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A 1.4-V 25-mW 600-MS/s 6-bit folding and interpolating ADC in 0.13-pm CMOS*
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Abstract: A 600-MSample/s 6-bit folding and interpolating analog-to-digital converter (ADC) is presented. This ADC
with single track-and-hold (T/H) circuits is based on cascaded folding amplifiers and input-connection-improved active
interpolating amplifiers. The prototype ADC achieves 5.55 bits of the effective number of bits (ENOB) and 47.84 dB
of the spurious free dynamic range (SFDR) at 10-MHz input and 4.3 bit of ENOB and 35.65 dB of SFDR at 200-MHz
input with a 500 MS/s sampling rate; it achieves 5.48 bit of ENOB and 43.52 dB of SFDR at 1-MHz input and 4.66
bit of ENOB and 39.56 dB of SFDR at 30.1-MHz input with a 600-MS/s sampling rate. This ADC has a total power
consumption of 25 mW from a 1.4 V supply voltage and occupies 0.17 mm? in the 0.13-um CMOS process.
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1. Introduction

In high-speed wireless interconnect systems, like ultra-
wide-band (UWB) physical layers, a high-speed ADC is re-
quired. Typically, a 6-bit resolution is adequatel]. With the
increase of speed, power consumption is getting greater and
greater. But low power consumption and low supply voltage
are critical for embedded and portable applications. A flash
ADC is almost the fastest of all kinds of ADCs. However, its
power consumption is unacceptable in low-power applications.
A folding and interpolating ADC has speed benefits similar to
the flash ADC but with reduced circuit complexity and power
consumption. It is preferable for embedded and portable appli-
cations.

Folding and interpolating circuits are the most important
part of folding and interpolating ADCs. The folding architec-
ture can produce more than one zero-crossing, which reduces
the number of comparators. The interpolating architecture can
reduce the number of preamplifiers followed by folding ampli-
fiers. There are mainly two architectures of folding amplifiers
such as single-stage folding amplifiers/? and cascaded fold-
ing amplifiers®®]l. Single-stage folding architecture is suitable
for high-voltage and low-speed applications, whereas cascaded
folding architecture is suitable for low-voltage and high-speed
applications. Cascaded folding amplifiers are adopted in the
proposed ADC. A detailed analysis and optimization are pre-
sented in the paper. Resistive interpolation>4! and current-
mode interpolation!*->] mostly use interpolating architecture.
However, they are both unsuitable for low-voltage application.
An input-connection-improved active interpolating amplifier
is presented in the paper, which is able to overcome the draw-
backs of resistive interpolation and current-mode interpolation.

2. Architecture

The presented folding and interpolating ADC, shown in

EEACC: 1265H; 1280; 2570D

Fig. 1, consists of a T/H, a reference ladder, preamplifiers,
folding amplifiers, active interpolating amplifiers, comparators
and a digital processing block.

The T/H samples and holds the differential input analog
signals, including bootstrapped switches and holding capaci-
tances. The bootstrapped switch is able to depress the change
of switch resistance influenced by the variation of input sig-
nal when the switch is on. Thus the linearity of the T/H is im-
proved. Due to the use of T/Hs, the speed requirement of the
following analog circuits is relaxed. The reference ladder is
used to generate the reference voltages of the flash-type ADC.
The offset-averaging resistors are used to reduce the offset
caused mainly by the mismatch of the devices and the input ca-
pacitance. The cascaded folding amplifiers are used to produce
folded signals, which provide more than one zero-crossing at
one output. Thus the number of comparators is reduced. This
is one of the most important functional modules of the ADC.
Active interpolation produces more evenly spaced intermedi-
ate zero-crossings compared to existing ones. The compara-
tors check the zero-crossings and produce a cyclic thermome-
ter code. The digital processing block converts the cyclic ther-
mometer code to a binary representation.

In this work, a coarse sub-ADC is used to resolve the high
three bits and a fine sub-ADC is used to resolve the low three
bits. According to the resolution of the coarse sub-ADC, the
folding factor should be eight. The interpolating factor is re-
lated to the number of preamplifiers: the larger the interpolating
factor, the smaller the number of preamplifiers. In this work,
the interpolating factor is two, so thirty-three preamplifiers are
used in the fine channel including two preamplifiers used to
judge out-of-range. Four cascaded folding amplifiers with a
folding factor of 9 are used and produce four folded signals. Be-
tween the neighboring cascaded folding amplifiers, one active
interpolating amplifier is connected, as shown in Fig. 2. Four
active interpolating amplifiers are used to double the folded
signals. As a result, only eight comparators are enough in the
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Fig. 1. Block diagram of the presented folding and interpolating ADC.
Cascaded Vdd
input 1 |:> Folding > oulpul 1
Amplifier 1 L
Il oulpul 2 vV N1-Vive v2-V 1V Nv-1
- ~ P Mo, MRt TR (Mgf- ROy 3 M
Cascaded Vinne
input 2 |:> Folding » oulpul 3 Vst | : / i
Amplifier 2 N I-; I-;
12 output 4
. > (@)
Cascaded
input 3 Folding » output 5 Vin-
Folding N —
——— b Ve T
13 output 6 Vinos
= >
Cascaded v
inpul 4 |:> Folding » oulpul 7 ig:ﬂ::‘ S
Amplifier 4 INN-
> 14 oulpul 8 INN+ :h< >
—> ref1 ¥ ref2 Vet Ve Vi

Fig. 2. Block diagram of the folding and interpolating architecture.

fine sub-ADC. The outputs of the comparators are cyclic ther-
mometer code. Thus eight outputs can provide 4-bit informa-
tion, that is, the lowest bit of the coarse sub-ADC can be de-
cided by the fine sub-ADC. In order to achieve bit synchro-
nization!®! between two sub-ADCs, dummy preamplifiers are
used in the coarse sub-ADC.

3. Circuit implementation
3.1. Cascaded folding amplifier

The single-stage differential folding amplifier?! with a
folding factor of N used in most folding and interpolating
ADC s is shown in Fig. 3(a). It consists of N input differen-
tial pairs (W/L)1, N biasing current sources (/1) and a pair of
resistors (R;). The voltage drop of the load resistors (VR) is

1

VRZENIIRI- (1)

With the scaling-down of voltage supply, I; Ry should not
be large, or the differential input transistors will work in the

Fig. 3. (a) Single-stage folding amplifier; (b) Probable inputs of the
single-stage amplifier at low supply voltage.

triode region. Thus, voltage gain (A,;) is limited, which is pro-
portional to Ry +/T; with the same process and width—length ra-
tio. Due to the frequency multiplication effect, the frequency of
the folded signals is proportional to N. The —3 dB bandwidth
of single-stage folding architecture is proportional to the re-
ciprocal of the output capacitance. A high folding factor needs
a large —3 dB bandwidth, but results in high parasitic capaci-
tance. Thus, the bandwidth requirement is hardly met. Besides,
the reference voltage difference between two consecutive dif-
ferential pairs decreases with the scaling-down of the supply
voltage. The working zones of consecutive differential pairs
would overlap. When Vini+ is equal to Vinj—, as shown in
Fig. 3(b), the currents flowing through the left R; and the right
R are respectively

Ileftz(l_a)ll""(%_l)ll» (2)

N
Liigne = ol + 311- (3)

025009-2



J. Semicond. 2010, 31(2) Lin Li et al.
Second-stage Folding Amplifier v 44
3R, RS
Veours 1° . ’ Veour
P 0o A - -
First-stage Folding Amplifier N2 44
Vs : : |
2R, Rz V oura, I-g7 Y oumos Lg7 i
hd "'VY
v 4 |—VIN(2N2)1||_ IjIYIN(zNzI)Ii(mmlﬂt HIYIN(NINZ)’ Voura- Vourze Voure  Vouris
INN24] - "|First-stage Folding Amplifier2 v 34

First—stage Fold

ing Amplifier 1 v qq

< p.
> >
3 R3
> S
2R 3
< "4

1

h h

IN24 v _I

BIAS IN1+ VINI

V
|_ V _| |_IN(N2+1)— _| I_

INI(N2+1)+ INI(NI-DN2+1] INI(N1-1)N2+1]-
|

o) e —f

Fig. 4. Schematic of two-stage

If all the bias current flows through M2—(a¢ = 0), [jeg 18
equal to Iren. A correct zero-crossing is generated. However,
as shown in Fig. 3(b), some bias current flows through M2+
(o > 0). Thus, Ijeq is smaller than Irign. A wrong zero-crossing
is generated.

In low-voltage and high-speed applications, single-stage
folding architecture has gain and speed limitations and will
generate wrong zero-crossings. A cascaded folding amplifier
overcoming these disadvantages is used in this work. Accord-
ing to Ref. [3], a differential cascaded folding architecture with
a folding factor of Nj N, is proposed, as shown in Fig. 4. It con-
sists of N, folding amplifiers in the first stage and one folding
amplifier in the second stage. Each first-stage folding ampli-
fier has N, input differential pairs (W/L),.1, N biasing cur-
rent sources (/5.1) and a pair of load resistors (R3.1), and the
second-stage folding amplifier has N, input differential pairs
(W/ L), », N, biasing current sources (/3 ») and a pair of load
resistors (R; 2). The signal of each first-stage folding amplifier
is folded N; times and the phase difference between these N,
folded signals is 360°/N,. At the output of the second folding
amplifier, the signal is folded Ny N, times.

In this structure, /5.1 R.1 and I 5 R 5 can both be larger.
Its voltage gain (Ay2) can be expressed as

w w
Ay =k'Ry1R2» \/12.112.2 (—) (—) ., 4
L),y \L /5,

where k' is a constant related to the process.

It is much easier to achieve enough gain to meet the re-
quirement of the system. The capacitances of the critical nodes
in a cascaded folding amplifier are much smaller and the neces-
sary bandwidth of the first-stage folding amplifiers is smaller.
The reference voltage difference between two adjacent differ-
ential pairs is N, times larger by connecting every N, input
to the same folding amplifier. Non-overlapping gn,-curves of
differential pairs reduce the wrong zero-crossings.

The gain—bandwidth (GBW) of the cascaded folding am-

cascaded folding amplifier.

Fig. 5. Input-connection-improved active interpolating amplifier.

plifier is

/
GBW — k w w VriVr2
iz \V\Z ), \T ),V Min,

Cc? B
y (_1 + ach) , 5)
R

where oy is the ratio of the load resistors of the second-stage
folding amplifier to that of the first-stage one, C; and C, are
the load capacitances of the first-stage and the second-stage
folding amplifiers respectively. When oy is equal to the ra-
tio of C; and C,, GBW reaches the maximum. According to
Eq. (5), the cascaded folding amplifier can be optimized. How-
ever, increasing the folding factor (N N,) still reduces GBW.

In this work, NN, = 9, C; = C, AV = AVeo.
The simulation results show that the cascaded folding amplifier
achieves a GBW of 1.5 GHz and a gain of 7.43 dB.

Nl

3.2. Input-connection-improved active interpolating am-
plifier

Most published folding and interpolating ADCs use re-
sistive interpolation'®* and current-mode interpolation[-6l.
These two kinds of interpolation have two drawbacks: no con-
tribution to the gain and high requirement on linearity. A low
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Fig. 6. (a) Input signals of active interpolating amplifiers; (b) Output waves of active interpolating amplifiers.
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Fig. 7. Layout of the 6-bit 600-MSample/s folding and interpolating
ADC.

supply voltage results in low gain and a small input linear
range. In this paper, an input-connection-improved active in-
terpolating amplifier is proposed to cope with these circum-
stances.

An input-connection-improved active interpolating ampli-
fier is shown in Fig. 5. It provides signal gain to overcome
offsets from the comparators.

Signals va+ /vg— and vgy /va— are respectively connected
to differential pairs I and II. Signals va4 /va— and vgy/vp—
are the differential output signals from the neighboring folding
amplifiers. This kind of active interpolating amplifier not only
provides voltage gain to the signals, but also improves the input
linear range.

In the linear working zone, shown in Fig. 6(a), the differ-
ence of va+ and vg+ is equal to the difference of vao— and vg_,
that is,

VA+ — U+ = Up— — Ua—. (6)
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Fig. 8. Measured DNL/INL performance.
Thus,

Va+ — UB— = U4 — Va—. (7)

The differential voltages of both differential pairs are the same,
and are always smaller than the difference of va4 and va— or
vp+ and vp_. Large differential signals will not appear at the
inputs of the amplifiers. The input-connection-improved active
interpolating amplifier has a good linearity performance. As
shown in Fig. 6(b), the solid lines are output waves of the ac-
tive interpolating amplifier without improving the input con-
nection and the broken lines are output waves of the active
interpolating amplifier with an improved input connection.
The linearity of wave 1 is obviously worse than that of wave
2 near the zero-crossing. With the increase of input differen-
tial voltages, a ‘dead area’ will appear at the outputs of the ac-
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Fig. 9. (a) SNDR and SFDR versus input frequency at 500 MS/s. (b) SNDR and SFDR versus. input frequency at 600 MS/s.

Table 1. Comparison of high-speed low-resolution CMOS folding and interpolating ADCs.

Parameter Ref. [5] Ref. [6] Ref. [7] This work
Technology 0.5-um BiCMOS 0.35-pum  2P4M  0.18-um 1P4M  0.13-um 1PSM CMOS
(CMOS only) CMOS CMOS
Resolution ( bit) 6 7 8 6
Power supply (V) 32 33 3.3/1.8 1.4
Sampling rate (MS/s) 400 300 600 600
Power consumption (mW) 200 200 (excluding SH) 200 25
DNL/INL (LSB) — 0.6/1 0.4/0.8 0.62/0.66
SNDR (dB) 329 @1 MHz,450 38 @ 60 MHz, 300 439 @ 5 MHz, 35.2 @ 10 MHz, 500 MS/s
MS/s MS/s 600 MS/s 33.3 @ 60 MHz, 500 MS/s
34 @ 5 MHz, 600 MS/s
Active area (mm?) 0.6 1.2 0.2 0.17
rate of 600 MS/s are shown in Fig. 9. The total power dissi-
Table 2. Performance summary. pation is 25 mW from a 1.4 V supply. A comparison of high-
Parameter Value speed low-resolution CMOS folding and interpolating ADCs
Technology 0.13-pum 1P8M CMOS is shown in Table 1. The dynamic and static performances of
Resolution 6 bit the ADC:s listed in Table 1 are comparable. The measurement
Power supply 14V performances are summarized in Table 2. This work has a great
Sampling rate 600 MS/s power consumption advantage.
Power consumption 25 mW
DNL/INL 0.62/0.66 LSB .
SNDR/SFDR 27.65/35.65 dB @ 200 MHz, 500 5. Conclusion
MS/s A 1.4-V 25-mW 600-MS/s 6-bit folding and interpolating
12\/(1) ‘5“39‘56 dB @ 30.1 MHz, 600 ADC is implemented in this paper. It is composed of a coarse
ENOB @ DC 55 Ssbit @ 500 MS/s sub-ADC anq a fine sub-ADC. In thc? ﬁn.e sub-ADC, gasc.aded
5.48 bit @ 600 MS/s folding amplifiers and input-connection-improved active inter-
Active area 0.17 mm2 polating amplifiers are used. The ADC is realized in 0.13 um

tive interpolating amplifier without improving the input con-
nection.

4. Measurement results

The circuit is fabricated in 0.13 um CMOS technology. A
die microphotograph of the ADC is presented in Fig. 7, and
occupies an active area of 0.17 mm?. Figure 8 shows DNL
and INL performance for a 1-Hz input signal at 600 MS/s. The
measurement results of SNDR and SFDR versus analog input
frequency at a sampling rate of 500 MS/s and at a sampling

CMOS technology. It features a low power consumption of 25
mW and a small area of 0.17 mm?.
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