliminated by the correlated double sampling [5]. As a result, for Cs = Cp,
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Fig. 7: The proposed mixed-mode sample-and-hold circuit.

the transfer function of the mixed-mode S/H circuit is given as

Vout = (1 — 7 AO)[Vm + (=170 X Viep /2] (14)

where
pour = (¥ 2 m
B =Cr/(Cr+Cs+ Cin) (16)

The sampled data is represented both in analog and digital forms. The trans-
fer curve of this mixed-mode S/H circuit is illustrated in Fig. 8. Also shown is
the one bit digital output send to the digital error correction logic. The dashed
line shows the transfer curve of the conversional S/H circuit in Fig. 1 with Cg
equals to Cr. As expected, the output swing of the proposed S/H circuit is the
half of the full scale input range. The reduced analog signal swing doesn’t de-
grade the SNR or stress the following pipelined stage since now the information
is stored both in analog and digital forms and the full scale range is maintained.

Although the full scale input is unchanged, the effective input signal to the
op amp is reduced by V,er/2 as can be seen in (14). Therefore, the maximum
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error introduced by finite op amp DC gain is Fg/28A¢ in the proposed S/H
circuit. If this S/H circuit is used in an N-bit ADC, for gain error to be less than
LSB/2, we need

As Lo (17)

B

which is 6 dB lower than the requirement for the conventional S/H circuit as
shown in (3). Although this configuration increases the error caused by finite op
amp gain when the input is in the vicinity of zero as shown in Fig. 8, this error
is still within the range of LSB/2 of the full scale. In addition, since the output
swing is reduced, the DC gain is more stable, therefore an improvement of the
S/H circuit linearity is expected.

Dour=0 Dour=1

+Vref 12 //

'Vref

+Vref Vin

“ V2

Fig. 8: The transfer curve of the proposed and conventional S/H circuit.

Since the output swing is halved, the required op amp unity-gain bandwidth
in the mixed-mode S/H circuit becomes

2-N-F,-n2
g

which is smaller compare to the requirement of conventional S/H circuit ex-
pressed in (13).

The analog output of the mixed-mode S/H circuit will be processed by the
following pipelined ADC stages. The 1-bit digital output will be combined with
ADC outputs to generate the final output. Fig. 9 shows an example of the mixed-
mode S/H circuit used in a 3-bit pipelined ADC. The S/H circuit has a 1-bit

Wy, >

(18)
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output F;. The final ADC digital output Do D1 Dy is the combination of the S/H
output F; and pipeline stages’ output FoF3FyF5.

—»  S/H » Stage 1 P Stage 2
Analog SH F1
input . . .
Y 1 bits Y 1.5 bits \ 2 bits SG1 F2 F3

SG2 F4 F5

Digital Error Correction

%3 bits

Fig.9: The proposed S/H circuit used in a 3-bit pipelined ADC.

Output D2 D1 DO

In a pipelined ADC, the op amp in the first pipeline stage has the most
stringent requirements. Another benefit of the mixed-mode S/H is that since
the output swing, which is the input of the first pipeline stage, is now reduced,
the op amp gain and slew rate requirements in this stage are also relaxed based
on the above observation.

Due to the additional comparator, in the sampling mode there are two signal
paths in this S/H circuit. One is formed by the sampling switch, the sampling
capacitor Cg and the op amp. The other goes through the comparator. Because
of the time constant difference between these two paths, there exists a voltage
error, i.e. the sampling capacitor C's and the comparator see different input
signals. The voltage difference is known as aperture error and will be increased
with the input frequency. For an input signal of Vi, = V.ssin(2nfint), the
maximum slope of this signal can be presented as

dVin

W ‘ma:z:: 27Tfin‘/ref (19)

Assuming the unmatched time constant between the two signal paths is A7, the
aperture error voltage, V., can be calculated as

Ve = Qﬂfinv;efAT (20)

Despite the existence of the aperture error, particularly at high frequency
input, it is possible to minimize this error by matching the two signal paths in
terms of topology and time constant. Fig. 10 shows the two signal paths during
the sampling period. Instead of connecting the comparator directly to the input
signal, it is connected to the output of the sampling switch. Thus the two paths
see the same delay caused by the sampling switch. In addition, the op amp and
comparator both use the falling edge of ¢1, to sample and quantize the input
signal.

In actual implementation, it is difficult to match these two signal paths par-
ticularly at high frequency due to parasitic components and second-order effects.
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Fig. 10: The two signal paths in the sampling mode.

However, based on the characteristic of pipelined ADCs, the aperture error due
to time constant mismatch can be treated as comparator offset error and elimi-
nated by the digital error correction logic.

Although op amp and comparator offset errors can be tolerated in pipelined
ADC by using digital error correction, these errors will increase the output swing,
occupy a large offset correction range, and degrade the effective of the mixed-
mode sampling technique. Therefore, in this design, auto-zero technique is used
for the op amp in the sampling mode to eliminate its offset error. This is realized
by connecting the op amp in the unity-gain configuration during the sampling
mode. The comparator does not employ the auto-zero configuration because of
the speed consideration. Otherwise the comparator has to quantize the input
signal during the hold mode, which leads to a higher op amp speed requirement,
or complicates the timing scheme that uses a shorter sampling phase to increase
the time slot for amplifying.

4 Building Blocks

4.1 Operational Amplifier

Because the mixed-mode sampling technique reduces the signal swing and relaxes
op amp gain and slew rate requirements, a gain-boosted single-stage telescopic
op amp is use in the proposed S/H circuit as shown in Fig. 11. Transistors
My ~ Mg forms the main telescopic op amp. Transistors Mg; ~ Mp7 provide the
biasing voltages for the op amp. To improve the gain, transistors M1y, M2 and
M1, M3 form two common-source amplifiers and introduce negative feedback
loops that make the source voltages of the common-gate transistors M3 and
My less sensitive to the output signal. The gain boosting circuit increases the
output impedance without adding more cascode devices. The gain boosting is
only applied to the NMOS cascode transistors. The output impedance of the
PMOS active load are increased by increasing the channel length of M7 and
My since the size of these two devices have less effect on the op amp frequency
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response. The overall DC gain of the gain-boosted telescopic op amp can be
shown as

Ao = gmi{[gm3rosTo19m10(To10]7012)]||(gmsT05707) } (21)

VDD
e et i

=
Wi
T
1
s
5

VB2 VB3

V1
Mg ; }Al—{ [lMBz L{ Mgz Mo

[enp

Fig. 11: The telescopic op amp with gain boosting.

It is clearly shown in (21) that the op amp DC gain depends on the transcon-
ductance of transistor M7 M3 My and output impedance of My M3 My M7. In
short channel devices, both g,, and r, increase with Vpg before the devices reach
drain-introduce barrier lowering (DIBL). In the mixed-mode S/H circuit, since
the op amp output swing was reduced, the gate voltages of M3 and M5 are made
high and low enough respectively to archive a higher DC gain. Fig. 12 shows the
dependence of DC gain on output swing simulated with the slow MOS model.
The simulation with the slow model gives the lowest available output swing
which is the worst-case for accuracy and linearity. The simulated op amp has a
DC gain of 64 dB, a phase margin of 70 degree and a unity-gain bandwidth of
1.1-GHz with 1-pF capacitive load as plotted in Fig. 13. The power consumption
of the op amp is 2.8-mW at 1.8-V supply voltage.

For stability and settling considerations, the gain boosting circuit doesn’t
have to be very fast as long as its unity-gain frequency can satisfy

Bwum < Wug < Wnp (22)

where [ is the close-loop feedback factor, w,, is the unity-gain bandwidth of the
main amplifier, wyy is the unity-gain bandwidth of the gain-boosting amplifier
and wy,, is the second-pole frequency of the main amplifier [6]. Special attention
is paid to the position of the pole-zero doublet introduced by the gain-booting
amplifier. Although this doublet does not deteriorate the op amp stability, it can
affect the op amp close-loop settling time [7].
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4.2 Comparator

The comparator used in the mixed-mode S/H circuit is shown in Fig. 14. The
differential pair M; and M, amplify the input signal and transistors My ~ My
form a regeneration latch. When ¢y, is high, V,,:+ and V,,;— are reset to Vpp
via Mg and My. When ¢1, goes low, the differential pair M; and My compare the
input V;,+ and V;,,— and generate voltage difference at the drain of transistors
M, and M5. This voltage difference is amplified by the positive feedback of the
latch therefore V,,;+ and V,,;— goes to Vpp or ground according to the input
voltages.

Too
mgw Mepr ACw ks

Vout*
out M4 |_ M5

Fig. 14: The comparator used in the S/H circuit.

The offset of this comparator can be expressed as

(Vas — Vru)i2

AS AR
a L2 AR

5172 R

Vos = AVrmi2 + ( ) (23)

V2 is the threshold voltage mismatch of transistors M; and M>. AS; o is the
physical dimension mismatch between M; and M,. AR is the load resistance
mismatch, which is contributed by transistors My ~ My. The offset voltage in
this comparator is dominated by the mismatch between transistors M7 and M.
The mismatches caused by other transistors are reduced by the gain of M; and
M. Besides increasing the size of M7 and M, the offset can also be reduce by
decrease (Vas —Vru)1,2, which is controlled by the tail current of the differential
pair.

With manually introduced 20% device dimension mismatch, this comparator
has an offset voltage less than 7-mV in worst-case simulation. This comparator
achieves less than 300-pS regeneration time for a 1-mV differential input signal
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in the worst-case simulation. The power consumption is 0.4-mW at 1.8-V supply
voltage.

4.3 Bootstrapped MOS Switch

Besides the op amp, the input sampling switches also introduce nonlinearity due
to its signal-dependent on-resistance. In order to investigate the error introduced
by the op amp only. Bootstrapped MOS switches are used in the proposed S/H
circuit. Fig. 15 illustrates the bootstrapped switch circuit [8].

i Wi | @

CLK v Ms  Ms
I

H;MAEMS Lo [

Fig. 15: The bootstrapped switch

The bootstrapped voltage is realized with the capacitor C7, which is pre-
charged to Vpp during the switch-off period. At the switch-on period, C is con-
nected between the gate and source terminals of the switch Mg via the switches
M; and My. As a result, a constant gate-to-source voltage of Vpp applies to
Mg, making its on-resistance independent of input signals.

5 Simulation Results

The proposed mixed-mode S/H circuit has been designed using a 0.18-um CMOS
process and simulated at worst-cast corner with manually introduced 7-mV com-
parator offset. The simulation is performed at 200-MHz sampling frequency and
1.8-V supply. Under these conditions, the S/H circuit consumes 3.6-mW.

Fig. 16 illustrates the digital and analog outputs of the mixed-mode S/H cir-
cuit at 200MSample/s with a 1-Vpp input sine-wave of 190-MHz (sub-sampling).
It can be seen that the output swing is less than 540-mV with the aperture error
and 7-mV comparator offset presented.

Plotting in Fig. 17 is the simulated SNDR, SFDR and THD as a function of
the input signal frequency while the S/H samples at 200-MHz. The mixed-mode
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Fig. 18: Output spectrum with 200-MSample/s and 90-MHz input.

S/H circuit exhibits a THD lower than -60 dB and SNDR larger than 59 dB,
i.e. better than 9-bit accuracy. The SNDR is larger than theory analysis in (17)
because the linear settling behavior of the op amp. Fig. 18 shows the FFT plot
of a 90-MHz input with 200-MSample/s, where about -61.2 dB THD and 59.5
dB SNDR are observed.

Table 1 summaries the simulated performance of the mixed-mode S/H circuit
and compared it with the conventional S/H circuit in Fig. 1. Both the gain error
and nonlinearity of the proposed mixed-mode S/H circuit are less than that of
the conventional S/H circuit using the same op amp and switches.

Table 1: S/H circuit performance summary and comparison

Design Mixed-Mode S/H Conventional S/H
Technology 0.18-pm CMOS 0.18-pum CMOS
Power Supply 0.18-V 0.18-V
Sampling Frequency 200-MHz 200-MHz

SFDR 62.5 dB @ 90-MHz input 55.2 dB @ 90-MHz input
THD -61.2 dB @ 90-MHz input | -53.2 dB @ 90-MHz input
SNDR 59.5 dB @ 90-MHz input 49.4 dB @ 90-MHz input

3.6-mW

Power Consumption

3.1-mW
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6 Conclusion

In this paper, the design of a high-speed sample-and-hold circuit has been demon-
strated by simulation results at 200-MSample/s. The proposed S/H circuits ex-
hibits better linearity and lower power characteristic due to the mixed-mode
sampling technique. This technique enables the use of single-stage cascode ampli-
fier in the low voltage environment without degrading the dynamic performances
and linearity.
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