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A 4-GS/s Single Channel Reconfigurable Folding
Flash ADC for Wireline Applications
in 16-nm FinFET

Luke Wang, Marc-Andre LaCroix, and Anthony Chan Carusone

Abstract—This brief presents a 4-GS/s single channel folding
flash analog-to-digital converter (ADC) designed to be time-
interleaved for wireline receivers in 16-nm FinFET CMOS. The
resolution of the ADC is scalable to enable power savings depend-
ing on link modulation format (2 PAM/4 PAM) and link loss.
A 1-bit folding stage determines the MSB, while the LSBs are
determined by a 5-bit full flash where each comparator can
be individually enabled/disabled. At 6-bit resolution, the ADC
including a variable gain amplifier achieves an SNDR of 30.7 dB
and an SFDR of 40.6 dB at Nyquist frequency while consuming
34.4 mW from a 0.9-V supply, yielding an FOM of 303 fJ/conv-
step. At lower resolutions of 5, 4, and 3 bits, the FOM remains
low at 295, 320, and 399 fJ/conv-step, respectively, at Nyquist
frequency.

Index Terms—Analog-to-digital converter (ADC), high speed,
flash, folding, FinFET, reconfigurable, wireline.

I. INTRODUCTION

NALOG to digital converter (ADC) based receivers are

used in wireline links for their ability to compensate high
loss (>20dB at Nyquist) & cross-talk channels. The front-end
ADC is normally followed by a synthesized digital signal pro-
cessing (DSP) engine which implements equalization and/or
forward error correction (FEC). The synthesized DSP is easily
malleable to cover link conditions across multiple standards. In
addition, the DSP allows for better resilience against process
variations as the design moves to smaller CMOS technol-
ogy nodes. Traditional mixed-signal receivers do not offer
as much portability and re-configurability as an ADC-based
design, but may offer a lower power consumption. With the
advent of higher order modulation formats such as 4PAM,
the architecture of traditional mixed-signal receivers began
to resemble that of a flash ADC [1], where multiple com-
parators are used in parallel to quantize the signal. This in
turn makes the power advantage of mixed-signal receivers less
obvious. In addition, several ideas such as embedding equal-
ization in the ADC itself [2]-[4] and utilizing non-uniform
quantization [5] to minimize the bit-error-rate (BER) further
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Fig. 1. Conceptual 8-way time-interleaved ADC.

blurs the distinction between ADC-based receivers and mixed-
signal receivers. In fact [3]-[5] indicate that the true resolution
needed for a 2PAM link is only 3-4 bits. This is in stark con-
trast to the common use of 6-7 bit ADCs in receivers [6]-[8]
which are significantly over-designed.

For an ADC-based receiver, the front-end ADC must be
time-interleaved to achieve good power efficiency at speeds
of 10GS/s and above. Fig. 1 shows a conceptual 8 way
time-interleaved ADC operating at a sampling frequency of
fs, where each channel operates at fi/8, sampling the input
sequentially in time. All 8 channels are driven by a shared
input buffer. Each individual channel is usually a successive
approximation register (SAR) [2] or flash ADC [7], [8], as
these architectures provide the best power efficiency at reso-
lutions needed for wireline links. In this brief, a folding flash
ADC is designed as part of a time-interleaved ADC in 16nm
FinFET CMOS. The flash ADC provides better latency than
its SAR counterpart, allowing more latency to be budgeted
for more aggressive error correction coding and a higher BW
CDR for better jitter tracking. In addition, power scalability
is much more prominent in a flash architecture than a SAR
architecture. By individually controlling the enable of each
and every comparator in the array, the flash ADC in this brief
is scalable in resolution and can also be used as a non-uniform
quantizer.

II. ADC ARCHITECTURE

A. System Architecture

The ADC architecture is shown in Fig 2. It consists of
a track and hold (T&H) using a NMOS switch, a variable gain
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Fig. 3. (a) Clock generation circuitry and (b) timing diagram.

amplifier (VGA), a 1-bit folding stage, and a 5-bit full flash.
The sampling capacitor Cs of ~15fF consists of metalliza-
tion and the input capacitance of the VGA. The 1-bit folding
stage [9] is activated based on the MSB comparator decision,
and simply exchanges the differential inputs if the sign is
negative. This simple folding operation allows the number of
comparators to be reduced by almost half. The VGA allows
for input range adjustment depending on transmitter swing and
channel attenuation, essentially extending the dynamic range
of the ADC. It also allows for calibration of gain mismatch
when the channel is integrated in a time-interleaved ADC.
A PMOS source follower (SF) is used to buffer the large input
capacitance of the 5-bit full flash. As part of the design, the
current of the PMOS buffer can be increased 2x depending on
the resolution of the flash.

B. Clock Generation and Timing

The clock generation and timing diagram are shown in
Fig. 3a and Fig. 3b respectively. An on-chip PLL generates
a differential clock at 16.25GHz with <200fs rms jitter, which
is used by a divide-by-4 to generate 8 phases, ¢q...¢p7, of
an fox = 4.0625GHz clock spaced at 1/(8f;x). Two adjacent
phases of this clock are then gated to generate a sampling
clock CLKg with 1/8 duty cycle. In the 8-way time-interleaved
configuration in Fig. 1, this allows only 1 T&H/channel to
load the input at a time, therefore improving the bandwidth of
the input buffer. In terms of potential input buffer design, in
this technology, a unity gain buffer with an output impedance
of 50€2, driving up to 400um of total interconnect (up to
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Fig. 4. (a) Source-degenerated VGA for gain control, (b) MSB comparator
with offset cancellation.

8 subADCs) and one T&H at a time can provide 20GHz BW
while consuming 10mW. After the input is sampled, ~61.5ps
is allocated for the output of the VGA to settle before CLKysp
triggers the MSB comparator. A simple delay line creates
CLKysp from a delayed version of ¢g. The decision of the
comparator activates the folding switches in the appropriate
direction immediately after it is ready. The switches are then
opened slightly before CLKysp falls low. This allows the volt-
age to remain unaffected by the kickback caused by the reset
of the MSB comparator. The full 5-bit flash is then activated
by CLKrsg which is simply a buffered version of ¢y. Note
that the folder activation time depends on the magnitude of
the input to the MSB comparator, but is guaranteed by design
(considering the best case MSB comparator decision time and
routing delay) to be after the previous LSB decision is fin-
ished. In this way, the folding switches are essentially used to
pipeline the conversion.

III. CIRCUIT DESIGN CONSIDERATIONS
A. System Level Considerations

The ADC was designed to operate at 0.9V supply with
a nominal full-scale range of 500mVppq & an input common
mode of 400mV. The VGA, shown in Fig. 4a, is a simple
differential pair with PMOS degeneration. The control VTyng
is generated by a 5-bit R-DAC. The MSB comparator, shown
in Fig. 4b, is a double-tail latch [10] with offset cancellation
implemented using a signed 5-bit C-DAC (2 bit thermome-
ter, 3 bit binary) at Dy & Dip. The C-DAC covers > 3o
(o = 1.5LSB) of comparator offset with a nominal step size
of approximately 1/4 LSB. The C-DAC provides lower ther-
mal noise than adding an additional input pair or current DAC
for calibration. The MSB comparator is sized /2 x larger than
the LSB comparators for lower noise & offset since its decision
is more crucial.

B. Design of 5-Bit Flash ADC

The 5-bit flash ADC, buffered by the PMOS SF, consists
of 31 comparators, a resistor ladder, and a Wallace tree adder
as an encoder. The LSB comparator, shown in Fig. Sa, is also
a double tail latch with offset calibration using a signed 5-bit
CDAC with nominal step of 1/4 LSB. An additional input pair
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Fig. 6. (a) Kickback reduction by staggering comparator activation and (b) by
cancelling systematic average kickback through shifting of references VRgp
by 2 LSBs.

is added to connect to the references Vrgr from the resistor
ladder. Each dynamic comparator is clock-gated with an enable
signal, thereby allowing the ADC quantization levels and reso-
lution to be flexible. The comparators are sized for a simulated
thermal noise of 1.2mV;ys compared to a quantization noise
level of 2.255mV . In the 16nm FinFET process, the ther-
mal noise may be 2x larger than a planar process, therefore
the comparator size is large enough to cause significant kick-
back at the input to the flash. To alleviate this issue, three
techniques were used.

C. Kickback Mitigation

The first technique is to add kickback cancellation [11] to
the comparator as shown in Fig. 5b. First, the source of the
input transistor is reset through M1 instead of left floating,
thereby minimizing the drift on the sampled voltage. Second,
cross-coupling transistors M2 & M3 are added to convert
any differential kickback to common mode. Third, transistors
M4 & MS5 are added at the gate of the input devices to supply
charge.

The second technique, shown in Fig. 6a, is to stagger the
comparators in 3 delayed groups such that the kickback is
reduced. This disadvantage of this is the LSB comparator deci-
sion time is reduced, but in this technology the comparator
time constant is small enough to guarantee a meta-stability
rate of 10~!2. Finally, since the folding ideally ensures only
positive differential voltages appear at the input of the flash,
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Fig. 8. Resistor ladder and control of common mode and LSB size through
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the kickback is always in the same direction. Therefore, the
resistor ladder taps are shifted down by 2 LSBs to account
for this systematic offset as shown in Fig. 6b. Fig. 7 shows
simulation results where the RCC extracted ADC was cali-
brated for offset before and after the shift. This simulation did
not include random mismatch, therefore the offset calibrated
results primarily from kickback and minor systematic offset
after layout. The DAC codes shown suggest a kickback that
introduces a systematic offset with a range of 16 DAC codes or
~9mV, where after the shift, additional margin is introduced
for the negative range of the DAC.

D. Reference Generation

For reference generation, the R-ladder shown in Fig. 8 draws
only 50uA, with a 1.2pF decoupling capacitor at each node
for a maximum single-ended droop of 1/2 LSB. A single-
stage op-amp is used in feedback with a loop gain of 40dB
to set the common mode of the ladder. This common mode
is adjustable through an R-DAC, and the bias current of the
ladder is also adjustable. This enables LSB size and there-
fore input full scale range adjustment, or additional calibration
range for PVT variations.

E. Folding Considerations

It should be noted that the 1 bit folding operation essentially
doubles the highest frequency content of the waveform. This
can be easily seen by considering a triangular wave input:
the 1 bit folded waveform is simply a triangular wave at
double the frequency with a DC offset. Similarly, a Nyquist
signal at fj, near fs/2 now appears near f, which when aliased
becomes a very “slow” signal near DC, while a signal at fj,



1370

~1|60pm

Fig. 9. Die photo & layout floorplan with ADC components labelled. Total
active area is 60mx290m.

6 T T T T T T

Number of Hits
P @ £ o

=y

L]

5 10 -5 0 5 10 15 20 25
DAC Code

Lo
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near fy/4 appears near fs/2. Therefore, the settling requirement
after folding is hardest for a signal near f¢/4. As a result, in
this design the SFDR and therefore SNDR degrades near this
frequency instead of fg/2. This can be alleviated by resetting
the folding node after each conversion at the cost of a fur-
ther reduction in the comparators’ decision time or additional
pipelining which adds latency.

F. Process Considerations

The nominal supply in this process is 0.8V, however in
order to achieve sufficient linearity in this design, an ana-
log supply of 0.9V was used. Layout rules are also more
restrictive, requiring uniformity and additional dummification.
More importantly, layouts must meet EM requirements, fur-
ther restricting design choices. In particular, FinFETs suffer
from self-heating effect (SHE), which can cause up to a 20°C
increase in temp., proportional to the number of fins. For mini-
mum length devices, this prototype restricts the number of fins
to be <=8, targeting a max. temp. of 80°C without SHE.

IV. MEASUREMENTS

The ADC was fabricated in the TSMC 16nm FinFET
CMOS process. The die photo & layout floorplan are shown in
Fig. 9 with a total active area of approximately 60,4mx290um.
To calibrate the comparator offsets, an off-chip DAC with an
accuracy of +/—2mV sweeps the input and through a binary
search using 1000 averaged decisions per iteration the C-DAC
code of each comparator is changed until its offset is mini-
mized. The comparator offset standard deviation is measured
in this way to be 1.56 LSB, with the final C-DAC settings
between -14 & 21 as shown in Fig. 10, thereby validating
that the C-DAC range of +/—31 is more than sufficient. The
input-referred thermal noise of the ADC was also extracted to
be 3.61mV,g by Gaussian fitting an output histogram with
zero input.

Fig. 11 shows the DNL/INL before and after calibra-
tion: DNL improves from —0.907/1.444 to —0.757/0.542,
and the INL improves from —2.364/2.047 to —1.035/0.195.
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Fig. 11. DNL/INL before (grey dashed) and after (black solid) calibration.
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Fig. 12.  SNDR/SFDR performance up to Nyquist (Fs = 4.0625GS/s).

Fig. 12 shows the SNDR/SFDR before and after calibration.
Note that the SFDR is lowest for input frequencies around
fg/4 as this results in the highest frequency signal at the output
of the folding stage as discussed previously. Fig. 13 shows the
spectrum of the ADC at a near Nyquist input of 2.0243GHz.
A SNDR of 30.68dB and a SFDR of 40.6dB is achieved at
Nyquist with a total power consumption of 34.44mW from
a 0.9V supply, yielding a FOM of 303fJ/conv-step including
the VGA and all clock distribution & generation (including
2 stages of clock buffers operating at 16GHz but exclud-
ing the PLL). The total power consists of a static power of
5.72mW (16.6%) and a dynamic power of 28.72mW (83.4%).
The PMOS SF that buffers the 5-bit flash consumes 70.8%
of the total static power. The comparators in total consume
87.2% of the total dynamic power, with each LSB comparator
consuming 772.54W, leading to a significant power saving
if some of them can be disabled depending on target reso-
lution for link. Fig. 14 shows ADC SNDR vs. resolution as
comparators are disabled. For resolutions < 4, the PMOS SF
current is halved. A FOM of 295f]/conv-step, 320f]/conv-step,
399f]J/conv-step, 814f]/conv-step is achieved for resolutions 5,
4, 3, & 2 bits respectively.

Table I compares the performance of this ADC at various
resolutions with other folding flash ADCs. Single channel suc-
cessive approximation register (SAR) ADCs may be more
power-efficient, however, in addition to requiring a much
higher interleaving factor (~ 4x), SAR architecture is inca-
pable of power-scaling as efficiently as the flash architecture.
The power efficiency is comparable, except for [9] which has
a BER =1.3e-3 not suitable for wireline use and has no
gain stage. In this brief, the Wallace encoder provides better
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tolerance to bit errors. The VGA in this brief has a measured
maximum DC gain of 5.8dB with a SFDR better than 38dB for
all gain settings as shown in Fig. 15 with a Nyquist rate input.
For time-interleaving to higher frequencies, Fig. 16 shows the
ADC SNDR/SFDR up to 24GHz, where the insertion loss
due to equipment, PCB, & package were compensated by
increasing the signal source amplitude. The performance is
4.27 ENOB at 16GHz, limited by the 3" harmonic.

1371

TABLE I
SUMMARY & COMPARISON OF FOLDING FLASH ADCs

Ref. 9] [6] [7] [8] This Work
Node[nm] 90 40 40 28 16

FSR[V] 0.8 1 N/A 0.7 0.5
Fs [GSs] 1.75 2.2 10.3 10.3 4.0625
Res.[Bits] 5 7 6 6 6 5 4 3
ENOB@ 4.7 592 | 456 | 4.59 4.8 43 3.7 2.75
Nyquist

Power 2.2 27.4 139 409 | 344 | 235 169 | 10.9

[mW]

FOM 50 220 590 330 303 295 320 399
[fJ/conv]

V. CONCLUSION

A 4GS/s folding flash ADC was presented that can be used
as a single channel in a time-interleaved ADC for wireline
applications. This ADC addresses the prominent overdesign
in ADC-based receivers by allowing for resolution reduction
based on the operating link conditions. At a resolution from
3 bits to 6 bits, the ADC maintains a good FoM ranging from
303-399 flJ/conv-step at Nyquist.
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