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Project	Team	Presentations
‣ In	class,	Oct	1	(this	Thursday)	

‣ Target	10	minutes	(with	discussion)	

‣ Slides	with	illustrations	(powerpoint,	…)	

‣ One	presentation	each	from:	config,	CLB,	SRAM,	MAC	
teams	

‣ Two	interconnection	presentations	

‣ Three	fabric	team	presentations:	

‣ tool	support	

‣ high-level	fabric	architecture	

‣ simulation,	testing,	integration	plan	

‣ Following	week,	private	group	meetings	with	Arya	&	
John	to	get	feedback	and	brainstorm	ideas
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Project	Team	Presentations
‣ The	point	is	to	get	the	discussion	going	on	the	function	and	

implementation	of	your	piece.			

‣ You	are	responsible	for	a	“straw-man”/draft	proposal	

‣ Okay	to	leave	some	issues	open	for	now	

‣ Outline	

‣ Only	one	person	needs	to	speak	but,	introduce	team	
members	

‣ Describe	your	proposed	function/features	and	structure	
(block	diagram/circuit)	of	your	piece	

‣ Describe	how	you	plan	to	refine	the	definitions	of	function/
structure	and	to	optimize	the	design	

‣ Say	something	about	implementation	strategy	

‣ Say	something	about	what	information	you	will	need	from	
other	teams	and	what	other	teams	will	need	from	you
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Project	Teams
‣ If	you	have	questions	about	how	

you	ended	up	in	which	team,	
mail	me	or	set	up	appointment	

‣ If	you	have	questions	about	
your	team’s	role	and	
responsibility,	ask	now,	or	mail	
us	later	

‣ If	you	don’t	have	email	contacts	
for	your	other	team	members,	
ask	now,	or	mail	us	later	

‣ To	prepare	for	the	presentations	
next	week,	not	necessary	right	
now	to	reach	out	to	other	
groups,	but	feel	free	to	do	so
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Circuits	Topics:	Basic	(review?)

‣ Processing/devices:	planar,	finfets,	GDR	

‣ Device	models:	switch,	RC,	Vth	

‣ Logic	circuits:	gates,	muxes,	transmission	gates,	FFs	

‣ Circuit	Delay:	gate	delay,	wire	delay,	FET	sizing	

‣ Circuit	Power:	formulation/	factors	

‣ System	Delay:	factors,	optimization	

‣ System	Power:	factors,	optimization

 5

What you need to know as a VLSI Systems designer.  
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System	Delay
‣ Critical	Path	

‣ Optimization	Techniques	

‣ Clock	distribution	

‣

 6
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In	General	...

T ≥ τclk→Q + τCL + τsetup

‣ How	do	we	enumerate	all	paths?	
– Any	circuit	input	or	register	output	to	any	register	input	or	circuit	

output?	

• Note:		
– “setup	time”	for	outputs	is	a	function	of	what	it	connects	to.	

– “clk-to-q”	for	circuit	inputs	depends	on	where	it	comes	from.

 7

For correct operation:

for all paths.
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Components	of	Path	Delay

1. #	of	levels	of	logic	
2. Internal	cell	delay	
3. wire	delay	

4. cell	input	capacitance	
5. cell	fanout	
6. cell	output	drive	strength
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How do we optimize?
Tackle “critical path”

Synthesis tools approximate path delay and 
attempt to optimize by rearranging logic 
network and choosing appropriately sized cells.

“Logical Effort” method for hand sizing of transistors.

Place and route tools attempt to minimize wire 
delay on critical paths.
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Trees	for	optimization
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 +  +  +  +  +  +  +
x0

x1 x2 x3 x4 x5 x6 x7

T = O(N) 

 +  +

 +
 +  +

 +

 +

T = O(log N) 

(( x0 + x1 ) + ( x2 + x3 )) + (( x4 + x5 ) + ( x6 + x7 ))

((((((x0 + x1 ) + x2 ) + x3 ) + x4 ) + x5 ) + x6 ) + x7 

❑ What property of “+” are we exploiting? 
❑ Other associate operators?  Boolean operations?  Division?  Min/Max? 

Same number of 
operations (N-1)
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Pipelining
‣ General	principle:	

‣ Cut	the	CL	block	into	pieces	(stages)	and	separate	with	registers:	

Assume T=8ns 
TFF(setup +clk→q)=1ns 
F = 1/9ns = 111MHz

Assume T1 = T2 = 4ns
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Simple, except in classes of feedback (loop carry dependance)
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System	Power
‣ Chip/block	level	Power	

‣ Optimization	for	power	and	energy	efficiency	

‣ Power	distribution

 11
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Energy	and	Power

‣ Handheld	and	portable	(battery	operated):	
❑ Energy	Efficiency	-	limits	battery	life	
❑ Power	-	limited	by	heat	

‣ Infrastructure	and	servers	(connected	to	power	grid):	
❑ Energy	Efficiency	-	dictates	operation	cost	
❑ Power	-	heat	removal	contributes	to	TCO
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Energy Efficiency: energy per operation

P =
dW
dt

Energy is the ability to do work (W).
Power is rate of expending energy.

Remember: reducing power is easy - just slow down.  
Improving energy efficiency is difficult.

Heat is a byproduct of computation.  Heat dissipated 
is proportional to the energy used per unit time, P.
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Five	low-power	design	techniques	

 13

Power-down idle transistors

Parallelism and pipelining 

Slow down non-critical paths

Clock gating

Thermal management
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Gate delay 
roughly linear 

with Vdd 

This magic trick brought to you by Cory Hall ...
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Multiple Supply

Voltages

Logic Block
Freq = 1

Vdd  = 1

Throughput = 1

Power = 1

Area = 1 

Pwr Den = 1

Vdd

Logic Block

Freq = 0.5

Vdd  = 0.5

Throughput = 1

Power = 0.25

Area = 2

Pwr Den = 0.125

Vdd/2

Logic Block

Replicated DesignsAnd so, we can transform this:

Block processes stereo audio. 1/2  
of clocks for “left”, 1/2 for “right”.

P ~ F ⨯ Vdd
2

P ~ 1 ⨯ 1 2

Into this: Top block processes “left”, bottom “right”.
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CV2  power only

P ~ #blks ⨯  F  ⨯ Vdd 
2

P ~    2   ⨯ 1/2 ⨯ 1/4 = 1/4 
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Cell	(PS3	Chip):	1	CPU	+	8	“SPUs”

 15

PowerPC

L2 Cache
512 KB 

Synergistic 
Processing 

Units
(SPUs)

8
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Circuit Techniques ReduceCircuit Techniques Reduce
Source Drain LeakageSource Drain Leakage

Body BiasBody Bias

+ + VeVe
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- - VeVe

2 - 10X2 - 10X

Sleep TransistorSleep Transistor

2 - 1000X2 - 1000X

Stack EffectStack Effect

5 - 10X5 - 10X

Logic Logic 

BlockBlock

Equal LoadingEqual Loading

LeakageLeakage

ReductionReduction

Add	“sleep”	transistors	to	logic	...
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Example:	Floating	point	unit	logic.

When	running	fixed-point	
instructions,	put	logic	“to	sleep”.

+++	When	“asleep”,	leakage	power	
is	dramatically	reduced.

---	Presence	of	sleep	transistors	
slows	down	the	clock	rate	when	
the	logic	block	is	in	use.
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Fact:	Most	logic	on	a	chip	is	“too	fast”
° A	product	that	
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From “The circuit and physical design of the POWER4 microprocessor”, IBM J Res and Dev, 
46:1, Jan 2002, J.D. Warnock et al.

netlist. Of these, 1 2 1 7 1 3 were top-level chip global nets,
and 2 1 7 1 1 were processor-core-level global nets. Against
this model 3 .5 million setup checks were performed in late
mode at points where clock signals met data signals in
latches or dynamic circuits. The total number of timing
checks of all types performed in each chip run was
9 .8 million. Depending on the configuration of the timing
run and the mix of actual versus estimated design data,
the amount of real memory required was in the range
of 1 2 GB to 1 4 GB, with run times of about 5 to 6 hours
to the start of timing-report generation on an RS/6 0 0 0 *
Model S8 0 configured with 6 4 GB of real memory.
Approximately half of this time was taken up by reading
in the netlist, timing rules, and extracted RC networks, as

well as building and initializing the internal data structures
for the timing model. The actual static timing analysis
typically took 2 .5 –3 hours. Generation of the entire
complement of reports and analysis required an additional
5 to 6 hours to complete. A total of 1 .9 GB of timing
reports and analysis were generated from each chip timing
run. This data was broken down, analyzed, and organized
by processor core and GPS, individual unit, and, in the
case of timing contracts, by unit and macro. This was one
component of the 2 4 -hour-turnaround time achieved for
the chip-integration design cycle. Figure 26 shows the
results of iterating this process: A histogram of the final
nominal path delays obtained from static timing for the
POWER4 processor.

The POWER4 design includes LBIST and ABIST
(Logic/Array Built-In Self-Test) capability to enable full-
frequency ac testing of the logic and arrays. Such testing
on pre-final POWER4 chips revealed that several circuit
macros ran slower than predicted from static timing. The
speed of the critical paths in these macros was increased
in the final design. Typical fast ac LBIST laboratory test
results measured on POWER4 after these paths were
improved are shown in Figure 27.

Summary
The 1 7 4 -million-transistor !1 .3 -GHz POWER4 chip,
containing two microprocessor cores and an on-chip
memory subsystem, is a large, complex, high-frequency
chip designed by a multi-site design team. The
performance and schedule goals set at the beginning of
the project were met successfully. This paper describes
the circuit and physical design of POWER4 , emphasizing
aspects that were important to the project’s success in the
areas of design methodology, clock distribution, circuits,
power, integration, and timing.

Figure 25

POWER4 timing flow. This process was iterated daily during the 
physical design phase to close timing.
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Figure 26

Histogram of the POWER4 processor path delays.
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Most wires have hundreds 
of picoseconds to spare.The critical path
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Use	several	supply	voltages	on	a	chip	...

 18

Why	use	multi-Vdd?		We	can	reduce	dynamic	power	by	
using	low-power	Vdd	for	logic	off	the	critical	path.

What	if	we	can’t	do	a	multi-Vdd	design?			
In	a	multi-Vt	process,	we	can	reduce	leakage	power	on	
the	off	critical	path	logic	by	using	high-Vth	transistors.
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Clock	Gating	Reduces	Clock	Load

 19

“Up	to	70%	
power	savings	at	
the	block	level,	
for	applicable	
circuits”	
Synopsis	Data	
Sheet

<=
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Keep	chip	cool	to	minimize	leakage	

 20

Optimizing Des igns  for Power Cons umption through Changes  to the FPGA Environment
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Optimizing Designs for Power Consumption through Changes to the 
FPGA Environment

To optimize the power consumption in any design, certain things can be done 
independently of the design contained within the FPGA. Knowing one's environment, 
e.g., operating temperature and core voltage, is therefore important.

Temperature Control
Controlling temperature not only helps with reliability, as described in the “Thermal 
Considerations and Reliability” section, but it also reduces static power. For example, 
a reduction in junction temperature from 100°C to 85°C reduces static power by ~ 20%, 
as shown previously in Figure 1 and with greater detail in Figure 3 .
The static power of Virtex-4 and Virtex-5 FPGAs is already reasonable. However, 
reducing it by another 20% is valuable because in some designs, the static power of the 
FPGA represents a sizeable portion (3 0-40%) of the total power budget. 
A reduction in junction temperature can be achieved by increased airflow and larger 
heat sinks. The reduction in junction temperature also has the added benefit of 
increasing reliability as shown in the “Thermal Considerations and Reliability” 
section.

Static power is a function of die temperature (TJ), and TJ is a function of how much 
power the device is consuming, the thermal properties of that device, and its package. 
Consequently, the FPGA’s ability to transfer the resultant heat to the surrounding 
environment, via the component packaging, is very important.
Heat flows out of the die from the top of the FPGA and into the package balls and PCB, 
so it is important to understand the system model (PCB, FPGAs, heat sinks, airflow, 
and other components in a system). See Figure 4.
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A recipe for thermal runaway
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Circuits	Topics:	Advanced
‣ Clocks	and	clocking:	

‣ clock	drivers	and	distribution	

‣ skew	effects	

‣ hold-time		

‣ clock	domains	and	synchronization	

‣ Phase-locked	Loops	(PLL)	/	Delay-locked	Loops	(DLL)	

‣ Globally	Asynchronous	locally	Synchronous	(GALS)	clocking	

‣ Power	supply	and	use	

‣ Power	distribution	and	decoupling	capacitors	

‣ Dynamic	Voltage	and	Frequency	Scaling	(DVFS)	

‣ voltage	regulators	

‣ device	stacking,	power	gating,	clock	gating,	multi-threshold	

‣ Multi-voltage	systems		

‣ charge	pumps	

‣ latch-up	/	well	plugs	

‣ Input/Output	

‣ Electrostatic	Discharge	(ESD)	suppression	/	pad-drivers	

‣ High-speed	I/O,	Serializer/Deserializer	(SerDes)	

‣ packaging

 21
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Clocks	and	Clocking
‣ In	my	experience	building	chips	and	bringing	up	systems,	

the	great	majority	of	problems	relate	to	clocks	and	
power.

 22
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Cycle time (max): TClk > tclk-q,max + tlogic,max + tsetup 

Race margin (min): thold < tclk-q,min + tlogic,min

Revised	Timing	Constraints	

tclk-q,max
tclk-q,min

tlogic,max
tlogic,min

tsetup, thold

 23
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Clock	Nonidealities

‣ Clock skew: tSK 
‣ Time	difference	between	the	sink	(receiving)	and	source	

(launching)	clock	edge;	deterministic	+	random 

‣ Clock jitter 
‣ Temporal	variations	in	consecutive	edges	of	the	clock	

signal;	modulation	+	random	noise	

‣ Cycle-to-cycle	(short-term)	tJS 

‣ Long	term	tJL 

‣ Variation of the pulse width  
‣ Important	for	level	sensitive	clocking

 24
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Sources	of	Clock	Uncertainties

 25
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Clock	Skew	and	Jitter
‣ Both	skew	and	jitter	affect	the	effective	cycle	time	and	

the	race	margin

Clk

Clk’

tSK

tJS

 26
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Positive	Skew

Launching edge arrives before the receiving edge

 27
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Negative	Skew

Receiving edge arrives before the launching edge

CLK1

CLK2

TCLK

δ

TCLK  - δ

2

1

4

3
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Timing	Constraints

 29

Minimum cycle time: 
Tclk + δ = tclk-q,max + tsetup + tlogic,max

tclk-q,max
tclk-q,min

tlogic,max

tlogic,mintsetup, thold

Skew may be negative or positive



CS250, UC Berkeley Fall ‘20Lecture 10

Timing	Constraints

 30

tclk-q,max
tclk-q,min

tlogic,max
tlogic,mintsetup, thold

Hold time constraint: 
t(clk-q,min) + t(logic,min) > thold + δ

Skew may be negative or positive



the total wire delay is similar to the total buffer delay. A
patented tuning algorithm [1 6 ] was required to tune the
more than 2 0 0 0 tunable transmission lines in these sector
trees to achieve low skew, visualized as the flatness of the
grid in the 3 D visualizations. Figure 8 visualizes four of
the 6 4 sector trees containing about 1 2 5 tuned wires
driving 1 /1 6 th of the clock grid. While symmetric H-trees
were desired, silicon and wiring blockages often forced
more complex tree structures, as shown. Figure 8 also
shows how the longer wires are split into multiple-fingered
transmission lines interspersed with Vdd and ground shields
(not shown) for better inductance control [1 7 , 1 8 ]. This
strategy of tunable trees driving a single grid results in low
skew among any of the 1 5 2 0 0 clock pins on the chip,
regardless of proximity.

From the global clock grid, a hierarchy of short clock
routes completed the connection from the grid down to
the individual local clock buffer inputs in the macros.
These clock routing segments included wires at the macro
level from the macro clock pins to the input of the local
clock buffer, wires at the unit level from the macro clock
pins to the unit clock pins, and wires at the chip level
from the unit clock pins to the clock grid.

Design methodology and results
This clock-distribution design method allows a highly
productive combination of top-down and bottom-up design
perspectives, proceeding in parallel and meeting at the
single clock grid, which is designed very early. The trees
driving the grid are designed top-down, with the maximum
wire widths contracted for them. Once the contract for the
grid had been determined, designers were insulated from
changes to the grid, allowing necessary adjustments to the
grid to be made for minimizing clock skew even at a very
late stage in the design process. The macro, unit, and chip
clock wiring proceeded bottom-up, with point tools at
each hierarchical level (e.g., macro, unit, core, and chip)
using contracted wiring to form each segment of the total
clock wiring. At the macro level, short clock routes
connected the macro clock pins to the local clock buffers.
These wires were kept very short, and duplication of
existing higher-level clock routes was avoided by allowing
the use of multiple clock pins. At the unit level, clock
routing was handled by a special tool, which connected the
macro pins to unit-level pins, placed as needed in pre-
assigned wiring tracks. The final connection to the fixed

Figure 6

Schematic diagram of global clock generation and distribution.
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Figure 7

3D visualization of the entire global clock network. The x and y 
coordinates are chip x, y, while the z axis is used to represent 
delay, so the lowest point corresponds to the beginning of the 
clock distribution and the final clock grid is at the top. Widths are 
proportional to tuned wire width, and the three levels of buffers 
appear as vertical lines.
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Visualization of four of the 64 sector trees driving the clock grid, 
using the same representation as Figure 7. The complex sector 
trees and multiple-fingered transmission lines used for inductance 
control are visible at this scale.
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clock grid was completed with a tool run at the chip level,
connecting unit-level pins to the grid. At this point, the
clock tuning and the bottom-up clock routing process still
have a great deal of flexibility to respond rapidly to even
late changes. Repeated practice routing and tuning were
performed by a small, focused global clock team as the
clock pins and buffer placements evolved to guarantee
feasibility and speed the design process.

Measurements of jitter and skew can be carried out
using the I/Os on the chip. In addition, approximately 1 0 0
top-metal probe pads were included for direct probing
of the global clock grid and buffers. Results on actual
POWER4 microprocessor chips show long-distance
skews ranging from 2 0 ps to 4 0 ps (cf. Figure 9). This is
improved from early test-chip hardware, which showed
as much as 7 0 ps skew from across-chip channel-length
variations [1 9 ]. Detailed waveforms at the input and
output of each global clock buffer were also measured
and compared with simulation to verify the specialized
modeling used to design the clock grid. Good agreement
was found. Thus, we have achieved a “correct-by-design”
clock-distribution methodology. It is based on our design
experience and measurements from a series of increasingly
fast, complex server microprocessors. This method results
in a high-quality global clock without having to use
feedback or adjustment circuitry to control skews.

Circuit design
The cycle-time target for the processor was set early in the
project and played a fundamental role in defining the
pipeline structure and shaping all aspects of the circuit
design as implementation proceeded. Early on, critical
timing paths through the processor were simulated in
detail in order to verify the feasibility of the design
point and to help structure the pipeline for maximum
performance. Based on this early work, the goal for the
rest of the circuit design was to match the performance set
during these early studies, with custom design techniques
for most of the dataflow macros and logic synthesis for
most of the control logic—an approach similar to that
used previously [2 0 ]. Special circuit-analysis and modeling
techniques were used throughout the design in order to
allow full exploitation of all of the benefits of the IBM
advanced SOI technology.

The sheer size of the chip, its complexity, and the
number of transistors placed some important constraints
on the design which could not be ignored in the push to
meet the aggressive cycle-time target on schedule. These
constraints led to the adoption of a primarily static-circuit
design strategy, with dynamic circuits used only sparingly
in SRAMs and other critical regions of the processor core.
Power dissipation was a significant concern, and it was a
key factor in the decision to adopt a predominantly static-
circuit design approach. In addition, the SOI technology,

including uncertainties associated with the modeling
of the floating-body effect [2 1 –2 3 ] and its impact on
noise immunity [2 2 , 2 4 –2 7 ] and overall chip decoupling
capacitance requirements [2 6 ], was another factor behind
the choice of a primarily static design style. Finally, the
size and logical complexity of the chip posed risks to
meeting the schedule; choosing a simple, robust circuit
style helped to minimize overall risk to the project
schedule with most efficient use of CAD tool and design
resources. The size and complexity of the chip also
required rigorous testability guidelines, requiring almost
all cycle boundary latches to be LSSD-compatible for
maximum dc and ac test coverage.

Another important circuit design constraint was the
limit placed on signal slew rates. A global slew rate limit
equal to one third of the cycle time was set and enforced
for all signals (local and global) across the whole chip.
The goal was to ensure a robust design, minimizing
the effects of coupled noise on chip timing and also
minimizing the effects of wiring-process variability on
overall path delay. Nets with poor slew also were found
to be more sensitive to device process variations and
modeling uncertainties, even where long wires and RC
delays were not significant factors. The general philosophy
was that chip cycle-time goals also had to include the
slew-limit targets; it was understood from the beginning
that the real hardware would function at the desired
cycle time only if the slew-limit targets were also met.

The following sections describe how these design
constraints were met without sacrificing cycle time. The
latch design is described first, including a description of
the local clocking scheme and clock controls. Then the
circuit design styles are discussed, including a description

Figure 9

Global clock wav eforms showing 20 ps of measured skew.
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Clock	Constraints	in	 
Edge-Triggered	Systems
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If launching edge is late and receiving edge is early, the data will not be too late if:

Minimum cycle time is determined by the maximum delays through the logic

tclk-q,max + tlogic,max + tsetup < TCLK – tJS,1 – tJS,2 + δ

tclk-q,max + tlogic,max + tsetup - δ + 2tJS < TCLK

Skew can be either positive or negative 
Jitter tJS usually expressed as peak-to-peak or n x RMS value
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Clock	Distribution

!34

❑ Single clock generally used to synchronize all 
logic on the same chip (or region of chip) 
▪ Need to distribute clock over the entire region 
▪ While maintaining low skew/jitter 
▪ And without burning too much power



Clock	Distribution
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❑ What’s wrong with just routing wires to every 
point that needs a clock? 

CLK



Symmetric	Clock	Trees
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❑ Minimizes skew by matching RC delays from 
drive point to all terminal points 

❑ Is that sufficient? 



H-Tree	Clock	Distribution
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❑ H-tree ensures that the relative RC delay to 
each terminal is matched 

❑ What about absolute RC delay? 

Wide wires reduce RC delay



H-Tree	Clock	Distribution

!38

❑ Tapered H-tree can ensure high 
frequency (low RC value on paths) 

❑ Furthermore, wide wires reduces the 
RC variation (less skew) 

❑ What about power? 

❑ Adding buffers along the way 
reduces power and maintains high-
frequency, but introduces skew! 

Wide wires increases C



Buffered	H-Tree
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To minimize skew, all buffers must be 
matched (same layout, orientation)



More	realistic	ASIC	H-tree
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Clock	Grid	Alternative
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•No RC matching 
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Clock circuits live 
in center column. 

32 global clock 
wires go down the 
red column. 

Also, 4 regional 
clocks (restricted 
functionality).

Any 10 may be sent 
to a clock region.

FPGA



			Clocks	have	dedicated	wires	(low	skew)
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From: Xilinx Spartan 3 data sheet. 
Virtex is similar.



Low-skew	Clocking	in	FPGAs

�44Figures from Xilinx App Notes
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