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Abstract— Design techniques to improve energy efficiency
of serial link transceivers are presented. Power consumption
is reduced by using: 1) low-power clock generation, recovery,
and distribution schemes; 2) charge-based circuits to implement
analog front-end and samplers/flip-flops; and 3) a partially
segmented voltage-mode (VM) output driver. An
LC-oscillator based digital phase-locked loop (PLL) is
used to generate a low jitter clock that is shared between the
transmitter (Tx) and receiver (Rx). The clock recovery unit
uses a local ring-oscillator based PLL to reduce the number
of phase interpolators and the amount of high-frequency
clock distribution. Charge-based samplers that were shown to
operate with limited return-to-zero voltage swings and consume
only dynamic power are modified to provide non-return-to-zero
outputs and used extensively in the deserializer and Rx front-end
circuits. A partially segmented VM output driver with embedded
2-tap de-emphasis is proposed to reduce power consumption of
pre-drivers. Fabricated in a 65 nm CMOS process, the 14 Gb/s
transceiver prototype employs aforementioned techniques and
achieves an energy efficiency of 2.8 mW/Gb/s. The Tx achieves a
phase margin of 0.36 UI (BER = 10−12) at the end of an 11 dB
loss channel with an energy efficiency of 0.89 mW/Gb/s. The Rx
recovers clock with 1.8 psrms long term absolute jitter at BER
< 10−12 and achieves an energy efficiency of 1.69 mW/Gb/s.
The LC-oscillator based digital PLL achieves an integrated
jitter of 0.605 psrms with an energy efficiency of 0.5 mW/GHz
at 7 GHz output frequency.

Index Terms— Charge-based flip-flop (CFF), digital clock and
data recovery (CDR), voltage-mode (VM) transmitter (Tx).

I. INTRODUCTION

THE demand for off-chip I/O bandwidth is constantly
increasing in order to meet the requirements of modern

multi-core processors and server platforms [1], [2]. Fig. 1
shows performance metrics for state-of-the-art serial link trans-
ceivers with embedded clocking published in last 15 years
(2001–2015). Aggressive technology scaling as governed by
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Moore’s law [3] has helped to increase per pin bandwidth and
improve energy efficiency as illustrated by the trends depicted
in Fig. 1(a) and (b), respectively. Plotting energy efficiency
versus data rate, as shown in Fig. 1(c), indicates that state-of-
the-art serial link transceivers with embedded clocking achieve
an energy efficiency of about 4 pJ/bit. This lower bound on
energy/bit is a byproduct of increasing data rate while using
the same channel (for legacy and cost reasons). As benefits
from technology and voltage scaling taper off, new serial
link architectures and circuit techniques are needed to reduce
energy consumption. In this paper, we identify major power
hungry operations in a serial link and propose techniques to
implement them in an energy-efficient manner.

To this end, consider a typical block diagram of a serial link
shown in Fig. 2. On the receiver (Rx) side, received signal
is terminated, typically with a 50 � resistor, amplified, and
sampled/sliced to recover data that is subsequently dese-
rialized. The sampling clock, RCLK, is recovered from
the received signal using a clock recovery unit (CRU).
Front-end samplers and CRU consume a significant portion of
the Rx power. Fig. 3 shows a block diagram of a commonly
used phase interpolator (PI)-based digital clock and data recov-
ery (CDR) [4]–[7]. In this particular half-rate implementation,
input sampling phase error is detected by a bang–bang phase
detector (!!PD) and processed by a digital loop filter (DLF)
whose output, DF , drives the PIs. PIs interpolate multiple
clock phases provided by a multiphase generator (MPG)
and correct for sampling phase/frequency errors. While the
PI-based digital CDR architecture is commonly used, high
speed equally spaced multiphase clock distribution from MPG
to PIs and the need for multiple PIs in sub-rate architec-
tures [5], [6] increase its power dissipation. Providing multiple
clock phases to several Rx lanes operating in parallel further
exacerbates this issue. In this paper, we present a CDR archi-
tecture that alleviates the power consumption issue in CRU.

Samplers used in the Rx front-end (Rx FE) and deserializer
also consume a significant portion of the Rx power. Both full-
swing sense-amplifier flip-flops (SAFFs) [8] and low-swing
current mode logic (CML) samplers consume large power
due to dynamic and static power dissipation, respectively.
Low-swing charge-steered sampler that consumes only a
very little dynamic power was proposed in [9] to address
the issue of sampler power dissipation. While it offers
an attractive alternative to conventional CML or CMOS
samplers, its return-to-zero (RZ) operation and the need
for I/Q clock phases when used for deserialization [9]–[12]
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Fig. 1. (a) Data rate versus process node, (b) energy efficiency versus process node, and (c) energy efficiency versus data rate for embedded serial links
published over last 15 years (2001–2015).

Fig. 2. Block diagram of a serial link with embedded clocking.

Fig. 3. Block diagram of a half-rate PI-based digital CDR.

diminish its power benefits. In this paper, we introduce a
charge-based flip-flop (CFF) with non-return-to-zero (NRZ)
output and low dynamic power consumption and demonstrate
its efficacy when used for deserialization.

On the transmitter (Tx) side, the most power hungry
blocks are high-speed portions of the serializer, pre-driver,
and output (O/P) driver. Because serializer power is by and
large determined by the technology and data rate, majority
of the efforts have focused on improving energy efficiency
of the pre-driver and output driver. One popular approach
is using a voltage-mode (VM) driver [13] in place of a
classical current-mode (CM) driver. While a VM driver is,
in principle, more power efficient, its efficiency is degraded
once de-emphasis is incorporated into it. Multiple design
techniques introduced in [14]–[17] have demonstrated var-
ious means to improve efficiency of VM drivers with de-
emphasis. However, performing de-emphasis with fine res-
olution while keeping output impedance matched to the
channel characteristic impedance increases pre-driver power
consumption [17] and degrades energy efficiency of VM
transmitters. In this paper, we propose a partially segmented
VM driver with embedded 2-tap FIR equalizer to alleviate this
tradeoff.

The rest of this paper is organized as follows. The archi-
tecture used to implement a 14 Gb/s transceiver is described

Fig. 4. Block diagram of the proposed 14 Gb/s transceiver.

in Section II. Section III elaborates on the proposed CDR
architecture. In Section IV, an NRZ CFF is presented along
with its usage in charge-based Rx FE. The partially segmented
VM Tx is described in Section V. The effectiveness of the
above methods is demonstrated with measurement results
obtained from the transceiver prototype in Section VI and key
contributions are summarized in Section VII.

II. PROPOSED ARCHITECTURE

Block diagram of the proposed transceiver (XCVR) is
shown in Fig. 4. It consists of an LC-oscillator based digital
phase-locked loop (LC-DPLL), a partially segmented VM Tx,
a half-rate digital CDR, and a ring PLL (RPLL)-based MPG.
The LC-DPLL generates a low jitter half-rate 7 GHz clock,
which is shared between the Tx and Rx. On the Tx side,
an on-chip PRBS generator uses a divided 7 GHz clock and
generates 16 parallel streams of random data at 0.875 Gb/s.
A 16:1 serializer serializes these low-rate parallel streams to
14 Gb/s full-rate data. An N-over-N based partially segmented
VM output (O/P) driver with embedded 2-tap de-emphasis
launches the full-rate data onto the channel. Tx’s output swing
is controlled by regulating supply voltage VODRV of the O/P
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driver, and output impedance of the O/P driver is matched to
channel characteristic impedance by regulating supply voltage
of the pre-driver (VPDRV).

The Rx FE includes a wide bandwidth front-end amplifier,
charge-based DATA/EDGE samplers, and a 4:32 charge-based
deserializer. Fully synthesized !!PD operates on deserialized
DATA/EDGE samples and outputs sign of the phase error
in the form of early/late (E/L) output signals. These E/L
signals are filtered by a DLF. Instead of controlling the PI
with the sum of proportional and integral control signals
as is commonly done [4]–[7], only the integral control is
implemented through the PI path. To this end, integral control
output from the DLF is integrated by a phase accumulator
ACCPI and is used to control the PI. The RPLL multiplies
the divided PI output, FREF,RPLL, and generates desired I/Q
sampling phases (RCLK) needed for samplers in half-rate
CDR. Since, the RPLL is embedded in the CDR loop, its
finite bandwidth increases loop delay and deteriorates CDR’s
dithering jitter performance. To reduce loop delay, CDR’s
proportional path control signal from the DLF is directly fed
into the RPLL instead of controlling the PI. The proposed
multiphase sampling clock generation using the RPLL has
two advantages compared with the standard PI-based CDR.
First, it reduces the number of PIs needed to generate multiple
sampling phases, thereby reducing overall PI area and power.
Second, placing a PI close to the high-frequency clock source
and distributing only low frequency FREF,RPLL to the RPLL
minimizes clock distribution power. Implementation details
of key building blocks of the transceiver are discussed in
Sections III, IV, and V.

III. CLOCK AND DATA RECOVERY

The proposed CDR architecture has evolved from a conven-
tional PI-based Type-II digital CDR architecture, as shown
in Fig. 5. Fig. 5(a) shows a simplified block diagram of
a conventional sub-rate digital CDR [4]–[7] where phase
error (�err) between input bit stream, DIN, and sampling clock,
RCLK, is detected by a !!PD. !!PD’s output is filtered by a
first-order DLF and then used to control sampling clock phases
using a roll-over accumulator, ACCPI, and PIs. High-speed
multiphase clock distribution with precise phase-spacing from
MPG to PIs along with multiple PIs consumes a significant
power and degrades the power efficiency of this CDR.

Multiphase high-speed clock distribution and number of PIs
can be minimized by reversing the order of MPG and PIs,
as shown in Fig. 5(b). Using the four phases generated by
the divide-by-2 stage, the accumulator ACCPI together with
a PI generate 1-phase recovered clock. Multiple phases of
the former PI output are generated using an MPG that can
be implemented using a PLL or delay locked loop. Imple-
menting MPG as a clock multiplier helps reduce PI output
frequency [see Fig. 5(c)], thus reducing the amount of high-
frequency clock distribution further. However, finite bandwidth
of the MPG along with the delay introduced by ACCPI + PI
increases CDR loop delay, which results in undesirable jitter
peaking and degraded jitter tolerance (JTOL).

In view of this, CDR architecture shown in Fig. 5(c) seeks
to reduce loop delay by: 1) maximizing the bandwidth of

Fig. 5. Evolution of the proposed CDR from conventional Type-II PI-based
CDR.

the MPG, which is implemented using a ring-oscillator based
PLL (RPLL) and 2) bypassing PI and divider and imple-
menting proportional control inside the RPLL. Some hardware
overhead is reduced by sharing ACCPI between proportional
and integral paths as illustrated in Fig. 5(d).

The detailed block diagram of the proposed CDR is depicted
in Fig. 6(a). The RPLL uses an architecture similar to the
one reported in [18] containing analog proportional path and
digital integral path. CDR’s proportional control is imple-
mented by adding accumulated phase error directly to the
current controlled ring oscillator (CCO) and to the integral
path of the RPLL. Direct control of the oscillator through
CDAC corrects for high-frequency phase perturbations at the
input (�in). Phase addition with gain KF through RPLL’s
integral path compensates for low-frequency sampling phase
error. The open loop gain only through CDR’s proportional
path is given by

LGprop,cdr(s) = �out

�in

∣
∣
∣
∣
prop, cdr

= Kbbpd fref

s

× Nr LGRPLL(s)

1 + LGRPLL(s)

[

Kpc,pr + Kpc,ir fref
s

Kpr + Kir fref
s

]

(1)
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Fig. 6. (a) Block diagram for CDR’s proportional and integral path controls through the ring PLL. (b) Open loop gains for CDR’s proportional path with
and without integral path control in the ring PLL.

Fig. 7. Detailed block diagram of the Rx FE.

where LGRPLL(s) is an open loop gain of RPLL, Nr is
divider ratio in RPLL’s feedback path, and Kpr and Kir are
proportional and integral path gains within the RPLL, respec-
tively. In CDR’s proportional path, Kbbpd is gain of !!PD,
and Kpc,pr and Kpc,ir are proportional path gains (�out/�err+)
through CCO and RPLL’s integral path, respectively. Under the
approximation that the RPLL has much larger bandwidth than
that of the CDR, LGRPLL/(1 + LGRPLL) ≈ 1 holds true for
frequencies within CDR’s jitter transfer bandwidth. Denoting
CDR’s proportional path gains as scaled versions of RPLL’s
loop gain parameters, i.e., Kpc,pr = αKpr and Kpc,ir = αKir,
it simplifies (1) to (2), which is the same as proportional path
gain of a conventional Type-II CDR loop.

LGprop,cdr(s) = �out

�in

∣
∣
∣
∣
prop, cdr

= αNr Kbbpd fref

s
. (2)

In above expressions, it is assumed that all accumulators
are clocked at fref and loop delay is ignored. Fig. 6(b) shows
the magnitude of the open loop gain, �out/�in for CDR’s
proportional path when RPLL’s bandwidth is set to fref/50.
Below RPLL’s bandwidth, proportional path gain only through
the CDAC remains constant while the sum of gains through
the CDAC and RPLL’s integral path accumulator exhibits
20 dB/decade roll-off as a function of input phase error
frequency.

Frequency error between the received data rate and sampling
clock generated by the RPLL is corrected through integral
path of the CDR [Fig. 6(a)]. The frequency error repre-
sented by the ACCIC’s output is integrated by the ACCPI
and used to control the PI, thereby changing the reference

clock frequency of the RPLL. The open loop gain of CDR’s
integral path is given by (3), which simplifies to the integral
path loop gain of Type-II CDR loop under approximation
LGRPLL/(1 + LGRPLL) ≈ 1.

LGint,cdr(s) = KbbpdKic f 2
ref

s2 Nc
× Nr LGRPLL(s)

1 + LGRPLL(s)

≈ KbbpdKic f 2
ref Nr

s2 Nc
(3)

where Kic is integral path gain from �err+ to PI’s output.
Since !!PD has a limited frequency error detection capability,
additional frequency acquisition aids like the ones reported
in [19] or [20] can be used, if needed.

IV. CHARGE-BASED RX FRONT-END

Fig. 7 shows a detailed block diagram of the Rx FE.
A wide bandwidth amplifier is used to drive half-rate
DATA/EDGE samplers that were implemented using low-
swing charge-based sense-amplifiers (CSAs) connected in
series to improve sensitivity, similar to series-connected
strong-ARM latch-based sense-amplifiers in [21]. The four
half-rate sampled DATA/EDGE values are synchronized by
low-swing CFFs (LS-CFFs). The synchronized samples are
first deserialized by a factor of 4:8 and then by 8:16 using
LS-CFF based 1:2 DMUX units. The last deserialization stage
uses full-swing CFFs (FS-CFFs) to restore CMOS levels
needed to interface deserialized DATA/EDGE samples to
synthesized CDR logic. The building blocks of charge-based
front-end are described in detail below.
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Fig. 8. (a) Schematic diagram of the proposed LS-CFF. (b) Transient signal waveforms in LS-CFF.

Fig. 9. (a) Differential output voltage swing versus input voltage for LS-CFF clocked at 7 GHz, and (b) output voltage swing and power consumption versus
sampling frequency for LS-CFF.

A. Low-Swing Charge-Based Flip-Flop
Fig. 8(a) shows the schematic of the proposed LS-CFF. It

is composed of a CSA followed by a low-swing sample-and-
hold circuit (LS-SHC). CSA operates in two phases: 1) reset
phase and 2) active phase. During the reset phase, clock �
is low and outputs Vop1/Von1 are set to VDD, M1 is switched
OFF, and M0 discharges the tail capacitor, CT, to GND [see
Fig. 8(b)]. In the active phase (� is high), inputs Vip, Vin
are sampled by M2, M3 and voltage difference Vip − Vin is
regenerated using cross-coupled inverters formed by transistors
M11 − M14. The regenerated output swing, |�V |op, csa =
|Vop1 − Von1|, is limited by charge transferred from Vop1/Von1
to CT. Source potential of the input pair, Vx , rises in proportion
to |�V |op, csaCp1/CT, where Cp1 is parasitic capacitance at
CSA’s output nodes. This reduces gate overdrive and VDS for
the input pair that gets cut OFF by the end of the active phase.
Smaller CT shuts down the input pair for a lower |�V |op, csa.
In the limit, as CT → ∞, the CSA behaves more like a regular
sense-amplifier with an output swing of VDD. For a finite CT,
the CSA has low output swing and RZ pulse shape.

The second stage sample-and-hold circuit [Fig. 8(a): LS-
SHC] samples RZ outputs of CSA. During the active phase
with Von1 = VDD − |�V |op, csa (|�V |op, csa ≥ GND) and
Vop1 = VDD, M6 charges output node Vop to VDD, M5 dis-
charges Von, and M4/M7 are switched OFF. Hence, the output

swing (Vop − Von) is proportional to (Vop1 − Von1). Limited
CSA’s swing restricts M4(M5)’s minimum source node voltage
to min(Vop1, Von1) + |Vth|, leading to a differential output
voltage swing of VDD−min(Vop1, Von1)−|Vth| = |�V |op, csa−
|Vth|. Vth is threshold voltage of M4/M5. In the reset phase,
transistors M4 − M7 are cut off as their gates are pulled to
VDD and M8 − M9 help retain the sampled output. Thus, a
CFF operates with low input/output swings and provides NRZ
outputs.

The operation of an LS-CFF designed in a 65 nm process
is verified by extensive transient simulations. The flip-flop is
simulated with extracted RC parasitics, 10-fF output load,
7 GHz sinusoidal sampling clock, 1 V supply voltage, and
across a range of input voltage swings. Fig. 9(a) shows that
LS-CFF’s differential output voltage swing is limited and
is more than 90% of the final value when differential input
voltage is ≥ 50 mV. The output voltage swing and power con-
sumption (with 100 mV differential input) of the flip-flop are
plotted as a function of sampling frequency ( fsam) in Fig. 9(b).
While the power consumption is directly proportional to
fsam, output voltage swing is fairly constant across sampling
frequencies. A slight variation (about 10%) in the output
swing across fsam is due to varying charge/discharge period
and leakage of held voltages during the reset phase. Change
in output swing due to PVT variations can be minimized by
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Fig. 10. (a) Differential output voltage swing versus input voltage, and (b) power consumption versus input voltage for different values of tail capacitor for
LS-CFF clocked at 7 GHz.

Fig. 11. (a) Output voltage swing versus frequency, and (b) power consumption versus frequency for optimized LS-CFF.

Fig. 12. (a) Schematic diagram of an FS-CFF. (b) Output voltage swing and power consumption versus sampling frequency for FS-CFF.

Fig. 13. Block diagram of a clock divider with tunable delay.

controlling CT. Fig. 10(a) depicts differential output voltage
swing for varying input with different values of tail capacitor.
The output swing saturates for higher input voltage and it is
lower for smaller CT. Power consumption increases with CT
as depicted in Fig. 10(b) and is roughly constant for input ≥
50 mV. LS-CFF’s input referred offset has a standard deviation
of σoffset = 6.2 mV. Using noise estimation method in [22],

LS-CFF’s input referred noise is estimated to be
σnoise = 0.44 mV.

LS-CFF is used in various building blocks of the Rx,
such as samplers, synchronizer, and deserializer (DMUX).
Because speed requirements and loading constraints are dif-
ferent for each of these blocks, an LS-CFF is optimized for
power based on loading and clock frequency while keeping
the output swing the same. The optimization of power and
area is crucial especially for deserialization where the number
of 1:2 DMUX units increases by 2× with each stage while
the sampling frequency reduces by 2. Simulation results of
an LS-CFF optimized at three different sampling frequencies
(8 GHz, 4 GHz, and 2 GHz) shown in Fig. 11(a) illustrate
fairly constant output voltage swing across different sampling
frequencies. Fig. 11(b) confirms reduction in the power con-



SAXENA et al.: 2.8-mW/Gb/s, 14-Gb/s SERIAL LINK TRANSCEIVER 1405

Fig. 14. (a) Eye diagram at the output of front-end sampler. (b) Eye diagram at the output of the first deserialization stage.

Fig. 15. (a) Block diagram of the proposed partially segmented VM Tx with embedded de-emphasis. (b) Block diagram of the proposed VM Tx.

sumption at a given frequency. The limited swing outputs are
scaled to full-swing signals in the last deserialization stage
to enable processing with standard CMOS logic in the later
stages. This is achieved by using a FS-CFF described next.

B. Full-Swing Charge-Based Flip-Flop (FS-CFF)

Fig. 12(a) shows circuit diagram of an FS-CFF. It consists
of a CSA, which is the same as that used in the LS-CFF,
followed by a full-swing SHC (FS-SHC). In contrast to
LS-CFF, SHC in FS-CFF employs an inverter-based cross-
coupled latch that regenerates CSA’s output to full-swing
signals. Unlike the LS-SHC, a cross-coupled latch at FS-
SHC’s output limits the maximum frequency of operation and
is suitable for use only in the later stages of deserialization.
Fig. 12(b) shows FS-CFF’s output voltage swing and power
consumption as a function of sampling frequency. The output
voltage swing is constant and is equal to VDD whereas power
consumption scales linearly with frequency.

Clock-to-Q delay for TSPC logic-based clock divider at
different stages of deserialization is different from LS-CFF’s
clock-to-Q delay in 1:2 DMUX, which is potentially

detrimental in terms of timing margins across PVT variations.
Fig. 13 depicts a clock divider with 1-bit (Sel) tunable delay to
compensate for limited timing margins. Based on Sel signal,
the MUX selects between rising edges of �in and �in as input
to the divider and output gets delayed by half of the input clock
period. The Sel signal is evaluated to be 1/0 during pattern
synchronization at the output of deserializer.

C. Rx Front-End Simulation Results

To verify the low-swing operation of the charge-based Rx
FE, it is simulated with extracted RC parasitics and 14 Gb/s,
7-bit PRBS data as input. Fig. 14(a) shows a simulated eye
diagram at the output of front-end samplers. The differential
output amplitude is roughly 400 mV and valid for 2-bit
unit intervals (UIs). At the end of the first deserialization
stage (4:8), outputs extend over 4-bit periods, as shown in
Fig. 14(b). Similarly, output swings of 8:16 deserialization
stage are limited. Voltage swings at the output of final
deserialization stage are restored to rail-to-rail swings by the
FS-CFF in the last stage. The low-swing and dynamic power
consumption for samplers and deserializer help to reduce
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Fig. 16. Block diagram of an LC-oscillator based digital PLL.

power consumption by roughly 40% when compared with
the front-end implementation with strong-ARM latch-based
flip-flops. The clocking power is roughly the same in both
the cases and excluded in the above comparison.

V. TRANSMITTER

The main idea behind the proposed VM Tx is based
on the observation that main cursor coefficient in a 2-tap
equalizer is always greater than 0.5 due to the maximum
output swing constraint. Fig. 15(a) shows a simplified block
diagram of a partially segmented VM O/P driver that leverages
this to implement 2-tap de-emphasis in a power efficient
manner. For simplicity, only a single-ended version of the
implemented differential O/P driver is shown. It consists of
a segment to implement a fixed main cursor and N uniformly
segmented tunable equalizer cells. Each O/P driver segment
is a source-terminated resistive segment. The fixed main
cursor is controlled by current bit D[n] and tunable cells
are controlled by both D[n] and D[n + 1] bits so as to
achieve the desired de-emphasis magnitude. Output impedance
of the main cursor and each tunable cell are equal to RMAIN
(≤ 2RT ) and REQ (≥N×2RT ), respectively [see Fig. 15(a)].
Hence, the total number of tunable segments is roughly halved
compared with uniform segmentation for the same resolution
(VODRV/2N). The total output impedance of the driver is
RMAIN||(REQ/N), which is designed to match the channel
characteristic impedance RT . A result of merging uniform
equalizer segments to form a fixed main cursor is that the
pre-driver and MUX sizing is not limited by technology.
Consequently, their power consumption can be minimized by
optimally sizing them to drive the O/P driver cell. Input-to-
output delays for the main cursor and tunable cell paths should
be matched for reducing circuit-induced ISI.

A. Low-Swing Partially Segmented VM Tx
Fig. 15(b) shows detailed block diagram of a low-swing VM

Tx implementing an N-over-N based partially segmented VM
O/P driver. It consists of an LC-DPLL, an on-chip PRBS gen-
erator, a 16:1 serializer, a partially segmented O/P driver, and
a voltage regulator. LC-DPLL’s output is divided to provide
clocks for the PRBS generator and different stages of seri-
alization. 16:2 serialization is achieved using standard TSPC
latches and transmission gate 2:1 MUX, whereas the final 2:1
serialization stage is realized using a split-load 2:1 MUX as in
[23]. The split-load 2:1 MUX reduces data-dependent ISI by
making the clock-to-Q delay independent of the bit pattern.
The serialized full-rate data Dn/Dn+1 is fed to an N-over-
N based low-swing partially segmented O/P driver. The differ-
ential output impedance of the O/P driver is tuned to 100 � by

controlling supply voltage of pre-driver (VPDRV) [24]. Trans-
mitter’s output swing is controlled by regulating supply voltage
of the O/P driver (VODRV) with a low-dropout regulator.

B. LC-Oscillator Based Digital Phase-Locked Loop

Fig. 16 shows block diagram of an LC-oscillator based
Type-II digital PLL. The LC-DPLL generates a low jitter
7 GHz clock using an external 109.375-MHz reference
clock. Phase error between the reference clock and divided
output clock is measured by a phase and frequency
detector (PFD) and quantized using a D flip-flop (DFF)
[18]. The DFF output is fed to a DLF that imple-
ments proportional-integral control with a gain of K P and
KI for the proportional, and integral path, respectively.
The 8-bit loop filter output FFS〈7:0〉 is converted to a
256-level thermometer code and used to vary LC-oscillator’s
output frequency with 20-ppm resolution at 7 GHz. An addi-
tional 7-bit binary coarse frequency select (CFS) signal tunes
output frequency with a resolution 300-ppm around 7 GHz.
LC-oscillator topology is similar to the one used in [25].

VI. MEASUREMENT RESULTS

The proposed transceiver was implemented in TSMC 65 nm
CMOS process. Fig. 17(a) shows a chip micrograph of the
prototype. It occupies an active area of 1.1 mm2. The die
was packaged in a standard 88 pin plastic QFN package and
characterized using a four-layer FR-4 PCB. The prototype was
tested for a peak data rate of 14 Gb/s. Fig. 17(b) shows mea-
sured LC-DPLL’s output phase noise plot and its integrated
jitter (over frequency range 20 kHz–1 GHz) is 0.6 ps r.m.s.

Fig. 18(a) shows measured differential Tx output eye dia-
gram when the Tx is configured to transmit 0.4 Vpp differential
amplitude. Tx signal path includes 4.6 mm bond wire, package
parasitics, μ-stripline on the test board, SMA connectors, and
3-ft long SMA cables. Tx output has a vertical eye opening
of 150 mV and horizontal eye opening of 0.71 UI. BER
bathtub plots measured at the output of FR-4 stripline channel
using 80SJNB software available with Tektronix DSA8300 are
shown in Fig. 18(b). The total channel loss is estimated to be
about 11 dB at 7 GHz. Phase margin is less than 0.1 UI for
BER < 10−12 without equalization but it improves to 0.36 UI
at BER < 10−12 when the 2-tap FIR equalizer is enabled.

Fig. 19(a) shows RPLL’s output phase noise plot at 7 GHz
when it is locked to 0.875 GHz reference clock generated by
dividing PI output (see Fig. 4). RPLL’s output has an integrated
r.m.s jitter of 1.5 ps when the phase noise is integrated over
20 kHz and 1 GHz band. RPLL’s bandwidth is greater than
30 MHz, which is much larger than the desired CDR’s band-
width. Fig. 19(b) depicts simulated PSNR (�out(s)/Vdd(s))
for the RPLL while considering supply noise for all current
sources, including PDAC, IDAC, and CDAC, feeding into the
ring oscillator.

Fig. 20 shows the recovered clock waveform when it is
locked to 14 Gb/s PRBS7 data provided by bit error rate tester
(BERT). The data is recovered with BER< 10−12. Long term
absolute jitter of the recovered clock is 1.8 psrms and 15.4 pspp.
The measured jitter transfer (JTRAN) function of the CDR is
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Fig. 17. (a) Die photo of the transceiver prototype. (b) Phase noise spectrum of the LC-DPLL locked at 7 GHz.

Fig. 18. (a) Differential transmit eye diagram at 14 Gb/s. (b) Bathtub plots at the output of channel with and without FIR equalization.

Fig. 19. (a) Phase noise spectrum at output of the ring PLL locked at 7 GHz. (b) Simulated PSNR for supply noise in the ring PLL.

shown in Fig. 21(a). Jitter tolerance (JTOL) measured for BER
< 10−12 is shown in Fig. 21(b). Peaking in JTRAN and dip in
JTOL are attributed to large loop delay introduced by digital
logic in the CDR loop.

The taxonomy of the power consumption of the 14 Gb/s
transceiver is shown in Fig. 22(a). It consumes a total power of
39.6 mW of which LC-DPLL consumes only 3.6 mW. On the
Tx side, the serializer consumes 5.9 mW. The supply regulated
VM O/P driver, pre-driver, and 2-tap equalizer together with
low-dropout regulator dissipate 6.3 mW. On the Rx side, the
PI, RPLL, and CDR logic consume 2 mW, 3.2 mW, and 2 mW,
respectively. The Rx FE dissipates 16.6 mW. Fig. 22(b) and (c)
depict energy efficiency versus data rate and energy
efficiency versus channel loss at Nyquist frequency, Fig. 20. Recovered clock waveform at output of the Rx.
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Fig. 21. (a) JTRAN curve for the proposed CDR locked at 14 Gb/s. (b) JTOL plot measured with stressed input data.

Fig. 22. (a) Power breakdown in 14 Gb/s serial link. (b) Energy efficiency versus data rate, (c) energy efficiency versus channel loss at Nyquist frequency
for embedded XCVRs published in 2001–2015.

TABLE I

PERFORMANCE SUMMARY FOR 14-Gb/s XCVR AND COMPARISON TO THE STATE-OF-THE-ART

respectively, for transceivers with embedded clocking
published in last 15 years (2001–2015). Table I
summarizes the performance of the proposed 14 Gb/s

transceiver and compares it with the state-of-the-art
transceivers with comparable energy efficiency. This
work achieves an energy efficiency of 2.8 pJ/bit while
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operating at 14 Gb/s and compares favorably with the
state-of-the-art.

VII. CONCLUSION
Meeting ever increasing demand for I/O bandwidth in

processors and server applications requires maximizing per
pin bandwidth of serial link without compromising their
power efficiency. With benefits from technology scaling
tapering off, it seems to have an energy efficiency barrier of
about 4 pJ/bit for embedded serial links. Consequently, new
low-power circuit design techniques are needed to improve
energy efficiency beyond this point. To this end, we first
identified power hungry circuit blocks/functions in standard
serial links and then proposed techniques to improve their
energy efficiency. On the Rx side, a sub-rate dual loop digital
CDR is amenable for high data rates but the need for multi-
phase clock generation and distribution with low jitter and
precise phase matching make it power hungry. Deserialization
of data and edge samples also consumes a significant power.
Finally, on the Tx side, the power efficiency of output- and
pre-driver is degraded by the need to have high-resolution
equalization and impedance matching simultaneously. In view
of this, we proposed a serial link architecture employing
the following energy efficiency improvement techniques: 1)
a low-power clock generation, recovery, and distribution;
2) a charge-based Rx FE, including half-rate sampling and
deserialization; and 3) a partially segmented VM output
driver with reduced pre-driver power consumption.

The proposed CDR incorporates a single phase clock
recovery that uses only one PI and a ring-oscillator based
PLL to generate multiple sampling clock phases. This
minimizes multi-phase high-speed clock distribution and
power consumed in comparison to the standard PI-based
digital clock recovery. We introduced an LS-CFF with NRZ
outputs, which acts as a building block of Rx FE and saves
40% power in comparison to SAFF-based sampling and
deserialization. On the Tx side, pre-driver power consumption
in VM Tx with 2-tap FIR equalizer is minimized with
non-uniform segmentation of the output driver without
compromising the resolution of equalization. The proposed
design techniques are implemented in a 14 Gb/s transceiver
prototype fabricated in a 65 nm CMOS technology. The Tx
achieves a sampling time-margin of 0.36 UI at the end of an
11 dB loss channel with an energy efficiency of 0.89 mW/Gb/s.
The Rx recovers 7 GHz sampling clock with 1.8 psrms long
term absolute jitter at BER< 10−12 and achieves an energy
efficiency of 1.69 mW/Gb/s. An LC-oscillator based digital
PLL is shared between the Tx and Rx. It achieves an
integrated jitter of 0.605 psrms with an energy efficiency
of 0.5 mW/Gb/s at 7 GHz output. Overall, the transceiver
achieves an energy efficiency of 2.8 mW/Gb/s while operating
at 14 Gb/s.
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