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Abstract— A 16 Gb/s 1-tap Infinite impulse response (IIR)
+ 1-tap discrete-time (DT) decision feedback equalizer (DFE)
with integrated clock recovery and adaptation is demonstrated
in 28 nm FD-SOI CMOS. Using a CMOS phase rotator, 0.7 unit
interval (UI) high-frequency jitter tolerance is achieved when
operating mesochronously, and over 0.4 UI operating plesiochro-
nously. The half-rate architecture includes a novel 2:1 multiplexer
to reduce delay in the IIR feedback path. With a 28 dB loss
channel, a BER below 10−12 is measured over a 0.32 UI timing
window with a TX swing of 0.8 Vpp-diff. Using a 2 Vpp-diff TX
swing, a 30 dB loss channel has a measured BER below 10−12

over a 0.3 UI timing window. A novel edge-based algorithm
adapts both IIR and DT equalizer coefficients using the same
high-speed circuitry and signals required for clock recovery. The
algorithm utilizes all transitions to inform the adaptation of all
equalizer coefficients, thereby providing faster convergence than
previously-reported algorithms which await specific patterns.
Moreover, the adaptation freezes automatically unless a diverse
set of data patterns is received, thereby making the algorithm
robust in the presence of poorly-conditioned data. The adaptive
DFE converges within 5 µs.

Index Terms— Clock recovery, clockless multiplexor, decision
feedback equalizers, DFE adaptation, edge-based adaptation,
infinite impulse response filters, IIR DFE, phase interpolator.

I. INTRODUCTION AND BACKGROUND

INCREASING demand for higher speed data networking
and computer infrastructure has led I/O bandwidths to

double approximately every 24 months [1]. In data center
switch chips, the aggregate data rate has reached 1.28 Tb/s
using a 128 lanes at 10 Gb/s [1]. Similarly, demand for faster
chip-to-chip communication links has been increasing. Ultra-
short reach links (distances < 2.5 cm) all the way up to long-
reach links (up to 100 cm) over a backplane are required
between chips at increasing speeds.

Increasing data-rates provide both signal integrity
challenges and raises thermal issues. Massive infrastructure
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is needed to cool growing data centers which makes energy
efficiency a critical parameter. Furthermore, the power
consumption of chip-to-chip communication is limited at
the point where the chip heats to the point of catastrophic
breakdown. The maximum power density for an air cooled
chip is approximately 100 W/cm2 [2]. To obtain a reasonable
yield, the maximum die size is approximately 1.5 cm x 1.5
cm and can dissipate somewhere between 100–200 W before
thermal failure. Allocating 10–20% of the power for the
I/O of the chip provides approximately 10–40 W. Hence,
the chips that require an aggregate bandwidth of 1–4 Tb/s
require an energy efficiency of 2.5–10 pJ/bit while operating
at 10+ Gb/s. At such data rates, many chip-to-chip links are
required to equalize inter-symbol interference (ISI) over 10
or more post-cursor unit intervals (UIs).

To compensate for channel losses, continuous-time linear
equalizers can be used however they amplify high-frequency
noise and crosstalk. Traditional discrete-time (DT) decision
feedback equalizers (DFEs) can be used to remove the post-
cursor ISI, however, for channels with over 10 UI of post-
cursor ISI, DT DFE power consumption can become pro-
hibitive. IIR DFEs are a low-power technique for canceling
long post-cursor ISI tails and have been demonstrated com-
pensating over 20 dB loss at fbit/2 up to 10 Gb/s [3]–[7].
Fig. 1(a) shows the implementation of a 1 IIR + 1 DT tap DFE
with the pulse response shown in Fig. 1(b). By adjusting the
gain and filter time-constant, multiple post-cursor ISI samples
can be canceled at once. It has been shown in [6] that the
feedback loop delay in an IIR DFE degrades the performance
significantly even if the delay is less than 1 UI. It has also
been shown in [6] that adding a DT tap will help alleviate
loop timing issues and improve the performance. Although
adding DT taps to IIR DFEs have been used in previous NRZ
implementations to help with timing issues, their maximum
data rates have been limited to 10 Gb/s [3], [6], [7]. This
work operates with 1 IIR + 1 DT tap up to 16 Gb/s.

To determine the IIR DFE parameters and to maintain
signal integrity in time-varying channels and circuit con-
ditions, equalizer adaptation is required. Robust adaptation
algorithms suitable for DT DFEs are well-established [8]–[10],
but there are few examples of adaptive algorithms for IIR
DFEs [4], [7], each exhibiting relatively slow convergence,
additional high-bandwidth hardware and/or requiring the input
data statistics to meet specific criteria. In this work, a 16 Gb/s
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Fig. 1. (a) 1 IIR + 1 DT tap DFE architecture. (b) Channel, DT tap, and IIR pulse responses.

Fig. 2. Block diagram of the proposed receiver.

IIR DFE is integrated into a clock recovery unit (CRU), and
the adaptation algorithm makes use of signals available in a
regular binary phase detector to simultaneously adapt the IIR
and DT taps. The novel algorithm provides faster and more
robust convergence than has been previously demonstrated
for IIR DFEs.

The remainder of the paper is organized as follows.
Section II shows the circuit implementation details of the half-
rate 1 IIR + DT DFE, the CRU, the phase rotator (PR), and
DFE adaptation algorithm. The measurement results are pro-
vided in Section III. Finally, Section IV concludes the paper.

II. PROPOSED RECEIVER

Fig. 2 shows a block diagram of the implemented system.
A half-rate DFE with 1 IIR + 1 DT tap is incorporated into a
phase detector providing binary samples of the received data
and edges. The data and edge samples, both needed by the
adaptation algorithm and the digital CRU, are demultiplexed
2:64 using custom high-speed demultiplexers (2:8) followed
by synthesized logic (8:64). The 64 demultiplexed signals
allow the digital logic for adaptation and clock recovery to
be synthesized using standard cells. The output of the DFE
adaptation algorithm is 15 bits: 5 for the DT gain, 5 for the IIR
gain, and 5 for the IIR time-constant. The digital CRU outputs
codes needed for the phase rotator which adjusts the phase of
the 4 sampling clocks (CLK0, CLK90, CLK180, CLK270) for
the 4 comparators in the half-rate DFE.

A. Half-Rate 1 IIR + 1 DT DFE

Fig. 3 shows the implementation of the half-rate IIR DFE.
The received data is captured alternately at DODD and DEVEN,

Fig. 3. Half-rate 1 IIR + 1 DT tap DFE block diagram.

Fig. 4. Clockless 2:1 multiplexer schematic.

and the edge samples EODD and EEVEN are used for coefficient
adaptation and clock phase detection. For the DT tap, the
output of the SR latch is fed back into the other half of the
DFE [6]. A double-tail latch is used [11] with the subtraction
performed directly inside the latch [6]. A key challenge which
has limited the speed of past IIR DFEs is their feedback loop
delay, which includes a full-rate multiplexer. In this work,
instead of connecting the output of the SR latch to a 2:1
multiplexer [3], [6], [7], the output of the double-tail latch
is directly connected to a new clockless 2:1 multiplexer. This
allows the IIR DFE loop delay to be reduced, which has a
significant impact on the performance of the system [6]. The
output of the 2:1 multiplexer is fed into the IIR filter which is
then connected to all latches in the DFE as shown in Fig. 3.
In this system, the same coefficients are used by the data and
edge latches. The algorithm removes the edge ISI, therefore,
the data latches are not optimally cancelling the ISI at the
center of the eye. For an optimal solution, the data and edge
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Fig. 5. Filter bandwidth for an IIR filter with tunable BWR vs. BWC. (b) Normalized pulse response for an IIR filter with tunable BWR vs. BWC.

latches could have different coefficients to optimize for vertical
and horizontal eye opening, respectively.

The clockless multiplexer schematic is shown in Fig. 4.
It has several advantages over the clocked multiplexers
in [3], [6], [7]. First, similar to [5], [12], the multiplexer is
connected to the output of the double-tail latch, as opposed to
the output of the SR latch, as shown in Fig. 3. This allows the
delay to be minimized improving the maximum data rate of
the IIR DFE. In this work, the multiplexer is, in fact, two SR
latches in parallel which alternately control its output. When
the output of the even path of the DFE is evaluating, the output
of the multiplexer is set by in1 coming from the even data
latch (clocked by CLK0). It therefore latches to the even value.
Meanwhile, the other odd path double-tail latch (clocked by
CLK180) is reset to zero and has no impact on the multiplexer
output. Similarly, during the other phase of the half-rate DFE,
the odd double-tail latch output is valid and determines the
multiplexer output. Therefore, together the two SR latches
function as a 2:1 clockless multiplexer. The second advantage
of this multiplexer is that it does not need a half-rate clock
input with precise phase applied to it, reducing the load on
the clock buffers and their power consumption. It should be
noted that that the additional load from the multiplexer on the
double-tail latch requires an increase in the driving strength
which will increase the power consumed by the latch.

Fig. 5(a) shows the filter bandwidth vs. filter code for two
possible implementations of the IIR filter. The first case uses
binary weighted capacitors (BWCs) [6], [7] and the alternative
implementation uses binary weighted resistors (BWRs) to set
the filter bandwidth. Both approaches can be designed to
give the same total tuning range for the filter bandwidth as
shown in Fig. 5(a). Using BWCs allows for more accuracy
setting the time constant at low bandwidths while using
BWRs varies the the filter bandwidth linearly with the resistor
code. Fig. 5(b) shows IIR filter pulse responses for each of
the two cases. Using the BWR approach allows for more
granularity in matching the shape of the pulse response to
cancel the first few post-cursor ISI, whereas, the BWC will
give more accuracy to cancel distant post-cursor ISI. Since the
first few post-cursor ISI affect the performance more severely,
a BWR scheme is chosen to allow for better cancellation of the

Fig. 6. IIR filter implementation using BWR.

Fig. 7. Clock recovery unit block diagram

dominant post cursor ISI. In [6], the imprecise ISI cancellation
of the BWC scheme limited measured loss compensation
to 24 dB. The filter schematic is shown in Fig. 6. The resistors
are binary weighted with a constant capacitor. The switch
sizes are also binary weighted to keep the total resistance
in each branch binary weighted. The filter is designed to
have 31 bandwidth settings with 75 MHz resolution over the
range 75 MHz–2.4 GHz.

B. Clock Recovery Unit

The digital CRU uses the 64 demultiplexed data, ak , and
edge, ek , samples to track the incoming data phase with the
recovered clock. Fig. 7 shows a block diagram of the CRU.
The bang-bang phase detector logic looks at all 64 bits of
incoming data and edge samples to determine the number of
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Fig. 8. Multi-phase generator implementation.

early/late clock occurrences. The early/late counts are then
subtracted and passed through parallel paths with gains of Kp
(proportional path) and Ki (integral path), respectively. The
gains Kp and Ki are programmable by factors of 2 (i.e. 1×,
2×, 4×, . . .). The integral path can also be disabled. The
outputs of the two paths are then integrated producing a
24-bit output, which in turn is then truncated to 7 bits and
converted to thermometer and gray encoded signals for the
phase rotator. The truncation provides some averaging so that
the phase rotator code is only updated when the 7 MSB bits
change out of the total 24 bits at the integrator output. The
skew between the data sampling clocks and edge clocks can
be adjusted by applying a programmable offset between the
phase codes applied to the data and edge phase rotators. This
allows calibration to ensure the phases are in fact 90◦ apart.
The phase rotator code is down-sampled by 7× and can be
monitored off-chip. This allows the phase code vs. time to be
plotted illustrating the locking behaviour of the CRU discussed
in Section III.

C. Phase Rotator

The phase rotator consists of a multi-phase generator (MPG)
and 8 single-ended phase interpolators (PIs), 4 for data sam-
pling clocks and 4 for edge sampling clocks, followed by two
pseudo-differential multiplexers.

The MPG input is a differential clock, CLKin, AC-coupled
to a two-stage ring oscillator that generates differential quadra-
ture clocks I/Ib and Q/Qb as shown in Fig. 8. The free
running frequency of the MPG is adjusted externally via an
8-bit control to bring the free running frequency as close
to half the incoming data rate as possible. The further the
free running frequency of the MPG deviates from the CLKin
frequency, the more phase error arises between the I/Q outputs
of the MPG. In a multi-lane transceiver, the MPG free-running
frequency codes could be slaved to a single central master on-
chip frequency-locked loop that uses a duplicate MPG as its
digitally-controlled oscillator [13]. The free running frequency
can further be influenced by the body bias voltage of the
SOI process. The 28 nm SOI process allows the threshold
of the NMOS and PMOS transistors to be adjusted, further
increasing the tuning range of the MPG [14]. A replica CLKin
driver is included for better I/Q phase generation when there
is a mismatch between the free running frequency of the

Fig. 9. Phase interpolator implementation.

ring oscillator and the injected clock. However, if the two
frequencies are identical, the replica may result in higher I/Q
mismatch.

Each of the four PIs for the data samplers is responsible
for covering one quadrant of possible clock phases: 0◦–90◦,
90◦–180◦, etc as shown in Fig 9. Identically, four phase
interpolators are used for the edge samplers. Each phase
interpolator is comprised of two sets of 31 inverters driving
the same node. The inverters are selectively (de)activated to
provide a weighted combination of the input phases depending
on the input phase code. To improve PI linearity, capac-
itor C1 reduces the swing at the inverter-bank output to
approximately 400 mVpp. AC-coupling capacitor C2 and an
inverter with resistive feedback follow to alleviate sensitivity
to common-mode variations. Finally, the multiplexer outputs
select between the different phase interpolator outputs depend-
ing on the quadrant of the selected phase.

Fig. 10(a) shows the operation of the phase rotator when
phase code varies from 0 to 63. During phase rotator
codes 0–31, PI A is selected by DataMUX and the output
phase of CLK0 is between 0◦ and 90◦. At the same time,
PI C is selected to provide CLK180. To ensure a smooth
transition between PI A and PI B, the clock phase codes for
PI A and PI B must be coincident at the switching point.
Therefore, PI B is encoded so that its phase is changing in the
opposite direction, from 180◦ to 90◦ as shown in Fig. 10(a).
When switching from PI A to PI B, to ensure there is no
missing clock edge that would result in a bit error due to
skew between DataMUX control signals, both PIs are selected
for one code at the boundary between two PIs (90◦, in this
case). Although this approach prevents glitches in the clock
signals, it will degrades the linearity of the phase rotator. This
is mainly because at these boundary codes two PIs are driving
the clock buffers which will reduce the delay compared to the
case where only one PI is selected. The thermometer coding of
the PIs (DataPI) and gray coding of the multiplexers (DataMUX)
for CLK0 are shown in Fig. 10(b).
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Fig. 10. (a) Phase diagram for phase interpolator showing wrapping behavior. (b) Details of phase interpolator and multiplexer coding.

Fig. 11. Proposed edge-based adaptation algorithm using all patterns with a
transition (a0 �= a−1) to update the DFE coefficients.

To reduce phase rotator power consumption, PIs correspond-
ing to unused clock phase quadrants may be powered down.
When operating plesiochronously, the phase code rotates
through all quadrants, so the CRU powers up the other phase
interpolators whenever the recovered phase code approaches
a transition between quadrants (at 0◦, 90◦, 180◦, and 270◦)
to avoid glitches. Unused PIs are powered off again when the
clock phase slips away from the transitions.

D. DFE Adaptation Algorithm

This section describes the novel edge-based adaptation
algorithm employed in this work, and explains how it pro-
vides significantly faster convergence than the prior art. Let,
dm ∈ {−1, 1} represent the transmitted data, c(t) the channel
pulse response including the transmitter and receiver front end,
T the bit period, and tsamp ∈ {0, T } the sampling point for
recovering data. The received pulse response data samples are

hm = c(tsamp + mT ) (1)

where m ∈ Z. The received pulse response edge samples are

hm+0.5 = c(tsamp + (m + 0.5)T ), (2)

These are graphically shown in Fig 11. Let G be the DFE DT
tap gain, and f (t) the IIR filter response. The sampled IIR
filter response is

fm = f (mT ). (3)

Let um be the step function where um = 0 for m < 0 and
um = 1 for m ≥ 0. The equalized data at the sampling point
can be expressed as

Dm =
∞∑

i=−∞
di · hm−i − G · sign(Dm−1)

−
∞∑

i=−∞
sign(Dm−2) · fm−i · um−2. (4)

The equalized edge samples can be expressed as

Em =
∞∑

i=−∞
di · hm+0.5−i − G · sign(Dm−1)

−
∞∑

i=−∞
sign(Dm−2) · fm+0.5−i · um−2. (5)

The recovered data is am = sign(Dm), and the recovered
edge samples are em = sign(Em).

Edge-based DFE adaptation strives to eliminate the cor-
relation between each edge sample, Em , and the preceding
bits, am−2, am−3, etc., which is caused by post-cursor ISI. For
independent random data and assuming di ≈ ai , all terms in
the product am−k−1 · Em−1 average to zero over time, except
for a term proportional to residual edge ISI samples dk+1.5
minus corresponding terms containing G and f (t). Hence, an
LMS algorithm that iteratively updates G and f (t) to drive
the product to zero will adapt the DFE response to cancel
hk+0.5 eliminating post-cursor zero-crossing ISI. However,
computing the product am−k−1·Em−1 would require the analog
value of Em−1 to be digitized with a high-speed and high-
resolution ADC. Instead, the 1-bit quantized version of Em−1
that is already available inside any Alexander bang-bang phase
detector, em−1, can be used [15]. This is analogous to other
sign-sign LMS adaptation algorithms [8], [9], [16] which use
1-bit quantized versions of their gradient estimates to perform
adaptation.
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Fig. 11 illustrates the 1 IIR + 1 DT adaptation algorithm.
The same edge, ek , and data, ak , samples required by the CRU
are used to inform the adaptation. Following the preceding
discussion, correlations between early-late phase detector out-
puts ek−1, and the four preceding bits ak−2 . . . ak−5 have the
same sign as residual post-cursor edge ISI terms h1.5, h2.5,
h3.5, and h4.5. The algorithm updates each DFE coefficient
iteratively moving the observed correlations (a−k × e−1)
towards zero, thereby minimizing post-cursor ISI. The binary
product (a−k ×e−1) requires simply a logical XOR. Using this
approach, no training pattern or lengthy BER measurements
are required to perform adaptation as in, for example, [7]. No
additional high-speed comparator is required for adaptation,
avoiding the associated extra power, loading on a critical
node in the DFE and phase-adjustment circuitry. Note that
the bang-bang phase detector only provides useful information
when there is a transition in the data; i.e. am−1 �= am .
The adaptation algorithm assumes a relatively smooth chan-
nel response without any major discontinuities since that is
where IIR DFEs are most useful [17]. While the adaptation
algorithm will converge based on the cost function, if there
are major bumps or notches in the pulse response, the adapted
coefficients may not lead to the best possible horizontal eye
opening.

The algorithm will next be described more rigorously.
Consider a data pattern N-bits long, [am−N−1 am−N . . . am].
The pattern is assigned index [A, k] where A ∈ {1 : 2N−2}
when am−1 �= am and am−k−1 = −1, while the index [A′, k]
is assigned to the same pattern except bit am−k−1 = 1.
An example for N = 6 is shown in Fig. 12. The patterns
[A, k] and [A′, k] are used together with the corresponding
edge samples em−1 to inform the adaptation of the DFE. Let
�[A,k]

m = 1 when pattern [A, k] occurs and 0 otherwise. The
equalizer parameter updates indicated by each occurrence of
pattern [A,k] are recorded as follows,

P[A,k]
m+1 = P[A,k]

m + em−1 · am−k−1 · �[A,k]
m (6)

and a similar equation can be written for P[A′ ,K ]
m .

Next, the parameter updates for all received patterns are
summed and ζ k

m is calculated every � bits. Specifically, let
ψ be 1 every � bits and zero otherwise. Then the adaptation
gain step can be written as

ζ k
m = μ ·

2N−2∑

A=1

(
P[A,k]

m + P[A′ ,k]
m

)
· ψ. (7)

The values of P[A,k]
m in equation (6) are reset to zero every�

bits, after each DFE parameter update. By utilizing all patterns
to inform the adaptation, this approach allows larger DFE
coefficient updates to be performed on each iteration and faster
convergence than, for example, [4] where only one specific
pattern is used at a time.

Recall that ζ k
m will provide information regarding the

amount of ISI present at hk+0.5. The update equation for the
first post-cursor DT tap, G is therefore

Gm+1 = Gm + ζ 1
m · ψ. (8)

Fig. 12. Example patterns of length N = 6 used for obtaining ISI information
at h0.5+k .

Essentially the DT tap weight is iteratively updated to drive
the correlation (a−2 × e−1) towards zero, minimizing ISI
at h1.5.

One challenge is how to independently adapt the IIR DFE
gain, B, and time constant, τ , both of which contribute to
the cancellation of all post-cursor ISI terms, along with the
DT tap weight, G. In [4] only h2.5 information is used to
adapt the IIR time constant which may not result in a good
fit to a long tail in the channel pulse response. Moreover,
[4] does not include a DT tap in the DFE which leaves its
performance sensitive to any process or voltage variations in
the DFE feedback delay; if a first post-cursor discrete-time
tap were added to the architecture in [4], its adaptation would
certainly interact and confuse the adaptation of the IIR tap
using that scheme. In this work, the product (a−3 × e−1) is
used, via ζ 2

m , to guide the IIR gain coefficient, B, towards zero
ISI at h2.5. The update equation for the IIR gain is

Bm+1 = Bm + ζ 2
m . (9)

Finally, the IIR time constant τ is guided by both the
products (a−4 × e−1) via ζ 3

m and (a−5 × e−1) via ζ 4
m , thereby

adjusting τ to remove ISI at both h3.5 and h4.5. It should be
noted that changing the time-constant of the IIR filter will
also affect h2.5 and, hence, the gain B . To slow down the
interaction between these two adaptation loops, the IIR gain
is updated more frequently than the IIR time constant. This
allows the gain to always adjust to cancel h2.5 as the time-
constant is adapted. The update equation for the IIR filter time
constant is

τm+1 = τm + (ζ 3
m + ζ 4

m) · χ. (10)

where χ = 1 every 3 × � bits and zero otherwise. In the
proposed design, � = 64 which allows the data to be
demultiplexed by 64 and each group of 64 samples are used
for a single update of the DFE coefficients. All equalizer
coefficient updates are calculated at the demultiplexed clock
rate, fbit/64.

Fig. 11 shows a channel pulse response highlighting which
ISI terms are used to direct the adaptation of each DFE
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Fig. 13. Chip die photo and area breakdown.

Fig. 14. Measurement setup.

coefficient. Using two edge ISI samples (h3.5 & h4.5) allows
the IIR time-constant to achieve a better fit to the channel
pulse response than in [4].

Fundamentally, to infer complete information about a chan-
nel response, spectrally-rich data patterns are required. Other
edge-based adaptation algorithms wait for specific patterns
to arrive before updating the equalizer [4]. By contrast, this
algorithm updates the equalizer upon receiving any 64-bit
demultiplexed word containing any 10 (or more) different 6-bit
sequences (a−5, a−4, . . . a0) having transitions (a0 �= a−1).
This criteria is easy to implement in digital logic, and prevents
instability of the adaptation algorithm in the presence of
patterns with insufficient spectral diversity. Yet the criteria also
provides much faster convergence than previous approaches
that await a specific pattern [4]. Section III will provide
measured results of input patterns that do not meet this spectral
diversity requirement and shows that the DFE coefficients
diverge without this feature enabled.

III. MEASUREMENT RESULTS

The 28 nm FD-SOI chip die photo along with an area break-
down are shown in Fig. 13. The measurement setup is shown

Fig. 15. Half-rate 8 Gb/s re-timed output eye.

in Fig. 14. An Agilent N4951B Pattern Generator is used to
provide PRBS and programmable data patterns to the chip.
A Centellax TG1B1-A BERT unit is used to measure BER
of the half-rate output data transmitted off-chip. An Agilent
N4960A clock synthesizer provides a half-rate, 8 GHz, clock
to the DUT. The clock synthesizer also provides another 8 GHz
clock for the BERT. For jitter tolerance measurements, either
the jittered or divided clock is used for the BERT as shown
in Fig. 14. An Agilent DSA-X 91604A Digital Signal Analyzer
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Fig. 16. Measured INL/DNL plots vs. PI code.

Fig. 17. Measured jitter tolerance for 0 ppm, 100 ppm and 150 ppm frequency
offset and transmit swings of 0.8 Vpp-diff and 2 Vpp-diff.

Fig. 18. Measured phase code vs. time for 0 ppm and 100 ppm frequency
error.

is used to capture the adaptation curves and phase code vs.
time from the chip. Fig. 15 shows an 8 Gb/s half-rate re-timed
output of the chip which has 2.55 ps RMS Jitter.

The PI DNL and INL curves are shown in Fig. 16.
As explained in Section II-C, there is a significant non-
linearity at the quadrature boundaries between PIs, at which
points two of PIs are enabled at the same time. Turning off
the unused PIs saves 5 mW leading to a total phase rotator
power of 41.9 mW (20.2 mW for the MPG and 21.7 for the
PIs) at 16 Gb/s.

Fig. 17 shows measured jitter tolerance with a PRBS7 input
at 16 Gb/s. The total setup loss introduced is 2.7 dB at 8 GHz.
The setup loss includes the loss of the characterization PCB

Fig. 19. Measured insertion loss for channels including setup losses.

which consists of a 1” co-planar waveguide trace on Rogers
RO 4003 material. The setup loss also includes the losses
of the QFN package, mainly the pad capacitance and the
bondwire inductance. In Fig. 17, measurements are shown
for both mesochronous, and plesiochronous (100-150 ppm
frequency error) half-rate receiver input clocks. Both show
similar low-frequency jitter tolerance, demonstrating proper
phase rotation as plotted in Fig. 18. The jitter tolerance is
provided for two different input amplitudes of 2 Vpp-diff and
0.8 Vpp-diff and show there is only a slight degradation at
the lower input amplitude. The clock recovery and adapta-
tion came up without any special settings. The edge-based
adaptation algorithm helps the clock recovery by improving
the zero crossing distribution. As the DFE start to cancel
ISI, the clocking moves towards the zero crossing location
which in turn helps the coefficients cancel even more ISI. This
process helps the clock recovery loop to lock even for high
loss channels.

The measured channel insertion losses are shown in Fig. 19.
Four different channels were used for the characterization of
the DFE ranging from 15.7 dB to 30 dB of attenuation at half
the bit-rate.

The adaptation curves for channels 1 and 2 with a PRBS7
input are shown in Fig. 20a. Increasing τ corresponds to
increasing the IIR filter time constant. All the coefficients
converge within 80,000 UI, over an order of magnitude faster
than in [4], after which the BER is below 10−12.
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Fig. 20. (a)/(b) Measured channel 1/2 coefficient adaptation with PRBS7 input.

Fig. 21. (a)/(b) Measured channel 1/2 coefficient adaptation with 5 μs intervals of repeating patterns (0000001100111111, 10101010101010, 111111000000)
followed by PRBS7.

Fig. 22. Measured adaptation curves for channel 1 with the (a) STM64 and (b) SSPS64 input patterns.

Fig. 21 shows measured adaptation curves for channels 1
and 2 when repeating patterns are inserted. It is evident that
the equalizer coefficients are not updated when the repeating
patterns are present. Deactivating this feature, the coefficients
diverge in Fig. 21(a) and (b) and the BER increases when the
repeating patterns arise.

Fig. 22(a) and (b) show the measured adaptation curves
for channel 1 with the STM64 and SSPS64 patterns [18],

respectively. There is some variation in the coefficients from
their adapted values once the repeating patterns protect feature
is disabled. The variations will increase as the duration of the
repeating patterns increase.

In all edge-based adaptation algorithms [4], [10], [19],
removing the edge ISI leads to the best horizontal eye opening,
however, even though the edge ISI is cancelled (i.e. h1.5, h2.5,
etc.), the main cursor tap h1 may not be perfectly cancelled.
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Fig. 23. (a)/(b) Measured adaptation curves for channel 3/4 with the DT tap fixed.

Fig. 24. Measured bathtub curves for all 4 channels for two different transmit swings

In channels 3 and 4, this led to a scenario where the vertical
eye opening is not sufficient for the latches to operate at
the required speed, increasing the BER. To show that this
is in fact the problem, in Fig. 23 the discrete-tap gain was
fixed and the IIR coefficients were adapted. The discrete-tap
value is chosen somewhat larger than the value to which it
adapts under the edge-based algorithm so that there is enough
cancellation of h1 to allow for vertical eye opening larger than
the latch sensitivity. This correction could be incorporated into
appropriate on-chip adaptation logic, or preamplifiers could be
introduced preceding the latches to improve their sensitivity
and obviate this problem.

The bathtub curves for all 4 channels are shown in Fig. 24
for both a 2 Vpp-diff and a 0.8 Vpp-diff transmit swing with
the coefficients frozen after they have adapted. All the bathtub
curves are closed if the DFE is disabled.

To characterize the clock recovery with the DFE, jitter
tolerance was measured with channel 1. Fig. 25 shows the
measured jitter tolerance for channel 1 with 0 ppm, 100 ppm,
and 150 ppm frequency offset for both 2 Vpp-diff and
0.8 Vpp-diff transmit swing amplitudes. The reduction in jitter
tolerance at the lower input amplitude with a frequency offset
is due to the slight clock amplitude variations in the phase
interpolator’s output at different phase codes. At higher input
amplitudes, the latches resolve quicker and are less affected
by the variations in the clock amplitude. At lower input

Fig. 25. Measured jitter tolerance with channel 1 for 0 ppm, 100 ppm,
and 150 ppm frequency offset and transmit swings of 0.8 Vpp-diff and
2 Vpp-diff.

amplitudes, the latches take longer to resolve and when that
is combined with the clock amplitude variations, the increase
in the latch delay affects the DT DFE timing closure which
degrades the BER of the receiver.

Fig. 26 shows the power breakdown for the chip
at 16 Gb/s. The adaptation engine, CRU and 8:64 demux
consume 24.3 mW and occupy an area of 41,000 μm2.
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TABLE I

PERFORMANCE SUMMARY COMPARISON

Fig. 26. Power breakdown.

Table I shows a comparison with previous work. Among the
previous work, this work has an adaptation algorithm that
is at least 18× faster than other IIR adaptation implementa-
tions. The DFE data path consumes 0.99 mW/Gbps operating
at 16 Gb/s while equalizing 28 dB.

IV. CONCLUSION

A 16 Gb/s 1 IIR + 1 DT DFE was demonstrated in 28 nm
FD-SOI CMOS with integrated clock recovery and adaptation.
The novel edge-based adaptation algorithm reuses the high-
speed circuitry and signals required for clock recovery, is
robust in the presence of ill-conditioned data statistics, and
yet converges over an order of magnitude faster than previous
techniques. The energy efficiency of the DFE, PIs, MPG,
two 2:64 demux paths, clock buffers as well as the digital
logic for the clock recovery and adaptation is 8.82 pJ/bit.
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