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Abstract 
As I/O data rate is pushed beyond 20 Gbps, the process variation of the PCB 

material property directly affects SERDES margin, thus impacting the overall system 
quality. The established extraction methodologies of the material property mostly focus 
on the pass/fail decision, not for monitoring and improving the process control. The goal 
of the suggested methodology in this paper are twofold: (1) monitoring the material 
variations with the minimal measurement cost/time and (2)  guiding vendors to adjust the 
manufacturing process based on the monitored statistics. To meet the goal, a new 
Gamma-T approach utilizes the time or frequency-domain measurements for two 
transmission line segments and T-resonator with minimal number of cross-sectioning. 
Two versions of Gamma-T technique are described in this paper: the cost-effective one 
for the production floor and the precise one for material identification/validation in a lab 
environment. Both versions are suitable for the material model identification for EDA 
tools. 
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The main objective of this work is to develop a space-efficient method that is 
accurate up to medium high frequency with high testing throughput while being cost 
effective using almost all existing testing infrastructures in a high volume PCB 
manufacturing environment. Only space-efficient structures on PCBs, such as t-line 
segments, can be used. Specifically, the test structures should be composed from the 
same lines used to connect components. This is because only effective properties can be 
practically identified due to the anisotropy and inhomogeneity of PCB dielectrics. The 
time domain method with the existing factory testing infrastructure (TDR/TDT 
equipment with hand-held probes) should be used. The technique should be high 
throughput using the handheld probe and TDR scope, not time-consuming SMA 
mounting or VNA calibration. The identification method should also tolerate geometric 
variations and require limited cross-sectioning. To find out the reasons of possible board 
failure due to excessive losses, the technique should allow the separation of dielectric and 
conductor roughness effects. It should complement SET2DIL to help identify material 
properties once the loss exceeds target specs. The last, but not least, is to make it cost-
effective, the technique should utilize accurate low-cost EDA tools to design test fixture 
and do the material model identification. A version with higher accuracy and bandwidth 
is needed to complement the cost-effective version for validation purposes in a lab. 
 
Introduction 

Design of PCB and packaging interconnects for data links running at bitrates 10-
30 Gbps and beyond is challenging. Boards are not manufactured as designed, so making 
accurate measurements from DC to 20-50 GHz is very difficult, and accurate modeling 
over frequency bandwidth from DC to 20-50 GHz is difficult and even not possible in 
most of the EDA tools. Modeling, manufacturing, and measurements are three elements 
of the design success “fire triangle.” To have consistency in the modeling and 
manufacturing, the same material characterization technique must be used at the 
material model identification and production validation stages. This is not the case so 
far. Manufacturers usually use standardized techniques such as SET2DIL [1], Gamma 
extraction part of SPP technique [1], and Delta-L technique [2] to control the losses only. 
On the other hand, development teams are starting to use accurate techniques, such as 
GMS-parameters [3] and techniques based on different types of de-embedding (TRL, 
AFR and ISD) for the material characterization. The T-resonator technique, originally 
developed for microwave applications, was also recently adapted for digital interconnects 
[4]. 

Let’s analyze what would be suitable to create a unified, cost-efficient, and 
accurate technique for material characterization that is suitable for both manufacturers 
and development labs. The SET2DIL [1] technique was originally developed by 
researchers from Intel and typically used by manufactures to control losses at one 
frequency point. It is basically a cost-effective pass-fail test. It requires the design of 
nearly perfect, low-reflection launches that may be time-consuming and often not 
possible in the production environment. Also, it does not have a procedure to figure out 
the reason of failure (dielectric or copper foil problem). Though, it can be potentially 
adapted for the broadband material model identification. The Short Pulse Propagation 
[SPP] technique was introduced in early 1990s by researchers from IBM [5] for the 
characterization of PCB and packaging interconnect losses and dispersion. The 
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standardized technique has nine steps, it is too complicated and, until recently, the 
implementation of the technique was available only in IBM’s software that is no longer 
available. Because of that, the model identification part of SPP standard is practically 
abandoned - only the Gamma extraction part is mostly used, when SPP capability is 
claimed. We have recently revisited this technique and suggested some simplifications 
and improvements to extend the frequency range up to 50 GHz [6]. Unfortunately, 
Gamma extracted from TDT has defects at lower frequencies and cannot be used to 
separate dielectric and conductor losses in the same way as with the GMS-parameters or 
Gamma extracted from S-parameters. Though, some elements of SPP Light [6] are used 
here to build the new cost-effective technique. Considering the alternatives to SET2DIL 
and SPP, there is an industry trend to use de-embedding techniques such as TRL (trough-
reflect-line) or similar, AFR (adaptive fixture removal), and ISD (in situ de-embedding) 
for the material characterization. Even a new task group was recently organized by IPC 
D-24 committee under TM-650 to address the issue of “deficiency” in SET2DIL, SPP 
and the other material characterization standards.  

Would de-embedding be a viable alternative for a unified process?  A complete 
de-embedding is very difficult for PCB applications due to large manufacturing 
variations. Extraction of multiport parameters of the test fixture in de-embedding 
techniques is the most sensitive and error-prone part of any de-embedding technique. But, 
it would not be needed if only a complex propagation constant is required for the material 
characterization. Also, the complete de-embedding techniques may remove the test 
fixture effects successfully, but the de-embedded S-parameters of a line segment still 
have reflections due to the mismatch in the segment S-parameters normalization and the 
frequency-dependent characteristic impedance of the transmission line. The material 
characterization results will depend on this reflection.  

An opposite to the use of complete de-embedding is characterization without de-
embedding at all [2]. Attenuation and phases of two line segments in the Delta-L 
technique are simply subtracted and divided by the length difference to have per unit 
length parameters. The technique has strong dependency on the reflections from 
connectors, probes, launches and transmission lines. Design of transparent launches for 
any stackup is very challenging and may not be realistic in the production environment 
that is similar to SET2DIL technique. In addition, it requires S-parameter measurements 
for two line segments. If S-parameters are already measured, GMS-parameters [3] and 
SPP Light [6] would be more accurate and much less sensitive to the reflections 
alternatives. 

The bottom line is we did not find a readily available technique that satisfies our 
requirements for the material characterization formulated in the previous section. Thus, a 
hybrid technique composed from the elements of existing methods is proposed here. The 
new technique uses complex propagation constant (Gamma) extraction from TDT or S-
parameters complemented with the T-resonator technique to separate dielectric and 
conductor losses. 

 
Broadband material models 

First of all we have to identify material models that can be used for the broadband 
analysis of PCB/packaging interconnects. One broadband model for dielectrics and one 
model for conductor roughness are described here as the most commonly used. Models 
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like that have to be the outcome of the model identification process, not just 
frequency points that are typically provided by the dielectric manufacturers. There 
is usually no information available from manufacturers that is suitable for electrical 
modeling of the conductor surface roughness. 

Wideband Debye (aka Djordjevic-Sarkar or Swensson-Dermer) and multi-pole Debye 
models [7] are dielectric models often used for broadband analysis of PCB and packaging 
interconnects. Expression for complex permittivity of the wideband Debye model can be 
written as follows [7]: 

 (3.1) 

where f is frequency (the original formula of [7] is adjusted to use linear frequency 
instead of the radial for convenience). Values of dielectric constant at infinity  and 
parameter  can be defined with dielectric constant and loss tangent at one frequency 
point. Values of m1 and m2 define position of the first and last pole in the continuous 
spectrum defined by the model. Those are typically set to very low and very high values 
outside of the frequency band of interest (m1=4, m2=12), but they may be also treated as 
variables in the identification process. 

If model (3.1) does not capture observed dielectric dispersion, universal multi-pole 
Debye model can be used [7]. Multipole models with complex poles (Lorentzian for 
instance) and Cole-Cole model may be also considered as the alternatives to the 
wideband and multi-pole Debye models. 

To simulate the effect of conductor roughness, modified Hammerstad [8] or Huray’s 
snowball [9] roughness correction coefficients are often used. They can be applied to 
either conductor surface impedance locally [8] or to the internal conductor impedance 
part of the global impedance per unit length of multiconductor line (if static field solver is 
used). Modified Hammerstad correction coefficient can be expressed as follows [8]: 

 (3.2) 

It has two parameters:  or surface roughness (SR) parameter (may be associated with 
rms peak to valley value for regular copper) and roughness factor RF (maximal possible 
increase of conductor losses due to roughness). Note that classical Hammerstad model 
has RF=2 and just one parameter, but not very useful for characterization of rough PCB 
copper [8].  An alternative to the model (3.2) is the impedance correction coefficient 
based on the Huray’s snowball model [9] simplified in [8]. Other roughness correction 
coefficients can be also considered [8], but they all require the identification process. As 
the alternative to the correction coefficients, effective roughness dielectric (ERD) layer 
[10] can be used to simulate the roughness effect. Parameters of ERD layer can be 
computed from micro-photographs of the surface or identified similar to the roughness 
correction coefficients. 

 
T-resonator technique 

T-resonator is a well-known approach to extract the dielectric properties of the PCB 
material at the resonance frequencies [4], [11]. First, we extract the dielectric constant of 
the material from this resonator. The resonance frequencies of the T-resonator is defined 
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by the stub length in the structures shown in Fig. 5.1 or Fig. 6.1. Here we are using the 
stripline structure to reduce the dispersion and radiation loss occurring with the 
microstrip one. As the structure is a quarter-wave stub resonator, it resonates at the odd 
multiples,  of the quarter-wavelength frequency. The stub length  is equal to the 
quarter wavelength: 

 (4.1)  
where is the effective dielectric constant, c is the speed of light, and n is odd integers. 
For example, with n=1, =4, and =500MHz, the stub length,  becomes 7.5cm (2.95 
inches).  Here =4 is the initial guess. If the measured  is deviated from the designed 
500MHz, we need to calculate the actual value of .  The more accurate stub length and 

 can be calculated considering the T-junction discontinuity and the open-end 
transmission effect.  
The next step is to extract the loss-tangent (tan ) of dielectric constant at the main 
resonant frequency ( ). In general, total attenuation ( ) of the transmission line is 
described as the sum of conductor ( ) and the dielectric attenuation ( ), as long as the 
loss caused by the surface roughness is insignificant. The surface roughness would be 
very small if the resonant frequency is roughly less than ~1GHz.  So, 

  (4.2) 
By using , the above equation is converted into the quality factor forms: 

  (4.3) 
Since ,  

 (4.4) 
Using the closed-form  [12], the conductor quality factor  is easily 
calculated. The total quality factor around the resonant frequency is 
also easily calculated by measuring the 3dB bandwidth ( ) around .  
To get the more accurate results, the loading effect in  needs to be calibrated out, but 
the difference is minimal. The extracted dielectric parameters are used as the reference 
data point at the resonance frequency when generating the wide-band, frequency-
dependent Debye model.  

 
Identification with Gamma-T technique 

We start with the brief description of the hybrid technique and then proceed with the 
details. First, T-resonator is used to identify the loss tangent (LT) at lower frequency, 
where the conductor roughness effect can be neglected. Then, the complex propagation 
constant (Gamma) is extracted and used for the material model identification following 
the SPP Light technique or GMS-parameters procedure [3], [6] by simple matching of the 
measured and simulated Gammas. To separate the dielectric and conductor losses, the LT 
value identified with the T-resonator is used to define dielectric losses in the Wideband 
Debye model. All additional losses are attributed to the conductor surface roughness 
model, that is identified by matching real part of Gamma. Two version of the hybrid 
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technique are described here: the cost-effective one for the production floor equipped 
with TDR scope and the precise one for the development lab equipped with VNA. 

To extract the loss tangent at low frequency, T-resonator shown in Fig. 5.1 is used – 
resonator length is adjusted to have resonance at a frequency below 1 GHz, where the 
conductor roughness effect can be neglected. To extract the complex propagation 
constant or Gamma, two transmission lines with identical launches, cross-sections and 
different lengths as shown in Fig. 5.1 are used. The structures are similar to the structures 
used in SPP or GMS-parameters technique [3], [5], [6]. An optimal line length difference 
ratio should be about 1:3. The short line length limits the lowest frequency if Gamma is 
extracted from TDT (the low frequency defect is related to the observed t-line resistance 
and is discussed later).  In case if Gamma is extracted with S-parameters, the shortest 
segment length should be defined to have minimal direct probes and launches interaction. 

 

 
Fig. 5.1. Example of test fixtures for Gamma-T process: T-resonator (1) and two 

transmission line segments (2) and (3). 
 
For Gamma extraction, the transmission lines can be a single-ended or a differential, 

strip or microstrip. Trace width should be close to the one used for the routing of actual 
board.  Design of the launches is important but not so critical as in SET2DIL or Delta-L 
techniques because of the Gamma extraction with TDT uses partial de-embedding of the 
launch reflections and the extraction with S-parameters de-embeds the launches effect 
completely. Hand-held probes can be used for the cost-effective or production version. 
For the precise material characterization in lab, RF probes with a probe station or SMA 
connectors should be used. To extract Gamma, TDR/TDR can be used for the cost-
effective version and S-parameter measurements for precise/lab version. The hybrid 
Gamma-T procedure is a simple four-step process outlined and illustrated below. 

 
Step 1 - Prequalification: Measure TDR and TDT step responses of line segments 

(cost-effective) or measure S-parameters and compute TDR. Select the responses of two 
segments that meet the target impedance differences: less than 5 Ohm for 20 GHz 
bandwidth, and less than 3 Ohm for 50 GHz frequency bandwidth. Example of the pre-
qualification on a test-board is shown in Fig. 5.2. 
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Fig. 5.2. Example of test fixtures pre-qualification with TDR. The launches are reflective, 
but consistent. About 2 Ohm impedance variation is acceptable for the Gamma 
extraction. 
 
Step 2 – Gamma extraction for cost-effective version: The measured at step 1 TDT 
responses of the pre-qualified structures are optionally filtered and converted into short 
pulse response as illustrated in Fig. 5.3.  

 

 
Fig. 5.3. Example of TDT measured for two transmission line on a test board. The TDT 
responses are filtered from the measurement noises and converted into pulse responses 
with smoothing 7-point differentiation. Windowing is shown by arrow on the right plot – 
the same window is used for the short and long segments: T_flight +- 1.0*T_flight_short. 
 

To avoid the use of additional equipment for measuring a pulse response or 
convert TDT response into a pulse response as suggested in SPP standard [1], we suggest 
filtering out noise from the TDT response and then use multi-point smoothing 
derivatives. Gaussian filter can be used to remove the measurement noise. The 
Gaussian filter has smooth frequency-domain and time domain responses and can be 
considered as the infinite pole Bessel-Thompson filter. The responses decay to zero 
rapidly and have simple analytical formulas in frequency and time domains: 

 (5.1) 
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  (5.2) 

where  is the value at DC in (5.1) or the Gaussian pulse magnitude in (5.2),  is 
“standard deviation”, and  is frequency,  is time and  is delay.  
The filter parameters can be defined in the frequency domain as follows. We specify cut-

off frequency  at which the filter response drops by . Those two 

parameters can be used to define the standard deviation in (5.2) as follows: 

 (5.3) 

To define the filter impulse response for the convolution in time domain, the minimal 
pulse starting value can be used to define the delay  as follows: 

 (5.4) 
This defines the filter pulse response in time domain (5.2) with . To “filter” the 
TDT signal, it has to be convolved with the Gaussian pulse (5.2).  Recommended values 
for the Gaussian filter:  is equal to the maximal model frequency multiplied by 2, 

 or -40dB, and . 
Alternatively or complementary to the Gaussian filtering, smoothing derivatives can be 
used to convert TDTs into the pulse responses numerically. Pulse response zero 
adjustment may be also needed in some cases (see SPP standard for details [1]). Next the 
double reflections from the launches have to be removed with the windowing and 
smooth transition to zero of the remaining response. The windowing illustrated in Fig. 
xxx can be considered as a partial de-embedding. Sensitivity of the Gamma extraction to 
the reflections at the launches is investigated in the next chapter. Finally, we convert the 
processed pulse responses into frequency domain with the Fast Fourier Transform 

 and compute the complex propagation constant as follows: 

 (5.5) 

Here  is the complex propagation constant (Gamma),  is attenuation in Np/m, 
 is phase constant in rad/m,  is the line segments lengths difference in m, 

 is the Fourier transform of the pulse response of the long line segment, 

 is the Fourier transform of the pulse response of the long line segment. 
Example of the pulse response conversion into Gamma is shown in Fig. 5.4. 
This step is the same as the one in the recently suggested by authors SPP Light procedure 
[6]. Note that the extracted Gamma has some defects at lower frequencies that will be 
discussed in the sensitivity analysis chapter. 
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Fig. 5.4. Example of complex propagation constant extraction from two pre-processed 
pulse responses of 3 and 14 inch transmission line segments. Gamma is converted into 
attenuation in dB and phase delay to see the details. 
 
Step 2 – Gamma extraction for precise version: Extract Gamma from GMS-parameters 
computed from S-parameters of two segments as described in [3], [6], [13]. The 
procedure is illustrated in Fig. 5.5 and Fig. 5.6. Note that GMS-parameters extraction 
from S-parameters of two line segments is technically a step in any TRL-type de-
embedding process. The results are S-parameters of the line segment difference 
normalized to the un-known characteristic impedance of the transmission line called 
Generalized Modal S-parameters or GMS-parameters. Taking the logarithm of the GMS-
parameters and dividing it by the lengths difference, we can easily compute Gammas for 
a single-ended as well as for multi-conductor lines with any cross-section.  
 

 
Fig. 5.5 Example of GMS-parameters extraction from S-parameters measured for two 
line segments. The original structures are reflective (non-zero S11 at the left plot) and 
GMS-parameters have only transmission and zero reflection (right plot). 
 



 11 

 
Fig. 5.6. Example of the complex propagation constant extracted from GMS-parameters 
shown in Fig. 5.5. 
 
Note, that the Gamma extraction is also a part of the TRL-type de-embedding process. It 
can be used for the material parameters extraction as suggested [14]. Though, the 
procedure is based on approximate formulas suitable for specific MIC application. It is 
not suitable for PCB/packaging realm. Here we suggest using a field solver to account for 
the geometry peculiarities as outlined in step 3 for the precise model identification. 
 
Step 3 (common) - Cross-sectioning: To proceed with the model identification in step 4, 
we have to know geometrical dimensions of the transmission line. PCB manufacturing 
variations are notoriously large [15]. Traces are manufactured as not rectangular, but 
rather trapezoidal or other shapes due to the under or over-etching. To compensate for the 
etching effect and to adapt the design to a particular batch of dielectric, the manufacturers 
do the geometry adjustments to get the target impedance for single-ended or differential 
line. To have accurate material models at the end, all that has to be taken into account in 
the model of t-line cross-section. The board has to be cross-sectioned and the dimensions 
measured as shown in Fig. 5.7.  
 

 
Fig. 5.7. Example of cross-sectioning and dimension measurement for precise material 
characterization. The trace has “hat” shape in this case. 
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Taking into account the sensitivity of the proposed technique to the manufacturing 
variations, the cross-sectioning has to be done once for a new batch of dielectric material, 
to account for the manufacturer’s adjustments. This is when it is typically done by the 
board manufacturer in any case for the “impedance” correction procedure. 
 
Step 4 (common) - Material model identification: Build cross-section model in a field 
solver and match the computed Gamma with the measured Gamma by changing 
dielectric and conductor roughness model parameters. To separate the dielectric and 
conductor losses, use lost tangent identified with the T-resonator to define the Wideband 
Debye model. Next adjust Dk to match phase delay and adjust roughness model 
parameters to match insertions loss. Example of the Gamma matching for the material 
parameters identification is provided in Fig. 5.8. 
 

 
Fig. 5.8. Example of the dielectric and conductor roughness model identification with the 
cost-effective (from TDT) and with the precise (from S-parameters) techniques. Both 
techniques produced Wideband Debye model for dielectric with Dk=4.33 and LT=0.017 
@ 0.5 GHz and Modified Hammerstad Correction Coefficient (MHCC) with SR=0.3 and 
RF=2 for the conductor roughness. 
 

With the Gamma extracted from GMS-parameters, there is another way to separate the 
dielectric and conductor losses suggested by S. McMorrow. It goes as follows. First, use 
loss tangent and Dk from the material spreadsheet and adjust Dk in the Wideband Debye 
model to match phase or group delay.  Next, adjust the loss tangent of Wideband Debye 
model and possibly bulk resistivity of conductor to match the insertion loss over the 
frequency bandwidth from 0.01 to about 0.5 GHz. That will give the effective loss 
tangent. Next, adjust the conductor roughness model by matching the attenuation from 1-
5 GHz up to the highest frequency of the measured Gamma. The T-resonator can be used 
as an additional test fixture to verify the results of extraction with Gamma. 
 
Sensitivity to strip width 
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The boards are not manufactured precisely as designed due to the process adjustments 
and statistical variations [15]. To get the information about the process and etching 
adjustments we can use cross-sectioning – once per each batch of materials. It is 
practically not possible to do it for each manufactured board. Thus, the material 
identification technique should be not very sensitive to such manufacturing variations. 
We will investigate the sensitivity of the Gamma-T approach with the numerical 
experiment. Parameters of the structure with varying strip width will be computed and 
used to identify the material parameters assuming that we do not know that the strip 
width is changed.  

We start with the T-resonator first, compute S-parameters of the resonators with 
varying strip width and use them to identify the effective loss tangent. The initial 
geometry of the T-resonator is shown in Fig. 6.1.  

 

 
Fig. 6.1. The original geometry of T-resonator. 
 
To evaluate the identified loss tangent variations with the strip width variation, we 

adjust the strip width by -20%, -10%, +10% and +20%. The results of numerical analysis 
are shown in Fig. 6.2. We can see that changes in the strip width affect the resonance. 
Though, the resonance is at the same frequency about 593 MHz. The extracted loss 
tangent is shown in Table 6.1. We observe variation of the loss tangent within 2.6% for 
20% variation of strip width and about 2% for 10% variation of the strip width. This is 
less than 0.05 dB/inch. 
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Fig. 6.2. The first transmission resonance dependency on the variation of the strip 

width. 
 
Table 6.1. Effective loss tangent (LT) at 593 MHz identified with the T-resonator with 

different strip widths. 
  strip width  LT  variation 

0.8W   0.0196 2.60% 
0.9W   0.0195 2.10% 
1.0W   0.0191 0% 
1.1W   0.0195 2.10% 
1.2W   0.0195 2.10% 

 
The variations in the identified LT are acceptable, and actually within the expected 

material properties variations. This experiment is done for relatively lossy dielectric and 
should be done for the other types of dielectrics and manufacturing expectations if 
necessary. Also note that the difference in the predicted losses that comes from the strip 
width variations will be compensated by the conductor roughness model during the 
insertion loss matching step. 

To investigate the sensitivity of the Gamma extraction to possible strip width variation 
within 20%, we model the transmission line cross-section shown in Fig. 6.1 with different 
strip widths and use the real part of the computed Gamma to identify the effective loss 
tangent for Wideband Debye model defined at 1 GHz. Strip with the original width W is 
used to match Gamma of the strip with the adjusted width. The attenuation plots are 
shown in Fig. 6.3 and the extracted values of the effective loss tangent are provided in 
Table 6.2. The imaginary part of Gamma and, thus, the phase delay are practically not 
changing for strips with different width.  
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Fig. 6.3. Sensitivity of the attenuation to strip line width. 20% variation in strip width 

causes only 0.026 dB/inch variation in the attenuation. The dielectric loss dominates in 
this example.  

 
Table 6.2. Effective loss tangent (LT) at 1 GHz identified with Gamma computed for t-

line with different strip widths. 
  strip width  LT   variation 

0.8W   0.02197 +0.97% 
0.9W   0.02185 +0.42% 
1.0W   0.02176 0% 
1.1W   0.02171 -0.24% 
1.2W   0.02163 -0.58% 

 
With the strip width variation 20%, the identified loss tangent at 1 GHz is within 1% 

variation, or about 0.026 dB/inch at 20 GHz. This is a small value. We used the loss 
tangent here just for the comparison purpose. Following the process outlined in the 
previous section, the 0.026 dB/inch at 20 GHz will cause practically insignificant 
differences in the conductor roughness model. 

We conclude that the suggested technique has acceptable sensitivity to possible 
manufacturing variations of strip width for lossy dielectrics. Sensitivity for the low-loss 
dielectric has to be investigated further.  

 
Sensitivity to launch reflections 

Material characterization techniques such as SET2DIL and Delta-L heavily rely on the 
perfect probe of connector launch design. It can be easily done for a simple test board by 
an experienced engineer. However, it is difficult to do for stackups with a large layer 
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count. It requires the use of electromagnetic software. With some exceptions [16], such 
tools are very expensive and have a steep learning curve. Doing a non-reflective launch 
design in the production environment is not practical. Thus the material characterization 
technique should tolerate substantial reflections from the launches. To investigate the 
sensitivity of the Gamma extraction to the launch design, we use a numerical experiment 
with the stackup and material properties shown in Fig. 7.1. The transmission line 
characteristic impedance is close to 50 Ohm. 

First we extract Gamma from TDTs of 2 inch and 6 inch transmission lines without 
any launches – this is going to be the best case scenario (unrealistic). We use Gaussian 
step with 20 ps 10-90% rise time as the stimulus and follow the Gamma extraction 
procedure. The results are shown in Fig. 7.2 for the extraction without any windowing 
and with the windowing as described in the Gamma extraction chapter. Without the 
windowing, we obtain the result that is practically identical to the attenuation and phase 
delay computed for the transmission line shown in Fig. 7.1. This is expected. However, if 
we window the time domain response, we get some defects at low as well as at high 
frequency as illustrated in Fig. 7.3. The phase delay “saturates” at the lower frequencies – 
this is also expected, because of the window is too short for TDT to converge to the t-line 
resistance at lower frequencies. In addition to the low-frequency defect we also observe 
some oscillations at the high frequencies. 

 

 
Fig. 7.1. Stackup structure and material parameters for the analysis of sensitivity of 

Gamma extraction to the launch design. 
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Fig. 7.2. Gamma extracted from TDTs of 2 and 6 inch transmission line segments 

without windowing and with the windowing. Box (1) highlights low frequency defect and 
box (2) high frequency defects caused by the windowing. 

 

 
Fig. 7.3. Low (left plot) and high frequency defects caused by windowing during 

Gamma extraction with the best case scenario (2 and 6 inch lines without launches).  
 
If the windowing causes the defects, why do we need it? Obviously, we would get 

excellent results in the case of non-reflective launches, but what about more realistic 
cases? We construct three launches with different amounts of reflection and see what 
happens with the extracted Gamma. Insertion loss of 2 inch and 6 inch segments without 
launches and with 3 different launches are shown in Fig. 7.4. Launch 1 is well designed, 
launch 2 is not so good (not much design effort) and Launch 3 is the launch without any 
design efforts at all and with a stub that is not back-drilled (oops). 
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Fig. 7.4. Insertion loss (left plot) and TDR (right plot) for 2 and 6 inch transmission 

line segments with different launches for Gamma extraction.  
 
We try to extract Gamma from TDT without windowing. The result is shown in Fig. 

7.5. We can see that the good launch 1 produces the accurate Gamma – attenuation and 
phase delay extracted from 2 and 6 inch segments (green + in Fig. 7.5) are very close to 
the parameters of the original transmission line. However, more realistic launch 2 
produces oscillations starting from about 10 GHz (blue lines in Fig. 7.5). If we keep the 
stubs on the launch, the results become practically unusable above 3-5 GHz (black lines 
in Fig. 7.5). 

 
 

 
Fig. 7.5. Gamma as attenuation and phase delay extracted from TDTs of 2 and 6 inch 

segments equipped with different launches and without windowing in time domain. 
 
The reason for this failure is the double reflections observed on the pulse response in 

Fig. 7.6. The pulse travels from one end of the segment to another, and some energy is 
reflected by the launches, goes back to the source, reflects again, and appears as the 
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delayed oscillation shown in Fig. 7.6 It happens because of the reflective launches and 
not enough attenuation in the transmission line segments. The double reflection effect can 
be reduced by using longer lines, but it may take too much space that is not an option on 
the production boards. The second option is to window the pulse response to get rid of 
the reflections, as illustrated in Fig. 7.6. Gamma computed with the windowing is shown 
in Fig. 7.7. The results are much better now – even the case with the launch 3 with stubs 
produced acceptable attenuation and phase delay up to 36 GHz. Though, the windowing 
causes the same low-frequency defect as in the case without the windowing. 

 

 
Fig. 7.6. Pulse responses of the 2 and 6 inch segments with launch 3 (bad). The 

oscillations caused by double reflection from the launches should be windowed as 
illustrated here. 

 

 
Fig. 7.7. Gamma as attenuation and phase delay extracted from TDTs of 2 and 6 inch 

segments equipped with different launches and with the windowing in time domain. 
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Fig. 7.8. Gamma as attenuation and phase delay extracted from S-parameters of 2 and 

6 inch segments equipped with different launches. 
 

Finally, we use S-parameters of 2 and 6 inch segments with the three launches for 
Gamma extraction. The results are shown in Fig. 7.8. This is why we call this approach 
precise – the results practically overlap with the original t-line parameters. This is 
because the conversion of S-parameters into GMS-parameters is the complete de-
embedding, unlike the windowing in the time domain. It gets rid of the reflection without 
any defects at lower and higher frequencies. It makes the precise procedure self-sufficient 
and suitable for the model identification with the separation of the dielectric and 
conductor losses. However, the T-resonator procedure can be used to double check the 
results and make adjustments to the cross-section if some discrepancies are observed. 

We conclude that the extraction of Gamma from TDTs can tolerate substantial 
reflections from the launches – the perfect launch design is not necessary. Gamma 
extraction from S-parameters can handle practically any launch reflections. However, in 
both cases, some efforts are required to make the launch less sensitive to the 
manufacturing variations. A reflective launch may have very narrow gaps between planes 
and pads for instance. That can cause substantial dependency of the reflections from the 
manufacturing variations. That is translated into substantial non-identity of the launches 
that can affect the Gamma extraction. This has to be further investigated. Note that the 
low-frequency defects of Gamma extracted from TDT does not allow the dielectric and 
conductor roughness loss separation approach described for the precise technique earlier. 
Thus the T-resonator extraction compliments it. Also, the final dielectric and conductor 
models in this technique are not point by point, but rather frequency-continuous with 
analytical continuations to DC and to infinity. It makes the whole approach much less 
sensitive to the observed oscillations and other defects. Most of the defects are simply 
fixed by the numerical model and the extracted material parameters are typically useful 
well above the last frequency point of the Gamma extraction. 
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Practical examples 
To test the proposed Gamma-T technique, a number of test boards were designed and 

investigated. One of the test boards with launches designed for the Introbotix hand-held 
probes is shown in Fig. 8.1. The board stackup is similar to what is expected in the 
production environment. Optimization of launch and vias took about 2 hours of setup and 
analysis time in Simbeor electromagnetic signal integrity software [16].  

 

 
Fig. 8.1. Test board for Introbotix hand-held probes. Launch is optimized for the 

probe footprint for single-ended transmission line. Viahole transition from the microstrip 
to the strip line is optimized separately. 

 

 
Fig. 8.2. Insertion loss of the T-resonator measured with RF probes and VNA (red 

curve with *) and with hand-held probes and TDR scope (blue curve with o). 
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Fig. 8.3. Gamma as attenuation and phase delay extracted from TDTs measured with 

hand-held probes (black lines) and from S-parameters measured with VNA and probe 
station. Identified Wideband Debye model: Dk=3.933, LT=0.0133 @ 720 MHz. 
Identified conductor roughness Modified Hammerstad model: SR=0.575, RF=2.392. 

 
The loss tangent was first identified with the T-resonator. The results are illustrated in 

Fig. 8.2. The resonance frequency is about 720 MHz. With the hand-held probes and 
TDR scope first the loss tangent is identified as 0.0133. To validate the results obtained 
with the TDT, we used RF probes and VNA and obtained LT=0.0121, that is within 10%. 
The insertion losses measured with VNA and TDR scope are very close as also shown in 
Fig. 8.2. 

Next, Gamma was extracted from TDT measurements for two transmission lines and 
used to identify Wideband Debye dielectric model Dk at 720 MHz by matching 
computed and measured effective dielectric constant as illustrated in Fig. 8.3. Finally, 
conductor roughness model parameters are identified by matching the measured and 
computed transmission line attenuation as also illustrated in Fig. 8.3. The low and high 
frequency defects are simply smoothed out by the frequency continuous dielectric and 
conductor roughness models used in the field solver. Simbeor SFS quasi-static field 
solver was used for the dielectric and conductor roughness model identification. The 
models are re-usable in other quasi-static and electromagnetic solvers. To validate the 
results of the cost-effective technique, the same structures were investigated with the S-
parameters measured with RF probes and VNA. Gamma extracted from the S-parameters 
with the precise technique is shown in Fig. 8.3 for comparison. Very good correlation of 
the extracted Gamma with the transmission line with the identified material models can 
be observed.  

 
Conclusion 

New Gamma-T technique for the material model validation or identification has been 
proposed here in two versions: the cost-efficient version with hand-held probes and 
TDR/TDT measurements for production floor and the precise version with S-parameters 
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measurement with VNA for validation in a lab. Sensitivity of both versions to the strip 
width variations and launch reflections is investigated. It is shown that the cost-effective 
technique is sufficiently robust and accurate up to 20 GHz. The precise version can be 
used for the material identification up to 50 GHz. The key to success in this project was 
using the right hardware (Introbotix probes) and software. Simbeor software was used to 
design test fixtures, extract Gamma from TDTs and S-parameter measurements and for 
the material model identification with the field solver models. The technique is ready for 
industrial use or standardization.  
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