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Abgtract : This paper describesa 3 0V ,10b ,40Msample/ s andog-to-digita converter (ADC) fabricatedinaQ 2% m
CMOS technology. Through the sharing an amplifier between two success ve pipeline stages ,the converter is realized

using just four amplifiers with a separate sample-and-hold block. It employs two key techniques:a high bandwidth

low-power gainboosting telescopic amplifiers technique and a low power low off set dynamic comparators technique.

The ADC achieves a 8 1 efective number of bits,a maximum differential nonlinearity of a O 85 least sgnificant bit

(LB) ,and maximum integra nonlinearity of 2 2L B for a 0 5SM Hz input at full sampling rate. It occupies

1 24mm? ,which a o includes a bandgap and a voltage reference circuit and dissipates only 59mWw.
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1 Introduction

High-speed ,high-resolution A/ D conversonis
important in a wide variety of commercial applica
tions, such as data communication and storage.
These applications often use complex modulation
and detection schemes such as quadrature ampli-
tude modulation (QAM) , which usually requires
extendve digital signal processng at the receiver.
Thus,the front end of such a receiver typically
needs a high-speed A/ D converter (ADC) . Many of
these applications make use of 10bit analog-to-dig-
ital converters (ADC’ s) sampling at around
40M HZ'"' . And ,in most applications,the reduction
of power consumption isone key desgn issue.

The ADC described in this paper has been de-
signed to meet the 10bit 40Msample/ s require
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ments and al so features a low power consumption.
The power reduction is achieved by usng power ef-
ficient pipeline architecture, sharing an amplifier
between two successive stages in the pipelined
ADC ,employing high bandwidth low-power gain-
boosting telescopic amplifiers and low-power low-
off set dynamic comparators,as well as usng a ca
pacitor size scaling down scheme. The measured re-
sults are much better than those of Refs. [9 11]
which concern state-of-art AD converters. The
power efficiency of this work is excellent ,even in
real world stuations.

2 ADC architecture

In general ,pipelined ADCs have been proven
to be power eficient architectures. In pipeline con-
verters ,power consumption can be optimized by an
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appropriate selection of bits stage'” and capacitor
scaling down the pipeline' .
the amplifier sharing technique to share an opamp
between two consecutive stagesin the pipeline cau-
ses afurther sgnificant power reduction in a pipe-
lined ADC!. An attractive method of realizing a
high-speed ADC is to use a pipeline architecture
where each stage has a resolution of 1 5b™. This
1 5hits/ stage architecture has two benefits. The
first is to maximize the bandwidth of the SC
(switched-capacitor) circuit. With such a resolu-
tion ,the closed-loop gain equals 2 ,which allowsfor
low load capacitance and alarge feedback factor. As
a result ,alarge interstage amplifier bandwidth can
be achieved. The second benefit isthat it allowsfor

Furthermore, usng

a large correction range for comparator off sets in
the flash ADC ,where only two comparators are re-
quired for every stage. Thus comparator off sets up
to £Vw/4 can be tolerated.

Consequently , a 1 5bhits/ stage pipeline with
amplifier sharing topology is adopted for the con-
verter. Figure 1 presents the architecture of the
converter.
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v shared || shared shared shared
o stgl&2 || stg2&4 [ stg5&6 [] stg7&8
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buffers l Dugital error correction logic

fm
Fig.1 Block diagram of the ADC

2 1 Sampleand hold amplifier circuit

The implementation of the sample and hold
amplifier (SHA) is shownin Fig.2. The SHA isca
pable of dealing with high-frequency inputs with
low distortion by usng constant Ve sampling
switches ,which use a bootstrapping circuit and are
desgned to observe device reliability conddera
tions. The input voltage is sampled on capacitors
Gn at the end of the sample phase 4. During the
hold phase ¢ ,the charge from G is transferred to

feedback capacitors G such that the output is

Vou = Vin (1)

Fig.2 SHA circuit
2 2 Amplifier sharing blocks

Each amplifier sharing block is made up of two
consecutive stages sharing one amplifier and one
clock generator. Each sharing block (actually e
quivalent to two conventional 1 5hits stages) pro-
videsfour bitsof digital output. The four bitsfrom
the four sharing blocks and the two bits from the
flash are transerred to the digital error correction
logic block and ,in the end ,provide ten bitsof digit-
al output.

The implementation of each sharing stage is
shown in Fig. 3. Here for smplicity ,a s ngle-ended
configuration is shown,though the actual imple
mentation isfully differential.

Amplifier sharing is based on the fact that ,in
switched-capacitor architecture, the amplifier is
used for only one half of a clock cycle,which is
during the amplification phase.

The operation of the sharing stage can be
briefly described as follows. There are two
switched-capacitor networks operating on opposite
clock phases with the opamp alternating between
them.During phase 1,GC (n) and G (n) sample
Vres(n- 1).During phase 2 ,the residue Vres(n) is
produced by G (n) ,G (n) ,and A1l operating under
the control of the digital input Dn-1. Thisis samr
pled by G(n+1) and G (n+1) and is Ssmultane
oudy processed by the decison circuit nto gener-
ate the digital sgnal D». During phase 1 of the next
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Fg.3 Amplifier shared stage

clock interval ,G(n+1) ,G (n+ 1) ,and A1 conr
bine to generate the analog resdue Vres(n+1) un-
der the control of D.. Thisis processed by the ded-
sondrcuit n+1 to generate the digita output Dn+1.

Amplifier sharing introduces two possble
drawbacks® . Firstly ,the additional switches that
are used to implement amplifier sharing introduce
series red stances ,which will affect the settling be-
havior of the stage. The switch red stances can be
reduced by using large switches at the expense of a
potential increase in offsets due to charge feed
through. Secondly ,the nonzero input voltage of the
amplifier is never resetted. Thus,every input sam-
pleis affected by the finite-gain error components
from the previous sample. However ,increasing the
gain of the opamp could make the finite gain error
negligible.

Also ,in order to reduce power consumption,
the scaling technique for the opamps and capacitors
is applied. The value of the sampling capacitor of
the SHA , G, should be obtained from noise and
matching constraints. In this desgn Gsislimited by
matching rather than noise.

3 Circuit techniques

There are mainly two key techniques for the

ADC,i. e.
ting opamp technique and low-power low-off set dy-

low-power high-bandwidth gain-boos

namic comparator technique.

31 Low power highrbandwidth gain-boosting
opamp

The amplifiers adopted in the SHA and other
ADC stages are based on a fully differential gain
boosting telescopic architecture (shown in Fig. 4)
to get a high operrloop gain and excellent band
width with less power consumption ,at the cost of a
reduced sgnal swing range. In this implementa
tion ,the telescopic amplifier also exploits a wide
swing gain-boosting technique in order to alleviate
the problem of the reduced sgnal swing range. The
gain-boosting technique improves the cascoding
effect of a sngle MOS transistor by usng local
negative feedback.

Assume for smplicity ,that the two additional
gain-boosting amplifiers have the same DC gain
Aai ,and the upper part of the circuit has the same
output impedance as the lower part. Then the out-
put impedance of the circuit isincreased by the gain
of the additional gain-stage Aad :

Rouwt = _th((gm3 ro3(Aadd + 1) + 1) fo1 + r03) (2)

where gm is the transconductance of transstor
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M3 ,r1 and res are the output resstance of tran-
sstors M1 and M3, respectively. Hence,the total
DC-gain becomes

Ao ot = 1 Omt o1 ( gm3 o3 (Aaaa + 1) + 1) (3)

2
where gm is the transconductance of the transstor
M1.

From Eq. (2) ,it can be seen that the gain-en-
hancement technique increases the output imped-
ance by a factor approximately equal to Aa + 1.
But the gain of the additional stage,Aas decreases
for frequencies above the - 3dB bandwidth of the
gairn-boosting amplifier with a dope of - 20dB/
decade. For frequencies above unity-gain bandwidth
of the gain-boosting amplifier ,Axq islessthan one,
and the normal output impedance of a cascade stage
without gain-enhancement remains. This could in-
troduce a doublet in the plot of the total output im-
pedance.

Nor-complete doublet cancellation can seri-
oudy degrade the settling behaviour of an opamp.
In order to overcome this drawback ,the unity-gain
frequency of the added gain boosting circuit should
be higher than the - 3dB bandwidth of the circuit ,
which isthe closed-loop bandwidth of an SC circuit
which uses the main amplifier ,and must be lower
than the second-pole frequency of the main ampli-

fier for reasons concerning stability. This way ,the
circuit could have a dngle-pole settling behavior.
The gain-bandwidth product (GBW) could be ex-
pressed as

@aBwW = % (4)
Ooad

where gmis the input transconductance and Goad iS
the load capacitor connected at the output of the
amplifier. The amplifier also uses a switched-capac-
itor common-mode feedback circuit'® ,which is not
shownin Fig. 4.

Figure 5 shows the smulated gain and phase
of the gain-boosting opamp usedin SHA. The main
smulated characteristics of the opamp are summar
rized in Table 1.
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Fig.5 Smulated gain and phase of the gan-boosting

opamp

Table 1 Main characteristics of the opamp

Characteristics Value
DCgain 118dB
Unity-gain fregency 432M Hz
L oad capacitor 5pF
Phase margin 73
Power consume 18mwW
Qutput swing 2 1V
Supply voltage 3 0V

3 2 Dynamic comparator

Asprevioudy discussed ,the 1 5hits stage ar-

chitecture relaxes the requirements for comparator
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off sets. This allows the use of dynamic latch-type
comparators without any preamplifier to cancel the
off set voltage. In order to reduce power consump-
tion ,a low off set dynamic comparator ,as shown in
Fig.6 ,isadopted in the ADC"!.

—{ M1 V‘”%#ﬁ

Fow

tre

Viu Mﬂ }—_ ‘—-‘i V8

Fig.6 Dynamic comparator

The operation of the comparator can be briefly
described asfollows. When the latch signal Viac is
at OV the comparator is inactive,trandgstors M5
and M6 are switched off and there is no current
path between the supply voltages. The transstors
M9 and M12 reset the outputs to V. The tran-
sstors M7 and M8 of the latch conduct and pull the
drains of the trangstors M1 M4 to Vi ,while the
drain voltage of M5 and M6 are dependent on the
comparator input voltages. When Viae is raised to
Va ,the comparator is active,the outputs are dis
connected from the supply Vaw ,M5 and M6 turn
Vin With Vg - Vig.
The threshol d voltage of the comparator is de-

on,and M1 M4 compare Vin -

termined by the current divison in the differential
pairs and between the cross-coupled branches. The
trandgstors M1 M4 follow the large signal current
equations (W1 =Wz W3 =W,) :

|
Bl

lpa - Ips =BaVia log _ Vi (6)
Bs

o1 - lpz =B1Vin - Vi (5)

1

wheref; = 5

Wi + - +
V] QXTL ,Vin =Vin - Vin and Ve = Vg

- Ve

The comparator changes its stage when the
currents lo1 = Ip1 + Ips and loz = Ip2 + Ips Of both
the output branches are equal. Assuming the rela
tion of the source-coupled pair bias currents to be
Ios = dlps ,and by marking the threshold point with
a parameter e such that Vin = eV ,the resulting
condition is thus

2
2.de? 1o le - ucoxe“vfd[ﬂﬂ -

L
2
2|D6ﬂ|—1 - UCoxV?é[ﬂLﬂ (7

The parameters d and e are chosen according
to the desred trip point of the comparator. The to-
tal offset voltage of the comparator conssts of the
sum of the offsets of both source-coupled pairs.
The off set of one differential pair has a well-known
dependency on the mismatch of the threshold volt-
age Vr,load resstance R and transstor dimen-
sonsAPB and their corresponding average values
Vr,R ,andf.

Vos =AV+ +Vus_2VT X[ARTL +%% (8)

The off set voltage in this caseis dominated by
the mismatch of the trandstor dimensons AR,

while Vgs - V71 is set by the tail currents Ios and
Ios . Smulation results show that the off set of this
comparator is within 5mV ,with a supply voltage
rangefrom 2 6 3 6V ,a process range from sow
to fast ,and temperaturesfrom low to high (- 40
125 ) ,which is much lower than the traditional
dynamic comparatorsin Ref.[9].

3 3 Other components

The ADC a0 includes an on-chip precison
bandgap reference voltage generator and buffer am-
plifiers to generate positive and negative reference
voltage and the commonrlevel voltage for opamps.
The clock generation of the ADC is implemented
with five local clock generators driven by a sngle
master clock to coincide between stagesin order to
avoid any loss of clock period due to skews related
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to the layout.

4 Experimental results

The ADC has been fabricatedina 0. 2% m sin-
glepoly fivemetal DGO CMOS process with an
MiM capacitor. The die photograph is shown in
Fig.7. The upper sde shows the bandgap and the
reference buffer opamps, while the center sde
shows the SHA and the four opamp sharing
blocks,and the bottom shows the digital error cor-
rection logic block. The total active area is about
1 24mm’ ,with a core area,excluding the bandgap
and buffer amplifiers,of about 1mm’. The meas
ured output fast Fourier trandorm (FFT) spec
trum with a 0. 5SM Hz input frequency at 40M S/ sis
shown in Fig. 8. The measured nonlinearity of the
ADC is shown in Fig. 9. The summary of the
ADC soverall performanceis givenin Table 2.

Fig.7 Die photograph
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Table 2 Performance summary

Resolution 10bit
Converson rate 40MS s
0. 29 m sdgnglepoly fivemetal DGO
Process
CMOS process with MiM capacitor
Power supply 3.0V
Total power 59mW @B8. 0V
SNR ” 51dB
SFDR " 59dB
THD ~ 57dB
ENOB * 8. 1hit
Peak INL * 2.2L B
Peak DNL * 0.85L B

*Measured at fin=0. 5SMHz,fqkx =40M Hz

5 Conclusion

A 10bit 40MS s ADC has been described. By
sharing an amplifier between two successive pipe
line stages,dgnificant power reduction has been &
chieved. The converter aso employs high band-
width low-power gain-boosting telescopic ampli-
fiers and low power low off set dynamic compara
torsin order to save power and provide high per-
formance. The ADC ,which occupies 1 24mm* and
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consumes only 59mW (including a bandgap and a
reference circuit) at 40M & s,has been i mplemented
ina0 29 m DGO CMOS process technology.
When quantifying the power efficiency of the
A/ D converter implementations,the resolution and
sample rate should also be consdered. The most
widely accepted measure of the effectiveness of de-
sgnisthe energy per conversion step'® ,defined as
= 9
where Po is the power disspation,N isthe resolu
tion,and fsis the sample rate. Usng the above e

ECOHV

quation ,power efficiency comparison with those re-
portedin Refs. [1,3 5,9 12] isgivenin Table
3.

Table 3 Power eficiency comparison

. Power Energy per
Resolution[  Sample rate o )
. disgpation|converson step
/ bit / (Msample - s- 1)

/ mW /pd

This work 10 40 59 1.4
Ref.[1] 10 40 65 1.6

Ref. [3] 13 5 166 4.1

Ref. [4] 8 52 250 18.7

Ref. [5] 10 20 240 11.7

Ref. [9] 10 20 65 3.2

Ref. [10] 8 200 177 3.4
Ref. [11] 8 125 71 2.2
Ref. [12] 12 20 254 3.1

As can be seen from the table ,the power effi-
ciency of this work is much higher than those of
Refs.[9 11] which are published state-of the art
performances in domestic journas. Although the
power efficiency of Ref.[1] iscomparable with this
work ,it was implemented in a BiCMOS process,
which is more suitable for high performance mixed
signal circuits than a CMOS process.
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