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P
hase stability means reliable performance in 
specific test-and-measurement applications 
that call for a close match in frequency and 
phase between cables with low relative drift 

over temperature, vibration, and flexure. Yet, phase sta-
bility may not be adequate in cases where tighter skew 
tolerances are needed for a more synchronized distrib-
uted clock chain. 

Skew-matched coaxial cables are specifically designed 
to service the growing data-rate demand in differential 
signaling applications. This article explores some com-
mon measurement parameters and how skew-matched 
coaxial assemblies can augment a test setup to lend more 
accuracy to the overall differential-signal characteriza-
tion process.

High-Speed Differential-Signal Device  
Characterization

Differential signaling is often used in high-speed 
digital (multi-gigabit) applications because any noise 
will equally affect both lines if they’re coupled closely 
together (with adequate conductor width for desired 
differential impedance). Thus, it’s often much easier to 
filter noise than in single-ended lines and may reduce 
transmit-power requirements on the transmission lines. 

The common-mode noise introduced by non-ideal 
devices can be rejected at the receiver. There is, however, 
cross-mode conversion (common-to-differential mode, 
differential-to-common mode) that invariably results 

Why Skew-Matched 
Coaxial Cables Matter to 
Signal-Integrity Test and 
Measurement
This article explores some common measurement parameters and how skew-matched 
coaxial assemblies can augment a test setup to boost the accuracy of the overall 
differential-signal characterization process.

1. The diagram shows mixed-mode S-parameters based on a common/dif-

ferential input or output.
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from manufacturing imperfections that 
cause device asymmetries. As with any 
design, prototype, and testing process, 
all electrical anomalies must be ade-
quately discerned and evaluated before 
production. While signal-integrity (SI) 
engineers have numerous tools at their 
disposal to characterize a differential 
device, mixed-mode S-parameters are 
among the more basic and necessary 
tools for understanding high-speed dif-
ferential systems.

Typically measured with a vector 
network analyzer (VNA), S-parameters 
are an extremely useful modeling and 
measurement tool for the design and 
analysis of both single-ended unbal-
anced and differential balanced pas-
sive high-frequency systems. However, 
a single-ended, two-port device under 
test (DUT) in RF applications would 
require a 2×2 S-parameter matrix for 
analysis, whereas a two-port differential 
DUT would leverage a 4×4 S-parameter 
matrix. Figure 1 depicts the various 
mixed-mode S-parameters based on a 
common/differential input or output.

Two-port, single-ended S-parame-
ters reveal insertion loss/attenuation/
gain data (S21) as well as return loss/voltage standing-wave 
ratio (VSWR) data (S11). Differential S-parameters offer in-
sight into the performance of a system with differential re-

turn loss (e.g., SDD11), insertion loss (e.g., SDD21), near-end 
crosstalk (NEXT) (SDD31, SCC31, SCD31), far-end crosstalk 
(FEXT)(SDD41, SCC41), and differential-to-common mode 
conversion (SCDxx). Table 1 provides general definitions for 

2. Some important measurement parameters can be derived from the mixed-mode s-parameters. Note: NEXT and FEXT parameters listed are 

in the condition where ports 1/2 are the victim ports and ports 3/4 are the aggressor ports. 
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GENERAL DEFINITIONS FOR THE 16 DIFFERENT  
MIXED-MODE S-PARAMETERS

Input Output Mixed-mode 
S-parameter Description

Differential Differential

SDD11 Reflected differential signal  measured at port 1 
driven with a differential signal at port 1

SDD12 Transmitted differential signal measured at port 1 
driven with a differential signal at port 2

SDD21 Transmitted differential signal measured at port 2 
driven with a differential signal at port 1

SDD22 Reflected differential signal measured at port 2 
driven with a differential signal at port 2

Differential Common

SCD11 Reflected differential signal measured at port 1 
driven with a differential signal at port 1

SCD12 Transmitted differential signal measured at port 1 
driven with a common signal at port 2

SCD21 Transmitted common signal measured at port 2 
driven with a differential signal at port 1

SCD22 Reflected common signal measured at port 2 
driven with a common signal at port 2

Common Differential

SDC11 Reflected common signal measured at port 1 
driven with a common signal at port 1

SDC12 Transmitted common signal measured at port 1 
driven with a differential signal at port 2

SDC21 Transmitted differential signal measured at port 2 
driven with a common signal at port 1

SDC22 Reflected differential signal measured at port 2 
driven with a differential signal at port 2
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the 16 different mixed-mode S-parameters while Figure 2 il-
luminates some more specific parameters utilized in a mixed-
mode analysis. 

Time-domain transmission (TDDxx) parameters are also 
vital in the characterization process, particularly for jit-
ter analysis (eye diagrams) and crosstalk. Multi-domain test 
templates are popular for testing multi-gigabit digital stan-
dards such as USB 3.0, Ethernet, and serializer/deserializer 
(SERDES) applications. 

It’s important to note that a single-ended NxN S-parameter 
matrix isn’t directly related to the mixed-mode NxN S-param-
eter matrix (Fig. 3). Aside from using a mixed-mode VNA kit, 
the mixed-mode S-parameters can be derived mathematically 
from a traditional VNA Touchstone (SnP) file via adequate 
mode-conversion matrices.1 

Time-Domain Analysis (Jitter, Bit Error Rate)
Time domain analysis can either be performed with an os-

cilloscope (in TDR mode), a bit-error-rate tester (BERT), or 
a VNA that performs an inverse discrete Fourier transform 
(DFT) to convert from the frequency domain (SDD21) to the 
time domain (TDD21). Where mixed-mode S-parameters 
are useful for characterizing a differential channel in the fre-
quency domain (crosstalk, noise, insertion loss, and so on), 
eye diagrams are useful tools in evaluating clock jitter or the 
BER of the signal; these reveal jitter, interference, and signal 
attenuation problems. Other time-domain tools, such as sin-
gle-pulse response, can reveal intersymbol interference (ISI), 
or the interference of a symbol on a subsequent chain of sym-
bols, which is often caused by clock jitter, noise, and crosstalk. 

Jitter testing is of particular importance as data rates and 
clock frequencies rise, causing eye openings to shrink and 
leaving far less room for noise, crosstalk, and the various man-
ufacturing flaws that cause jitter. Moreover, shorter rise/fall 
times, in turn, increase the amount of high-frequency spec-
tral content so that there’s still often considerable energy up 
to the fifth harmonic. For instance, a 20-Gb/s data rate would 
correlate to a 10-GHz clock frequency, which would require a 
bandwidth (BW) of 50 GHz to reveal fifth-harmonic content 
(and thus increase the resolution in the time domain). 

For exceptionally high data-rate applications, the equation 
for bandwidth (Equation 1) frequently enables successful rec-
reation of the rising/falling edge of the signal. This significant-
ly reduces the bandwidth and dynamic range requirements for 
test equipment. 

where BW is bandwidth, and τR is rise time.

In these cases, a VNA can become an all-in-one tool for 
multi-domain analysis and more straightforward channel 

characterization. However, utilizing precision coaxial com-
ponents, particularly skew-matched coaxial sets with an ad-
equate method for eliminating the errors caused by the test 
fixtures, increases the likelihood of obtaining the most accu-
rate measurements that the test equipment is capable of. 

Use Cases for Delay-Matched Coax Cables
Modern high-speed digital communication systems rely on 

the precise timing of signals to and from a transmitter or re-
ceiver. Examples include SERDES for high-speed I/O signal 
transmission as well as generalized differential measurements 
found in high-speed interfaces such as USB 3.1, multi-gigabit 
Ethernet, and PCI Express.  

Measuring channel signal integrity
Generating timing margins is often done at the design and 

simulation level by characterizing the crosstalk, jitter, skew, 
and electromagnetic simulation of “flight time” (intercon-
nect delays). However, physical measurements using test in-
struments may also be necessary to gain a more accurate as-
sessment of channel loss. Flaws, or “pathologies,” within the 
system can carefully be revealed for better design and margin 
optimization. 

Test benches naturally require the use of additional test 
fixtures and cables/connectors to reach the test equipment. 
If these additional components have poor signal-integrity 
(SI) characteristics, it can convolute the process of isolating 
the source(s) of jitter, skew, or crosstalk. Such problems are 
typically only discerned by introducing structures with good 
SI qualities. This includes the use of skew-matched cables to 
mitigate the sources of skew within the differential test system. 

Error correction and fixture/cable removal techniques 

3. Single-ended S-parameters can be converted to mixed-mode 

S-parameters via mode conversion matrices.1
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The IEEE P370 task force’s mission was to create an industry 
standard for the characterization of high-frequency electrical 
interconnects up to 50 GHz. This has been realized, to some 
extent, through a list of recommended practices that prevent 
inaccurate de-embedding of test fixtures and cabling from the 
DUT, which in turn leads to inaccurate S-parameter measure-
ments. These inaccurate measurements can unknowingly be 
distributed where there’s no IEEE standard to check the qual-
ity of the S-parameters prior to publishing that data.3

Typical calibration for a single-ended system would require 
a short, open, load, and (one) thru to bring the measurement 
plane to the DUT (pre-measurement error correction). In a 
DUT utilizing differential signaling, the PG370 standard for 
pre-measurement error correction requires the 2X-thru to be 
customized to the test fixture (i.e., same PCB panel, layer, layer 
transitions, PCB orientation, and electrical length). Even with 
more accurate post-measurement custom proprietary algo-
rithms for de-embedding, test-fixture removal adds error to 
the measurement, harming timing margins and optimization 
of the DUT. 

The procedure for the S-parameter de-embedding itself 
relies heavily on the accuracy of the S-parameter behavioral 
model.5 For instance, time-domain measurements such as 
jitter characterization can be less consistent across measure-
ments without skew-matched coaxial cables, as jitter metrics 
can be directly affected by the mismatch in delay between the 
cable assemblies. 

Need for Skew-Matched Coaxial Cables
Often, test fixtures for high-speed, differential components 

will include short lengths of mini coax or semi-rigid cables 
that guarantee a level of delay match. However, such cables 
frequently hinder test capabilities due to inflexibility or the 
lack of length needed to reach test equipment. 

Unfortunately, a simple replacement/extension of two 
seemingly identical coaxial assemblies of the same length can’t 
reliably accomplish a skew match down to the order of pico-
seconds. This remains true even when there’s phase tracking, 
or a controlled manufacturing with consistent materials, fab-
rication methods, and temperature conditioning to maintain 
nearly uniform performance across a production line of co-
axial cables. Skew-matched coaxial cables require more inten-
tional care with a precise cut and connector attachment as well 
as respective testing to achieve high accuracies. 

While highly effective and often critically important, phase-
stable coaxial cables are more frequently used for single-ended 
port systems. The problem of delay mismatch is only exacer-
bated in cases where: 

• Measurements are performed at wavelengths up to mil-
limeter waves

• Measurements are performed with longer lengths of skew-
matched coax

• Cables undergo semi-frequent flexure for T&M purposes

Considerations in Making Skew-Matched Assemblies
Phase-stable coax
A set of skew-matched coaxial cables must each be indi-

vidually phase-stable to be able to maintain a delay on the 
order of picoseconds between the two assemblies. Coaxial 
cables will invariably exhibit insertion loss (S21) due to in-
trinsic sources of loss (e.g., dielectric loss tangent, dielectric 
conduction, metallic losses). 

The phase/time delay (related to phase (S21)), on the other 
hand, intrinsically depends on the physical length of the cable 
as well as the dielectric constant, or relative permittivity (εr), 
of the dielectric material, both of which are temperature-de-
pendent (Equation 2). The linear coefficient of thermal expan-
sion (CTE) will generally increase with temperature as the 
dielectric constant decreases. Cable length is generally fixed 
by the metallic materials due to its hardness in comparison 
to the insulating material, so the CTE of the inner and outer 
conductors is more relevant to understanding the changes in 
length over temperature.

The design of phase-stable coaxial cables is a science unto 
itself, with a particular focus on the use of stable dielectric 
materials. Many of the techniques involve introducing air 
into the dielectric. Low-density and foamed materials exhibit 
lower insertion loss and more phase stability over tempera-
ture, which boosts the velocity of propagation (Vp) to 75% to 
80%. However, such materials provide less overall mechani-
cal strength and a less consistent dielectric constant over the 

4. Shown is a pair of skew-matched coaxial cables.
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length of the material, which means a balancing act between 
material strength (elastic modulus) and relative permittiv-
ity. Phase stability also increases with less overall mechanical 
strain on the coax. 

Highly phase-stable coaxial cable will often be relatively 
thin to mitigate the bending forces perpendicular to the ca-
ble during flexure. Moreover, strain-relief boots are typically 
added between the connector and the transmission line to 
buffer the forces from a hard connector ferrule and the softer 
coax during a bend (Fig. 4). To maintain phase tracking over a 
lot of phase-stable cables, temperature conditioning or aging 
mitigates the risk of a divergence in phase during temperature 
fluctuations over the operational lifetime of the coax. 

Making two nearly “identical” cables
Creating a pair of cables that experience near-identical de-

lays means maintaining similar Vp values between the two 
dielectric materials and adjusting length for the minor (1 to 
2%) variations between them. This, naturally, gets trickier as 
cables grow longer, because greater length widens the window 
for variations between the two cables. The dielectric constant 
also decreases with increasing frequency. 

Millimeter-wave, skew-matched pairs have a much wider 
bandwidth to closely match dielectric-constant behavior and 
thus time delay. The precision of a delay- or skew-matched 
pair of coax depends on the quality of the cut, attachment of 
the connectors, and the care put into optimizing each indi-
vidual set for phase stability. Most importantly, batch testing 
likely would not suffice for consistently achieving a channel-
to-channel delay match of, say, 1 to 5 ps. Each set of cables 
must therefore be 100% tested for reliable performance across 
a production line of skew-matched coax. 

Conclusion
Skew-matched cable assemblies are particularly useful in 

characterization of high-data-rate, differential-signaling ap-
plications. Along with the large repertoire of test equipment, 
probes, and fixtures, the passive transmission lines connected 
to the test equipment can either add to or remove from the 
integrity of a test setup. Significant design considerations are 
necessary to ensure a tight skew match between two coaxial 
transmission lines, thus making channel-to-channel delay 
matching less straightforward than it may seem.
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