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An 8-bit 100-MS/s pipelined ADC without dedicated sample-and-hold amplifier*
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Abstract: An 8-b 100-MS/s pipelined analog-to-digital converter (ADC) is presented. Without the dedicated sample-
and-hold amplifier (SHA), it achieves figure-of-merit and area 21% and 12% less than the conventional ADC with
the dedicated SHA, respectively. The closed-loop bandwidth of op amps in multiplying DAC is modeled, providing
guidelines for power optimization. The theory is well supported by transistor level simulations. A 0.18-um 1P6M
CMOS process was used to integrate the ADCs, and the measured results show that the effective number of bits is 7.43
bit and 6.94 bit for 1-MHz and 80-MHz input signal, respectively, at 100 MS/s. The power dissipation is 23.4 mW
including voltage/current reference at 1.8-V supply, and FoM is 0.85 pJ/step. The ADC core area is 0.53 mm?. INL is

—0.99 to 0.76 LSB, and DNL is —0.49 to 0.56 LSB.
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1. Introduction

The development of digital signal processing techniques
in different domains, such as wireless communication, audio
and video, has driven the developments of ADCs and DACs to
lower power dissipation and higher performance. In the appli-
cations for portable devices, the power dissipation is the main
concern. The power dissipation of digital circuits is reduced
directly by device scaling down while that of analog circuits
mainly depends on the development of new topology and struc-
ture techniques and system level optimization!!).

An 8-b 100-MS/s pipelined ADC is presented in this pa-
per. The pipelined ADC is preferred because it guarantees high
linearity by employing high DC gain amplifiers in a closed-
loop configuration with moderate power dissipation. To further
reduce the power dissipation and area, the dedicated sample-
and-hold amplifier (SHA) is often removed!?3]. In our work,
two ADCs are presented. The 1st ADC (ADCI1) has the ded-
icated SHA removed and the sample-and-hold is embedded
in the 1st stage[*l. The 2nd ADC (ADC2) is a conventional
ADC which is implemented in the same die for comparison.
The closed-loop bandwidth (BW_js.) of op amps in multiply-
ing DAC (MDAC) is modeled considering short-channel effect
providing guidelines for power optimization. Transistor level
simulations are performed to verify the theory. In Section 2,
ADC architectures are presented. In Section 3, circuits design
is described including the operating principle and BW o5 mod-
eling. The comparison results are given in detail in Section 4.
This paper will be concluded in Section 5.

2. ADC architectures

Both ADC1 and ADC2 architectures are 1.5 bit/stage as
shown in Figs. 1 (a) and 1(b), respectively. The analog sig-
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nal is quantized by six pipelined stages followed by flash-2bit-
ADC and digital outputs of each stage are corrected by digi-
tal error correction (DEC). The op amps are shared between
two consecutive stages and the capacitances used in the fol-
lowing stages are scaled down to reduce the power dissipa-
tion. Clock generator and current/voltage reference blocks are
also included in the design. The only difference between two
ADC:s lies in SHA and the Ist stage. In ADCI1, the SHA is re-
moved and sample-and-hold function is embedded in the 1st
stage which will be addressed in detail in the next section.

3. Circuit design

3.1. 1st stage with embedded sample-and-hold

SHA is widely used in pipelined ADCs in order to reduce
the aperture error caused by sample timing mismatch between
the MDAC and the sub-ADC. But it is not a necessary block
because it makes no contribution to the final digital output and
adds noise and distortion to the analog input signal. Further-
more, it occupies large die area and consumes large power dis-
sipation.

Therefore, SHA can be removed if the aperture error can
be minimized within the tolerance which can be corrected by
DEC. Various methods to eliminate a dedicated SHA have been
published(?-3!. In Ref. [2], two sample paths need to match by
carefully setting their RC time constants equal in the layout de-
sign. However, the matching strongly depends on design, lay-
out and process variations, and therefore, it may not be suitable
to high speed applications. In Ref. [3], an additional sampling
capacitor is required. In this work[*!, sample-and-hold is em-
bedded in the 1st stage, while no carefully matching is needed,
as shown in Fig. 2(a). This architecture is used in ADC1 and
the operation is described as below: there are three operating
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Fig. 1. ADCs architecture. (a) Without

phases, i.e., sampling, comparing and settling, which corre-
spond to 1, 2, t3, respectively, in Fig. 2(b). During the sam-
pling phase as shown in Fig. 2(c), the input signal Vj, is sam-
pled by Cg and Cy at the end of CK1. During the comparing
phase, as shown in Fig. 2(d), Cr becomes feedback capacitor in
phase CK2A. The high gain of op amp makes the node X a vir-
tual ground while the charge in Cr will remain constant. Then,
the MDAC functions as a unit-gain flip-around sample/hold
amplifier. So, the voltage of node V,,; will be equal to V;, after
t>. The comparator begins to work and the result is latched at
rising edge of CK2D as shown in Fig. 2(d). Then, the 1st stage
goes into the settling phase at shown in Fig. 2(e). According
to the output D,—; of sub-ADC, the bottom plate of Cg is con-
nected to one of the voltage references Viefy, Vemo and Vieg.
And ¢, is decided by how much error the DEC can correct.

As the mention above, the only difference between this 1st
stage and conventional 1st stage is ¢, delay of comparing phase.
So more power dissipation of op amp in 1st stage is needed
but much less than the power dissipation which is saved by
removing dedicated SHA. Now let us calculate the increasing
power dissipation of the Ist stage. From Ref. [4], we can get
the ratio of maximum delay #, to the minimum settling time 73
which is shown in Eq. (1). The effective settling time of the 1st
stage to conventional settling time is 1/(1+R;). So the required
unity gain bandwidth (GBW) is 1 + R, times of conventional
counterpart and the power dissipation is R, = (1 + R;)? times
of'its counterpart. Given the parameters used in this work, such
as By =2,N=38, R; = 0.1875, R, = 1.41. And the maximum
increasing of op amp power dissipation in the 1st stage is 41%

dedicated SHA. (b) Conventional.

which is approximately 12% of the ADC2 supposing that op
amp occupies most of the pipelined stage power dissipations.
This is much smaller than SHA consumption which is about
40% in ADC2 which will be proved by measurement in Section
4.

t2,max _ Bl + 1
t3,min B (N - Bl + 2)231_1.

R = (M

In order to reduce the power in comparing phase, we can
open switch Sgy. Therefore the loading capacitance is reduced
to 2/5 of Ref. [4]. So the additional power is reduced from 12%
to 5%. Thanks to the loose settling requirement of comparing
phase and relative high non-dominant pole of telescopic OTA,
the lower phase margin of OTA caused by small loading capac-
itance will not influence the ADC. And the proposal is verified
by simulations.

3.2. Modeling of close-loop bandwidth of MDAC for power
optimization

In pipelined ADC, the sampling rate is mainly determined
by BW_jese 0f 0p amps in MDAC:s. For the ideal op amps with
constant feedback factor (f), GBW, along with the BWjqse,
increases with transconductor (g,). However, for non-ideal op
amp, considering the non-ideal factors such as parasitic capac-
itance which leads to a non-constant feedback factor, BWjsc
does not increase monotonically with gy, 151 and will reach its
maximum which corresponds to the maximum sampling rate
and the modeling is based on Shockley’s MOSFET modell!.
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Fig. 2. Working principal of the 1st stage in ADC1. (a) The 1st stage circuit. (b) Its timing. (c) Sampling phase. (d) Comparing phase. (¢) Settling

phase.

However, the Shockley model can not reproduce the voltage-
current characteristics of the short-channel MOSFET’s, such as
mobility degradation with vertical field, channel-length mod-
ulation. In the following analysis, a new model is proposed
by considering short-channel effects and verified by transistor
level simulations. Figure 3(a) is the MDAC circuit in the set-
tling phase, and Figure 3(b) the equivalent small signal model
ofthe circuit using an NMOS transistor instead of the amplifier.
Supposing that the over-drive voltage (Vysa¢) and the length (L)
of the input transistors are both constant. Therefore, the current
density (o = I/ W, where I is current and W is the width of
input transistors) is also constant and the g, is proportional to
W, so as to I. The relationship between Vs, and I is described
as:

1 Mncox w

=117 p2 (14 AVps). 2
2 1 +9Vdsat L dsat( + DS) ( )
From Eq. (2),
20t + /(201)% + 8t
Vear = + (2 )+ =0t + V022 +2t, (3)
where
pL
)

= —.
,banvox(1 + AVDS)

In Eq. (2), Vysat is considered as a fixed value for the given
current density, and 0 is also fitting parameter. From Eq. (2),
we get g, as

_ nCox (1 4 AVs) OV2, + 2Visar

. 5
8m 2L (1 + OVen)? &)
The BWclose is
1 m

BWC]OSC = - = g—ﬁ (6)

T Cload,total

where
Cr
= —, 7
: Cr + Cs + Cgs (7
Cr(Cs + C

Cload, totat = CL + Cop + F(Cs + Cos) ®

Cr+ Cs + Cgs’

in which, f is feedback factor of the settling phase MDAC,
Cload, total 18 the capacitance looking into the output node of
op amp, Cgs is the input parasitic capacitance, approximately
equals to % W LC,y, and Cop is the parasitic capacitance of the
output node with the value of « W LCy. Therefore, both Cgs
and Cop are proportional to W, which is the same as the g,.
In addition, Cp is the feedback capacitor, and Cs is the sam-
ple capacitor which is equal to (28~! — 1)Cy, where B is the
resolution of this stage. Cy is the sample capacitor of the next
stage.

Take Egs. (5), (7), (8) into Eq. (6),
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Fig. 3. (a) Settling phase of the MDAC circuit. (b) Equivalent small signal model of (a).
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Fig. 4. BW_ose Versus the width of input transistors for the given cur-
rent density. Suppose o =1, B =1,Cr =0.7pF,CL =1 pF, L =
0.18 um, p = 10 pA/pum, pn = 340 cm2/(V-s), Cox = 8.91 fF/um?2.

Mn ox(1 + AVps) oV, dsat + 2Visat
2L (1 + 9Vdsat)2

BWiiose =

2
Ce[(237!' = 1)Cr + SWLCo
CL+aWLCy, + 3

2
Cr + (23_1 — 1)CF + SWLCOX
Cr

X
5 .
Cr + (23_1 —1DCr + EWLCox

)

Visat can be obtained from Egs. (2), (3). Other parameters
are from 0.18-um CMOS process,« = 1, B =2, Cg = 0.7
pE, CL = 1 pF, i, = 340 cm?/(V-s), Cox = 8.91 fF/um?, 0 =
1v-L

The relationship between BW_ o5 and width of input tran-
sistors is illustrated in Fig. 4 in order to compare the old
model®], the new model in Eq. (9), and transistor level simu-
lations. The new model is closer to transistor level simulations
than the old model. The discrepancy between the new model
and transistor level simulations is because the BSIM3 model
is much more complex. But the new model gives an accurate
analytical expression for the maximum BW .

'mlmmmmMUMirr

Fig. 5. Photomicrograph of the overall chip.

4. Measurements and comparison

Figure 5 presents the photomicrograph of the overall chip
implemented in a mixed signal 1P6M 0.18-um CMOS tech-
nology. The upper part is ADC1 and occupies an area of 0.53
mm?, which consists of current/voltage reference, stages1&2,
stages3&4, stages5&6, flash2bit ADC, DEC except dedicated
SHA. The lower part is ADC2 occupying 0.60 mm?, which is a
conventional ADC with dedicated SHA. The input range of the
ADCl is 1 V}, (peak-to-peak) differentially at a 1.8 V power
supply. The dynamic performance of ADCI is presented in
Fig. 6, where a full-scale input sinewave at f;, = 1 MHz
is sampled with frequency f; = 100 MS/s. Spurious-free-
dynamic-range (SFDR) is 56.3 dB, signal-to-noise (SNR) is
47.6 dB, and signal-to-noise-and-distortion (SNDR) is 46.5
dB, which results in the effective number of bits (ENOB) of
7.43 bits. The 2nd to 6th harmonics are also shown in that
Figure. The SNDR at f, = 1 MHz is maintained within 3
dB up to 80 MHz, which is also listed in Table 1. Figure 7
shows dynamic performance in different input frequencies at
100 MS/s. The power dissipation is 23.4 mW including the
bandgap-based current/voltage reference. The INL is —0.99 to
0.76 LSB, and DNL is —0.49 to 0.56 LSB in Fig. 8. The per-
formance of ADCI is also summarized in Table 1. Figure 9
illustrates the ENOB of two ADCs at 100 MS/s versus input
frequency up to 100 MHz. The ENOB is more than 7.4 bit at
low frequency and about 6.8 bit at 100 MHz. Figure-of-merit
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Table 1. ADCs Performance Summary and comparisons.

Input frequency ADCl1 ADC2
(MHz) ENOB (bit) SNDR (dB) SNR (dB) SFDR (dB) ENOB (bit) SNDR (dB) SNR (dB) SFDR (dB)
1 7.43 46.5 47.6 56.3 7.48 46.8 47.7 56.4
80 6.94 435 46.2 50.5 6.94 43.5 43.8 57.1
0 INL
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Fig. 6. A fast Fourier transform (FFT) plot of the output for a sampling
rate f; = 100 MS/s. (a) Input f;, = 1 MHz. (b) Input f;, = 80 MHz.
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Fig. 7. Dynamic performance at 100 MS/s.

(FoM) is widely used to compare the performance of ADCs!”],
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Fig. 8. (a) INL. (b) DNL.

P
= —-—-_——m 5 10
2ENOB » JERBW (19)

where P is total power dissipation, ENOB is the effective num-
ber of bits at low input signal, and ERBW is the effective reso-
lution bandwidth when the ADC falls 0.5 bit. Here, the ERBW
of ADC1 and ADC?2 are both 80 MHz. Table 2 also compares
the results of two ADCs in terms of power dissipation, area, dy-
namic performance, statistic performance and FoM, where the
power dissipation, area and FoM of ADC1 have 24%, 12% and
21% improvement, respectively, comparing to ADC2. From
Table 3, which shows a list of 8bit pipelined ADC with similar
sampling ratel® 1) in recent years, FoM of ADCI is only 0.85
pJ/step which is the lowest.

FoM

5. Conclusion

A pipelined ADC without dedicated SHA has been pre-
sented in the paper. The architecture used here needs no care-
ful layout matching compared to other architectures. Large die
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Table 2. Comparison between ADCI1 and ADC2.

Parameter ADCI1 ADC2 Comparisons (ADC1 to ADC2)
INL (LSB) -0.99t00.76 —0.45t0 0.46

DNL(LSB) —0.49t00.56 —0.46to 0.46

Power @ 1.8 V (mW) 234 30.6 24%

FoM (pJ/step) 0.85 1.07 21%

Area (mm?) 0.53 0.60 12%

Table 3. Comparison with previous work.

Sampling rate (MS/s) Power (mW) BW (MHz) ENOB (bit) FoM (pJ/step)
JSSC, 2005[8] 150 71 80 7.24 2.94
VLS, 2006[] 100 30 20 6.60 7.73
ESSCRIC, 2008101 120 9.4 40 7.04 0.89
Journal of Semiconductors, 2009111 125 138 30 7.07 17.2
This work  ADC2 100 30.6 80 7.48 1.07
ADCI 100 234 80 7.43 0.85
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