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Abstract—This paper describes a serial digital interface re-
timer supporting up to 12-Gb/s 4K ultra-high-definition (UHD)
video. Through architecture and circuit techniques including a
time-domain pre-cursor intersymbol interference mitigation, a
dual-feedback loop baseline-wander correction, and least mean
squares equalizer adaptation and amplitude estimation, the
proposed retimer equalizes single-ended coax up to 53-dB and
58-dB insertion losses for pathological and color bar patterns,
respectively, achieving a bit error rate < 10–12 in the absence of
forward error correction.
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I. INTRODUCTION

From global sporting events like the World Cup and the
Olympics to everyday news and live concert streams, broadcast
video continues to play a central role in enriching the lives
of billions, arguably more so in today’s age of artificial
intelligence. Serial digital interface (SDI) retimers, also known
as reclockers, are used in broadcast video applications to
receive video data from a camera through a long single-ended
75-Ω coaxial cable, equalize it and send a clean version of
the data to a field-programmable gate array (FPGA) for video
processing and overlay, as depicted in Fig. 1.

These systems encounter two major issues. Firstly, these
retimers need to support a wide range of cable lengths with
losses exceeding 40 dB at 12 Gb/s for 4K ultra-high-definition
(UHD) video. Even though the data rates are lower than most
of the wireline research areas today, ultra-high channel losses
combined with single-ended signaling pose significant chal-
lenges in terms of equalization and clock recovery requiring
innovative breakthroughs, especially due to the absence of for-
ward error correction (FEC) in the SDI standard defined by the
society of motion pictures and television engineers (SMPTE).
Secondly, the problem is compounded by the fact that the
scrambler used to encode the data, as defined by SMPTE, has
an inherent flaw [1]. When a particular video pattern (magenta
+ gray/green static image) is applied, the scrambler produces a
dc imbalanced pattern with 1 ONE and 19 ZEROs repeatedly
for several microseconds at a time, interspersed between oc-
currences of random data. A complementary repetitive pattern
with 1 ZERO and 19 ONEs is equally likely to occur. These
low transition-density “pathological” patterns pose a major
bottleneck in these ac-coupled systems, depicted in Fig. 2. The
low-frequency content of these pathological patterns is blocked
by the off-chip ac-coupling capacitor, resulting in baseline

Line Card

 SDI
 Cable
 Driver

SDI
Equalizer
 Retimer FPGA

Video
Processing
 + Overlay

Long Coax

Camera

Display

Ω75−

Single−Ended
Ω

Differential
100−

Fig. 1. Broadcast video production application.
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Fig. 2. Issue of baseline wander due to pathological pattern.

wander. Consequently, the received waveform has increased
jitter and reduced eye-opening affecting signal integrity if left
uncorrected. Additionally, the lack of “randomness” in the
pathological sequence may lead to mal-adaptation of equalizer
coefficients. This work addresses these issues.

II. PROPOSED ARCHITECTURE

Figure 3(a) shows the proposed overall retimer datap-
ath architecture. The front-end matching network, shown in
Fig. 3(c), consists of a common-mode regulator with the P-side
connected to the single-ended coax and the N-side terminated
with 75-Ω on the board. T-coils are utilized to meet SMPTE
return loss specifications [2], [3].

A. Equalization Strategy

In order to tackle the first problem of ultra-high channel
losses, this work incorporates a 4-stage continuous-time linear
equalizer (CTLE) with programmable capacitive degeneration
and noise filtering using programmable capacitors at the
output. As this work targets channel loss > 50 dB at 12 Gb/s,
the CTLE’s frequency response is designed to match the
inverse of the channel response only at low-to-mid frequencies
to cancel long-tail post-cursor intersymbol interference (ISI)
while filtering out high-frequency noise. Each CTLE stage
and the boost distribution across stages are tuned to achieve
optimal noise performance. At 58-dB coax loss, the CTLE
adapts to a setting with 36-dB peaking. To equalize the
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Fig. 3. (a) Overall retimer datapath architecture, (b) baseline-wander correction operation, and (c) front-end matching network.

PFD
τ

τ I

Q

Data
Sampler

Error
Sampler

3−tap
 DFE

CTLE

PD CP

FD CP
Loop
Filter

N

Q

VCO
Regulator

CTLE Index LUT
CTLE
Index

0 0

N k

Clock Lines

Legend:

Digital Controls

Delay
Lines

I

τLowest
 delay
settling

SS−LMS
Adaptation
 Engine

D
e
s
e
ri

a
li
z
e
r

Delay
Code

CKCDR

CKsamp

DFE
Coeff

BLWCout

outLIN

CKCDR

t

t

c0

c+1
c

−1

c0

c+1

c
−1

CTLE
Output

CTLE
Output

Left Shift

DFE Output

DFE Output

>c0
c

−1 c0 c
−1

CKsamp

(a)

(b)

(c)
Fig. 4. Pre-cursor ISI mitigation: single-bit responses (a) without and (b) with clock shifting [6]; (c) proposed clock path architecture.

remaining high-frequency loss near Nyquist, a 3-tap decision-
feedback equalizer (DFE) is employed. The CTLE and DFE
coefficients are adapted using sign-sign least mean squares
(SS-LMS) algorithm. The CTLE adapts once after detecting
the presence of an input signal whereas the DFE continuously
adapts to track temperature and voltage variations.

Such a high insertion loss also causes significant pre-cursor
ISI which is not compensated effectively by CTLE and DFE.
The SDI standard does not allow a TX feedforward equalizer
(FFE) like in [4], whereas an RX FFE like in [5] has noise
amplification issues. To ease the tradeoff between pre-cursor
ISI and noise, a time-domain clock phase adjustment technique
was proposed in [6]. Leveraging the bell shape of the single-bit
response in Fig. 4(a), shifting the sampling clock phase to the
left significantly reduces the pre-cursor ISI with little impact
on the main cursor as shown in Fig. 4(b). However, the data
filtering used in [6] reduces the clock-data recovery’s (CDR)
phase detector gain, is incompatible with SDI pathological
patterns, and when combined with the edge-sampler voltage
threshold adjustment of [6] may cause inability for the CDR
to lock in the presence of highly lossy channels and baseline
wander. Thus, we propose a pre-cursor ISI mitigation circuit,
shown in Fig. 4(c), in which programmable CML delay lines
are used to delay the full-rate CDR clock with respect to the
sampler clock, effectively shifting the latter to the left. The
consequent increase in post-cursor ISI terms is compensated
by the adaptive 3-tap DFE discussed above. However, large
phase shifts in the sampler clock can result in large DFE tap

weights leading to potential burst-error concerns. To alleviate
this issue, the phase shift is limited to < 0.07 UI in this
work. Adjusting only the sampler clock phase yields no noise
amplification unlike RX FFEs. The delay lines are adaptively
controlled through the aforementioned SS-LMS algorithm as
follows. The channel loss and consequently the single-bit
response is estimated based on the adapted CTLE index which
is fed into a look-up table (LUT) to determine the delay
settings. The LUT is constructed by sweeping Belden 1694A
coax length in 5-m increments in simulations and mapping
optimal delays to the adapted CTLE indices. Figures 5(a) and
(b) show a comparison of simulated eye diagrams at 12 Gb/s
for a 60-dB lossy channel at the DFE summation node marked
“linear output” or LINout, without and with a 5-ps sampler
clock adjustment, respectively. A 67% increase in the vertical
eye opening (VEO) is observed with the latter.

B. Handling Pathological Patterns

Arriving at the second problem of pathological patterns,
prior techniques such as [7] use a combination of input
high-pass filter with quantized/sampled positive feedback to
address baseline wander. However, the positive feedback can
rail out in the presence of clock-like patterns due to low
swings or closed eyes in the chain. Furthermore, the parasitics
of the on-chip ac coupling capacitor of the high-pass filter
degrade datapath bandwidth and/or swings. Overcoming these
limitations, an alternative baseline-wander correction (BLWC)
scheme is proposed, highlighted in red in Fig. 3(a). Using
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(a) (b)
Fig. 5. Simulated 12-Gb/s eyes at LINout for 60-dB loss with pathological
pattern: (a) no clock adjustment and (b) with 5-ps clock adjustment.
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Fig. 6. (a) Converting amplitude estimate to swing. (b) BLWC summation.

the retimed output as an accurate replica of the far-end trans-
mitter’s (TX) waveform, we sense the low-frequency content
of the limiting amplifier output, LAout, using a low-pass filter
(LPF), and force it to equal that of LINout through a high-
gain feedback loop, effectively correcting baseline wander.
Unlike prior techniques, the proposed dual-feedback loop
allows us to connect the feedback, BLWCout, at any point in
the datapath prior to the sampler, thus offering an additional
degree of freedom in optimizing correction range and loop
gain along with other high-speed datapath parameters like
linearity, bandwidth and noise. In this work, the datapath
linearity is not limited by the CTLE and the CTLE’s linear
range accommodates the maximum input wander of 50 mV as
per the SMPTE specification [2]. Thus, the BLWC feedback is
connected after the CTLE to maximize its correction range and
loop gain while minimally impacting CTLE’s performance.

Due to the high loop gain of the BLWC loop, nominally
40 dB, the feedback summation can be made nonlinear. The
LPFs in feedback are designed such that the closed-loop
unity-gain bandwidth (1.5 MHz) is more than two orders of
magnitude higher than the external ac coupling capacitor’s
cutoff frequency (typically < 6 kHz) by design. This fact
combined with the self-referenced nature of this architecture
desensitizes it to the external ac coupling capacitance.

Since we equalize the low-frequency content of LINout and
LAout, their amplitudes must be equal to prevent under/over-
correction of baseline wander, as indicated by the waveforms
in Fig. 3(b). The amplitude at LINout varies with process,
voltage and temperature (PVT), and equalizer settings. In order
to adaptively set the correct amplitude at LAout, we leverage
the on-chip SS-LMS engine as shown in blue in Fig. 3(a).
The SS-LMS engine uses the error sampler to estimate mean
of the positive and negative data levels (reference levels) at
LINout, as shown in Fig. 3(b). The absolute value of these
two reference levels are averaged to eliminate offset and serve
as the amplitude estimate. As the LMS engine continuously
runs in the background, the amplitude estimates get updated
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Fig. 7. Simulated VEO at LINout for a 12-Gb/s pathological pattern (assuming
30-µs run length) with a 90-m (53-dB) coax.

Fig. 8. Die photograph.

Fig. 9. (a) Measured insertion loss of Belden 1694A cables. Measured 12-
Gb/s bathtub curves at LINout for (b) 90-m (53-dB) coax with pathological
pattern, and (c) 100-m (58-dB) coax with color bar pattern.

periodically through a programmable timer to track voltage,
temperature, and TX swing variations.

The digital amplitude estimate is converted to swing using
a DAC and a voltage-to-swing converter, shown in Fig. 6(a).
The DAC, which is a replica of that in the error sampler
path [Fig. 3(a)], converts the digital amplitude estimate into an
analog differential voltage, V′

refp−V′
refn, which is then converted

into a proportional current using a dual op amp loop. This
current is scaled appropriately to set the swing of the limiting
buffer. The replica DAC ensures PVT tracking of the swing at
LAout compared to that sensed at LINout by the error sampler.

The pathological discriminator in Fig. 3(a) detects patholog-
ical sequences and ensures only the random non-pathological
portion of the received data is used to estimate amplitudes and
equalizer coefficients, making them immune to the periodic
nature of pathological patterns and incoming baseline wander.

Figure 7 depicts the VEO improvement at LINout for various
external ac coupling capacitor values when BLWC is turned
on for a 90-m coax for a 12-Gb/s pathological pattern.

C. Other Considerations

The BLWC loop is enabled only after the CDR locks
and initial equalizer adaptation is completed to ensure that
1) the data sampler makes a majority of correct decisions
and is a reasonable replica of the far-end TX, and 2) the
amplitude estimate has been established before the loop is
set running. Since the BLWC is a high-gain analog loop, the

667



(a) (b) (c)
Fig. 10. Measured 12-Gb/s results on Phabrix Qx video analyzer using 90-m (53-dB) coax for: (a) pathological pattern with BLWC off, (b) pathological
pattern with BLWC on, and (c) composite pattern with BLWC on.

(a) (b)
Fig. 11. Measured 12-Gb/s eyes at retimer’s (a) input and (b) output, for
a 90-m coax for composite pattern with BLWC on (horizontal: 20 ps/div,
vertical: 100 mV/div).

initial conditions are indeterminate and the CDR may lose lock
if the loop is enabled abruptly. To resolve this issue, an RC
filter is inserted at the bias of feedback circuit to enable the
loop gracefully as shown in Fig. 6(b).

The retimed data output in Fig. 3 is buffered and driven out
using a 100-Ω differential hybrid voltage-mode driver [8].

III. EXPERIMENTAL RESULTS

The proposed retimer is fabricated in TI’s 130-nm BiCMOS
process and integrated in a wire-bond QFN package. Fig-
ure 8 shows the die photograph. To measure the retimer
performance, we use a Phabrix Qx video generator whose
output is connected to a Belden 1694A cable and subsequently
ac-coupled using a 4.7-µF capacitor to the device under
test (DUT). The video generator output is also internally ac
coupled (capacitance unknown). Shown in Fig. 9(a) is the
measured insertion loss of Belden 1694A cables, indicating 53-
dB loss at 6 GHz for 90 m and 58 dB for 100 m, not including
the loss of connectors, board traces and package which amount
to an additional 1.7 dB at 6 GHz. The output of the DUT is
looped back to the Phabrix Qx video analyzer through an off-
chip 100-Ω to 75-Ω limiting buffer for error analysis. Shown in
Fig. 9(b) and (c) are the bathtub curves at LINout, after passing
through on-chip limiting buffers for an 800-mVpp 12-Gb/s
pathological pattern (72-mV measured wander at DUT input,
exceeding the 50-mV SMPTE specification) with a 90-m coax
and color bar pattern with a 100-m coax, indicating horizontal
eye openings of 0.25 UI and 0.19 UI, respectively, at a bit error
rate (BER) < 10–12 without FEC. Figures 10(a) and (b) show
the video analyzer’s received pathological pattern with BLWC
turned off and on, respectively, indicating an improvement in
BER from ∼ 10–8 to < 10–12, when a 90-m coax is attached
before the DUT. Shown in Fig. 10(c) is the video analyzer

TABLE I
COMPARISON TO RECENT SDI RETIMERS

This Work[10][9]Metrics

90 m b 

(53 dB)
Not reportedNot reportedPathological Cable

Reacha at 12 Gb/s
100 m b

(58 dB)
75 m

(44 dB)
80 m

(46 dB)
Color Bar Cable

Reacha at 12 Gb/s
220 m 

(56 dB)
Not reportedNot reportedPathological Cable

Reacha at 3 Gb/s
230 m 

(59 dB)
200 m

(51 dB)
190 m

(49 dB)
Color Bar Cable
Reacha at 3 Gb/s

2.52.51.8, 1.2Supply Voltage (V)

< 10−12< 10−12Not reportedBit Error Rate

8.65Not reportedNot reportedDie Area (mm2)

350275405Power (mW)

130-nm BiCMOSNot reportedNot reportedTechnology

32-pin32-pin40-pinPackage (QFN)

5 55 56 4Package Form (mm2)
a Only Belden 1694A coax loss; not including PCB, connector, and package losses.
b Measured over multiple wafer lots, −40 to 85oC ambient, 800-mVpp 10% TX swing.

result with a composite pattern: magenta + green pathological
pattern, color bar and clock in pink, with a 90-m coax. We
observe zero errors for more than 45 minutes indicating a
BER < 10–13. Figures 11(a) and (b) show the retimer input
and output eyes for this case, respectively.

Table I compares the proposed retimer against recent com-
mercial 12-Gb/s SDI retimers, indicating significant improve-
ment in cable reach across patterns and data rates.
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