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Abstract A 2-GS/s 6-bit time interleaved (TI) successive
approximation register (SAR) analog-to-digital converter (A
DC) is designed and fabricated in a 0.13 um CMOS process.
The architecture uses 8 time-interleaved track-and-hold am-
plifiers (THA) and 16 asynchronous SAR ADCs. The sam-
pling frequency of the TI-ADC can be set from 200 MHz to
more than 2 GHz. The chip includes a programmable delay
cell array to adjust up to £25 % the sampling clock phase in
each THA, and a multi-channel low voltage differential sig-
naling (LVDS) interface capable of transmitting at full sam-
pling rate (=12 Gb/s), without decimation, off-chip. These
blocks make the fabricated ADC an excellent platform to
test/evaluate mixed-signal calibration algorithms, which are
of great interest for application in high-speed optical sys-
tems. Measurements of the fabricated ADC show a peak
signal-to-noise-and-distortion ratio (SNDR) of 33.9 dB and
a power consumption of 192 mW at 1.2 V.
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Fig.1 Time-interleaved A/D converter.

1 Introduction

Time-interleaved analog-to-digital converters (TI-ADC) are
widely used to provide high-sampling rate for digital re-
ceiver architectures (e.g., wireline and optical links) [2]. A
basic TI-ADC architecture includes M single converters (or
channels) operating in a parallel fashion at frequency 1/7T
but with different sampling phases in order to achieve an
overall sampling rate of F; = M/T (see Fig. 1). It is well
known that TI-ADCs are sensitive to mismatches of the off-
set, gain, and sampling phase among the channels (e.g., see
[19] and references therein). These impairments result in an
effect collectively known as fixed-pattern noise (FPN).
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Table 1 Time-interleaved ADC Mismatch Calibration Techniques

Detection Method ~ Correction Method ~ Run-Mode System

Analog
Digital

Analog
Digital

Background
Foreground

Numerous calibration techniques for FPN compensation
have been proposed in the literature [8,12,13,23,25]. These
techniques can be classified according to their detection do-
main, calibration domain, and runtime method (see Table 1)
[26].

Recently, mixed-signal calibration techniques have re-
ceived special attention for applications in ultra-high speed
optical communication systems [8,25,29]. For example, the
minimization of the mean squared error (MSE) or the bit-
error rate (BER) based on the gradient algorithm (i.e., digi-
tal detection) has been proposed to adjust the sampling phase
of interleaved ADCs (i.e., analog correction) [27] in back-
ground run-mode’.

Typically, long computer simulation run time is required
to evaluate the performance of mixed-signal calibration al-
gorithms such as the one described in [27]. We highlight
that this problem is exacerbated when the communication
system under analysis includes complex algorithms such as
powerful forward error correction (FEC) codes. In this con-
text, emulation platforms based on field-programmable gate
array (FPGA) are usually adopted to save time. Fig. 2 shows
an example of a platform setup to jointly evaluate a digi-
tal signal processor (DSP) transceiver with a mixed-signal
calibration algorithm of TI-ADC. From the above, it can be
inferred that the design and fabrication of an integrated high-
speed TI-ADC that includes capabilities to adjust the sam-
pling phase among the channels and a multi-gigabit interface
to connect with powerful FPGA platforms is of great inter-
est to design mixed-signal calibration algorithms for next-
generation optical networks.

This paper presents a 6-bit 2-GS/s time-interleaved suc-
cessive approximation register (SAR) ADC. The architec-
ture comprises 8 time-interleaved track-and-hold amplifiers
(THA), and 16 SAR ADC:s (see Fig. 3). The chip includes
a programmable delay cell array to adjust the interleaved
sampling phase, and a 12 Gbps low voltage differential sig-
naling (LVDS) interface. The designed ADC can be used
to integrate a receiver system emulation platform to evalu-
ate digital communications processing algorithms and espe-
cially to save time during the design of mixed-signal cal-
ibration techniques for TI-ADC [27]. The ADC fabricated
in a 0.13um CMOS process achieves 33.9 dB of signal-to-

! Background calibration is usually preferred over foreground tech-
niques due to its capability to track time variations of temperature and
voltage.
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Fig. 2 Complete platform concept for evaluation of mixed-signal cal-
ibration techniques of Time-Interleaved ADC.

noise-and-distortion ratio (SNDR) and 192 mW of power
consumption at 1.2 V.

The rest of this paper is organized as follows. The ADC
topology used in this work is discussed in Section 2. Sec-
tion 3 details the chip architecture. Section 4 presents the
design of the single SAR ADC and details of the comparator
offset calibration circuit. Section 5 describes the high-speed
interface of the chip to transmit the complete data-rate to
an FPGA. Results from measurements of the fabricated TI-
ADC are presented and discussed in Section 6. Finally, con-
cluding remarks are drawn in Section 7.

2 High-Speed Asynchronous SAR ADC

The design of multi-gigabit ADC converters is of great inter-
est for next generation digital communication systems such
as optical coherent networks. In these applications, medium
resolution (e.g., = 6 bits) and low power consumption are
mandatory.

Flash ADCs have been widely considered for high-speed
conversion rates. Since power and area depend exponen-
tially on the resolution, their adoption in future commer-
cial optical transceivers seems to be limited as a result of
the need for complex modulation schemes (e.g., QAM-16,
QAM-64) and low power dissipation. On the other hand,
time-interleaved SAR ADCs are able to provide a good trade-
off between complexity and conversion speed due to its log-
arithmic dependence on resolution. In particular, the asyn-
chronous SAR (A-SAR) topology has been proposed due
to its speed advantage over the synchronous SAR (S-SAR)
[7,11]%. As we show in Section 2.1, an A-SAR topology not
only improves the speed conversion, but it also reduces the
impact of a metastable state. This feature results of high in-
terest in communication systems where the probability of bit
error is very low (e.g., < 1077).

2 We highlight that an A-SAR requires a more careful design than
an S-SAR topology.
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A multistep converter topology (SAR or pipelined) does
not allow for the implementation of the comparator pipelin-
ing technique. The latter is usually found in very high speed
flash ADCs to give extra regeneration time for a very low
probability of metastability design [32]. Thus, an SAR ADC
has to consider the clock speed and the regeneration time
available in each comparison cycle in order to evaluate the
probability of a metastable state, and then the probability of
an erroneous conversion.

In Appendix A, we evaluate the probability of a met-
astable state in an SAR ADC for synchronous as well as
asynchronous topologies. Fig. 4 shows the maximum sam-
pling rate in terms of the resolution for both cases, S-SAR
and A-SAR with 0.13 um CMOS technology used in this
work. Different values of the probability of metastability
(Py) limit are considered. We note that, for a given value
of the resolution, there is an important reduction of the max-
imum sampling rate achievable by the S-SAR when a low
conversion error rate (i.e., a low probability of metastabil-
ity) is required. On the other hand, we verify that the impact
of the conversion error rate limit on the maximum A-SAR
speed is negligible. This result can be understood from the
fact that, in a complete conversion cycle, the extra regener-
ation time required to prevent a metastable event in A-SAR

8
Resolution [bits]

Fig. 4 SAR ADC sampling rate in terms of resolution and conversion
error rate for both, synchronous and asynchronous cases in a 0.13 um
CMOS technology process.

is approximately N times lower than in S-SAR, where N is
the bit resolution (see Appendix A).

From the above, the A-SAR topology is preferred in
high-speed applications since it is able to achieve a high
sampling rate, low power consumption, and a reliable con-
version (i.e., low metastability).

3 Architecture of the TI-SAR-ADC

As expressed in the Introduction, the ADC considered in this
work is required to be the core of a test/evaluation platform
for time skew mismatch calibration algorithms in time inter-
leaved ADCs. Towards this end, the design includes eight
interleaved THA and sixteen 6-bit single SAR converters
to achieve an overall high sampling rate such as 2 GHz.
Note that the maximum sampling rate of each single SAR



Benjamin T. Reyes et al.

" Offset Cancellation Loop

to THAs

s

—o|

:

tsds

Attenuator ™

Bypass
Switches

o

Fig. 5 Variable gain amplifier (VGA) composed by a 3-stage differ-
ential amplifier with digital gain control.

is 125 MHz. Therefore, the impact of the metastability is
negligible (see Fig. 4). The main requirement from the point
of view of the algorithm verification concept is a wide flexi-
bility of clock phase control in each THA. The sampling fre-
quency of the TI-ADC can be set from 200 MHz to 2 GHz.
Furthermore, the chip has to be able to vary the sampling
clock phase in each THA around 425 % for all frequency
range. This means that each delay cell needs to have a wide
programmable delay range to meet the specification. In addi-
tion, the ADC test chip has to transmit all the samples with-
out decimation, so that the complete information can be used
on an off-chip digital processor.

3.1 Input Variable Gain Amplifier

The analog input signal of the chip is buffered with a dig-
itally controlled variable-gain amplifier (VGA). This block
is required to allow an automatic gain control (AGC) loop
for optimum dynamic range at the TI-ADC input. The VGA
includes three active stages (Fig. 5) and each stage consists
of 48 differential pairs connected in parallel with an offset
cancellation loop [4,31]. The gain of the stages (A,) is de-
fined (in first order) by A, = g,,R1, where g,, is the MOS
transconductance and Ry, is the load resistance. Then, turn-
ing on/off each differential pair of each stage, the number of
active MOS is changed and then the g,, is varied proportion-
ally. As a consequence, A, is controlled from -3 dB to 7 dB
(considering attenuator) in a nearly linear range. Note that
the total current and load resistor of each stage of the VGA
is kept constant, thus the output common-mode voltage does
not change. Also note that the analog input is first connected
to a passive attenuator before connecting to the VGA in or-
der to reduce distortion and to allow signal attenuation for
large input signals. If the gain control is not required, the
VGA can be bypassed with MOS switches. Therefore, the
VGA distortion can be avoided.
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Fig. 6 8-Phase generator: CML based double shift register phase gen-
erator.

3.2 Time-Interleaved SAR-ADC

The core of the chip is a hierarchical interleaved ADC (see
Fig. 3). It includes 8 parallel channels (slices) where each
channel consists of one THA and two sub-interleaved SAR
ADC. Each THA is managed by a 50% duty cycle clock
at frequency Fy;.. = F;/8 = 2 GHz/8 = 250 MHz. After
tracking, the THA turns to the hold mode and the signal is
re-sampled alternatively by one of the two SAR ADC for
quantization. The THA and SARs are synchronized by a
clock divider that generates two clock signals from THA
clock with 25% duty cycle at Fsag = Fyjice/2 = 125 MHz.
After quantization, the two SAR outputs are multiplexed to
provide a single 6 bits output bus at Fy;, rate.

The eight THA clock phases are provided by a multiple-
phase clock generator as depicted in Fig. 6. It is based on
a double shift-register (SR), thus, a 1 GHz clock input is
needed from an off-chip generator in order to achieve 2 GHz
sampling rate. The shift registers are implemented in cur-
rent-mode-logic (CML) to minimize the clock jitter coupled
from power supply and a CML clock divider is used to pro-
vide the clock pattern at the SR inputs. Thus, the CML clock
divider was optimized to operate on a wide range of input
clock frequencies (100 MHz to 1 GHz) with maximum sen-
sitivity [30].

Finally, the digital TI-ADC outputs (8 channels x 6 bits)
are sent to a high-speed transmitter (TX) interface. Note
that, unlike most of the giga-sample ADCs reported [8,
13,25], in our design the full data rate (12 Giga-bits per sec-
ond (Gbps)) without decimation is sent off-chip (this topic
is discussed in Section 5).

3.3 Track and Hold Amplifier

The THA topology is presented in Fig. 7. It is composed
of an input buffer stage, a sampling circuit, and an output
buffer. Both, input buffer and output buffer, operate at open-
loop for bandwidth (BW) maximization. The input buffer is
a pseudo-differential source follower that drives an NMOS
sampling circuit. The input-buffer, plus sampling circuit, BW
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is near 4 GHz. This over-bandwidth at the THA input buffer
avoids BW mismatch at Nyquist input frequencies. From
simulations, we verified a total harmonic distortion (THD)
below -60 dB at the sampling circuit nodes.

The output buffer is a 3 stage amplifier where a pseudo-
differential common-source stage with source degeneration
is used to calibrate the gain mismatch between THAS. In this
middle stage, the gain is defined by A, ~ R./(1/gm + Rs),
where Ry, and Rg are the load and source degeneration re-
sistor, respectively. Then, the value of Ry is digitally pro-
grammed connecting in parallel a fixed resistor with one of
the 16 branches of the resistor array. Consequently, the gain
can be controlled by £0.7 dB in 0.1 dB steps. Finally, the
last stage of the output buffer is a source follower buffer.
The latter is used to drive one of the two SAR digital-to-
analog converters (DAC) that alternatively loads the THA.
The source follower output stage allows for a low SAR DAC
settling time such as 7 < 150 ps (worst case corner) consid-
ering an equivalent DAC capacitor array load (Cp) of 600 fF.
Besides, from simulation, the THD at the SAR inputs is -
48 dB.

3.4 Clock Phase Time Delay Control

The design of digitally programmable delay cells for TI-
ADC phase calibration applications has been recently stud-
ied [8,12,13,25]. However, our design requires a very wide
flexibility of time delay control for each clock phase that ex-
ceeds the capabilities of previous proposals. Fig. 8 shows
the delay cell circuit used between the multiple phase gen-
erator and the THAs. These cells are able to set a time de-
lay (Ty) to adjust the relative sampling time between the
clock phases. This design considers a fine delay circuit and
a coarse delay circuit. It also includes a main control of the
total range of both, fine and coarse delay control, to adjust
the relative control phase at any operating frequency.

The fine delay circuit is used to adjust a very small sam-
pling time mismatch. The maximum fine delay control range
is Ty max = £0.03T, where T is the overall sampling period
(T; = 1/F}). Then, the time delay range is divided in 40 time
delay steps, that is T s0p = 0.00157;. On the other hand, the
coarse delay control permits a wide phase control such as

PhO
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Coarse delay
—_—

3-state array

Fine delay
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%40

coarse/fine
Delay Cell Control Logic ‘ Delay Cell

buffer ctrl
cap ctrl

Fig. 8 Programmable delay-cell (PhO cell).
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Fig. 9 Timing simulation result of the wide range delay cell with dif-
ferent programmed delay

required in emulation of a relative large sampling mismatch
scenario (e.g., high-speed TI-ADC in optical receivers [27]).
Therefore, the coarse delay circuit is implemented with a
maximum delay range of Ty jqx = 3-0.37 and with Ty p =
0.0157;. The fine and coarse delay circuits are based on
shunt-capacitor technique. Hence, each buffer is loaded by a
40 equal sized MOS capacitor array (MOScap) that is ther-
mometrically switched [13] 3. Fig. 9 shows an example
of coarse delay cell control where it is set at different de-
lays (i.e., MOScap switches are set at steps 0, 10,20, 30,39).
This simulation example demonstrates a total coarse delay
control of near 300 ps with steps of ~7.5 ps (i.e., Ty sep =
0.016T;, for Fy=2 GHz).

The TT-ADC has to operate from Fy=200 MS/s to F;=2 GS/s,

accordingly, 7 varies from 5 ns to 500 ps, respectively. Thus,
the delay cell should to be able to vary 7y gp. The solu-
tion for the programmability of Ty ., was the addition of a
main current control which comprises 18 equal-sized 3-state
buffers that allow for the control of charge/discharge current
of the MOScap array. With the combination of both time de-
lay techniques, the coarse delay Ty 4., can be set from 7.5 ps
to 75 ps and the fine delay Ty ., from 0.75 ps to 7.5 ps.
The clock jitter coupled from power supply to the delay-
cells was minimized with a proper on-chip bypass capacitor
decoupling. The impedance of power and ground lines of

3 Note that fine and coarse delay control are daisy-chained but they
are not designed to be controlled simultaneously because they have
different applications.



Benjamin T. Reyes et al.

—

il Loe ok o &
ontrol Logic i

SAR
>Samp

Fig. 10 Asynchronous SAR ADC topology.

the cells were also verified with post-layout simulations to
achieve a minimum IR-drop.

4 Design of the 6-Bit Single SAR ADC

The implemented asynchronous SAR ADC topology is de-
tailed in Fig. 10. It is based on a binary-weighted redistribu-
tion-charge DAC, a latched comparator, and a self-clocked
asynchronous control logic. The differential capacitor array
DAC is composed of 6.5 fF metal-fringe capacitor unit-cells
(C,) from standard technology library. The selected value
of C, allows for a minimum size and, at the same time,
enough matching and reliability for the 6 bits resolution re-
quired [10].

The latched comparator topology is a PMOS StrongArm
[21] with a resistive load differential pre-amplifier. This pre-
amplifier includes an auxiliary differential pair for offset cal-
ibration purposes [9]. In Section 4.1 the comparator offset
calibration procedure is detailed.

Figure 11 shows the asynchronous SAR timing diagram.
The sequence starts with the SAR sample signal, provided by
the intra-slice clock divider and the SAR internal logic gates
(see Fig. 3). Here, the top plates terminals of capacitor array
DAC are shorted to the common-mode voltage (V) and the
bottom plate terminals are connected to the THA differential
outputs. After sampling, the shift-register (SR) is clocked
and the DAC is set for MSB comparison. When the compar-
ison ends, a detector (NOR gate at the comparator outputs)
toggles the ready signal that is buffered to clock the SR. Af-
ter that, the control logic sets the DAC and the comparator
is reset to allow the next comparison cycle. Also, due to the
timing restriction at the sequential logic, a carefully custom
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Fig. 11 Asynchronous SAR ADC timing diagram.

logic design was required on all flip-flops and combinational
gates to achieve high-speed and low power consumption.

4.1 Calibration of the Comparator Offset

The offset of the comparator defines the SAR offset (with-
out considering the THA offset), and it can take large val-
ues (several LSBs) for small area comparators. Therefore,
a comparator offset calibration is required to avoid intra-
slice offset mismatch (i.e., between the two sub-interleaved
SAR).

As shown in the timing diagram of Fig. 11, after the 6
bits comparison cycles, the signal Ly closes the switch S
(see Fig. 10) and the comparator inputs are shorted. Since
no input voltage is applied, the Lo-th comparison cycle is
decided as a result of the offset voltage at the latch regener-
ation nodes, including both, pre-amp static offset and latch
dynamic offset. As proposed in [9], the comparison result is
stored as a fixed charge in a small (parasitic) capacitor C,,
and then it is averaged with the past decisions in an inte-
gration capacitor C,,;. Finally, the offset calibration loop is
closed by the auxiliary differential pair in the pre-amplifier
to compensate the equivalent input offset.

Note that, since the calibration method proposed in [9]
is a foreground technique for flash converters, here the com-
parator offset calibration runs in background, without affect-
ing the normal operation of the SAR ADC. It is important to
remark that if there is a comparator metastable state (i.e.,
a long regeneration time comparison) in the approximation
cycle, this will not affect the quantization process. In fact, if
a comparison cycle takes a very long time, the offset calibra-
tion cycle will be skipped but it will not degrade the offset
calibration. A similar scheme has been recently used in [16].

4 Note that each THA buffer introduces an inter-slice offset, but this
mismatch is compensated with a digital off-chip processing.
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5 LVDS Transmitter

The chip architecture requires a high-speed interface to trans-
mit at full sampling rate (i.e., 6 bits x 2 GS/s = 12 Gb/s)
from the TI-ADC to a high performance FPGA board. A
12-channel LVDS transmitter was designed for this aim
[28]. As it is well-known, a chip-to-chip interface based on
printed circuit board (PCB) traces (cooper channels) suffers
from limited bandwidth due to frequency dependent chan-
nel loss caused by the skin effect and the dielectric loss [15].
Furthermore, the limited bandwidth over FR4 media gener-
ates inter-symbol interference (ISI) that is usually observed
in the form of data dependent jitter (DDJ) [14]. Thus, at rela-
tively high-speed data rates (>1 Gb/s) and long copper chan-
nels (>10 inches), a high DDJ (ISI effect) can be observed
in LVDS links [14, 17].

Pre-equalization (or pre-emphasis) is the preferred meth-
od for channel compensation in LVDS interfaces due to its
low power consumption, reduced silicon area, and simplicity
of design [24,35]. A fixed amount of pre-emphasis is usu-
ally implemented in some reported LVDS drivers [24, 34].
However, the amount of pre-emphasis should be adjusted
for each Tx chip environment (e.g. different FR4 channel
lengths) to effectively equalize the ISI channel. For this rea-
son, we designed an LVDS driver with channel pre-equaliza-
tion based on a programmable pre-emphasis circuit to adjust
the LVDS Tx pre-equalization for different operation envi-
ronments (e.g., different copper channel lengths, board sub-
strate or chip packagings).

Figure 12 shows the Tx architecture. Each Tx channel
consists of a 4:1 multiplexer, a pre-driver circuit, and an
LVDS driver. The MUX 4:1 is based on four transmission
gate switches that are sequenced by a shift register. The pre-
driver block includes a retiming circuit, a 1.2 V to 2.5 V
CMOS level-shifter and a chain of CMOS buffers. The re-
timing circuit is composed of two static D flip-flops (DFF)
that provide the complementary signals D and D for the level
shifter input without phase skew between them. Besides, the

0 .
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Fig. 13 BSCS driver with programmable pre-emphasis circuit: (a)
Pre-emphasis delay selector, (b) BSCS driver with pre-emphasis cir-
cuit.

LVDS driver includes a common-mode feedback (CMFB)
block and a programmable pre-emphasis circuit.

5.1 Driver

The LVDS standard [1] defines the electrical requirements
for an LVDS driver (e.g. typical differential swing voltage
(Vop) of 350 mV, common-mode voltage (Vcyy) of 1.2V, and
a 100 Q differential impedance at the receiver). An LVDS
driver is basically a current mode differential driver that can
be implemented in several topologies. The driver topology
used in this implementation is the bridged-switches current
source (BSCS) [3,6]. This topology is simple, features a low
power consumption and can operate at the 2.5 V supply volt-
age that is available for the I/O ports of the chip. A common
mode feedback (CMFB) loop is also used to fix the DC out-
put level at 1.2 V (Fig. 12). Furthermore, an on chip 100 Q
resistance is added for transmission line impedance match-
ing [3].

5.2 Pre-emphasis

A pre-emphasis circuit provides an additional current pulse
on each bit transition to speed up rise/fall time, thus over-
coming the drawback of different channel lengths. In this
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has been used. However, a programmable delay block to
control the time duration of the pre-emphasis current-pulse
has been added.

Figure 13 shows the delay cell for pre-emphasis control
and BSCS driver connection. The programmable delay cells
are based on a chain of inverter buffers and a transmission
gate selector. The delayed signals, D, and Dy, are generated
from the original signals, D and D, respectively, by means
of delay cells. Fig. 14(a) depicts the overlapping of the sig-
nals D, D, and D, D that turn on the pre-emphasis current
in each bit transition. Fig. 14(b) plots the output driver cur-
rent with the pre-emphasis current pulses added. Hence, the
output Vpp shows a peaking on each bit transition.

6 Experimental Results

The chip was fabricated in a 0.13 pm standard CMOS pro-
cess and the die size is 3 mm x 3.5 mm (including pads).
Fig. 15 shows the chip die micrograph. In the following,

some experimental results of the fabricated TI-ADC and LVDS

Tx are presented.

6.1 Measurement Setup

Chip testing and measurements required the development of
a special platform. Fig. 16 depicts the setup used for test-
ing, which includes an FPGA board. Here, the ADC data is
first transferred to the FPGA and then to a PC through an
Ethernet link. Then the sampled signal is digitally processed
at the PC to obtain the parameters of interest. A graphical
user interface (GUI) software was also developed to control
the ADC configuration. Using the GUI at the PC, the user
can manage near 1 K-bit registers that configure the com-
plete ADC via a USB interface. Also, the LVDS interface
outputs was measured to verify pre-emphasis programma-
bility using a 20 GS/s digital oscilloscope. Fig. 17 shows
the test boards and laboratory testing setup.

Fig. 15 Chip die photo. Die size: 3mm x 3.5mm.
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Post - procesing
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2
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60
o

g 00 000
Input Frequency (MHz)
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Analog Signal

(DUT) (ADC GUI config.)
GUI: ADC Configuration
12 Ch LVDS ¢ 5 > F = = 2
/l/(leps/ch) \ \
FPGA \ V4

Amplitud (dB)

ALTERA
Stratix IV

Ethernet
(ADC samples)

Fig. 16 A/D converter test setup

Fig. 17 A/D converter test board (top-left), FPGA+ADC board
(bottom-left), Lab. test setup (right).

Unless otherwise specified, the converter is clocked ex-
ternally by a 1 GHz clock signal so that the TI-ADC operates
at F; =2 GS/s sampling rate. Also, a sinusoidal input signal
is used to characterize the performance of TI-ADC at each
input frequency.

6.2 LVDS Pre-Emphasis Results

The LVDS interface is the first verified to guarantee an
optimal data transmission from the test chip to the FPGA.
Fig. 18 shows the transmission link setting used in both,
simulations and experimental measurements of the LVDS
design. The effectiveness of the fabricated pre-emphasis cir-
cuit has been verified by processing the LVDS captured sig-



A 2GS/s 6-bit CMOS Time-Interleaved ADC for Analysis of Mixed-Signal Calibration Techniques 9

T
(our Chip)

Rx ( FPGA chip)

'Package! PCB :

Input
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Fig. 18 Transmission link setup for LVDS design and measurements.
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Fig. 19 Eye diagrams (without channel effect) at 1.66 Gb/s with pre-
emphasis ON: (a) simulation, (b) measurement.

(a) (b)
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Differential Amp. (V)

1
x107°

Fig. 20 Eye diagrams output at 1.66 Gb/s: (a) with minimum amount
of pre-emphasis and after 6” FR4 copper channel model and (b)
medium amount of pre-emphasis and after 30” FR4 copper channel
model

nal (using a high-speed digital oscilloscope) with different
FR4 microstrip transmission line models. The measurements
results of LVDS interface were done at 1.66 Gb/s.

Figure 19 shows simulated and measured eye diagrams
with the pre-emphasis circuit turned on but without FR4
channel. A good agreement between simulated and experi-
mental can be observed. Fig. 20 presents the eye diagram re-
sults for two channel length models with different amount of
pre-emphasis level. In both cases (6” and 30” copper chan-
nel) the eye diagrams show a proper equalization.

The active area per LVDS channel is 0.084 mm?. The
total power consumption of LVDS Tx is 260 mW, including
the 12 LVDS data channels and two reference clock chan-
nels. The total chip area for data transmission is 2.1 mm?Z,

including on-chip bypass capacitors.

35

30
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g 25 8
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—=— ENOB TI-ADC (Calib. Phase)
15/ - -w-- ENOB TIADC (Uncalib. Phase)

7 108 9
Input Frequency (Hz)
Fig. 21 SNDR and ENOB vs. input frequency.

6.3 TI-ADC Results

Figure 21 shows the SNDR and the effective-number-of-bits
(ENOB) as a function of the analog input frequency, F,>.
The performance of a single SAR converter achieves a peak
SNDR of 34.2 dB (5.39 ENOB) and 33 dB (5.2 ENOB) at
near Nyquist input frequencies. The slice channel perfor-
mance shows less than 0.3 dB SNDR degradation compared
to a single SAR in all the measured bandwidth. This means
that the comparator offset calibration circuit works properly
and no intra-slice offset mismatch is noted between the two
sub-interleaved SAR ADC. Also, the TI-ADC achieves a
peak SNDR of 33.9 dB (same as the slice) at low F;, after
the off-chip compensation of the gain and offset of the THA.
A predictable SNDR degradation can be noted at high in-
put frequencies due to sampling phase mismatch. However,
after the manual delay cells adjustment on each sampling
phase ©, an SNDR of 31.4 dB (4.92 ENOB) is achieved for
the complete TI-ADC at F; = 2 GS/s and F;, = 937 MHz.
Fig. 22 shows a comparison of delay cells calibration ef-
fects based on fast Fourier transform (FFT) analysis.

The total random RMS jitter in the clock sampling phases
is estimated from measurements in 1.9 ps. This jitter value
is enough to achieve the ideal 6 ENOB at 1 GHz sinusoidal
input signal. The jitter in the clock signals is mainly due to
extra CMOS buffers in the programmable delay-cells. How-
ever, the requirements of the emulation platform about vari-
able Fy and wide time delay control have limited the jitter
performance optimization. The clock jitter could be drasti-
cally reduced if the delay-cells were designed for a fixed Fj
and a more limited time-delay control.

The power consumption of each SAR ADC is 3.3 mW at
1.2 V power voltage. The figure-of-merit (FOM), defined as

> These measurements were carried out with the VGA bypassed.
6 Each delay cell was adjusted by an iterative method to find the best
SNDR of a sinusoidal input signal at near Nyquist frequency.



Benjamin T. Reyes et al.

10
o (@) ‘ o ‘ (b)
-10 -10
-20 -20
-30 -30

Magnitude (dB)
|
N
o

|
[22]
o

-70

80 02 0.4 06 0.8

Input Freq. (GHz)

8% 02 0.4 06 08 1
Input Freq. (GHz)

1

Fig. 22 FFT Analysis comparison of TI-ADC output: (a) without
phase calibration (b) with calibrated phase mismatch using program-
mable delay cells. Measured at V,NM”, = = 400 mV , F;, = 937 MHz,
Fy = 2 GHz, FF Tygnpies = 32768.

o o
= N

7, T T oo oo 19 wnva? TJ,?QTTT
$ LLJ: i'l J,Jf’ Pee l

o

0.1y

0.2 ; ; ; ; ;
0 10 20 40 50 60

Code

DNL (LSB)

,a?wTT?a.vT?T?
R l l

o
n L
a o

-0.25

INL (LSB)

|
o
[$)]
T

i
0 10 20 30 40 50 60
Code

Fig. 23 Dynamic measurement of DNL and INL for the complete
TI-ADC F; =2 GS/s, F;,, = 3 MHz.

FOM = Power/(2ENOBNw x Fy), is 0.63 (pJ/Conv-Step) for
each single SAR ADC. Each interleaved channel consumes
24 mW, including the two SAR ADCs, the THA (12.6 mW),
and the delay cell (3.2 mW). The power consumption of
the full TI-ADC is 192 mW at 2 GS/s (without considering
VGA and Clock Phase Generator), while the FOM for over-
all TI-ADC is 3.17 (pJ/Conv-Step). The differential-non-
linearity (DNL) and integral-non-linearity (INL) of the TI-
ADC are 0.16 LSB and 0.49 LSB, respectively (see Fig. 23).
The TI-ADC occupies a 1.8mm x 1.8mm area (without in-
cluding Tx and VGA) (see Fig. 15). The VGA consumes
27.6 mW and the phase generator (including input buffers)
33 mW. Table 2 provides a performance summary of the
complete chip.

Table 3 shows a comparison between this work and other
time interleaved SAR ADCs fabricated with the same tech-
nology process and with sampling rate over 1 GS/s [5, 18].
According to the survey [22], the prototype presented here is

Table 2 Performance Summary of Prototype Chip.

Single SAR Full TI-ADC
Resolution [bits] 6
Vin [Vpp—difr] 0.4
Sampling Freq. [MHz] 12.5t0 125 200 to 2000
ERBW [GHz] 1 1
ENOB [bits] 5.2 4.92
DNL/INL [LSB] 0.21/0.52 0.16/0.49
Power Cons. [mW] 3.3 192
FOM [pJ/conv-step] 0.63 3.163
Active Area [mm2] 0.065 3.24
Programmable Delay Cell
Delay Adjust Mode Nominal Max. Delay
(F,=2 GS/s) (F; <2 GS/s)
Fine Step [ps] 0.62 35
Fine Range [ps] +12.4 +70
Coarse Step [ps] 7.15 15.25
Coarse Range [ps] +143 +305
Power Cons. [mW] 3.3 1.1
8-Phase Generator
Operating Freq. [MHz] 200 to 2000
Power Cons. [mW] 33
Input VGA
VGA Gain [dB] -3.5t09.6
Gain Step (Avg.) [dB] 0.4
Power Cons. [mW] 27.6
LVDS Transmitter
Number of Channels 12 Data + 2 Sync. Clk.
Data Rate / Channel 1 Gb/s (Max. 1.66 Gb/s)
Power Cons. [mW] 260 mW (18.5 mW/Ch)
Active Area [mm2] 2.1 mm? (0.084 mm? /Ch)
Supply Voltage Core=12V/LVDSTx+1/0=25V
Chip Power Cons. [mW] 515
Technology IBM 0.13pum CMOS
Die Size 3.5mm x 3mm
Package QFN 64pin, 10mm x 10mm

Table 3 Performance Comparison of Time Interleaved SAR ADCs.

| Reference | Thiswork | [18] [ [5] |

Architecture TI-SAR | TI-SAR | TI-SAR
Technology 0.13um | 0.13um | 0.13um
Resolution [bits] 6 10 6
Sampling Freq. [GHz] 2 1.35 1.25
ERBW [GHz] 1 1 0.45
ENOB 4.92 7.7 5
Power Cons. [mW] 192 168 32
FOM [pJ/conv-step] 3.163 0.6 1.09
Active Area [mm2] 3.24 1.6 0.09

the fastest time interleaved SAR converter that has been re-
ported in 0.13 pm technology process or any other previous

technology.

7 Conclusions

A 2-GS/s 6-bit TI-SAR ADC has been designed, fabricated,
and characterized. The converter and its LVDS transmitter
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was measured and verified. The calibration capabilities of
the chip were also demonstrated and measured. The imple-
mented TI-ADC provides an excellent platform to evalu-
ate mixed-signal calibration algorithms, which are required
for application in high-speed optical systems. Future work
will include verification of sampling phase calibration al-
gorithms using the prototype TI-ADC integrating a com-
plete communication system. New research on ADC mixed-
signal calibration algorithms will also be carried out taking
advantage of the experimental platform presented here.

A Appendix: Metastability Analisys in SAR ADCs

The metastability has been widely studied in the past literature (e.g.,
see [?,20,33]). The probability of a metastable state in a comparator is
given by [?,33]

2Vlogive(7T'Pg/T)

P
APreVFS

1R

()]

where Vi is the power voltage used in the comparator, 7', is the
time available for latch regeneration, 7 is the time constant at the regen-
eration latch output (7 = g,,/C), Apye is the comparator pre-amplifier
gain, and Vg is the maximum differential swing at the comparator
inputs.

For a conventional N-bit SAR-ADC, the probability of a metasta-
ble state (or conversion error rate) in a complete conversion cycle can
be estimated considering that Vg is reduced by half after each subcy-
cle. Then, the probability of a metastable event (P)) after N subcycles
results in

Py = 2P+ ... +2V'P,, )
=2V -1P. 3)

Assuming that 2V >> 1, we get

Py~ 2V P = 2V el T/, @)

where & = (2Viogic)/(ApreVrs). Note that the probability of a metasta-
ble event in (4) is similar to the one achieved by a Flash ADC deduced
in [?]. In order to obtain a low error conversion rate, the ratio (T, /7)
should be maximized. Since 7 is a constant constrained by the technol-
ogy process, note that the maximum value of 7,,, shall be determined
by the desired conversion error rate, that is,

Tg=1T [fln (Pu)+1n (ZNOC)} . 5

For a given value of Py, the sampling period of a synchronous
SAR (S-SAR) is

Ts—sar = T; + N(Treg + TLogic + TDAC;H)7 (6)

where 7; is the DAC tracking time, T7,g;c is the clock to DAC switch
propagation delay, and Tpac,,, is the DAC settling time. On the other
hand, for an asynchronous SAR (A-SAR) topology, the minimum sam-
pling period is given by

Ty—s5ar = T; + Treg + M7+ N(Tcapac + Tpac. ) )

where T,,, is the extra time considered for a metastable state resolu-
tion and Tropac is the propagation delay from ready signal to DAC
switch; term M7 is the total regeneration time required for all the asyn-
chronous SAR approximation cycles (without considering a metastable
state) where M is given by [7]:

M~ N*In(2) — (N/2)(N —1)In(2) ®)

Parameters 7, o, Tpac,,, I;, and Teopac have been derived from
Spice simulation results for 130 wm CMOS technology. Finally, curves

in Fig.4 are easily derived from (5), (6), and (7).
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