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A CMOS 6-Bit 16-GS/s Time-Interleaved ADC
Using Digital Background Calibration Techniques
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Abstract—An 8-channel 6-bit 16-GS/s time-interleaved analog-
to-digital converter (TI ADC) was fabricated using a 65 nm CMOS
technology. Each analog-to-digital channel is a 6-bit flash ADC. Its
comparators are latches without the preamplifiers. The input-re-
ferred offsets of the latches are reduced by digital offset calibra-
tion. The TI ADC includes a multi-phase clock generator that uses
a delay-locked loop to generate 8 sampling clocks from a reference
clock of the same frequency. The uniformity of the sampling inter-
vals is ensured by digital timing-skew calibration. Both the offset
calibration and the timing-skew calibration run continuously in the
background. At 16 GS/s sampling rate, this ADC chip achieves a
signal-to-distortion-plus-noise ratio (SNDR) of 30.8 dB. The chip
consumes 435 mW from a 1.5 V supply. The ADC active area is
� �� � �� mm�.

Index Terms—Analog-digital conversion, calibration, clocks,
comparators, flash ADC, offset, time-interleaved ADC, time
interleaving, timing circuits, timing skew.

I. INTRODUCTION

I N A TYPICAL flash analog-to-digital converter (ADC), a
group of comparators compare the sampled analog input

with a set of known references simultaneously to determine
the magnitude of the sampled input. The references are usually
generated by a resistor string. Crucial ADC performance spec-
ifications, such as resolution, speed, power, are mainly deter-
mined by the comparators. For a given technology, there exists
a power-speed-accuracy limitation for comparators [1]. There
are techniques, such as capacitor-offset storage [2], [3] and spa-
tial filtering [4]–[6], that overcome the inherent device limita-
tion for the comparators.

For a given technology, the flash ADCs achieve the fastest
sampling rate among various single-channel ADC architectures.
The input sampling interval of a flash ADC is determined by
the speed of its comparators. The time-interleaved (TI) archi-
tecture is often used to increase the ADC sampling rate, i.e., re-
duce the effective input sampling interval without changing the
ADC original sampling interval. A TI ADC comprises several
analog-to-digital (A/D) channels, and coordinates their opera-
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tion so that the analog input is sampled and converted sequen-
tially by different A/D channels. To achieve the desired resolu-
tion, there are additional requirements for a TI ADC including
conversion offset matching among channels, conversion gain
matching among channels, and sampling interval uniformity.

TI ADCs with multiple A/D channels can achieve a sam-
pling rate higher than 10 GS/s [7]–[11]. Different types of A/D
channels have been used, including pipelined ADCs [7], [9],
SAR ADCs [8], [10], and flash ADCs [11]. The designs of [7],
[8], [10] calibrate the offset/gain/phase mismatches in the fore-
ground by applying a single-tone sine wave to the analog in-
puts of the TI ADCs. The design of [9] calibrates the offset/gain
mismatches by applying a test signal generated on-chip. This
design adds a redundant ADC in each A/D channel to enable
background calibration. Thus, when one ADC is under calibra-
tion, the other can continue the normal A/D operation. In the in-
tended application of this TI ADC, the sampling phase of each
A/D channel is adjusted by a digital timing recovery circuit [12].
The design of [11] calibrates the phase mismatches in the back-
ground by using the timing information embedded in the analog
input signal. However, the input timing information may not be
reliable in some applications. This design calibrates the offsets
of the comparators in the foreground.

This paper describes a 6-bit 16-GS/s TI ADC [13]. It demon-
strates our proposed design techniques for flash ADCs and TI
ADCs [14]–[16] and their circuit implementations. This TI
ADC comprises 8 flash A/D channels. Each flash ADC consists
of 63 latch-type comparators. To save power, preamplifiers
are not used. Digital offset calibration is then used to remove
the offsets of the latches. The inter-channel offset mismatches
are eliminated once the offsets of the latches are removed. To
minimize inter-channel gain mismatches, we make sure that
the flash ADCs are supplied with identical voltage references.
In addition, we use digital timing-skew calibration to ensure
sampling interval uniformity. Both the offset calibration and
the timing-skew calibration are realized on-chip and can run
continuously in the background.

The rest of this paper is organized as follows. Section II de-
scribes the architecture of this TI ADC. Section III describes
the design of the flash A/D channel and its embedded com-
parator offset calibration technique. Section IV describes the
multi-phase clock generation scheme of the TI ADC and the
associated timing-skew calibration technique. Section V shows
the experimental results. Section VI draws conclusions.

II. TI ADC ARCHITECTURE

Fig. 1 shows the architecture of the TI ADC. It comprises
eight time-interleaved identical A/D channels, to .

0018-9200/$26.00 © 2011 IEEE
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Fig. 1. Time-interleaved ADC architecture.

Fig. 2. Flash ADC architecture.

The A/D channels are driven respectively by 8 different clocks
with equally-spaced phases, to . The ADC analog input

is sequentially sampled and digitized by the 8 A/D chan-
nels. The clock frequency is . The 6-bit digital streams from
the 8 A/D channels, to , are then demultiplexed to
construct the final ADC digital output, . The equivalent sam-
pling rate of the TI ADC is . For this TI ADC, the clock fre-
quency is , the clock period is ,
and the sampling interval is .

All A/D channels are identical flash ADCs. Each flash ADC
includes a resistor string to generate reference voltages to be
compared with the analog input. The resistor strings of the 8
flash ADCs share the same terminal voltages, and

in Fig. 2. Thus, all A/D channels have the same conversion
offset and conversion gain. The flash ADC design is covered
in Section III.

In this TI ADC, a delay-locked loop (DLL) receives a refer-
ence clock of frequency and generates 8 sampling clocks,

to , of the same frequency. The 8 sampling clocks have
phases that equally divide one clock period. They are deliv-
ered to the analog samplers in the A/D channels through clock
buffers, to . Due to device variations in the DLL and
the clock buffers, and also due to mismatches among the clock
distribution routes, the clocks may reach their respective sam-
plers at different delay. This phenomenon is called timing skew.
Because of timing skew, the phases of the sampling clocks re-
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Fig. 3. Background-calibrated comparator (BCC) block diagram.

ceived by the samplers in the A/D channels may no longer be
equally spaced. As a result, the TI ADC experiences a periodic
variation of sampling intervals. The proposed TI ADC includes
a timing-skew calibration processor that automatically adjusts
the delay of the 8 clock buffers to ensure sampling interval uni-
formity. The multi-phase clock generation and the timing-skew
calibration are described in Section IV.

III. FLASH ADC

A. Architecture

Fig. 2 shows the block diagram of a single A/D channel. It is a
flash ADC consisting of 63 background-calibrated comparators
(BCCs) [14]. Each BCC comprises a random-chopping latch
(RCL) and a calibration processor (CP). Preceding the compara-
tors is a p-channel MOSFET M1 that functions as an analog
input sampler for the ADC.

The reference voltages to are generated by using a
resistor string. In fully-differential configuration, the top refer-
ence and the bottom reference are 0.4 V and 0.4 V
respectively. Thus, the reference spacing or the ADC quantiza-
tion step size is mV, and the ADC
differential input range is .

The digital outputs from all BCCs, to , are
fed into a thermometer-code edge detector (TCED) to generate
an edge code, to . The edge code indicates
the location of the 1-to-0 transition edge in thermometer code

to . The TCED is a collection of two-input
AND gates, so that only if and

, otherwise . The TCED is followed
by an encoder, which converts the edge code into a Gray
code and then converts the Gray code into a binary code. Its
binary-number output represents the magnitude of ADC
input sample .

Fig. 3 shows the BCC block diagram. This comparator em-
ploys only a regenerative latch for the comparison function. A
conventional high-speed comparator usually comprises a regen-
erative latch preceded by a preamplifier. The latch is power
efficient for the comparison function. However, it exhibits an
input-referred offset due to device mismatch. The gain of the
preamplifier relaxes the offset requirement for the latch. Some-
times offset cancellation techniques, such as capacitor offset
storage [3] or spacial filtering [6], are used to reduce the pream-
plifier offsets. In our design, preamplifiers are removed to save

Fig. 4. Statistical comparator offset detection.

power. The offsets of the latches are eliminated by a statis-
tics-based offset calibration technique [14].

As shown in Fig. 3, a BCC includes an RCL and a CP. The
RCL consists of a latch and two random choppers CHP1 and
CHP2. The two choppers are placed before and after the latch
respectively to facilitate background calibration. They are con-
trolled by the same binary random sequence .
When , the chopper passes its two inputs to its two
corresponding outputs directly. When , the signal
paths to the two outputs are interchanged. The chopper CHP1
consists of 4 analog switches. The chopper CHP2 consists of
digital logic gates. Regardless of the value, the RCL works
like a normal comparator, detecting the polarity of and
generating a digital output accordingly.

In Fig. 3, the input-referred offset of the latch, denoted as
, is adjustable. The CP detects the polarity of and

then try to minimize . Fig. 4 shows the principle of a sta-
tistical comparator offset detection technique [14]. It shows the
probability density function (PDF) of . The voltage
denotes the offset of the -th BCC shown in Fig. 2. The plots as-
sume . For the -th BCC, the probability of its output

is illustrated in the upper plot of Fig. 4. When
, the probability is the area . When ,

the probability is the area . Thus, the polarity of
can be detected by finding the polarity of .

Fig. 5 shows the CP signal path and its operation. It includes
an accumulation-and-reset (AAR) to detect the polarity.
Its input is a correlation of and

. The average of is proportional to . The AAR uses
an accumulator (ACC0) to accumulate , yielding . A
bilateral peak detector (BPD) constantly compares against
a positive integer and a negative integer . If

, its output is . Whenever, ,
it issues an output for one clock cycle and then
resets to 0. Whenever, , it issues an output

for one clock cycle and also resets to 0. The
AAR operation is illustrated in Fig. 5. If the latch offset
in Fig. 3 is positive, then tends to decrease. When
reaches , becomes 1 for one cycle, and is reset
to 0. When , the accumulator ACC is decreased by 1.
The ACC output controls the offset of the latch shown in
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Fig. 5. Accumulation-and-reset operation of the calibration processor.

Fig. 3, . The offset control step size is . As
approaches 0, it takes longer to activate . Eventually,
fluctuates around 0.

This fluctuation can be treated as a noise imposed on the
ADC input. The standard deviation of should be less than
that of the ADC quantization noise, i.e., .
It can be shown that the magnitude of fluctuation is re-
lated to the area illustrated in Fig. 4 [14]. When the input
sample is in the region, is equal to the random
sequence , which contains no information and only
causes fluctuation. Consider the -th BCC. If its CP
input is the RCL output , then its region stretches from

to . To reduce the region, we use the TCED
output as the CP input. As shown in Fig. 4, the region
for is from to only.

Consider the ADC shown in Fig. 2. Under normal conditions,
only one signal out of the TCED is 1. Thus, only one CP is
activated at a given time, i.e., only one BCC is calibrated by one
step for every comparison cycle. Before calibration, the initial
offsets of the BCCs are random and maybe larger than the
spacing, . When the calibration begins, large offsets can
cause neighboring BCCs to influence one another. The inter-
ferences may trigger some BCCs to perform unnecessary cali-
brations while stop the calibration process for other BCCs. In a
worst-case scenario, the 63th BCC, the one connected to ,
converges first, since its calibration cannot be disrupted by other
BCCs. Once the 63th BCC settles, the 62th BCC can follow and
converge, and so on. Thus, main effect of initial large offsets is
increasing the ADC overall calibration time. In order to reduce
the interferences, two uncorrelated random sequences, and

, are supplied to the RCLs, and adjacent RCLs use different
random sequences for random chopping.

The behavior of the offset calibration is determined by the
AAR threshold , the offset control step size , and the
statistics of the samples. If the input sample appears
uniformly across the entire ADC input range, , the calibra-
tion loop in each BBC can be modeled as a single-pole feedback
system [14] with a time constant of

(1)

where is the clock period. In our 6-bit ADC design,
, , and . This design

results in a time constant of and an offset fluc-
tuation standard deviation of . If it takes

for all BCCs to settle, a calibration time of
is required. The time constant can be reduced by

using a smaller and/or a larger , but at the expense of
larger .

B. Circuit Implementation

The analog signal path of the ADC is realized with a fully-
differential configuration. The resistor string shown in Fig. 2
that generates reference voltages to is composed of
two parallel resistor strings with currents flowing in opposite
direction. Each resistor string includes 62 P+ diffusion resistors
placed in a guarded N-well. Each resistor has a resistance of 10

. The terminal voltages for each resistor string are externally
supplied. They are 1.1 V and 1.5 V.

Fig. 6 shows the schematic of the random-chopping latch
(RCL) of the BCC. The latch shown in Fig. 3 is in fact a cas-
cade of three pipelined latches. The chopper CHP1 in front of
the latches consists of p-channel MOSFET switches. Fig. 6 also
shows the schematic of the first latch. There are two source-cou-
pled pairs to receive the two differential inputs, and . When
clock CK is high, M1 and M3 provide a constant current for the
latch so that its input common-mode sensitivity is reduced. The
second and the third latches are similar to the first latch. They
are added to provide signal gain to suppress metastability. They
have only one input source-coupled pair and do not have the
variable-offset control.

As shown in Fig. 6, the latch’s variable-offset control is
achieved by changing the loading and pulling strength on nodes

and [17]. There are 16 equally-weighted n-channel
MOSFET varactor pairs (M17–M18) for fine control and
4 equally-weighted pulling sources (M19–M22) for coarse
control. The varactors have their gate terminals connected to
nodes and in the latch. Their capacitance is varied
by switching the voltage on the source and drain nodes. The
source and drain diffusion capacitance of the varactors are not
added to nodes and . The pulling sources for coarse
control are similar to the input source-coupled pairs but consist
of MOSFETs of smaller sizes.

The offset control signals are and for each coarse
control pulling source and and for each fine control
varactor pair. The control signals come from two digital shift
registers controlled by the CP. Their voltages are either
or . During the power-on phase, the ADC input is applied
with a full-range sine wave for an initial offset calibration of the
BCCs. The CPs in the BCCs adjusts the coarse controls and then
the fine controls. After the power-on phase, the ADC starts its
normal operation. The offset calibration then runs in the back-
ground and the CPs adjust only the fine controls.

From Monte Carlo simulations, the offset variation of the
latch is Gaussian and has a standard deviation of

mV. The range of offset control is required to be wider than
to achieve a yield of 96.86%, in which all 63 8

BCCs in a TI ADC can be successfully calibrated. The offset
coarse control can change 4 steps. From simulations, it has a
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Fig. 6. Random-chopping latch (RCL) schematic.

control step size of 32 mV. Thus, the coarse control can adjust
the latch offset by mV . Note that the
step size of the coarse control itself has a standard deviation of
3 mV. Thus, the fine offset control must cover a range at least
wider than 44 mV. In our design, the step size of the offset fine
control is mV. The fine control can change 16
steps, thus covers an offset range of 51 mV.

To reduce power dissipation, the CPs in all BCCs operate at
1/64 of the frequency. Thus, the effective calibration time
constant is .

IV. MULTI-PHASE CLOCK GENERATOR

A. Architecture

In Fig. 1, a delay-locked loop (DLL) generates 8 sampling
clocks, to , for input sampling. The clocks are then
sent to the 8 A/D channels respectively. Timing skews occur
due to device variation in the DLL and in the 8 clock buffers,

to , and also due to mismatches among the clock distri-
bution routes. Because of timing skews, the phases of the sam-
pling clocks received by the samplers in the A/D channels may
no longer be equally spaced within one clock period. As a re-
sult, the TI ADC exhibits a periodic variation in sampling in-
tervals. For our 6-bit 8-channel TI ADC, the clock frequency
is , the clock period is , the nom-
inal sampling interval is . To achieve
a signal-to-distortion-plus-noise ratio (SNDR) better than 36
dB, the standard deviation of the sampling interval variation

must be less than 0.31 ps. Analogous to the ADC quantiza-
tion resolution , we define the ADC timing resolution as

.
We employ a timing-skew calibration technique to ensure

sampling interval uniformity [16]. To facilitate background cal-
ibration, an on-chip clock generator is added to the TI
ADC. In each A/D channel, a replica sampler similar to the one
in the flash ADC samples . A comparator is then used to
determine the the polarity of the sample , yielding .
A timing-skew calibration processor (TSCP) collects the data

to from all A/D channels. It detects the sampling in-
tervals among the sampling clocks, to . Its outputs,
to , adjust the delay of the clock buffers, to , such
that all sampling intervals can maintain uniformity.

The principle of timing-skew detection is based on
zero-crossing (ZC) detection [15], [16]. Fig. 7 shows the
concept of ZC. The signal is sampled by clocks to

, yielding samples to . A ZC occurs when
changes polarity. In Fig. 7, there is a ZC between and

, and another one between and . It can be shown
that, if is a periodic signal and is not synchronized with
the sampling clocks, the probability of ZC between two adja-
cent samplers, and , is proportional to their
sampling interval and also proportional to the frequency.
Thus, the sampling interval can be found by detecting ZC.

Fig. 8 shows a simple ZC detector, ZCD1. The signal
is sampled by the two samplers controlled by clocks and

respectively, yielding and . The polarities of
and are determined by two comparators, yielding

and . The output is 1



HUANG et al.: A CMOS 6-BIT 16-GS/s TIME-INTERLEAVED ADC USING DIGITAL BACKGROUND CALIBRATION TECHNIQUES 853

Fig. 7. Concept of zero crossing (ZC).

Fig. 8. A simple zero-crossing detector, ZCD1.

Fig. 9. An improved zero-crossing detector, ZCD2.

when , i.e., when a ZC occurs. ZCD1 is sensitive
to comparator offsets. If the two internal comparators exhibit
offsets, detection errors may occur.

Fig. 9 shows a ZC detector, ZCD2, that is less sensitive to the
comparator offsets [16]. Each of the comparator outputs,
and , first goes through an one-bit high-pass filter,

, yielding and .
The ZC logic determines the output as follows. The output

if , otherwise . In
other words, if both and are 1 or
both are 1. ZCD2 is no longer a simple detector of ZCs in

. It detects certain events that cause . However,
its behavior in the timing-skew calibration is similar to that of a
ZCD1.

Fig. 10. Timing-skew calibration processor (TSCP).

Fig. 10 shows the TSCP block diagram. It generates dig-
ital control signals to to adjust the delays of clock
buffers to respectively. It chooses as the reference
phase by setting . All other clocks are aligned to .
There are 7 calibration channels controlling the phases of clocks

to . Consider the calibration channel that generates
. Its internal ZC detector receives two bit streams,

and , which are originated from A/D channels and
respectively. The ZCs between and are detected

based on the ZCD2 shown in Fig. 9, yielding . The average
of represents the sampling interval between and . The
measured sampling interval is compared against the nominal
sampling interval, which is the average of generated from
a ZC recorder. The polarity of the averaged is ex-
tracted by an accumulation-and-reset (AAR) similar to the one
shown in Fig. 5, but with a threshold of . The AAR output

updates the following accumulator (ACC) which contains
. The signal controls the delay of clock buffer

with a delay-control step size of .
The sequence represents the average of the ZC occur-

rences among all sampling intervals. The is generated by
the ZC recorder shown in Fig. 11. It counts every ZC in ,
and issues an every 8 ZCs. The recorder accumulates
all ZCs from all ZC detectors. The ZC detector in the top-left
corner of Fig. 10 is added to detect the ZCs in the missing in-
terval between and the immediately before . A com-
parator compares the accumulation result with integer 8,
yielding a binary every clock cycle. Whenever

, the comparator issues , and an amount of 8 is
subtracted from during the following clock cycle. The dig-
ital stream is a sequence of 0 and 1. Its mean value repre-
sents the nominal sampling interval. The proposed ZC recorder
is simple and its hardware cost is low.

The behavior of this timing-skew calibration is determined
by the AAR threshold , the delay-control step size , and
the frequency . The calibration loop in each calibration
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Fig. 11. Zero-Crossing (ZC) recorder.

Fig. 12. Multi-phase clock generator.

channel can be modeled as a single-pole feedback system [16]
with a time constant of

(2)

For this 6-bit 8-channel TI ADC, the clock frequency is
, the clock period is , the normal sam-

pling interval is , the timing resolution is de-
fined as . We choose frequency

, , . This de-
sign results in a time constant of and an averaged
timing fluctuation standard deviation of . If
it takes for all calibration channel to settle, a calibration
time of is required. The time constant
can be reduced by using a smaller and/or a larger , but at
the expense of larger .

B. Circuit Implementation

Fig. 12 shows the multi-phase clock generator that generates
the 8 sampling clocks, to , based on a reference clock . It
contains a DLL that consists of a phase detector (PD), a charge
pump (CP), and 8 identical variable-delay delay cells, D1 to D8.
Fig. 13 shows a schematic of the delay cell. It is simply a cas-
cade of two current-controlled inverters. The inverters’ currents
are adjusted by and . Voltage is generated by the
CP. Voltage is generated by the current mirror MC1–MC2,
which is shared with other delay cells. MOSFETs M2, M6, M8,
and M12 limit the range of adjustable delay to prevent false
lock. Fig. 14 shows the PD and CP schematics. The PD is an
arbiter-type design. It compares the timing difference between
the rising edges of input clocks CK1 and CK2. The clocks CK1d
and CK2d are delayed CK1 and CK2 respectively. The CP is
reset when both CK1 and CK2 are low. The drain voltage on
M5 and M6 in the reset mode reduces the dead zone of timing

Fig. 13. DLL delay cell.

Fig. 14. DLL phase detector (PD) and charge pump (CP).

Fig. 15. Digitally-controlled variable-delay clock buffer.

comparison. The up and dn signals from the PD control the CP
to charge or discharge capacitor , yielding voltage . A
voltage buffer, Buf1, replicates and distributes the voltage
to the drains of M15 and M16 when up and/or dn signals are not
active. Buf1 is a single-stage opamp consisting of a source-cou-
pled pair and a current mirror.

In Fig. 12, the 8 sampling clocks from the DLL are deliv-
ered to the A/D channels through 8 variable-delay clock buffers,

to . The delays of the clock buffers are controlled by the
TSCP shown in Fig. 10. Fig. 15 shows a variable-delay clock
buffer. It is a cascade of 3 inverters. Its delay is adjusted by
changing the capacitance of the MOS varactors attached to the
outputs of the first and second inverters. Both n-channel and
p-channel MOSFETs are used as the varactors. The capacitance
of the varactors are binary weighted. They are controlled by a
7-bit digital control signal generated from the TSCP. Its
most significant bit is connected to the input of the coarse
control, while the other 6 bits are connected to the 6 inputs
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Fig. 16. Simulated output waveforms of the variable-delay clock buffer.

Fig. 17. ���� generator for timing-skew calibration.

of the fine control. Fig. 16 shows the simulated output wave-
forms of the clock buffer at various delay settings. The clock
frequency is 2 GHz. The delay control has a step size of 0.4 ps.

The signal for timing-skew calibration is generated
on-chip. Fig. 17 shows the generator. It is a ring oscillator
consisting of 7 NAND gates. Its oscillation frequency can be
varied by changing voltage . The proposed timing-skew
calibration does not require having an accurate frequency
or a specific waveform shape. The jitter in also does not
affect the calibration accuracy. In our implementation, is
manually adjusted so that the frequency is approximately
400 MHz. In actual applications, can be digitally con-
trolled by a random number generator to introduce jitter in

. The jitter can prevent synchronization between and
the sampling clocks.

In each A/D channel, the polarities of the samples are
determined by a comparator. The comparator is a latch similar
to the one shown in Fig. 6. It has only one input source-coupled
pair and do not have the variable-offset control.

To reduce power dissipation, the TSCP operates at 1/64 of
the frequency. Thus, the effective calibration time constant is

.

V. EXPERIMENTAL RESULTS

This TI ADC was fabricated using a 65 nm CMOS tech-
nology. All ADC circuits are realized with standard MOSFETs.
The supply voltage is raised to 1.5 V to obtain a better SNDR
performance out of the samplers and to increase the speed
of the comparators. Fig. 18 shows the chip micrograph. The
ADC active area is mm . To ensure that all A/D
channels exhibit identical conversion gain, the reference volt-
ages and shown in Fig. 2 must be the same when
received by each A/D channel. Fig. 19 shows the floorplan for
the and routes. The and routes are realized
with multi-layer metals to reduce resistances. The TI ADC also

Fig. 18. ADC chip micrograph.

Fig. 19. Floorplan for voltage reference � and � .

Fig. 20. Floorplan for signal routes of ���� and ����.

requires that all A/D channels receive the same analog input,
the signal shown in Fig. 1. Fig. 20 shows the floorplan for
the signal routes. The differential is first directed to the
center of the chip through two metal lines. It is then sent to each
A/D channel through routes of identical length and shape.

The multi-phase clock generator, including DLL and clock
buffers, is placed near the center of the chip. The on-chip timing-
skew calibration processor can correct timing skews among the
clocks caused by devices mismatches and clock routes mis-
matches. However, the calibration requires that the sam-
plers in all A/D channels receive the same calibration signal

. As shown in Fig. 20, the generator is located near
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Fig. 21. Measured DNL and INL of a single flash A/D channel.

the center of the chip. The differential is sent to each A/D
channel through routes similar to those for . The and

routes are shielded separately to avoid coupling between
the two signals. Finally, the timing-skew calibration dictates that
the and samplers in the same A/D channel have the
same turn-off instants. They are placed in close proximity. To
avoid leaking to the sampler, both samplers are sur-
rounded by separate guard rings. The two samplers are driven
by the same clock driver, whose output impedance is made low
to minimize leakage.

The reference clock with a frequency is gen-
erated from an off-chip signal generator. It is converted into a
differential signal using a 180 power splitter. The ADC test
input signal is generated from another signal generator syn-
chronized with the clock generator.

The ADC chip is mounted directly on a printed circuit board.
Digital outputs from all A/D channels, to , are first
downsampled by a ratio of 1/64 and then sent off-chip to a
logic analyzer. The final TI ADC digital output stream is
constructed by resampling the acquired data. The equivalent
down-sampling ratio is 1/64.125.

Fig. 21 shows the measured differential nonlinearity (DNL)
and integral nonlinearity (INL) of a single A/D channel. Before
activating the calibration, the DNL is LSB and the
INL is LSB. There are missing codes. After acti-
vating the offset calibration, the DNL becomes LSB
and the INL is reduced to LSB.

Fig. 22 is the measured ADC output spectra with and without
the timing-skew calibration. The sampling rate is 16 GS/s. The
input signal is a full-swing 2.9 GHz sine wave. Without the cal-
ibration, there are many spurious tones caused by clock timing
skews. When the calibration is turned on, most of skew-related
spurious tones are eliminated. Note that the locations of the
skew-related spurious tones are shuffled because of downsam-
pling and resampling of the output codes. The remaining har-
monic tones in the spectrum is mainly due to the non-ideal input
signal paths, including the distortion of the power splitter and
the mismatches of the wire parasitics and the sample switches.
The harmonic distortion of the ADC can be improved by em-
ploying a chip layout of better symmetry and using better signal
sources.

Fig. 22. Measured TI ADC output spectra. Sampling rate is 16 GS/s. Input
frequency is � � ��� ���.

Fig. 23. Measured TI ADC SNDR versus input frequencies.

Fig. 23 shows the measured TI ADC signal-to-distor-
tion-plus-noise ratio (SNDR) versus input frequencies. The
sampling rate is 16 GS/s. The effective resolution bandwidth
(ERBW) is 3 GHz, which is limited by the bandwidth of the
ADC input sampling switches. At frequencies near ERBW, the
SNDR is improved from 19.8 dB to 28.0 dB by the timing-skew
calibration.

Table I summarizes the measured specifications of this TI
ADC chip. The input capacitance is 1.8 pF for each input pin.
The power consumption is 435 mW, excluding I/O. Each A/D
channel consumes 54 mW. Most of the dissipated power is dy-
namic power.

Table II compares this work with other recently published TI
ADCs having a sampling rate over 10 GS/s. In the table, the
ADC figure-of-merit (FOM) is defined as

(3)

where ENOB is the effective number of bits at low input fre-
quencies, and ERBW is the effective resolution bandwidth at
which ENOB drops by 0.5 bit. FOM for this work is 2.6 pJ/con-
version-step. The competitive FOM of this chip is obtained by
using the latch-type comparators with automatic offset calibra-
tion. Better FOM can be achieved if the samplers are real-
ized with bootstrapped switches to improve ERBW. In addition,
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TABLE I
TI ADC PERFORMANCE SUMMARY

TABLE II
COMPARISON OF HIGH-SPEED TI ADCS

this chip includes a timing-skew calibration that can continu-
ously operate in the background.

VI. CONCLUSIONS

An 8-channel 6-bit 16-GS/s time-interleaved ADC was fab-
ricated using a 65 nm CMOS technology. The chip demon-
strates our proposed digital background calibration techniques,
including comparator offset calibration and timing-skew cali-
bration. The calibrations relax the matching requirements for
devices and layout, and also provide robustness against process-
voltage-temperature (PVT) variations. The calibrations can au-
tomatically adapt to the variations that are slower than the cali-
bration time constants. They provide design choices that can be
applied to improve circuit performances.
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