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Lecture Outline
 !  Inverter Dynamic Performance !  Ring Oscillator !  Interconnect Delay !  Driving Large Load
 2 Penn ESE 570 Spring 2016 – Khanna
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Review: MOS Inverter Dynamic Performance 
 !  ANALYSIS (OR SIMULATION): For a given MOS inverter schematic and Cload, estimate (or measure) the propagation delays 
 !  DESIGN: For given specs for the propagation delays and Cload*,
 determine the MOS inverter schematic
 3
 METHODS: 1.  Average Current Model
 2.  Differential Equation Model
 3.  1st Order RC delay Model
 Assume Vin ideal
 τ PHL ≈ CloadΔVHLIavg,HL
 =CloadVOH −V50%Iavg,HL
 Penn ESE 570 Spring 2016 – Khanna
 iC =CloaddVoutdt
 ⇒ dt∫ =CloaddVoutiC
 ∫dt ≈ τ PHL or τ PLH
 τ PHL ≈ 0.69 ⋅Cload ⋅Rn
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Design for Delays with More Realistic Model for Cload
 4
 Cload Cdbn + Cdbp + Cint + Cgb i≈ i
 i≈ iCload Cdbn(Wn) + Cdbp(Wp) + Cint + Cgb
 Penn ESE 570 Spring 2016 – Khanna
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1st Order RC Delay Model
 5 Penn ESE 570 Spring 2016 – Khanna
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1st Order RC Delay Models
 6
 !  Equivalent circuits used for MOS transistors "  Ideal switch + “effective” ON resistance + load capacitance
 "  Define unit resistance, Ru: “effective” ON resistance of transistor with min length and W=Wu (usually min width)
 "  nMOS has “effective” ON resistance Rn= Run/κn and capacitances κnCd, κnCg "  pMOS has “effective” ON resistance Rp= Rup/κp and capacitances κpCd, κpCg
 "  scale factors κn ≥ 1 and κp ≥ 1, i.e. Wn = κnWun, Wp = κpWup  "  Cgb = Cg and Cdb = Csb = Cd for the unit n/pMOS transistors
 "  NMOS and pMOS transistor at minimum gate length (L) "  Capacitance directly proportional to gate width (W) # C = W*C "  Conductance directly proportional to gate width (W) # G = W*G "  Resistance is inversely proportional to gate width (W) # R = R/W
 τ PHL ≈ 0.69 ⋅Cload ⋅Rn Cload ≈ Cdbn + Cdbp + Cint + Cgb
 Penn ESE 570 Spring 2016 – Khanna
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1st Order RC Delay Models
 7
 !  Equivalent circuits used for MOS transistors "  Ideal switch + “effective” ON resistance + load capacitance
 "  Define unit resistance, Ru: “effective” ON resistance of transistor with min length and W=Wu (usually min width)
 "  nMOS has “effective” ON resistance Rn= Run/κn and capacitances κnCd, κnCg "  pMOS has “effective” ON resistance Rp= Rup/κp and capacitances κpCd, κpCg
 "  scale factors κn ≥ 1 and κp ≥ 1, i.e. Wn = κnWun, Wp = κpWup  "  Cgb = Cg and Cdb = Csb = Cd for the unit n/pMOS transistors
 "  NMOS and pMOS transistor at minimum gate length (L) "  Capacitance directly proportional to gate width (W) # C = W*C "  Conductance directly proportional to gate width (W) # G = W*G "  Resistance is inversely proportional to gate width (W) # R = R/W
 Example Unit
 Transistors Penn ESE 570 Spring 2016 – Khanna
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1st Order RC Delay Model -τPLH
 8
 V1(t) Rp
 Cload
 VDD
 1
 0
 Step Source
 t 0
 V1(0)=0
 V1(t) =VDD (1− e−t/RpCload )
 Penn ESE 570 Spring 2016 – Khanna
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1st Order RC Delay Model -τPLH
 9
 V1(t) Rp
 Cload
 VDD
 1
 0
 Step Source
 t 0
 V1(0)=0
 V1(t) =VDD (1− e−t/RpCload )
 V50% =VDD2
 =VDD (1− e−τPLH /RpCload )
 12= e−τPLH /RpCload
 ln 12= −
 τ PLHRpCload
 τ PLH = ln(2)RpCload ≈ 0.69RpCload
 Penn ESE 570 Spring 2016 – Khanna
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1st Order RC Delay Model -τPLH
 10
 V1(t) Rp
 Cload
 VDD
 1
 0
 Step Source
 t 0
 V1(0)=0
 V1(t) =VDD (1− e−t/RpCload )
 V50% =VDD2
 =VDD (1− e−τPLH /RpCload )
 12= e−τPLH /RpCload
 ln 12= −
 τ PLHRpCload
 τ PLH = ln(2)RpCload ≈ 0.69RpCload
 (0 # 50%)
 τ = RpCload
 (0 # 63%) NOTE:
 Penn ESE 570 Spring 2016 – Khanna
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1st Order RC Delay Model -τPHL
 11
 V1(t) Rn
 Cload
 VDD
 1
 0
 Step Source
 t 0
 V1(0)=VDD
 V1(t) =VDDe−t/RnCload
 V50% =VDD2
 =VDDe−τPHL /RnCload
 12= e−τPHL /RnCload
 ln 12= −
 τ PHLRnCload
 τ PHL = ln(2)RnCload ≈ 0.69RnCload
 Penn ESE 570 Spring 2016 – Khanna
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nMOS 1st Order RC Delay Model – Equiv. Rn
 12
 Where Wn = κnWun
 Rn = Run/κn
 κnCg
 κnCd
 κnCd
 κn ON/OFF
 κn ≥ 1, usually κn = 1
 τ PHL ≈CloadVDD
 kn (VDD −VT 0n )2 ≈ 0.69RnCload
 Rn ≈VDDLun
 0.69µnCoxκnWun (VDD −VT 0n )2
 Penn ESE 570 Spring 2016 – Khanna
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pMOS 1st Order RC Delay Model – Equiv. Rp
 13
 τ PLH ≈CloadVDD
 kp(VDD −VT 0n )2 ≈ 0.69RpCload
 Rp ≈VDDLup
 0.69µpCoxκ pWp(VDD− |VT 0 p |)2
 Where Wp = κpWup Rp = Rup/κp
 κpCg
 κpCd
 κpCd
 κp ON/OFF κp ≥ 1, usually κp ≈ µn/µp
 d
 s
 Penn ESE 570 Spring 2016 – Khanna
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1st Order Delay Model -τPHL
 14
 κp κp
 1 1 A Y
 Rn
 2Rnu/κp
 Cd
 Cd
 nCg
 nκp Cg
 κpCd
 κpCd
 VDD VDD
 VDD VDD
 VDD VDD
 where Wn=Wunit => κn=1, Rn=Run
 Wp = κpWunit
 κp = µn/ µp = 2
 Y
 Rp = Rpu/κp = Rn
 Cs = Cd= Cdiff
 1,κp
 1,κp
 1,κp
 n
 2
 1
 Rp
 Penn ESE 570 Spring 2016 – Khanna
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1st Order Delay Model -τPHL
 15
 κp κp
 1 1 A Y
 Rn
 2Rnu/κp
 Cd
 Cd
 nCg
 nκpCg
 κpCd
 κpCd
 VDD VDD
 VDD VDD
 VDD VDD
 where Wn=Wunit => κn=1, Rn=Run
 Wp = κpWunit
 κp = µn/ µp = 2
 Y
 Rp = Rpu/κp = Rn
 Cs = Cd= Cdiff
 1,κp
 1,κp
 1,κp
 n
 2
 1
 Rp
 Penn ESE 570 Spring 2016 – Khanna
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1st Order Delay Model -τPHL
 16
 Rn Cd
 Cd
 nCg
 nκpCg
 κpCd
 κpCd
 VDD VDD
 VDD VDD
 Y
 Rp VDD
 VDD
 κpCd
 nκpCg
 κnC κnC
 Rn/n
 Reff,HL = Rn = Rnu Reff,LH = Rp = Rpu/κp = Rn
 Rn Cd nCg
 Y
 Cload = (1 + κp)(Cd + nCg)
 τ PHL ≈ 0.69RnCload = 0.69Rn (1+κ p )(Cd + nCg )
 τ PHL = τ PLHPenn ESE 570 Spring 2016 – Khanna
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Review: MOS Inverter Dynamic Performance 
 !  ANALYSIS (OR SIMULATION): For a given MOS inverter schematic and Cload, estimate (or measure) the propagation delays 
 !  DESIGN: For given specs for the propagation delays and Cload*,
 determine the MOS inverter schematic
 17
 METHODS: 1.  Average Current Model
 2.  Differential Equation Model
 3.  1st Order RC delay Model
 Assume Vin ideal
 τ PHL ≈ CloadΔVHLIavg,HL
 =CloadVOH −V50%Iavg,HL
 Penn ESE 570 Spring 2016 – Khanna
 iC =CloaddVoutdt
 ⇒ dt∫ =CloaddVoutiC
 ∫dt ≈ τ PHL or τ PLH
 τ PHL ≈ 0.69 ⋅Cload ⋅Rn
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Ring Oscillator
 18 Penn ESE 570 Spring 2016 – Khanna
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Ring Oscillator
 19
 0 1 0 1
 Penn ESE 570 Spring 2016 – Khanna
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Ring Oscillator
 20
 τPHL2 τPHL1 τPLH2
 τPHL3 τPLH3 τPLH1
 t
 = SYM INV
 SYM INV => τPHL = τPLH Penn ESE 570 Spring 2016 – Khanna
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21
 SYM INV => τPHL = τPLH = τp
 f = 1T=16τ p
 =1
 2nτ p
 → τ p =12nf
 Ring Oscillator
 Penn ESE 570 Spring 2016 – Khanna
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Interconnect Delay
 Penn ESE 570 Spring 2016 – Khanna
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Estimation of Interconnect Parasitics
 23 Penn ESE 570 Spring 2016 – Khanna
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Digital Circuit Path Delay
 !   Delays through logic blocks !   Net-related delays
 "  Fanout to other logic blocks "  Interconnect (wiring)
 24
 S1 S2
 O1
 O2 1
 2 3 4
 5
 Critical Path?
 Penn ESE 570 Spring 2016 – Khanna
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Elmore Delay
 25 Penn ESE 570 Spring 2016 – Khanna
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Elmore Delay: Distributed RC network
 !  The delay from source s to node i "  N = number of nodes in circuit
 26
 Rik = Rj∑ ⇒ (Rj ∈ [path(s→ i)∩ path(s→ k)])
 τ Di = CkRikk=1
 N
 ∑
 Penn ESE 570 Spring 2016 – Khanna
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Elmore Delay: Distributed RC network
 !  The delay from source s to node i "  N = number of nodes in circuit
 27
 Rik = Rj∑ ⇒ (Rj ∈ [path(s→ i)∩ path(s→ k)])
 τ Di = CkRikk=1
 N
 ∑
 Penn ESE 570 Spring 2016 – Khanna
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Elmore Delay: Distributed RC network
 !  The delay from source to node i "  N = number of nodes in circuit
 !  Ex.
 28
 Rik = Rj∑ ⇒ (Rj ∈ [path(s→ i)∩ path(s→ k)])
 τ Di = CkRikk=1
 N
 ∑
 τ Di ?
 Penn ESE 570 Spring 2016 – Khanna

Page 29
                        
                        

Elmore Delay: Distributed RC network
 !  The delay from source to node i "  N = number of nodes in circuit
 29
 Rik = Rj∑ ⇒ (Rj ∈ [path(s→ 4)∩ path(s→ k)])
 τ Di = CkRikk=1
 N
 ∑
 τ Di =C1(R1)+C2 (R1)+C3(R1 + R3)+C4 (R1 + R3)+Ci (R1 + R3 + Ri )
 (0 # 50%)
 τ D = RpCload (0 # 63%)
 NOTE:
 τ p = 0.69τ DPenn ESE 570 Spring 2016 – Khanna
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Interconnect Delay Calculations
 30
 R1
 R2
 R4 R5
 R6 R7 R8
 C1
 C2
 C3
 C4 C5
 C6 C7 C8
 1
 2
 3
 4 5
 6 7 8
 S
 1. Lump total wire resistance of each wire segment into single Rj between nodes in network. 2. Lump total capacitance into single node capacitor to GND. 3. Model RC tree Topology:
 (a) Single input node “S”; (b) All Ci between node i and GND;
 4. Unique resistive path from source node S to any node k (k ≠ S).
 V1(0)
 V3(0)
 V1(0) V4(0)
 V5(0)
 V6(0)
 V7(0) V8(0)
 Lumped RC Model for a Wire Segment
 R3
 Penn ESE 570 Spring 2016 – Khanna
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Interconnect Delay Calculations
 31
 R1
 R2
 R3
 R4 R5
 R6 R7 R8
 C1
 C2
 C3
 C4 C5
 C6 C7 C8
 1
 2
 3
 4 5
 6 7 8
 S V1(0)
 V3(0)
 V1(0) V4(0)
 V5(0)
 V6(0)
 V7(0) V8(0)
 Lumped RC Model for a Wire Segment
 Elmore delay at nodes “1” and “8”?
 Rik = Rj∑ ⇒ (Rj ∈ [path(s→ i)∩ path(s→ k)])
 τ Di = CkRikk=1
 N
 ∑
 Penn ESE 570 Spring 2016 – Khanna
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Interconnect Delay Calculations
 32
 R1
 R2
 R3
 R4 R5
 R6 R7 R8
 C1
 C2
 C3
 C4 C5
 C6 C7 C8
 1
 2
 3
 4 5
 6 7 8
 S V1(0)
 V3(0)
 V1(0) V4(0)
 V5(0)
 V6(0)
 V7(0) V8(0)
 Lumped RC Model for a Wire Segment
 Elmore delay at nodes “1” and “8”?
 τ D1 = R1(C1 +C2 +C3 +C4 +C5 +C6 +C7 +C8 )
 Penn ESE 570 Spring 2016 – Khanna
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Interconnect Delay Calculations
 33
 R1
 R2
 R3
 R4 R5
 R6 R7 R8
 C1
 C2
 C3
 C4 C5
 C6 C7 C8
 1
 2
 3
 4 5
 6 7 8
 S V1(0)
 V3(0)
 V1(0) V4(0)
 V5(0)
 V6(0)
 V7(0) V8(0)
 Lumped RC Model for a Wire Segment
 Elmore delay at nodes “1” and “8”?
 τ D1 = R1(C1 +C2 +C3 +C4 +C5 +C6 +C7 +C8 )
 τ D1 = R1(C1 +C2 +C3 +C4 +C5 )+ (R1 + R6 )C6 + (R1 + R6 + R7 )C7 + (R1 + R6 + R7 + R8 )C8
 Penn ESE 570 Spring 2016 – Khanna
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Elmore Delay: Special Ladder Case
 !  For each resistor Ci in path "  Compute Rii = sum of all Rs upstream of Ci
 34
 τ DN = Cii=1
 N
 ∑ Rjj=1
 i
 ∑ = Cii=1
 N
 ∑ Rii
 Penn ESE 570 Spring 2016 – Khanna
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Elmore Delay: Special Ladder Case
 !  For each resistor Ci in path "  Compute Rii = sum of all Rs upstream of Ci
 35
 τ DN = Cii=1
 N
 ∑ Rjj=1
 i
 ∑ = Cii=1
 N
 ∑ RiiC1*(R1)+C2*(R1+R2)
 Penn ESE 570 Spring 2016 – Khanna

Page 36
                        
                        

Elmore Delay: Special Ladder Case
 !  For each resistor Ci in path "  Compute Rii = sum of all Rs upstream of Ci
 36
 τ DN = Cii=1
 N
 ∑ Rjj=1
 i
 ∑ = Cii=1
 N
 ∑ RiiC1*(R1)+C2*(R1+R2)
 =3RC =3ns
 Penn ESE 570 Spring 2016 – Khanna
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!  Equations from KCL?
 37
 R1 R2
 C1 C2
 Compare KCL: Setup
 VS −V1R1
 =V1 −V2R2
 +C1dV1dt
 V1 −V2R2
 =C2dV2dt
 VS
 V1 V2
 Penn ESE 570 Spring 2016 – Khanna
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38
 VS −V1R1
 =V1 −V2R2
 +C1dV1dt
 VSR1=V1R1+V1R2−V2R2+C1
 dV1dt
 VS =V1 1+R1R2
 "
 #$
 %
 &'−
 R1V2R2
 + R1C1dV1dt
 V1 −V2R2
 =C2dV2dt
 V1R2
 =V2R2+C2
 dV2dt
 V1 =V2 + R2C2dV2dt
 dV1dt
 =dV2dt
 + R2C2d 2V2dt2
 Compare KCL: Math
 Penn ESE 570 Spring 2016 – Khanna
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39
 VS =V1 1+R1R2
 !
 "#
 $
 %&−
 R1R2V2 + R1C1
 dV1dt
 VS = V2 + R2C2dV2dt
 !
 "#
 $
 %& 1+
 R1R2
 !
 "#
 $
 %&−
 R1R2V2 + R1C1
 dV2dt
 + R2C2d 2V2dt2
 !
 "#
 $
 %&
 VS =V2 + R2C2 1+R1R2
 !
 "#
 $
 %&+ R1C1
 !
 "##
 $
 %&&dV2dt
 + R1C1R2C2d 2V2dt2
 VS =V2 + (R2C2 + R1C2 + R1C1)dV2dt
 + R1C1R2C2d 2V2dt2
 V1 =V2 + R2C2dV2dt
 dV1dt
 =dV2dt
 + R2C2d 2V2dt2
 Compare KCL: Math
 Penn ESE 570 Spring 2016 – Khanna
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40
 VS =V2 + (R2C2 + R1C2 + R1C1)dV2dt
 + R1C1R2C2d 2V2dt2
 VS =V2 +3RCdV2dt
 + R2C2 d 2V2dt2
 R1 = R2 = RC1 =C2 =C
 Compare KCL: Math
 Penn ESE 570 Spring 2016 – Khanna
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41
 VS =V2 + (R2C2 + R1C2 + R1C1)dV2dt
 + R1C1R2C2d 2V2dt2
 VS =V2 +3RCdV2dt
 + R2C2 d 2V2dt2
 V2 = A(1+ e−αt )→
 VS = A(1+ e−αt )−3RC ⋅αAe−αt + R2C2 ⋅α 2Ae−αt
 R1 = R2 = RC1 =C2 =C
 Compare KCL: Math
 Penn ESE 570 Spring 2016 – Khanna
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42
 V2 = A(1+ e−αt )→
 VS = A(1+ e−αt )−3RC ⋅αAe−αt + R2C2 ⋅α 2Ae−αt
 t =∞→V2 =VS = A
 VS =VS (1+ e−αt )−3RC ⋅αVSe
 −αt + R2C2 ⋅α 2VSe−αt
 0 = e−αt −3RC ⋅αe−αt + R2C2 ⋅α 2e−αt
 0 = e−αt (1−3RCα + R2C2 ⋅α 2 )0 =1−3RCα + R2C2 ⋅α 2
 Compare KCL: Math
 Penn ESE 570 Spring 2016 – Khanna

Page 43
                        
                        

43
 V2 =VS (1+ e−αt )
 0 =1−3RCα + R2C2 ⋅α 2
 α =3RC ± 9(RC)2 − 4(RC)2
 2(RC)2=3RC ± 5RC2(RC)2
 =3± 52RC
 → τ =2
 3± 5RC ≈ 2.6RC
 Compare KCL: Math
 Penn ESE 570 Spring 2016 – Khanna
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Elmore Delay: Special Ladder Case
 !  For each resistor Ci in path "  Compute Rii = sum of all Rs upstream of Ci
 44
 τ DN = Cii=1
 N
 ∑ Rjj=1
 i
 ∑ = Cii=1
 N
 ∑ RiiC1*(R1)+C2*(R1+R2)
 =3RC =3ns
 Penn ESE 570 Spring 2016 – Khanna
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Interconnect Delay Calculations
 45
 R1 R2 R3 R2 RN
 C1 C2 C3 CN
 S 1 2 3 N O
 RC Chain or Ladder Network
 Let the RC Ladder Network be uniform, i.e. Rj = rL/N for all j ≤ N and Ci = cL/N for all i ≤ N such that
 Wire Length L
 Penn ESE 570 Spring 2016 – Khanna
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Interconnect Delay Calculations
 46
 R1 R2 R3 R2 RN
 C1 C2 C3 CN
 S 1 2 3 N O
 RC Chain or Ladder Network
 Let the RC Ladder Network be uniform, i.e. Rj = rL/N for all j ≤ N and Ci = cL/N for all i ≤ N such that
 Wire Length L
 τ DN =cLN
 !
 "#
 $
 %&
 i=1
 N
 ∑ rLN
 !
 "#
 $
 %&
 j=1
 i
 ∑ =L2
 N 2 (rc+ 2rc+3rc+...+ Nrc)
 τ DN =rcL2
 NN N +1( )2N
 =rcL2
 2N +1N

Page 47
                        
                        

Interconnect Delay Calculations
 47
 R1 R2 R3 R2 RN
 C1 C2 C3 CN
 S 1 2 3 N O
 RC Chain or Ladder Network
 Let the RC Ladder Network be uniform, i.e. Rj = rL/N for all j ≤ N and Ci = cL/N for all i ≤ N such that
 Wire Length L
 τ DN =cLN
 !
 "#
 $
 %&
 i=1
 N
 ∑ rLN
 !
 "#
 $
 %&
 j=1
 i
 ∑ =L2
 N 2 (rc+ 2rc+3rc+...+ Nrc)
 τ DN =rcL2
 NN N +1( )2N
 =rcL2
 2N +1N
 limN→∞
 τ DN =rcL2
 2τ P ≈ 0.69τ D → 0.35rcL2
 Penn ESE 570 Spring 2016 – Khanna
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Interconnect Length Rule-of-Thumb
 48
 Rn, κnC Rp, κpC
 S cL/N cL/N cL/N cL/N
 rL/N rL/N rL/N rL/N rL/N
 τ PLHInv ≈ 0.69RpCload τ PWire ≈ 0.35rcL2
 τ PLHtotal = τ PLHInv +τ Pwire = 0.69RpCload + 0.35rcL2
 Penn ESE 570 Spring 2016 – Khanna
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Interconnect Length Rule-of-Thumb
 49
 Rn, κnC Rp, κpC
 S cL/N cL/N cL/N cL/N
 rL/N rL/N rL/N rL/N rL/N
 Let the goal be for the layout to enable
 τ PLHInv ≈ 0.69RpCload τ PWire ≈ 0.35rcL2
 τ PLHtotal = τ PLHInv +τ Pwire = 0.69RpCload + 0.35rcL2
 τ PLHtotal ≈ τ PLHInv
 τ PLHtotal ≈ τ PLHInv ⇒ τ PLHInv >> τ Pwire
 0.69RpCload >> 0.35rcL2
 L <<0.69RpCload
 0.35rc
 Penn ESE 570 Spring 2016 – Khanna
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Interconnect Length Rule-of-Thumb
 50
 Rn, κnC Rp, κpC
 S cL/N cL/N cL/N cL/N
 rL/N rL/N rL/N rL/N rL/N
 Let the goal be for the layout to enable
 τ PLHInv ≈ 0.69RpCload τ PWire ≈ 0.35rcL2
 τ PLHtotal = τ PLHInv +τ Pwire = 0.69RpCload + 0.35rcL2
 τ PLHtotal ≈ τ PLHInv
 τ PLHtotal ≈ τ PLHInv ⇒ τ PLHInv >> τ Pwire
 0.69RpCload >> 0.35rcL2
 L <<0.69RpCload
 0.35rc
 L ≤ 110
 0.69RpCload
 0.35rc
 Penn ESE 570 Spring 2016 – Khanna
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Driving Large Load
 51 Penn ESE 570 Spring 2016 – Khanna
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Driving large load
 52
 CLOAD
 standard CMOS logic on
 die
 INV1
 A DESIGN STRATEGY: Make buffer (W/L)n and (W/L)p sufficiently large to drive CLOAD with a specified τP.
 Buffer
 How do you feel about this design strategy?
 Penn ESE 570 Spring 2016 – Khanna
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Driving large load
 53
 CLOAD
 standard CMOS logic on
 die
 INV1
 A DESIGN STRATEGY: Make buffer (W/L)n and (W/L)p sufficiently large to drive CLOAD with a specified τP.
 Buffer
 How do you feel about this design strategy?
 What happens to Cin as (W/L)n and (W/L)p sufficiently large? What is the impact on the standard CMOS logic on the die?
 Penn ESE 570 Spring 2016 – Khanna
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Super-Buffer to Drive Large CLOAD
 54
 CLOAD
 CLOAD
 PROBLEM: A minimum sized inverter drives a large load CLOAD, leading to
 excessive delay, even with a large buffer (large W/L). SOLUTION: Insert N inverter stages in cascade with
 increasing W/L between INV1 and load CLOAD. The total delay through N smaller stages will be less than the delay
 through a single large stage driving CLOAD.
 VDD
 VDD N = 3
 standard CMOS logic on
 die
 INV1
 CLOAD
 Penn ESE 570 Spring 2016 – Khanna
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Super-Buffer to Drive Large CLOAD
 55
 INV1
 Stage-0
 a -> stage scale factor > 1
 Wni = aiWn0, Lni = Ln0 and Wpi = aiWp0, Lpi = Lp0 for i = 0, 1, 2, ..., N
 NOTE for CMOS INV: Cd = Cdbn + Cdbp Cg = Cgbn + Cgbp
 CLOAD
 Penn ESE 570 Spring 2016 – Khanna
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 56
 INV1
 Stage-0
 a -> stage scale factor > 1
 Wni = aiWn0, Lni = Ln0 and Wpi = aiWp0, Lpi = Lp0 for i = 0, 1, 2, ..., N
 Stage load capacitances Cloadi are also scaled by a
 Cloadi = ai Cload0 = ai (Cd + aCg) for i = 0, 1, 2, .., N when i = N: CloadN = aN Cload0 = aN (Cd + aCg) => let CLOAD = aN(aCg) = aN+1Cg
 CLOAD/Cg = aN+1 =>
 NOTE for CMOS INV:
 N is rounded up to nearest integer value.
 Cd = Cdbn + Cdbp Cg = Cgbn + Cgbp
 CLOAD
 N =ln(CLOAD Cg )
 lna−1
 Penn ESE 570 Spring 2016 – Khanna
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 NOTE: ALL inverters Stage-0 through Stage-N have the same gate delay
 Let τ0 = gate delay for INV1 (with a = 1) with load Cload = Cd + Cg
 CLOAD
 CLOAD
 τ p =τ PHL +τ PLH
 2= Γ
 Cload
 W
 Super-Buffer to Drive Large CLOAD
 τ p0
 τ 0=
 Cload0 W0
 (Cd +Cg ) W0
 =Cd + aCg
 Cd +Cg
 ⇒ τ p0 = τ 0Cd + aCg
 Cd +CgFor Stage-0:
 Penn ESE 570 Spring 2016 – Khanna
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 CLOAD
 CLOAD
 Super-Buffer to Drive Large CLOAD
 τ p0
 τ 0=
 Cload0 W0
 (Cd +Cg ) W0
 =Cd + aCg
 Cd +Cg
 ⇒ τ p0 = τ 0Cd + aCg
 Cd +CgFor Stage-0:
 For Stage-1:
 For Stage-N:
 τ p1
 τ 0=
 Cload1 aW0
 (Cd +Cg ) W0
 =aCd + a
 2Cg( ) / aCd +Cg
 ⇒ τ p1 = τ 0Cd + aCg
 Cd +Cg
 = τ p0
 τ pN
 τ 0=CloadN aNW0
 (Cd +Cg ) W0
 =aNCd + a
 N+1Cg( ) / aNCd +Cg
 ⇒ τ pN = τ 0Cd + aCg
 Cd +Cg
 = τ p0
 Penn ESE 570 Spring 2016 – Khanna
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 CLOAD
 CLOAD
 Super-Buffer to Drive Large CLOAD
 τ p0
 τ 0=
 Cload0 W0
 (Cd +Cg ) W0
 =Cd + aCg
 Cd +Cg
 ⇒ τ p0 = τ 0Cd + aCg
 Cd +CgFor Stage-0:
 For Stage-1:
 For Stage-N:
 τ p1
 τ 0=
 Cload1 aW0
 (Cd +Cg ) W0
 =aCd + a
 2Cg( ) / aCd +Cg
 ⇒ τ p1 = τ 0Cd + aCg
 Cd +Cg
 = τ p0
 τ pN
 τ 0=CloadN aNW0
 (Cd +Cg ) W0
 =aNCd + a
 N+1Cg( ) / aNCd +Cg
 ⇒ τ pN = τ 0Cd + aCg
 Cd +Cg
 = τ p0
 τ total = (N +1)τ p0 = (N +1)τ 0Cd + aCg
 Cd +Cg
 Choose N and a to minimize τtotal Penn ESE 570 Spring 2016 – Khanna
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Super-Buffer to Drive Large CLOAD
 60
 Wni = aiWn0 Wpi = aiWp0
 TO MINIMIZE τtotal:
 τ total = (N +1)τ p0 = (N +1)τ 0Cd + aCg
 Cd +Cg
 N =ln(CLOAD Cg )
 lna−1
 τ total =ln(CLOAD Cg )
 lnaτ 0Cd + aCg
 Cd +Cg
 dτ totalda
 = τ 0 ⋅ lnCLOAD
 Cg
 ⋅−1/ alna( )2
 Cd + aCg
 Cd +Cg
 +1lna
 Cg
 Cd +Cg
 #
 $%%
 &
 '((= 0
 −1/ alna( )2
 Cd + aCg
 Cd +Cg
 +1lna
 Cg
 Cd +Cg
 = 0
 aopt lnaopt −1#$ &'=Cd
 Cg
 Penn ESE 570 Spring 2016 – Khanna
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Super-Buffer to Drive Large CLOAD
 61
 Wni = aiWn0 Wpi = aiWp0
 TO MINIMIZE τtotal:
 τ total = (N +1)τ p0 = (N +1)τ 0Cd + aCg
 Cd +Cg
 N =ln(CLOAD Cg )
 lna−1
 τ total =ln(CLOAD Cg )
 lnaτ 0Cd + aCg
 Cd +Cg
 dτ totalda
 = τ 0 ⋅ lnCLOAD
 Cg
 ⋅−1/ alna( )2
 Cd + aCg
 Cd +Cg
 +1lna
 Cg
 Cd +Cg
 #
 $%%
 &
 '((= 0
 −1/ alna( )2
 Cd + aCg
 Cd +Cg
 +1lna
 Cg
 Cd +Cg
 = 0
 aopt lnaopt −1#$ &'=Cd
 Cg
 Since Cd > Cg, then Cd = 0 is only an academic special case. Penn ESE 570 Spring 2016 – Khanna
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 EXAMPLE: Design a Buffer using a scaled cascade of inverters to achieve minimum total delay ttotal when CLOAD = 100 Cg. Consider the case where Cd = 2Cg.
 e
 Cd = 2Cg => plot aopt as function of Cd/Cg: aopt = 4.35 => ln aopt = 1.47
 CLOAD≈ 100Cg
 CdCg
 = aopt [ln aopt− 1]Cd
 Cd/Cg = 2
 aopt= 4.35
 Super-Buffer to Drive Large CLOAD
 N =ln(CLOAD Cg )
 lna−1= 2.13→ N = 3
 Penn ESE 570 Spring 2016 – Khanna
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Idea
 !  Propogation Delay "  Average Current Model "  Differential Equation Model
 "  Approximations
 "  1st Order Model
 !  Interconnect Delay "  Elmore Delay to Approx/Optimize Delay "  Rule-of-thumb: Design wire delay << stage delay
 !  Driving large loads "  Use scaled up buffers with optimal stages and scale factor
 (N and a)
 63 Penn ESE 570 Spring 2016 – Khanna
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Admin
 !  HW 5 due Thursday, 3/3 "  Posted tonight after class
 !  Journal Thursday "  Carrizo: A High Performance, Energy Efficient 28 nm
 APU, pp 105 - 116
 64 Penn ESE 570 Spring 2016 – Khanna
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