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Abstract: This paper proposes a 12-bit, 40-Ms/s pipelined analog-to-digital converter (ADC) with an improved
high-gain and wide-bandwidth operational amplifier (opamp). Based on the architecture of the proposed ADC, the
non-ideal factors of opamps are first analyzed, which have the significant impact on the ADC’s resolution. Then, the
compensation techniques of the ADC’s opamp are presented to restrain the negative effect introduced by the gain-
boosting technique and switched-capacitor common-mode-feedback structure. After analysis and optimization, the
ADC implemented in a 0.35 um standard CMOS process shows a maximum signal-to-noise distortion ratio of
60.5 dB and a spurious-free dynamic range of 74.5 dB, respectively, at a 40 MHz sample clock with over 2 Vpp

input range.
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1. Introduction

Modern communication systems are driving the rapid de-
velopment of analog-to-digital converters (ADCs) to higher
performances in a wide bandwidth signal channel. Most of
the recently developed general-purpose CMOS ADC:s for high
speed applications have employed flash, folding, sub-ranging
and pipelined architectures. Compared with other structure
ADCs, pipelined ADCs are better candidates in wide band
communication systems for their better tradeoffs in resolution
and converting speed!!].

Intensively increasing the signal-to-noise distortion ratio
(SNDR) is the major challenge for a high speed ADC. The
negative effect which limits the SNDR is discussed in pub-
lished work, such as capacitance mismatches!?!, the compara-
tor offsetl®] and switch nonlinearity!*l. Besides these, this pa-
per systematically presents the operational amplifier (opamp)
non-ideal factors which devote the most nonlinearity and noise
weight to an ADC’s output, emphasizing gain error and finite
gain bandwidth error. The error bounds are also given with the-
oretic analysis for the ADC design.

After modeling and analysis, this ADC exploits a gain-
boosting topology opamp to achieve a high gain and wide
bandwidth. However, the gain-boosting amplifier limits the
frequency bandwidth and phase margin. To solve this problem,
a frequency compensation method by adding a compensation
capacitor at the output node of the auxiliary amplifier is pro-
posed in this paper. It can suppress the Miller effect referring
to the auxiliary amplifier, efficiently improve the unity-gain
bandwidth and phase margin of the main amplifier, and make
the integrated amplifier work as a single-pole system in the
range of unity-gain bandwidth, which improves the stability of
the settling behavior. In addition, a PMOS source follower is
used to reduce the high frequency interference introduced by
the switched-capacitor common-mode-feedback (SC-CMFB)
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structure. With the compensation techniques, the ADC per-
forms with better resolution compared with the one using con-
ventional opamp.

At the end of this paper, the prototype of 12-bit, 40-Ms/s
pipelined ADC is implemented in a commercial 0.35 pm stan-
dard CMOS process, the measurement results show that the
ADC performs a 60.5 dB SNDR and 74.5 dB spurious-free
dynamic range (SFDR) at full sample clock frequency with
81 mA current under a 3.3 V supply.

2. ADC design
2.1. ADC architecture

Figure 1 describes the block diagram of the 12 bit pipelined
ADC discussed in this paper. In a high resolution ADC with
over 10-bit, the delay error accumulated by stages will exceed
the ADC’s least significant bit (LSB). So a sample and hold
amplifier (SHA) is necessary to hold the high frequency in-
put for the following stages. After that, there is a 2.5 bit stage
composed by a 3 bit flash sub-ADC and multi-DAC. This is
followed by eight 1.5 bit stages and finally a 2 bit flash ADC.
In these stages, the opamp’s bandwidth requirement is relaxed.
All the circuits are designed in fully differential structure to
minimize even-order harmonic distortion.

Figure 2 gives stage circuit diagrams and the timing dia-
gram of the proposed ADC, in which all the circuits are de-
scribed as a single-end structure for convenience. CLK; and
CLK, are the non-overlap clocks operating in the pipelined
ADC, as Figure 2(d) shows. In this work, the SHA front-end
circuit is developed based on a simple flip-around structure, in
which the input signal is sampled in CLK; first, and the opamp
realizes the unity-gain feedback closed loop to hold the input
in CLK; period. The opamp in the SHA circuit significantly
impacts the ADC’s resolution and converting speed the most
in the whole circuit. As Figure 2(b) shows, the first stage con-
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Fig. 1. ADC architecture.

Fig. 2. (a) Sample and hold amplifier. (b) First 2.5 bit stage architecture. (c) 1.5 bit stage architecture. (d) Timing diagram of the non-overlap

clock.

verts the input to a 2.5 bit digital output, in which the opamp
is composed with the switch-capacitor configuration to am-
plify residue voltage four times for the next stage. When the
SHA circuit holds the input in CLK,, the first stage samples
the input on C; capacitors. While in the CLK; period, the first
stage holds and outputs the residue voltage for the next stage
in Fig. 2(c). As a conventional 1.5 bit stage, stage 2 to stage 9
also use the opamp to produce a specific multi-DAC output.
The capacitors and opamps scale down stage by stage to re-

duce the power budget. It can be seen that the opamp of every
stage plays the most important role in the proposed ADC.

2.2. Non-idealities of opamp in ADC design

In the introduced prototype ADC, in order to maximize the
SNDR of the ADC, a high gain and wide bandwidth opamp is
required. With the SIMULINK model of non-ideal opamp in
the proposed ADC, the relation curves of non-idealities of the
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Fig. 3. (a) Opamp open loop gain versus the ADC’s SNDR. (b) Opamp unity-gain bandwidth versus ADC’s SNDR.

Fig. 4. (a) Gain-boosting amplifier architecture. (b) Gain boosting in cascade structure. (c) Miller effect of Cgs >.

amplifier versus the ADC’s resolution are depicted in Fig. 3.
The ADC’s SNDR declines with the decreased opamp’s

open loop gain and unity-gain bandwidth under a critical value.

In fact, these error bounds can be exactly calculated as follows:

1
A> EZNH’ (1)

fu>a

where A is the open loop gain of the opamp; § is the feedback
factor in the closed loop circuit (it is equal to 1 in the struc-
ture in Fig. 2(a)); N is the ADC resolution; f, is the unity-gain
bandwidth frequency; « is a ratio of the clock period in this
closed loop system versus the settling time (usually picks 6);
feik 1s the sampling clock frequency of the pipelined ADC. It
can be seen that the opamp’s gain error and finite gain band-
width totally impedes the ADC to get a maximum SNDR. So
the opamp’s structure should be carefully designed in such
ADCs, which is discussed in Section 3.

2

3. Compensation techniques of the opamp

3.1. Opamp structure

Based on the analysis in Section 2, it is concluded that
the ADC should use a high gain and wide bandwidth opamp
for its high resolution of 12 bit at tens of mega Hertz sample
clock. To achieve that, an opamp based on the gain-boosted
telescope cascode architecture is the best choice. Compared
with it, the 2-stage and folded cascade structures both have
their disadvantages. The former requires Miller compensation
for stability and also consumes more than twice the power dis-
sipation of a single stagel®]. The latter exhibits a lower achiev-
able bandwidth, though it has a larger range of input voltagel6].
The amplifier shown in Fig. 4(a) adopts the gain-boosted tech-
nique to achieve the high gain without output swing reduction.
However, the gain-boosting technique would restrain the gain-
bandwidth of the opamp and further effect the opamp’s fre-
quency response. More theoretic analysis of the gain-boosted
amplifier is presented in the following.
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Fig. 5. (a) Small signal model of gain boosting in cascade structure. (b) Compensation capcitor in the small signal model.

3.2. Opamp analysis and compensation

A single-end gain-boosted telescope circuit model is
shown in Fig. 4(b) for convenience. As the gain-boosting am-
plifier gives a negative feed-back at the gate voltage of M2, the
output resistance is calculated as Eq. (3)[7):

Rout ~ AOgm,2ro,lro,2, (3)

where Ag is the open loop gain of the gain boosting ampli-
fier; gm,2 is the transconductance of M2; r, 17,2 is the output
equivalent resistances of M1 and M2. Then, the output voltage
gain is

A, = gm,lRout ~ AOgm,lro,lro,ng,2~ (4)

The main pole of the circuit is at the output node, which
dominates the —3 dB bandwidth of such gain-boosted opamp.
The frequency of -3 dB bandwidth is

1 1

Croad Rout CloadAOgm,Zro,l To,2

W3y = ©)

A small signal model of the gain-boosted structure is pre-
sented in Fig. 5(a). Here, the gain-boosting amplifier is simpli-
fied as a model of transconductance gm 4 and output resistance
7oA. Cx p presents the parasitic capacitance at node X, includ-
ing Cgp,1 and the miller capacitance of Cyq,1 (Cyq,1 is multiplied
by approximately 2 in such simple common-source transistor
M1y, € is the output load capacitance. The current through
CL is

1
Ie, = VouCLs = — |:gm,2 Iy = Vx) + Vou — Vx) r_] .
0,2
(6)

and
Vx
—Ic, + (Vy — Vx) Cygs 25 = gm1 Vin + — + WxCxps, (7)
0,1

where Vi, is the input signal in Fig. 4(b), and the current
through Cg; 5 is

Vi
— (W = WVx) Cgs 05 = Vxgma + .

®)

To,A

Then,

Vout
Vin

=~

Fo,A

8&m,ATo,A8m,28m,1 T+ SCgs,Z .
0,2

8m,AT0,A8m,2 ) 1
gm,Aro,ACgs,Z + CX,p

8m,ATo,A Cgs,2 Crs (S +

To,170,2

©

It is deduced that the gain-boosting technique with Ci»
introduces a zero and reduces the second pole of the amplifier
drastically. This could be explained as the Miller effect of Cs »
at node X, which is the second pole in such telescope stage. As
Figure 4(c) shows, C,»’s Miller capacitance Cg x 1s:

1 Z -1 1%
Cng = = |: g2 Si| = Lgs,2 (l - —Y)
Zg XS I — Ayx Vx

= Cygs2 (1 =+ gm_’A) s
8o,A

where Zg, is the impedance from the gate to the source of
M2; Ayx is the gain of node Y to node X; go,4 is the output
conductance of the auxiliary amplifier.

(10)

3.3. Experiment of opamp

Obviously, the parasitic capacitance at node X increases a
great deal because of the gain-boosting amplifier, which pushes
the frequency of the pole at node X much closer to origin;
so, the unity-gain bandwidth is limited by the auxiliary ampli-
fier. To restrain the Miller effect of Cy x this paper presents a
method of adding the compensate capacitance at the output of
the auxiliary amplifier (node Y) shown in Fig. 5(b). The current
through C, , is distributed separately to C.. The new transfer
function could be educed as

Vout CC
X - 8m,AT0,A8m,1 §m,2 1 + S
Vin &m,A
X |:C<:Cgs,2CLrO,AS3 + CLVO,A(gm,ZCc + gm,ACgs)s2
1 —1
+gm,Aro,Agm,2CLs + i|
¥o,2¥0,1
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Fig. 6. (a) Circuit diagram of CMFB unit. (b) Buffer for the CMFB unit.

Fig. 7. (a) Comparison of the frequency response between the improved opamp and a conventional one. (b) Tested response wave of the opamp

in a unity-closed loop.

B C C 1 '
CLS(—°s+1)( gSs~|—1)~|—
&m,A &m,2 8&m,AT0,A8m,270,270,1
(11)

Focusing on the pole referenced to Cg >, it has pushed
away from origin in Eq. (11). This is because at high frequen-
cies (as we approach the pole at node X), the compensate ca-
pacitor C, parallel connects with Cyy, dropping the gain of the
auxiliary amplifier and suppressing the Miller effect of Cgg .
Then, in the unity-gain bandwidth range, only one pole is dom-
inated, which makes the amplifier stable, like a single-pole sys-
tem. After discussing the compensation with the purpose of
broadening the wide bandwidth, we now turn our attention to
the CMFB and its negative effect on the opamp output.

As Figure 6(a) shows, SC-CMFB can rapidly hold the
opamp’s common-mode voltage under the high frequency con-
dition compared with continuous time CMFB. Here, CLK; and
CLK,; are a pair of complementary clocks for the SC-CMFB

unit to refresh the charge on the capacitor, which is used to de-
tect the output voltage. In fact, the switch-capacitance structure
can be seen as an equal resistor in the whole operating time. The
equal resistance isl®!

1

equal = >
Sexe

where f.x is the frequency of CLK; and CLK,, and C is the
capacitance of the refreshing capacitors. In this work, in order
to get the stable voltage in a quick period, f.i is up to 20 MHz.
With this high frequency clock, the SC-CMFB switch intro-
duces high frequency interference to the output, which gener-
ates glitches of the opamp’s transient output. To restrain such
effect in a high speed opamp, the proposed amplifier uses a
technique of inserting an insolating buffer between the output
node and the SC-CMFB unit, as shown in Fig. 6(b). In fact,
a PMOS source follower is used as a unity-gain buffer in this
schematic, where the symbol CMFB represents the structure in
Fig. 6(a). In order not to compress the output range of the main
amplifier, the PMOS transistors work in a different voltage to
avoid the body effects described in Fig. 6(b). So, a gain-boosted

R (12)
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Table 1. Opamp comparison.
Item After compensation Before compensation ~ Ref. [9] Ref. [10] Ref. [11]
Ay (dB) 114 114 63.95 85 56
GBW (MHz) 721 635 283 481 450
PM (°) 63 54 61.9 68 77
Load capacitance (pF) 6 6 1.5 3 1
Slew rate (V/us) 850 741 — — —
Settling time (ns) 32 5.05 3.96 6 6
Power (mW) 27 27 19.94 5.8 1.6
Voltage supply (V) 33 33 33 1.8 1
FoM; * 18.27 16.09 1.36 21.1 15.75
FoMy * 50.06 27.94 5.386 41.47 46.88
- _ Av(dB) - GBW(MHZ) - Cr0ad(PF) __ GBW(MH?2) - Cy0ad(pF)
oM = ;. FoMj = —
Power(uW) Settlingtime(ns) - Power(mW)
Table 2. ADC performance comparisons.

Parameter This work Ref. [12] Ref. [13] Ref. [14]

Process (um) 0.35 0.18 0.13 —

Resolution (bit) 12 11 12 12

Conversion rate (Ms/s) 40 45 40 50

Voltage supply (V) 33 1.8 1.2 33

Input range (Vpp) 2 1.3 1 2

SNR (dB) 60.5 60.1 60.5 65.5

SFDR (dB) 74.5 70 78.2 74

DNL (LSB) -1.37/41.35 —0.4/4-0.45 +0.45 +0.75

INL (LSB) —6.8/+7.2 -1/+1.1 —6/+4 +0.75

Current (mA) 81 45 (only analog core) 13 103

opamp using these two compensation techniques is designed to
meet the requirement of the wide bandwidth and high gain in
the ADC circuit.

Figure 7(a) compares the frequency response of the im-
proved amplifier (the bold line) with the conventional one (the
dotted line). It clearly represents that the unity-gain bandwidth
and phase margin are improved due to the proposed compensa-
tion techniques. The amplifier has almost the same characters
of a single-pole system. Figure 7(b) validates the measurement
results of the improved opamp’s unity-gain closed loop per-
formance. When a 1 V step signal is implied on the opamp’s
different input, a 1 V voltage response is settled after 3.2 ns.

Table 1 gives a brief comparison between the improved
opamp, the structure which is not compensated and another
work. It shows that the proposed amplifier could achieve a
broader bandwidth and phase margin than the conventional
one. In addition, the improved opamp is proved to reach the
quickest settling behavior and a better property in ADCs com-
pared with other research. ADCs using the improved opamp
and conventional opamp have been simulated to verify the im-
provement of compensation techniques, as Figure 8 shows. The
conventional ADC’s SNDR degrades over 10 dB especially in
the high frequency sampling clock, which further proves the
advantages of the proposed ADC with the improved opamp.

4. Other component circuitry

Figure 9 shows the dynamic comparator used in the ADC
stages. When the stage operates in the sample phase, the latch
signal falls low to cut off the bias current, and in the amplify

Fig. 8. Simulated SNDR Comparison between the improved ADC and
the conventional ADC.

phase the latch signal rises high to turn on the tail current
sources M5 and M6. While the differential pairs M1-M4 judge
the input signal and the reference voltage to produce the deci-
sion signal Q. The circuit achieves a high frequency response
of the proposed ADC with little power dissipation.

Switch nonlinearity is also a problem in the pipelined
ADC. In every stage, the input switch is bootstrapped by the
circuit, as Figure 10 shows. Here Cy is the bootstrapped ca-
pacitor, which lifts the gate voltage of the switch transistor M9
with Vi, change. So, the linearity of switch on-resistance has
been improved with a stable switch overdrive voltage.
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Fig. 9. Dynamic comparator structure.

Fig. 10. Bootstrapped switch circuit.

Fig. 12. Sample output wave of SHA under 10 MHz and 40 MHz
sampling clock.

Fig. 11. Die micrograph of the fabricated circuit.

5. Prototype measurement

Based on efficient estimation of the non-idealities, a 12-bit

40-Ms/s pipelined ADC with the improved opamp is imple-

mented in a standard 0.35 pm CMOS process, which has been

optimized at schematic and layout levels. Figure 11 shows the Fig. 13. INL & DNL of the ADC @ 40 Mss.

die micrograph of the fabricated circuit. All critical individual

blocks appear in the chip. The core of the ADC occupies an

area of less than 5.2 mm?. ple clock frequencies. The output shows great integrity, which
Figure 12 validates the measurement wave of the sam-  means that the input wave is specifically sampled under a dif-

ple and hold circuit outputs in 10 MHz and 40 MHz sam-  ferent operating frequency in the pipelined ADC with the im-
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Fig. 14. Frequency spectrum of the circuit output with 4 MHz & 20
MHz input @ 40 Msps.

Fig. 15. SNDR & SFDR versus input frequency & sample frequency.

proved opamp. The ADC’s tested INL and DNL are depicted
in Fig. 13, which are within —1.37 to +1.35 and —6.8 to +7.2,
respectively. The nonlinearity is a little larger, which owes to
capacitors mismatch of ADC stages. Figure 14 gives the tested
frequency spectrum of the 12 bit ADC at 40 MHz sampling
rate with a 4 MHz and 20 MHz input frequency. It is tested
that the SNDR is 60.5 dB and SFDR is 74.5 dB with 4 MHz
input frequency at 40 Ms/s. The performance parameters of the
chip are summarized in Table 2. The SNDR and SFDR versus
the input frequency at 40 MHz sample clock is shown in Fig.
15, which also gives the SNDR and SFDR versus the sampling
clock frequency with a 4 MHz input. It is shown that the ADC
could maintain a good performance under a different sample
clock and with a different input frequency.

Table 2 also gives results from other works and a commer-
cial chip compared with this work. It is shown that the proposed
ADC has good performances with a larger input range. More
work should be taken to reduce the power consumption and to
implement some digital calibration in the future.

6. Conclusion

A 12-bit, 40-Ms/s pipelined ADC with an improved high
gain and wide bandwidth operational amplifier is proposed.
The non-ideal factors of the ADC have been analyzed in terms
of the opamp’s gain error and finite gain bandwidth. An opti-
mized system has been implemented as well. To achieve a high
performance ADC, a high gain and wide bandwidth amplifier
has been exploited, which used a method of adding compen-
sate capacitors at the output of the gain-boosting amplifiers to
restrain the degradation of bandwidth and the phase margin de-
rived from the gain-boosted technique. In addition, the prob-
lem that the SC-CMFB technique impacts the opamp’s output
properties has also been solved by isolating the output node
and CMFB unit with a buffer as the PMOS source follower. Fi-
nally, the ADC was implemented in a standard 0.35 um CMOS
process and tested with a 60.5 dB SNDR and 74.5 dB SFDR
operating at a 40 MHz sample clock with over 2 Vpp input
range.
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