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ECES594A Lecture Notes

Track and Hold

. Sampling basics

Sample-hold/track-hold performance metrics
Acquisition time
Settling time
Droop rate
Pedestal error
Aperture uncertainty
Basic MOS switch sampler

. Nonidealities

Input dependent resistance

Charge injection

Clock feedthrough

Hold feedthrough

Output voltage limitation
Signal to noise limitations

Quantization error

Aperture error

Thermal noise

Signal to distortion ratio

. Methods for improving MOS samplers

Diode bridge sampler

. Emitter follower sampler
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Fig. 2. Block diagram of 6-b flash A/D converter.

comparator. However, the preamplifiers in the array suffer from
random offsets. Collective averaging of the preamplifier outputs
across a properly designed resistor network lowers the impact
of the offsets, improving accuracy of the threshold comparison
without degrading bandwidth {13]. A comparator must quickly
recover from large overdrive when the changing input voltage
rapidly approaches the comparator’s threshold from far away.
To aid this, the gain of the comparator’s input differential pair
is about one, which widens its bandwidth. The resulting net am-
plification of 3 is not sufficient to overcome the dynamic random
offsets in the regenerative latch for 6-b accuracy. Resistor aver-
aging is also used within the comparators to lower the impact
of offsets. Interpolation is not used in this work, because it de-
grades bandwidth [12], [13]. The second comparator array pro-
vides rail-to-rail logic swing for the digital back end consisting
of the SR latch and ROM-based digital encoder.

II. OFFSET AVERAGING
A. Accuracy Improvement With Averaging Network

Fig. 3 shows a preamplifier array with averaging resistors 1
connecting adjacent output nodes. In this work, offset averaging
is treated and optimized based on the concept of spatial filtering
[13], [14]. The RO—R1 network forms a spatial filter with im-

nulse resnonse h{n)
r \ 7

=0 ICSDORSC

h(n) — h(O) } b|nl, b= e—]acosh(1+Rl/2R0)| (1)
where n represents the index of differential pairs in the array.
The ratio R1/ R0 determines the width of the impulse response.
An array of differential pairs injects two different types of
stimuli currents in the averaging network. First, differential
signal currents Al;(n) limited by the linear region of the
differential pair enter the network. Second, “noise” currents
AT,s{(n) due to transistor random mismatches also enter the
averaging network. A well-designed averaging network should
filter out the random currents, without losing valuable signal
current, nor should the network lower bandwidth. Averaging is
optimum when Wyzx (the number of differential pairs in the
unclipped linear region of their characteristic) is greater than
the impulse response width of the network Wig [13].

Dummy preamplifiers are inserted to compare the input sig-
nals with thresholds beyond the actuai full scale, so that the tails
of the averaging network’s impulse response remain undistorted

at the ends of the full scale. A circular arrangement with suffi-

i (§47-185¢

AID  ConRRetre s 0.3 L CnS
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cient dummy preamplifiers maintains translational symmetry of
the array across the input full scale.

B. Speed Improvement With Averaging Network

It is by now well known that averaging improves accuracy.
What is not as well appreciated, as explained below, is that av-
eraging also improves speed.

The input random offset voltage is inversely proportional to
the square root of the transistor gate area [15]. Therefore, pream-
plifier FET size may be related to the target ADC resolution as
follows.

ams~__4__s

V (W -L )input
References [13], [14] show that the optimum averaging network
lowers random offset by up to 3x, with a spatial impulse re-
sponse Wzx 18 nodes wide. With this network connected to
the outputs of a preamplifier array, a given accuracy is main-
tained with 9x smaller FETs than if no averaging were used.
The bandwidth as set by the output pole of this differential pair,
shown in Fig. 4, is

1
—. B.
;LS @)

1
RO * (Cwire + Cload + C]) ’

With averaging, the wiring and junction capacitance are 9x
lower due to transistor scaling (3 x less gm). For the same bias
current, the load resistance RO must be 3x larger for equal
voltage gain, which means that

Bwsingle = (3 )

1
3-RO- (Cwire/g + Cload + Cj /9 + Cnetwork)
Q)

where Chetwork is the parasitic capacitance of the averaging net-
work, Comparing the two terms from (3) and (4)
Bwsingle
waithavg

BWwithavg =

Cnetwork
Cwire + Cload + C]
) ( Cwire + Cj )J 1
Cwire + CJ + Cload 3
The second term in (5) is much less than 1, while the third term

is close to 1. Therefore, use of the averaging network raises
preamplifier bandwidth by 3x.

8
=31+ -

(%)

IV. CIRCUIT DESCRIPTIONS
A. Track-and-Hold

An input T/H improves the dynamic performance of an
ADC. By holding the analog sample static during digitization,
the T/H largely removes errors due to skews in clock delivery to
a large number of comparators, limited input bandwidth prior
to latch regeneration, signal-dependent dynamic nonlinearity,
and aperture jitter [11]. The on-chip T/H circuit shown in Fig. 5
precedes the flash quantizer. This simple circuit, consisting
of a passive nMOS switch connected to a sampling capacitor
through a dummy switch [16], [17], offers just the required
linearity. The dummy switch lowers the common-mode jump
after the track-to-hold transition. The main sources of distortion
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preamplifier array

Stenuli: signal, Aly{n}, and nolse, Al (n).

Fig. 3. Preamplifier array with resistor averaging network.

RO RO

Cuire*Cload*Cj

\/S —;\/6

6mA Z

Fig. 4. Single differential amplifier.

ck clkb
1

Fig. 5. On-chip track-and-hold.

are signal-dependent charge injection on switch opening,
noniinearity of the source follower, and dynamic current into
the signal-dependent input capacitance of the quantizer.

FET charge injection and clock feedthrough cause distor-
tion by adding/removing charge on the hold capacitor when
the switch disconnects the signal source [18]. A dummy switch
driven by the complement of the switch clock lowers these ef-
fects {19]. Because both the source and drain of the dummy
switch are connected to the hold node, its W/ L ratio is initially
chosen as half the size of the switch, and then tuned through sim-
ulation. A low input common-mode voltage, 0.5 V, enables use
of only nMOSFETs for the sampling and dummy switches. Un-
like a complementary switch, nMOS (or pMOS)-only switches

1849

vl

-
\fu&ﬂ

effectively cancel charge feedthrough, even with process varia-
tions.

Sample jitter due to the input-dependent switch opening is an-
other distortion source and is described by the following output
equations with a differential sine input.

V;ut = %utp - ‘/outn

=2.A-sin(2x ft) - cos (27rf . VA— -tTR - sin(27rft))
cL
(6)

where VL is the maximum clock voltage, trg is the transi-
tion time of a clock edge, f is the input frequency, and A is
the input amplitude [20]. For given Vet (3.3 V), t1r (0.15 ns),
f (500 MHz), and A (0.4 V), the total harmonic distortion is
—68 dB for the differential output, and —25 dB for the single-
ended.

The low-input common-mode voltage of 0.5 V allows a larger
gate overdrive to turn on the switch, which lowers track-mode
distortion due to noniinear channeli resistance. The source is tied
to the well in the pMOS source follower to eliminate nonlinear
body effect. Simulations show that when acquiring samples of a
250-MHz full-scale sine wave at 1 Gsample/s, the T/H delivers
samples to the quantizer input with third-harmonic distortion of
about —60 dBc.

B. Preamplifier

The preamplifier stage should be wideband and provide suffi-
cient gain to overcome comparator offsets. It should also recover
from large overdrive within one clock cycle. An open-loop low-
gain-stage amplifier is gain-bandwidth limited, therefore unsuit-
able for use at high speeds because of poor overdrive recovery
(6], [21]-23].

The following analysis addresses the fundamental limitation
of an open-loop single-pole amplifier stage in overdrive re-
covery and justifies quantitatively that an amplifier with a reset
switch meets the speed requirement. Consider a simple one-
stage single-pole amplifier, shown in Fig. 4. The preamplifier is
completely unbalanced at t = 0—. With a step input applied to
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An 8-Bit 2-Gsample/s Folding-Interpolating Analog-to-Digital
Converter in SiGe Technology

Farhang Vessal, Student Member, IEEE, and C. Andre T. Salama, Fellow, IEEE

Abstract—This paper deals with the design and implementa-
tion of an 8-bit 2-Gsample/s folding-interpolating analog-to-dig-
ital converter (ADC) using a SiGe technology with a unity gain
cutoff frequency fr of 47 GHz. The high-speed high-resolution
ADC has applications in direct IF sampling receivers for wide-
band communication systems. The converter occupies an area of
3.5 mm X 3.5 mm including pads and exhibits an effective resolu-
tion bandwidth of 700 MHz at a sampling rate of 2 Gsample/s. The
maximum DNL and INL are 0.5 and 1 LSB, respectively. The ADC
dissipates 3.5 W (including output buffers) from a 3.3-V power
supply.

Index Terms—Analog-to-digital converter (ADC), folding-inter-
polating, heterojunction bipolar transistor (HBT).

1. INTRODUCTION

NALOG-TO-DIGITAL converters (ADCs) are widely

used in modern communication systems to interface
analog waveforms with digital signal processing (DSP) cir-
cuitry. By moving the ADC closer to the system front-end,
the majority of the processing can be performed in the digital
domain. To take advantage of the increasing speed and sophis-
tication of digital signal processing, the ADC must operate at
high sampling rates and low voltages, and remain immune to a
noisy digital environment. This brief describes the design and
implementation of an 8-bit 2-Gsample/s ADC with an on-chip
track-and-hold amplifier (THA) using a SiGe heterojunction
bipolar transistor (HBT) technology with a fr of 47 GHz.
Compared to conventional bipolar junction transistors (BJTs),
SiGe HBTs have improved high-frequency behavior and low
base resistance.

II. BLOCK DIAGRAM

The block diagram of a folding-interpolating architecture is
illustrated in Fig. 1. The output of the track-and-hold circuit is
applied to the input of four folding amplifiers where it is com-
pared to reference voltages generated by a resistor ladder. The
output of the folding amplifiers is a set of phase-shifted sinu-
soid-like signals which are, in turn, applied to an array of com-
parators. The outputs of the comparators are the representation
of the input signal in thermometer codes. These codes are even-
tually converted back to binary codes by a digital encoder to
produce the six least significant bits (LSBs). The two most sig-
nificant bits (MSBs) are produced by a coarse quantizer. The
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Fig. 1. Block diagram of the folding-interpolating ADC.

folding-interpolating architecture is very suitable for high-reso-
lution converters that require a large analog bandwidth.

A. Track-and-Hold Amplifier

The THA at the front-end of the converter performs the time
sampling of the input signal. A simplified circuit diagram of the
THA circuit is given in Fig. 2 [1], {2]. It consists of an input
buffer, sampling switches, and output buffers. The differential
input buffer consists of a differential pair Q; and Q2 with de-
generative feedback (R1, R2), loaded with resistors R3 and R4.
The differential input signals are applied to the bases of the tran-
sistors Q1 and Qo. The differential output of the input buffer
go to the track-and-hold switches. Each track-and-hold switch
consists of three transistors (Qs, Q4, Qs), a current source (1)
and a holding capacitor (Cp). There is a compromise between
the droop rate and the bandwidth of the THA in choosing the
proper value for Cy. Lowering the value of Cy increases the
bandwidth but deteriorates the droop rate. In this work, a value

0018-9200/04$20.00 © 2004 IEEE
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Fig. 3. (a) Folding amplifier circuit. (b) Comparator circuit.

of 0.9 pF was chosen for Cy to get an analog bandwidth of at
least 4 GHz and a droop rate of 10 mV/ns.
B. Folding Amplifier

The topology of the folding amplifier used in this imple-
mentation is shown in Fig. 3(a). The basic function performed

by the folding amplifiers is the conversion of the increasing
(or decreasing) input signal into a number of sinusoid-like
output signals [1]. Each folding amplifier generates eight
zero-crossings, equidistantly spaced over the input range.
Four folding amplifiers are used in parallel, generating the
required 32 zero-crossings. To ensure that the ADC achieves
the required 8-bit resolution, accurate zero-crossing points
must be generated by the folding circuits. In order to reduce the
mismatch between Q; and Q; in each differential pair, these
transistors should be large enough, but increasing the size of
these transistors affects the loading capacitance of the previous
stage (THA) in the system; therefore, a compromise must be
considered in choosing the size of Q; and Q2 during the design
of this stage. In this design, the size of these transistors was
chosen to be 0.5 x 5 um?. Biasing conditions are a tradeoff
between bandwidth and power consumption. The bandwidth
of the circuit is inversely proportional to the value of Ry,.
A large Ry, leads to a serious analog bandwidth limitation.
In addition, the shape of the sinusoid-like waveforms must
exhibit high linearity around the zero-crossing points because
linear interpolation between two adjacent folding signals is
necessary. The interpolation is implemented using a resistive
string because of its simplicity and power efficiency. In this de-
sign, differential interpolation is implemented by applying the
differential outputs of the folding amplifiers to the differential
resistive strings. This differential implementation improves the
accuracy of the converter.

C. Comparator

The comparators consist of a two-stage preamplifier (Q1—-Q4)
and a latch (Q5-Q10), as illustrated in Fig. 3(b). Such a com-
parator architecture reduces the kickback noise to an accept-
ably low level and provides a relatively high gain, which in
turn lowers the offset contributed by the latch and improves the
metastability behavior of the comparator. Transistors Q5 and Qg
form a tracking differential pair (track pair) that produces a dif-
ferential voltage across resistors R3 and R4. A second differen-
tial pair, Q7 and Qg (latch pair), connected in a positive-feed-
back configuration, latches the differential signal. To reduce



