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A 5-bit 4.2-GS/s Flash ADC in 0.13-um CMOS Process
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SUMMARY  This paper investigates and analyzes the resistive averag-
ing network and interpolation technique to estimate the power consump-
tion of preamplifier arrays in a flash analog-to-digital converter (ADC).
By comparing the relative power consumption of various configurations,
flash ADC designers can select the most power efficient architecture when
the operation speed and resolution of a flash ADC are specified. Based
on the quantitative analysis, a compact 5-bit flash ADC is designed and
fabricated in a 0.13-um CMOS process. The proposed ADC consumes
180 mW from a 1.2-V supply and occupies 0.16-mm? active area. Operat-
ing at 3.2 GS/s, the ENOB is 4.44 bit and ERBW 1.65 GHz. At 4.2 GS/s,
the ENOB is 4.20 bit and ERBW 1.75 GHz. This ADC achieves FOMs of
2.59 and 2.80 pJ/conversion-step at 3.2 and 4.2 GS/s, respectively.

key words: flash A/D converter, high-speed data converter, interpolation,
resistive averaging network

1. Introduction

In GS/s analog-to-digital conversion, the flash, also fully
parallel, analog-to-digital converter (ADC) is one of the
most preferred architectures owing to its high-speed poten-
tial and low latency. The resolution of a flash ADC is usually
less than 8 since its component number grows exponentially
with the resolution. Random offsets induced by component
mismatches limit the accuracy of a flash ADC. Large num-
ber of components and device mismatches constrain the per-
formance of flash ADCs. Techniques such as interpolation
[1]-[3], resistive averaging network [4]-[8] and calibration
[9], [10] are developed either to reduce the component num-
ber or enhance the accuracy. The basic concept of inter-
polation is to decrease the number of amplifiers. The re-
sistive averaging network and calibration techniques reduce
the random offsets of differential amplifiers. Generally, cali-
bration techniques complicate design and increase hardware
overhead. Moreover, additional calibration time is required
if foreground calibration schemes are employed [9], [10].
The objective of this paper is to discuss the design princi-
ples of compact high-speed ADCs. Therefore, calibration
techniques are beyond the scope of our discussion.
Previous publications [1]-[8] discuss and explain the
characteristics of interpolation and resistive averaging net-
work well. In this paper, the discussion focuses the influ-
ence the two techniques have on power consumption. The
interpolation technique reduces the number of amplifiers but
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increases the power consumption of the interpolated ampli-
fiers. On the other hand, the averaging network reduces the
power consumption of an averaged amplifier but requires
extra dummy amplifiers to maintain boundary conditions.
The utilization of the two techniques generates some trade-
offs which confuse flash ADC designers. In the following
sections, the effects of the two techniques on the power con-
sumption of a flash ADC are clarified. Based on quantitative
analysis and simulations, designers can select the most suit-
able technique and most power efficient ADC architecture
when the speed and resolution are specified.

The remainder of this paper is organized as follows:
Sect. 2 discusses and analyzes the resistive averaging net-
work and interpolation. In Sect. 3, some modifications are
done to make the estimation of power consumption more
accurate. Section 4 shows the comparisons of the power
consumption of different configurations. Section 5 presents
the architecture of the proposed ADC and implementation
of the building blocks. Measurement results are shown in
Sect. 6. Finally, Sect. 7 is the conclusion.

2. Interpolation and Resistive Averaging Network in
Flash ADC

In flash ADCs, preamplifiers are often placed in front of
a latch-based comparator to overcome dynamic offsets and
enhance regeneration speed [5]. The stage number and con-
nection style of the preamplifiers relate to the overall perfor-
mance and power consumption of a flash ADC. The small-
signal voltage gain and —3-dB bandwidth of the first pream-
plifier in Fig. 1 can be expressed as [11]

w 1
A, =w/ncx(—)1§ x Ryy and w_sqp = ——— (1
A1 HnCox (77 ) fssa X Ruyand w-3ap RirCon (H

1st preamplifier 2nd preamplifier

Fig.1  The schematic of cascaded amplifiers.
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where
Ceq = Cator,1 + Cgs,2 + (1 + |AV,2|) ng,2~

Equation (1) reveals the voltage gain is proportional to the
loading resistance and the square root of the bias current.
In cascaded amplifiers, the input and output common-mode
voltage of each amplifier can be set the same to avoid the
utilization of level shift circuits. Reducing the loading resis-
tance and enlarging the bias current concurrently extend the
bandwidth without changing the output common-mode volt-
age. Because the loading resistance has a stronger influence
on the voltage gain than the bias current, the voltage gain de-
creases with the increase of the bandwidth. Consequently,
more stages of preamplifiers are necessary to achieve the
required gain when the input frequency range increases.
For high-speed operation, several stages of high-bandwidth
preamplifiers are usually cascaded to provide sufficient gain.

In a preamplifier, the differential components such as
input transistors and loading resistors must be large enough
to overcome random offsets induced by component mis-
matches. Among all kinds of mismatches, the threshold
voltage mismatch dominates [7],[12]. The standard devi-
ation of the offset voltage induced by the threshold voltage
mismatch is

AvTH
VWL

where Ayty is a process dependent parameter [11], [12].
According to (1), the bandwidth of a preamplifier is in-
versely proportional to its output capacitive loading which is
roughly proportional to the transistor size. If the outputs of a
preamplifier are connected to the inputs of another preampli-
fier, the input-referred offset caused by the succeeding stage
is reduced by a factor of the gain of the preceding one. If
each differential pair is designed to contribute the same off-
set voltage, the device sizes of the succeeding preamplifiers
can be scaled down stage by stage to reduce capacitive load-
ing. As a result, the overall power consumption becomes
smaller. For example, Fig.?2 illustrates the scaling of cas-
caded preamplifiers where o (Vs 1-3)avr are the standard
deviations of the input-referred threshold voltage offsets of
the preamplifiers. Assume the voltage gain of each amplifier
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is 2 and the transistor channel length is fixed. Due to the am-
plifying of the Ist-stage preamplifier, the width of the input
transistors of the 2nd-stage preamplifier is scaled down by a
factor of 4. According to (1), when the loading capacitance
becomes a smaller value, enlarging the loading resistance
makes the bandwidth of each stage the same. Then reduc-
ing the bias current keeps the output common-mode volt-
age unchanged. If the power consumption of the Ist-stage
preamplifier is py, those of the 2nd-stage and 3rd-stage are
po/4 and po/16, respectively. Under this scaling scenario and
neglecting parasitic effects, the total power consumption is
saved while the gain, bandwidth and accuracy of the three
preamplifiers are controlled the same.

2.1 The Case with Conventional Connection

Figure 3 shows four configurations of preamplifiers, where
there are three stages of preamplifiers in each case. The
gray blocks denote preamplifiers and white blocks represent
dummies. The arrows indicate signal flows. The sizes of
these blocks represent the relative device dimensions of the
preamplifiers. Assume the power consumption of the 1st-
stage preamplifier is py and the gains of the 1st-satge and
2nd-stage are A; and A,, respectively. Theoretically, the
minimum power consumption of the 2nd-stage preamplifier
is po/A? and that of the 3rd-stage is po/A2A3. Figure 3(a) il-
lustrates the conventional connection style of preamplifiers.
In this configuration, the minimum power consumption of
the conventional case is expressed as

1 1
Pcon =npo [1 +— + ] 3)
A} AA3

where n equals 2V — 1 for an N-bit ADC.
2.2 The Case with Resistive Averaging Network

Resistive averaging network is extensively used in flash
ADCs to reduce random offsets [4]-[8]. When the output
nodes of a preamplifier are connected in an averaging net-
work, as shown in Fig. 4, its output voltages are not only
defined by itself but all the amplifiers nearby. Therefore,
the random offsets are neutralized, and the accuracy of the

% (Ve 3)avin = %
2x [ wxL x|V eWxL

1st preamplifier

2nd preamplifier

3rd preamplifier

Fig.2  The power scaling of cascaded preamplifiers.
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averaged preamplifier is enhanced. An averaged preampli-
fier with small input transistors has the same accuracy as
an isolated preamplifier with large ones. From this point of
view, the resistive averaging network enhances the speed of
a preamplifier because smaller transistor size means smaller
capacitive loading. The major penalty of this technique is
extra dummy amplifiers used to maintain boundary condi-
tions. Without dummies, the zero crossing point of a pream-
plifier near the boundaries shifts inward. The shifting of the
zero crossing point generates systematic offset. Dummies
are added to compensate for the shifting. The number of
required dummies depends on the tolerable systematic off-
set value. This technique reduces the power consumption of
each preamplifier but increases the number of the preampli-
fiers. As depicted in Fig. 3(b), the Ist-stage and 2nd-stage
preamplifiers are averaged. The total power consumption of
this configuration is given as

mao Po
2 A2
kaZAal

1 my,
PAVG="P0( LP0 )

1 1

—+ +

ko kpAd AilAiz] K
where k, » are the averaging efficiency factors and m, » are
the numbers of dummies. Note A,;, represent averaged
gains which are equal to or smaller than the values without
averaging [7]. The averaging efficiency mainly depends on
the ratio of the averaging resistance R; to loading resistance
Ry and the number of non-saturated amplifiers [5]. Gener-
ally, the smaller the resistance ratio, the larger the efficiency
factor is. However, more dummies are required when the

®

0 1 t

An array of preamplifiers connected in the resistive averaging network.

resistance ratio becomes smaller. For power reduction, the
power consumed by the dummies can not exceed that re-
duced by the averaging technique. Section 3 will discuss
the detailed calculation of the averaging efficiency factor.

2.3 The Case with Interpolation

Figure 3(c) depicts the interpolation case. The interpola-
tion technique decreases the number of components [1]—[3].
Take a 2x interpolation case as an example. If 2L + 1 zero
crossing points are required, only L + 1 amplifiers are nec-
essary. The other L points are interpolated by all adjacent
amplifiers. This technique saves both chip area and routing
effort. The number of preamplifiers in a 2X interpolation ar-
ray is roughly half of the original value. The capacitive load-
ing of each interpolated amplifier, however, becomes larger.
Each amplifier equivalently drives two succeeding ones in a
2x interpolation case. The interpolation reduces the number
of the preamplifiers but increases the power consumption of
each preamplifier. The total power consumption of the 2x
interpolation case in Fig. 3(c) can be expressed as

n+3 n +1\( po Po
N AR || ) ' 5
2 e )[A) [A%Ag )

where g » are the loading factors of the 1st-stage and 2nd-
stage preamplifiers, respectively. The definition of the load-
ing factor is specified in (12). In this case, n’ is 2V + 1 for an
N-bit ADC. In a loading dominant case, the loading factor is

PintP =4gi1 (
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roughly equal to 2. On the other hand, it is roughly 1 when
the input capacitances of the succeeding amplifiers can be
ignored. Likewise, for power reduction, additional power
generated by the interpolated amplifiers can not exceed the
power saved by decreasing the number of amplifiers.

2.4 The Case with Averaging Plus Interpolation

Figure 3(d) depicts the connection style where the resis-
tive averaging network and interpolation are used simulta-
neously. In this case, the power consumption of dummies
becomes more dominant because regular components are
fewer. The total power consumption is

n+3
Puypp = ( 1 +mh1) C]h12p0
kg
n' +1 qn2Po n'po
+ ( mhz) + (6)
2 kiyAr  Ap AL

where ky; » are the averaging efficiency factors, my,  are the
numbers of dummies and gy » are the loading factors in this
case. Compared to (3)—(5), there are more variables in (6).
Therefore, more tradeoffs are found in this configuration.

Although three-stage cases are analyzed for explana-
tion, these equations can be modified to estimate the power
consumption of preamplifier arrays consisting of any num-
ber of stages. The values of all the variables in the equations
can be obtained from circuit simulations. Nevertheless, the
values of some variables are not available in the early design
stage. The following section provides an approach for initial
estimation. First, Sect. 3 discusses the derivations of averag-
ing related variables such as averaging efficiency factor and
the number of dummies. Then a simple estimation of the
loading factor is given for hand calculation. Furthermore, a
new variable named maximal scaling factor is introduced to
make the equations closer to practical cases.

3. Averaging Related Variables, Loading Factor and
Maximum Scaling Factor

3.1 Resistive Averaging Related Variables

The analysis in [7] is used to help estimate the power con-
sumption of averaging related cases. To determine the num-
ber of dummies and value of the averaging efficiency factor,
define vy as the ratio between the unit reference voltage step
Vr and the input voltage range Vs, where the differential
pair is saturated. We have

VR VR
’y = =
VS at \/EVOV

where Vgy is the overdrive voltage of the input transistors.
Nys, the integer value immediately below 1/y, is the num-
ber of non-saturated differential pairs in each side when the
amplifier is balanced. If Nys dummies are added each side,
the systematic offset errors can be completely eliminated.
The gain of the differential pair at position 0, as depicted in

)
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Fig. 4, can be expressed as [7]
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Note gmo represents the balanced transconductance of the
differential pair. Only 2Nys + 1 non-saturated differential
pairs determine the gain of the amplifier. If only the domi-
nant mismatch source, threshold voltage, is considered, the
averaging efficiency factor is given as [7]

ocon (Vos)avra

kv =
7 o ave Vos)avth
N
ZNi cl-1 1- (W)z
t:*NNs 1 _ (ty)z
2
> &)
N
ZNS: -2 1-(y)
IZ*NNS 1 _ (t’y)z
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which is defined as the ratio of the standard deviation of the
threshold voltage offset without averaging ocon(Vos)avta
to the value with averaging o avg(Vos)avru. Going through
(7)—(9), the maximal number of dummies 2Nys, the values
of the averaged gain A, , and averaging efficiency factor k, ,
are obtained. These calculation procedures can also be ap-
plied to cascaded preamplifiers. Generally, the calculation
procedures of the averaging related variables are the same in
all stages. However, the value of the reference voltage step
Vr changes when the interpolation technique is utilized. In
a 2x interpolation case, as depicted in Fig. 3(c), the refer-
ence voltage step of the 2nd-stage preamplifier is half of the
value of the Ist-stage one.

To get closed-form equations, the preamplifier in [7] is
modeled based on the square law which is not proper for
short channel length transistors. Considering the velocity
saturation effect caused by the high electric field in advanced
processes, the drain current of a NMOS transistor in satura-
tion region is expressed as [11]

1 w V2
Ip = ~1aCox (—) ov (10)
2 L 1+ 1)y,
2vsatL ov
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where the saturation velocity vsy is approximately equal
to 10° m/s at 300K, and the fitting parameter 6 is roughly
10™%/to«. The typical thickness of the oxide 7, is 2.81 nm
in the utilized 0.13-um CMOS process. According to (10),
the peak value of balanced transconductance and the input
voltage range of a differential pair where transconductance
falls to zero are calculated. The transconductance and input
range are

1
Imo = s |1+ Ho
m0 —
2 1+|——+0|V
Vov (ZUSmL ) ov
L x+ 1+ (1 +x)7
and V§,, = TVOV
where x = Ho + 0| Voy. (11
UsaL

In the utilized process, g/, is roughly equal to 0.85 gny,
and V{, is around 1.1 V. Replacing V, with V{,, into (7)
generates a new value of y-g/ , and V{ are also replaced into
(8) and (9) to get more accurate averaged gain and averaging
efficiency factor. Although (7)—(9) are derived based on the
square law model, the replacement of g;,, and V. enhances

sat
the accuracy of the averaging related variables.
3.2 Loading Factor

To calculate the loading factor of an ith-stage preamplifier,
the total drain capacitance of the preamplifier, Cqtor s, and the
total gate capacitance of the subsequent stage, Ciotir1, must
be known. Take a 2X interpolation case as an example. The
loading factor of an ith-stage preamplifier is defined as

Caoti + 2Cgot,i+1

. (12)
Catori + Catot,i+1

qih =

To get the accurate value of the loading factor, Cgor
and Cgi+1 can be directly extracted from circuit simula-
tion. For hand calculation, there is another approach. When
the bias conditions of preamplifiers in all stages are the same
and the size scaling follows the abovementioned rules, (12)
can be rewritten as

2C g0t
Catori + Agl;m’l "
Bin = C - Cgtot,i
dtot,i A2

1

where A; is the gain of the ith-stage preamplifier. Theoret-
ically, the ratio of the gate capacitance to the drain capaci-
tance is 2 when the transistor is in strong inversion region
[11]. As a result, the loading factor is around

1+4/A2

= 14
1+2/A2 (1

qih

3.3 Maximum Scaling Factor

There is a physical limit on the transistor size, and therefore
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the power consumption of an amplifier can not be infinitely
scaled down. The physical limit here does not mean the
minimum available size. Although Ayty is usually set as a
static value for simplicity, its value depends on the transistor
size in practice. When the transistor size becomes extremely
small, Ayty becomes larger than the typical value. There-
fore, the power consumption of each preamplifier is set to a
lower bound. Take the averaging case as an example. With
this modification, (4) is rewritten as

Pavg = (n+my1) po X max + (n + my) po

PER
kal 51

1
X max [—2, —
kaZAa] 52

1 1

+ npo X max [A;Aiz , 33] (15)
where s;_3 are the maximum scaling factors of the three
stages. These scaling factors prevent the overoptimistic es-
timation of the total power consumption. The flash ADC
designers should make the setting of the scaling factors lead
to the minimum power consumption of preamplifiers. If the
preamplifiers in all stages are of the same type, the values of
the scaling factors are identical.

It is difficult to directly get insight into these equations.
To apply all the abovementioned rules to a practical case,
the selection of the preamplifier configuration of the pro-
posed ADC is given as an example. In the next section,
the values of the variable are extracted and calculated, and
then the values are replaced into the equations. Finally, the
most power efficient configuration is selected according to
the quantitative comparisons.

4. Comparisons of Power Consumption

In the proposed ADC, the cascaded preamplifiers and the
first differential pair of the current-mode flip-flop are de-
signed to provide an overall voltage gain of 10 V/V and a
bandwidth of 3 GHz. In this 0.13-ym CMOS process, four
stages of preamplifiers are necessary to accomplish the gain
and bandwidth requirement. Therefore, the equations are
extended for four-stage cases. In the averaging related cases,
the first two preamplifier arrays are averaged. In the inter-
polation cases, the first three arrays are interpolated.

Table 1 lists basic terms such as unit reference volt-
age step, overdrive voltage and gain. The values of these
terms are obtained either from specifications or circuit sim-
ulations. Replacing the required terms into (7)—(9) gets the
values of the averaging related variables such as the num-
ber of dummies and averaging efficiency factor. Although

Table1  List of variables and specified values.
Variable  Value (Unit)
Resolution N 4 ~ 8 (bit)
Overdrive Voltage Vov 0.15 (V)
Unit Reference Voltage Ve 0.6/2Y(V)
Loading Factor q 1.33
Max. Scaling Factor s 5
Gain of the 1*-Preamp A, 1.4 (VIV)
Gain of the 2™-Preamp A, 2.0 (V/V)
Gain of the 3™-Preamp A; 2.0 (V/V)
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Fig.6  Averaging efficiency factors versus resistance ratios with different
sizes of the reference step (the numbers indicate the ratios of the reference
steps to the full scale range).

the number of dummies is not necessarily 2Nys in practical
cases, the maximal value 2Nys is used in the following sim-
ulations for simplicity. When 2Nys dummies are added, the
systematic offsets are completely eliminated.

Replacing the data in Table 1 into (8), Fig.5 shows
the normalized averaged gains versus the resistance ratios
with different sizes of the reference step Vg where the num-
bers mean the ratios of the reference steps to the full scale
range. When the resistance ratio grows, the averaged gains
approach 1. The gains also approach 1 when the size of
the reference step decreases. According to (9), Fig. 6 dis-
plays the averaging efficiency factors versus the resistance
ratios with different sizes of the reference step. This fig-
ure indicates that averaging efficiency grows with the de-
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Power Consumption

Resolution (bit)

Fig.7  Comparison of conventional and averaging cases.

crease of the resistance ratio. A smaller reference step has
stronger averaging efficiency since it enhances more inter-
action among non-saturated amplifiers.

According to (14), the gains listed in the table are used
to calculate the loading factor of each stage. Note the drain
capacitance doubles in a 4-input preamplifier since there are
two differential pairs. The loading factors of the three stages
are all equal to 1.33. In the first design stage, (14) helps
designers see the trend. When actual design parameters of
the preamplifiers are available, designers can use (12) for
more accurate estimation. The value of the maximal scaling
factor is set depending on the employed process.

The comparisons of the relative power consumption of
different configurations are depicted in Fig. 7 to Fig. 9 where
the values in the parentheses are the ratios of the averaging
resistance to loading resistance. The first figure shows the
comparison of the conventional connection style to averag-
ing cases of different levels. The second figure depicts the
comparison between the interpolation case and interpolation
plus averaging cases. In this third figure, the most power ef-
ficient case of each configuration is printed to help make the
final decision. In the three figures, the power consumption
on the y axis means relative quantity and is therefore unit-
less. In these cases, the input voltage range is fixed. As a
result, the value of an LSB becomes half with the increase
of 1-bit resolution. According to (2), the device sizes of a
preamplifier become four times larger. As a result, the value
of py becomes four times larger with the increase of 1-bit
resolution.

The comparison of the conventional case to averaging
ones is depicted in Fig. 7. This figure shows the strong av-
eraging case, averaging (0.1), is the most power efficient.
The power consumption of the weak averaging case, aver-
aging (10), is larger than the conventional one because of
the small averaging efficiency factor and dummy preampli-
fiers. In practice, not so many dummies are required in the
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weak averaging case. If the number of dummies is adjusted
according to the tolerable systematic offset value, the weak
averaging case behaves slightly better than the conventional
one. After all, this figure shows the trend that stronger aver-
aging leads to lower power consumption. However, if a very
small averaging ratio is used, the gain of an averaged ampli-
fier will be very small. According to (4), a small gain is not
good for the power consumption scaling of the subsequent
preamplifiers.

Figure 8 shows the comparison of the interpolation and
interpolation plus averaging cases. Compared to the con-
ventional case, the reference voltage step of a front-stage
preamplifier equivalently becomes larger in the interpola-
tion cases. In other words, the value of y becomes larger.
According to (8), the gain of the front-stage preamplifier
becomes smaller. When the resolution is 4, the gain of the
Ist-stage preamplifiers becomes very small, around 0.1 V/V,
in the strong averaging case, averaging (0.1). As a result,
the sizes of the subsequent preamplifiers can not be scaled
down but become larger. Therefore, the power consumption
becomes extremely large in the 4-bit case as shown in Fig. 8.
Because the interpolation technique equivalently makes the
averaging stronger, the benefit obtained from a larger aver-
aging efliciency factor is overcome by a smaller averaged
gain. The figure shows combining the averaging and inter-
polation is very power inefficient when the resolution is less
than 6.

The comparison of the four configurations is depicted
in Fig. 9 where we selected the most power efficient cases of
the four configurations. With the increase of the resolution,
the combination of the interpolation and resistive averaging
becomes more and more power efficient. However, to design
a 5-bit ADC, the comparison shows only the interpolation is
sufficient.

Note these simulation results are only given as a de-
sign example. According to the number of required gain

IEICE TRANS. ELECTRON., VOL.E92-C, NO.2 FEBRUARY 2009

c
L
2
£
=]
()
c
3

g 10 Fazzzzzoomoeptgirme-es :

3 £ -

2 F 1z

o RN, 57 i

107 55 |

E 1 Intp. -

H —-D-Intp.fAvg. (0.5)+ -

1 | T

10 4 5 6 7 8

Resolution (bit)

Fig.9  Comparison of power consumption of the four configurations.

stages and resolution, (2)—(5) can be modified to estimate
the power consumption of all the configurations. Flash ADC
designers can replace their design parameters such as gain
and loading factor into these equations. Then the most
power efficient configuration can be selected based on the
simulation results.

5. ADC Architecture and Building Block
5.1 The ADC Architecture

Based on the analysis in Sect. 4, the interpolation technique
alone makes the design of a high-speed 5-bit ADC most
power-efficient. Figure 10 shows the simplified block di-
agram of the proposed ADC. A differential track-and-hold
amplifier (THA) and two resistor ladders provide input sig-
nals and references for the lst-stage preamplifiers. The
three stages of preamplifiers are interpolated. Current-mode
flip-flops are placed behind the 3rd-stage preamplifiers to
periodically sample data. A current-mode logic-based en-
coder directly translates thermometer codes into Gray codes.
For measurement, the output data are sampled by flip-flops
clocked at 1/32 sampling frequency. A three-level clock tree
consisting of CMOS inverter buffers performs clock distri-
bution of this ADC. In the clock tree, all the buffers are of
the same size and each buffer drives three succeeding ones.

5.2 The Input Matching Network and THA

A resistive input termination in front of a high-speed ADC
makes signal amplitude stable in the desired frequency
range. When the input frequency increases, the input
impedance decreases because of the sampling and parasitic
capacitances. At high input frequencies, the degradation of
signal amplitude at input ports limits input bandwidth. In
this work, adding a network consisting of two resistors and
an inductor [13], as depicted in Fig. 11, extends the input
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Fig.11  Schematic and frequency response of input matching network +
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bandwidth. The inductor compensates for the decrease of
the input impedance and therefore extends the bandwidth.
Figure 11 depicts the simulated frequency response of the
input matching network plus THA, where the resistances are
75 and 150 Q and inductances of ideal inductors range from
0.5 to 3.5nH with a step of 0.5nH. The simulation shows
the frequency response at 2-nH inductance is flat. There-
fore, two 2-nH spiral inductors are employed to make the
input impedance stable from DC to Nyquist frequency.
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5.3 The Preamplifiers and Flip-Flop

Figure 12 shows the schematic of the employed preampli-
fiers, where the values of the input transistor sizes, load-
ing resistances and bias currents are shown. Since four
stages of preamplifiers are necessary to meet the required
gain in this process, three stages of preamplifiers are used
and the first differential pair of the current-mode flip-flop,
as shown in Fig. 13(a), can be seen as the 4th-stage pream-
plifier. To suppress transistor random offsets, the input gate
sizes of the preamplifiers must be large enough to guaran-
tee yield. To save power consumption, the input gate sizes
of the preamplifiers are scaled down stage by stage. The
scaling of the input transistor sizes generally follows the
abovementioned rules. However, the loading resistance of
the 1st-stage preamplifier does not follow the rule. Because
two gate voltages of a 1st-stage preamplifier are fixed, two
input transistors do not provide any transconductance. As a
result, the gain of a Ist-stage preamplifier is quite small. A
larger resistance, 0.27 kQ, is used instead of the theoretical
value, 0.22 k€, to achieve a larger gain.

Figure 13(a) shows the schematic of the current-mode
flip-flop composed of two identical current-mode latches. In
this design, current-mode flip-flops are used as comparators
to perform high-speed sampling. After pre-amplifying of
the preamplifiers, the current-mode flip-flops amplify sig-
nals into robust digital level. Because the transistor width of
the 3rd-stage and the current-mode flip-flop is quite small,
the width is 5 yum without further scaling.

5.4 The Current-Mode Logic Gate and Encoder

Because a static ROM-based encoder is not sufficient for
4 GS/s operation in this 0.13-um process, a current-mode
logic-based thermometer-to-gray encoder is used to coor-
dinate the high-speed frontend. The encoder only consists
of one kind of differential current-mode logic gate. Fig-
ure 13(b) shows the schematic of the logic gate. To make
the logic gate function properly in all conditions, a transis-
tor with its gate biased at the common-mode voltage Vom
is added to make the outputs of the logic gate balanced
when A and B are equal to Vcy. To save hardware, the
encoder directly translates the thermometer codes to gray
codes. Current-mode flip-flops are inserted into the critical
paths to pipeline the encoder to make it sufficient for 4-GS/s
operation.

6. Experimental Results

This work is fabricated in a 0.13-um CMOS 1P8M process.
An ultra-thick 3.3-um top metal is available for inductor fab-
rication. Figure 14 shows the chip microphotograph and
floorplan. Excluding the input termination network, this
ADC occupies an active area of 0.16 mm?. This bare die
is directly mounted on a PCB and connected to the board
by bonding wires to minimize parasitic inductances. The
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Fig.12  Schematic of the employed preamplifiers.
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Fig.13  (a) Schematic of the current-mode flip-flop. (b) Schematic of the current-mode logic gate.

average power consumption excluding the output buffers is
180 mW. Figure 15 exhibits the distribution of the power
consumption. With proper scaling, each preamplifier stage = e
consumes roughly the same power, around 10% of the to- i =
tal value. Because the encoder is composed of current- H

P i
[ VY Divider

Encoder Buffer

mode logic gates and flip-flops, it consumes 23% of the to-

tal power dissipation. At 2.4 and 3.2 GS/s, the differential i CUFF | Butter
clock signals and single-ended synchronous signal for the ) ==

logic analyzer are provided by a pattern generator Agilent 1] PreAmp
81250 which generates clock signals up to 3.4 GHz. For the _~= s

measurement at 4.2 GS/s, we use a custom balun to trans- _ THA | Buffer

form the single-ended signal of a RF signal generator Agi-
lent E4438C into differential ones for the clocks of the ADC.
The signal of Agilent E4438C is also fed into a frequency di-
vider to generate low frequency signal for the logic analyzer.
The clock generation for the 4.2-GS/s measurement is quite
complicated since many external components and wires are
involved. The clock jitter at 4.2 GS/s is therefore larger than 79, 2%
that at 2.4 and 3.2 GS/s. Figure 16 displays the peak DNL
and INL are 0.60 and 0.65 LSB, respectively. Figure 17

Input Matching Network

W

Fig.14  Chip microphotograph and floorplan.

19%

shows the measured 32k-point FFT result when the input —
frequency is 1315 MHz and sampling rate is 3.2 GS/s. The e
resultant SFDR and SNDR are 35.80 and 27.12 dB, respec- I st Preamp
tively. Figure 17 also shows the power spectrum when the 1% = Znd Preamp
input frequency is 130 MHz and sampling rate is 4.2 GS/s. Zr;:::::y
The resultant SFDR and SNDR are 34.70 and 27.07 dB, re- 23% Encoder
spectively. Figure 18 depicts the measured SNDR curves ° [

with respect to the input frequency at 2.4, 3.2 and 4.2 GS/s
sampling rate. At 2.4 and 3.2 GS/s, there is no obvious
difference between the two curves. There are 1- to 3-dB
drops of SNDR at 4.2GS/s. The ADC achieves an ENOB 18%

of 4.44 bit and ERBW of 1.65 GHz at 3.2 GS/s. At4.2 GS/s, Fig.15  The pie chart of power consumption of the proposed ADC.
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the ENOB is 4.20 bit and ERBW 1.75 GHz. To evaluate the
overall performance of the ADC, we use an FOM equation
defined as

~ Power
- 2 x 2ENOB « mln(ERBVV, fs/z)

where f; is the sampling frequency, ERBW is the effective
resolution bandwidth and ENOB is the effective number of
bits at low input frequencies. The FOMs of this ADC are
2.59 and 2.80 pJ/convsersion-step at 3.2 and 4.2 GS/s, re-
spectively. Table 2 shows the specification summary.
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Fig.18 SNDR versus input frequency at 2.4, 3.2 and 4.2 GS/s.
Table2  Specification summary.
Specification (Unit) Experimental Result
Supply Voltage (V) 1.2
Input CM Voltage (V) 0.2
Input Range (V) 0.6
DNL (LSB) 0.60
INL (LSB) 0.65
Power (mW) 180
Sampling Rate (GS/s) 32 4.2
ENOB (bit) 4.44 4.20
ERBW (GHz) 1.65 1.75
FOM (pJ/conv.-step) 2.59 2.80
Resolution (bit) 5
Active Area (mm?) 0.16 (ADC) / 0.28 (Total)
Technology TSMC 0.13-zm CMOS 1P8M
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Fig.19  Comparison to recent state-of-the-art high-speed flash ADCs (I:
Interpolation, A: Averaging, C: Calibration).

Figure 19 shows the comparison of recent GS/s non-
interleaved CMOS flash ADCs. The authors survey re-
cent low-resolution flash ADCs and select those with FOMs
smaller than 10 pJ/conversion-step. The proposed ADC op-
erates at the highest sampling rate and achieves comparable
FOMs with the other state-of-the-art works.

7. Conclusion

A design methodology of the flash ADC is proposed for
power reduction. With this methodology, flash ADC design-
ers can evaluate the relative power consumption of different
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configurations and select the most power efficient one when
the resolution and operation speed are specified. Based on
the analysis, an interpolated 5-bit high-speed ADC is de-
signed and implemented. The proposed design methodol-
ogy can also be applied to ADCs of higher resolutions. The
proposed ADC operates at a sampling rate up to 4.2 GS/s
and achieves comparable FOMs with the other state-of-the-
art works.
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