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Abstract—With the rapid increment of the power density and sistance network model [8]. Detail 3-D thermal circuit RC
the introduction of vertical stack, heat dissipation has become transmission line model for transient thermal analysis of
a challenge issue. Thermal-aware placement thereby attracts  interconnect structure was studied [9-10]. Via thermal effect
more and more attentions for 3D 1C. Meanwhile, as the keep-  was also consider in the paper since its high conductivity
going scaling-down of IC, a huge computation consumption  compared with other materials in ILD layers [11]. To the
was caused by the large scale span. In this paper, an equivalent system level thermal calculation, 1D and 3D thermal re-
anisotropic thermal conductivity model was introduced to low sistance modeling are proposed to simplified thermal calcu-
down the computation consumption caused by the huge feature lation.[12-13] Among them, EDA evaluation is a popular
size difference. Correctness of this model was verified and the method that analogy the r’eal structure into electrical re-

deviation from a full-scale simulation was less than 20%. By istance network and calculate with th istin ftware for
applying this model, thermal distribution of a designed 3D IC sistance netwo caleulate w ¢ existing soltware 10

with 1566 TSVs and 80504 hot-spots was obtained with the  cicctrical analysis.[14-15] A commercial software Hotspot,
using compact thermal modeling methodology for 3D IC

designed combine thermal resistance network method and
consideration of thermal influence of interconnects, provided

total computation time of about 24 minutes in a regular per-
sonal computer.

Keywords-thermal management; 3D IC; low computation an efficient computation for early design stages.[16]
In recent 3D-IC design flow, Thermal optimizations were
1. INTRODUCTION (HEADING 1) also considered and efforts have been made at the stages of

Thermal is always a critical issue in integrated circuit ~ floorplanning [17-19], placement [20-21], and routing [22-
(IC). [1-3] Excessive high temperature will significantly =~ 24]- However, some of the TSV-aware ones made simple
degrade the reliability of device and interconnection by de-  assumption for the thermal conductivity of TSVs, by assum-
creasing the carrier mobility, causing electro-migration and ing the .equlvalent thermal conductivity O.f a.therrnal Flle was
other thermo-electro-mechanical coupling effects. Recently, ~ Proportional to the number of the TSV inside that tile. Part
3D integration is receiving great interest as an alternative form ﬂ,lls’ real-time computation of thrme}l distribution,
promising solution to keep IC staying in pace with system which is necessary for interactive optimization of thermal

demands on scaling, performance and function. [4] For ex- and electrical design, is difficult to realize in most papers.
ample, the existing 3D stacked IC products from Samsung 10 this paper, an equivalent anisotropic thermal conduc-
[5] and Tezzaron [6]. Along with the higher integration de-  tVity model was introduced to realize the real-time compu-

gree by stacking chips vertically, severer thermal problem tation of thermal distribution with detail TSV and Cu wire
appears because of low thermal conductivity of interlayer 10 redistribution layer considered. Fast calculation of tem-
dielectric and heat accumulates layer by layer as well. [7] ~ Perature was realized by a new method in simplifying the
Therefore, thermal management needs even more careful ~ thermal conductivity and simulation.

consideration in the 3D IC. The remainder of this paper is organized as the follow-
Due to high complexity of thermal analysis and high dif- g Section II describes the detail 3D IC structure and the
ficult in measurement of 3D IC, extensive research on sim- simplified method. Section III proposes a simplified 3D IC

plified method is widely studied. Simplified calculation of a ~ model to verify the accurate of this model. Section IV ex-
single structure such as TSV (Through Silicon Via) and tends the accurate thermal model for large-scale designs and
interconnection were proposed by some researches. Detail ~ Presents the experimental results to show the effectiveness
thermal equivalent of TSV was proposed with thermal re- of our TSV planning principle.
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II. SIMPLIFIED MODEL OF TYPICAL 3D IC

In this part, a detail simplified method of 3D IC structure
with a new equivalent anisotropic thermal conductivity
model was introduced. In order to integrate with thermal-
aware 3D placement, calculation of thermal distribution
should be realized automatically as the whole structure var-
ies. That was to say, a large-scale 3D IC with complicate
structure should be simplified into the coordinate array of
key cells such as hotspots and TSVs. Details was shown in
this part.

A. Typical structure and dimension of 3D IC

Nowadays, as the development of micro-nano pro-
cessing technology, such as etching and deposition, TSVs
are more accessible. 3D technology and applications offer a
variety of benefits: span from low power consumer electron-
ics e.g. handheld devices to high-end products such as 3D
stacked memory or multi-core microprocessors. [25] In gen-
eral, die stacking comes in two different stacking topolo-
gies: (1) fine grain Face-to-Face (F2F), (2) sequential Face-
to-Back (F2B). Considering F2B had been applied in the
world's first multi-die FPGA proposed by Xilinx [26] and
hybrid memory cube announced by Micron Technology
[27], coupled with better characteristics for heat dissipation
compared with F2F, only F2B structure is discussed in this
paper.

A typical four layer 3D IC with F2B structure was
shown in Fig. 1. The detailed data refer to the dimension of
Xilinx FPGA are listed in TABLE 1.

TABLE 1 PARAMETERS OF THE 3D IC MODEL

Parameter Value (um)
thickness of Si substrate 50
thickness of BEOL layer 2
Thickness of micro-bump 15

wire width in RDL 10
Wire thickness in RDL 2
TSV diameter 10

B. Simplified model

It is well known that because of the enormous size dif-
ference within the chip and complex material structure, as
long as large amount of thermal TSVs and thermal wires in
3D IC, computation complexity increases exponentially
with the computational time out of control. By divided the
small size structure such as TSV, cu wire and micro-bump
as a union with the basic material, through a small enough
partition and accurate equivalent, the geometric size differ-
ence would be reduced to less than one order of magnitude,
which resulted in a low computation consumption and a fast
calculation. So compared with the original size distribution
in the IC, several orders of magnitude raised in every divi-
sion so that the amount of network will be much less with
the calculation decrease.

1934

Heat Sink
= - -
= - - -
Stacked Die
-
L} - ,—--\ —-— -
d—
ﬁ . “ﬂ * Interposer
C4 Bump
PCB PCB

Figure 1 Typical structure of 3D IC

In z direction, because of the thermal conductivity dif-
ference existing in different layers such as Si, dielectric and
underfill, every single layer was divided into four parts: Si
layer, BEOL (Back End of Line) layer, wire layer and inter-
layer. Among them, the Si layer, wire layer and inter-layer
were mainly consist of the basic material (Si, underfill, un-
derfill) and the inserted structure (TSV, Cu wire and micro-
bump). The underfill layer was divided into 2 parts for the
different proportion and location of Cu wire and micro-
bump. As to the BEOL layer, since the complicate design of
interconnection and high percentage of dielectric material, it
was simplified as Cu via inserted into dielectric layer. The
division based on thermal conductivity stratification helped
raise the accurate of simplified model meanwhile reduce the
calculation amount as much as possible. In x and y direc-
tions, the whole chip was divided in several parts consider-
ing the calculation ability and the calculation accuracy.
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Si BEOL RDL Hotspot TSV Cu wire Micro-Bump Underfill

Figure 2 Simplified model of the typical structure. Hot-spots here refer to
devices dissipating power. Detail information in BEOL was ignored and
replaced by equivalent material. Only one-layer Cu wire in RDL was
considered. The whole structure upside down for the sake of analysis with
the main heat dissipation way heat sink on the bottom.



Limited by the ignorance of detail interconnection be-
tween devices in 3D IC floorplanning, only interconnection
connecting with the Cu wire on RDL (Redistribution Layer)
and TSV was considered in this calculation, shown as the
Cu wire in Fig. 2. Hot-spots here were referred to adjacent
ICs generating heat which gathering together. Hot-spots
were considered located at the surface of Si substrate, that
is, the active layer. Considering the ignorable thermal influ-
ence of dielectric layer of TSV, they were ignored in this
paper. Dimension sizes of the structures in this paper were
listed in Table 1.

1ll. BASIC THERMAL CONDUCTIVITY EQUIVALENT METH-
OD

With thermal TSVs and thermal wires in Si Substrate,
underfill layer, BEOL layers and other parts of 3D IC, ther-
mal conductivity of the 3D IC could be regarded as aniso-
tropic, which means thermal conductivity in planar direc-
tions (X,y) &, is not the same as that in normal direction (z)
k-. With the equivalent thermal conductivities k,, and k. ex-
tracted base on the principle of thermal resistance equiva-
lence, temperature distribution was available through
COMSOL computation. Equivalent thermal conductivity of
the studied block was drawn and applied in the simulation,
with the specific structure in the block considered exactly.

A. Thermo-electricity analogy method

In the thermo-electricity analogy, temperature 7 is anal-
ogous to voltage U, while heat flux ¢ to current / and ther-
mal resistance Ry to electricity resistance R. Similar to the
relationship among U, [ and R, T is proportional to both ¢

and R, based on Fourier’s law.

The most popular way to extract the equivalent thermal
conductivities is based on the thermo-electricity analogy
method. Shown in Fig. 3, a simple structure: Si substrate
with 3 TSVs inserted was used as an example. In this figure,
R represented the radius of inserted TSV; H was the height
of Si substrate and TSV; A and B were respectively the
length and width of Si substrate. Dielectric layer, usually
made by SiO», was ignored in this paper.

Figure 3 A simple structure constructed by a Si substrate and three TSVs
inserted

Thermal diffusion was influenced by inserting of TSV,
designed micro-bumps and interconnection in the chip,
which meant that unlike the homogeneous material, thermal
conductive in IC was anisotropic, as introduced above. Two
kinds of equivalent thermal conductivities were extracted in
this paper: the in-plane direction thermal conductivity k,
and the cross-plane one £.
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Take k. as example, a uniform heat flux Q,, was applied
on the upper side of z direction and the bottom of the block
was isotherm, shown in Fig. 4. Boundary condition of other
sides were set to be adiabatic. Assume that temperature on
the topside were the same, namely ignore the horizontal heat
flux, an equivalent resistive model was distributed in Fig. 5.
The three TSVs and Si substrate, acting as four parallel
thermal path, were equivalent to four parallel thermal re-

sistance.
e

@Qoul

Figure 4 Structure for £ extraction, with boundary conditions: heat flux Q;,
applied on the top side, isothermal on the bottom side, adiabatic on the
other sides.

In this case,
k = (STSVXkCu+(S_STSV)XkSi) )
: S
In (1), S=4*B and Srsy=N*pi*R’? were defined as the

horizontal cross-sectional area of Si substrate and TSV. N is
the number of TSV.

DC

Rsi $ Rtsv $ Rrsy $ RTSV$

Figure 5 Equivalent resistance network

Equivalent of k., can be obtained in a similar plan.

Qﬂ\l[
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!

Figure 6 Structure for kxy extraction, with boundary conditions: heat flux
Qin applied on the left side, isothermal on the right side, adiabatic on the
other sides.
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Figure 7 Equivalent resistance network

Unlike the equivalent resistance network for cross-plane
thermal diffusion, structure distribution in the in-plane di-
rection was really complexity. A simplification by taking all
conductive structure as a union is made. The equivalent re-
sistance network was shown in Fig. 7.

In this case,

Bxk, _, Xk
k., = = @)
© bxkg+(B-bk,_,
ko= axkg, +(A—a)xk 3

A
a=b=\NXwxR? )

Meaning of parameters were shown above, as k. equivalent
case.

Two three layer stacked structures with a single block on
each layer were used in this paper to verify the accurate of
simplified method, shown in Fig. 8. Two hot-spots were
distributed on two sides of each layer. Two interconnected
TSVs were inserted in the 2" and 3™ layer. Difference be-
tween the two models was the relative distance between two
TSVs. Here only the 2" layer in model 1 was taken into
example, showing the equivalent of thermal conductivities.
Results were listed in Table 2.
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MODEL 1 MODEL 2
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31 Layer
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1t Layer
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Si  BEOL RDL Hotspot TSV Cu wire Micro-Bump Underfill
(b)

Figure 8 Two three layer stacked structures for verification. (a) the stereo-
gram of two models and the equivalent of two models; (b) cross-section of

two models.

Simulation results were shown in Fig. 9. Two black line
in the figure was the temperature distribution in model 1 and
model 2 while the two red ones are the equivalent results.
Two problems were illustrated from the comparison of
black and red curves. The first was that the equivalent ther-
mal conductivity was overestimated since the calculated
temperature was lower the real model in the figure. The
second and most important was that an opposite trend was
shown in temperature calculation since temperature in mod-
el 2 was slightly higher than that in model 1.
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Figure 9 Simulation results of the models.

Two improvements were made to increase the accuracy
of the simplified model.
B. Thermal dissipation effective of TSV and Cu wire

Firstly, heat flow from the upper layer was also worth
noting. It was also ignored by the simplified method above.
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Simulation results of the equivalent model displayed a
contrary tendency just because the longer Cu wire, the better
thermal property the structure was. Apparently it was
wrong. To the case without TSV connection beneath, the
wire length was much longer than thermal diffusion length,
and thermal effect would diminish. To the case with TSV
connected, obviously that shorter length induced to better
thermal property since TSV helped introduce thermal
through the low conductivity material and then to the next
layer. And the equivalent above are all based on uniform
heat flux, which was not practical because heat flux at the
interface of two blocks was decided by the interconnection
between them. A simple structure, shown in Fig. 10, was
introduced in this paper to investigate the length of Cu wire
and temperature. By simulation, relationship between wire
length / and temperature T obtained.

Si  BEOL RDL Hotspot TSV Cuwire Underfill

Figure 10 Simple structure constructed with a micro-bump hotspot, a Cu
wire and a TSV. Used to obtain relationship between temperature and wire
length.
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Figure 11 Normalization processing of 1/T and wire length

A coefficient w was proposed in this paper to describe
the relationship between thermal property and wire length.

w obtained by Normalization processing of //T and wire
length.

W= 0.8670.083><l + 0‘26040003&(1 (5)

C. Modified thermal conductivity equivalent

Even with uniform power distribution on the top side of
a block, temperature distribution in-plane would never be
same, because different thermal conductivities resulted in
different heat flux in-plane. Even with high thermal conduc-
tivity, only small proportion of heat flux flow through TSV
and Cu wire because of their low area percentage in-plane.
Optimized proportion of high conductivity material such as
TSVs, Cu wires and micro-bumps need to be reduced.

Based on the above consideration, the improvement was
proposed in £ equivalent.

In the top layer with no heat flux from other layer, the
coefficient w should not be considered.

— (STSV XkCu + (S - STSV)XkSi)

k 6
=m S (6)
k = (STSV sz—m +(S_STSV)XkSi) )
: S
While in the other layers, the coefficient w is added.
k= (Sng, +(S_STSV)XkSi) 8)
z—m S
A0xSxk_ x4 (S=S,.)xk,)
k= N < ©)

Base on the improved simplified method, simulation re-
sult were obtained and shown in Fig. 12. Same as in Fig. 11,
two black lines were referred to the temperature distribution
in model 1 and model 2 while the red and ones were the
equivalent results. Two problems illustrated in Fig. 11 were
both solved. About 20 percent temperature deviation existed
between the equivalent model and the real model. And the
most important, the same temperature trend shown in the
calculation of simplified model and the real model.

— MODEL 1
60 | - MODEL 2

—— MODEL 1-€Q1
ss|| —-MoDEL 2€Q1

Temperature Excess

Figure 12 Simulation results of the models.

1937



IV. EXPERIMENT RESULT

The program was written in MATLAB and run on
COMSOL & MATLAB. With the equivalent thermal con-
ductivity of each block calculated by MATLAB, the param-
eter was then imported in the COMSOL and assigned to the
material in the model. With the structure automatically
modeled in the COMSOL, temperature distribution is avail-
able after simulation.

Our method was applied in thermal floorplanning of a
3D IC based on IWLS 2005 benchmarks [28]. We synthe-
sized the circuit with a standard cell library (gscl45nm.lef)
[29] developed by Oklahoma State University and the TSV
defined in .lef file. The target 3-D technology is a 4-tier 3-D
IC with the 1566 TSVs and 80504 hot-spots. The power
density is set on the order of magnitude of 60W/cm?. Tem-
perature distribution could not be simulated in a full-scale
model because of the huge data and complex structure. In
this paper, the chip was divided into 2560 blocks. After total
computing time, about 24 minutes, temperature distribution
of the processor was available. The calculation result was
shown in Fig. 13.

Max/Min Volume: T-273.15 (K) Surface: T-273.15 (K)

A 103

65
¥ 64.7

Figure 13 Simulation result with equivalent simplification.

V. CONCLUSION

An efficient method was proposed in this paper to calcu-
late the system-level temperature distribution. Proposal of
an equivalent anisotropic thermal conductivity model can
greatly simplify the calculation by reducing the geometric
size difference to less than one order of magnitude. Simul-
taneously, the accuracy of the simplification was guaranteed
by introducing the modified equivalent method and the
thermal wire effective coefficient which represent a consid-
eration of heat flux distribution. Part from this, the calcula-
tion was automatically run by the pre-set program, which
was necessary for interactive optimization of thermal and
electrical design.

Worth mentioning that, considering repeatedly thermal
computation of the whole chip was required in the valida-
tion of 3D IC partition, the present fast and low computation
consumption model was the only one appropriate compared
with other methods. This model was a promising way and

might be widely used in system-level thermal management
in 3D IC in the future.

ACKNOWLEDGMENT

The work is funded by National Science and Technology
Major Project of China (Project No. 20092X02038-02) and
The Ministry of Education Doctoral Fund of China (Project
No0.20130001110006).

REFERENCES

1. Banerjee, Kaustav, M. Pedram, and A. H. Ajami. "Analysis and
optimization of thermal issues in high-performance VLSIL." Interna-
tional Symposium on Physical Design ACM, 2001, pp. 230-237, doi:
10.1145/369691.369779.

2. Im S, Banerjee K. “Full chip thermal analysis of planar (2-D) and
vertically integrated (3-D) high performance ICs.” In: International
Electron Devices Meeting (IEDM), San Francisco, 2000, pp. 727-
730, doi: 10.1109/IEDM.2000.904421

3. Wang T Y, Tsai J L, Chen C P. “Thermal and power integrity based
power/ground networks optimization.” In: Design, Automation and
Test in Europe (DATE), France, 2004, pp. 1530-1591, doi:
10.1109/DATE.2004.1268986

4. Beyne, E. "The rise of the 3rd dimension for system intergration."

Interconnect Technology Conference, 2006 International IEEE, 2006,

pp. 1-5, doi: 10.1109/IITC.2006.1648629.

Samsung, Samsung 3D, /http://www.samsung.comS , 2009.

Tezzaron, Tezzaron 3D, /http://www.tezzaron.comS , 2009.

7. Lau J H, Yue T G. “Thermal management of 3D IC integration with
TSV (through silicon via).” In: Electronic Components and Technol-
ogy Conference (ECTC), San Diego, 2009, pp. 635-640,
10.1109/ECTC.2009.5074080.

8. Chen, Zhaohui, X. Luo, and S. Liu. "Thermal Analysis Of 3D Pack-
aging With A Simplified Thermal Resistance Network Model And
Finite Element Simulation." Electronic Packaging Technology &
High Density Packaging (ICEPT-HDP), 2010 11th International Co
(2010):,pp. 37 — 741, doi: 10.1109/ICEPT.2010.5582840.

9. Chiang, Ting Yen, K. Banerjee, and K. C. Saraswat. "Effect of via
separation and low-k dielectric materials on the thermal characteris-
tics of Cu interconnects." Electron Devices Meeting, 2000. IEDM
'00. Technical Digest. International IEEE, 2000, pp. 261-264, doi:
10.1109/IEDM.2000.904306.

10.  Chiang, Ting Yen, K. Banerjee, and K. C. Saraswat. "Compact
Modeling and SPICE-Based Simulation for Electrothermal Analysis
of Multilevel ULSI Interconnects." IEEE/ACM International Con-
ference on Computer-Aided Design, Digest of Technical Papers
2001, pp. 165-172, doi: 10.1109/ICCAD.2001.968613.

11.  Chiang, Ting Yen, et al. "Thermal analysis of heterogeneous 3D ICs
with various integration scenarios." Electron Devices Meeting, 2001.
IEDM '01. Technical Digest. International IEEE, 2001, pp. 31.2.1-
31.2.4, doi: 10.1109/IEDM.2001.979599.

12. A Jain, RE Jones, R Chatterjee, S Pozder, “Thermal modeling
and design of 3D integrated circuits.” , Thermal and Thermomechan-
ical Phenomena in Electronic Systems, 2008. ITHERM 2008. 11th
Intersociety Conference on, pp-1139-1145, doi:
10.1109/ITHERM.2008.4544389.

13.  IEEE. "Analytical Heat Transfer Model for Thermal Through-
Silicon Vias." Design Automation & Test in Europe (2011), pp. 1-6,
doi: 10.1109/DATE.2011.5763069.

14. Tang, Zongwu. "Efficient Design Practices For Thermal Manage-
ment Of A Tsv Based 3D Ic System." Ispd Proceedings of Interna-
tional Symposium on Physical Design (2010), pp. 59-59, doi:
10.1145/1735023.1735043.

15.  Goplen, Brent, and S. Sapatnekar. "Thermal via placement in 3D
ICs." Proceedings of the International Symposium on Physical De-
sign (2005), pp. 167-174, doi: 10.1145/1055137.1055171.

16.  Huang, Wei, et al. "HotSpot: a compact thermal modeling methodol-
ogy for early-stage VLSI design." Very Large Scale Integration Sys-

SalNd

1938



tems IEEE Transactions on 14.5(2006), pp. 501-513, doi: 24. Zhang, Tianpei, Y. Zhan, and S. S. Sapatnekar. "Temperature-aware
10.1109/TVLSI.2006.876103. routing in 3D ICs." Design Automation, 2006. Asia and South Pacif-

17.  Frantz, Felipe, L. Labrak, and I. O'Connor. "3D IC floorplanning: ic  Conference on IEEE, 2006, pp. 309—314, doi:
Automating optimization settings and exploring new thermal-aware 10.1109/ASPDAC.2006.1594700.
managemenF techniqugs.” Microelectronics Journal 43.6(2012), pp. 25. Charles, G., and P. D. Franzon. "Comparison of TSV-based PDN-
423-432, doi: 10.1016/j.mejo.2012.03.005 design effects using various stacking topology methods." Electrical

18.  Cuesta, D., et al. "3D Thermal-aware floorplanner for many-core Performance of Electronic Packaging and Systems (EPEPS), 2012
single-chip systems." 2013 14th Latin American Test Workshop - IEEE 2lst Conference on IEEE, 2012, pp. 83 — 86, doi:
LATW IEEE, 2011, pp. 1-6, doi: 10.1109/LATW.2011.5985921. 10.1109/EPEPS.2012.6457848.

19. Cuesta,‘ Da\_/1d, "et al. "3Dthermal—avyare floorplanner using a MOEA 26. B Banijamali , S Ramalingam , K Nagarajan , R Chaware, “Ad-
approximation." Integration the Vlsi Journal 46.1(2013), pp. 10-21, vanced Reliability Study of TSV Interposers and Interconnects for
doi: 10_~1016/}"151'291204'09'3' . . the 28nm Technology FPGA.”, Electronic Components and Tech-

20. Balakrishnan, Karthik, et al. er? C(?ngestlon And Thermal Aware nology Conference (ECTC), 2011 IEEE 61%, 2011, pp. 285 — 290,
Global Placement For 3D VLSI Circuits." Georgia Institute of Tech- doi: 10.1109/ECTC.2011.5898527.
nology (2005), pp.1131-1134, doi: 1?'1 145./1 120725.1120841. 27. Jeddeloh, J., and B. Keeth. "Hybrid memory cube new DRAM archi-

21.  Goplen, Brent, and S. Sapatnekar. "Efficient thermal placement of . . i .

. . . " tecture increases density and performance." Digest of Technical Pa-

standard cells in 3D ICs using a force directed approach." in Pro- . .

. - . . pers - Symposium on VLSI Technology 2012, pp. 87-88, doi:
ceedings of the International Conference on Computer-Aided Design 10.1109/VLSIT.2012.6242474
2003, pp. 86-89, doi: 10.1109/ICCAD.2003.1257591. ) ’ ' )

22. J.Cong, and Y. Zhang, "Thermal-Driven Multilevel Routing for 3-D 28. IWLS_benchmarks_2005_V_1.0
ICs," ASPDAC, 2005. http://www.iwls.org/iwls2005/benchmarks.html

23.  Pathak, Mohit, and S. K. Lim. "Thermal-aware steiner routing for 29. “Oklahoma state university 45nm standard cell library."
3D stacked ICs." IEEE/ACM International Conference on Comput- http://veag.ecen.okstate.edu/ow/.
er-aided Design 2007, Pp- 205-211, doi:
10.1109/ICCAD.2007.4397267.

TABLE 2 RESPECTIVE EQUIVALENT THERMAL CONDUCTIVITIES IN MODEL 1, TAKING THE SECOND LAYER AS AN EXAMPLE
Bk <k,
horizontal cross-sectional area Y bXky g +(B-b)k, k= (Sisere XK ingere + (S = Sier) XK i)
of the 2nd layer in model 2 axk__  +(A-a)xk__, z S
k — xy—insert xy—basic
Xy—m A
kxy—insert = kCu kz—inserf = kCu
_ kxyfbasiu = kunderﬁll szbasic = kunde}ffill
2
2 p—
a=b=\NXmZXR Spoy = NXTXR
xy—insert = kcu kz—insert = kCu
k xy—basic = kunderﬁ/l k z—basic = kunderﬁll
a=b=+wxl Sc, =wxl
xy—insert = kCu kz—insert = kCu
_ kxyfbasic = kSiOZ kz—basic = kSiOZ
— _ 2
a:bz ijz-sz STSV_NXEXR
kxy—inserr = kCu kz—insert = kCu
I . I kxy—basic = kSi kz—basic = kSi
_ 2
a=b=+NXmxR? Sry = NXTXR
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