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 تزاًشیستَر اًتقالي  

V
DD

V
DD

 دس تشا٘ضیؼتٛس ا٘تماِی ٔمذاس ِٚتاط خشٚجی چمذس اػت؟  •
 
 دس ایٗ حاِت چٖٛ  . تاؿذ VDDفشض وٙيٓ خشٚجی تشاتش •

 
 VGS=0<Vt  اػت تشا٘ضیؼتٛس لطغ ٔی ؿٛد  . 

 
 پغ تشای آ٘ىٝ تشا٘ضیؼتٛس سٚؿٗ تٕا٘ذ حذاوثش ِٚتاط خشٚجی آٖ 

 
 .  خٛاٞذ ؿذ VDD-Vtتشاتش   

 
 . سا خٛب ػثٛس ٕ٘ی دٞذ 1ٔمذاس ٔٙطمی  nMOSتٝ ٕٞيٗ دِيُ ٔی ٌٛیيٓ تشا٘ضیؼتٛس 
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 هثال

VDD

VDD
Vs = VDD-Vtn

VSS

Vs = |Vtp|

VDD

VDD-Vtn VDD-Vtn

VDD-Vtn

VDD

VDD VDD VDD

VDD

VDD-Vtn

VDD-2Vtn



1390 -مجيد شالچيان  CMOSوارونگر : چهارم فصل VLSI -  مدارهای  طراحي   

 ٍارًٍگز ایستا 

 ٝٔٔمذ 
   ٔـخصٝ ا٘تماِی 
   سفتاس ایؼتا 
   سفتاس پٛیا 
 ٓتحّيُ تٛاٖ، ا٘شطی ٚ طشاحی تشای ٔصشف و 
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 ٍارًٍگز ایذُ ال : هقذهِ
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 هشخصِ ٍاقعي تز ٍارًٍگز
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 یادآٍري حاشیِ ًَیش



1390 -مجيد شالچيان  CMOSوارونگر : چهارم فصل VLSI -  مدارهای  طراحي   

 ایستا CMOSپیادُ ساسي تا هٌطق 

V in V out 

C L 

V DD 
 ایؼتا خشٚجی ٕٞٛاسٜ یه ٔؼيش ٔماٚٔتی CMOSدس ٔٙطك  •

 . یا صٔيٗ داسد VDDتٝ 
 
  CMOSٚاسٍٚ٘ش پایٝ ٔذاس ٞای ٔٙطمی تشويثی  •

 .  ایؼتا اػت
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 آًالیش هزتثِ اٍل حالت ایستا

VDD 

Rn 

Vout = 0 

Vin = V DD 

VDD 

Rp 

Vout = 1 

Vin = 0 

VOL = 0 
VOH = VDD 
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 CMOSٍیضگیْاي 

 Full rail-to-rail swing  high noise margins 

 Logic levels not dependent upon the relative device sizes  
transistors can be minimum size  ratioless 

 Always a path to Vdd or GND in steady state  low 
output impedance (output resistance in k range)  
large fan-out (albeit with degraded performance) 

 Extremely high input resistance (gate of MOS transistor 
is near perfect insulator)  nearly zero steady-state 
input current 

 No direct path steady-state between power and ground 
 no static power dissipation 

 Propagation delay function of load capacitance and 
resistance of transistors 
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 ٍارًٍگز ایستا 

 ٝٔٔمذ 
   ٔـخصٝ ا٘تماِی 
   سفتاس ایؼتا 
   سفتاس پٛیا 
 ٓتحّيُ تٛاٖ، ا٘شطی ٚ طشاحی تشای ٔصشف و 
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 تحلیل عولکزد ٍارًٍگز  

 DC Response: Vout vs. Vin for a gate 

 Ex: Inverter 

 When Vin = 0   ->  Vout = VDD 

 When Vin = VDD   ->  Vout = 0 

 In between, Vout depends on 

 transistor size and current 

 By KCL, must settle such that 

 Idsn = |Idsp| 

 We could solve equations 

 But graphical solution gives more insight 

 

I
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I
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V
out

V
DD

V
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 دا٘ـٍاٜ صٙؼتی أيشوثيش 
 ًاحیِ عولکزد تزاًشیستَر ّا

 Current depends on region of transistor behavior 

 For what Vin and Vout are nMOS and pMOS in 

 Cutoff? 

 Linear? 

 Saturation? 
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 دا٘ـٍاٜ صٙؼتی أيشوثيش 
nMOS Operation 

Cutoff Linear Saturated 

Vgsn < Vtn 

Vin < Vtn 

Vgsn > Vtn 

Vin > Vtn 

Vdsn < Vgsn – Vtn 

Vout < Vin - Vtn 

Vgsn > Vtn 

Vin > Vtn 

Vdsn > Vgsn – Vtn 

Vout > Vin - Vtn 

I
dsn

I
dsp

V
out

V
DD

V
in

Vgsn = Vin 

Vdsn = Vout 
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 دا٘ـٍاٜ صٙؼتی أيشوثيش 
pMOS Operation 

Cutoff Linear Saturated 

Vgsp > Vtp 

Vin > VDD + Vtp 

Vgsp < Vtp 

Vin < VDD + Vtp 

Vdsp > Vgsp – Vtp 

Vout > Vin - Vtp 

Vgsp < Vtp 

Vin < VDD + Vtp 

Vdsp < Vgsp – Vtp 

Vout < Vin - Vtp 

I
dsn

I
dsp

V
out

V
DD

V
in

Vgsp = Vin - VDD 

Vdsp = Vout - VDD 

Vtp < 0 
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 Review:  Short Channel I-V Plot (NMOS) دا٘ـٍاٜ صٙؼتی أيشوثيش 
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NMOS transistor, 0.25um, Ld = 0.25um, W/L = 1.5, VDD = 2.5V, VT = 0.4V 
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 Review:  Short Channel I-V Plot (PMOS) دا٘ـٍاٜ صٙؼتی أيشوثيش 
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0-1-2 VDS (V) 

X 10-4 

VGS = -1.0V 

VGS = -1.5V 

VGS = -2.0V 

VGS = -2.5V 

PMOS transistor, 0.25um, Ld = 0.25um, W/L = 1.5, VDD = 2.5V, VT = -0.4V 

  All polarities of all voltages and currents are reversed 
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 دا٘ـٍاٜ صٙؼتی أيشوثيش 
 ٍلتاص تزاًشیستَر ّا در یک هحَر –هشخصِ جزیاى 

 Make pMOS is wider than nMOS such that bn = bp 

Vgsn5

Vgsn4

Vgsn3

Vgsn2

Vgsn1

Vgsp5

Vgsp4

Vgsp3

Vgsp2

Vgsp1

VDD

-VDD

Vdsn

-Vdsp

-Idsp

Idsn

0



1390 -مجيد شالچيان  CMOSوارونگر : چهارم فصل VLSI -  مدارهای  طراحي   

 I-V pMOSتثذیل هختصات هشخصِ  دا٘ـٍاٜ صٙؼتی أيشوثيش 

IDSp = -IDSn 

VGSn = Vin   ; VGSp  = Vin - VDD 

VDSn = Vout  ; VDSp  = Vout - VDD 

Vout 

IDn 

VGSp = -2.5 

VGSp = -1 

Mirror around x-axis 

Vin  = VDD + VGSp 

IDn = -IDp 

Vin = 1.5 

Vin = 0 

Vin = 1.5 

Vin = 0 

Horiz. shift over VDD 

Vout  = VDD + VDSp 

  Want common coordinate set Vin, Vout, and IDn 
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 CMOS Inverter Load Lines دا٘ـٍاٜ صٙؼتی أيشوثيش 
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Vin = 0V 

PMOS NMOS 
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 CMOS Inverter VTC دا٘ـٍاٜ صٙؼتی أيشوثيش 
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Operating Regions 

 Revisit transistor operating regions 
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V
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Region nMOS pMOS 

A Cutoff Linear 

B Saturation Linear 

C Saturation Saturation 

D Linear Saturation 

E Linear Cutoff 

Vout

VDD

Vin
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 نواحي كار وارونگر با ساختار متقارن
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 ٍارًٍگز ایستا 

 ٝٔٔمذ 
   ٔـخصٝ ا٘تماِی 
   سفتاس ایؼتا 
   سفتاس پٛیا 
 ٓتحّيُ تٛاٖ، ا٘شطی ٚ طشاحی تشای ٔصشف و 
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 ّذف

ٞذف اص تحّيُ ایؼتایی  تحّيُ  پاسأتش ٞای اػتحىاْ ٚاسٍٚ٘ش ٘ظيش حاؿثٝ ٘ٛیض  ٚ تشسػی اثش 
 .    تغييش پاسأتش ٞای اتؼادی سٚی ٔـخصٝ ا٘تماِی تشا٘ضیؼتٛس ٔی تاؿذ

 
 ٔؼٕٛلا ٔی خٛاٞيٓ حاؿيٝ ٘ٛیض تيـيٙٝ ٚ ٔـخصٝ ا٘تماِی ٔتماسٖ داؿتٝ تاؿيٓ 
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 تحلیل  رفتار ایستایي

 VM   (Vin=Vout)تحلیل نقطه آستانه سوییچینگ   -1
 

 فشض ٔی وٙيٓ ٞش دٚ تشا٘ضیؼتٛس وا٘اَ وٛتاٜ ٚ دس ٘احيٝ 
 .  اؿثاع ػشػت ٞؼتٙذ

Vout

Vin0.5 1 1.5 2 2.5

0
.5

1
1

.5
2

2
.5

NMOS res
PMOS off

NMOS sat
PMOS sat

NMOS off
PMOS res

NMOS sat
PMOS res

NMOS res
PMOS sat
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 تحلیل آستاًِ سَییچیٌگ

 . ٘ؼثت تٝ  ِٚتاط آػتا٘ٝ ٚ ِٚتاط اؿثاع ػشػت تشا٘ضیؼتٛس ٞا  تحذ وافی تضسي تاؿذ VDDاٌش فشض وٙيٓ  ٔمذاس 
 

R  تياٍ٘ش لذست دسایٛ ٘ؼثیpmos  ٝ٘ؼثت تnmos اٌش .  اػتpMOS لٛیتش تاؿذ 
 

VM   اصVDD/2 صیادتش ٔی ؿٛد ٚ اٌشNMOS لٛیتش تاؿذ وٕتش ٔی ؿٛد . 
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VM = VDD/2 (to have comparable high and low noise margins), so want r  1  

                      

 شزط تقارى   
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 دا٘ـٍاٜ صٙؼتی أيشوثيش 
 هثال آستاًِ سَییچیٌگ

In our generic 0.25 micron CMOS process, using the 
process parameters from slide L03.25, a VDD = 2.5V, and 

a minimum size NMOS device ((W/L)n of 1.5) 

VT0(V) (V0.5) VDSAT(V) k’(A/V2) (V-1) 

NMOS 0.43 0.4 0.63 115 x 10-6 0.06 

PMOS -0.4 -0.4 -1 -30 x 10-6 -0.1 

 (W/L)p   115 x 10-6  0.63   (1.25 – 0.43 – 0.63/2)  

 (W/L)n      -30 x 10-6   -1.0     (1.25 – 0.4 – 1.0/2) 
= x x = 3.5 

 (W/L)p  =  3.5 x 1.5  =  5.25 for a VM of 1.25V 
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 دا٘ـٍاٜ صٙؼتی أيشوثيش 
 شبيه سازی بستگي آستانه سویيچ كردن به ابعاد
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1.5

0 1 10
(W/L)p/(W/L)n 

 VM is relatively 

insensitive to variations in 

device ratio 
 setting the ratio to 3, 2.5 

and 2 gives VM’s of 1.22V, 

1.18V, and 1.13V 

 

 Increasing the width of 

the PMOS moves VM 

towards VDD 

 

 Increasing the width of 

the NMOS moves VM 

toward GND 

.1 

Note: x-axis is semilog 

~3.4 
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 تحلیل  رفتار ایستایي

 تحلیل حاشیه نویش    -2
 

0

1

2

3

VIL VIHVin 

VOH = VDD 

VM 

By definition, VIH and VIL are 

where dVout/dVin = -1 (= gain) 

 

VOL = GND 

A piece-wise linear 

approximation of VTC 

 

 NMH = VDD  - VIH 

 NML = VIL  - GND 

 

Approximating:  

  VIH = VM  - VM /g 

  VIL = VM  + (VDD  - VM )/g 

 

So high gain in the transition 

region is very desirable 
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 تحلیل تا تقزیة  

 VMمحاسثه گین در نقطه 
 

 Vinتا مشتك گزفتن اس معادله فوق نسثت ته 
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 تحلیل تا تقزیة  

 تا جایگذاری  
 

 
 

تؼتٍی ؿذیذ تٝ پاسأتش ٞای تىِٙٛٛطی ٘ظيش 
ضشیة ٔذٚلاػيٖٛ طَٛ وا٘اَ، ِٚتاط آػتا٘ٝ ٚ 

 .  ِٚتاط اؿثاع داسد
 

تا ػایض تٙذی ٔٙاػة  VMٔمؾ طشاح ا٘تخاب 
 .  تشا٘ضیؼتٛس ٞا اػت
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 دا٘ـٍاٜ صٙؼتی أيشوثيش 
 هثال هحاسثِ حاشیِ ًَیش تا استفادُ اس گیي 
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0.25um, (W/L)p/(W/L)n = 3.4 

(W/L)n = 1.5 (min size) 

VDD = 2.5V 

 

VM  1.25V, g = -27.5 

 

VIL = 1.2V, VIH = 1.3V 

NML = NMH = 1.2 

(actual values are               

VIL = 1.03V, VIH = 1.45V 

NML = 1.03V & NMH = 1.05V) 
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 Impact of Process Variation on VTC Curve دا٘ـٍاٜ صٙؼتی أيشوثيش 
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Process variations (mostly) cause a shift in the switching threshold 
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 Scaling the Supply Voltage دا٘ـٍاٜ صٙؼتی أيشوثيش 
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 ٍارًٍگز ایستا 

 ٝٔٔمذ 
   ٔـخصٝ ا٘تماِی 
   سفتاس ایؼتا 
   سفتاس پٛیا 
 ٓتحّيُ تٛاٖ، ا٘شطی ٚ طشاحی تشای ٔصشف و 
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 دا٘ـٍاٜ صٙؼتی أيشوثيش 

VDD 

Rn 

Vout 

CL 

Vin = V DD 

VDD 

Rp 

Vout 

CL 

Vin = 0 

 Gate response time is determined by the time to charge CL 

through Rp (discharge CL through Rn) 

 

 تحلیل رفتار سَییچیٌگ
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 دا٘ـٍاٜ صٙؼتی أيشوثيش 
 تحلیل تاخیز ٍارًٍگز

 Propagation delay is proportional to the time-constant of 
the network formed by the pull-down resistor and the load 
capacitance 

                          

 

                             tpHL = ln(2) Reqn CL = 0.69 Reqn CL 

                              tpLH = ln(2) Reqp CL = 0.69 Reqp CL 

 

                               tp = (tpHL + tpLH)/2 = 0.69 CL(Reqn + Reqp)/2 

 To equalize rise and fall times make the on-resistance of 
the NMOS and PMOS approximately equal.   

VDD 

Rn 

Vout = 0 

Vin = V DD 

CL 

tpHL = f(Rn, CL) 
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 مولفه های خازن  دا٘ـٍاٜ صٙؼتی أيشوثيش 
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 خازن گیت درین  دا٘ـٍاٜ صٙؼتی أيشوثيش 

فمط دس ٘احيٝ لطغ یا اؿثاع اػت فمط خاصٖ   VDD/2 < 0ٚسٚدی  دس ِٚتاط ٞای   M1چٖٛ تشا٘ضیؼتٛس 
Overlap داسیٓ وٝ آٟ٘ٓ تا اػتفادٜ اص اثش ٔيّش ٔی تٛاٖ تيٗ دسیٗ ٚ صٔيٗ لشاس داد . 

 



1390 -مجيد شالچيان  CMOSوارونگر : چهارم فصل VLSI -  مدارهای  طراحي   

 بدنه  –خازن درین  دا٘ـٍاٜ صٙؼتی أيشوثيش 

خاصٖ تيٗ دسیٗ تا صٔيٗ ٚجٛد داسد وٝ غيش خطی اػت ٚ ٔی تٛاٖ یه خاصْ    M1  ٚM2تشای دٚ تشا٘ضیؼتٛس -2
ٔمذاس ایٗ خاصٖ تؼتٍی تٝ ػطح ٚ ٔحيط جا٘ثی پيٛ٘ذ دسیٗ تذ٘ٝ .  ٔؼادَ تا خطی ػاصی ٚ تمشیة دس ٘ظش ٌشفت

 . داسد
 

 .  ایٗ طثمٝ ٔحؼٛب ٔی ؿٛد Fanoutخاصٖ ٚسٚدی طثمٝ تؼذ وٝ تاس -3
 

  CWخاصٖ اتصالات ٔيا٘ی   -4
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 cascadeهثال هحاسثِ خاسى ّاي دٍ ٍارًٍگز  دا٘ـٍاٜ صٙؼتی أيشوثيش 

 µm 0.25تىِٙٛٛطی 

=0.125 µm 
 NMOSتشای تشا٘ضیؼتٛس 

 
Ad=4x4 2+3x1 2 

 

Pd=(5+4+4+1+1)  

 

 PMOSتشای تشا٘ضیؼتٛس 

Ad=9x4 2+9x1 2 

 

Pd=(5+9+5)  
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 ادامه مثال  دا٘ـٍاٜ صٙؼتی أيشوثيش 
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 دا٘ـٍاٜ صٙؼتی أيشوثيش 
 خاسى  ( خالي شذى)هقذار هقاٍهت ٌّگام پزشذى 

 . مقدار نهایی تعزیف می شود% 50تا توجه ته اینکه تاخیز انتشار تا رسیدن ته 
 

0

1

2

3

4

5

6

7

0.5 1 1.5 2 2.5

VDD (V) 

x105 

S D 
Ro

n 

VGS  VT 

(for VGS = VDD,          

VDS = VDD VDD/2) 

 اس مدل تزانشستور ته عنوان یک سوییچ تا تقزیة معادله
 .  سیز استفاده می کنیم 
 

Reqn = 3/4 VDD/IDSATn 
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 دا٘ـٍاٜ صٙؼتی أيشوثيش 
 هحاسثِ تاخیز اًتشار تزاي ٍارًٍگز دٍ طثقِ قثلي 

تاا حاذالُ  اتؼااد      nMOS  ٚpMOSتشا٘ضیؼتٛس ٞای  onس ٘ظش ٌشفتٗ ٔماٚٔت ٞای تا د
ٚ  nMOSتاا تٛجاٝ تاٝ ایٙىاٝ ػاشض تشا٘ضیؼاتٛس ٞاای        )     KΩ  ٚ31 KΩ 13ٔؼادَ 

pMOS  ٔماذاس ٔماٚٔات ٞاای آٟ٘اا تاا      . تشاتش حذالُ اتؼاد ٞؼتٙذ 4.5ٚ  1.5فٛق تتشتية
 .تمؼيٓ ٔماٚٔت تشا٘ضیؼتٛس ٔشجغ تٝ ضشایة فٛق تذػت ٔی آیذ ٚ ِزا داسیٓ 
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 Inverter Transient Response دا٘ـٍاٜ صٙؼتی أيشوثيش 

-0.5

0

0.5

1

1.5

2

2.5

3

0 0.5 1 1.5 2 2.5

Vin 

t (sec)  
x 10-10  

VDD=2.5V 

0.25m 

W/Ln = 1.5 

W/Lp = 4.5 

Reqn= 13 k ( 1.5) 

Reqp= 31 k ( 4.5) 

tpHL = 36 psec 

tpLH = 29 psec 

so 

tp = 32.5 psec 

tf tr tpHL tpLH 

From simulation:   tpHL = 39.9 psec   and    tpLH = 31.7 psec 
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 دا٘ـٍاٜ صٙؼتی أيشوثيش 
 پاراهتز ّاي هَثز رٍي تاخیز اًتشار ٍارًٍگز  

 تا جایٍضاسی ٔماٚٔت ٔؼادَ  تمشیثی 

1

1.5

2

2.5

3

3.5

4

4.5

5

5.5

0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4

VDD (V)  

tpHL = 0.69 Reqn CL  

 

 = 0.69 (3/4 (CL VDD)/IDSATn ) 

 

  0.52 CL / (W/Ln k’n VDSATn ) 
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 دا٘ـٍاٜ صٙؼتی أيشوثيش 
 پاراهتز ّاي هَثز در سزعت 

 Reduce CL 

 internal diffusion capacitance of the gate itself 

- keep the drain diffusion as small as possible 

 interconnect capacitance 

 Fanout  (Cg Next Level) 
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 دا٘ـٍاٜ صٙؼتی أيشوثيش 
 پاراهتز ّاي هَثز در سزعت

 Increase W/L ratio of the transistor 

 the most powerful and effective performance 
optimization tool in the hands of the designer 

 watch out for self-loading! – when the intrinsic 
capacitance dominates the extrinsic load 

 Increase VDD 

 can trade-off energy for performance 

 increasing VDD above a certain level yields only very 
minimal improvements 

 reliability concerns enforce a firm upper bound on VDD 
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 دا٘ـٍاٜ صٙؼتی أيشوثيش 
  NMOS/PMOSًسثت 

 If speed is the only concern, reduce the width of the 
PMOS device! 

 widening the PMOS degrades the tpHL due to larger parasitic 
capacitance 

b = (W/Lp)/(W/Ln) 

       r = Reqp/Reqn (resistance ratio of identically-sized PMOS and NMOS) 

bopt = r when wiring capacitance is negligible 

 So far have sized the PMOS and NMOS so that the Req’s 
match (ratio of 3 to 3.5) 

 symmetrical VTC 

 equal high-to-low and low-to-high propagation delays 
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 PMOS/NMOS Ratio Effects دا٘ـٍاٜ صٙؼتی أيشوثيش 

3

3.5

4

4.5

5

1 2 3 4 5

b = (W/Lp)/(W/Ln)  

x 10-11  

b of 2.4 (= 31 k/13 k) 

gives symmetrical 

response 

 

b of 1.6 to 1.9 gives 

optimal performance 

tpLH 

tp 

tpHL 
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 دا٘ـٍاٜ صٙؼتی أيشوثيش 
Device Sizing for Performance 

 Divide capacitive load, CL, into 

 Cint :  intrinsic - diffusion and Miller effect 

 Cext :  extrinsic - wiring and fanout 

tp = 0.69 Req Cint (1 + Cext/Cint) = tp0 (1 + Cext/Cint) 

 where tp0 = 0.69 Req Cint is the intrinsic (unloaded) delay of 
the gate 

 Widening both PMOS and NMOS by a factor S reduces 
Req by an identical factor (Req = Rref/S), but raises the 
intrinsic capacitance by the same factor (Cint = SCiref) 

 tp = 0.69 Rref Ciref (1 + Cext/(SCiref)) = tp0(1 + Cext/(SCiref)) 

 tp0 is independent of the sizing of the gate; with no load the drive 
of the gate is totally offset by the increased capacitance 

 any S sufficiently larger than (Cext/Cint) yields the best 
performance gains with least area impact 
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 Sizing Impacts on Delay دا٘ـٍاٜ صٙؼتی أيشوثيش 

2

2.2

2.4

2.6

2.8

3

3.2

3.4

3.6

3.8

1 3 5 7 9 11 13 15

S  

x 10-11  The majority of the 

improvement is already 

obtained for S = 5.  Sizing 

factors larger than 10 

barely yield any extra gain 

(and cost significantly 

more area). 

for a fixed load 

self-loading effect 

(intrinsic capacitance 

dominates) 
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 دا٘ـٍاٜ صٙؼتی أيشوثيش 
Impact of Fanout on Delay 

 Extrinsic capacitance, Cext, is a function of the fanout of 
the gate - the larger the fanout, the larger the external 
load. 

 First determine the input loading effect of the inverter.  
Both Cg and Cint are proportional to the gate sizing, so 
Cint = Cg is independent of gate sizing and 

tp = tp0 (1 + Cext/ Cg) = tp0 (1 + f/)  

   i.e., the delay of an inverter is a function of the ratio 
between its external load capacitance and its input gate 
capacitance: the effective fan-out f 

f = Cext/Cg 
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 دا٘ـٍاٜ صٙؼتی أيشوثيش 
 سًجیزُ ٍارًٍگز ّا 

In Out 

CL 

 حذالُ وشدٖ تاخيش تا ا٘تخاب ٔٙاػة تؼذاد تٟيٙٝ ٚ اتؼاد تٟيٙٝ  ٚاسٍٚ٘ش ٞا 

 

 

 

 

   

 the delay of the j-th inverter stage is 

tp,j = tp0 (1 + Cg,j+1/(Cg,j)) = tp0(1 + fj/ ) 

   and          tp = tp1 + tp2 + . . . + tpN 

         tp = tp,j = tp0  (1 + Cg,j+1/(Cg,j))  

Cg,1 
1 2 N 



1390 -مجيد شالچيان  CMOSوارونگر : چهارم فصل VLSI -  مدارهای  طراحي   

 دا٘ـٍاٜ صٙؼتی أيشوثيش 
Sizing the Inverters in the Chain 

  ٝٔی تٛاٖ ٘ـاٖ داد حذالُ ٔيضاٖ تاخيش ٚلتی اتفاق ٔی افتذ و 

 تٝ ػثاست دیٍش افضایؾ اتؼاد طثمات ٘ؼثت تٝ یىذیٍش تا ٘ؼثت ثاتتی اتفاق تيافتذ وٝ دس
 . اػت اص ساتطٝ صیش تذػت ٔی آیذ fآٖ ضشیة تٙاػة ٕٞاٖ 

 

 .  ٘ؼثت خاصٖ تاس خشٚجی تٝ خاصٖ ٚسٚدی طثمٝ اَٚ اػت Fوٝ دس آٖ 

(F = CL/Cg,1) 

 . تٙاتشایٗ حذالُ تاخيش اص ساتطٝ صیش تذػت ٔی آیذ

 

N   ٖتؼذاد طثمات اػت تٙاتشایٗ ٔی تٛاN ٔٙاػة سا ا٘تخاب ٕ٘ٛد تا تاخيش تٟيٙٝ ؿٛد. 
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 دا٘ـٍاٜ صٙؼتی أيشوثيش 
Example of Inverter Chain Sizing 

CL/Cg,1 has to be evenly distributed over N = 3 inverters 

CL/Cg,1 = 8/1 

f  = 

 

In Out 

CL = 8 Cg,1 
Cg,1 

1 f = 2 f2 = 4 

3 
8 = 2 
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 دا٘ـٍاٜ صٙؼتی أيشوثيش 

 Nاًتخاب تعذاد طثقات تْیٌِ 

 اٌش تؼذاد طثمات سا صیاد وٙيٓ تذِيُ تاخيش راتی وٝ دسN   ضشب ٔی ؿٛد تاخيش صیاد
 ٔی ؿٛد 

 اٌش تؼذاد طثمات سا وٓ تٍيشیٓ تاخيش ٘اؿی اصFanout غاِة ٔی ؿٛد. 

ٔمذاس تٟيٙٝ اص حُ ٔؼادِٝ صیش تذػت ٔی آیذ  . 

  +  F  -  ( F  lnF)/N = 0 

 For  = 0 N = ln (F) and the effective-fan out becomes f = 
e = 2.71828 

 For  = 1 (the typical case) the optimum effective fan-out 
(tapering factor) turns out to be close to 3.6 
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 دا٘ـٍاٜ صٙؼتی أيشوثيش 
Optimum Effective Fan-Out 

 Choosing f larger than optimum has little effect on delay and 
reduces the number of stages (and area). 

 Common practice to use f = 4 (for  = 1) 

 But too many stages has a substantial negative impact on delay 
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 دا٘ـٍاٜ صٙؼتی أيشوثيش 
Example of Inverter (Buffer) Staging 

CL = 64 Cg,1 Cg,1 = 1 

1 

CL = 64 Cg,1 Cg,1 = 1 

1 8 

CL = 64 Cg,1 Cg,1 = 1 

1 4 16 

CL = 64 Cg,1 Cg,1 = 1 

1 2.8 8 22.6 

N         f           tp 
 

1        64        65 

 

2         8         18 

 

3  4          15 

 

4        2.8        15.3 
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Impact of Buffer Staging for Large CL 

 Impressive speed-ups with optimized cascaded 
inverter chain for very large capacitive loads. 

F          
( = 1) 

Unbuffered Two Stage 
Chain 

Opt. Inverter 
Chain 

10 11 8.3 8.3 

100 101 22 16.5 

1,000 1001 65 24.8 

10,000 10,001 202 33.1 
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 تاخير بهينه : مثال 
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 دا٘ـٍاٜ صٙؼتی أيشوثيش 
Input Signal Rise/Fall Time 

 In reality, the input signal 
changes gradually (and both 
PMOS and NMOS conduct for 
a brief time).  This affects  the 
current available for 
charging/discharging CL and 
impacts propagation delay. 

3.6

3.8

4

4.2

4.4

4.6

4.8

5

5.2

5.4

0 2 4 6 8

ts(sec) 

x 10-11  

x 10-11  

for a minimum-size inverter 

with a fan-out of a single gate 

 

 tp increases linearly with 
increasing input slope, ts,   
once  ts > tp 

 ts is due to the limited driving 
capability of the preceding gate 
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 ٍارًٍگز ایستا 

 ٝٔٔمذ 
   ٔـخصٝ ا٘تماِی 
   سفتاس ایؼتا 
   سفتاس پٛیا 
   ٓتحّيُ تٛاٖ، ا٘شطی ٚ طشاحی تشای ٔصشف و 
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 هَلفِ ّاي تلفات 

 تزای شارص و دشارص خاسن تار در اثز سوییچینگ  و مصزف انزصی:   تلفات دینامیکی   •
 
 
 
 تلفات ناشی اس مسیز جزیان مستقیم   •

 
 
 
   (جزیان نشتی و سیز آستانه) تلفات  استاتیک •

 

Vout
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 تلفات دیٌاهیکي

اػتاتيه تٍٛ٘ٝ ای اػت وٝ تّفات تٛاٖ اػتاتيه دس آٖ  CMOSػاختاس ٚاسٍٚ٘ش 
یا تش ػىغ اتفاق  1تٝ  0٘اچيض اػت ٚ ػٕذٜ تّفات دس حاِت تغييش ٚضؼيت اص 

تٝ  0ؿاسط ٔی ؿٛد ِٚتاط آٖ اص  pMOSٞش تاس وٝ خاصٖ تاس اص ٔؼيش . ٔی افتذ
VDD ٔی سػذ  . 

ٚ ا٘شطی رخيشٜ ؿذٜ دس خاصٖ سا ٔی تٛاٖ  VDDا٘شطی صشف ؿذٜ تٛػط ٔٙثغ 
 .  تا سٚاتط صیش تتشتية ٘ـاٖ داد

 

تّف ٔی  pMOSفمط ٘يٕی اص ا٘شطی ٌشفتٝ ؿذٜ اص ٔٙثغ دس خاصٖ تاس رخيشٜ ٔی ؿٛد ٚ ٘يٓ دیٍش آٖ دس تشا٘ضیؼتٛس 
دس ػيىُ دؿاسط ا٘شطی رخيشٜ ؿذٜ دس . ٘ذاسد pMOSتشا٘ضیؼتٛس ( ٔماٚٔت)ٔيضاٖ تّفات تؼتىی تٝ اتؼاد . ؿٛد

 . ٔی ؿٛد CLVDD2تٙاتش ایٗ ا٘شطی تّف ؿذٜ دس ٞش ػيىُ تشاتش . تّف ٔی ؿٛد nMOSخاصٖ دس تشا٘ضیؼتٛس 
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 Dynamic Power Consumption دا٘ـٍاٜ صٙؼتی أيشوثيش 

Energy/transition = CL * VDD
2  * P01

 

 

Pdyn = Energy/transition * f = CL * VDD
2  *   P01 * f 

 

Pdyn = CEFF * VDD
2 * f     where CEFF = P01 CL  

Not a function of transistor sizes! 

Data dependent - a function of switching activity! 

Vin Vout 

CL 

Vdd 

f01 
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 طزاحي تزاي هصزف کن  
 ػأُ دس واٞؾ تٛاٖ ٔٛثش ٞؼتٙذ  3تا تٛجٝ تٝ ٔؼادِٝ تٛاٖ دیٙأيىی 

 
چٖٛ تٛاٖ ٔصشفی تا تٛاٖ دْٚ ِٚتاط ٔتٙاػة اػت ایٗ ػأُ ٟٕٔی اػت تا وااٞؾ ِٚتاا ظ    :واٞؾ ِٚتا  ظ تغزیٝ 

 تيٗ تٛاٖ ٚ تاخيش ٚجٛد داسد   trade offتٙاتشایٗ یه. تاخيش ٌيت صیاد ٔی ؿٛد
 

أا . چٖٛ واٞؾ خاصٖ ٔٛثش ٞٓ تّفات ٚ ٞٓ تاخيش سا واٞؾ ٔی دٞذ واٞؾ آٖ ٔطّٛب اػت :واٞؾ خاصٖ تاس
دس ػُٕ چٖٛ تخؾ ػٕذٜ ای اص خاصٖ تاس خاصٟ٘ای داخّی تشا٘ضیؼتٛس ٔثُ خاصٖ ٌيت ٚ ٘فٛر ٞؼاتٙذ وااٞؾ   
خاصٖ ٞا تٝ ٔؼٙی وٛچه ػاصی تشا٘ضیؼتٛس اػت وٝ تٝ ٘ٛتٝ خٛد چٖٛ ٔماٚٔت ٔؼادَ آٟ٘ا سا  افضایؾ ٔی دٞذ 

 . ٔٙجش تٝ افضایؾ تاخيش ٔی ؿٛد
 

ایٗ ٔٛضٛع سا تا ٔؼٕاسی ٔٙاػة ٔذاس تا حذی ٔی تٛاٖ ا٘جاْ داد ٚ دس فصُ ٞاای  واٞؾ احتٕاَ ػٛیيچيًٙ 
 ؿٛد  آتی تٝ آٖ اؿاسٜ ٔی

 
 (ٌيت وشدٖ ولان ػيٍٙاَ ٞای غيش فؼاَ. )اػت ٔؼٕٛلا تش خلاف ٔيُ طشاح:  واٞؾ فشوا٘غ

دس ػُٕ تشويثی اص واٞؾ ِٚتا ظ تغزیٝ ٚ ا٘تخااب ٔٙاػاة اتؼااد ٌيات جٟات تٟيٙاٝ ػااصی تاٛاٖ ٚ ٕٞضٔااٖ          
دس ؿثىٝ ٞای تضسي تٛجٝ تٝ اتؼاد . جٌّٛيشی اص افضایؾ تاخيش تيؾ اص حذ ٔطّٛب ٔٛسد اػتفادٜ لشاس ٔی ٌيشد

 . تشاتش واٞؾ دٞذ 10ٔٛثش ٚ واٞؾ ِٚتاط تغزیٝ ٔی تٛا٘ذ ٔصشف تٛاٖ سا تا 
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 دا٘ـٍاٜ صٙؼتی أيشوثيش 
Lowering Dynamic Power 

Pdyn = CL VDD
2 P01 f 

Capacitance: 
Function of fan-out, 
wire length, transistor 
sizes 

Supply Voltage: 
Has been dropping 
with successive 
generations 

Clock frequency: 
Increasing… 

Activity factor: 
How often, on average, 
do wires switch? 
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 تلفات ًاشي اس هسیز جزیاى هستقین  

ٚ  VDDدس حاِت ٌزسا چٖٛ ؿية ػيٍٙاَ ٚسٚدی ٔحذٚد اػت تشای ٔذت وٕی یه ٔؼيش جشیاٖ ٔؼتميٓ تيٗ 
 . صٔيٗ ایجاد ٔی ؿٛد

Esc = tsc VDD Ipeak P01 

 

Psc = tsc VDD Ipeak f01 
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 جزیاى پیک اتصال کَتاُ  

Ipeak determined by  

the saturation current of the P and N transistors 

which depend on their sizes, process technology, 

temperature, etc. 

strong function of the ratio between input and output 

slopes 

a function of CL 
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 اثز خاسى تار رٍي تلفات هسیز جزیاى هستقین

دس حاِتيىٝ تاخيش ٌيت صیاد تاؿذ، ٚلتی ػيٍٙاَ ٚسٚدی تغييش ٔی وٙذ ِٚتاط خشٚجی ٞٙٛص تالاػت، ِزا اختلاف 
دس ػٛض اٌش خاصٖ تاس وٛچه .  ٘اچيض اػت ٚ جشیاٖ اتصاَ وٛتاٜ ٘اچيض خٛاٞذ تٛد pMOSپتا٘ؼيُ ػٛسع ٚ دسیٗ 

 ِٚتاط دسیٗ ػٛسع ػشیغ تغييش ٔی وٙذ ٚ ِزا جشیاٖ اتصاَ وٛتاٜ صیاد خٛاٞذ تٛد. تاؿذ ٚ تاخيش ٌيت وٓ تاؿذ

Large capacitive load 

 

Output fall time significantly larger 

than input rise time. 

Small capacitive load 

 

Output fall time substantially smaller 

than the input rise time. 
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 جزیاى اتصال کَتاُ تز حسة خاسى تار

Short circuit dissipation is 

minimized by matching 

the rise/fall times of the 

input and output signals - 

slope engineering. 

When load capacitance 

is small, Ipeak is large. 
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 دا٘ـٍاٜ صٙؼتی أيشوثيش 
Psc as a Function of Rise/Fall Times 

0

1

2

3

4

5
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7

8

0 2 4tsin/tsou 

VDD= 3.3 V 

VDD = 2.5 V 

VDD = 1.5V 

When load capacitance 

is small (tsin/tsout > 2 for 

VDD > 2V) the power is 

dominated by Psc 

If VDD < VTn + |VTp| then 

Psc is eliminated since 

both devices are never 

on at the same time. 

W/Lp = 1.125 m/0.25 m 

W/Ln = 0.375 m/0.25 m CL = 30 fF 
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 تلفات استاتیک 

دس حاِت اػتاتيه تٝ دِيُ ٚجٛد جشیاٖ ٘ـتی پيٛ٘ذ ٞای تایاع ٔؼىٛع دسیٗ ٚ ػٛسع تا تذ٘ٝ 
أا ایٗ .  اػت pA/m2 100-10دس ػُٕ ایٗ تّفات ٘اچيض اػت ٚ دس حذ . تّفات ایؼتایی داسیٓ

حذٚد  85 Cجشیاٖ ٘ـتی تا افضایؾ دٔا تصٛست ٕ٘ایی صیاد ٔی ؿٛد ٚ تٝ ػٙٛاٖ ٕ٘ٛ٘ٝ دس دٔای  
 .تشاتش دٔای اطاق ٔی ؿٛد 60

 .  ٕٞيٙطٛس تّفات ٘اؿی اص جشیاٖ صیش آػتا٘ٝ تشای تشا٘ضیؼتٛس ٞا دس حاِت خأٛؽ ٚجٛد داسد
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Why worry about power? -- Standby Power  

 Drain leakage will increase as VT decreases to maintain noise 
margins and meet frequency demands, leading to excessive 
battery draining standby power consumption. 

8KW  

1.7KW  

400W  

 88W  

12W  

0% 

10% 

20% 

30% 

40% 

50% 

2000 2002 2004 2006 2008 

  
S
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n

d
b

y
  

P
o

w
e
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Source: Borkar, De Intel 

Year 2002 2005 2008 2011 2014 

Power supply Vdd (V) 1.5 1.2 0.9 0.7 0.6 

Threshold VT (V) 0.4 0.4 0.35 0.3 0.25 

…and phones leaky! 
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 Leakage as a Function of VT دا٘ـٍاٜ صٙؼتی أيشوثيش 

0 0.2 0.4 0.6 0.8 1

VGS (V)

ID
 (

A
)

VT=0.4V

VT=0.1V

10-2 

10-12 

10-7 

 Continued scaling of supply voltage and the subsequent 
scaling of threshold voltage will make subthreshold 
conduction a dominate component of power dissipation. 

 An 90mV/decade VT 
roll-off - so each 
255mV increase in 
VT gives 3 orders of 
magnitude reduction 
in leakage (but 
adversely affects 
performance) 
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TSMC Processes Leakage and VT 

80 

0.25 V 

13,000 

920/400 

0.08 m  

24 Å 

1.2 V 

CL013 
HS 

52 

0.29 V 

1,800 

860/370 

0.11 m  

29 Å 

1.5 V 

CL015 
HS 

42 Å 42 Å 42 Å 42 Å Tox (effective) 

43 14 22 30 FET Perf. 
(GHz) 

0.40 V 0.73 V 0.63 V 0.42 V VTn 

300 0.15 1.60 20 Ioff (leakage) 
(A/m) 

780/360 320/130 500/180 600/260 IDSat (n/p) 
(A/m) 

0.13 m  0.18 m  0.16 m  0.16 m  Lgate 

2 V 1.8 V 1.8 V 1.8 V Vdd 

CL018 
HS 

CL018 
ULP 

CL018 
LP 

CL018 
G 



1390 -مجيد شالچيان  CMOSوارونگر : چهارم فصل VLSI -  مدارهای  طراحي   

 Exponential Increase in Leakage Currents دا٘ـٍاٜ صٙؼتی أيشوثيش 
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 دا٘ـٍاٜ صٙؼتی أيشوثيش 
Energy & Power Equations 

E = CL VDD
2 P01  +  tsc VDD Ipeak P01  +  VDD Ileakage 

 

 

 

P = CL VDD
2 f01  +   tscVDD Ipeak f01 +   VDD Ileakage 

Dynamic power 

(~90% today and 

decreasing 

relatively) 

Short-circuit 

power 

(~8% today and 

decreasing 

absolutely) 

Leakage power 

(~2% today and 

increasing) 

 f01 = P01 * fclock 
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 کل تلفات 

 حاصلضزب توان در تاخیز و انزصی درتاخیز 
اٌش . ایٗ پاسأتش ٔؼياسی اص ٔيضاٖ ا٘شط ی ٔصشفی ٔی تاؿذ.  وٝ حاصّضشب تٛاٖ دس تاخيش اػت PDPپاسأتش 

ٔؼادَ ا٘شطی ٔصشفی  PDPاص تّفات اػتاتيه ٚ  تّفات ٔؼيش جشیاٖ ٔؼتميٓ صشفٙظش وٙيٓ ٔی تٛاٖ دیذ 
 . ٌيت تاصای یه ػٛیيچيًٙ ٔی تاؿذ

 

  .  وٝ ٔؼياسی اص ػشػت ٚ ا٘شطی ٌيت  اػت پاسأتش لاتُ تٛجٝ دیٍش حاصّضشب ا٘ش  ظی دس تاخيش ٔی تاؿذ
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 ٍلتاص تغذیِ تْیٌِ: هثال

  EDPوشدٖ  ٔحاػثٝ ِٚتاط تٟيٙٝ تشای حذالُ
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delay 

 EDP is the average energy                                                   
consumed multiplied by the                                                 
computation time required 

 takes into account that one                                                             
can trade increased delay                                                              
for lower energy/operation                                                              
(e.g., via supply voltage                                                             
scaling that increases delay,                                                              
but decreases energy                                                              
consumption) 
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 Understanding Tradeoffs دا٘ـٍاٜ صٙؼتی أيشوثيش 

1/Delay 

a 

b 

c 

d 

Lower  

 EDP 

 Which design is the “best” (fastest, coolest, both) ? 

better 
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 دا٘ـٍاٜ صٙؼتی أيشوثيش 
Power and Energy Design Space 

Constant 
Throughput/Latency 

Variable 
Throughput/Latency 

Energy  Design Time Non-active Modules Run Time 

Active 

Logic Design 

Reduced Vdd 

Sizing 

Multi-Vdd 

Clock Gating 

DFS, DVS 

(Dynamic 

Freq, Voltage 

Scaling) 

Leakage + Multi-VT 

Sleep Transistors 

Multi-Vdd 

Variable VT 

 + Variable VT 
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 دا٘ـٍاٜ صٙؼتی أيشوثيش 
ُSizing 

 Goal: Minimize Energy of whole circuit 

 Design parameters: f and VDD 

 tp  tpref  of circuit with f=1 and VDD =Vref 
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 دا٘ـٍاٜ صٙؼتی أيشوثيش 
Transistor Sizing 

Performance Constraint (=1) 

 

 

 

Energy for single Transition 

 

 

 

 

   
1

3

2

3

2

0

0
































F

f

F
f

VV

VV

V

V

F

f

F
f

t

t

t

t

TEDD

TEref

ref

DD

refp

p

pref

p

   































F

Ff

V

V

E

E

FfCVE

ref

DD

ref

gDD

4

22

11

2

1

2 



1390 -مجيد شالچيان  CMOSوارونگر : چهارم فصل VLSI -  مدارهای  طراحي   

 دا٘ـٍاٜ صٙؼتی أيشوثيش 
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 دا٘ـٍاٜ صٙؼتی أيشوثيش 
Dynamic Power as a Function of Device Size 

 Device sizing affects dynamic energy consumption 

 gain is largest for networks with large overall effective fan-
outs (F = CL/Cg,1) 

 The optimal gate sizing factor 
(f) for dynamic energy is 
smaller than the one for 
performance, especially for 
large F’s 

 e.g., for F=20,              
fopt(energy) = 3.53     while 
fopt(performance) = 4.47 

 If energy is a concern avoid 
oversizing beyond the 
optimal 1 2 3 4 5 6 7 
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 دا٘ـٍاٜ صٙؼتی أيشوثيش 

Multi  VDD  

Prime choice: Reduce voltage! 

Recent years have seen an acceleration in 
supply voltage reduction (USE Multi VDD) 

 

Reduce switching activity (How?) 

Reduce physical capacitance 

Device Sizing: for F=20 

- fopt(energy)=3.53, fopt(performance)=4.47 



1390 -مجيد شالچيان  CMOSوارونگر : چهارم فصل VLSI -  مدارهای  طراحي   

 دا٘ـٍاٜ صٙؼتی أيشوثيش 
Dynamic Power as a Function of VDD 

 Decreasing the VDD 

decreases dynamic 
energy consumption 
(quadratically) 

 But, increases gate 
delay (decreases 
performance) 
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0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4

VDD (V)  

 Determine the critical path(s) at design time and use high 
VDD for the transistors on those paths for speed.  Use a 
lower VDD on the other gates, especially those that drive 
large capacitances (as this yields the largest energy 
benefits). 
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 Multi VT 

 Reducing the VT 
increases the sub-
threshold leakage 
current (exponentially) 

 90mV reduction in VT 
increases leakage by an 
order of magnitude 

 But, reducing VT 
decreases gate delay 
(increases performance) 0 0.2 0.4 0.6 0.8 1

VGS (V)
ID

 (
A

)

VT=0.4V

VT=0.1V

 Determine the critical path(s) at design time and use low 
VT devices on the transistors on those paths for speed.  
Use a high VT on the other logic for leakage control. 

 A careful assignment of VT’s can reduce the leakage by as much 
as 80% 
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 دا٘ـٍاٜ صٙؼتی أيشوثيش 
Dual-Thresholds Inside a Logic Block 

 Minimum energy consumption is achieved if all logic 
paths are critical (have the same delay) 

 Use lower threshold on timing-critical paths 

 Assignment can be done on a per gate or transistor basis;  
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Variable VT (ABB) 

 VT = VT0 + (|-2F + VSB| - |-2F|) 

0.4

0.45

0.5

0.55
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0.65

0.7

0.75

0.8

0.85
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-2.5 -2 -1.5 -1 -0.5 0

VSB (V) 

 A negative bias  on VSB 

causes VT to increase 

 Adjusting the substrate 

bias at run time is called 

adaptive body-biasing 

(ABB) 

 Requires a dual well fab 

process 

 For an n-channel device, the substrate is normally tied 

to ground (VSB = 0) 
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 دا٘ـٍاٜ صٙؼتی أيشوثيش 
Logic Design  Optimization 

A B Out 

0 0 1 

0 1 0 

1 0 0 

1 1 0 

2-input NOR Gate 

With input  signal probabilities 

   PA=1 = 1/2 

   PB=1 = 1/2 

Static transition probability 

   P01 = Pout=0  x  Pout=1 

           = P0 x (1-P0) 

 Switching activity, P01, has two components 

 A static component – function of the logic topology 

 A dynamic component – function of the timing behavior (glitching) 

NOR static transition probability 

           = 3/4  x  1/4 = 3/16 
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 دا٘ـٍاٜ صٙؼتی أيشوثيش 
NOR Gate Transition Probabilities 

CL 

A 

B 

B A 

P01 = P0  x  P1 = (1-(1-PA)(1-PB)) (1-PA)(1-PB) 

 Switching activity is a strong function of the input signal 
statistics 

 PA and PB are the probabilities that inputs A and B are one 

With input  signal probabilities 

   PA=1 = 1/2 

   PB=1 = 1/2 
A B Out 

0 0 1 

0 1 0 

1 0 0 

1 1 0 
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Transition Probabilities for Some Basic Gates 

P01 = Pout=0  x  Pout=1 

NOR (1 - (1 - PA)(1 - PB)) x (1 - PA)(1 - PB) 

OR (1 - PA)(1 - PB) x (1 - (1 - PA)(1 - PB)) 

NAND PAPB x (1 - PAPB) 

AND (1 - PAPB) x PAPB 

XOR (1 - (PA + PB- 2PAPB)) x (PA + PB- 2PAPB) 

B 

A 
Z 

X 
0.5 

0.5 

For Z:  P01 = P0  x  P1 = (1-PXPB) PXPB 

For X:  P01 = P0  x  P1 = (1-PA) PA 

                     = 0.5 x 0.5 = 0.25 

                     = (1 – (0.5 x 0.5)) x (0.5 x 0.5) = 3/16 
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 دا٘ـٍاٜ صٙؼتی أيشوثيش 
Inter-signal Correlations 

B 

A 

Z 

X 

P(Z=1) = P(B=1) & P(A=1 OR B=1) 

0.5 

0.5 

(1-0.5)(1-0.5)x(1-(1-0.5)(1-0.5)) = 3/16 

P(X=1)=3/4 ,  P(X=0)=1/4 

(1- 3/4 x 0.5) x (3/4 x 0.5) = 15/64 
Reconvergent 

 Determining switching activity is complicated by the fact 
that signals exhibit correlation in space and time 

 reconvergent fan-out 

 Have to use conditional probabilities 

 غلط

Z=(A+B)B=AB+B=B(1+A)=B  P(Z=1)=1/2 P(0>1)=1/4 
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 دا٘ـٍاٜ صٙؼتی أيشوثيش 
Logic Restructuring 

Chain implementation has a lower overall switching activity 
than the tree implementation for random inputs 

 Logic restructuring: changing the topology of a logic 

network to reduce transitions 
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(1-0.25)*0.25 = 3/16, 
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7/64, P(X=1)=1/8 

15/256 

3/16,  

3/16,  

AND:  P01 = P0  x  P1 = (1 - PAPB) x PAPB 

15/256 

=0.355 =0.433 



1390 -مجيد شالچيان  CMOSوارونگر : چهارم فصل VLSI -  مدارهای  طراحي   

 دا٘ـٍاٜ صٙؼتی أيشوثيش 
Input Ordering 

Beneficial to postpone the introduction of signals with a 
high transition rate (signals with signal probability 
close to 0.5) 

A 

B 
C 

X 

F 

0.5 

0.2 
0.1 

B 

C 
A 

X 

F 

0.2 

0.1 
0.5 

(1-0.5x0.2)x(0.5x0.2)=0.09 (1-0.2x0.1)x(0.2x0.1)=0.0196 

(1-0.1x0.1)x(0.1x0.1)=0.01 (1-0.02x0.5)x(0.02x0.5)=0.01 

=0.1 =0.0296 



1390 -مجيد شالچيان  CMOSوارونگر : چهارم فصل VLSI -  مدارهای  طراحي   

 دا٘ـٍاٜ صٙؼتی أيشوثيش 
 جلسِ آیٌذُ 

تؼذی  دسع 

ٞای تشويثی   ٌيت 


