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ABSTRACT 

As data rates for digital moving image interchange increase under the 
influence of increasing resolutions and frame rates, it remains desirable to 
transport them via a single coaxial cable link. This paper proposes a method 
to transport data rates of 10 Gbs and above over cable in existing HDTV 
installations. 

INTRODUCTION 

Coaxial cable has formed the core infrastructure for transporting video signals for over 70 
years. It now routinely carries digital data rates of 1.5 Gbs, and recent standards have been 
adopted for 3 Gbs. (1) 

However, even this rate is insufficient for some image formats. 

Image capture and display devices have requirements to support resolutions up to 4096 x 
3072 at 24 fps with bit depths of 12 bits per channel. This generates a data payload greater 
than 10 Gbs, even without allowing for blanking. 

1080p signals at 50 or 60 fps require 3 Gbs in a 4:2:2 format, but carrying 4:4:4, or 4:4:4:4, 
requires additional data capacity. 

Digital Intermediate images currently use resolutions of 4096 x 2048 at 12+ bit depths, and it 
is the nature of the industry to increase quality whenever possible. This puts great pressure 
on data transport, with servers sprouting large numbers of HD-SDI BNCs. 

There are already standardised data transport standards for bit rates around 10 Gbs: 

SONET STS192 carries 9.98464 Gbs 

OTU-2 uses adds FEC to increase this to 10.709 Gbs 

10G-Ethernet transports a payload of perhaps 9 Gbs. 

So 10 Gbs is well represented in the optical environment. But 10 Gbs optical links are still 
costly, and may require the installation of new fibre infrastructure. This paper proposes 
solutions to the technical challenges of transporting high rate video signals within existing 
coaxial cable infrastructure. 

CABLE SELECTION AND CHARACTERISATION 

The cable we selected to use for these tests was Belden 1694A. This is the cable of choice 
for many HD installations, and so represents existing infrastructure. The connectors were 
Trompeter UPL2000-D4. 

The cable has been characterised by the manufacturer up to 3 GHz for some time, and has 
more recently been characterised to 4.5 GHz. As with all coaxial cables, its attenuation is 
dominated by skin effect at low frequencies and by dielectric loss at higher frequencies. Skin 



effect has an attenuation which increases as the square root of the frequency; dielectric loss 
increases as a direct function of frequency.  

The coefficients for the two effects are “ks” for skin effect 
and “kd” for dielectric effect in the equation:  

For Belden 1694A the crossover 
frequency between the two effects 
is at around 1 GHz. This means 
that the equalisation requirements 
for SD and HD SDI are dominated 
by skin effect, but for the higher 
frequencies required for a 10 Gbs 
channel the dielectric loss 
becomes significant, with the 
result that high equalisation gains 
are required.   

Our laboratory tests found that the 
combined skin effect and dielectric 
loss model is followed up to 
approximately 4 GHz. Above this 
frequency there is some deviation 
from the model. This is hardly 
surprising, as the wavelength of 
the signal is approaching the 
mechanical characteristics of the 
cable, such as the weave of the 
shield and the diameter of the 
dielectric. 

MODULATION TECHNIQUES 

Binary Modulation 

We first tried simply increasing the bit rate using the scrambling and modulation technique 
already employed for SDI signals from 143 Mbs to 2.9 Gbs, and described in SMPTE 259M, 
292M and 424M. 

The signal spectrum generated using binary modulation requires a channel with equalisation 
to at least ½ of the data rate; in this case 5 GHz. Additional response above 5 GHz has the 
benefit of reducing the sensitivity of the recovered signal to fluctuations in the frequency and 
group delay response of the channel, which cause timing jitter during reclocking, but also 
has the disadvantage of contributing additional noise.  

We found that a single equalizer section could equalize up to 70m of cable, but two sections 
are required to equalize to 100m. 

The single section equalizer, with 70m of cable, performed well with a 231-1 PRBS test 
sequence. However the 100m equalizer, with 100m of cable, was only able to perform well 
with a 27-1 PRBS test sequence. This indicates inadequate low frequency equalisation, as 
the long sequences of sequential 0s or 1s generated by the 231-1 PRBS were not properly 
equalized. This failure at low frequency is caused by practical limitations, which constrain the 
complexity of the equalizer sections. These force a trade-off between high frequency 
performance and low frequency performance. With a single equalizer section the LF 

Figure 1 - Frequency Response of a 50m Sample of 
Belden 1694A 

C(f,l) = e-ksl(1+j)√f-kdlf
 



performance is good enough to accommodate the long sequences of the 231-1 PRBS, but 
with two sections this is no longer the case.  

This indicates that 100m is difficult to achieve using NRZI modulation. 

The 30 dB Rule (of Thumb) 

Experience has shown us that it is difficult to equalise losses much greater than 30 dB. 
Above this gain level, it becomes increasingly difficult to control gain peaking and oscillation 
caused by leakage from the output of the equalizer to its input. Figure 1 shows that the 
channel has a loss of around 27 dB at 5 GHz for a 50m cable length. A 100m cable would 
require an equalizer gain of at least 50 dB. This is a further indication that simply applying 
binary coding to a 10Gbs data stream is not an optimum solution. 

Digital Equalisation 

We considered using a loop-unrolling 
decision feedback equalizer (DFE), which 
effectively follows a partially equalised 
analog stage with a coarse ADC and a 
digital equalizer. In fact, this approach 
showed promise with the particular cable 
sample that we used, but concerns about 
the unknown nature of the channel 
response at frequencies above 4 GHz led 
us to concentrate on modulation 
techniques which limit the signal spectrum 
to the better characterised part of the 
channel’s response. 

Multi-Level Coding 

Simple binary coding only transports a single bit per sample.  

By increasing the number of voltage levels in the signal, more bits per symbol may be 
transported. We investigated the benefits of several 3 level coding schemes, but none of 
them gave the level of bandwidth reduction necessary to keep the signal spectrum within the 
preferred portion of the channel bandwidth. 

We then considered 4 level pulse amplitude modulation (PAM). By using 4-level PAM, 2 bits 
per sample can be transported, with a corresponding halving of the signal spectrum. This 
reduces the peak equalization frequency to around 2.5 GHz, and the gain requirement for a 
100m length of cable to around 35dB. The primary concerns with binary modulation are thus 
answered by using 4-level PAM. 

However, 4 level PAM does have some disadvantages compared with binary: 

• Reduced eye height, which leads to increased sensitivity to frequency response and 
group-delay response distortions, and to noise. 

• The requirement for an accurate signal amplitude at the detector.  

In short: The equalizer only has to correct the signal up to around 2.5 GHz, but it has to do it 
very well! 

In particular, the frequency response in the first few hundreds of MHz has to be well 
controlled. We found that, along with the conventional equalizer section, an additional low 
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Figure 2 - Loop-Unrolling Decision Feedback 
Equalizer 



frequency compensation section was required to achieve good eye height. 

The Effect of Low Frequency (LF) Equalization on 4-Level PAM Eye Height 

 

Figure 3 shows the frequency response of a 75 m length of cable followed by a passive high 
frequency (HF) equalizer. The gain is well controlled above 500 MHz, but the lower 
frequency response is not ideal.  

Figure 4 shows the effect of this LF response on the received data. Note the reduction of 
eye height caused by overshoots and undershoots lasting for several symbol periods. 

 

Figure 5 shows the channel response with an additional low frequency equalizer section 

Figure 6 shows the improved eye diagram which results from the additional section 

 

 

Figure 6 - Eye Diagram with HF plus LF 
Equalization 

 

Figure 4 - Eye Diagram with HF EQ 

Figure 5 - HF plus LF Equalization 

Figure 3 - HF Equalization Only 



CABLE LENGTH ADAPTION 

For a useful system, the equalisation has to adapt automatically to compensate for different 
cable lengths. (2) 

Signal Amplitude Sensitivity 

Multi level coding has a greatly increased 
sensitivity to signal level. The SDI 
specification for signal launch level is 800 
mV +/-10%. A 10 % signal level error will 
have very little effect on the recovery 
success of a binary coded data stream, 
but can lose vital eye height from a 4-
level PAM encoded stream. Figure 7 
shows the reduction in eye height caused 
by a +/-10% variation in signal amplitude. 

 

Signal Amplitude Control 

In order to maintain accurate signal slicing, the adaptive equalization system already used 
for SDI needs to be augmented by an automatic gain control (AGC) system to ensure 
reliable data recovery.  

This can be achieved by either modifying the signal amplitude to match the comparator 
slicing levels, or by modifying the slicing levels to track the signal level. Either technique 
requires the input signal level to be measured. 

Figure 8 shows the architecture 
of an adaptive equalizer for 
standard binary SDI signals. The 
Quantised Feedback DC 
restorer controls the equalizer’s 
response to long runs of 0s or 
1s, as exemplified in the 
“pathological” test sequence. It 
also provides reference 
amplitudes before and after 
slicing for the gain control 
section. This section increases 
or decreases the level of 
equalization to maintain equal 
amplitudes between the two 
signals. The Carrier Detect block 
ensures reliable operation of the 
loop on start up and loss of signal. 

Figure 9 shows a modification to the standard architecture to include overall AGC. The same 
technique is used, with the low frequency part of the signals controlling overall gain and the 
high frequency part controlling equalization gain. The low frequency loop usually has a 
longer time constant than the high frequency loop. 

 

Figure 7 - Eye height reduction with +/-10% 
amplitude variation 
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Figure 8 - Equalizer for Binary SDI Signals 



CONCLUSIONS 

A data rate of at least 10 Gbs can be transported over at least 75m of Belden 1694A coaxial 
cable. As tests proceed, we expect to attain our target 10.5 Gbs over 100m. 

Binary data transmission seems at first to be feasible at these data rates, particularly if the 
equalizer is of a decision feedback type. However, the undefined characteristics of the cable 
above 4.5 GHz, together with the requirement for very high equalizer gain, indicate that this 
would not be a practical solution. 

4-level PAM has been tested successfully, and shows great promise. The challenge of 
excessive high frequency equalization has been replaced by the challenges of low frequency 
content and launch level sensitivity. These are managed using an additional LF equalizer 
section and an overall AGC loop. 

Furthermore, it is worth considering the benefits of 4-level PAM to extend the cable length 
potential of lower data rate interfaces, such as SD- or HD-SDI. 
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Figure 9 - Equalizer with AGC Loop for 4-Level PAM Signals 


