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Signal integrity (SI) is all about the losses 
and types of signal degradation that can 
happen along the path (channel) between 
a transmitter and a receiver. In a perfect 

world, transmitter communication would in-
stantaneously be heard at the receiver and with 
no change in the signal.  Equalization methods 
exist both in the transmitter and the receiver to 

help correct for channel losses, but they have 
their limitations, and the channel must still 
have some minimal level of performance. SI 
engineers are faced with the challenge of how 
to characterize the signal losses that exist in the 
channel and identify the key elements that are 
controlling the performance. The use of time 
and frequency domain analyses for both simu-
lation and measurements is a fast way of be-
coming an expert on a given channel design.

SIMULATION MODELING
Starting with simulation, one can build a dis-

tributed model of the channel with measure-
ments, EM simulations and/or algorithmic mod-
els that are cascaded together to predict channel 
performance. One can look at the output eye 
diagram to see the aggregate performance and 
do brute force simulations by varying hundreds 
of variables to find the best performance. The 
better option is to run quick time and frequency 
domain analyses to gain insight and reduce the 
design space that needs to be simulated. Figure 
1 shows how time domain reflectometry (TDR) 
and transmissivity (TDT) can be used to get spa-
tial information on what is happening to the sig-
nal as it travels through the channel. The TDR 
shows where reflections are occurring, which 

s Fig. 1  Distributed model of the physical channel and the 
resulting TDR and TDT.
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Simulation makes it easy to create a stub and series im-
pedance discontinuity with the same excess capacitance 
and delta impedance change, to see how these two types 
of structures compare in the time and frequency domain. 
It is not just the TDR peak height that matters, but also 
the subtle information from the double refl ection occur-
ring later in time. With these two simple simulations, an 
SI engineer can look at an eye diagram at the receiver, an 
S-parameter frequency response or a TDR/TDT time do-
main response and know whether the problem is a series 
or stub impedance discontinuity.

FINDING CAUSES OF EMI
The spatial information that TDR/TDT provides can 

also be used for understanding and troubleshooting EMI 
problems coming from the physical channel. While there 
are many potential sources of EMI in high speed serial 
designs, the most typical is radiation caused by common 
currents generated by a differential channel. A common 
signal as small as 10 mV on an external twisted pair can 
cause an FCC certifi cation test failure. In theory, if the 
drivers produce a perfect differential signal and the signal 
passes through a perfect differential channel, there will be 
no common signal generated. Unfortunately, in practice 
that is seldom the case.

Assuming the driver is perfect and considering just the 
channel, any asymmetry in a coupled differential channel 
will convert some of the differential signal into a common 
signal. This is known as “mode conversion” (see Figure 4). 
Mode conversion is typically caused by asymmetries in the 
coupled lines, such as non-equal line widths and/or lengths, 

reduces the amount of signal that reaches the transmitter. 
The TDT shows how the rise time is degraded by material 
losses in the channel. The near end cross talk (NEXT) on ad-
jacent channels shows which component is the likely source 
of noise coupling, by being coincident in time with the com-
ponent’s TDR refl ection.

This is a very high level look at the power of time domain 
analysis. To become an expert at reading the TDR/TDT and 
frequency dependent losses, some very simple simulations 
can help. The two basic types of impedance discontinuities 
encountered in a channel are a series change in impedance 
and a stub that branches off the signal path. Simulating the 
series impedance discontinuity from a length that is shorter 
than the rise time of the signal to a length that is much 
longer shows two very different responses in the time and 
frequency domain. As the length of the discontinuity gets 
shorter than the rise time of the signal, the refl ection gets 
smaller and more of the signal transmits through (see Fig-
ure 2a). At longer lengths, the double refl ections off both 
ends of the series impedance discontinuity result in a for-
ward traveling wave that is delayed in time and added back 
into the signal going to the receiver (see Figure 2b). This 
causes a rippling in the amplitude of the signal versus fre-
quency. The ripple valleys are located at frequencies where 
the forward traveling waves are 180 degrees out of phase 
and deconstructively add (see Figure 2c).

The stub resonator exhibits some of the same behavior. 
When the stub is much shorter than the rise time, the refl ec-
tion is reduced, and more of the signal goes through to the 
receiver (see Figure 3a). A stub longer than the rise time 
(see Figure 3b) can lead to signifi cant losses, where 100 
percent refl ection from the end of the stub deconstructively 
adds with the forward traveling wave (see Figure 3c).

s Fig. 2  TDR and eye diagram for series impedance discontinuities 
shorter (a) and longer (b) than the signal rise time. Insertion loss for 
the same discontinuities (c).
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s Fig. 3  TDR and eye diagram for stub impedance discontinuities 
shorter (a) and longer (b) than the signal rise time. Insertion loss for 
the same discontinuities (c).
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launches are all identical and all the transmission lines used 
for the thru and line standards have the same impedance, 
loss and propagation constant — only varying in length. 
The number of lines needed will depend on the frequency 
range covered by the calibration kit. The usable frequency 
range for each line is determined by comparing the phase 
of the line standard to the thru standard. Microwave test 
applications have used TRL calibration techniques for 
over 40 years with vector network analyzers (VNA). The 
TRL calibration technique relies only on the characteristic 
impedance of a short transmission line. From two sets of 

different “local” effective dielectric constants, or ground-
plane discontinuities. TDR can help in two ways. The fi rst 
is to determine if mode conversion exists. Using TDR, the 
channel at port 1 is stimulated with a differential signal and 
the common mode response at port 2 is measured. Figure 5 
shows the measured results from a typical backplane. Three 
conclusions can be drawn from these test results:
•  There is mode conversion in the channel
•  The common signal and differential signal travel at simi-

lar, yet not exactly the same velocities
•  The edge speed of the differential stimulus has a small 

impact on the mode conversion.
The second way TDR can help is to look at the refl ected 

signal to determine what in the device under test (DUT) 
is causing mode conversion. Figure 6 shows the measure-
ment when stimulating the DUT with a differential signal 
at port 1 and measuring both the differential and com-
mon refl ected signals at port 1. As the stimulus propagates 
through the channel, any asymmetry encountered will 
generate a common signal. Some of that common signal 
will propagate to port 2 and some will propagate to port 1, 
where it is measured as TCD11. Because the velocity of the 
common signal is similar to the velocity of the differential 
signal, features in the impedance profi le coincident with 
the common signal can be used to determine the cause 
of the mode conversion. In this case, mode conversion is 
caused by the via fi elds in the daughter card and backplane.

FIXTURE EFFECTS
Finally, key to the success of distributed channel simu-

lation and measurement is the ability to measure just the 
DUT. At high frequencies this can be quite challenging, as 
the fi xture starts to become a signifi cant source of signal 
degradation, requiring advanced calibration techniques to 
remove the fi xture from the measurement.

Many different approaches have been developed for re-
moving the effects of the test fi xture from the measurement; 
these fall into two categories: direct measurement (a pre-mea-
surement process) and de-embedding (post-measurement 
processing). De-embedding uses a model of the test fi xture 
and mathematically removes the fi xture characteristics from 
the overall measurement. This fi xture de-embedding proce-
dure can produce very accurate results for the non-coaxial 
DUT without complex, non-coaxial calibration standards. Di-
rect measurement techniques require specialized calibration 
standards that are inserted into the test fi xture and measured. 
The accuracy of the device measurement relies on the quality 
of these physical standards (see Figure 7).

The most common calibration methodology is called 
TRL, for transmission (or thru), refl ect and line. The con-
straints for the TRL standards are that the connectors and 

s Fig. 4  Asymmetry in a coupled differential transmission line will 
create a common signal at the output.

Differential Pair

Differential
Signal In

Differential
Signal Out TDD21

TCD21Common
Signal Out

Mode Conversion

Port 1 Port 2

s Fig. 5  Measured TDT response of a backplane, showing the 
differential and common responses (a) and magnifi ed view of the 
common responses vs. stimulus rise times (b).
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s Fig. 6  Using TDR to fi nd the cause of mode conversion.
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plus measurement techniques can 
help provide insight into the success 
of high speed serial channels. ■

Reference
1.  Mike Resso and Eric Bogatin, “Signal In-

tegrity Characterization Techniques,” 2nd 

edition, International Engineering Consor-
tium.

takes less to imple-
ment and build than 
the related multiple 
TRL structures.

A design case 
study was con-
ducted to show an 
application where 
the 2× thru fi xture 
was manufactured 
with typical PCB 
manufacturing tol-
erances of ±10 per-
cent of the target 
impedance. This 
means the differ-
ential impedance 
of 100 V can be as 
high as 110 V or as 
low as 90 V, up to a 20 V spread in 
2× thru impedance and, more im-
portantly, a signifi cant difference be-
tween the fi xture to be removed and 
the 2× thru that is fabricated. Nor-
mally, one of the main assumptions 
in TRL and AFR is that the fi xture 
and calibration 2× thru standard have 
identical impedance. Another break-
through in calibration algorithms 
now exists, where impedance differ-
ences between the fi xture and the 
calibration 2× thru standard can be 
tolerated. This provides new fl exibil-
ity that improves accuracy and reduc-
es implementation time by avoiding 
multiple board turns of the calibra-
tion 2× thru standard. This enhanced 
AFR algorithm will take the original 
measurement of fi xture A + DUT + 
fi xture B and compare it to the 2× 
thru. By specifying that the charac-
terization fi xture does not equal the 
DUT measurement fi xture, AFR will 
use the actual fi xture impedance and 
allow the proper impedance to com-
plete the error correction methodol-
ogy. The causality problem of having 
some erroneous response before time 
t = 0 is greatly reduced (see Figure 
8). This novel feature offers another 
breakthrough for automatic fi xture 
removal and S-parameter accuracy.

Signal integrity engineers have 
many tools available in the lab to make 
life easier.1 Microwave transmission 
line knowledge, calibration and error 
correction techniques, and time do-
main intuition all play an important 
role in identifying and resolving the 
root cause of problems. Simulation 

two-port measurements that differ by 
this short length of transmission line 
and two refl ection measurements, 
the full 12-term error model can be 
determined. Due to the simplicity of 
the calibration standards, TRL can 
be applied in dispersive transmission 
media such as microstrip, stripline 
and waveguide. With precision coaxial 
transmission lines, TRL has provided 
the highest accuracy in coaxial mea-
surements since 1975.

A recently developed calibration 
method called differential cross talk 
calibration (also referred to as differ-
ential TRL) is a differential version 
of the common, single-ended TRL, 
using differential instead of single-
ended structures. Differential TRL is 
one of the few calibration algorithms, 
along with automatic fi xture removal 
(AFR) that accounts for and removes 
coupling. The same constraints as 
the single-ended TRL described ear-
lier apply to this differential method. 
Since these are differential standards, 
there are additional constraints: 
mode conversion, whether it be com-
mon to differential or differential to 
common, should be −30 dB or bet-
ter. The skew between lines needs to 
be less than 10 degrees. As with sin-
gle-ended TRL calibration kits, the 
fi xture may be asymmetric (left and 
right half fi xtures do not need to be 
the same length or impedance), but 
the fi xtures need to be symmetric top 
to bottom (i.e., one leg to the other 
leg of the differential pair).

The latest generation AFR algo-
rithms are often referred to as “one-
port AFR.” This reference to one-port 
can be either a single-ended port or dif-
ferential port, but in either case there 
is no thru measurement required. This 
enables much simpler and straight-
forward error correction, because the 
user can simply use the open ended 
fi xture as a reference standard, saving 
design time and fabrication costs. Simi-
lar to the single-ended AFR, there is a 
differential automatic fi xture removal 
method. The difference in this method 
is that the thru is differential; therefore, 
any coupling that exists in the fi xture is 
also removed in the process. Besides 
needing to be symmetric (right to left), 
like the single-ended AFR the thru 
must also be symmetric top to bottom. 
Like the single-ended version, this 

s Fig. 7  Assessment of the numerous error correction techniques for 
removing fi xture effects on the DUT measurement.
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s Fig. 8  Before (a) and after (b) TDR 
responses, showing the reduction in non-
causal behavior using the enhanced AFR 
algorithm.
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