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ESE 570: Digital Integrated Circuits and VLSI Fundamentals
 Lec 25: April 23, 2019 CLK Generation, Crosstalk and Wiring
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Lecture Outline
 !  CLK Generation !  Crosstalk !  Repeaters in Wiring
 3 Penn ESE 570 Spring 2019 – Khanna
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CLK Generation
 Penn ESE 570 Spring 2019 – Khanna

Page 4
                        
                        

Clock System Architecture
 !  Chip receives external clock through I/O pad or an internal clock is included in the Clock Generator.
 !  Clock generator adjusts the global clock to the external clock. !  Global clock is distributed across the chip. !  Local drivers and “clock gaters” drive the physical clocks to clocked
 elements. 5
 Global Clock
 Penn ESE 570 Spring 2019 – Khanna
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On-chip CLK Generation
 6
 Kenneth R. Laker,
 University of Pennsylvania,
 updated 6Apr15
 Penn ESE 570 Spring 2019 – Khanna
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Two-Phase CLK generation
 7
 Kenneth R. Laker,
 University of Pennsylvania,
 updated 6Apr15
 Penn ESE 570 Spring 2019 – Khanna
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Clock Skew and Jitter
 !  Most systems distribute a global clock and then use local “clock gaters” located near clocked elements.
 !  Clock should theoretically arrive simultaneously to all sequential circuits.
 !  Practically it arrives in different times. The differences are called clock skews.
 !  Skews result from paths mismatches, process variations and ambient conditions, resulting in physical clocks ≠ global clock.
 8
 Kenneth R. Laker,
 University of Pennsylvania,
 updated 6Apr15
 Penn ESE 570 Spring 2019 – Khanna
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Clock Skew Components
 !  Systematic: skew exists under nominal conditions. It can be minimized by appropriate design.
 !  Random: is variable skew caused by random process variations. It can be measured on silicon and adjusted by DLL components.
 !  Drift: time-dependent skew caused by time-dependent environmental variations, occurring relatively slowly. Compensation of those must takes place periodically.
 !  Jitter: is rapid clock edge changes, occurring by power noise and clock generator jitter. It cannot be compensated.
 9
 Ideal Edge Location
 Unit Interval
 Edge Location Shifted
 Reference Edge
 Penn ESE 570 Spring 2019 – Khanna
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CLK Generation
 10
 Kenneth R. Laker, University of Pennsylvania,
 updated 6Apr15
 Input Clock
 Output Clock
 PD LF
 VCO
 Frequency/Phase Control
 Input Clock Output
 Clock
 Clock Distribution & Buffers
 PD LF Delay Control
 Variable Delay Line
 PLL Phase-locked loops
 DLL Delay-locked loops
 Clock Distribution & Buffers
 Penn ESE 570 Spring 2019 – Khanna
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Some Representative Clock Distribution Networks
 11 Penn ESE 570 Spring 2019 – Khanna
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Crosstalk
 12 Penn ESE 570 Spring 2019 – Khanna
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Capacitance
 !  There are capacitors everywhere !  Already talked about
 "  Wires modeled as a distributed RC network
 "  Parasitic capacitances between terminals on transistor
 13 Penn ESE 570 Spring 2019 – Khanna
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Capacitance Everywhere
 !  Potentially a capacitor between any two conductors "  On the chip "  On the package "  On the board
 !  All wires "  Package pins "  PCB traces "  Cable wires "  Bit/word lines
 14 Penn ESE 570 Spring 2019 – Khanna
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Capacitance…
 !  …decrease with conductor separation !  …increase with size !  …depends on dielectric
 15
 €
 C = εrε0Ad
 Penn ESE 570 Spring 2019 – Khanna
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Wire Capacitance
 !  Changes in voltage on one wire may couple through parasitic capacitance to an adjacent wire
 16 Penn ESE 570 Spring 2019 – Khanna
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Crosstalk
 !  A capacitor does not like to change its voltage instantaneously
 !  A wire has high capacitance to its neighbor. "  When the neighbor switches from 1-> 0 or 0->1, the wire
 tends to switch too. "  Called capacitive coupling or crosstalk.
 !  Crosstalk effects "  Noise on nonswitching wires "  Increased delay on switching wires
 Slide 17 Penn ESE 570 Spring 2019 – Khanna

Page 17
                        
                        

Qualitative

Page 18
                        
                        

Driven Wire
 !  What happens to a driven “neighbor” wire? "  One wire switches "  Neighbors driven but not switch "  What happens to neighbors?
 19 Penn ESE 570 Spring 2019 – Khanna
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Driven Wire
 !  Can this be a problem? !  What if neighbor is:
 "  Clock line "  Asynchronous control "  Non-clock used in synchronous system
 "  Outputs sampled at clock edge
 20 Penn ESE 570 Spring 2019 – Khanna
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Undriven Wire
 !  What happens to undriven wire? !  Where do we have undriven wires?
 21 Penn ESE 570 Spring 2019 – Khanna
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Clocked Logic
 !  CMOS driven lines !  Clocked logic
 "  Willing to wait to settle
 !  Impact is on delay "  May increase delay of transitions
 22 Penn ESE 570 Spring 2019 – Khanna
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Quantitative

Page 23
                        
                        

Wire step response
 !  Step response for isolated wire?
 24 Penn ESE 570 Spring 2019 – Khanna
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Undriven Adjacent Wire
 !  V1 transitions from 0 to V "  How big is the noise on V2?
 25 Penn ESE 570 Spring 2019 – Khanna
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26
 I(t) =C dV (t)dt
 Undriven Adjacent Wire
 !  V1 transitions from 0 to V "  How big is the noise on V2?
 Penn ESE 570 Spring 2019 – Khanna
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27
 I(t) =C dV (t)dt
 Undriven Adjacent Wire
 !  V1 transitions from 0 to V "  How big is the noise on V2?
 C1d(V1(t)−V2 (t))
 dt=C2
 dV2 (t)dt
 C1dV1(t)dt
 = (C1 +C2 )dV2 (t)dt
 C1V1(t) = (C1 +C2 )V2 (t)
 V2 (t) =C1
 C1 +C2V1(t)
 Penn ESE 570 Spring 2019 – Khanna
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SPICE C1=10pF, C2=20pF
 28 Penn ESE 570 Spring 2019 – Khanna
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Good (?) Capacitance
 !  High capacitance to ground plane "  Limits node swing from adjacent conductors
 29
 €
 V2 =C1
 C1 +C2
 "
 # $
 %
 & ' V1
 Penn ESE 570 Spring 2019 – Khanna
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Driven Adjacent Wire
 !  What happens when neighbor line is driven?
 30 Penn ESE 570 Spring 2019 – Khanna

Page 30
                        
                        

Driven Adjacent Wire
 !  What happens when neighbor line is driven? "  Recovers with time constant: R2(C1+C2)
 31 Penn ESE 570 Spring 2019 – Khanna
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Spice: R2=1K, C1=10pF, C2=20pF
 32 Penn ESE 570 Spring 2019 – Khanna
 diversion

Page 32
                        
                        

Magnitude of Noise on Driven Line
 !  Magnitude of diversion depends on relative time constants "  τ1<< τ2
 "  full diversion, then recover
 "  τ1>> τ2
 "  Drive capacitor faster than line 1 can change "  little noise
 "  τ1~= τ2
 "  Somewhere in between
 33 Penn ESE 570 Spring 2019 – Khanna
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Spice: C1=1pF, C2=2pF
 34 Penn ESE 570 Spring 2019 – Khanna
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Switching Line with Finite Drive
 !  What impact does the presence of the non switching line have on the switching line? "  All previous questions were about non-switching "  Note R on switching
 35 Penn ESE 570 Spring 2019 – Khanna
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Simultaneous Transition
 !  What happens if lines transition in opposite directions?
 36 Penn ESE 570 Spring 2019 – Khanna
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Simultaneous Transition
 !  What happens if transition in opposite directions? "  Must charge C1 by 2V "  Or looks like 2C1 between wires
 37 Penn ESE 570 Spring 2019 – Khanna
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Simultaneous Transition
 !  What happens if lines transition in same direction?
 38 Penn ESE 570 Spring 2019 – Khanna
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Simulation
 !  V2 switching at ¼ frequency of V1
 !  No crosstalk reference case where no V2
 39 Penn ESE 570 Spring 2019 – Khanna
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Simulation Setup
 40 Penn ESE 570 Spring 2019 – Khanna
 V1
 V2
 C1
 C2
 C2
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Crosstalk Simulation
 41
 1.3ns 1.8ns 2.8ns
 Penn ESE 570 Spring 2019 – Khanna
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Crosstalk Simulation
 42
 1.3ns 1.8ns 2.8ns
 Penn ESE 570 Spring 2019 – Khanna
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Crosstalk Simulation
 43
 1.3ns 1.8ns 2.8ns
 Penn ESE 570 Spring 2019 – Khanna
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Where Does it Arise?
 44
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Cables and PCB Wires
 45
 Source; http://en.wikipedia.org/wiki/File:Flachbandkabel.jpg
 Penn ESE 570 Spring 2019 – Khanna
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Printed Circuit Board
 46 Source: http://en.wikipedia.org/wiki/File:Testpad.JPG
 Penn ESE 570 Spring 2019 – Khanna
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Interconnect Cross Section
 47 Penn ESE 570 Spring 2019 – Khanna

Page 47
                        
                        

Standard Cell Area
 inv nand3 All cells uniform height
 Width of channel
 determined by routing
 Cell area
 Penn ESE 570 Spring 2019 - Khanna 48
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Noise Implications
 !  So what if we have noise? !  If the noise is less than the noise margin, nothing
 happens !  Static CMOS logic will eventually settle to correct
 output even if disturbed by large noise spikes "  But glitches cause extra delay "  Also cause extra power from false transitions
 !  Dynamic logic never recovers from glitches "  Can’t correct mid-cycle, need precharge
 !  Memories and other sensitive circuits also can produce the wrong result (i.e faults)
 Slide 49 Penn ESE 570 Spring 2019 – Khanna
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Wire Engineering
 !  Goal: achieve delay, area, power goals with acceptable noise
 !  Degrees of freedom:
 Slide 50 Penn ESE 570 Spring 2019 – Khanna
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Wire Engineering
 !  Goal: achieve delay, area, power goals with acceptable noise
 !  Degrees of freedom: "  Width "  Spacing "  Layer
 Slide 51
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Wire Engineering
 !  Goal: achieve delay, area, power goals with acceptable noise
 !  Degrees of freedom: "  Width "  Spacing "  Layer "  Shielding
 Slide 52
 vdd a0 a1gnd a2vdd b0 a1 a2 b2vdd a0 a1 gnd a2 a3 vdd gnd a0 b1
 Penn ESE 570 Spring 2019 – Khanna
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Repeaters in Wiring
 Penn ESE 570 Spring 2019 – Khanna
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Reminder: Wire Delay
 !  Wire N units long: =Runit*Cunit*N2/2
 !  With "  Runit=1kΩ "  Cunit=1pF
 54 Penn ESE 570 Spring 2019 - Khanna
 Rwire = N×Runit
 Cwire = N×Cunit

Page 54
                        
                        

Interconnect Buffering
 !  RC (on-chip) Interconnect Buffering
 55 Penn ESE 570 Spring 2019 – Khanna
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Delay of Wire
 !  Long Wire: 1mm !  Ru = 60K Ω per 1mm of wire!  Cu = 0.16 pF per 1mm of wire !  Driven by buffer
 "  Rbuf = 25K Ω"  Cself = 0.02 fF "  Cg = 0.01fF
 !  Loaded by identical buffer
 56 Penn ESE 570 Spring 2019 – Khanna
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Formulate Delay
 57
 Delay of buffer driving wire?
 Penn ESE 570 Spring 2019 – Khanna
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Formulate Delay
 58
 €
 Rbuf × Cself +Cwire +Cload( ) + 0.5Rwire × Cwire + Rwire × Cload
 Delay of buffer driving wire?
 Penn ESE 570 Spring 2019 – Khanna
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Calculate Delay
 !  Cload =
 !  Rbuf = !  Cself = !  Cwire = !  Rwire =
 59
 €
 Rbuf × Cself +Cwire +Cload( ) + 0.5Rwire × Cwire + Rwire × Cload
 Penn ESE 570 Spring 2019 – Khanna
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Calculate Delay
 !  Cload = 2 Cg = .02fF
 !  Rbuf = 25K Ω !  Cself = 0.02fF !  Cwire = L*Cu = .16pF !  Rwire = L*Ru = 60K Ω
 60
 €
 Rbuf × Cself +Cwire +Cload( ) + 0.5Rwire × Cwire + Rwire × Cload
 Penn ESE 570 Spring 2019 – Khanna
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Calculate Delay
 !  Cload = 2 Cg = .02fF
 !  Rbuf = 25K Ω !  Cself = 0.02fF !  Cwire = L*Cu = .16pF !  Rwire = L*Ru = 60K Ω
 61
 €
 Rbuf × Cself +Cwire +Cload( ) + 0.5Rwire × Cwire + Rwire × Cload
 4ns+ 4.8ns+1.2ps
 Penn ESE 570 Spring 2019 – Khanna
 8.8ns
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Buffering Wire
 62 Penn ESE 570 Spring 2019 – Khanna
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Buffering Wire: L/2
 !  Cload =
 !  Rbuf = !  Cself = !  Cwire = !  Rwire =
 63 Penn ESE 570 Spring 2019 – Khanna
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Buffering Wire: L/2
 !  Cload = 2 Cg = .02fF
 !  Rbuf = 25K Ω !  Cself = .02fF !  Cwire = L/2*Cu = .08pF !  Rwire = L/2*Ru = 30K Ω
 64 Penn ESE 570 Spring 2019 – Khanna
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Buffering Wire: L/2
 !  Cload = 2 Cg = .02fF
 !  Rbuf = 25K Ω !  Cself = .02fF !  Cwire = L/2*Cu = .08pF !  Rwire = L/2*Ru = 30K Ω
 65
 Rbuf × Cself +Cwire +Cload( )+ 0.5Rwire ×Cwire + Rwire ×Cload
 2ns+1.2ns+.6ps = 3.2ns
 Penn ESE 570 Spring 2019 – Khanna
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Buffering Wire: L/2
 !  Cload = 2 Cg = .02fF
 !  Rbuf = 25K Ω !  Cself = .02fF !  Cwire = L/2*Cu = .08pF !  Rwire = L/2*Ru = 30K Ω
 66
 Rbuf × Cself +Cwire +Cload( )+ 0.5Rwire ×Cwire + Rwire ×Cload
 2ns+1.2ns+.6ps = 3.2ns
 6.4ns
 Penn ESE 570 Spring 2019 – Khanna
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Buffering Wire: L/N
 Wire of Length Delay (ns) Number in 1mm Total Delay for 1mm (ns)
 1 mm 8.8ns 1 8.8ns
 0.5mm 3.2ns 2 6.4ns
 0.1mm 10
 0.01 mm 100
 0.001 mm 1000
 67 Penn ESE 570 Spring 2019 – Khanna
 Rbuf × Cself +Cwire +Cload( )+ 0.5Rwire ×Cwire + Rwire ×Cload
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Buffering Wire: L/N
 Wire of Length Delay (ns)
 Number in 1mm (N)
 Total Delay for 1mm (ns)
 1 mm 8.8ns 1 8.8ns
 0.5mm 3.2ns 2 6.4ns
 0.1mm 0.45ns 10 4.5ns
 0.01 mm .041ns 100 4.1ns
 0.001 mm .005ns 1000 5ns
 68
 Rbuf × Cself +Cwire +Cload( )+ 0.5Rwire ×Cwire + Rwire ×Cload
 Penn ESE 570 Spring 2019 – Khanna
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N Buffers
 !  Delay Equation for N buffers?
 69
 N Rbuf Cself +CwireN
 +Cload⎛
 ⎝⎜
 ⎞
 ⎠⎟+0.5
 RwireN
 ⋅CwireN
 ⎛
 ⎝⎜
 ⎞
 ⎠⎟+RwireN
 ⋅Cload⎛
 ⎝⎜⎜
 ⎞
 ⎠⎟⎟
 Penn ESE 570 Spring 2019 – Khanna
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Minimize Delay
 !  Minimize delay !  Derivative with respect to N and solve for 0
 70
 N ⋅Rbuf Cself +Cload( )+ Rbuf ×Cwire +0.5 1N
 ⎛
 ⎝⎜
 ⎞
 ⎠⎟RwireCwire + RwireCload
 0 = Rbuf Cself +Cload( )−0.5 1N 2
 ⎛
 ⎝⎜
 ⎞
 ⎠⎟RwireCwire
 Penn ESE 570 Spring 2019 – Khanna
 N =0.5RwireCwire
 Rbuf Cself +Cload( )
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Minimize Delay
 71
 N =0.5RwireCwire
 Rbuf Cself +Cload( )
 Equalizes delay in buffer and wire
 N ⋅Rbuf Cself +Cload( )+ RbufCwire + 0.51N!
 "#
 $
 %&RwireCwire + RwireCload
 Penn ESE 570 Spring 2019 – Khanna
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Delay with Optimal N
 72
 0.5RwireCwire
 Rbuf Cself +Cload( )⋅Rbuf Cself +Cload( )+ RbufCwire + 0.5
 Rbuf Cself +Cload( )0.5RwireCwire
 !
 "
 ##
 $
 %
 &&RwireCwire + RwireCload
 0.5RwireCwire Rbuf Cself +Cload( )( ) + RbufCwire + 0.5RwireCwire Rbuf Cself +Cload( )( ) + RwireCload
 2 0.5RwireCwire Rbuf Cself +Cload( )( ) + RbufCwire + RwireCload
 Penn ESE 570 Spring 2019 – Khanna
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Segment Length
 !  Rwire = L×Runit
 !  Cwire = L×Cunit
 73
 €
 N = 0.5 Rwire × Cwire
 Rbuf × Cself +Cload( )#
 $
 % %
 &
 '
 ( (
 €
 N = L 0.5 Ru × Cu
 Rbuf × Cself +Cload( )#
 $
 % %
 &
 '
 ( (
 Lseg* =
 LN= 2
 Rbuf × Cself +Cload( )Ru ×Cu
 "
 #$$
 %
 &''
 Lseg* =
 LN
 Penn ESE 570 Spring 2019 – Khanna
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Optimal Segment Length
 !  Delay scales linearly with distance once optimally buffered
 74
 €
 N = L 0.5 Ru × Cu
 Rbuf × Cself +Cload( )#
 $
 % %
 &
 '
 ( ( €
 Lseg* =
 LN
 = 2Rbuf × Cself +Cload( )
 Ru × Cu
 #
 $
 % %
 &
 '
 ( (
 Penn ESE 570 Spring 2019 – Khanna
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Buffer Size?
 !  How big should buffer be? "  Rbuf = Run/W "  Cself = 2 W Cdff = 2 W γ Cg "  Cload = 2 W Cg
 75 Penn ESE 570 Spring 2019 – Khanna
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Buffer Size?
 !  How big should buffer be? "  Rbuf = Run/W "  Cself = 2 W Cdff = 2 W γ Cg "  Cload = 2 W Cg
 76
 2 0.5RwireCwire Rbuf Cself +Cload( )( ) + RbufCwire + RwireCload
 2 0.5RwireCwireRunW
 2WCg 1+γ( )( )!
 "#
 $
 %& +
 RunW
 Cwire + Rwire ⋅2WCg
 2 0.5RwireCwire 2RunCg 1+γ( )( ) + RunW Cwire + Rwire ⋅2WCg
 Penn ESE 570 Spring 2019 – Khanna
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Implication on Buffer Size - W
 !  Rwire = L×Runit
 !  Cwire = L×Cunit
 !  # W independent of Length "  Depends on technology
 77
 2 0.5RwireCwire 2RunCg 1+γ( )( ) + RunW Cwire + Rwire ⋅2WCg
 0 = 2RwireCg − RunCwire1W 2
 W =RunCwire
 2RwireCg
 =RunCunit
 2RunitCg
 Penn ESE 570 Spring 2019 – Khanna
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Delay at Optimum W
 78
 2 0.5RwireCwire 2RunCg 1+γ( )( ) + RunW Cwire + Rwire ⋅2WCg
 2 0.5RwireCwire 2RunCg 1+γ( )( ) + RunRunCwire
 2RwireCg
 Cwire + Rwire ⋅2RunCwire
 2RwireCg
 Cg
 2 0.5RwireCwire 2RunCg 1+γ( )( ) + RunCwire ⋅2RwireCg + RunCwire ⋅2RwireCg
 2 0.5RwireCwire 2RunCg 1+γ( )( ) + 2 2RunCgCwireRwire
 Penn ESE 570 Spring 2019 – Khanna
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Delay at Optimum W
 !  If γ=1
 !  Optimal design equalizes all delays!
 79
 2 RwireCwire RunCg 1+1( )( ) + 2 2RunCgCwireRwire
 2 2RunCgCwireRwire + 2 2RunCgCwireRwire4 2RunCgCwireRwire
 Penn ESE 570 Spring 2019 – Khanna
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Where Transmission Lines Arise
 80 Penn ESE 570 Spring 2019 – Khanna
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Transmission Lines
 !  Cable: coaxial !  PCB
 "  Strip line "  Microstrip line
 !  Twisted Pair (Cat5)
 81 Penn ESE 570 Spring 2019 – Khanna

Page 81
                        
                        

Transmission Lines
 !  This is what wires/cables look like "  Aren’t an ideal equipotential "  Signals do take time to propagate "  Maintain shape of input signal
 "  Within limits
 "  Shape and topology of wiring effects how signals propagate
 !  Need theory/model to support design "  Reason about behavior "  Understand what can cause noise "  Engineer high performance/speed communication
 82 Penn ESE 570 Spring 2019 – Khanna

Page 82
                        
                        

Wire Formulation
 83 Penn ESE 570 Spring 2019 – Khanna

Page 83
                        
                        

Wires
 !  In general, our “wires” have distributed R, L, C components
 84 Penn ESE 570 Spring 2019 – Khanna
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RC Wire
 !  When R dominates L "  We have the distributed RC Wires "  Typical of on-chip wires in ICs
 85 Penn ESE 570 Spring 2019 – Khanna
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Lossless Transmission Line
 !  When resistance is negligible "  Have LC wire = Lossless Transmission Line
 "  No energy dissipation (loss) through R’s
 "  More typical of Printed Circuit Board wires and bond wires
 86 Penn ESE 570 Spring 2019 – Khanna
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Intuitive: Lossless
 !  Pulses travel as waves without distortion "  (up to a characteristic frequency)
 87 Penn ESE 570 Spring 2019 – Khanna
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SPICE Simulation
 88 Penn ESE 570 Spring 2019 – Khanna
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Step Response SPICE
 89 Penn ESE 570 Spring 2019 – Khanna
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Pulse Response SPICE
 90 Penn ESE 570 Spring 2019 – Khanna
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Contrast RC Wire
 91 Penn ESE 570 Spring 2019 – Khanna

Page 91
                        
                        

Contrast
 92 Penn ESE 570 Spring 2019 – Khanna

Page 92
                        
                        

Idea
 !  CLK design and distribution is necessary for correct operation and timing
 !  Capacitance is everywhere, especially between adjacent wires, and will get “noise” from crosstalk "  Clocked and driven wires
 "  Slow down transitions
 "  Undriven wires voltage changed "  Can cause spurious/false transitions
 !  Wire delay linear once buffered optimally "  Optimal buffering equalizes delays
 "  Buffer delay, Delay on wire between buffers, Delay of wire driving buffer
 93 Penn ESE 570 Spring 2019 – Khanna

Page 93
                        
                        

Admin
 !  Final Project "  Design memory (SRAM)
 "  EC for best figure of merits (FOM = Area*Power*Delay2)
 "  Due 4/30 (last day of class) "  Everyone gets an extension until 5/7 "  Absolutely doable by 2 people by 4/30
 94 Penn ESE 570 Spring 2019 – Khanna
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