
1390 -مجید شالچیان  مدار های منطقي ترکیبي : پنجم فصل VLSI -  مدارهای  طراحي   

 VLSIطراحي مذارَاي 
 

 مذار َاي مىطقي ترکیبي: فصل پىجم

 هجيذ ضالچياى  

majid.shalchian@gmail.com 

 دانشكده مهندسي برق

 دانشگاه صنعتي امیرکبیر 

mailto:majid.shalchian@gmail.com


1390 -مجید شالچیان  مدار های منطقي ترکیبي : پنجم فصل VLSI -  مدارهای  طراحي   

 داًطگاُ صٌعتي اهيشوثيش 
Combinational vs. Sequential Logic 

Combinational  Sequential 

Output =  f ( In ) Output =  f ( In, Previous In ) 

Combinational
Logic
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OutIn
Combinational

Logic
Circuit
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State
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 داًطگاُ صٌعتي اهيشوثيش 
 ایستا ي پًیا  CMOSمىطق 

  منطق مکمل ایستایCMOS 

 .  ٍصل هي ضَد VDDخشٍجي تجض دس حالت سَیيچيٌگ اص طشیك یه هسيش تا اهپذاًس ون تِ صهيي یا 
 VOH = VDD     ٍVOL = 0 Vحاضيِ ًَیض صیاد است ٍ 

 اهپذاًس خشٍجي ون ٍ اهپذاًس ٍسٍدی سیاد
 تلفات ایستا ًذاسین  

 (  تا تٌظين اتعاد تشاًضیستَس ّا)صهاى ّای فشاص ٍ فشٍد ًسثتا هتماسى 

   منطق پویایCMOS 

 رخيشُ همذاس سيگٌال تصَست هَلت سٍی خاصى گشُ خشٍجي تا اهپذاًس تالا 
 هذاس سادُ تش ٍ  سشیعتش 

 حساسيت تِ ًَیض تيطتش است 
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 Static Complementary CMOS داًطگاُ صٌعتي اهيشوثيش 

VDD 

F(In1,In2,…InN) 

In1 

In2 

InN 

In1 

In2 

InN 

PUN 

PDN 

PUN and PDN are dual logic networks 

 Pull-up network (PUN) and pull-down network (PDN) 

PMOS transistors only 

pull-up: make a connection from VDD to F 

when F(In1,In2,…InN) = 1 

NMOS transistors only 

pull-down: make a connection from F to 

GND when F(In1,In2,…InN) = 0 
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 PUNدرمسیر  PMOSچرا  داًطگاُ صٌعتي اهيشوثيش 

VDD 

0  VDD 

CL 

PUN 

CL 

VDD 

0VDD 

VDD  0 

VGS<VTp 

0  VDD - VTn 

VGS>VTn 

 PMOS  لَی ایجاد وٌذ اها  “  1“ دس حالت سٍضي هي تَاًذ  NMOS  “1   “  ضعيف ایجاد هي وٌذ 
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 داًطگاُ صٌعتي اهيشوثيش 
Construction of PDN 

 NMOS devices in series implement a NAND function 

 

 

 

 

 NMOS devices in parallel implement a NOR function 

A 

B 

A • B 

A B 

A + B 
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 Example Gate: NAND داًطگاُ صٌعتي اهيشوثيش 
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 داًطگاُ صٌعتي اهيشوثيش 
 ديگان بًدن ضبکٍ پاییه کص ي بالا کص

  قضیه دمورگان 

 

A + B = A • B     [!(A + B) = !A • !B  or  !(A | B) = !A & !B] 

 

A • B = A + B     [!(A • B) = !A + !B  or  !(A & B) = !A | !B] 
 

 اتصال هَاصی دس ضثىِ پایيي وص تثذیل تِ اتصال سشی دس ضثىِ تالاوص هي ضَد 

   ضثىِ پایيي وص سا تا ٍاسٍى وشدى خشٍجي پيادُ هي وٌين 

 ضثىِ تالاوص سا تش اساس لضيِ دهَسگاى پيادُ هي وٌين(PMOS   ٍسٍدی سا هىول
 (  هي وٌذ

 گيت ّایCMOS  تَليذ هي وٌٌذ ( ٍاسٍى)هىول ایستا ّويطِ خشٍجي هىول
(NAND, NOR) 

 تعذاد تشاًضیستَس ّا تشای هذاسN  2ٍسٍدیN هي تاضذ  . 
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 Example Gate: NOR داًطگاُ صٌعتي اهيشوثيش 

A + B 

A 

B 
A B F 

0 0 1 

0 1 0 

1 0 0 

1 1 0 

A B 2 

2 

2 

2 

A 

B 

A + B 
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 داًطگاُ صٌعتي اهيشوثيش 
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 Complex CMOS Gate داًطگاُ صٌعتي اهيشوثيش 

OUT = D + A • (B + C) 

D 

A 

B C 

D 

A 

B 

C 
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 Complex CMOS Gate داًطگاُ صٌعتي اهيشوثيش 

OUT = (D + A • (B + C)) 

D 

A 

B C 

D 

A 

B 

C 
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 لي ايت گیت مکمل ایستا  داًطگاُ صٌعتي اهيشوثيش 

signals 

Routing 

channel 

VDD 

GND 

What logic function is this? 
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 ومًدار میلٍ اي  داًطگاُ صٌعتي اهيشوثيش 

 layoutجاًوایي تشاًضیستَس ّا ٍ طشاحي ساختاس 

In 

Out 

V DD 

GND 

Inverter 

A 

Out 

V DD 

GND 
B 

NAND2 
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CMOS 2-Input NOR with Layout 

 Features of the layout are similar to the 2-input NAND 

 Single vertical poly lines for each input 

 Single active shapes for N and P devices, respectively 

 Metal busing running horizontal 

 Also shown is a stick figure diagram for the NOR2 which corresponds directly to 
the layout, but does not contain W and L information 

 Stick figure diagram is useful for planning optimum layout topology 



1390 -مجید شالچیان  مدار های منطقي ترکیبي : پنجم فصل VLSI -  مدارهای  طراحي   

 OAI21 Logic Graph داًطگاُ صٌعتي اهيشوثيش 

C 

A B 

X = !(C • (A + B)) 

B 
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C 
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j 
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VDD X 
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C 
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 Two Stick Layouts of !(C • (A + B)) داًطگاُ صٌعتي اهيشوثيش 

A B C 

X 

VDD 

GND 

X 

C A B 

VDD 

GND 

uninterrupted diffusion strip 
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 Consistent Euler Path داًطگاُ صٌعتي اهيشوثيش 

j 

VDD X 

X 

i 

GND 

A B 

C 

A B C 

 An uninterrupted diffusion strip is possible only if there 
exists a Euler path in the logic graph 

 Euler path: a path through all nodes in the graph such that 
each edge is visited once and only once. 

 For a single poly strip for every input signal, the Euler 
paths in the PUN and PDN must be consistent (the same) 
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 OAI22 Logic Graph داًطگاُ صٌعتي اهيشوثيش 

C 

A B 

X = !((A+B)•(C+D)) 
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D 
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Layout Technique using Euler Graph Method 

 Euler Graph Technique can be used 
to determine if any complex CMOS 
gate can be physically laid out in an 
optimum fashion 

 Start with either NMOS or PMOS 
tree (NMOS for this example) and 
connect lines for transistor 
segments, labeling devices, with 
vertex points as circuit nodes. 

 Next place a new vertex within each 
confined area on the pull-down 
graph and connect neighboring 
vertices with new lines, making sure 
to cross each edge of the pull-down 
tree only once. 

 The new graph represents the pull-
up tree and is the dual of the pull-
down tree. 

 The stick diagram at the left (done 
with arbitrary gate ordering) gives a 
very non-optimum layout for the 
CMOS gate above. 

R. W. Knepper, SC571, page 5-16 
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Layout with Optimum Gate Ordering 

 By using the Euler path approach to re-order the 
polysilicon lines of the previous chart, we can obtain an 
optimum layout. 

 Find a Euler path in both the pull-down tree graph and 
the pull-up tree graph with identical ordering of the 
inputs. 

 Euler path:  traverses each branch of the graph exactly 
once! 

 By reordering the input gates as E-D-A-B-C, we can 
obtain an optimum layout of the given CMOS gate with 
single actives for both NMOS and PMOS devices 
(below). 

R. W. Knepper 

SC571, page 5-

17 
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 OAI22 Layout داًطگاُ صٌعتي اهيشوثيش 

B A D 

VDD 

GND 

C 

X 

 Some functions have no consistent Euler path like         
x = !(a + bc + de)  (but x = !(bc + a + de) does!) 
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 XNOR/XOR Implementation داًطگاُ صٌعتي اهيشوثيش 

A 

B 

A  B 

A  B 

A 

B 

XNOR XOR 

A  B 

A 

B 

A 

B 

A  B 

 How many transistors in each? 
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 Static CMOS Full Adder Circuit داًطگاُ صٌعتي اهيشوثيش 

B 

B B 

B B 

B 

B 

B 

A 

A 

A 

A 

A 

A 
A 

A 

Cin 

Cin 

Cin 

Cin 

Cin 

!Cout !Sum 

!Cout = !Cin & (!A | !B) | (!A & !B) 

Cout = Cin & (A | B) | (A & B) 

!Sum = Cout & (!A | !B | !Cin) | (!A & !B & !Cin) 

Sum = !Cout & (A | B | Cin) | (A & B & Cin) 
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 NANDمطخصٍ اوتقالي گیت  داًطگاُ صٌعتي اهيشوثيش 

A 

B 

F= A • B 

A B 

M1 

M2 

M3 M4 

Cint 

VGS1 = VB 

VGS2 = VA –VDS1 

0

1

2

3

0 1 2

A,B: 0 -> 1
B=1, A:0 -> 1
A=1, B:0->1

0.5/0.25 NMOS 

0.75 /0.25 PMOS 

 The threshold voltage of M2 is higher than M1 due to the 
body effect () 

VTn2 = VTn0 + ((|2F| + Vint) - |2F|) 

       since VSB of M2 is not zero (when VB = 0) due to the presence of Cint 

VTn1 = VTn0 

D 

D 

S 

S 

weaker 

PUN A 

B 
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طراحي گیت َاي 
CMOS ایستا 
 
 

 تلاش مىطقي 
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 CMOSیادآيري تاخیر در ياريوگر  داًطگاُ صٌعتي اهيشوثيش 

VDD 

Rn 

Vout 

Vin = V DD 

CL 

tpHL = f(Rn, CL) 

 

tpHL = 0.69 Reqn CL 

 

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

 

      = 0.52 CL / (W/Ln k’n VDSATn ) 
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 داًطگاُ صٌعتي اهيشوثيش 

 راَکار َاي کاَص تاخیر

  واّص CL 

 واّص سطح سَسس ٍ دسیي 
 واّص خاصى اتصالات 
 واّصFanout 

 افضایص ًسثتW/L 

 هَثش تشیي سٍش دس اختياس طشاح 

 ِتَجِ تِ هسالSelf Loading 

  افضایصVDD 

 تاثيش جضیي سٍی عولىشد ٍ افضایص تلفات تَاى 

Slope engineering   
 . تلاش تشای آًىِ ضية صهاى صعَد ٍ ًضٍل سيگٌال اص ضية سيگٌال ٍسٍدی ووتش یا هساٍی آى تاضذ•
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 مذل سًییچ مقايمتي تراوسیستًر داًطگاُ صٌعتي اهيشوثيش 

A 
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A 
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A 

Rp 

A 
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Rn CL 

NOR 
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 داًطگاُ صٌعتي اهيشوثيش 
 تاثیر دادٌ يريدي ريي تاخیر

تاخيش تستگي تِ دادُ ّای ٍسٍدی داسد  / 

 تاخيشLow to High  (خشٍجي) 
 اگش ّش دٍ ٍسٍدی ّوضهاىlow ضًَذ  : 

 delay is 0.69 Rp/2 CL since two p-resistors are 
on in parallel 

 اگش فمط یه ٍسٍدیLow ضَد  . 

 delay is 0.69 Rp CL 

  تاخيشHigh to low (خشٍجي) 
 فمط ٍلتي ّش دٍ ٍسٍیHigh ضًَذ  . 

 delay is 0.69 2Rn CL 

 ّا تذٍى افضایص اتعاد تاعث افضایص تاخيش  ترانزیستورسشی وشدى
 .  هي ضَد

CL 

A 

Rn 

A 

Rp 

B 

Rp 

B 

Rn Cint 
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 داًطگاُ صٌعتي اهيشوثيش 
 بستگي تاخیر بٍ سیگىال َاي يريدي
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Input Data 

Pattern 

Delay 

(psec) 

A=B=10 35 

A=1, B=10 76 

A= 10, B=1 57 

2-input NAND with 

NMOS = 0.5m/0.25 m 

PMOS = 0.75m/0.25 m 

      CL = 10 fF 
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 داًطگاُ صٌعتي اهيشوثيش 
 اوتخاب ابعاد تراوسیستًر َا 

  

CL 

B 

Rn 

A 
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Rn Cint 
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 داًطگاُ صٌعتي اهيشوثيش 

OUT = !(D + A • (B + C)) 

D 

A 

B C 

D 

A 

B 

C 

1W 

2W 

2W 2W 

2 

2 

4 

4 

4W 

4W 

8W 

8W 

Wp(min)=2Wn(min)=2W 

 اوتخاب ابعاد تراوسیستًر َا : مثال 
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 Fan-In Considerations داًطگاُ صٌعتي اهيشوثيش 

D C B A 

D 

C 

B 

A CL 

C3 

C2 

C1 

         Distributed RC model 

             (Elmore delay) 

 

tpHL = 0.69 Reqn(C1+2C2+3C3+4CL) 

 

Propagation delay increases as a 

function of fan-in – quadratic ally 

in the worst case. 



1390 -مجید شالچیان  مدار های منطقي ترکیبي : پنجم فصل VLSI -  مدارهای  طراحي   

 tp as a Function of Fan-In داًطگاُ صٌعتي اهيشوثيش 
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 Gates with a fan-in greater than 4 should be avoided. 

tp 
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 داًطگاُ صٌعتي اهيشوثيش 
Fast Complex Gates:  Design Technique 1 

 Transistor sizing 

 as long as fan-out capacitance dominates 

 

 Progressive sizing 

InN CL 

C3 

C2 

C1 
In1 

In2 

In3 

M1 

M2 

M3 

MN 

Distributed RC line 

 

M1 > M2 > M3 > … > MN 

 

(the fet closest to the output 

should be the smallest) 

Can reduce delay by more 

than 20%; decreasing gains 

as technology shrinks 
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 داًطگاُ صٌعتي اهيشوثيش 
Fast Complex Gates:  Design Technique 2 

 Input re-ordering 

 when not all inputs arrive at the same time 

C2 

C1 
In1 

In2 

In3 

M1 

M2 

M3 CL 

C2 

C1 
In3 

In2 

In1 

M1 

M2 

M3 CL 

critical path critical path 

charged 
1 

01 
charged 

charged 1 

delay determined by time to 

discharge CL, C1 and C2 

delay determined by time to 

discharge CL 

1 

1 

01 charged 

discharged 

discharged 
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 Sizing and Ordering Effects داًطگاُ صٌعتي اهيشوثيش 

D C B A 

D 

C 

B 

A CL 

C3 

C2 

C1 

Progressive sizing in pull-down 

chain gives up to a 23% 

improvement. 

 

Input ordering saves 5% 

      critical path A – 23%   

      critical path D – 17% 

3 3 3 3 

4 

4 

4 

4 

4 

5 

6 

7 

 = 100 fF 



1390 -مجید شالچیان  مدار های منطقي ترکیبي : پنجم فصل VLSI -  مدارهای  طراحي   

 داًطگاُ صٌعتي اهيشوثيش 
Fast Complex Gates:  Design Technique 3 

 Alternative logic structures 

F = ABCDEFGH 
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 داًطگاُ صٌعتي اهيشوثيش 
Fast Complex Gates:  Design Technique 4 

 Isolating fan-in from fan-out using buffer insertion 

CL 
CL 

 Real lesson is that optimizing the propagation delay of a 
gate in isolation is misguided. 
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 داًطگاُ صٌعتي اهيشوثيش 

Fast Networks:  Design Technique 5 - Logical Effort 

 The optimum fan-out for a chain of N inverters driving a load CL is 
f = (CL/Cin) 

 so, if we can, keep the fan-out per stage around 4. 

 Can the same approach (logical effort) be used for any combinational 
circuit? 

 For a complex gate, we expand the inverter equation 

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

    to 

 tp = tp0 (p  +  g f/) 

- tp0 is the intrinsic delay of an inverter 

- f is the effective fan-out (Cext/Cg) – also called the electrical effort 

- p is the ratio of the instrinsic (unloaded) delay of the complex 
gate and a simple inverter (a function of the gate topology and 
layout style) 

- g is the logical effort 

N 
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Intrinsic Delay Term, p 

 The more involved the structure of the complex gate, the 
higher the intrinsic delay compared to an inverter 

Gate Type p 

Inverter 1 

n-input NAND n 

n-input NOR n 

    Ignoring second order 
effects such as internal 
node capacitances 
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Logical Effort Term, g 

 g represents the fact that, for a given load, complex gates 
have to work harder than an inverter to produce a similar 
(speed) response 

 the logical effort of a gate tells how much worse it is at producing 
an output current than an inverter (how much more input 
capacitance a gate presents to deliver it same output current) 

Gate Type g  (for 1 to 4 input gates) 

1 2 3 4 

Inverter 1 

NAND 4/3 5/3 (n+2)/3 

NOR 5/3 7/3 (2n+1)/3 
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 داًطگاُ صٌعتي اهيشوثيش 
Example of Logical Effort 

Assuming a pmos/nmos ratio of 2, the input capacitance 
of a minimum-sized inverter is three times the gate 

capacitance of a minimum-sized nmos (Cunit) 

A + B 

A 

B 

A B 

A 

B 

A • B 

A B 

A 

A 

A 2 

1 

Cunit = 3 

2 2 

2 

2 

Cunit = 4 

4 

4 

1 1 

Cunit = 5 
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 داًطگاُ صٌعتي اهيشوثيش 
Delay as a Function of Fan-Out 

 The slope of the line is 
the logical effort of the 
gate 

 The y-axis intercept is 
the intrinsic delay 
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fan-out f 

intrinsic delay 

effort delay 
 Can adjust the delay by 

adjusting the effective 
fan-out (by sizing) or by 
choosing a gate with a 
different logical effort 

 Gate effort: h = fg 
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 داًطگاُ صٌعتي اهيشوثيش 
Path Delay of Complex Logic Gate Network 

 Total path delay through a combinational logic block 

tp =  tp,j = tp0 (pj + (fj gj)/ ) 

 So, the minimum delay through the path determines that 
each stage should bear the same gate effort 

f1g1 = f2g2 = . . . = fNgN 

 

 Consider optimizing the delay through the logic network  

 

 

 

    how do we determine a, b, and c sizes? 

1 
a b c 

CL 5 
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 داًطگاُ صٌعتي اهيشوثيش 
Path Delay Equation Derivation 

 The path logical effort, G =  gi 

 And the path effective fan-out (path electrical effort) is    
F = CL/g1 

 The branching effort accounts for fan-out to other gates 
in the network 

b = (Con-path + Coff-path)/Con-path 

 The path branching effort is then B =  bi 

 And the total path effort is then H = GFB 

 So, the minimum delay through the path is 

D = tp0 ( pj + (N H)/ ) 
N 



1390 -مجید شالچیان  مدار های منطقي ترکیبي : پنجم فصل VLSI -  مدارهای  طراحي   

 داًطگاُ صٌعتي اهيشوثيش 
Path Delay of Complex Logic Gates, con’t 

 For gate i in the chain, its size is determined by 

si = (g1 s1)/gi  (fj/bj) 

 
j=1 

i-1 

1 
a b c 

CL 5 

 For this network 

 F = CL/Cg1 = 5 

 G = 1 x 5/3 x 5/3 x 1 = 25/9 

 B = 1 (no branching) 

 H = GFB = 125/9, so the optimal stage effort is H = 1.93 

- Fan-out factors are f1=1.93, f2=1.93 x 3/5 = 1.16, f3 = 1.16, f4 = 1.93 

 So the gate sizes are a = f1g1/g2 = 1.16, b = f1f2g1/g3 = 1.34 and         
c = f1f2f3g1/g4 = 2.60 

4 
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 : مىطق وسبتي
 

Ratioed logic 
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 داًطگاُ صٌعتي اهيشوثيش 
Introduction 

 What makes a circuit fast? 

 I = C dV/dt    ->  tpd  (C/I) DV 

 low capacitance 

 high current 

 small swing 

 Logical effort is proportional to C/I 

 pMOS are the enemy! 

 High capacitance for a given current 

 Can we take the pMOS capacitance off the input? 

 Various circuit families try to do this… 

B

A

11

4

4

Y
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 داًطگاُ صٌعتي اهيشوثيش 
Pseudo-nMOS 

 In the old days, nMOS processes had no pMOS 

 Instead, use pull-up transistor that is always ON 

 In CMOS, use a pMOS that is always ON 

 Ratio issue 

 Make pMOS about ¼ effective strength of pulldown 
network 

V
out

V
in

16/2

P/2

I
ds

load

0 0.3 0.6 0.9 1.2 1.5 1.8

0

0.3
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P = 24
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P = 14

V
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V
out
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 Ratioed Logic داًطگاُ صٌعتي اهيشوثيش 

VDD

VSS

PDN
In1
In2
In3

F

RL
Load

VDD

VSS

In1
In2
In3

F

VDD

VSS

PDN
In1
In2
In3

F

VSS

PDN

Resistive Depletion
Load

PMOS
Load

(a) resistive load (b) depletion load NMOS (c) pseudo-NMOS

VT < 0

Goal: to reduce the number of devices over complementary CMOS
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 Ratioed Logic داًطگاُ صٌعتي اهيشوثيش 

VDD

VSS

PDN

In1

In2

In3

F

RL
Load

Resistive
N transistors + Load

• VOH = VDD

• VOL = RPN

RPN + RL

• Assymetrical response

• Static power consumption

•

• tpL= 0.69 RLCL
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 Active Loads داًطگاُ صٌعتي اهيشوثيش 

VDD

VSS

In1

In2

In3

F

VDD

VSS

PDN

In1

In2

In3

F

VSS

PDN

Depletion

Load

PMOS

Load

depletion load NMOS pseudo-NMOS

VT < 0
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 VOL داًطگاُ صٌعتي اهيشوثيش 
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 Pseudo-NMOS VTC داًطگاُ صٌعتي اهيشوثيش 
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 NAND or NOR (Large Fan in) داًطگاُ صٌعتي اهيشوثيش 
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 Improved Load داًطگاُ صٌعتي اهيشوثيش 

V V DD 

V SS 

PDN1 

Out 

DD 

V SS 

PDN2 

Out 

A 
A 
B 
B 

M1 M2 

Differential Cascode Voltage Switch Logic (DCVSL) 
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 داًطگاُ صٌعتي اهيشوثيش 
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 DCVSL Example داًطگاُ صٌعتي اهيشوثيش 

B

A A

B B B

Out

Out

XOR-NXOR gate
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 DCVSL Transient Response داًطگاُ صٌعتي اهيشوثيش 
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 مىطق تراوسیستًر  
 عبًري

 
Pass-Transistor 

Logic 
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 داًطگاُ صٌعتي اهيشوثيش 
NMOS Transistors in Series/Parallel 

 Primary inputs drive both gate and source/drain 
terminals 

 NMOS switch closes when the gate input is high 

 

 

 

 

 

 Remember - NMOS transistors pass a strong 0 but a 
weak 1 

A B 

X Y 
X = Y if A and B 

X Y 

A 

B X = Y if A or B 
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 داًطگاُ صٌعتي اهيشوثيش 
PMOS Transistors in Series/Parallel 

 Primary inputs drive both gate and source/drain 
terminals 

 PMOS switch closes when the gate input is low 

 

 

 

 

 

 Remember - PMOS transistors pass a strong 1 but a 
weak 0 

A B 

X Y 
X = Y if A and B = A + B 

X Y 

A 

B X = Y if A or B = A  B 
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 Pass Transistor (PT) Logic داًطگاُ صٌعتي اهيشوثيش 

A 

B 

F 
B 

0 

A 

0 

B 

B = A  B 

F = A  B 

 Gate is static – a low-impedance path exists to both 

supply rails under all circumstances 

 N transistors instead of 2N 

 No static power consumption 

 Ratioless 

 Bidirectional (versus undirectional) 
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 VTC of PT AND Gate داًطگاُ صٌعتي اهيشوثيش 

A 

0 

B 

B 
F = AB 

0.5/0.25 

0.5/0.25 

0.5/0.25 

1.5/0.25 

0
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2

0 1 2

B=VDD, A=0VDD 

A=VDD, B=0VDD 
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 Pure PT logic is not regenerative -  the signal 

gradually degrades after passing through a number 

of PTs (can fix with static CMOS inverter insertion) 
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 Differential PT Logic (CPL) داًطگاُ صٌعتي اهيشوثيش 

A 

B 

A 
B 

PT Network 
F 

A 

B 

A 
B 

Inverse PT 

Network F 

F 

F 

F=AB 

A 

A 

B F=AB 

B 

B B 

AND/NAND 

A 

A 

B F=A+B 

B 
F=A+B 

B B 

OR/NOR 

A 

A F=AB 

F=AB 

B B 

XOR/XNOR 

A 

A 
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 داًطگاُ صٌعتي اهيشوثيش 
CPL Properties 

 Differential so complementary data inputs and outputs 
are always available (so don’t need extra inverters) 

 Still static, since the output defining nodes are always 
tied to VDD or GND through a low resistance path 

 Design is modular; all gates use the same topology, only 
the inputs are permuted. 

 Simple XOR makes it attractive for structures like adders 

 Fast (assuming number of transistors in series is small) 

 Additional routing overhead for complementary signals 

 Still have static power dissipation problems 
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 داًطگاُ صٌعتي اهيشوثيش 
4 input NAND in CPL 
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 داًطگاُ صٌعتي اهيشوثيش 
NMOS Only PT Driving an Inverter 

 Vx does not pull up to VDD, but VDD – VTn 

In = VDD 

A = VDD 

Vx = 

VDD-VTn 

M1 

M2 

 B 

S D 

 Threshold voltage drop causes static power 
consumption (M2 may be weakly conducting forming a 
path from VDD to GND) 

 Notice VTn increases of pass transistor due to body 
effect (VSB) 

VGS 
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 داًطگاُ صٌعتي اهيشوثيش 
Voltage Swing of PT Driving an Inverter 

 Body effect – large VSB at x - when pulling high (B is 
tied to GND and S charged up close to VDD) 

 So the voltage drop is even worse 

Vx = VDD - (VTn0 +  ((|2f| + Vx) -  |2f|)) 

In = 0  VDD 

VDD 

x Out 
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 Cascaded NMOS Only PTs داًطگاُ صٌعتي اهيشوثيش 

B = VDD 

Out 

M1 

y M2 

Swing on y = VDD - VTn1 - VTn2 

x M1 

B = VDD 

Out 
y M2 

Swing on y = VDD - VTn1 

C = VDD 

A = VDD 

C = VDD 

A = VDD 

 Pass transistor gates should never be cascaded as on 

the left 

 Logic on the right suffers from static power dissipation 

and reduced noise margins 

x = VDD - VTn1 

G 

S 

G 

S 
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 داًطگاُ صٌعتي اهيشوثيش 
Solution 1: Level Restorer 

 For correct operation Mr must be sized correctly (ratioed) 

Level Restorer 

M1 

M2 

A=0 Mn 

Mr 

x 

B 

Out =1 

off 

= 0 
A=1 Out=0 

on 

1 

 Full swing on x (due to Level Restorer) so no static 
power consumption by inverter 

 No static backward current path through Level Restorer 
and PT since Restorer is only active when A is high 
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 Transient Level Restorer Circuit Response داًطگاُ صٌعتي اهيشوثيش 
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node x never goes below VM 

of inverter so output never 

switches 

 Restorer has speed and power impacts:  increases the capacitance at 
x, slowing down the gate; increases tr (but decreases tf) 
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 داًطگاُ صٌعتي اهيشوثيش 
Solution 2:  Multiple VT Transistors 

 Technology solution:  Use (near) zero VT devices for the 
NMOS PTs to eliminate most of the threshold drop (body 
effect still in force preventing full swing to VDD) 

 Impacts static power consumption due to subthreshold 
currents flowing through the PTs (even if VGS is below VT) 

Out 

In2 = 0V 

In1 = 2.5V 

A = 2.5V 

B = 0V 

low VT transistors 

sneak path 

on 

off but 

leaking 
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 داًطگاُ صٌعتي اهيشوثيش 
Solution 3: Transmission Gates (TGs) 

 Full swing bidirectional switch controlled by the gate 
signal C, A = B if C = 1 

A B 

C 

C 

A B 

C 

C 

B 

C = VDD 

C = GND 

A = VDD B 

C = VDD 

C = GND 

A = GND 

 Most widely used 
solution 
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 Resistance of TG داًطگاُ صٌعتي اهيشوثيش 
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 داًطگاُ صٌعتي اهيشوثيش 

TG Multiplexer 

GND 

VDD 

In1 In2 S S 

S S 

S 

S 

S 

In2 

In1 

F 

F 

F = !(In1  S + In2  S)  

 کاربرد َاي گیت اوتقالي  
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 داًطگاُ صٌعتي اهيشوثيش 
Transmission Gate XOR 

B 

A A  B 

1 

off 

off 

an inverter 

B  !A 

0 

on 

on 

weak 0 if !A 

weak 1 if A 

A  !B 
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 داًطگاُ صٌعتي اهيشوثيش 
 طراحي در مىطق گیت اوتقالي  

دس هٌطك  تشاًضیستَس ّای عثَسی یا گيت اًتمالي، تشاًضیستَس تِ عٌَاى سَیيچ لاتل وٌتشل استفادُ هي 
 ANDتِ عٌَاى هثال تا استفادُ اص تشوية گيت ّای اًتمالي هطاتك ضىل صیش هي تَاى گيت ّاای  . ضَد

 ٍOR سا پيادُ وشد . 
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 داًطگاُ صٌعتي اهيشوثيش 

 ANDپیادٌ سازي 

 XORپیادٌ سازي 
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 داًطگاُ صٌعتي اهيشوثيش 

.  سا ادغام وٌاين  Bتشاًضیستَس ّای  4ٍ  2سا ادغام وٌين ٍ دس هسيش ّای تشاًضیستَس ّای دٍم   3ٍ 1اگش دس هسيش ّای . 

 . تشاًضیستَس هطاتك ضىل صیش  پيادُ ساصی وشد 6هذاس فَق سا هي تَاى تا استفادُ اص 
 

  

  (2n-1)2ترانسیستور مورد نیاز می باشد و در روش دوم      n2nورودی در روش اول  nبطور کلی می توان نشان داد برای 
 ترانسیستور
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 داًطگاُ صٌعتي اهيشوثيش 
 کاَص تعذاد

دس ّش دٍ حالت خشٍجي صفش است پس ًياصی تِ  A=0تاضذ ٍ چِ  A=1هطاّذُ هي ضَد وِ دس هسيش ّای تالا چِ 

 ًذاسین  A ٍ 𝐴تشاًضیستَس ّای 
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 داًطگاُ صٌعتي اهيشوثيش 
 کاَص تعذاد

ٍلتي فعال است وِ  A.Bتِ ّويي تشتية دس دٍ هسيش دیگش هي تَاًين ٍسٍدی سا تغييش دّين هثلا دس هسيش 

A=0  ٍB=1 یا  0تٌاتشایي هي تَاًين ٍسٍدی آى سا تِ یىي اص همادیش . تاضذA  یا𝐵  ّويٌطَس . نٍصل ًوایيو

 :هطاتك ضىل صیش ٍصل ًوایين Bیا  Aیا 1سا هي تَاًين تِ یىي اص همادیش  A.Bٍسٍدی هسيش 
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 داًطگاُ صٌعتي اهيشوثيش 
 کاَص تعذاد

تاضذ  A=0یا  A=1سا اًتخاب ًوایين چَى ایي ٍسٍدی تيي دٍ هسيش هطتشن است دس صَستيىِ  Aحال اگش ٍسٍدی 

𝑝2دس ّش حال گشُ  = 𝐴  هي ضَد تٌاتشایي هي تَاًين تشاًضیستَسّایA  ٍ𝐴   سا حزف وٌين ٍ هذاسAND  ٍسا تا د

 :تشاًضیستَس هطاتك ضىل صیش پيادُ ساصی وٌين
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 داًطگاُ صٌعتي اهيشوثيش 

 :داسین ANDهثلا تشای تاتع . لشاس دّين A  ٍBوافي است سٍی ّش ًمطِ اص هذاس تاتع سا تِ اصای ّش حالت 

 کاَص تعذاد
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 داًطگاُ صٌعتي اهيشوثيش 
 کاَص تعذاد

 دس خشٍجي لشاس تگيشًذ سا اضافِ هي وٌين A  ٍBهمادیش دیگشی سا وِ هي تَاًٌذ تش حسة  1ٍ  0حال علاٍُ تش 
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 داًطگاُ صٌعتي اهيشوثيش 
 کاَص تعذاد
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 داًطگاُ صٌعتي اهيشوثيش 

حال . اگش دس ّش یه اص ًوایص ّای فَق هجذدا تخَاّين اًطثاق ایجاد وٌين ًمطِ هطتشوي تِ دست ًوي آیذ

است وِ دس ایي  B=0دس ایي ضىل ًمطِ پایيٌي تِ اصای حالت . هي خَاّين ضىل اٍل سا پيادُ ساصی وٌين

است وِ دس ایي حالت  B=1تاضذ ٍ ًمطِ تالایي حالت  Bیا  0حالت خشٍجي هي تَاًذ یىي اص همادیش 

 .پيادُ ساصی ایي هذاس دس ضىل صیش دیذُ هي ضَد. است Aخشٍجي تشاتش تا 

 کاَص تعذاد
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 داًطگاُ صٌعتي اهيشوثيش 
 کاَص تعذاد

 :هطاتك ضىل صیش اًجام داد  A  ٍ𝐴تِ طَس هطاتِ هي تَاى پيادُ ساصی گيت سا تا سَئيچ ّای 
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 Transmission Gate Full Adder داًطگاُ صٌعتي اهيشوثيش 
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Sum Generation

Carry Generation

Setup

Similar delays for sum and carry 
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Dynamic 
Logic 
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 داًطگاُ صٌعتي اهيشوثيش 
Dynamic Logic 

 Dynamic gates uses a clocked pMOS pullup 

 Two modes: precharge and evaluate 

1

2
A Y

4/3

2/3

A
Y

1

1

A
Y



Static Pseudo-nMOS Dynamic

 Precharge Evaluate

Y

Precharge
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 داًطگاُ صٌعتي اهيشوثيش 
The Foot 

 What if pulldown network is ON during precharge? 

 Use series evaluation transistor to prevent fight. 

A
Y



foot

precharge transistor


Y

inputs


Y

inputs

footed unfooted

f f
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 داًطگاُ صٌعتي اهيشوثيش 
Dynamic CMOS 

 In static circuits at every point in time (except when 
switching) the output is connected to either GND or VDD 
via a low resistance path. 

 fan-in of N requires 2N devices 

 

 Dynamic circuits rely on the temporary storage of signal 
values on the capacitance of high impedance nodes. 

 requires only N + 2 transistors 

 takes a sequence of precharge and conditional evaluation 
phases to realize logic functions 
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 Dynamic Gate داًطگاُ صٌعتي اهيشوثيش 

In1 

In2 PDN 

In3 

Me 

Mp 

CLK 

CLK 

Out 

CL 

Out 

CLK 

CLK 

A 

B 

C 

Mp 

Me 

Two phase operation 

      Precharge (CLK = 0) 

      Evaluate    (CLK = 1) 

on 

off 

1 

off 

on 

!((A&B)|C) 
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 داًطگاُ صٌعتي اهيشوثيش 
Conditions on Output 

 Once the output of a dynamic gate is discharged, it 
cannot be charged again until the next precharge 
operation. 

 Inputs to the gate can make at most one transition during 
evaluation. 

 

 Output can be in the high impedance state during and 
after evaluation (PDN off), state is stored on CL 
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 داًطگاُ صٌعتي اهيشوثيش 
Properties of Dynamic Gates 

Logic function is implemented by the PDN only 
 number of transistors is N + 2 (versus 2N for static complementary 

CMOS) 

Full swing outputs (VOL = GND and VOH = VDD) 

Non-ratioed - sizing of the devices does not affect 
the logic levels 

Faster switching speeds 
 reduced load capacitance due to lower input capacitance (Cin) 

 reduced load capacitance due to smaller output loading (Cout) 

 no Isc, so all the current provided by PDN goes into discharging CL 
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 Properties of Dynamic Gates داًطگاُ صٌعتي اهيشوثيش 

Overall power dissipation usually higher than static 
CMOS 

no static current path ever exists between VDD and GND 
(including Psc) 

no glitching 

higher transition probabilities 

extra load on Clk 

PDN starts to work as soon as the input signals 
exceed VTn, so VM, VIH and VIL equal to VTn 

 low noise margin (NML) 

Needs a precharge/evaluate clock 



1390 -مجید شالچیان  مدار های منطقي ترکیبي : پنجم فصل VLSI -  مدارهای  طراحي   

 Dynamic Behavior داًطگاُ صٌعتي اهيشوثيش 
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Gate Parameters are Time Independent 

 The amount by which the output voltage drops is a 
strong function of the input voltage and the available 
evaluation time. 

 Noise needed to corrupt the signal has to be larger if the 
evaluation time is short – i.e., the switching threshold is truly 
time independent. 
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 Power Consumption of Dynamic Gate داًطگاُ صٌعتي اهيشوثيش 

In1 

In2 PDN 

In3 

Me 

Mp 

CLK 

CLK 

Out 

CL 

Power only dissipated when previous Out = 0 
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 داًطگاُ صٌعتي اهيشوثيش 
Dynamic Power Consumption is Data Dependent 

A B Out 

0 0 1 

0 1 0 

1 0 0 

1 1 0 

Dynamic 2-input NOR Gate 

Assume signal probabilities 

   PA=1 = 1/2 

   PB=1 = 1/2 

Then transition probability 

   P01 = Pout=0  x  Pout=1 

           

           = 3/4  x  1 = 3/4 

Switching activity can be higher in dynamic gates! 

P01 = Pout=0 
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 داًطگاُ صٌعتي اهيشوثيش 
Issues in Dynamic Design 1: Charge Leakage 

CL 
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Me 

Minimum clock rate of a few kHz 

Leakage sources 
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 داًطگاُ صٌعتي اهيشوثيش 
Impact of Charge Leakage 

 Output settles to an intermediate voltage determined by 
a resistive divider of the pull-up and pull-down networks 

 Once the output drops below the switching threshold of the     
fan-out logic gate, the output is interpreted as a low 
voltage. 
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 A Solution to Charge Leakage داًطگاُ صٌعتي اهيشوثيش 

CL 

CLK 

CLK 

Me 

Mp 

A 

B 

!Out 

Mkp 

Same approach as level restorer for pass 

transistor logic 

Keeper 

 Keeper compensates for the charge lost due to the pull-
down leakage paths. 
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 داًطگاُ صٌعتي اهيشوثيش 
Issues in Dynamic Design 2: Charge Sharing 

CL 

CLK 

CLK 

Ca 

Cb 

B=0 

A 

Out 

Mp 

Me 

Charge stored originally on 

CL is redistributed (shared) 

over CL and CA leading to 

static power consumption by 

downstream gates and 

possible circuit malfunction. 

When  DVout = - VDD (Ca / (Ca + CL )) the drop in Vout is 

large enough to be below the switching threshold of 

the gate it drives causing a malfunction.  
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 Charge Sharing Example داًطگاُ صٌعتي اهيشوثيش 

What is the worst case voltage drop on y?  (Assume all inputs are low 

during precharge and that all internal nodes are initially at 0V.) 

Cy=50fF 

CLK 

CLK 

A !A 

B !B B !B 

C !C 

y = A  B  C 

Ca=15fF 

Cc=15fF 

Cb=15fF 

Cd=10fF 

Load 

inverter 

a 

b 

d c 

DVout = - VDD ((Ca + Cc)/((Ca + Cc) + Cy))  

   = - 2.5V*(30/(30+50)) = -0.94V 
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 Solution to Charge Redistribution داًطگاُ صٌعتي اهيشوثيش 

CLK 
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Me 

Mp 
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B 
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Mkp 
CLK 

Precharge internal nodes using a clock-

driven transistor (at the cost of increased 

area and power) 
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 داًطگاُ صٌعتي اهيشوثيش 
Issues in Dynamic Design 3: Backgate Coupling 
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In 

Dynamic NAND Static NAND 

=1 =0 

 Susceptible to crosstalk due to 1) high impedance of the 
output node and 2) capacitive coupling 

 Out2 capacitively couples with Out1 through the gate-source and 
gate-drain capacitances of M4 

M1 

M2 
M3 

M4 
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 Backgate Coupling Effect داًطگاُ صٌعتي اهيشوثيش 
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 Capacitive coupling means Out1 drops significantly so 
Out2 doesn’t go all the way to ground 
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 داًطگاُ صٌعتي اهيشوثيش 

Issues in Dynamic Design 4: Clock Feedthrough 
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Out 

Mp 

Me 

Coupling between Out and 

CLK input of the precharge 

device due to the gate- 

drain capacitance.  So 

voltage of Out can rise 

above VDD.  The fast rising 

(and falling edges) of the 

clock couple to Out. 

 A special case of capacitive coupling between the clock 
input of the precharge transistor and the dynamic output 
node 
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 Clock Feedthrough داًطگاُ صٌعتي اهيشوثيش 
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 Cascading Dynamic Gates داًطگاُ صٌعتي اهيشوثيش 
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Only a single 0  1 transition allowed at the 

inputs during the evaluation period! 
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 Domino Logic داًطگاُ صٌعتي اهيشوثيش 
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 ?Why Domino داًطگاُ صٌعتي اهيشوثيش 
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Like falling dominos! 
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 داًطگاُ صٌعتي اهيشوثيش 
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Domino Comparator 
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 داًطگاُ صٌعتي اهيشوثيش 
Properties of Domino Logic 

 Only non-inverting logic can be implemented, fixes 
include 

 can reorganize the logic using Boolean transformations 

 use differential logic (dual rail) 

 use np-CMOS (zipper) 

 Very high speed 

 tpHL = 0 

 static inverter can be optimized to match fan-out 
(separation of fan-in and fan-out capacitances) 
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 داًطگاُ صٌعتي اهيشوثيش 
Transformation  

Not always possible 
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 Differential (Dual Rail) Domino داًطگاُ صٌعتي اهيشوثيش 
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Due to its high-performance, differential domino is 

very popular and is used in several commercial 

microprocessors! 

1         0 1           0 

on 
off 
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 np-CMOS (Zipper) داًطگاُ صٌعتي اهيشوثيش 

In1 

In2 PDN 

In3 

Me 

Mp 

CLK 

CLK Out1 

In4 PUN 

In5 

Me 

Mp !CLK 

!CLK 

Out2 

(to PDN) 

1  1 

1  0 

0  0 

0  1 

Only 0  1 transitions allowed at inputs of PDN 

Only 1  0 transitions allowed at inputs of PUN 

to other 

PDN’s 

to other 

PUN’s 
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 داًطگاُ صٌعتي اهيشوثيش 
How to Choose a Logic Style 

 Must consider ease of design, robustness (noise immunity), 
area, speed, power, system clocking requirements, fan-out, 
functionality, ease of testing 

Style # Trans Ease Ratioed? Delay Power 

Comp Static 8 1 no 3 1 

CPL* 12 + 2 2 no 4 3 

domino 6 + 2 4 no 2 2 + clk 

DCVSL* 10 3 yes 1 4 

4-input NAND 

* Dual Rail 

 Current trend is towards an increased use of 
complementary static CMOS:  design support through DA 
tools, robust, more amenable to voltage scaling. 
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 داًطگاُ صٌعتي اهيشوثيش 
 جلسٍ آیىذٌ 

تعذی  دسس 

 اتصالات هياًي 


