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Abstract 
We report on a study of interconnects fabricated on organic and silicon interposers used 

to connect state-of-the art digital, analog and RF chiplets commissioned by the U.S. 

Defense Advanced Research Projects Agency (DARPA). The interconnects were 

characterized with state-of-the-art on-wafer measurement methods developed at the 

National Institute of Standards and Technology (NIST) and then simulated with the 

Cadence® SigrityTM simulation software package. The two-port, four-port and eight-port 

measurements and calibrations were performed to frequencies as high as 110 GHz using 

custom on-wafer calibrations to improve accuracy. We discuss the measurement and 

simulation methodologies and present detailed comparisons of the measurement and 

simulation results. 
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I. Introduction 
Large, monolithic ICs are being replaced by arrays of chiplets mounted on advanced 

interposers (passive integrated circuits supporting complex interconnects between the die 

mounted on them) in wide ranging applications of our industry. A few high-profile 

examples are Intel’s “Foveros” and EMIB interposers [1, 2] and AMD’s latest Ryzen 

processors [3, 4]. Chiplet-to-chiplet interconnects with micron and sub-micron widths 

pose new design, analysis and implementation challenges for digital and analog 

designers. 

 

DARPA has supported work in heterogenous integration at RF frequencies though the 

Diverse Accessible Heterogeneous Integration (DAHI) Program [5-9] and this has helped 

lead a larger push for heterogenous integration at higher frequencies [10]. The National 

Institute of Standards and Technologies (NIST) performed work under this program 

characterizing heterogenous interconnects between several different technologies [11]. 

 

More recently DARPA has expanded this thrust to digital and analog integrated circuits 

with the Common Heterogeneous Integration and IP Reuse Strategies (CHIPS) Program 

[12, 13] under which this work was performed. In this paper, we report on a study of 

interconnects fabricated on build-up and silicon interposers used to connect state-of-the 

art digital, analog and RF chiplets supported by this program. 

 

The study performed under the DARPA CHIPS Program focused on two interconnect 

types, an organic interposer supporting an Ajinomoto GX-92 build-up film (ABF) 

interconnect [14] covered with Hitachi SR7300 solder resist [15] and an inorganic silicon 

interposer with through-substrate vias (TSVs) supporting a silicon-dioxide (SiO2) thin-

film interconnect. The organic interposer provides an inexpensive but high-performance 

solution for integrating chiplets while the inorganic silicon interposer represents the state-

of-the-art in interposer technologies. The interposers, and the calibration kits and test 

structures required to accurately characterize them, were designed and fabricated under 

the program for the purpose of obtaining the most accurate technology characterization 

possible to frequencies up to 110 GHz. 

 

The goal of this paper is to study the accuracy of the Cadence® SigrityTM simulation 

software package, which includes an efficient hybrid solver for efficient S-parameter 

extraction of large interconnect structures and a slower but more accurate full-wave 

solver for more complicated 3-D structures. We first performed the simulations of the test 

structures on the interposer with the Sigrity hybrid solver using dimensional and other 

measurements performed by the manufacturer. Then, we compared the measurement and 

hybrid-solver simulation results and assessed the ability of the hybrid solver to predict 

interconnect performance in the two technologies we studied. Finally, in cases where we 

observed significant disagreement, we re-ran the simulations using the Sigrity full-wave 

solver. This allowed us to better assess when the faster hybrid solver was sufficient and 

when the slower but more accurate full-wave solver was needed. 
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II. Measurements 
Most on-wafer measurements are calibrated with an “impedance-standard substrate” 

fabricated by the probe manufacturer. These are usually referred to as “probe-tip” 

calibrations. Probe-tip calibrations are performed under the assumption that the 

interaction between the probe tips and the contact pads on the wafer can be safely 

ignored. This is generally the case at lower microwave frequencies. However, the 

electrical parasitics associated with the interaction between the probe tips, contact pads, 

and even the device under test, increase roughly linearly with frequency [16-18]. For 

example, the admittance associated with the capacitance of the contact pads used to 

connect to a device will typically increase linearly with the frequency, causing 

measurement errors to increase with frequency as well [16-18]. There are more subtle 

errors introduced into probe-tip calibrations as well. For example, the inductance 

associated with a short bar printed on an impedance-standard substrate increases with the 

probe pitch, making it difficult to define the impedance of the short fabricated on the 

impedance-standard substrate. As the errors introduced into the calibrations are smooth 

and roughly linear, these errors are often not immediately apparent, but can nevertheless 

grow quite large at higher frequencies. For these reasons, the most accurate microwave 

calibrations are performed in transmission lines. 

 

II.1. The Thru-Reflect-Line Calibration 

The goal of a probe-tip calibration is to place the calibration and measurement reference 

planes at the tips of the probes, again with the assumption that the electrical parasitics 

associated with the interaction of the probe tips, contact pads and device under test can be 

ignored. The goal of an on-wafer thru-reflect-line (TRL) calibration, on the other hand, is 

to place the calibration and measurement reference planes in a transmission line 

fabricated on an integrated circuit or interconnect. In this environment, voltages, currents, 

scattering parameters and other electrical quantities can be rigorously defined (and 

measured) even at microwave frequencies [19-23], something that cannot be said of 

probe-tip calibrations. Furthermore, the result of cascading devices at these reference 

planes can be predicted with rigor from measurements performed at these reference 

planes [19].  Finally, the calibration and measurement reference plane can be moved to 

very close to the device under test, eliminating many parasitics in the measurement of the 

device. This generally proves more effective than conventional parasitic-extraction 

techniques used in transistor modeling, for example, as parasitics are first minimized 

before being estimated [24, 25]. 

 

An on-wafer microstrip TRL calibration kit fabricated in the interconnect stack of a 

silicon die is illustrated in Fig. 1 below. The TRL calibration kit includes a short “thru” 

line between the port 1 and port 2 contact pads, a number of longer lines, and a 

symmetric reflect (usually a short section of transmission line on each port terminated 

with an electrical open or an electrical short). These calibration standards are enough to 

perform a calibration in the transmission lines with a reference plane at the center of the 

thru line [19, 23]. 

 

Figure 2 illustrates the standards, their definitions (i.e. their properties), and their 

functions in the TRL calibration. The thru sets most of the calibration coefficients. The 
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symmetric reflect allows the calibration to set the reference plane in the center of the thru. 

The lines set the reference impedance of the calibration to the characteristic impedance Z0 

of the transmission line and provide a measurement of the propagation constant γ of the 

transmission line. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

II.2. SiO2 Transmission-Line Characteristic Impedance 

Calibrations with a reference impedance equal to the characteristic impedance of a 

transmission line are not usually very useful, as the characteristic impedance is generally 

complex and frequency dependent [23]. Thus, the next step of the TRL calibration is to 

determine the characteristic impedance of the calibration. 

Figure 1. TRL calibration kit fabricated on a silicon die. 

 

 

Table 1. TRL calibration standards. 
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We had two interconnect types to consider, the organic interconnect fabricated on a 

woven fiberglass core and the inorganic SiO2 interconnect fabricated on a bulk silicon 

interposer. The SiO2 has a roughly frequency-independent dielectric constant and a small 

loss tangent while the electrical behavior of the organic ABF is complicated by low-

frequency dielectric relaxation. With this in mind, we start with the more straightforward 

analysis of the characteristic impedance of the microstip and stripline transmission lines 

fabricated in the SiO2 interconnects. 

 

Finding the characteristic impedance is quite straight forward in quasi-TEM transmission 

lines constructed from low-loss dielectrics, as the per-unit-length capacitance of the 

transmission line is very nearly frequency independent and the per-unit-length 

conductance of the transmission line is small. In this case, the capacitance of the 

transmission line can be determined from the measurement of a small resistor or the 

measurement of the per-unit-length DC resistance of the line and knowledge of the 

propagation constant γ estimated by the TRL calibration algorithm [26]. For these quasi-

TEM lines fabricated on well-behaved dielectrics, the per-unit-length capacitance of the 

lines can even be easily determined by field solvers [26]. 

Figure 2. Measurement of the characteristic impedance Z0 of a coplanar waveguide transmission line 

compared to calculation. The measurements are shown in solid lines. The calculated magnitude of Z0 is 

shown in squares and the calculated phase of Z0 is shown in circles. The formulas in the upper right were 

used to calculate Z0. From [27]. 
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Once the per-unit-length capacitance C of the quasi-TEM transmission line has been 

determined, the characteristic impedance of the transmission line can be determined from 

the formulas in the upper-right of Fig. 2 [27]. In essence, the per-unit-length capacitance 

C and conductance G and the propagation constant γ of the transmission line are enough 

to determine the per-unit-length resistance R and inductance L of the transmission line. 

Once R and L have been determined, everything is known about the line, and the 

characteristic impedance Z0 of the transmission line can be calculated directly with the 

upper formula in Fig. 2. 
 

Figure 2 compares measurements (solid lines) of the magnitude and phase of the 

characteristic impedance Z0 of a coplanar waveguide line to simulations (squares and 

circles) calculated with the full-wave method of [28], which includes field penetration 

into the metal in a rigorous way. As can be seen from the figure, the agreement is 

excellent. We used this approach to determine the dielectric constant of the microstrip 

and stripline transmission lines we used in our TRL calibrations on the SiO2 

interconnects fabricated on the bulk silicon. We determined the per-unit-length 

capacitance of the transmission lines from measurements of a small resistors fabricated in 

the interconnects, as described in [26].  

 

II.3. ABF Transmission-Line Characteristic Impedance 

The approach to determining the capacitance and conductance of transmission lines 

fabricated on low-loss inorganic dielectrics described in the last section cannot account 

for low-frequency transmission-line behavior due to dielectric relaxation. Therefore, the 

approach described in the last section is not applicable to the microstrip and stripline 

transmission lines we fabricated on the organic ABF interconnects. Instead, we first 

estimated the frequency-dependent dielectric constant and loss tangent of the ABF and 

then estimated the capacitance and conductance of the ABF transmission lines from their 

dimensions. Finally, we used capacitive parallel-plate test structures to check our result. 

 

We estimated the frequency-dependent dielectric constant and loss tangent of the ABF 

from measurements of the ABF film performed at 1 GHz by the manufacturer and the 

low frequency and high frequency limits of the dielectric constant. We then applied the 

Djordjevic-Sarkar algorithm to extract a dielectric-relaxation model [29]. This model was 

independently suggested by Svensson in [30]. Figures 3 and 4 on the next page compare 

the extracted model to the measurements provided by the manufacturer. 

 

We then estimated the capacitance and conductance of the ABF transmission lines from 

the model for the dielectric constant we determined and from the dimensions of the 

transmission lines provided by the manufacturer. This was enough to estimate the 

characteristic impedance Z0 of the ABF transmission lines using the formulas in Fig. 2. 
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Figure 3. Comparison of the extracted relative dielectric constant and the 

measurements provided by the ABF manufacturer. 

 

Figure 4. Comparison of the extracted loss tangent and the measurements 

provided by the ABF manufacturer. 
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Finally, we verified the dielectric constants and loss tangent we extracted for the organic 

ABF with large parallel-plate capacitors similar to those routinely created in the power 

distribution network of the interconnect. The positive plate of each capacitor was 

sandwiched between an upper and lower ground plate in the interconnect stackup. The 

two ground plates were stitched together periodically with vias that passed through small 

holes in the positive plate of the capacitor. We also used via stacks to connect the 

capacitor’s positive plate and the two ground plates to contact pads on the top surface of 

the interconnect stackup with vias. 

 

To test the capacitors, we first performed a TRL calibration on a fused silica wafer and 

moved the reference plane of the calibration back to the probe tips. A comparison of the 

measured and simulated magnitudes of the impedance of the capacitor at the 

measurement reference plane on the top surface of the ABF interconnect is shown in Fig. 

5. While the calibration and extraction approach were both somewhat approximate, they 

clearly proved adequate for this purpose. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. The measured and simulated impedances of one of the parallel-plate capacitors we used to verify 

extraction procedure we used, as implemented in the Cadence Sigrity software package.  
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III. Correlation Between Measurements and Simulations 
We performed hundreds of TRL measurements and Sigrity hybrid-solver and full-wave 

solver simulations of test structures fabricated on the organic and silicon interposers and 

carefully examined the correlation between measurement and simulation. In most cases 

we were able to perform five or more independent calibrations and measurements of each 

test structure on different die, which allowed us to gauge the degree of correlation we 

obtained with the TRL measurements and Sigrity simulations. Here we present a few of 

these results on the organic ABF interposer performed with the Sigrity hybrid solver to 

illustrate the high degree of correlation we found between the two. 

 

III.1. Coupled Lines on Organic ABF Interposer 

Figure 6 below shows the layout of the organic ABF interposer. The design included 

microstrip and stripline TRL calibration kits shown in the upper and right-most sections 

of the layout, as well as a number of 2-port, four-port and eight-port test structures on 

other parts of the designs. Only the microstrip test structures fabricated in the top-metal 

levels are visible, but many more stripline test structures are buried in the interconnect 

stack and were also available for test.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6. Top layer of the organic ABF Interposer layout. 

 



 

 
Information Classification: General 

Table 2 shows the twelve-metal ABF interposer stackup. The first column in the table 

lists the layer names and materials, the second column lists the layer thicknesses 

measured by the manufacturer and the last column lists the manufacturer’s specifications. 

The photos in the right of the figure are of actual cross sections of the interposers we 

designed and tested. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2 shows some additional cross sections and width measurements performed by the 

manufacturer. As can be seen in the tables in Tables 2 and 3, the tolerances on the 

dimensional specifications were quite large and many of the measured transverse 

dimensions differed significantly from the nominal specifications. Because of the large 

variations in manufactured line width and no way to measure physical line widths for 

specific signals under test, this parameter was used as a “tuning parameter” in 

simulations. That is, with all other material and geometry parameters held constant, the 

line width was varied across the tolerance to observe the best match against the measured 

results. We optimized all of the simulated results we will present below in this way. 

Table 2. ABF interposer stackup with measured layer thicknesses, specifications and cross sections. FSR = 

front-side solder resist, Ln = metal layer n, Ln-m = ABF layer thickness between Ln and Lm, BSR = back-

side solder. 
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Correlations between the 2-port, 4-port and 8-port test structures we designed and tested, 

and simulations performed with the Sigrity hybrid solver (the faster of the two Sigrity 

solvers), were generally excellent. We present data here only for a single four-port and a 

single eight-port device. 

  

III.2. Four-Port Coupled Lines on Organic ABF Interposer 

Figure 7 shows the 4-port layout we used to assess measurement and simulations of 

coupled microstrip and striplines. We used the NIST Microwave Uncertainty Framework 

[31] to perform the four-port calibrations. This software package allows a lateral “east-

west” two-port TRL calibration and a vertical “north-south” two-port TRL calibration to 

be combined with the use of an additional unknown bend to form a rigorous four-port 

calibration. We also took advantage of the Uncertainty Framework to move the 

calibration and measurement reference planes through the microstrip lines and vias, 

placing them in the striplines where the coupled structures buried in the ABF 

interconnect stack began and ended. We did not take advantage of the ability of this 

software package to evaluate measurement uncertainty in this work. 

Table 3. Trace widths for selected structures fabricated on the ABF interposers. Spec = designed width for 

selected structure. X-section data = measured width for selected structure. 

 



 

 
Information Classification: General 

 

 

 

 

 

 

 

 

 

 

 

The following figures illustrate the high-degree of correlation we observed between 

measurements and simulations performed on two coupled 9 μm wide 1 mm long coupled 

striplines spaced 9 μm apart apart and buried in the third level of metal in the ABF 

interconnect stack. Simulations are shown in thick solid lines and measurements 

performed on other die are shown in thinner lines. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 8. Transmission coefficient through a single 9 μm wide and 1 mm long 

stripline coupled to an adjacent line 9 μm apart and buried in the third level of 

metal in the ABF interconnect stack. Simulations are shown in thick solid lines 

and measurements performed on other die are shown in thinner lines. The hybrid 

solver was used for the simulations and only the line width was adjusted in the 

simulation. 

 

Figure 7. 4-port coupled-line layout. 
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Figure 10. Reflection coefficient of a single 9 μm wide and 1 mm long stripline 

coupled to an adjacent line 9 μm apart and buried in the third level of metal in 

the ABF interconnect stack. Simulations are shown in thick solid lines and 

measurements performed on other die are shown in thinner lines. The hybrid 

solver was used for the simulations and only the line width was adjusted in the 

simulation. 

 

 

 

Figure 9. Phase of the transmission coefficient through a single 9 μm wide and 1 mm 

long stripline coupled to an adjacent line 9 μm apart and buried in the third level of 

metal in the ABF interconnect stack. Simulations are shown in thick solid lines and 

measurements performed on other die are shown in thinner lines. The hybrid solver 

was used for the simulations and only the line width was adjusted in the simulation. 

 (Deviations of measurements are too small to be seen.) 
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Figure 11. Reflection coefficient of a single 9 μm wide and 1 mm long stripline coupled to an 

adjacent line 9 μm apart and buried in the third level of metal in the ABF interconnect stack. 
Simulations are shown in thick solid lines and measurements performed on other die are 

shown in thinner lines. We do not believe that there is any significance to the isolated spike 

in the measurements at 82 GHz. The hybrid solver was used for the simulations and only the 

line width was adjusted in the simulation. 

 (linear units) 

 

Figure 12. Near-end and far-end coupling between two 9 μm wide and 1 mm long 

striplines spaced 9 μm apart and buried in the third level of metal in the ABF 

interconnect stack. Simulations are shown in thick solid lines and measurements 

performed on other die are shown in thinner lines. The hybrid solver was used for the 

simulations and only the line width was adjusted in the simulation. The hybrid solver 

was used for the simulations and only the line width was adjusted in the simulation. 
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III.3. Eight-Port Coupled Lines on Organic ABF Interposer 

Figure 13 shows layouts for two 8-port coupled lines of different lengths. As we did not 

have access to an 8-port vector network analyzer, we fabricated six versions of each 8-

port test structure and connected four of the ports to probe contact pads and terminated 

the remaining four ports with 50 Ω chip resistors soldered to contact pads on the top of 

the ABF interposer. These six versions of the 8-port test structures were designed so as to 

allow us to measure each of the elements of the 8 by 8 scattering-parameter matrix of the 

coupled lines. 

 

Then we used our four-port analyzer calibrated to a reference plane where the eight-port 

coupled lines begin and end to measure the various scattering parameters of each of the 

six test structures. Finally, after compensating for the measured impedances of the chip 

resistors, we extracted the eight-port scattering parameters of the coupled lines using the 

Microwave Uncertainty Framework with an algorithm similar to those of [32, 33], except 

based on a regression fit rather than multiport impedance transformations. 

 

 

 

 

 

 

 

 

 

 

 

 

The manufacturer of the ABF interposer reported much larger variations (as high as ±5 

μm) in the line-width measurements performed on the 8-port coupled lines than found on 

the single-ended and 4-port test structures on the ABF interposer. As a result, we did not 

expect the level of agreement between the 8-port measurements and simulations as for 

the other test structures we tested. 

 

In addition, the calibration approach we used was based on the assumption that all of the 

chip resistors terminating the 8-port coupled lines had an impedance equal to those we 

measured in a set of chip resistors we characterized separately with a two-port TRL 

calibration. However, we observed some significant differences between the 

measurements we performed of the impedances of these chip resistors, possibly due to 

differences in how each resistor was soldered to the ABF interposer. These measured 

differences led us to believe that there were also differences in the chip resistors 

connected to the unmeasured ports of our six 8-port test structures, possibly leading to 

some additional degradation of the accuracy of the 8-port scattering parameters of the 

coupled lines we extracted from the measurements. 

 

Figure 13. 8-port coupled-line layout. 
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Despite the variation in the measured 8-port linewidths and the impedance of the chip 

resistors on the ABF interposer, we found that our eight-port measurements and 

simulations agreed quite well. For example, Figs. 14 and 15 compare measurements and 

simulations of first-neighbor and second-neighbor coupling levels in four 10 mm long 12 

μm wide coupled striplines fabricated in the third level of metal in the ABF interconnect 

stack and separated from each other by 12 μm. The agreement is quite good for first-

neighbor coupling and still quite reasonable for the smaller second-neighbor coupling. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 14. Coupling between first-neighbor 12 μm wide and 10 mm long striplines spaced 12 μm apart and 

buried in the third level of metal in the ABF interconnect stack. Measurements are shown in thinner lines. 

 

 

Figure 15. Coupling between second-neighbor 12 μm wide and 10 mm long striplines spaced 12 μm apart 

and buried in the third level of metal in the ABF interconnect stack. Measurements are shown in the thinner 

lines. 

 

 



 

 
Information Classification: General 

IV. Conclusion 
The measurements and simulations we performed of test structures fabricated in the ABF 

interconnect stack correlated extremely well, as illustrated by the coupled stripline 

measurements presented in the last section. We will present more measurements in the 

conference, including measurements performed on test structures fabricated on the silicon 

interposer. We will also examine some of the cases we explored on the silicon interposer 

in which the agreement between the measurements and simulations were not as good as 

those we observed on the ABF interposer presented here. In general, we found that the 

slower but more accurate Sigrity full-wave solver was able to provide results that agree 

closely with the measurements in these cases. 
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