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 مقذمٍ   
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schematics physical 

 اتصالات در مدار های مجتمع 



 اتصالات: ششم فصل VLSI -  مدارهای  طراحي 
1390 -مجيد شالچيان   

 مقذمٍ  

با شکل َای مختلف مىجر بٍ  بريز اثرات خازوی، مقايمتی ي سلفی در مذار َای   Metalچىذیه لایٍ  •
 . مجتمع می شًوذ

 
 افسایش تاخیر  ي کاَش سرعت عملیاتی مذار َا    •

 
 افسایش مصرف اورشی ي تلفات سیگىال      •

 
 مذار َا      reliabilityایجاد وًیس ي کاَش   •

 
 

 .  ارایٍ یک مذل کامل ي دقیق از اتصالات  پیچیذٌ ي در مذار َای  با تعذاد المان زیاد غیر ممکه است
 

 ( استفادٌ از تقریب َای مُىذسی)
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 مقذمٍ  

All-inclusive model 
Capacitance-only 
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 مُمتز شذن اثز اتصالات در تکىًلًژي َاي جذیذ  
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 المان َاي اتصالات  میاوي 

  خازن 
       خازن سیم تا زمیه 
         خازن بیه سیم َا 

 
 
  مقايمت 

 
   

 
    سلف 
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 خاسن  اتصالات میاوي   -1
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 خاسن صفحٍ اي  اتصال تا سمیه  

Cpp = (di/tdi) WL 
permittivity 

constant 

(SiO2= 3.9) 

 خازن اتصال تا زمیه
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 ثابت گذر دَي  

Material di 

Free space 1 

Teflon AF 2.1 

Aromatic thermosets (SiLK) 2.6 – 2.8 

Polyimides (organic) 3.1 – 3.4 

Fluorosilicate glass (FSG) 3.2 – 4.0 

Silicon dioxide 3.9 – 4.5 

Glass epoxy (PCBs) 5 

Silicon nitride 7.5 

Alumina (package) 9.5 

Silicon 11.7 

0     8.85ضشیب گزس دّی خلا است کِ بشابش است باx10-14 F/cm  
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 خاسن َاي وشتي جاوبي  تا سمیه   
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 تاثیز  وسبت ابعاد ريي  مقذار خاسن 

ای ًضدیک هی شَد اها   ظشفیت خاصى بِ خاصى صفحِ  W/Hبشای هقادیش بضسگ 
 غالب هی شَد  fringeخاصى   1.5ّای کوتش اص  W/Hبشای 
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 خاسن بیه سیم َا  

fringing parallel
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 مقایسٍ وقش خاسن َا 
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 داًشگاُ صٌعتي اهيركثير 
Insights 

 For W/H < 1.5, the fringe component dominates the 
parallel-plate component.  Fringing capacitance can 
increase the overall capacitance by a factor of 10 or more. 

 When W < 1.75H interwire capacitance starts to dominate 

 Interwire capacitance is more pronounced for wires in the 
higher interconnect layers (further from the substrate) 

 Rules of thumb 

  Never run wires in diffusion 

  Use poly only for short runs 

  Shorter wires – lower R and C 

  Thinner wires – lower C but higher R 

 Wire delay nearly proportional to L2 
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Wiring Capacitances 

Field Active Poly Al1 Al2 Al3 Al4 

Poly 88 

54 

Al1 30 41 57 

40 47 54 

Al2 13 15 17 36 

25 27 29 45 

Al3 8.9 9.4 10 15 41 

18 19 20 27 49 

Al4 6.5 6.8 7 8.9 15 35 

14 15 15 18 27 45 

Al5 5.2 5.4 5.4 6.6 9.1 14 38 

12 12 12 14 19 27 52 

fringe in aF/m 

pp in aF/m2 

Poly Al1 Al2 Al3 Al4 Al5 

Interwire Cap 40 95 85 85 85 115 

per unit wire length in aF/m for minimally-spaced wires 
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 داًشگاُ صٌعتي اهيركثير 
Dealing with Capacitance 

 Low capacitance (low-k) dielectrics (insulators) such 
as polymide or even air instead of SiO2 

 family of materials that are low-k dielectrics 

 must also be suitable thermally and mechanically and 

 compatible with (copper) interconnect 

 

 Copper interconnect allows wires to be thinner without 
increasing their resistance, thereby decreasing 
interwire capacitance 

 



 اتصالات: ششم فصل VLSI -  مدارهای  طراحي 
1390 -مجيد شالچيان   

 مقايمت اتصالات میاوي   داًشگاُ صٌعتي اهيركثير 

L 

W 

H 

R = 
  L 

H W 

Sheet Resistance R
 

R1 R2 
= 

= 

 L 

A 
= 

Material (-m) 

Silver (Ag) 1.6 x 10-8 

Copper (Cu) 1.7 x 10-8 

Gold (Au) 2.2 x 10-8 

Aluminum (Al) 2.7 x 10-8 

Tungsten (W) 5.5 x 10-8 

Material Sheet Res. (/) 

n, p well diffusion 1000 to 1500 

n+, p+ diffusion 50 to 150 

n+, p+ diffusion 
with silicide 

3 to 5 

polysilicon 150 to 200 

polysilicon with 
silicide 

4 to 5 

Aluminum 0.05 to 0.1 
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 داًشگاُ صٌعتي اهيركثير 
 مقايمت صفحٍ اي لایٍ َاي مختلف 

Material Sheet Res. (/) 

n, p well diffusion 1000 to 1500 

n+, p+ diffusion 50 to 150 

n+, p+ diffusion 
with silicide 

3 to 5 

polysilicon 150 to 200 

polysilicon with 
silicide 

4 to 5 

Aluminum 0.05 to 0.1 

اص لایِ  . هشاّذُ هی شَد کِ آلَهیٌیَم بْتشیي هادُ بشای سین ّای طَلاًی است
ًفَر بْتش است استفادُ ًشَد چَى خاصى پاساصیت صیادی داسد ٍ تاخیش آى بالا 

 . اص پلی سیلیکاى ّن هی تَاى دس اتصالات هحلی استفادُ کشد. است
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 َا  CONTACTمقايمت  داًشگاُ صٌعتي اهيركثير 

تيي فلزز ٍ   Viaاّن ٍ هقاٍهت  20تا  5ّا تيي فلز ٍ ًيوِ ّادی تيي  contactهقاٍهت 
ترای تشکيل اتصال تيي دٍ لایِ تا هقاٍهت كن  تْتر اسزت  . اّن هي تاشد 5تا  1فلز تيي 
تززگ  اسزتفادُ شزَد     contactیا استفادُ شًَد چزَى ارزر ای یز      contactچٌدیي 

ٌّگاهيکِ جریاى تا یاٍیِ قائوِ حركت كٌد تْتزر  . ایدحام جریاى ًزدی  لثِ گخ هي دّد
 . ّای تيشتری استفادُ كٌين contactاست ای تعداد 
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 داًشگاُ صٌعتي اهيركثير 
 مثال 

 . تدست آٍگید Rsهقاٍهت شکل ییر گا تر حسة هقاٍهت صفحِ ای :  4هثال 
 

 (  اّن تر هرتع 7.6ًاحيِ ًفَذ تا هقاٍهت صفحِ ای  )هقاٍهت شکل ییر گا حساب كٌيد :  5هثال 
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 داًشگاُ صٌعتي اهيركثير 
Skin Effect 

 At high frequency, currents tend to flow primarily on the 
surface of a conductor with the current density falling off 
exponentially with depth into the wire 

H 

W 

= (/(f)) 

 where f is frequency 

             = 4 x 10-7 H/m 
 

so the overall cross section is ~ 2(W+H) 

= 2.6 m 

 for Al at 1 GHz 

 The onset of skin effect is at fs - where the skin depth is 
equal to half the largest dimension of the wire. 

fs = 4  / (  (max(W,H))2) 

 An issue for high frequency, wide (tall) wires (i.e., clocks!) 
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Skin Effect for Different W’s 

 A 30% increase in resistance is observe for 20 m Al wires 
at 1 GHz (versus only a 1% increase for 1 m wires) 
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 داًشگاُ صٌعتي اهيركثير 
 سلف  اتصالات میاوي  

با تَجِ بِ هعادلِ هاکسَل اص سٍی خاصى هی تَاى 
 . سلف سا تخویي صد

 Al1ٍ لایِ  0.25Umبشای تکٌَلَطی 

عوَها ًاچیض ٍ قابل صشفٌظش   1GHzهقادیش سلف ّا دس هذاس ّای فشکاًس پاییي تش اص 
 .  ّستٌذ
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 داًشگاُ صٌعتي اهيركثير 
 مقایسٍ مقذار سلف ي مقايمت  
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 داًشگاُ صٌعتي اهيركثير 

 تخمیه تاخیز اتصالات میاوي 
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 Simulated Wire Delays داًشگاُ صٌعتي اهيركثير 

0
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 داًشگاُ صٌعتي اهيركثير 
 مذل َاي تاخیز  

 Ideal wire 

 same voltage is present at every segment of the wire at every point in 
time - at equi-potential 

 only holds for very short wires, i.e., interconnects between very nearest 
neighbor gates 

 Lumped C model 

 when only a single parasitic component (C, R, or L) is dominant the 
different fractions are lumped into a single circuit element 

- When the resistive component is small and the switching frequency is low to 
medium, can consider only C; the wire itself does not introduce any delay; 
the only impact on performance comes from wire capacitance 

cwire 

Driver 

capacitance per unit length 

Vout 

Clumped 

RDriver Vout 

 good for short wires; pessimistic and inaccurate for long wires 
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 Lumped RC model 

 total wire resistance is lumped into a single R and total capacitance into 
a single C 

 good for short wires; pessimistic and inaccurate for long wires 

 Distributed RC model 

 circuit parasitics are distributed along the length, L, of the wire 

- c and r are the capacitance and resistance per unit length 

 Delay is determined using the Elmore delay equation 

           Di =  ckrik 
N 

k=1 

(r,c,L) 

VN Vin 

rL 
Vin VN 

rL rL rL rL 

cL cL cL cL cL 

 (ادامٍ)مذل َاي تاخیز  



 اتصالات: ششم فصل VLSI -  مدارهای  طراحي 
1390 -مجيد شالچيان   

 (مذل المًر)  RCتعزیف درخت  
 RC tree characteristics 

 A unique resistive path exists 
between the source node and any 
node of the network 

- Single input (source) node, s 

- All capacitors are between a node 
and GND 

- No resistive loops 

 Shared path resistance (resistance shared along the paths from the input 
node to nodes i and k) 

rik =  rj  (rj  [path(s  i)  path(s  k)]) 
N 

j=1 

 Path resistance (sum of the resistances on the path from the 
input node to node i) 

rii =  rj  (rj  [path(s  i)] 
i 

j=1 

s 
r1 1 

2 

3 

4 

i 

r2 

r4 
r3 

ri 

c1 

c2 

c4 

ci 

c3 

 A typical wire is a chain network with (simplified) Elmore 
delay of  

 DN =  cirii 
N 

i=1 
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 فزمًل تاخیز شبکٍ المًر   داًشگاُ صٌعتي اهيركثير 

c1 c2 ci-1 ci cN 

r1 r2 ri-1 ri rN 

Vin 
VN 

1 2 i-1 i N 

 D1=c1r1  D2=c1r1 + c2(r1+r2) 

 Di=c1r1+ c2(r1+r2)+…+ci(r1+r2+…+ri) 

 Di=c1req+ 2c2req+ 3c3req+…+ icireq 

Elmore delay equation      DN =  cirii =  ci  rj 
N i 
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 داًشگاُ صٌعتي اهيركثير 
 کاربزد َاي فزمًل المًر  

 Modeling the delay of a wire 

 Modeling the delay of a series of pass 
transistors 

 Modeling the delay of a pull-up and pull-down 
networks 
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 داًشگاُ صٌعتي اهيركثير 
Distributed RC Model for Simple Wires 

 A length L RC wire can be modeled by N segments of 
length L/N 

 The resistance and capacitance of each segment are given 
by      r L/N and c L/N 

 

   DN = (L/N)2(cr+2cr+…+Ncr) = (crL2) (N(N+1))/(2N2) = CR((N+1)/(2N)) 

    where R (= rL) and C (= cL) are the total lumped resistance and 
capacitance of the wire 

 

 For large N                    DN = RC/2 = rcL2/2 

 Delay of a wire is a quadratic function of its length, L 

 The delay is 1/2 of that predicted (by the lumped model) 
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Step Response Points 

Voltage Range Lumped RC Distributed RC 

0  50% (tp) 0.69 RC 0.38 RC 

10%  90% (tr) 2.2 RC 0.9 RC 

Time to reach the 50% 

point is t = ln(2) = 0.69 
 
Time to reach the 90% 

point is t = ln(9) = 2.2 

 Example:  Consider a Al1 wire 10 cm long and 1 m wide 

 Using a lumped C only model with a source resistance (RDriver) of 10 k and 
a total lumped capacitance (Clumped) of 11 pF 

t50% = 0.69 x 10 k x 11pF = 76 ns 

t90% = 2.2 x 10 k  x 11pF = 242 ns 

 Using a distributed RC model with c = 110 aF/m and r = 0.075 /m 

t50% = 0.38 x (0.075 /m) x (110 aF/m) x (105 m)2 = 31.4 ns 

t90% = 0.9 x (0.075 /m) x (110 aF/m) x (105 m)2 = 74.25 ns 

Poly: t50% = 0.38 x (150 /m) x (88+254 aF/m) x (105 m)2 = 112 s 

Al5: t50% = 0.38 x (0.0375 /m) x (5.2+212 aF/m) x (105 m)2 = 4.2 ns 
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 داًشگاُ صٌعتي اهيركثير 
Putting It All Together 

RDriver 

Vin 

Vout 
rw,cw,L 

 Total propagation delay consider driver and wire 

D = RDriverCw + (RwCw)/2  =  RDriverCw +  0.5rwcwL2  

     and  tp = 0.69 RDriverCw + 0.38 RwCw 

 where Rw = rwL and Cw = cwL 

 The delay introduced by wire resistance becomes 
dominant when (RwCw)/2  RDriver CW (when                       
L  2RDriver/Rw) 

 For an RDriver = 1 k driving an 1 m wide Al1 wire, Lcrit is 2.67 cm 
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 داًشگاُ صٌعتي اهيركثير 
Design Rules of Thumb 

 rc delays should be considered when tpRC > tpgate of the 
driving gate 

Lcrit >  (tpgate/0.38rc) 

 actual Lcrit depends upon the size of the driving gate and the interconnect 
material 

 

 rc delays should be considered when the rise (fall) time at 
the line input is smaller than RC, the rise (fall) time of the 
line 

trise < RC 

 when not met, the change in the signal is slower than the propagation 
delay of the wire so a lumped C model suffices 
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 Comparison of Wire Delays داًشگاُ صٌعتي اهيركثير 
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 داًشگاُ صٌعتي اهيركثير 
 جلسٍ آیىذٌ 

تعدی  دگس 

  هداگ ّای هٌطقي ترتيثي 


