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ABSTRACT

A common trend in digital communications has been the increasing use of digital signal processing
especially with CMOS technology. The realization of multi-GSample/s (GS/s) analog-to-digital
converters (ADCs) draws a growing interest in incorporating CMOS ADCs as the frontend of high-
speed serializers/deserializers (SerDes). Digital receiver frontends have emerged as a possible
solution for the next-generation serial 1/0 receiver design in advanced CMOS technologies.
Power dissipation has become an important consideration both due to the increased integration and
operating speeds, as well as due to the explosive growth of battery operated applications like mobile,
PDA’s and laptops etc. Today’s technology has been changing rapidly to meet these requirements.
This paper outlooks the different design architectures used to address the above issues to
meet the wide spread requirements of high speed and low power ADC based serial 1/0 receivers.

I.INTRODUCTION To effectively meet these challenges, the common

receiver design has used continuous- time or

DATA RATES FOR serial 1/0 links have been discrete-time forward (FFE) and feedback (DFE)

steadily increasing with on-chip processing rates [1]-[4] equalizers such as one shown in Fig.A
and logic density. In order to utilize a limited COmmMon trend in digital communications has been
number of 1/0 pins, the signaling rates per lane the increasing use of digital signal processing
have exceeded 10 Gbits per second (Gb/s). especially with CMOS technology.
Serial 1/0 designs have to achieve low bit error
rates (BER) in the presence of link nonidealities
such as channel loss, reflection caused by
impedance discontinuity and the crosstalk and
constrained by a stringent power budget.

The realization of multi-GSample/s (GS/s)
analog-to-digital converters (ADCs) draws a
growing interest in incorporating CMOS ADCs as
the frontend of high-speed serializers/deserializers
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(SerDes) [5], [6] and electronic dispersion
compensation (EDC) of optical Ilinks [6],
[7].Compared with traditionalmixed- mode

approach, the advantages of such ADC-based
receiver include:1) better programmability and
extensibility to different channel characteristics; 2)
better equalization robustness to process and
coefficient variations; 3) possibility of using more
powerful signal processing techniques such as
sequence detection to achieve lower BER; and
4)

potential of adopting complex modulation

schemes beyond binary PAM.

DFE
HPF/
FFE
inRy datagy
Deserializer
N

Fig. 1. Mixed-mode SerDes receiver with FFE and
DFE. The feedforward filter may also incorporate
a high-pass filter (HPF). The implementation may
also be split between the transmitter and
receiver.

II-ADC-Based Serial I/0 Receivers

Despite the advantages of an ADC-based
receiver, power consumption and complexity
(multibit ADC and digital equalization) impose a
limit to its application [8]. The fully digital signal
recovery is prevailing in several wired data links
such as DSL (< 100Mb/s per channel) [9], [10],
PRML read channel (< 1Gb/s per channel) [11],
[12] and copper Ethernet (<3Gb/s per channel)
[13], [14] to address the complex channel
characteristic by higher utilization of the channel
capacity.However, the analog (continuous-time
high-pass filter) or mixed-mode (FFE/DFE)
equalization approach still dominates in the low-
attenuating chip-to-chip communication due to
the simplicity and low power consumption.

On the other hand, in the high data rate
application such as backplane with high
attenuation (< 20dB) or multimode optical link
environment, ADC-based receiver [5] has shown
sufficiently comparable power/performance to be
considered in lieu of the traditional mixed-mode
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approach [15], [16]. As shown in a basic digital

receiver comprises an ADC to digitize the
received signal and a digital processor to
perform channel equalization, data detection,

and clock recovery.

An optional analog front-end can be used to
buffer the signal and provide some equalization.
This paper presents an ADC-based receiver that
uses a low-gain analog and mixed-mode pre-
equalizer in conjunction with non-uniform
reference levels for the ADC. The combination
compensates for both the frontend non- ideality
and the channel response while maintaining low
ADC resolution and hence enables low power
consumption. The diagram of the AFE in our
proposed ADC-based receiver is shown in Fig. 3,
which comprises a continuous-time HPF, a
sampled-FIR, and a VGA to perform receiver pre-
filtering.
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Fig. 2. Generic ADC-based receiver architecture.

The low-gain AFE dramatically reduces the
requirement of ADC and digital post processing,
and also allows scalability for both data rate and
technology.
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Fig. 3. Block diagram of the AFE in the proposed

ADC-based receiver. It consists of a continuous-

time HPF, a pre-tap sampled-FIR, and a VGA for
receiver pre-filtering

DSP: 37mWwW
28%

Clock: 12ZmwW
9%

Fig. 4.Receiver power breakdown.

The power breakdown is shown in Fig. 4. It is

noteworthy that the sum of ADC and DSP
power are almost 70% of total power and
they are both expected to be reduced with

the technology scaling.
111 - Low-Power Highly Digitized
Receiver For GFSK Applications

This architecture describes the design and
measurement results of a low-power highly
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digitized receiver for Gaussian frequency-shift
keying modulated input signals at 2.4 GHz.
I-path |
RF in —
Digital filtering |
|8 Shee H ADC and B
match dermodulation |q ¢

Fig. 5. Simplified block diagram of the receiver.

A simplified block diagram of the receiver is shown
in Fig. 5. An external bandpass filter (BPF) selects
the 2.4-GHz band and performs impedance
matching [17]. Two matched low- noise amplifiers
(LNAs) are used in parallel to provide sufficient
isolation between the in-phase (I) and quadrature
(Q) channels after the mixers. The LNAs have been
implemented as V-l converters. The RF output
current is down-converted to a low IF of 500 kHz
by passive mixers, driven directly by a quadrature
voltage-controlled oscillator (VCO) in a PLL. The
measured power consumptions of the various
blocks in the receiver chain are listed in Table I.
The supply voltage for the analog part is 1.8 V,
whereas the digital supply voltage is 1.4 V. The
total power consumption is 31.7 mW in co

TABLE-1
MEASURED POWER CONSUMPTION OF
RECEIVER BLOCKS

Block Power consumption
2xLNA 2x0.3 mAx1.8 V=1.1 mW
PLL 7.6 mAx1.8 V=137 mW
ADC 2.3 mAxL.8 V=4.1 mW
Bandgap 0.1 mAx1.8 V=0.2 mW

1.2 mAx1.8 V=22 mW
74 mAXx1A V=104 mW
3.7 mW

Crystal oscillator
Digital filter+demodulator
Total (analog+digital)

IV- Variable Reference ADC

The receiver architecture is shown in Fig.1,
which consists of an analog/mixed-mode frontend
(AFE), a 4-way interleaved ADC, and a digital
equalizer. In the AFE, a HPF, a sampled pre-tap
FIR, and a VGA have been built to explore
various pre-shaping [18]. While the HPF provides
a low-power prefiltering for post-cursor ISI, the
FIR can cancel the non- causal pre-cursor ISI
which is critical in high-attenuation channel. A
VGA (up to 10dB) buffers the signal before the
ADC and provides an alternative for ADC FSR
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adjustment [19][20]. The ADC has variable
references with up to 4-bit or 16-comparators.
The reference voltage of each comparator can be
adjusted by coarse tuning (selecting the tap-
point from the resistor ladder) and fine tuning
(controlling the PMOS body bias of the reference
buffers) (Fig. 1). By combining both methods,
the reference tuning range of each
comparator is more than 100mV with 2mV step
size, which is sufficient to provide the offset
cancellation of a 4-bit ADC, and also enables
the variable reference tuning.

Fig. 6. Receiver architecture.

The receiver consumes 130mW in 1.1V supply. The
power breakdown is 28mW for the AFE (with T/H),
53mW for 16- comparator ADC (with clock buffer
and reference  generator),12Mw of  clock
interpolation/buffering, and 37mW of digital

DFE. The total power efficiency is

13pJ/bit.

V- Embedded Equalization for ADC Based
Serial 1/0 Receivers

A hybrid ADC receiver architecture which
includes embedded equalization and selective
digital equalization power-down based on
threshold detection is proposed. [21].

DsP

Fig. 7. High speed serial 1/0 link with
ADC-based receiver
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CMOS technology scaling allows for  the efficient
implementation of powerful on-chip digital signal
processing (DSP) algorithms for equalization and
symbol detection. This motivates the use of Analog
to digital converter (ADC)-based analog front ends
in 1/0 receiver design [22], as shown in Fig Here,
the incoming data is quantized, allowing the ISI
cancellation to be implemented in the digital
domain. This digital equalization offers robustness
to PVT variations and is easier to re-configure than
mixed-signal equalization circuitry. Moreover, an
ADC-based receiver also allows for more
spectrally-efficient modulation schemes such as
duobinary or PAM4, and more complicated
equalization methods such as sequence estimation.

Despite these advantages, ADC-based receivers
are generally more complex and consume higher
power than binary receivers. Even with state of
the art multi- GS/s ADC implementations [23],
power is often prohibitive for many systems
where link power efficiency is the key metric. The
digital equalization that follows the ADC can also
consume significant power, comparable to the
power of the ADC [22].

The proposed hybrid ADC receiver architecture is
shown in Fig. 8. Any samples which are below the
necessary performance threshold level, as
indicated by the threshold detector, are passed
through the digital equalizer, while samples
which exceed the threshold are treated as
reliable decisions. For systems with embedded
DFE, the effect of DFE subtraction is reversed in
the digital domain in order to not limit the BER
performance. The performance of the proposed
architecture in terms of potential power savings
of digital equalization is shown in Fig. 9. The
percentage of digital equalization power saving is
given by the probability that the output exceeds

the BER=10'12 threshold value, quantized to
the minimum ADC resolution. With
embedded FFE equalization, saving of more
than 50% of digital equalization power is
possible for up to 37dB of attenuation at
Nyquist frequency.

Threshold Detector

Final
Decasion

Embedded
FFE

Embedded
DFE

Fig 8. Hybrid ADC architecture with modified
threshold.
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Fig. 9. Potential digital power savings with
proposed
hybrid-ADC receiver architecture.

VI. CONCLUSION

Today technology has been changing
rapidly to meet requirements like speed, area
and power. ADC-based serial 1/0 receiver
draws growing interest with technology scaling.
Power consumption remains among the key
issues for both the high-speed ADC and the
high-throughput DSP. Paper is explored for the
different architectures to address power and
speed related issues. The first architecture shows
that many ADC specifications such as resolution
can be relaxed leading to power savings. At the
same time, noise and offset specification for a
SerDes ADC is often more stringent than a
general purpose ADC.

The paper also shows a substantial
trade-off by reducing the amount of
signal processing through incorporating

jointly-optimizing  low-gain  mixed-
signal/analog prefiltering. In the second
architecture the receiver has been realized in a
standard 0.18- m CMOS process and measures
3.5 mm2. The only external components are an
antenna filter and a crystal. The power
consumption is only 32 mW in the continuous
mode, which is at least a factor of two lower than
state-of-the-art CMOS receivers.

power
digital
and

Third paper shows power-performance
improvements by incorporating and jointly-

optimizing the low-gain pre-filtering in an
AFE and variable reference voltages for the
ADC comparators. The receiver consumes

130mW in 1.1V supply. The power breakdown is
28mW for the AFE (with T/H), 53mW for 16-
comparator ADC (with clock buffer and reference
generator), 12mw of clock
interpolation/buffering, and 37mW of digital DFE.
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The total power efficiency is 13pJ/bit.

In fourth architecture, performance of
ADC-based analog front-ends with embedded
equalization was evaluated. It was shown that
embedded FFE results in savings of ADC resolution
and that embedded DFE can also provide improved
BER performance.

A new hybrid ADC receiver architecture is
proposed which employs embedded equalization
and a reliable decision threshold for enabling
additional digital equalization. By enabling the
digital equalizer only when necessary, this
architecture is capable of achieving more than
50% of potential savings in digital equalization
power.

Thus the study shows the overall power
can be improved by suitably designing low gain
filter, AFE and variable reference ADC’'s  with
embedded equilization. Further improvement in
power can be achieved by highly digitized
ADC based receiver designs.
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