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ESE 570: Digital Integrated Circuits and VLSI Fundamentals
 Lec 24: April 21, 2020 Repeaters in Wiring, Transmission Lines
 Penn ESE 570 Spring 2020 – Khanna

Page 2
                        
                        

Lecture Outline
 !  Repeaters in Wiring !  Transmission Lines
 "  Where transmission lines arise? "  Lossless Transmission Line "  Termination "  Lossy Transmission Line
 2 Penn ESE 570 Spring 2020 – Khanna

Page 3
                        
                        

Repeaters in Wiring
 Penn ESE 570 Spring 2020 – Khanna

Page 4
                        
                        

Reminder: Wire Delay
 !  Wire N units long: =Runit*Cunit*N2/2
 !  With "  Runit=1kΩ "  Cunit=1pF
 4 Penn ESE 570 Spring 2020 - Khanna
 Rwire = N×Runit
 Cwire = N×Cunit

Page 5
                        
                        

Interconnect Buffering
 !  RC (on-chip) Interconnect Buffering
 5 Penn ESE 570 Spring 2020 – Khanna

Page 6
                        
                        

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
 6 Penn ESE 570 Spring 2020 – Khanna
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Formulate Delay
 7
 Delay of buffer driving wire?
 Penn ESE 570 Spring 2020 – Khanna

Page 8
                        
                        

Formulate Delay
 8
 Delay of buffer driving wire?
 Penn ESE 570 Spring 2020 – Khanna
 CloadCwireCself
 Rbuf Rwire
 Vdd

Page 9
                        
                        

Formulate Delay
 9
 Delay of buffer driving wire?
 Penn ESE 570 Spring 2020 – Khanna
 €
 Rbuf × Cself +Cwire +Cload( ) + 0.5Rwire × Cwire + Rwire × Cload
 CloadCwireCself
 Rbuf Rwire
 Vdd

Page 10
                        
                        

Calculate Delay
 !  Cload = 2 Cg = .02fF
 !  Rbuf = 25K Ω !  Cself = 0.02fF !  Cwire = L*Cu = .16pF !  Rwire = L*Ru = 60K Ω
 10
 €
 Rbuf × Cself +Cwire +Cload( ) + 0.5Rwire × Cwire + Rwire × Cload
 Penn ESE 570 Spring 2020 – Khanna

Page 11
                        
                        

Calculate Delay
 !  Cload = 2 Cg = .02fF
 !  Rbuf = 25K Ω !  Cself = 0.02fF !  Cwire = L*Cu = .16pF !  Rwire = L*Ru = 60K Ω
 11
 €
 Rbuf × Cself +Cwire +Cload( ) + 0.5Rwire × Cwire + Rwire × Cload
 4ns+ 4.8ns+1.2ps
 Penn ESE 570 Spring 2020 – Khanna
 8.8ns

Page 12
                        
                        

Buffering Wire
 12 Penn ESE 570 Spring 2020 – Khanna

Page 13
                        
                        

Buffering Wire: L/2
 !  Cload = 2 Cg = .02fF
 !  Rbuf = 25K Ω !  Cself = .02fF !  Cwire = L/2*Cu = .08pF !  Rwire = L/2*Ru = 30K Ω
 13 Penn ESE 570 Spring 2020 – 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
 14
 Rbuf × Cself +Cwire +Cload( )+ 0.5Rwire ×Cwire + Rwire ×Cload
 2ns+1.2ns+.6ps = 3.2ns
 Penn ESE 570 Spring 2020 – Khanna

Page 15
                        
                        

Buffering Wire: L/2
 !  Cload = 2 Cg = .02fF
 !  Rbuf = 25K Ω !  Cself = .02fF !  Cwire = L/2*Cu = .08pF !  Rwire = L/2*Ru = 30K Ω
 15
 Rbuf × Cself +Cwire +Cload( )+ 0.5Rwire ×Cwire + Rwire ×Cload
 2ns+1.2ns+.6ps = 3.2ns
 6.4ns
 Penn ESE 570 Spring 2020 – Khanna

Page 16
                        
                        

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
 16 Penn ESE 570 Spring 2020 – Khanna
 Rbuf × Cself +Cwire +Cload( )+ 0.5Rwire ×Cwire + Rwire ×Cload

Page 17
                        
                        

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 0.45ns 10 4.5ns
 0.01 mm .041ns 100 4.1ns
 0.001 mm .005ns 1000 5ns
 17 Penn ESE 570 Spring 2020 – Khanna
 Rbuf × Cself +Cwire +Cload( )+ 0.5Rwire ×Cwire + Rwire ×Cload

Page 18
                        
                        

N Buffers
 !  Delay Equation for N buffers?
 18
 N Rbuf Cself +CwireN
 +Cload⎛
 ⎝⎜
 ⎞
 ⎠⎟+0.5
 RwireN
 ⋅CwireN
 ⎛
 ⎝⎜
 ⎞
 ⎠⎟+RwireN
 ⋅Cload⎛
 ⎝⎜⎜
 ⎞
 ⎠⎟⎟
 Penn ESE 570 Spring 2020 – Khanna
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Minimize Delay
 !  Minimize delay !  Derivative with respect to N and solve for 0
 19
 N ⋅Rbuf Cself +Cload( )+ Rbuf ×Cwire +0.5 1N
 ⎛
 ⎝⎜
 ⎞
 ⎠⎟RwireCwire + RwireCload
 0 = Rbuf Cself +Cload( )−0.5 1N 2
 ⎛
 ⎝⎜
 ⎞
 ⎠⎟RwireCwire
 Penn ESE 570 Spring 2020 – Khanna
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Minimize Delay
 !  Minimize delay !  Derivative with respect to N and solve for 0
 20
 N ⋅Rbuf Cself +Cload( )+ Rbuf ×Cwire +0.5 1N
 ⎛
 ⎝⎜
 ⎞
 ⎠⎟RwireCwire + RwireCload
 0 = Rbuf Cself +Cload( )−0.5 1N 2
 ⎛
 ⎝⎜
 ⎞
 ⎠⎟RwireCwire
 Penn ESE 570 Spring 2020 – Khanna
 N =0.5RwireCwire
 Rbuf Cself +Cload( )

Page 21
                        
                        

Minimize Delay
 21
 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 2020 – Khanna
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Delay with Optimal N
 22
 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 2020 – Khanna
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Segment Length
 !  Rwire = L×Runit
 !  Cwire = L×Cunit
 23
 €
 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 2020 – Khanna
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Optimal Segment Length
 !  Delay scales linearly with distance once optimally buffered
 24
 €
 N = L 0.5 Ru × Cu
 Rbuf × Cself +Cload( )#
 $
 % %
 &
 '
 ( ( €
 Lseg* =
 LN
 = 2Rbuf × Cself +Cload( )
 Ru × Cu
 #
 $
 % %
 &
 '
 ( (
 Penn ESE 570 Spring 2020 – 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
 25 Penn ESE 570 Spring 2020 – 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
 26
 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 2020 – 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
 27
 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 2020 – Khanna
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Minimize for Delay for Optimal W
 !  Rwire = L×Runit
 !  Cwire = L×Cunit
 28
 2 0.5RwireCwire 2RunCg 1+γ( )( ) + RunW Cwire + Rwire ⋅2WCg
 0 = 2RwireCg − RunCwire1W 2
 W =RunCwire
 2RwireCg
 =RunCunit
 2RunitCg
 Penn ESE 570 Spring 2020 – Khanna
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Implication on Buffer Size - W
 !  Rwire = L×Runit
 !  Cwire = L×Cunit
 !  # W independent of Length "  Depends on technology
 29
 2 0.5RwireCwire 2RunCg 1+γ( )( ) + RunW Cwire + Rwire ⋅2WCg
 0 = 2RwireCg − RunCwire1W 2
 W =RunCwire
 2RwireCg
 =RunCunit
 2RunitCg
 Penn ESE 570 Spring 2020 – Khanna
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Delay at Optimum W
 30
 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 2020 – Khanna
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Delay at Optimum W
 !  If γ=1
 !  Optimal design equalizes all delays!
 31
 2 RwireCwire RunCg 1+1( )( ) + 2 2RunCgCwireRwire
 2 2RunCgCwireRwire + 2 2RunCgCwireRwire4 2RunCgCwireRwire
 Penn ESE 570 Spring 2020 – Khanna
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Where Transmission Lines Arise
 32 Penn ESE 570 Spring 2020 – Khanna
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Transmission Lines
 !  Cable: coaxial !  PCB
 "  Strip line "  Microstrip line
 !  Twisted Pair (Cat5)
 33 Penn ESE 570 Spring 2020 – Khanna
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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
 34 Penn ESE 570 Spring 2020 – Khanna
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Wire Formulation
 35 Penn ESE 570 Spring 2020 – Khanna
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Wires
 !  In general, our “wires” have distributed R, L, C components
 36 Penn ESE 570 Spring 2020 – Khanna
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RC Wire
 !  When R dominates L "  We have the distributed RC Wires "  Typical of on-chip wires in ICs
 37 Penn ESE 570 Spring 2020 – 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
 38 Penn ESE 570 Spring 2020 – Khanna
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Intuitive: Lossless
 !  Pulses travel as waves without distortion "  (up to a characteristic frequency)
 39 Penn ESE 570 Spring 2020 – Khanna
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SPICE Simulation
 40 Penn ESE 570 Spring 2020 – Khanna
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Step Response SPICE
 41 Penn ESE 570 Spring 2020 – Khanna
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Pulse Response SPICE
 42 Penn ESE 570 Spring 2020 – Khanna
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Contrast
 43 Penn ESE 570 Spring 2020 – Khanna
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Model
 !  Now voltage is a function of time and position "  Position along wire – distance from source
 !  Want to know V(x,t) "  And I(x,t)
 44 Penn ESE 570 Spring 2020 – Khanna
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Implication
 "  Wave equation:
 "  Solution:
 "  What is w?
 45
 €
 ∂ 2V∂x
 = LC∂ 2V∂t
 V (x, t) = A+Bex−wt
 Bex−wt = LCw2Bex−wt
 w = 1LC
 w is the rate of propogation
 Penn ESE 570 Spring 2020 – Khanna
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Propagation Rate in Example
 !  L=1uH !  C=1pF !  What is w?
 46
 €
 w =1LC
 Penn ESE 570 Spring 2020 – Khanna

Page 47
                        
                        

Signal Propagation
 47 Penn ESE 570 Spring 2020 – Khanna
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Signal Propagation
 48
 Delay linear in length
 Penn ESE 570 Spring 2020 – Khanna
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Contrast RC Wire
 49
 RC wire delay quadratic in length
 Penn ESE 570 Spring 2020 – Khanna
 .5RunCunN2
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Impedance
 !  Transmission lines have a characteristic impedance
 50 €
 Z0 =LC
 Penn ESE 570 Spring 2020 – Khanna
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Infinite Lossless Transmission Line
 !  Transmission line looks like resistive load
 !  Input waveform travels down line at velocity "  Without distortion
 51
 Z0
 €
 Z0 =LC
 €
 w =1LC
 Penn ESE 570 Spring 2020 – Khanna
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Termination
 Penn ESE 570 Spring 2020 – Khanna
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End of Line
 !  What happens at the end of the transmission line?
 53 Penn ESE 570 Spring 2020 – Khanna

Page 54
                        
                        

Analyze End of Line
 !  Incident Wave, Reflected Wave, Transverse Wave
 Penn ESE 570 Spring 2020 – Khanna 54
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Reflection/Transmission
 55
 €
 ViR − Z0R + Z0
 #
 $ %
 &
 ' ( =Vr
 Penn ESE 570 Spring 2020 – Khanna
 Reflection coefficient
 Vi2RR+ Z0
 ⎛
 ⎝⎜⎜
 ⎞
 ⎠⎟⎟=Vt
 Transmission coefficient

Page 56
                        
                        

End of Line
 !  What happens at the end of the transmission line? "  Short Circuit, R=0
 "  Hint: what must happen in steady state?
 "  Terminate with R=Z0
 "  Open Circuit, R=∞
 56 Penn ESE 570 Spring 2020 – Khanna
 €
 ViR − Z0R + Z0
 #
 $ %
 &
 ' ( =Vr
 Vi2RR+ Z0
 ⎛
 ⎝⎜⎜
 ⎞
 ⎠⎟⎟=Vt
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Open
 57 Penn ESE 570 Spring 2020 – Khanna
 €
 ViR − Z0R + Z0
 #
 $ %
 &
 ' ( =Vr

Page 58
                        
                        

Terminate R=Z0
 58 Penn ESE 570 Spring 2020 – Khanna
 €
 ViR − Z0R + Z0
 #
 $ %
 &
 ' ( =Vr

Page 59
                        
                        

Short
 59 Penn ESE 570 Spring 2020 – Khanna
 €
 ViR − Z0R + Z0
 #
 $ %
 &
 ' ( =Vr

Page 60
                        
                        

Longer LC (open)
 !  40 Stages !  L=100nH !  C=1pF
 !  Drive with 2ns Pulse !  No termination (open circuit)
 "  What reflection do we expect?
 60
 €
 w =1LC
 =c0εrµr
 Penn ESE 570 Spring 2020 – Khanna
 Stage delay? How long to propogate?

Page 61
                        
                        

Pulse Travel RC
 !  V1,V3,V4,V5,V6 about 10 stages apart
 61 Penn ESE 570 Spring 2020 – Khanna

Page 62
                        
                        

Visualization
 !  http://www.williamson-labs.com/xmission.htm
 62 Penn ESE 570 Spring 2020 – Khanna
 Matched
 Open
 Short

Page 63
                        
                        

Back to Source
 63 Penn ESE 570 Spring 2020 – Khanna
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Back at Source?
 !  What happens at source? "  Depends on how it’s terminated
 64 Penn ESE 570 Spring 2020 – Khanna
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R≠Z0
 !  What happens? "  75 Ω termination on 50 Ω line
 65 Penn ESE 570 Spring 2020 – Khanna
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Transmission Line Symbol
 !  Specify delay of full Tline and characteristic impedance
 !  Need reference
 66 Penn ESE 570 Spring 2020 – Khanna
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Simulation
 !  For these, with direct drive from voltage source "  Source looks like short circuit (not typical of CMOS)
 "  Source cannot be changed
 67 Penn ESE 570 Spring 2020 – Khanna
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50Ω line, 75Ω termination
 68
 €
 Vr =ViR − Z0R + Z0
 #
 $ %
 &
 ' ( =Vi
 75 − 5075 + 50#
 $ %
 &
 ' ( = 0.2Vi
 Penn ESE 570 Spring 2020 – Khanna
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50Ω line, 75Ω termination
 69
 €
 Vr =ViR − Z0R + Z0
 #
 $ %
 &
 ' ( =Vi
 75 − 5075 + 50#
 $ %
 &
 ' ( = 0.2Vi
 Penn ESE 570 Spring 2020 – Khanna
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50Ω line, 75Ω termination
 70
 €
 Vr =ViR − Z0R + Z0
 #
 $ %
 &
 ' ( =Vi
 75 − 5075 + 50#
 $ %
 &
 ' ( = 0.2Vi
 Penn ESE 570 Spring 2020 – Khanna
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Source Series Termination
 !  What happens here?
 71 Penn ESE 570 Spring 2020 – Khanna

Page 72
                        
                        

Simulation
 72 Penn ESE 570 Spring 2020 – Khanna

Page 73
                        
                        

Series Termination
 !  Rseries = Z0
 !  Initial voltage divider "  Half voltage pulse
 propogates down Tline
 !  End of line open circuit "  Sees single transition to full
 voltage (full reflection)
 !  Reflection returns to source and sees termination Rseries = Z0
 !  No further reflections
 73 Penn ESE 570 Spring 2020 – Khanna
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CMOS Driver / Receiver
 !  Driver: What does a CMOS driver look like at the source? "  Id,sat=1200µA/µm @ 45nm, Vdd=1V
 !  Receiver: What does a CMOS inverter look like at the sink?
 74 Penn ESE 570 Spring 2020 – Khanna
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CMOS Driver / Receiver
 !  Driver: What does a CMOS driver look like at the source? "  Id,sat=1200µA/µm @ 45nm, Vdd=1V
 !  Receiver: What does a CMOS inverter look like at the sink? "  Infinite resistance $ Open circuit
 75 Penn ESE 570 Spring 2020 – Khanna

Page 76
                        
                        

CMOS Driver
 !  Driver: What does a CMOS driver look like at the source? "  Id,sat=1200µA/µm @ 45nm, Vdd=1V "  Min size:
 "  Idrive=1200µA/µm*45nm=54µA "  Rout=Vdd/Idrive=18kΩ
 76 Penn ESE 570 Spring 2020 – Khanna

Page 77
                        
                        

CMOS Driver
 !  Driver: What does a CMOS driver look like at the source? "  Id,sat=1200µA/µm @ 45nm, Vdd=1V "  Min size:
 "  Idrive=1200µA/µm*45nm=54µA "  Rout=Vdd/Idrive=18kΩ
 "  W=370 "  Idrive=1200µA/µm*45nm*370=20mA "  Rout=Vdd/Idrive=50Ω
 77 Penn ESE 570 Spring 2020 – Khanna
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Lossy Transmission Line
 !  How do addition of R’s change? "  Concretely, discretely think about
 R=0.2Ω every meter on Z0=100Ω "  what does each R do?
 78 Penn ESE 570 Spring 2020 – Khanna
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Lossy Transmission Line
 !  Each R is a mismatched termination
 !  Each R is a voltage divider
 79
 €
 Vt =Vi2(R + Z0)(R + Z0) + Z0
 "
 # $
 %
 & '
 €
 Vi+1 =VtZ0
 R + Z0
 "
 # $
 %
 & '
 Penn ESE 570 Spring 2020 – Khanna
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Lossy Transmission Line
 80
 €
 Vi+1 =Vi2(R + Z0)(R + Z0) + Z0
 "
 # $
 %
 & '
 Z0R + Z0
 "
 # $
 %
 & '
 €
 Vsnk =Vsrc2(R + Z0)(R + Z0) + Z0
 "
 # $
 %
 & '
 Z0R + Z0
 "
 # $
 %
 & '
 "
 # $
 %
 & '
 N
 Penn ESE 570 Spring 2020 – Khanna
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Lossy Transmission Line
 !  How long before drop voltage by half? R=0.2Ω every meter on Z0=100Ω
 81
 €
 Vsnk =Vsrc2(R + Z0)(R + Z0) + Z0
 "
 # $
 %
 & '
 Z0R + Z0
 "
 # $
 %
 & '
 "
 # $
 %
 & '
 N
 Penn ESE 570 Spring 2020 – Khanna
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Idea
 !  Wire delay linear once buffered optimally "  Optimal buffering equalizes delays
 "  Buffer delay, Delay on wire between buffers, Delay of wire driving buffer
 !  Transmission lines "  high-speed "  high throughput "  long-distance signaling "  termination
 82 Penn ESE 570 Spring 2020 – Khanna

Page 83
                        
                        

Admin
 !  Final Project "  Due 4/28 (last day of class) "  Leave time to write the report! "  Don’t forget to submit Cadence library "  See rubric in Canvas
 83 Penn ESE 570 Spring 2020 - Khanna

Page 84
                        
                        

Final Project Milestone Schedule
 !  Week 1: now-4/14 "  Size the bitcell and verify functionality of bitcell
 "  Use buffers--don’t connect ideal voltages to any inputs "  How do you test all read/write cases?
 "  Test a column of memory with the precharge/drive circuitry "  How do you estimate the total bitline capacitance?
 !  Week 2: 4/14-4/21 "  Build and test the rest of periphery
 "  Row decoder, drive/precharge circuitry, sense amplifiers, input/output registers, non-overlapping clock generator
 "  Verify functionality of the entire array "  Set up test benches for evaluating the metrics
 !  Week 3: 4/21-4/28 "  Optimize array
 "  In order, 1) focus on bitcell sizing, 2) drive/precharge circuitry, sense amplifiers "  Metrics test benches should already be set up for quick optimization testing
 "  Layout and verify (DRC, LVS) bit cell "  Write report – Leave time to write the report! Your work won’t count if I don’t see it "  Submit report and Cadence library
 Penn ESE 570 Spring 2020 - Khanna 84

Page 85
                        
                        

Final Exam Admin
 !  Final (take-home mini project) Exam - Optional "  Improve your HW 7 submission with comparison
 writeup "  Handout description posted on 4/28 "  Due 5/7 at midnight
 85 Penn ESE 570 Spring 2020 – Khanna
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Final Exam Admin
 !  Final (take-home mini project) Exam - Optional "  Improve your HW 7 submission with comparison
 writeup "  Handout description posted on 4/28 "  Due 5/7 at midnight
 "  Choice – Make choice by 5/7 in Canvas "  Everyone must choose one of these options in Canvas by 5/7
 "  If you don’t make a choice in Canvas, you get a 0 final grade
 "  Option 1: HW 7 grade will be your final exam grade "  Option 2: Improve HW 7 design and submit for your
 final exam grade
 86 Penn ESE 570 Spring 2020 – Khanna
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