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SUMMARY  This paper describes a flash ADC using interpolation (IP)
and cyclic background self-calibrating techniques. The proposed IP tech-
nique that is cascade of capacitor IP and gate IP with dynamic double-tail
latched comparator reduces non-linearity, power consumption, and occu-
pied area. The cyclic background self-calibrating technique periodically
suppresses offset mismatch voltages caused by static fluctuation and dy-
namic fluctuation due to temperature and supply voltage changes. The
ADC has been fabricated in 90-nm 1P10M CMOS technology. Experi-
mental results show that the ADC achieves SNDR of 6.07 bits without cal-
ibration and 6.74 bits with calibration up to 500 MHz input signal at sam-
pling rate of 600 MSps. It dissipates 98.5mW on 1.2-V supply. FoM is
1.54 pJ/conv.

key words: analog-to-digital converter, cyclic background calibration,
self-calibration, interpolation

1. Introduction

A fixed wireless access (FWA), whose frequency band is
around 38 GHz, is a communication system to transmit a
huge amount of data. The targeting data transfer rate of the
future FWA is about 1 Gbps and 16QAM or 64QAM will be
used. Therefore, a required resolution of ADC is more than
7 bits and a conversion frequency higher than 500 MSps.

A sub-range type is a proper candidate for the specifi-
cation, because it may operate at a few GHz and the num-
ber of components in the sub-range type is smaller than the
other types. However, its settling time and timing skews be-
tween course and fine conversions will become significant
bottlenecks when the operating frequency is getting higher.
Considering that a bandwidth of the system is required to be
wider in the near future, the flash-typed architecture is more
appropriate for the future need.

This paper describes an 8-bit 600-MSps flash ADC fab-
ricated in 90-nm process. Because of the minimum des-
ignable MOS channel length, a scaled process is suitable
for the design of high speed ADCs; however, it reduces the
maximum allowable supply voltage and signal swing, it also
increases the mismatches of device. One of them is a thresh-
old voltage mismatch of MOS transistors. The threshold
voltage mismatch of MOS transistors is expressed as [1] and
[2];
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where #,x is a gate oxide thickness, W is a MOS channel
width, L is a MOS channel length, and N is doping den-
sity. Dimensions (#,x, W, and L) of the MOS transistors are
reduced by a scaling factor of S. However, the doping den-
sity, N, is increased by a factor of S or S 2 [3]. Therefore, the
threshold voltage mismatch increases in the scaled process
such that the conversion accuracy of an ADC is reduced. To
overcome the trade-off between conversion frequency and
accuracy of an ADC in a scaled process, this research imple-
ments cascade of interpolating techniques and a background
calibration circuit in the ADC.

A flash architecture is known as the fastest architecture
in ADC design. However this requires many components
and occupies larger die size as resolution increases. As a
result, a large die size limits conversion speeds of the flash
ADC, because parasitic resistance and capacitance are pro-
portional to the occupied area. Therefore, this paper pro-
poses cascade of two conventional topologies, a capacitor
type IP [4] and a MOS gate type IP [5], to reduce size and
the number of components. As a result, design difficulty of
circuit components is also mitigated.

2. ADC Architecture and Calibrating Method
2.1 ADC Architecture

The ADC architecture is shown in Fig.1. The proposed
architecture consists of amplifiers, capacitors for 1-bit IP,
comparators executing 3-bit IP, resistor ladder producing
reference voltages, and cyclic calibration logic. The cyclic
logic selects compensated comparators in the background.
The amplifiers are implemented in front of the comparators,
because three sigma offset voltage (Vgser (07) = 1.69 mV) of
the comparators is larger than 0.25 LSB (~1 mV) [6].
Current consumed by the amplifiers should be deter-
mined by considering both a load capacitance and a thermal
noise. The thermal noise can not be ignored under a small
LSB. A simulation result shows that comparator’s thermal
noise, about 4.52x107° V2, is larger than quantization noise,
about 1.27 x 107° V2. When one amplifier is connected to
a comparator, the pre-amplifier is not able to suppress suf-
ficiently the thermal noise of the comparator because an in-
trinsic gain of a MOS transistor is decreased in sub-micron
processes [3], [7]. This means that the thermal noise caused

Copyright © 2010 The Institute of Electronics, Information and Communication Engineers
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Fig.1  ADC architecture.

by an amplifier cannot be ignored, although the amplifier de-
creases input-referred noise of the comparator. Increase of
the current at the amplifier can be reduced the input-referred
thermal noise, however it results in the increase of the whole
current consumption in an ADC. Cascaded amplifiers may
also be an alternative. However, added number of the ampli-
fier increases power consumption and yields another thermal
noise sources. Additionally, it complicates a clocking tim-
ing.

In this paper, one amplifier is connected to a number of
comparators such that the input-referred thermal noise can
be reduced without the increase of the whole current con-
sumption in an ADC.

The input-referred thermal noise of an ADC is derived.
Here, topology of the amplifier is considered as a fully dif-
ferential type. A total thermal noise is mainly decided by the
sampling capacitance, the amplifiers and the comparators.

2 2
1)2 N 2kT + 1)2 " Ulh,comp % CS + CP,amp
th,total CS th,amp Ggmp CS

_ kT N 16kT -y - Voverdrive ﬂ + Utzh,comp
3 Ips Gamp

2
(1 + —Cp’a”‘p) )

2
th,amp

is a thermal noise

2 .
where Uth total is

a thermal noise of the amplifier, v

is a input-referred total thermal noise, v

2
th,comp

of the comparator, Guyp is a gain of the amplifier, Cs is the
sampling capacitance, Cp amp 1S a parasitic capacitance seen
from an input of the amplifier, k is a Boltzmann constant,
T is a temperature, 7y is an excess noise factor, Vyyerdarive (=
Vs — Vi) is an overdrive voltage of MOS transistors, Ipg is
a half consuming current of the amplifier, and Af is a noise
bandwidth. Here, the noise bandwidth can be interpreted as
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a function of the Ips.
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where Cp, means a load capacitance of the amplifier. In
Eq. (3), it is assumed that consuming current, Ipg, is only
determined by a response speed of the amplifier. The load
capacitance is determined by the number of the comparators
which are connected to an amplifier and output parasitic ca-
pacitance of an amplifier. And a signal attenuation caused
by Cpamp also influences decision of the sampling capaci-
tance. If Cpayp becomes small, Cs can be reduced. Conse-
quently, a total input sampling capacitance also decreases.
Similarly, If Cp becomes small, Ips can be reduced. And
Cp,amp also decreases. Here, Cs and Cp. are assumed to be
proportional to the Cp amp.

CP,amp =a;-Cs
CP,amp =y CL

“4)

where a1, designable factor, is normally smaller than 1, and
a; is almost decided by process. Substituting Egs. (3) and
(4) in Eq. (2), then

2
kT (03] 8kT - Y 1 Ulh,comp
Vo~ 2 —* ot

CL a 3Gamp CL Gamp

x (1 +ap)?. )

As the bit number of the IP increases, the load capacitance
of the amplifier, Cy, increases. The input-referred total noise
therefore decreases, from Eq.(5). Consequently, the in-
creased current dissipation of the amplifier suppresses the
thermal noise. If the interpolating technique is unused, cur-
rent of the amplifier should be increased inefficiently due to
the thermal noise.

Thermal noise and the capacitor mismatch decide the
minimum capacitance of the sampling capacitor. When each
comparator has an amplifier, total sampling capacitance and
power dissipation increase dramatically. However, by us-
ing the interpolating technique, the number of sampling ca-
pacitors and amplifiers can be reduced. For the ease of ex-
planation, it is assumed that sampling capacitance is 10 f{F,
which is decided by design rule of the metal-insulator-metal
(MIM) capacitor; thermal noise by sampling capacitance,
10 fF, reaches two third of quantization noise at room tem-
perature. At an 8-bit flash, the total sampling capacitance is
over 2.5 pF. Moreover, layout is burdened with too many
MIM capacitors. Therefore, using an interpolating tech-
nique, total input capacitance is reduced to 1 pF and layout
becomes eased. And the number of the amplifiers decreases
from 255 to 19. Figure 2 shows component reduction by
using the interpolating technique.

2.2 Cyclic Background Calibration

In 90-nm technology, the offset voltage of the comparators
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may reaches 40 mV as shown in Fig. 3. This time invariant
offset voltage is typically caused by device mismatch. Fur-
thermore, time variant offset voltages, caused by; chip tem-
perature change, and fluctuation of the supply voltage, can
be an issue. To overcome these problems, we implement
charge pump (CP) in the comparator [6], and compensate
the offsets periodically in the background. As a result, off-
sets caused by device mismatch and time variant factors can
be calibrated simultaneously.

Calibrating techniques are divided into foreground and
background as shown in Fig.4. Foreground is performed
only when a circuit becomes powered up. Therefore, fore-
ground cannot deal with temperature variation and supply
voltage fluctuation. As a result, background calibration may
be a practical mean.

For background calibration, a comparator under cali-
bration cannot convert analog input into digital output. This
unconverted data can be deduced from the data generated
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by neighboring comparators [8]. However, this complicates
circuit design. Alternative method is skipping only method.
The skipping only method causes bubbling error as shown
in Fig. 5. This error is however corrected by the bubbling er-
ror correction technique [9]: the bubbling error is corrected,
if compared results of neighboring comparators next to the
comparator under calibration are the same. However, if the
compared results of neighboring comparators are different,
the skipped data becomes zero mandatorily.

In this research, cyclic background calibration is se-
lected for circuit simplicity and small area, such that this
may yield critical problem when frequency of an input sig-
nal is synchronized with the cyclic calibration frequency. A
pseudo-random calibrating pattern may solve the synchro-
nized trouble, though it may induce another problem. The
problem is correlated to a calibrated time interval between
one calibrating moment and the next calibrating moment on
the same comparator. Because of the feature of the pseudo-
random pattern, the time intervals of the every comparator
are not the same. This means that converting points of each
comparator fluctuate at different frequencies, because every
compensated moment converting point of the comparator
varies. Therefore, the pseudo-random method invokes dif-
ferent noise caused by calibration on each comparator. It
may increase random noise of the ADC.

In the skipping only background self-calibration, if
the number of simultaneously calibrated comparators is in-
creased, the effective resolution is deteriorated. This causes
a converting error and it can be considered as noise;

D

szl,cal = ﬁvj (6)
where D is the number of the comparators compensated si-
multaneously, N is the resolution of the ADC, and V, is the
quantum voltages. If noise caused by the calibration is suffi-
ciently smaller than the thermal noise, ENOB deterioration
by the cyclic calibration can be ignored. Figure 6 shows
how the number of simultaneously calibrated comparators
deteriorates the signal-to-noise ratio (SNR). Therefore, we
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selected D of 4 in this ADC.
3. Comparator
3.1 Self-Calibration of Gate Interpolating Comparator

Figure 7 shows a double-tail latched comparator with gate
IP and offset voltage compensation. The double-tail latched
comparator is based on [10]. A distinct difference between
[10] and this research is absence of an inverse latching
clock. In [10], skew between direct and inverse latching
clock is a bottleneck on performance of a comparator. This
problem becomes more critical in high-speed ADCs. There-
fore, this paper replaces the MOS transistor, which is for the
inverse latching clock in [10], with two differential MOS
transistors, which are M; and Mg in Fig. 7. Performance
of M7 and Mg are interlocked with the first stage of the
comparator. Accordingly, the second stage is always latched
after latching clock of the first stage becomes high. Fig-
ure 8 shows effect of the offset voltage compensation. From
measurement results, Vg (07) decreases from 13.7 mV to
1.69 mV.

Calibration in comparators is conventionally conducted
under a zero-crossing point of differential input signals.
When this technique is applied to n-bit gate interpolating
comparators, 2" — 1 reference voltages are needed. It is as-
sumed that references of Iny, Iny, Iny,, and Iny, shown in
Fig. 7 are Vier, —Vier, (i+1)Vier, and —(i+1) Vg, respectively.
The input signals of the gate interpolating comparators are
expressed as

Vin,pl = Vin — i+ Vit

{Uin,nl = - (Uin —i- Vref) ’ and (7)
Vin,p2 = Vin — @+ 1) Vier (8)
Vinn2 = — (Uin - (l + 1) Vref) ’

Figure 9 shows 4 required signals, which are £V X (2" —
x)/2", £Vier X x/2", to execute x:(2" — x) IP at an n-bit IP.
For the calibration of the x:(2" —x) interpolating comparator,
these 4 signals are required. Consequently, 15-typed sig-
nals are necessary for the calibration under the conventional
technique. Because input signals of the comparators are
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transferred from the amplifiers in this research, additional
amplifiers are required for calibration.

As a more practical calibrating technique, regardless of
their interpolating ratios, comparators are calibrated while
all input nodes are connected to an input common-mode
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voltage. Here, relationship between drain currents and over-
drive voltages in M, M,, M3, and My in Fig. 7 is assumed
to be constant;

Ips = %NCOX% (Vas = Vi) (1 + AVps) . )

In the comparators, the latch (second stage) regener-
ates the input signals by sensing voltage differences between
node Xp and Xy in Fig.7. Although drain voltages influ-
ence the drain currents, voltages of both sides (Xp, Xx) are
the almost same at a zero-crossing point. The drain voltages
affecting the compared results can be neglected.

Therefore, only gate voltages of the input MOS tran-
sistors are considered to influence the results as shown in
Eq. (9).

Ips ~ l,ucoxK (Vs = Vin)? 9"
2 L

However, the calibrating accuracy deteriorates in sub-

micron process under the hypothesis. Carrier velocity sat-

uration may be one of the causes. In short-channel MOS

transistors, the carrier velocity is a function of an overdrive

voltage, as expressed in [3];

Mno

i (el]) L+mn-(Vos = Vin)
where u,, is the low-field surface electron mobility and n
is an empirical coefficient. Equation (10) expresses that the
carrier velocity is varied by an overdrive voltage. The carrier
velocity on the input common-mode voltage is not equal to
one on the zero-crossing point. Consequently, the proposed
method is worse than the conventional method. However,
the conventional method can be obtained under an ideal con-
dition ignoring layout; it is not practical to connect 15-typed
signal generated from amplifiers for calibration to each 8-bit
comparator without any delay and voltage drop.

Monte Carlo simulation is performed to confirm the
calibration effect. Some period is required before the cal-
ibration is activated, as shown in Fig.10. After V¢ ap-
proaches V;. . the offset voltage is measured. Figure 11
shows the effects of the proposed self-calibrating technique
with regard to the mismatch. From the simulation results,
the offset voltages of the proposed method are 2 or 3 times
larger than that of conventional. However, since the offset
voltages are small enough for the target, we use the method
that 8 types of the gate interpolating comparators are com-
pensated by using only one reference.

(10)

3.2 Gate Interpolation
3.2.1 Conventional Gate Interpolations
A general non-dynamic gate IP [11] type, which consumes

static power, causes errors neglectfully. In the saturation
region, the drain current of the MOS is

1 w
Ips = ENCOXI (Vgs = Vi)* (1 + AVps) (11)
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Fig.12  Non-dynamic gate interpolation.

where « is from 1 to 2 [12]. Based on Eq.(11), errors in
non-dynamic gate IP, shown in Fig. 12, are calculated and
the result is shown in Fig. 13. When « is 1, the interpo-



PAIK et al.: AN 8-BIT 600-MSPS FLASH ADC USING INTERPOLATING AND BACKGROUND SELF-CALIBRATING TECHNIQUES

0.015

u A a=l:.2 D'a=l.5'
0.010 3 2 0a=17 Oa=1ma2f
— ] A 8
% 0.005 2
T fpgoeotno o n
5 0.005 e —
0.010 g A5
-V O
. g7
—0.015

80 7:1 6:2 53 4:4 3:5 2:6 1:7 08
Interpolating ratio

Fig.13  Errors of the non-dynamic gate interpolation (calculation).

lated points are accurate. And when the a equals 2, induced
current errors on the both sides, Out, and Out, in Fig. 12,
are the same at the compared points, therefore the interpo-
lated results are accurate. Although other a values cause er-
rors, the amount is under 0.015 LSB. However, conventional
interpolating technique dissipates powers unnecessarily, be-
cause comparison is only performed when the latching clock
is high. Therefore, to realize more power-efficient gate IP,
propose a gate interpolating dynamic comparator shown in
Fig.7. Power dissipation of the proposed 8-bit comparator
was reduced 69% to 10.0mW at 1 GSps and 1.0V supply
in the simulation, compared to 32.6 mW in the conventional
non-dynamic performance. From this result, the dynamic
comparator is more power-efficient than the non-dynamic
type until conversion frequency reaches about 3 GSps.

The conventional dynamic gate IP [5] uses drain resis-
tance of triode region. Accordingly, gate width of the in-
terpolating MOS transistors should be wide, so as not to be
saturated by dynamic current when latching clock is high.
Input parasitic capacitance of the comparators and power
dissipation of the amplifiers driving the parasitic capacitors
will increase with gate widths. Moreover, high input sig-
nal level is also required to guarantee proper interpolating
performances. However, in deep sub-micron process, this
condition is impractical.

3.2.2 Input Signal Sensitivity of the Proposed Comparator

In the proposed one, IP accuracy may decrease compared
with the non-dynamic gate IP due to dynamic characteristic
inducing errors.

Before explaining the input signal sensitivity of the
proposed comparator, we describe the dynamic performance
of the proposed comparator briefly. As shown in Fig.7,
when CLKj ycn is low, My and Mg are on while M5 and
Mg are off. Then parasitic capacitors on nodes Xp and Xy
are charged to supply voltage. The second stage is turned
off, because M7 and Mg are off. After CLK} 4., becomes
high, Ms and Mg are on while M; and Mg are off. Accord-
ingly, electric charge on the node Xp and Xy flows into gnd.
Drain currents of Ms and Mg are determined by input sig-
nals of M;-My. Differences of flowing electric charge per
time at the nodes Xp and Xy induces a voltage difference at
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the nodes, and the voltage difference becomes larger as time
passes. This means that effect of the drain current differ-
ence is accumulated in dynamic comparators as time passes,
while the effect of the drain current difference is maintained
in non-dynamic comparators. If voltage on the node Xp and
Xn drops sufficiently, then the second stage regenerates the
voltage difference of node Xp and Xy.

Next, we will explain input signal sensitivity of the pro-
posed comparator. When the Xp and Xy reach specific volt-
ages which are about 0.2 V under the 1.0-V supply voltage
in the simulation as shown in Fig. 14, the second stage con-
ducts regeneration. If the voltage difference is large, the re-
generated result is more correct, because the second stage
has large offsets. When the differential signal is inputted
into the front-end of the comparator, output, Xp and Xy in
Fig. 15, voltage difference of the low input dc level is larger
than high input dc level. Because the difference on drain
current, I, and I, is decided by input signal components,
and this is not changed distinctly rather than total current
where input dc level is high or low. However, total cur-
rent is large when the input dc level is high. Accordingly,
output current signal proportion in the front-end becomes
small. This decreases voltage difference of the output, Xp
and Xy in Fig. 14, because output current signal accumu-
lates voltage difference on the output parasitic capacitor, Cpr,
in Fig. 15. After the output voltages reach the specific volt-
age, the second stage regenerates this difference. As a re-
sult, it is that low dc level’s front-end gain, ratio of output
difference voltage to input differential voltage, is higher than
high dc level’s one. Consequently, the front-end gain of the
proposed comparator is changed with the input signal mag-
nitudes. This limits IP accuracy of the dynamic comparator.

The input signal sensitivity is briefly quantified. For
simplicity, input signals of In,; and Inp, in Fig.7, are the
same (same thing at In,; and In,, in Fig. 7). An output volt-
age of the front-end is expressed as

1
Vou () = Vi = = f Ins (1) dt
PL

if Ips is constant v (r) = Vyy — Ips r (12)
_—
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(Vaa = 1.0V, AV =0.9V, vj, = 0.5mV)

When an input common-mode voltage is Vi, and input sig-
nal is vi,, output voltage difference is expressed as

Vip -

CpL

Avgy = =2 - /JCOX (Vbias — Vin) X (13)
where the gradual channel approximation is used for sim-
plicity. Dividing Eq.(13) by #/CpL, the differential output
current signal is expressed as

Aiout =-2- MCOX (Vblds Vth) X Vip. (14)
When the input common-mode voltage, V4,5, reduces, to-
tal current of the front-end quadratically decreases, whereas
signal current decreases linearly. Signal proportion of the
drain current is consequently increased by decreasing the
input common-mode voltage.

However, decreasing the input common-mode voltage
increases time delay for the comparison. Using the gradual
channel approximation and assuming the input signal, vj,, is
small enough, tendency of the time delay, Zdelay, is roughly
calculated;

2 (Vdd = Vi) - CpL

(Vbldb - Vth)2

tdelay =

,UCox
( AV

+——XIn

Ay — 1 gmMi1 (1) X Tour2nd
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accuracy.

Simulation method for confirmation of the dynamic conversion

(Vbias — Vin)

—_—— (15)
4 (Vaa = Vin) X vin

where AV is the voltage difference between the output volt-
ages of the second stage, Aj,, is the low-frequency gain
of each inverter implemented in the second stage, 7 is the
time constant at the output node of each inverter, gy, Mmi; 1S
an transconductance of Mj(or M) in Fig. 7, roy2ng is an
output resistance of the second stage, and ¢, is time delay
caused by the first stage. In Eq. (15), the first term indicates
time delay in the first stage of the comparator, and the sec-
ond term means time delay in the second stage of the com-
parator. From Eq. (15), as the input common-mode voltage,
Vhias, decreases, the time delay increases to satisfy certain
AV which may be threshold voltage of an SR-latch circuit.
And as the input signal, v;,, decreases, the time delay also
increases. Figures 16 and 17 compare Eq. (15) with the sim-
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ulation results.

As shown in Fig. 18, the bit number of the dynamic
gate IP is determined such that a difference of Vg in; and
Vit in(i-1)

AViigini = Vaifrini — Vdiftin(-1)s (16)

does not change from ideal value while the dynamic gate IP
induces no error.

From simulation results shown in Figs. 19, 20 and 21, a
3-bit dynamic gate IP induces error below 0.25 LSB over the
PTV variation. However, simulation results indicate the IP
does not satisfy 4-bit accuracy. Therefore, a 3-bit dynamic
gate IP is used to satisfy the accuracy.

0.375
i [Verror (6) = 0.131 LSB] N\
0.250 - (0]
% 0.125 g 0 ---------- 0 ------------
= of QO
27—0.125 ¥ g S—
~0.250 /
-0.375 .
ff typ ss 0 30 60
Corner conditions Frequency [%]
Fig.19  Effects of process on the dynamic conversion accuracy (3-bit IP

simulation when an input signal range is 64 mV).

0.375
[Verror (8) = 0.101 LSB]
0.250
— N
2 0.125-0-0-0-0-0-0-0-0-O
J H i i H i i
= focooo o y
£ Pooboid : A
012510000+ 0000 /
-0.250
-0.375
-40 0 40 80 120 0 30 60
Temperature [°C] Frequency [%]
Fig.20  Effects of temperature on the dynamic conversion accuracy

(3-bit IP simulation when an input signal range is 64 mV).
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3.2.3 Kick-Back Noise

The proposed comparator gives weight on gate width (W,
and W, in Fig.7) of the difference differential input MOS
transistors in the comparators. The schematic of the com-
parator is basically based on [6], only the position of latch-
ing MOS transistors, M5 and Mg in Fig. 7, are changed. If
the latching MOS transistors are implemented on the source
of the input MOS transistors, M; ~ My, kick-back noise will
deteriorate the output signals of the amplifiers.

When CLK ., is low, conventional front-end [6],
shown in Fig. 22, charges parasitic capacitors, Cp; and Cpy,
until the drain current of M; becomes almost 0. At that
time, the threshold voltage of MOS, Vy,, is charged between
both terminals of Cp,, and upper plate of the Cp; becomes
Vin—Vin. When latch signal goes high, electric charge on Cp;
and the bottom plate of the Cp; is pulled down to gnd. Be-
cause of this, negative electric charge on the bottom plate of
the Cp; increases. Increased negative charge drags the posi-
tive charge from the output of the amplifiers implemented in
front of the comparators, and input nodes of the comparators
are forced to be Vi, whether the input signals are high or low.
This mechanism induces kick-back noise. Kick-back noise
is dependent upon the input signals, therefore it should be
suppressed. From Fig. 23, influence on the input signal of
the comparators can be expressed as the following equation:

0.375 =

Verror (0) = 0.111 LSB] |\
02500 S

N
z 01551000000 \
s
£ ] S A
N 0.125 f- Qi Q000 //
~0250}--0
0375 =

06 07 0809 10 1.1 1.2 130 30 60
Supply voltage [V] Frequency [%]

Fig.21  Effects of supply voltage on the dynamic conversion accuracy
(3-bit IP simulation when an input signal range is 64 mV).

Input node
CLK e CLE e P ‘ CLK e
Vas _t is low Vas —t is low voltage is Vas —T— becomes high
Ms ) Me 2 forced to be Vg, Mo
out, - Charging ou, OM_{ Current is almost 0 A ol I; ;lr”c ‘ﬁ:‘;’:oe
LI Co1 & Cpz ' : Charged to ectrt °
in=> O -| » in O Y, Vin- V) » Drag electric instantly
. T charge from
Charging .
sz sz Cp1 sz Cp1 the ampllﬁers sz y' Cp]
CLKir #r gnd CLKLEJYST# gnd CLE wcr Vorpr and
is low is fow becomes high
Fig.22  Mechanism of the kick-back noise occurrence in the conventional front-end [6] (M2, M3, My,

and M7 are omitted).
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Fig.24  Influence of the kick-back noise on differential signals
(simulation).

Vout = Vout,amp - Rout,amp X ikick—back noise (17)

where V,, is the input signal of the comparators, Vougamp 18
output signal of the amplifiers, Rouamp 1S OUtput resistance
of the amplifiers, and ixjck—back noise 15 kick-back current from
the comparators. Equation (17) shows that kick-back noise
can be suppressed by reducing output resistance of the am-
plifiers or kick-back current. Therefore, we shift the latching
MOS transistors to the drain of the input MOS transistors.
Because the drain voltage is equal to the source voltage be-
fore CLK] acn 1s high, the kick-back noise is suppressed to
less than 15mV in simulation. On the contrary, simulated
kick-back noise reaches almost 40 mV in the conventional
front-end type. The influence of kick-back noise on the pro-
posed and conventional front-end is shown in Fig. 24.

4. Capacitor Interpolation and Amplifier
4.1 Capacitor Interpolation

Capacitors can average two output signals from the ampli-
fiers [4]. This mitigates input range condition and decreases
input parasitic capacitance of the comparators. Expected
output signal voltage of the amplifiers is about 150 mV, and
mismatch of the threshold voltage is the range of dozens mV.
Therefore the input bias of the comparators is needed to be
over hundreds of mV from the threshold voltage, if a 4-bit
gate IP is selected. This is because input MOS transistors
are required to perform in the saturation region. As shown
in Fig. 25, the offsets of the comparators from thermal noise
are become larger, when the input bias is increased. There-
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Fig.26  Effects of the proposed interpolating architecture.

fore, excessive large gate interpolating bits degrade the noise
performance of the comparators by its minimum allowable
input bias point.

Furthermore, capacitors can remove the offsets of the
amplifiers by using an output offset cancelling technique. In
[5], the comparator is directly connected to the amplifier, as
aresult the comparator is sensitive to the offset of the ampli-
fier. It is considered that magnitude of 1 LSB is large enough
to neglect offset under a 7-bit resolution and 1.8-V supply.
However, in this research, the offsets of the amplifier cannot
be ignored. Therefore, by an output offset cancelling tech-
nique, we can suppress the offsets effectively. In simulation,
Votiset (07) is suppressed from 3.03 LSB to 0.0250 LSB.

Output voltage of the amplifiers and the desired input
voltage of the comparators are not always equal. With the
capacitors, two bias points can be separated successfully,
therefore the input bias voltage of the comparators can be
adjusted to their best performance point.

Figure 26 shows the effects of the proposed interpolat-
ing architecture. Let’s consider compensating the offsets of
the comparators successively, and then only distorted sig-
nals from the amplifiers cause converting errors. By us-
ing interpolating techniques, the distortion is distributed to
the all 4-bit interpolated points, so that the differential non-
linearity (DNL) error is decreased. In contrast to [5], the
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Fig.27  Schematic of an amplifier.

offset of the amplifier is suppressed successfully in this re-
search. Because of this, compared points of the references
are fixed. Consequently, the integral non-linearity (INL) er-
ror is also suppressed.

4.2 Amplifier

From the simulation results shown in Fig. 11, the offset volt-
age (Vofser (07)) of the comparator is 2.4 mV. Three sigma
offset voltage is lager than 1 LSB (~ 4 mV), accordingly
pre-amplifiers should be implemented.

As shown in Fig. 27, the basic topology of the ampli-
fier is a cascade connection of a main amplifier and a source
follower. The main amplifier is high gain with narrow band-
width and the source follower is low gain with wide band-
width, if static power dissipation and load capacitance are
the same. The load capacitance of the entire amplifier is
larger than input parasitic capacitance of the source fol-
lower. Therefore, more power is consumed, compared to
the amplifier without the source follower. Furthermore, by
using a source follower, input capacitance of the amplifier
can be reduced. Since, input capacitance attenuates sampled
signals, and attenuation is almost proportional to the power
dissipation of the main amplifier, large load capacitance on
the main amplifier deteriorates SNR.

Additionally, the small output resistance, 1/gn, of the
source follower, will reduce the kick-back noise from the
comparators.

In Fig.27, a capacitor, Cgg is introduced between the
main amplifier and the source follower. This separates the
input bias of the source follower and the output bias of
the main amplifier. The input node of the source follower
is biased to be Vygg by Mjg (or M) during the sampling
period which means CLK in Fig.27 is high. Therefore,
the output signal linearity of the source follower is guar-
anteed. The output bias of the main amplifier is determined
by resistor-typed common-mode feedback with a value of
Vaa — Vas.pmos. Here, Vigs pmos indicates gate-source volt-
age of the PMOS. And output bias of the source follower
is Vinsr — Vgs.nmos, where Vi, sp is the input voltage of the
source follower and Vs nmos 1S the gate-source voltage of
the NMOS. If the source follower is directly connected to
the output of the main amplifier, output bias point, which
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Fig.28  Level shift effect of Csp in a source follower.

value equals Vg — (Vgs pmos + Vas.nmos), of the source fol-
lower becomes unacceptably low. This is because supply
voltage is very low in a deep sub-micron process. Conse-
quently, linearity of the source follower is deteriorated. Fig-
ure 28 shows linearity of the source follower with and with-
out Csg.

To reduce power dissipation of the amplifiers, an open
loop circuit is selected. The open loop gain, Gunp, is sen-
sitive to the mismatches of the MOS transistors. Without
IP, gain mismatches between neighboring amplifiers occur
no converting error. In this case, on the other hand, power
dissipation of the total amplifiers is increased, because of
the thermal noise requirement. To reduce power consump-
tion, IP is adopted. However, the use of the interpolating
technique mitigates the required gain accuracy. This is be-
cause if distorted gain ratios of neighboring amplifiers are
the same, there is no error on interpolated points is caused.
Mitigation of the gain mismatch is quantified under the con-
dition that the output signal is linearly proportional to the
input signal. This assumption is allowable because coef-
ficients of above second-order terms are less than a thou-
sandth of the coefficient of the first term, which indicates
linear coefficient between the input signals and the output
signals. Output signals of two interpolating amplifiers are
expressed as

Uoutp,A = Gamp (Vin = i+ Vier) d 18

{Uoutn,A = _Gamp Win =1+ Vi)’ an (18)
Uoutp,B = Gamp (i = (( + 1) Vier) (19)
Uoutn,B = _Gamp Win — ((+ 1) Vier)

where i - Vier and (i+1) Vs are their reference voltages, and
Gamp means a low-frequency gain of the amplifiers. Using
Egs. (18) and (19), error is calculated at x:(2" — x) interpo-
lated point between i - Vier and (i + 1)Vier, when Gayp is
varied. x:(2" — x) IP is ideally performed when input signal
becomes
. x

Uin = 1 Vier + 2_nVref- (20)

And the error, veor, 1S expressed as

2" =x)- Uoutp,A t X * Uoutp,B
Verror = on
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(2" = X)  Voum,A + X * Voun,B

21 '
Substituting Egs. (18), (19) and (20) into Eq. (21), the er-
TOT, Uerrors 1S zero. Consequently, when mismatched low-
frequency gains between neighboring amplifiers are the
same, there is no error. Figure 29 describes this effect. How-
ever, when mismatched low-frequency gains of neighboring
amplifiers are not the same, errors are occurred. To suppress
the maximum error of the interpolated points to less than
0.25 LSB, three sigma of the low-frequency gain mismatch
is required to satisfy

AG mp

ey

Bo)<2™ (22)

amp

where n means the bit number of the IP.
5. Experimental Results

The 8-bit ADC was fabricated in 90-nm CMOS. Figure 30
shows a chip micrograph of the ADC which occupies
0.87 mm?.

Figure 31 shows the measured ENOB with the back-
ground calibration. The ENOB reaches 7.0 bits, however as
sampling frequency increases, the ENOB is decreased. At
662 MSps, the maximum ENOB is 6.36 bits with 10-MHz
input frequency. The measured effective resolution band-
width (ERBW) reaches 600 MHz. Shown in Fig. 32, the
calibration increases SNDR by 4 dB. The FoM = Power dis-
sipation/(2ENOB x min(2x ERBW, Sampling frequency)) is
1.54 pJ/conversion-step at 600 MSps. The measured results
as shown in Fig. 32 indicate that SNDR is not limited by
SFDR. Distortion restricting SNDR may be caused by noise.
The noise is related to the sampling capacitance, the CP, and
background calibrating logic. Insufficient sampling capaci-
tance may induce larger thermal noise and signal attenuation
than the expected. And the CP may not be robust over noise.
The background calibrating logic may yield noise during its
performance.

The performance results of ADCs, whose designed res-
olution is above 7 bits, sampling frequency is higher than
600 MSps, and power dissipation is less than 100 mW, are
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Fig.32 Measured SNDR and SFDR vs. input frequency at 600 MSps.

summarized in Table 1. As shown in Table 1, an inter-
leaving technique is mainly used over 600 MSps, however,
[15],[18] and this work do not use interleave. Compared
to [18], [18] outstrips the fabricated ADC except sampling
frequency. In [15], the architecture is a sub-range and it is
consist of coarse 4 bits and fine 4 bits, and the number of re-
quired comparators is 23. We use a flash-typed ADC, there-
fore the number of required comparators is 2% in this work.
Accordingly, it is expected that power consumption of this
work is 8 (=2877) times larger than [15]. However, shown in
Table 1, power consumption of this work is only 1.4 times
larger than [15]. Consequently, the proposed interpolating
technique decreases power dissipation effectively.
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Table1 ADC performance summary.
Designed | Sampling Power ENOB Supply
R;lf::- P;’I(:lcr:e]ss resolution | frequency | dissipation | (DC/Nyquist) [fJf:(i\:v I [ﬁl::z‘] voltage lllelztle\:/re-
[bits] [MSps] [mW] [bits] ' [VI]
[13] 90 7 1100 46 6.52/5.52 910 0.19 1.3 used
[14] 65 8 800 30 7.65/7.05 280 0.12 1.2 used
[15] 90 8 770 70 7.18/6.67 940 0.605 1.2 unused
[16] 45 7 2500 50 5.85/5.40 480 1 1.1 used
[17] 130 600 30 7.47/7.02 340 1.1 1.2 used
[18] 90 10 500 55 8.99/8.49 300 0.49 unused
This
90 8 600 98.6 6.87/6.74 1540 0.87 1.2 unused
work
Feb. 2002.

6. Conclusions

This work proposes cyclic background self-calibration. The
measurement results show an increase of SNDR by 4dB
with the calibration and a deterioration of ENOB caused by
the background calibration, although negligibly small. Fur-
thermore, proposed calibrating technique for a gate interpo-
lating comparator can reduce the number of reference volt-
ages to only one. In the comparator, we modify the position
of the latching MOS transistors, which suppresses the kick-
back noise from 40 mV to 15 mV. Furthermore, the proposed
interpolating topology, a cascade combination of the capac-
itor IP and the gate IP, suppresses DNL and INL errors, re-
duces power consumption, and decreases occupied area.

The fabricated ADC occupies 0.87-mm? die size, and
has a maximum 7.0-bit ENOB at 500 MSps. The measured
effective resolution bandwidth (ERBW) reaches 600 MHz.
With calibration, SNDR is 4 dB higher than SNDR with-
out calibration. The FoM attains 1.54 pJ/conversion-step at
600 MSps.
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