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Preface

The Low Power Methodology Manual is the outcome of a decade-long collaboration
between ARM and Synopsys commercially and the two of us personally. In 1997
ARM and Synopsys worked together to develop a synthesizable ARM?7 core. Dave
was the ARM lead on the project; Mike’s team executed the Synopsys side of the
project. This led to a similar project on the ARM9.

Shortly after these projects, the two of us embarked on a series of technology demon-
stration projects. We both felt that we needed to use our products as our customers do
in order to understand how to make these products better. So we developed a test chip
that combined ARM and Synopsys IP and took it through to silicon. We did the RTL
design and verification personally, and borrowed resources to do the implementation.
The experience was incredibly illuminating, and we hope it contributed to improving
the IP and tools from both companies.

We quickly realized that low power was one of the key concerns of our customers,
and SoC designers in general. So we followed our initial project with several low
power technology demonstration projects. The final project was the SALT (Synopsys
ARM Low-power Technology demonstrator) project, for which we received working
silicon late last year. These projects explored clock gating, multi-voltage, dynamic
voltage scaling, and power gating. In all these projects we found that there is no sub-
stitute for direct first-hand experience doing low-power IP-based designs. We learned,
in the most concrete way possible, exactly what our customers go through on an SoC
design.

For years we have been talking about writing a book on low power design. With our
experience on the SALT project, our work with customers on low power designs, and
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our participation in developing the UPF low-power standard, we feel that we are
finally in a position to publish our insights and perspectives.

In doing so, we have enlisted the aid of our co-authors. The two of us are primarily
front-end engineers, with a background in system architecture and RTL design.
Kaijian and Rob bring a great depth of technical expertise in the physical and circuit
design aspects of low power. Alan has developed low power flows for the ARM pro-
cessors and did the implementation of SALT. As a result, he brings a unique perspec-
tive on the implementation issues in low power design.

We cannot overstate the contribution of our co-authors. Without their insights and
expertise - as well as the material they contributed directly - this book could not have
been written.

Like all our joint projects, this book was partly a formal joint project of the two com-
panies and partly (perhaps mostly) driven by the personal commitment of the authors,
aided and abetted by many others. We got considerable help from many people for
whom this was not part of their job description. These kind souls took time out of
their busy schedules, including evenings and weekends, to help us at every step of our
journey, from the first joint chip development to the completion of this book. They
helped in the architecture, design and tape out of test chips, the building and debug-
ging of boards, and the review and editing of the final manuscript.

It is impossible to list them all, but we list some of the many who contributed to this
effort: Anwar Awad, John Biggs, Pin-Hung Chen Sachin Rai, David Howard, and
Sachin Idgunji.

wé would also like to thank the staffs of TSMC and UMC for fabricating the technol-

ogy demonstrators and enabling us to derive the results referenced in the worked -

examples.
Dave Flynn Mike Keating
Cambridge, UK Palo Alto, CA
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CHAPTER 2 Standard Low Power
Methods

There are a number of power reduction methods that have been used for some time,
and which are mature technologies. This chapter describes some of these approaches
to low power design.:

® Clock Gating

® Gate Level Power Optimization
¢ Multi-Vpp

® Multi-Vp

2.1 Clock Gating

A significant fraction of the dynamic power in a chip is in the distribution network of
the clock. Up to 50% or even more of the dynamic power can be spent in the clock
buffers. This result makes intuitive sense since these buffers have the highest toggle
rate in the system, there are lots of them, and they often have a high drive strength to
minimize clock delay. In addition, the flops receiving the clock dissipate some
dynamic power even if the input and output remain the same.

The most common way to reduce this power is to turn clocks off when they are not
required. This approach is known as clock gating.

Modern design tools support automatic clock gating: they can identify circuits where
clock gating can be inserted without changing the function of the logic. Figure 2-1
shows how this works.
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Figure 2-1 Clock Gating

In the original RTL, the register is updated or not depending on a variable (EN). The b
same result can be achieve by gating the clock based on the same variable.

If the registers involved are single bits, then a small savings occurs. If they are, say,
32 bit registers, then one clock gating cell can gate the clock to all 32 registers (and
any buffers in their clock trees). This can result in considerable power savings.

e

In the early days of RTL design, engineers would code clock gating circuits explicitly
in the RTL. This approach is error prone — it is very easy to create a clock gating cir-
cuit that glitches during gating, producing functional errors. Today, most libraries
include specific clock gating cells that are recognized by the synthesis tool. The com-
bination of explicit clock gating cells and automatic insertion makes clock gating a
simple and reliable way of reducing power. No change to the RTL is required to
implement this style of clock gating.

— il G . St Des

Results

In a recent paper [1], Pokhrel reports on a unique opportunity his team recently hadto
compare a (nearly) identical chip implemented both with and without clock gating. ,
As a power reduction project, an existing 180nm chip without clock gating was re- -

N P = ]
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implemented in the same technology with clock gating. Only minor changes in the
logic were implemented (some small blocks were removed and replaced by other '
blocks, for a small net increase in functionality).

Pokhrel reports an area reduction of 20% and a power savings of 34% to 43%,
depending on the operating mode. (This savings was realized on the clock gated part
of the chip; the processor was a hard macro and not clock gated. Power measurements
were made on the whole chip when the processor was in IDLE mode; that is, the pro-
cessor was turned off.) The power measurements are from actual silicon.

The area savings is due to the fact that a single clock gating cell takes the place of
multiple muxes.

Pokhrel makes a couple of interesting observations:

o After some analysis and experiments, the team decided to use clock gating only on
registers with a bit-width of at least three. They found that clock gating on one-bit
registers was not power or area efficient.

° Much of the power savings was due to the fact that the clock gating cells were
placed early in the clock path. Approximately 60% of the clock buffers came after
the clock gating cell, and so had their activity reduce to zero during gating.

2.2 Gate Level Power Optimization

High Activity
Net

High Activity High Power Input Low Activity Net

Net ~“_ A |
Low ~ High
Activity Net /V Activity Net

Low Power Input

Figure 2-2 Examples of Gate Level Optimizations

|
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In addition to clock gating, there are a number of logic optimizations that the tools
can perform to minimize dynamic power. Figure 2-2 shows two of these optimiza-
tions.

At the top of the figure, an AND gate output has a particularly high activity. Because
it is followed by a NOR gate, it is possible to re-map the two gates to an AND-OR
gate plus an inverter, so the high activity net becomes internal to the cell. Now the
high activity node (the output of the AND gate) is driving a much smaller capaci-
tance, reducing dynamic power.

At the bottom of the figure, an AND gate has been initially mapped so that a high
activity net is connected to a high power input pin, and a low activity net has been
mapped to a low power pin. For multiple input gates there can be a significant differ-
ence in the input capacitance - and hence the power - for different pins. By remapping
the inputs so the high activity net is connected to the low power input, the optimiza-
tion tool can reduce dynamic power.

Other examples of gate level power optimization include cell sizing and buffer inser-
tion. In cell sizing, the tool can selectively increase and decrease cell drive strength
throughout the critical path to achieve timing and then reduce dynamic power to a
minimum.

In buffer insertion, the tool can insert buffers rather than increasing the drive strength
of the gate itself. If done in the right situations, this can result in lower power.

Like clock gating, gate level power optimization is performed by the implementation
tools, and is transparent to the RTL designer.

2.3 Multi Vpp

Since dynamic power is proportional to VDDZ, lowering Vpp on selected blocks helps
reduce power significantly. Unfortunately, lowering the voltage also increases the
delay of the gates in the design.

Consider the example in Figure 2-3. Here the cache RAMS are run at the highest volt-
age because they are on the critical timing path. The CPU is run at a high voltage
because its performance determines system performance. But it can be run at a
slightly lower voltage than the cache and still have the overall CPU subsystem perfor-
mance determined by the cache speed. The rest of the chip can run at a lower voltage
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still without impacting overall system performance. Often the rest of the chip is run-
ning at a much lower frequency than the CPU as well.

CACHE RAMS
1.2V

ji SOC

0.9v
CPU —

1.0V

Figure 2-3 Multi-Voltage Architecture

Thus, each major component of the system is running at the lowest voltage consistent
with meeting system timing. This approach can provide significant savings in power.

Mixing blocks at different Vpp supplies adds some complexity to the design — not
only do we need to add IO pins to supply the different power rails, but we also need a
more complex power grid and level shifters on signals running between blocks. These
issues are described in more detail later in the book.

2.4 Multi-Threshold Logic

As geometries have shrunk to 130nm, 90nm, and below, using libraries with multiple
V1 has become a common way of reducing leakage voltage.

Figure 2-4 shows the relationship between delay and leakage for a 90nm process.
Figure 2-5 shows some representative curves for leakage vs. delay for a multi-Vp
library. As explained earlier, sub-threshold leakage depends exponentially on V.
Delay has a much weaker dependence on Vr.

Many libraries today offer two or three versions of their cells: Low Vr, Standard V-,
and High V1. The implementation tools can take advantage of these libraries to opti-
mize timing and power simultaneously.
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Figure 2-5 Leakage vs. Delay for a 90nm Library

It is now quite common to use a “Dual Vy” flow during synthesis. The goal of this
approach is to minimize the total number of fast, leaky low V- transistors by deploy-
ing them only when required to meet timing. This usually involves an initial synthesis
targeting a primary library followed by an optimization step targeting one (or more)
additional libraries with differing thresholds.

Usually there is a minimum performance which must be met before optimizing
power. In practice this usually means synthesizing with the high performance, high-
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leakage library first and then relaxing back any cells not on the critical path by swap-
ping them for their lower performing, lower leakage equivalents.

If minimizing leakage is more important than achieving a minimum performance then
this process can be done the other way around: we can target the low leakage library
first and then swap in higher performing, high leakage equivalents in speed critical
areas.

2.5 Summary of the Impact of Standard Low Power
Techniques

Table 2-1 provides a brief summary of the cost/benefit of the techniques described in
this chapter.

Table 2-1

Tech- Power |Timing |Area Impact: |Impact: |Impact: [Impact:
nique Benefit |Penalty |Penalty |Architec-|Design |Verifica- |Place &
ture tion Route

Multi Vt [[Medium |Little Little Low Low None Low

Clock

Gating Mediom |Little Little Low Low None Low

Multi

Voltage Large Some Little High Medium |Low . |Medium

References

1. Pokhrel, K. “Physical and Silicon Measures of Low Power Clock Gating Success:
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CHAPTER 7 A Power Gating Example

The SALT technology demonstrator project provided a platform for testing the
approaches to power gating and state retention described in this book. In this chapter
we give some more details on the system design and RTL coding for this project.

The SALT chip is implemented in 90nm generic technology and contains an ARM
processor, an AMBA bus and set of peripherals, and a Synopsys USB OTG digital
core and PHY. The ARM core and the USB core are independently power gated. The
ARM core uses full state retention; the USB uses partial state retention. Both the
ARM core and the USB use switching fabrics of header switches; thus they switch
VDD and use a common ground (VSS).

In this first section, we describe the power gating design for the processor. Figure 7-1
on page 86 shows a simplified block diagram of the SALT chip.

7.1 Leakage Modes Supported

Most battery-powered processor based designs have to deal carefully with the balance
between performance (to support product features) and low power (to support long
battery life). The performance requirement steered us to a higher performance, leakier
process. To maintain long battery life, we needed to provide aggressive leakage man-
agement.
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Figure 7-1 SALT Block Diagram

For the SALT project, the processor uses four low-power modes. In all modes, the
power controller generates a SLEEP signal to enter the low power mode and the
WAKE signal to exit. In order of increasing leakage savings — and increasing time to
power up and power down — the modes are:

e HALT: SLEEP turns off the clocks to the processor, WAKE restarts the clocks.
Power remains on.

e SNOOZE: SLEEP initiates power gating with state retention; power is switched
off to the processor itself, but the cache memory remains powered up. WAKE ini-
tiates the power up and restore sequence; power is brought up as fast as safety
allows.

e HIBERNATE: SLEEP initiates a sequence of scanning the processor’s internal
state to external memory; the VDDCPU power rail is then switched off. WAKE
causes the power rail to be switched back on, and the scan chains are used to
restore the internal state of the processor. A 32-bit AMBA-based bus is used to
write to and read from an external memory. A 32-bit CRC provides integrity
checking. The CRC is saved along with the scanned data and used to protect
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against restarting with corrupted state. Note that VDDCPU provides power to the
processor logic, not cache. So in HIBERNATE mode, only the processor is pow-
ered down; the cache memory remains powered up.

e SHUTDOWN: SLEEP initiates the same power down sequence as in Hibernate,
but now both the processor and the cache have their external power supplies
turned off. Explicit code must be called to write back any dirty data in the cache
memories before both the VDDCPU and VDDRAM supplies can be power-rail
switched. This mode is the only mode not transparent to the operating system.

In addition to these modes, the SALT chip provides active leakage reduction through
externally managed threshold scaling. This threshold scaling is done using back-bias
control. Both P- and N-wells for the CPU standard cell area are brought out to the
chip’s pins. This enables experimental analysis of delay and leakage power character-
istics as the bias is varied.

Using this well-biasing scheme, we defined three operating modes:

¢ NORMAL: with standard well-bias
e TURBO-RUN - with the wells forward biased for increased speed
e POWERSAVER-RUN — with the wells reversed biased for reduced leakage

The power controller is designed to ensure that well-bias voltages are only changed
while the design is static and un-clocked. Any change between “normal” and back- or
forward biased modes of active power management go through one of the HALT,
SNOOZE, or HIBERNATE states. Figure 7-2 on page 88 shows the state diagram for
the power modes.
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Figure 7-2 Power States for SALT

7.2 Design Partitioning

The RTL design is partitioned to allow the three primary power supplies to be mapped
to the RTL design:

¢ VDDSOC is the “always-on” supply that powers the entire chip except the pro-
cessor and its cache.
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e VDDRAM is an external switched power rail that supplies the Cache and MMU
RAMs.

e VDDCPU is an external switched power rail that supplies the CPU standard cell
area.

VDDSOC provides power to the digital side of the PLLs, the clock generators and the
power management control blocks, plus all the real-time peripherals. These peripher-
als include a real-time clock and timers; these can generate wake-up events as part of
their interrupt service requests.

VDDSOC also provides power to the USB OTG subsystem. The USB is power gated
though its own power switching fabric using a separate power controller.

Using a separate power supply (VDDRAM) for the cache accomplishes several
objectives: it allows the CPU to be powered down while keeping the cache powered,
allowing faster restore. It allows the CPU and cache to be powered down while keep-
ing the peripherals of the chip powered up. These peripherals control the wake up of
the CPU — upon detecting an interrupt, the interrupt controller signals the power con-
troller to power up the CPU. Finally, using a separate cache power supply allows
development of detailed leakage and active power consumption profiles, so that we
can determine the minimum operating voltage for the cache memory and the mini-
mum voltage that assures that the cache retains is contents during CPU shut-down.

Similarly, using a separate supply (VDDCPU) for the CPU logic allows detailed leak-
age and active power consumption profiles to be measured as well as the time and
energy cost to get in and out of each power saving state. Figure 7-3 shows the parti-
tioning of the SALT chip.
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I Since the original SALT design, the CPU sub-system has been re-implemented to
I improve design re-use. The Bus Interface Unit and the Power-Gating Controller are
now integrated into a “VDDSOC” region within the CPU. This integration signifi-
cantly reduces the number of signals — and blocks — that the SoC design team has to
Wi deal with when integrating the ARM core into the chip.

! Although this makes the 3-supply-rail CPU subsystem slightly more complex to
] “"; implement, the timing and internal power gating and isolation interfaces are now all

‘ abstracted away from the top-level SOC design. Any changes or enhancements to the
| low-power states supported by the IP block are independent of the top level system

design.

Figure 7-4 shows the re-partitioned CPU subsystem.
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Figure 7-4 Re-Partitioned CPU Subsystem

Power Gating control and handshakes

The CPU power-gating control system manages:

e the interfaces to the external power supplies for hibernate and shutdown modes

o the bus-clock synchronous scan clock pulses for hibernation-mode save and

restore.

o local header-switch power gating control for snooze mode

e isolation and state retention for snooze mode

o the handshake with the system clock generator to switch CPU clock frequencies

for the different run modes

One of the goals of the SALT project is to develop a methodology that supports a
wide range of library components and current in-rush management techniques. To do
this, the CPU power controller uses a request-acknowledge handshake for every con-

trol signal: power gating, isolation, save, restore and reset.

kad
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All the acknowledge signals are treated as asynchronous to the controller clock, and
have local synchronizers to the state machine clock domain.

This approach ensures that the design is free of locally coded delays or counts. It also
allows the acknowledge signals to be tied directly to the requests for some implemen-
tations or built as true handshakes. In the current SALT implementation, the acknowl-
edges for isolation, save and restore, and reset, are all tied to their respective requests;
as implemented, these functions are all very fast and require no delay in sequencing.

The power gating control of the header switches uses a true acknowledge. The power
down request is daisy chained through the header switches, so that the acknowledge
that arrives back at the controller has a delay equivalent to the switching time of the
whole fabric.

A couple of additional design notes:

e After asserting reset, the initialization (power on reset) sequence pulses the
save/restore signaling to flush out any X-s from the shadow retention flops. This
may be useful when running functional test programs or vectors on the gate level
netlist.

o All timing-dependent state machine transitions include a holding term that waits
for the output asserted in that state to be acknowledged in order to maintain the
timing-independent request/acknowledge sequencing

e The power-gating assertion and de-assertion use a request-acknowledge hand-
shake.

e In the SALT project there are extra diagnostic control inputs to control the switch
fabric which allow the power gating to be soft-sequenced or forced fully on and
off, and only the power-gating acknowledge input to the state machine is used to
determine when power is safely restored.

7.3 Isolation

The SALT project uses several different isolation techniques. The initial version of
SALT was done before there was tool support for automatically inserting isolation
cells. As a result, we manually inserted these cells in the RTL.

The interface between the CPU and cache is particularly timing critical, requiring
careful design and timing analysis. We put isolation cells on all of the outputs from
the CPU to the cache, but placed them in the cache’s VDDRAM region. This was
convenient in the SALT design because the cache is always powered up, making
power routing to the isolation cells simpler.

E
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The VDDRAM region has input isolation cells instantiated as “Generic Library
Cells.” These are just RTL wrappers that can be mapped either to behavioral simula-
tion models or to technology-specific clamp cells from the “Power Management Kit”
for the standard cell library. This approach provides explicit instantiation of the cells
on the many critical path signals, including clocks and resets, into the memories from
the CPU core logic. Instantiating these cells in the RTL provides clean visibility of the
clocks and critical signals that need to be managed carefully in the implementation
flow. Clock balancing across isolation cells is not straightforward; isolation cells typ-
ically limit the flexibility the clock buffering tools in restructuring the buffer trees.

The outputs from the CPU to the Bus Interface Unit are isolated by cells placed in the
CPU — that is, in the VDDCPU region. These output isolation cells pull-down all out-
put signals at the AMBA bus interface in Snooze mode (local power gating), to guar-
antee clean SOC interface signals.

However when the CPU rail is switched off (Hibernate mode) these isolation cells
lose their VDDCPU power and the outputs could again float. To address this problem,
simple bus repeater or hold cells were added in the VDDSOC domain to clamp these
outputs while avoiding any further gate delays. In addition, the isolate control signal

from the power controller drives reset in the bus interface module to force logic-0
clamping of all bus interface protocol signals.

The power controller generates a single isolate control signal, but it is routed as two
separate signals. On copy goes to the cache RAM without going through the CPU
region, and one copy goes to the CPU without going through the cache. When
VDDCPU has its power rail shut down during hibernate, the isolate signal for the
cache is still powered up since all the buffers in its path are powered by VDDSOC or
VDDRAM. Thus, the inputs of the cache are protected from floating signals (and data
corruption) during hibernate.

The USB OTG block uses the alternative of instantiated AND gate cells in the RTL
with suitable “don’t-touch” attributes added to prevent logical optimization across
these isolation boundaries. During synthesis we force these AND gates to be mapped
to cells that do not crowbar with one floating input (as long as the other input is low).

All of the isolation cells in the SALT design were instantiated using a generic, tech-
nology-independent wrapper module. For hand instantiated cells, this provides a
degree of design portability and enables simulation before a specific technology
library has been selected.

The initial version of the SALT chip instantiates isolation cells in the RTL as
described above. In a subsequent version, we use EDA tools to implement the isola-
tion cells without modifying the RTL. The re-partitioning of the CPU subsystem to
include VDDSOC also eliminates the need for bus repeater cells for the AMBA bus
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interface signals. Now the isolation cells get power from VDDSOC, which is always
on. Thus, a single set of isolation cells is used to isolate the bus interface signals.

With the UPF-defined simulation semantics, it is possible to instantiate and simulate
isolation cells by issuing a UPF tcl command (set_isolation); no hand instantiation or ]
generic wrappers are required.

7.4 Retention

The SALT project incorporated several retention techniques to allow comparison and
analysis of the area/time/energy cost functions for each technique on the same silicon.

The CPU uses full state retention. Given a fully validated CPU core, retaining every
register bit state is the only safe approach to ensuring that the processor can be
restarted with arbitrary control and data state. To retain only the architectural state,
and use reset signal for non-architectural state, would require a serious verification
project.

A key concern of any power gating design is to assure that retention registers do not
get corrupted during the power down/power up sequence. On SALT we added a non-
real-time diagnostic mechanism to the power control sequencing. It uses the “Hiber-
nate” scan functionality to check-sum and save to external memory the contents of the
all the shadow registers after the SAVE operation and then checksum and save the
entire register contents after the RESTORE operation. These can then be compared to
detect any corruption of the retention registers during power sequencing.

This approach allows error analysis for both random and location sensitive problems
and the efficacy of the soft-start power gating sequencing in limiting in-rush current.
This also turned out to be a valuable way of quantifying the safety margins of the
retention flops and allowed them to be subjected to thermal and voltage shocks while
in retention mode.

On the other hand the USB OTG core uses partial retention. The core is partitioned
with persistent USB end-point data held in the Control and Status Register (CSR)
block, while the Protocol Interface Engine (PIE) block contains only protocol state.
Data for the current transaction is held in a RAM-based FIFO. During power down,
the USB waits for the current transaction to finish, so the FIFO is empty. It then saves
all the state of the CSR, using the standard retention register technique. On power up,
the CSR has its state restored, and a reset is issued to the PIE. This resets the protocol
engine, and it is ready for the next transaction.

The USB power gating design is discussed in more detail in Chapter 8.

i
i
i
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7.5 Inferring Power Gating and Retention

mﬂwSAHFm@%Lwemeamwmmnmgmwcdhmmasmy&Mnammﬂmcmb
trol save and restore in an edge-triggered manner. Retention state is captured on the
falling edge of an active-low NRETAIN signal and restored on rising-edge of the
same NRETAIN:

Building on the same worked example described in Chapter 5 we can modify the UPF
to show this retention behavior as follows:

set retention_control my retention_ strategy
-domain my power_domain
-save signal {NRETAIN negedge}
_restore signal {NRTAIN posedge}

Or, if we are using a simulator that does not support UPF, we can modify the RTL to
show retention behavior as follows:

~ifdef RTL PG_EMULATE
reg [3:0] state_SAVE = 4" DXXXX;
wire PWR;
assign PWR = pwr_req & pwr_ack;
“endif

always @ (posedge clk or negedge nrst
~ifdef RTL_PG_EMULATE
or negedge PWR or negedge NRETAIN

“endif

) begin

~ifdef RTL_PG_EMULATE
if (!PWR)

current state <= 4 'bXXXX;
else if (!NRETAIN)
current state <= state_ SAVE;
else
“endif

if (!nrst)
current state <= 4'p0101;
else
current state <= next_state;
end

_akd
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“ifdef RTL PG_EMULATE

always @ (negedge NRETAIN)
state_ SAVE <= current_ state;

“endif

7.6 Measurements and Analysis

We evaluated the SALT project silicon to understand the power gating and state reten-
tion improvements to leakage power, and the effect of the switching fabric on the
functional performance.

Figure 7-5 shows the basic evaluation of the dynamic and leakage power as measured
for both the cache memories and the standard cell logic for the ARM926EJ CPU sub-
system stepping the power supply in 10% steps from 110% of nominal down to 70%
of nominal. For this 90nm Generic process technology the nominal supply voltage is
1.0V.
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Figure 7-5 Power Measurements for SALT

The measurements are at the circuit board level — before any package/bond-wire/on-
chip IR drop and the power gating fabric itself — so are very reasonable for “typical”
silicon at room temperature.

The worst-case timing sign-off target frequency for the CPU design was 300MHz.
The first three measurements show the dynamic power with the CPU operating at
300MHz, 200MHz, and 100MHz respectively.

The “ClkGate” measurements reflect the baseline leakage when the clock for the
entire CPU is gated off.

The “SRPG” (Save Restore Power Gating) measurements are the leakage during
power gating. Thus it reflects the leakage of the switches, the retention latches and the
always-on control buffer trees, and in this case also includes the baseline leakage for
the cache memories that are not power-gated.
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Figure 7-6 shows the measured leakage power for the power-gated “VDDCPU”
power domain across the temperature range of key interest for battery-powered
products. The vertical scale is plotted logarithmically:
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Figure 7-6 Leakage Power on SALT

The upper curve plotted is the baseline leakage when the clocks are stopped. The
lower curve is the measured leakage power with State-Retention Power-Gating.
Across the entire temperature range the leakage power savings are more than 10-fold
and greater than 25-fold around room temperature.

Figure 7-7 shows the measured leakage power for not only the power gated standard
cell logic but also the cache memories, which were not available with power-gating
for this project:
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Figure 7-7 Leakage vs. Temperature

The upper curve is the baseline total leakage for the CPU subsystem (logic plus
RAMs) and the lower curve shows the power with the logic portion power gated with
state retention.

The leakage power of the RAM now dominates the leakage power but there is still a
factor of two leakage power saving for the CPU subsystem. With integrated power
gated RAMs the savings could be improved to closer to those achieved for the logic
portion.

Figure 7-8 on page 100 shows the detailed comparison of the leakage power savings
of state retention relative to the baseline leakage. The ratio of baseline leakage to
SRPG leakage is plotted, on a linear scale, to show how this characteristic varies
across the temperature range.
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SALT90G CPU SRPG Savings with Temperature
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Figure 7-8 Leakage Savings vs. Temperature

The deterioration of the savings at the high end of the temperature range can be
explained by the leakage behavior of the High-V 1 switches. The very best power-gat-
ing leakage power saving for this particular design and technology was achieved at
35C.

In summary, power gating techniques when applied to standard-cell logic produced
leakage power savings of between 10x and 25x over the baseline leakage. Because
cache memories are typically tuned for performance and so exhibit a fairly high leak-
age power, these too benefit from leakage reduction techniques. This topic is
addressed in Chapter 12.

The SALT technology demonstrator has been an effective vehicle for developing
State-Retention Power-Gating techniques and methodologies and for analyzing the
costs and benefits of power gating on a 90nm process. These techniques and method-
ologies will be highly appropriate at 65nm and below.

et b = e e | e o e e m e RO {
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CHAPTER 11 Implementing Multi-
Voltage, Power Gated
Designs

This chapter describes the implementation of designs that use power gating and multi-
voltage techniques. It highlights the areas in the implementation process that are spe-
cific to multi-voltage and power gating designs.

To illustrate the implementation process, we use a multi-voltage power gated
ARM1176JZF-S microprocessor as an example design.

The ARM1176JZF-S integrates a number of technologies including power gating and
dynamic voltage scaling. It employs the IEM techniques described in Chapter 9; it
dynamically monitors and predicts the performance requirements of multiple applica-
tions, and tunes the processor’s operating voltage and frequency to match the require-
ments. These techniques reduce the processor’s energy consumption by 25% - 50%.
In order to exploit this IEM technology, the ARM1176JZF-S processor has been
architected for a low power implementation.

The ARM1176JZF-S is illustrated in Figure 11-1 on page 156 and consists of a cache
sub-system, central core CPU, memory management sub-system and AXI interface.
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ARM1176 JZF-S
DEBUG VECTOR COPROCESSOR
INTERFACE FLOATING POINT INTERFACE
ARM11
INTEGER
# CORE
INSTRUCTION DATA
CACHE CACHE
MEMORY
MANAGEMENT
UNIT
AMBA AXI BUS INTERFACE
INSTRUCTION DATA DMA PERIPHERAL
PORT PORT PORT PORT

Figure 11-1 ARMI1176JZF-S Synthesizable Applications Processor

There are three power domains within the ARM1176JZF-S

® An always-on power domain (VSOC) containing the logic that interfaces to the
SoC through the AXI interface. The logic in this power domain also manages the
asynchronous mode of the processor when performance scaling is employed.

e A shutdown power domain (VCPU) that contains all of the core CPU logic. This |
power domain can operate at multiple voltages and can also be powered down.

® An always-on power domain (VRAM) that contains the cache memory instances.
Typically, memory cannot be scaled to the same degree as standard cells and dur-
ing voltage scaling the VRAM and VCPU power domains need to be scaled inde-
pendently. Also, when VCPU is shutdown, the VRAM power domain can be
placed into retention. However, as discussed earlier in this book, if the cache is
placed into retention state during sleep then the wake-up from sleep will take
longer since the time for the power supply to the memories to stabilize will need to
be factored into the wake-up time.

Figure 11-2 below shows the basic structure of the ARM1176JZF-S from a power
domain perspective.

j
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Figure 11-2 ARMI1176JZF-S Multi-voltage, power gated design

VSOC always operates at full voltage — the same voltage as the logic sitting on the
AXI bus externally to the processor. The VCPU power domain can operate at a num-
ber of voltages and can be shutdown. VRAM operates at the same voltage as VSOC
or is placed into retention if VCPU is shutdown. Placing a memory into its retention
state typically means stopping the clock(s), disabling the memory and reducing its
supply voltage to the retention voltage.

To implement this design, we use an implementation process that allows for the logi-
cal and physical partitioning of multiple power domains with multiple voltage levels.
The implementation process also supports the insertion of level shifters, isolation
cells, and retention flops. We will also provide power switching networks for the
VCPU power domain. As we proceed with the implementation, we pay particular
attention to management of voltage drop, impacts on timing from our multi-voltage
partitioning and the electrical integrity of our design, particularly at the power domain
interfaces.

For the discussion in the rest of this chapter, we introduce two definitions:

A Power Domain is a logical entity and is a collection of design elements that share a
primary power supply.

A Voltage Area is a physical entity that represents a geographic area of the chip that is
used to place the logic within a given power domain. It is possible for a power domain
to have a number of disjoint voltage areas depending on the nature of the chip. How-
ever, in the discussion that follows, it is assumed that there is a one to one relationship
between a voltage area and a power domain.
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Power domains are created during the synthesis phase; the voltage areas (physical
realizations of the power domains) are created during design planning and managed
throughout the rest of the flow. Levels shifters, isolation cells and retentions registers
are inserted into the design as early as possible so that their impacts to both timing
and the physical design can be considered. Clock tree synthesis and design for test
must also be power aware.

11.1 Design Partitioning

Partitioning a design into separate power domains introduces new interfaces between
each power domain. These added interfaces may contain isolation cells and level
shifters. Thus, the specific partitioning can have a significant impact on the overall
performance of the design.

The job of partitioning a design into power domains is a joint responsibility of the
system architect(s), RTL designer(s), and implementation engineer(s). Between them
they understand the target application, the power and performance objectives, and the
limitations of the target technology.

11.1.1 Logical and Physical Hierarchy

When mapping the logical hierarchy to power domains, we want to assign hierarchi-
cal functional units in their entirety wherever possible. Synthesis engines operate top
down on a cell in the hierarchy and the best Quality of Results (QoR) is achieved if
the entire hierarchy can be manipulated under the same goals and constraints.

Gathering up various hierarchical cells from different levels of the design and assign-
ing them to power domains can make timing closure significantly more difficult. |

Figure 11-3 shows the logical hierarchy of the ARMI1176JZF-S after some logical
grouping of top level modules in preparation for a low power implementation.
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Figure 11-3  Alignment of power domain to logical hierarchy

In this example, we map the entire CPU to the VCPU domain, the whole cache —
logic and RAMS — to the VRAM power domain, and the AXI bus to the VSOC
power domain.

This partitioning meets several objectives:

e In some power modes, we power gate the CPU, but keep the cache powered up to
enable a fast restart.

e For multi-voltage, we will operate the CPU at several different voltages, depend-
ing on work load. But in many technologies there is not enough headroom to run
the cache RAMs at these lower voltages.

By maintaining a high correlation between the power domain structure and the logical
hierarchy we can minimize the number of signals that cross the power domain inter-
faces. This minimizes the amount of logic we need to introduce to maintain electrical
integrity. This in turn minimizes the QoR impact to our design and makes physical
implementation easier.

For the same reasons, we have implemented the minimum number of power domains
required to meet our low power objectives. Creation of unnecessary power domains
makes the implementation process more complex and can negatively impact QoR.
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11.1.2  Critical Path Timing

In most designs, the critical paths are known, predictable and well understood. During
design partitioning for low power, we need to minimize the impact on these critical
paths and make sure we do not create any new critical paths.

In our case, we have a cached microprocessor, where the critical paths are through the
interfaces between the cache system and the CPU logic. However, in a multi-voltage,
power gated implementation, we have placed the CPU logic and the cache memory in
separate power domains. Our already critical memory interface paths are further
impacted by the addition of level shifters and/or isolation logic.

These level shifters and isolation cells will be placed in dedicated geographic areas in
the floorplan (voltage areas) that impose additional hard constraints on any optimiza-
tion. This additional interface logic and restriction in optimization may create critical
paths in the design that are not desirable.

This is also true for off-chip interfaces. Any logic in the design that is operating at a
voltage level different to that of the 10 will need to be level shifted prior to the 10
interface thereby adding additional delay to these off-chip paths.

When partitioning a design into multiple power domains we also need to avoid the sit-
uation where logic in always-on blocks is dependant on state set in powered down
blocks.

Investing the time to architect power domains carefully can help minimize the impact
on physical design and system timing.
Recommendations:

® Ensure that the power domain hierarchy aligns with logical hierarchy where possi-
ble

e Pay particular attention to the critical path timing in the design — especially around
power domain interfaces

11.2 Design Flow Overview

As show in Figure 11-4, the design flow for a multi-voltage, power gating design fol-
lows that of a standard implementation with a few exceptions.

|
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Figure 11-4 Design Flow Overview

Primarily, the differences between the standard design flow and that for a multi-volt-
age, power gated design are:

Specification of the power intent

Creation of power domains during synthesis

State retention synthesis with always-on network management
Multi-voltage physical design partitioning and the addition of MTCMOS switch

cells

Multi-voltage power network synthesis for MTCMOS power gating during power

planning phase

Early power network analysis to validate power gating switch topology
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® Multi-voltage placement optimization including level shifter and isolation cell
optimization
® Multi-voltage clock tree synthesis and optimization

® Intensive post route power network analysis with power-up sequencing verifica-
tion

11.3 Synthesis

Logic synthesis is the process by which we map a generic RTL representation of the
design to a target technology. In low power designs, we include the power intent — the
specification of power domains, isolation, and so on — at synthesis so that optimiza-
tion includes the effects of these added circuits. We can view the logic synthesis of a
multi-voltage power gated design as simply a low power overlay to the typical logic
synthesis process.

11.3.1 Power Intent

This power intent describes the power domains in the design and defines how power
is distributed to the various power domains. It defines where level shifters, isolation
cells and retention flops are required. It describes how power is switched on and off to
the various power domains.

Power intent can be captured in several ways

® Through explicit definition in the RTL by hand instantiating the level shifters, iso-
lation cells, etc.

® Through explicit definition in the RTL by using HDL pragmas.

® Through the use of tool-specific commands.

® Through the use of a accompanying power file in a standard format such as the
Unified Power Format (UPF).

For the purposes of the discussion here, we will use the UPF format.

11.3.2 Defining Power Domains and Power Connectivity

In UPF, power domains are specified with the following command.

create_power_domain domain_name
[-elements /is?]
[-include_scope]
[-scope instance_name]
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Where:
domain_name Identifies the new power domain
-elements /ist Indicates which elements are in the domain.
-include_scope Indicates that the scope of the domain should be included

in the domain.
-scope inst_name specifies that the scope (instance) in which the power
domain is created. Default is the current scope.

As discussed previously, it is strongly recommended that the power domain hierarchy
align with the logical hierarchy where possible and that the elements list be a collec-
tion of hierarchical cells within the design.

11.3.3 Isolation Cell Insertion

Isolation logic must be inserted at the interfaces of power gated blocks such that the
logic in these blocks is isolated from the rest of the design during shutdown. Specific
isolation cells are typically used for this purpose and these cells are available in most
physical IP libraries today.

In UPF, isolation cells are specified by the following two commands:

set_isolation isolation_name
-domain domain_name
<-isolation_power_net net_name | -isolation_ground_net net_name |
-isolation_power_net net_name -isolation_ground_net net_name |
-no_isolation>
[-elements /is?] [-clamp_value <0 | 1 | latch | Z>]
[-applies_to <inputs | outputs | both>]

Where:

isolation_name specifies the isolation strategy name.

domain_name is the name of the domain to which the strategy is to be applied.

-elements indicates which elements of the domain will have their interfaces
isolated.

net_name identifies the supply net(s) used to supply the isolation logic
inferred by this strategy.

-no_isolation does not isolate the port, pin, or design element specified in the
elements list.

clamp_value is the value to which the input or output shall be clamped. The
default is 0.

applies_to indicates whether the domain’s input ports, output ports, or both

are isolated. The default is outputs.

We recommend isolating all outputs from a shutdown block. These recommendations
can be met by using the default value for the applies_to and -elements.
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Having defined an isolation strategy for a shutdown block, we must now also define
how the isolation is controlled. The set_isolation_control command does this.

set_isolation_control isolation_name
-domain domain_name
-isolation_signal signal name
[-isolation_sense <high | low>]
[-location <self | parent | sibling | fanout | automatic>]

Where:
signal_name identifies the signal that causes the specified element to drive its
clamp value.
-location specifies where the isolation cells are placed in the logic

hierarchy. The default is automatic.

Location determines where the level shifters will be inserted:

® Self means in the module whose output is being shifted
® Parent means in the parent of the module whose output is being shifted

® Sibling means a new module is created at the same level as the module whose out-
put is being shifted. The shifters are put in this new module.

¢ Fanout means that the shifters will be place in all the destination modules of the
shifted signals.

® Automatic means that the tools are free to put the shifters in the appropriate loca-
tion.

There can be multiple styles of isolation cell each with specific requirements on
where they are placed and how they are power routed. Thus, we recommend that the
location of these cells be determined automatically by the synthesis tool based on the
nature of the isolation cell being targeted. The default value of automatic for the
—location switch accomplishes this.

11.3.4 Retention Register Insertion

Retention registers are synthesized automatically during the logic synthesis phase
once the retention style and associated attributes have been defined.
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In UPF, the state retention strategy and the specification of state retention control are
separated and are specified by the following commands.

set_retention retention_name
-domain domain_name
<-retention_power_net net_name | -retention_ground_net net_name
-retention_power_net net_name -retention_ground_net net_name>
[-elements /ist]

Where:
retention_name specifies the retention strategy name
domain_name specifies the domain for which this strategy is applied.
net_name identifies the supply net(s) used to supply “always-on” power to
the retention registers inferred by this strategy.
elements /ist indicates which objects in the power domain.

Selecting a subset of elements in a design which shall have their state retained during
shutdown is an architectural decision and should not be made during the implementa-
tion phase. Implementing partial state retention in a design must be a carefully man-
aged process to ensure that the design can come out of a sleep mode correctly. The
interaction and protocols between state retention functionality and the system reset
controls must be well defined and honored during wakeup.

Therefore, the list of elements provided to the set_retention command is an integral
part of the design architecture specification and should be identified prior to the
implementation phase.

Having defined the retention strategy it is now necessary to define the retention con-
trol network.

set_retention_control retention_name
-domain domain_name
-save_signal {{net_name <high | low | posedge | negedge>}}
-restore_signal {{net_name <high | low | posedge | negedge>}}

Where:
save_net identifies the signal that causes the register values to be saved
into the shadow registers.
restore_net identifies the signal that causes the register values to be restored

from the shadow registers.

The specific values for the options in this command are again related to the architec-
ture of the design and the specific retention registers available in the library.
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Note: The set_retention_control command also has optional arguments for defining
assertions about the save and restore signals to assist in verification. See the full UPF
specification of details on these arguments.

11.3.5 Level Shifter Insertion

Level shifters are inserted automatically during synthesis once the location and usage
rules have been defined.

In UPF, level shifters are specified by the following command:

set_level_shifter level shifter name
-domain domain_name
[-elements /ist]
[applies_to <inputs | outputs | both>]
[-threshold value]
[-rule <low_to_high | high_to_low | both>]
[-location <self | parent | sibling | fanout | automatic>]
[-no_shift]

Where:

level_shifter_name is the name of the level shifter strategy, which is
used by the tools for reporting.

domain_name is the name of the domain to which the strategy is
to be applied.

elements indicates which elements of the domain will have
their interfaces shifted. Default is all the
interfaces.

applies_to indicates whether to shift the (elements of the)
domain inputs, outputs, or both. The default is
both.

threshold defines the voltage, in Volts, for determining
when to insert level shifters. If the difference
between two domains is greater than the
threshold, level shifters are inserted. The default
is OV.

rule determines whether to insert level shifters for
interfaces that go from a lower voltage to a higher
one, a higher one to a lower one, or both. Default
is both.
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We strongly recommended that level shifters be used on all power domain interfaces
where an up shift is required, since this prevents crowbar currents and improves edge
rates and therefore timing.

In general, we recommend that level shifters be used on all power domain interfaces
where a down shift is required. It is safe to overdrive the input in the lower voltage
domain. However, the timing characteristics of the destination cell will assume a cor-
rectly driven input signal operating at the same voltages the output driver of the cell.
There will be an error in calculating the delay if a level shifter is not used.

Thus, we recommend -rule both.

The placement of the level shifters is important. The output driver for a level shifter
requires more supply current than the input stage. For this reason, we recommend
placing the level shifter in the destination domain — the domain that the level shifter
output drives. This assures a high quality power connection to the output stage of the
level shifter cell.

There are two ways to do this with the set_level_shifter command. We can say:

applies_to inputs
-location self

Or we can say:

applies_to outputs
-location fanout

There is no general, ironclad rule to prescribe the difference in voltage levels above
which level shifters are required. This decision is technology and library dependant.

In certain cases, when the voltage difference between the two power domains is less
than the threshold voltage then level shifters are not strictly required. However, when
making this decision, the tolerance of the power supplies should be considered. It may
be the case that when both power domains are being powered by ideal supplies that
the voltage difference is tolerable, however when worst case variation between the
power supplies is considered, the difference may be too great and level shifting
required.

Using the default -threshold of OV is a safe initial value. If timing across critical
interfaces becomes a problem, we can revisit this issue and specify a different value.

In any case, we do need to specify unambiguously which power domains are at what
voltage level, so the tools know where to insert level shifters. The UPF power state
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table constructs (create_pst and add_pst_state) provide an explicit mechanism to
specify voltage levels.

In the diagram below, a net is entering the VSOC power domain which is at a differ-
ent voltage from the cell driving this net. In this situation, the net must not be buffered
(in the SOC domain) prior to the level shifter. Otherwise we defeat the whole purpose
of using a level shifter. The requirement to avoid buffering of level shifter input effec-
tively forces the level shifter cells to be placed close to a power domain boundary.
Modern tools address these issues automatically.

Power Domain VSOC, 1.2v

Input net to
level shifter must
not be buffered

Functional Logic

Figure 11-5 Input Nets on Level Shifters are Protected

Recommendations:

® Define a comprehensive power intent for the design that can be implemented and
verified

® Define the power domains early and manage the power intent throughout the
entire design process

® Define isolation logic and state retention as part of the design description (in the
RTL or UPF file) to ensure full design verification

® Include isolation and state retention synthesis in the overall logic synthesis step —
not as an afterthought. The area and delay cost of isolation and state retention
should be an integral part of the overall cost function for the design.

¢ Ensure that all control networks for always-on logic (switch cells and retention
registers) are buffered using always-on buffers to ensure that they remain alive
during power down.

11.3.6 Scan Synthesis

As described in Chapter 5, low power designs pose special problems for scan testing.

The typical DFT challenges faced in multi-voltage design include:
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® Power aware architecture and reordering of scan chains

® Automatic insertion of level shifters and isolation logic on DFT signaling across
power domains

® Timing issues in scan chains that cross power domains operating at multiple volt-
age levels

e Intelligent routing of the scan enable signal(s) to minimize power domain crossing

Figure 11-6 shows the situation we want to avoid.
Scan
o Q o Cha|n1 [~ s ™ s™ o] [s* o [s™ 0 s™ o
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Q" s o%'s) o"s o s Chain 2 a*'s ae*s| o™ s
N o L 3 3l

Figure 11-6 Power Domain Mixing of Scan Chains

This situation, where scan chains cross power domains, can cause real problems. At
the least, level shifters and isolation cells may have to be inserted.

In the worst case, keeping all three power domains powered up during test is not pos-
sible. Since switching activity in scan mode can be much higher than in normal oper-
ation, scan testing with all domains powered up may exceed the max power for the
chip.

For these reasons, we need to make every effort to implement the scan chain structure
in a power aware style, where the scan paths are localized within each power domain.
The scan elements can then be reordered within the power domain during placement
optimization to minimize wire length. We also avoid requiring the clock skew on the
scan paths to be balanced across domains, which would add unnecessary complexity
in clock tree synthesis.

Figure 11-7 on page 170 shows another example of the difficulty in managing scan
chains across domains. Here a scan chain comes from power domain VCPU, which is
a power-down domain, and connects to Scan Flop 2. Since this connection did not
exist in the original design description, the path is not isolated and therefore addi-
tional isolation logic needs to be added. This may mean that we have to add more
UPF commands.
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Recommendations:

e Try to implement a scan strategy that is power domain aware — minimize the num-
ber of times scan chain(s) cross power domain interfaces to restrict the number of
isolation cells and/or level shifters.

e Scan chain reordering should also be power domain aware and where possible
scan chains should be reordered within the power domain only.

Scan Flop F2
Dig '@
Power Domain S|
VCPU Added G
Isolation
Scan Flop F1 Si
£ r Functional Logic
'TI Existing
Isolation

Figure 11-7 Additional Isolation Needed For Scan Chain Creation

11.3.7 Always-On Network Synthesis

When implementing any power gating design, we need to make sure that the control
signals from the power gating controller remain alive during shutdown. These control
signals include the controls for the power switches, isolation cells, and retention reg-
isters.

The networks of buffers that distribute these control networks are referred to as
always-on networks and must use only always-on buffers and inverters. These
always-on cells are very similar to their standard counterparts but are connected to the
always-on supply instead of the local switched supply. This ensures that the signals on
these control networks remain alive during shutdown.

In most EDA solutions available today, identification of these always-on networks is
fully automated within the synthesis process. Retention registers, isolation cells and
power supply switches have specific pins annotated with always-on attributes that
enable the synthesis of always-on networks. Similar attributes exist on specific buff-
ers and inverters in the library that the synthesis tool can then select to buffer these
networks.
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A basic power gated supply with state retention register is shown in the diagram
below. The control of the power gating switch (SLEEP) and the retention register con-
trol (RETN) are both buffered by always-on networks in the design. These pins are
connected to the power gating controller through a network of always-on buffers and
inverters that are connected to always-on power supply VDD. The local logic in the
design is connected to the switched power supply VVDD delivered by the power gat-
ing switch.

DD
SLEEP N CHE_ -
Y \\ Power Gating
Switch
VVDD
VDD VDDG
—D
RETAIN I:
e >——— RETN o—
PRl VSS
Retention
Register
VSS

Figure 11-8 Always-on Networks Required in Power Gated Designs

Although the synthesis and physical design tools understand always-on power rout-
ing, we still need to verify the always-on nets as part of Low Power Validation at the
end of the design process. The design and specification of these networks is complex;
they are usually inferred from the commands that specify the isolation and retention
strategies. It is easy to make a mistake in these commands but sophisticated rule-
based checkers can help spot any mistakes in this area.

11.4 Multi Corner Multi Mode Optimization with
Voltage Scaling Designs

It is commonplace in modern SoC designs to have a variety of functional modes. With
multi-voltage design we introduce a number of additional modes to the design,
including various performance levels and sleep modes, such as light sleep, hibernate
and complete shutdown. These additional modes need to operate at a number of dif-
ferent corners (process, voltage and temperature points). The combination of these
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multiple modes each operating at different corners can be termed as scenarios. During
the implementation process we need to both optimize and analyze the design for each
of these scenarios.

For a dynamic voltage scaling design, we are concerned with ensuring full device
operation at each of the various performance levels that are specified for the design.
Specifically, we need to ensure that as we scale the voltage in conjunction with scal-
ing the frequency that we have an optimal implementation at each supported combi-
nation of voltage and frequency. In a single voltage design, our worst case corner (for
setup) is usually at the lowest voltage, highest temperature and worst case process.
However, as we scale the performance levels in our design we may find that our worst
case corner is some intermediate combination of voltage and frequency that does not
reside at the edge of our operating window. Identification of this corner is important
and an integral part of the implementation process.

This process is managed in the EDA tools through the use of multi-corner, multi-
mode analysis. The designer can specify the modes of operation of the design and the
corners at which the design is to operate. The implementation tools use these scenario
specifications as constraint corners for optimization.

For the ARM1176JZF-S we intend to operate the design with varying voltage levels
applied to the VCPU domain. When we vary the voltage at which VCPU operates, we
also vary the clock frequency. Each of these modes, each of these combinations of
voltage and frequency, has a number of associated of timing corners representing
some variation in voltage, temperature and process. In addition, each of these modes
will have a set of associated timing constraints, unique to each corner, which the
implementation of the design must satisfy.

In using multi-corner, multi-mode techniques we need to get the best balance between
quality of results and the turn time for each pass of implementation. Specifying doz-
ens of operating modes and corners will likely result in enormous run times for the
implementation tools and will not necessarily yield the best quality of results. Speci-
fying a few well considered modes and corners for implementation followed by a
more comprehensive set of modes and corners for signoff is typically the best
approach.

Each defined mode needs to be accompanied with a comprehensive set of constraints
(SDC) that are used during both the implementation of the design as well as the
signoff.

We specify the constraints for the restricted set of scenarios at synthesis and carry
them through the entire implementation flow. We then use the constraints for the full
set of scenarios for signoff static timing analysis.
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11.5 Design Planning

The design planning process is critical to the implementation of a low power design.

It is during design planning that we are presented with the majority of challenges and ‘
have the greatest opportunity to adversely affect the QoR of the design if we are not

careful. Implementing a multi-voltage power gated design is going to impact the

resulting QoR. Degradation of QoR can be caused by a number of factors including:

e Reduced operating voltage for certain parts of the logic
e Added delay introduced by level shifters and isolation cells ‘
e Increased IR drop across switch networks in the power mesh

e Increased congestion caused by the use of switch cells and retention flops \
e Placement restrictions due to physically bounded voltage areas

The physical design phase of the implementation starts with a determination of the
overall topology of the design. Typically, the design topology will be governed by
many factors, most of which are not necessarily low power related. The location of
inputs and outputs for a design will be heavily influenced by the nature of the applica-
tion into which the design is to be placed. Similarly, the location of the memory sys- ‘
tem and other blocks of hard IP within the design will dominate the topology, thereby /
reducing the flexibility and degrees of freedom available to the designer.

We need to overlay the power intent on the physical design process such that we do
not limit the resulting QoR unnecessarily or place undue restrictions on the placement
optimization process.

11.5.1 Creating Voltage Areas

During design planning, we will be physically bounding our power domain with volt-
age areas. This will ensure that all logic that constitutes a specific power domain is "
placed close together, allowing power to be delivered to that logic more efficiently.

When architecting voltage areas, we need to try to optimize the relative location of
functional blocks and their communication with other blocks in the design. Where
possible, we want to route power consuming busses efficiently and avoid unnecessary
scenic routes around power domains. As with most design planning tasks, the creation
of a voltage area from a power domain will be an iterative process and will involve
identifying the best size and shape of the voltage area and how best to fit that voltage
area in the chip.

We determine the size and shape of the voltage area based on the performance
requirements of the logic and how densely it can be packed. Also, we consider the
type of logic that is to be placed - does the voltage area contain a number of hard IP
blocks that would present a significant challenge to the router if placed in the middle

A
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of the design? Would using rectilinear voltage areas with these types of power domain
help in the floorplanning process? We also need to make sure that voltage areas do not
overlap.

Since voltage areas by definition contain logic that employ differing power strategies,
care must be taken at the interface to these voltage areas to ensure that the voltage
domains are truly isolated. We recommend that each voltage area be surrounded by a
guard band providing some degree of physical isolation between the power domains.
Guard bands present a physical placement constraint for the voltage area and they
should be large enough to provide the necessary isolation but not so large that they
use up valuable silicon real estate and impact the QoR. Figure 11-9 on page 174
shows how the voltage areas may be created.

ARM1176JZF-S

Default
Voltage Area
for top level
power
domain VSOC
VCPU VRAM
Power Down Domain Always-on Domain
0.9v, 1.0v. 1.1v,1.2v 1.2v
A —

[

Guard Bands

Figure 11-9  Mapping of Power Domain to Voltage Area

As mentioned in Chapter 7, nesting of power domains is a logical concept and should
be avoided in the physical design. If they are absolutely required, care must be taken
to ensure that the physical bounds of the nested voltage areas are separate from the
voltage area of the parent power domain.

We also do not recommend splitting a power domain into multiple separate physical
regions on the chip. Although this is supported in most EDA tools today, having to do
this should prompt the designer to reconsider the desi gn partitioning.

Level shifters place specific constraints on design planning. For electrical integrity,
the level shifters need to sit as close to the boundary of a voltage area as is possible, as
they have input signal nets that are protected from buffering. Long un-buffered nets
can create timing problems in a design.
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When there are many signals between two power domains, the large number of level
shifters required can present a challenge. For example, power domains that provide
data on a number of wide data busses will naturally require large numbers of levels
shifters, all of which will be pulled as close to the physical boundary of the voltage
area as is possible. This can result in multiple site rows being consumed with level
shifters around the periphery of a voltage area, leading to degradation in QoR for
those nets that have their level shifter placed furthest from the boundary.

In these situations, it is recommended that power domains be floorplanned in such a
way as to align data busses across power domain boundaries and give as large a
dimension as possible to common interfaces. This will allow for spreading of the
level shifters, resulting in a smaller physical separation between the logic in each
power domain.

11.5.2 Power Gating Topologies

Where local power gating is employed, there are a number of alternative topologies
for the placement of the power gating switches. These are discussed in detail in Chap-
ter 14.

For most designs, including the ARM1176JZF-S, we use a grid design for the power
network. With modern tools, we have two options for specifying the placement of the
switches. We can specify an x and y increment, and the tool will place the switches
evenly throughout the network. Or we can give the tool a design goal (such as current
capability or IR drop) and the tool can do switch placement exploration and return
with a list of options for the designer.

The size and placement of the switches is critical in determining the IR drop across
the switch network. This in turn is critical in determining timing, since delay is very
power-supply dependent.

In UPF, power gating switch cells are specified by the following command

create_power_switch switch_name
-domain domain_name
-output_supply_port {port_name supply_net_name}
{-input_supply_port {port_name supply_net_name} }*
{-control_port {port_name net_name}}*
{-on_state {state_name input_supply_port {boolean_function}}}*
[-on_partial_state {state_name input_supply_port {boolean_function}}]*
[-ack_port {port_name net_name [{boolean function}]}]*
[-ack_delay {port_name delay}]*
[-off_state {state_name {boolean function}}]*
[-error_state {state_name {boolean function}}]*
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Where:

switch_name
domain_name

-output_supply_port
-input_supply_port
-control_port
-ack_port
-ack_delay

-on_state
-on_partial_state

-off_state
-error_state

Low Power Methodology Manual

specifies the name of the switch instance to create;

specifies domain containing the switch.

identifies the output supply port of the switch and the net where
this port connects.

identifies the input supply port of the switch and the net where
this port connects.

identifies a control port on the switch and the net where this
control port connects.

identifies the acknowledge port on the switch and the signal net
where this port connects.

identifies the acknowledge port and delay on the switch where
this port connects.

defines what value of the control port turns the switch on.
defines what value of the control port turns puts the switch in a
current-limited state.

defines what value of the control port turns the switch off..
identifies any error states, which if defined on the switch can be

flagged during simulation or analysis.

11.5.3 In-rush Current Management

The power-up sequence for a power gated design is critical for limiting the in-rush
current, so that we do not cause voltage spikes that could corrupt retention registers or
data in adjacent domains.

One effective technique, employed on ARM1176JZF-S, uses a buffered switch which
provides a buffered (SLEEPOUT) version of the switch control input pin (SLEEP).
This allows daisy chaining of the sleep control network throughout the design by con-
necting the SLEEP pin of one switch to the SLEEPOUT pin of another switch.

The exact topology of this daisy chain can be user defined, but the end goal is the
same — a buffered sleep network that can be turned on quickly but at the same time
limiting the in-rush current. This usually entails grouping sets of switches together,
and driving the whole group with the same SLEEP pin, so they all turn on at the same
time. One of the SLEEPOUT signals from the group is connected to the SLEEP pin of
the next group. Thus, groups of pins are daisy chained. The speed vs. noise trade-off
now involves determining the size of the group. This can be done through power anal-
ysis.

11.5.4 Recommendations:

e Voltage areas should be guard banded where necessary.

® Placement optimization must be constrained to ensure that cells in a power
domain are placed inside the associated voltage area.
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e New cells created during the physical design optimization process must be placed
in the appropriate voltage area and powered by the correct power supply.

e Short feed-through paths in a voltage area should be protected from repeater inser-
tion during design optimization and design-rule fixing to maintain wire connec-
tion.

e The isolation cells and level shifters should be placed at the voltage area boundary
to ensure minimal impact to timing.

e [t may be necessary to experiment with various power switch topologies and com-
pare the results to determine which is most suitable for the design in question.

e (Consider the power routing impacts for the switch topology chosen.

11.6 Power Planning

With a physical topology in place we can now begin to consider how to provide
power to the various voltage areas in the design. Since by definition, each power
domain employs a different power strategy, it is likely that we will be routing differ-
ent power rails to each voltage area.

Minimizing the voltage drop across each of these power rails is a key part of meeting
the performance goal. Unfortunately, many of the techniques that we employ in a low
power design can make the voltage drop and noise problem worse. For example,
when the design is operating at reduced voltage levels, our available margin for volt-
age drop is considerably reduced. When we change performance levels or power-up a
block after shutdown, the on-chip current gradients become worse which can lead to
noise injection. And in power gating blocks, there is an IR drop across the power
switches.

Most EDA tools provide some level of automated power network synthesis (PNS)
capability for the distribution of power across a design. We recommend highly that
the implementation of a multi-voltage design utilize this type of PNS capability wher-
ever possible. The number of concurrently changeable variables in a multi-voltage
system is such that attempting to construct a power plan manually may result in a sub-
optimal result both in terms of routing resources consumed and the voltage drop on
the rails.

Power network synthesis allows the designer to specify the absolute constraints on the
power plan (such as maximum voltage drop, routing layers and via requirements). It
ensures that the power budget for the design is satisfied and provides integrated volt-
age drop and electro-migration analysis. Most level shifters available today that are
shifting from a low voltage to a higher voltage require two power supplies. Cells that
combine level shifting and isolation require a secondary supply that provides always-
on power to the cell. During the power planning process it is necessary to hookup the
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primary power pins to the appropriate voltage rails. There are various ways that this
can be achieved depending on which EDA tools are being used. For example, for iso-
lating level shifters, the primary power supply pins can be hooked up to the appropri-
ate voltage rails through PNS and the secondary power pin (for always-on power) can
be connected by the power router later in the design flow when the final placement of
these cells is frozen.

The sleep transistor power network is composed of three components: a permanent
power network, a virtual power network and an array of the sleep transistors. All of
these components contribute to the quality of the sleep transistor power network in
terms of IR drop, routing resources and silicon area. Consequently, the synthesis of
the sleep transistor power network becomes a challenge. Historically, most power-
gating designs used scripts to insert and place the switch cells, and create power
straps and rails based on heuristic rules. Today, the sleep transistor power network can
be synthesized using a power planning tool PNS [PNS] that considers all the three
components.

Recommendations:

® Use a power planning tool which supports switch cells to create the sleep transis-
tor power network including switch cell insertion and placement.

® Run both static and dynamic IR drop analysis on a design with switch cells to ver-

ify the power integrity. Significant static IR drop violations usually require
increasing the number of switch cells and adjusting their positions.

® Dynamic IR drop violations are commonly fixed by decoupling capacitor inser-
tion. Accurate power-on sequence I-V responses have to be obtained by transient
analysis to assure that all IR drop violations are fixed.

® In the case of any IR drop violations, try to fix the violations in the permanent
power network, because any changes in the switch cells distribution and virtual
power network usually require re-analyzing wakeup latency and peak current.

® Run wakeup in-rush current analysis to check that the max in-rush current and
wakeup latency meet the defined constraints. For small designs, it is possible to
run this analysis in SPICE. At chip level, the wakeup analysis is done using rail
analysis tools.

® Run dynamic IR drop analysis covering the wakeup period to detect any viola-
tions caused by current spikes, through common power rails, on the parts of the
design that are alive while the power-gated block is waking up.
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11.6.1 Decoupling Capacitor Insertion

An integral part of the power planning process involves ensuring that the noise cou-
pling between different power supply rails and between cells in the same power
domain is minimized. This power and ground noise can degrade timing and possibly
cause functional failures. Inserting decoupling capacitors (decap cells) in the design is
the method commonly used to address these issues.

Decoupling capacitor insertion becomes more challenging in power-gating designs
than in normal designs. Implementing in-rush current control techniques, such as
daisy chaining the power-gating structure to sequentially charge the power-gated
block, reduces the in-rush current. However, the turn-on current of each switch, par-
ticularly of those switches which are close to the head of the daisy chain and turned
on first, can still generate significant power and ground noise pulses in the rest of the
design, through the permanent power supply and common ground networks. Adding
decoupling capacitors to the permanent power supply nets is an effective way to
reduce this noise. It is most effective to insert the decoupling capacitors next to the
switch cells which are the sources of the noise during wakeup.

Apart from the power and ground noise generated by the in-rush current, there is also
the noise generated by cell switching currents in the power-gated block during normal
operation. Decap insertion is a common method to address this noise. However, decap
insertion becomes more challenging in the power-gated design. In sub-90nm technol-
ogy, decap cells exhibit high leakage power that needs to be controlled. Also, the
decap cells added to the virtual power network have significant impact on the wakeup
latency and in-rush current. The larger the decoupling capacitance, the larger the in-
rush charge current and the longer the charge time (latency) at wakeup. Therefore, the
optimization of de-cap insertion in the power-gating design becomes very important
to achieve maximum noise reduction with minimum added capacitance at the virtual
power network. This can be done by identifying noise hot spots using dynamic IR
drop analysis tools and then inserting just enough capacitance at the hot spots to
reduce the noises meeting defined noise target. It is worth noting that advanced EDA
tools have implemented such optimal decap insertion methods.

Recommendations:

e Add as much decoupling capacitance as permitted in the permanent power net-
work at the positions close to the switch cells. This achieves the maximum effec-
tiveness and minimum impact on the wakeup latency and in-rush current. It is
convenient to integrate the decap into the switch cell to simplify decap insertion.
The maximum capacitance of the decap on the permanent power network is con-
strained by the leakage and area penalties.
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¢ To fix dynamic IR drop violations in the post-layout stage, it is preferable to add
decoupling capacitance to the permanent power network close to the violation
spots, if the violations are related to the permanent power network. The rest of the
violations have to be fixed by adding decap to the virtual power network at the
violation sports.

11.7 Clock Tree Synthesis

The impact on the overall power consumption of the clock tree in a design is signifi-
cant. In many cases, more than half of the overall power consumption of a design may
be due to the clock network. There are a number of ways to mitigate the effects of the
clock tree power, including clock gating and minimizing clock tree insertion delays.

However, when we are dealing with a multi-voltage design, we have additional
restrictions on how we can manipulate the clock tree to meet both our low power
requirements and our performance requirements at each performance level. In a single
clock multi-voltage design, the clock is used in multiple power domains and hence
crosses a number of voltage area boundaries. As the clock passes through each volt-
age area its latency is modified based on the voltage at which those voltage areas are
operating. If the clock path buffering and data path buffering are not well balanced
across voltage areas then skew management becomes very difficult.

The diagram in Figure 11-10 illustrates the issue. In this particular situation, both the
data and the clock are being sent by the CPU to the memory. The data path buffering
is split between the VCPU and VRAM power domains with the clock path buffering
residing primarily in the VRAM power domain. Assume that we have very good
skew minimization when both power domain VCPU and VRAM are operating at the
same supply voltage. When the voltage on power domain VCPU is reduced as part of
performance scaling then we run the risk of slowing the data path relative to the clock
and introducing setup violations in power domain VRAM.
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Figure 11-10  Clock Tree Synthesis Challenge in a Multi-Voltage Design

In order to help alleviate this problem, clock tree synthesis algorithms in current EDA
tools are multi-voltage aware and use a bottom-up approach to constructing the clock
tree. Each voltage area is processed in turn and the clock networks for each voltage
area are constructed to minimize the skew. These low level clock tree structures are
then merged by the construction of higher level clock trees that join together the sub-
tress to form an overall clock network for the design.

Adopting this approach helps locate the buffering for the clock tree in the same volt-
age area as the data path buffering. This clock buffer clustering prevents the clock
network from winding its way in and out of a number of voltage areas, requiring level
shifters to be inserted every time the clock network crosses a voltage area boundary.
This level shifter insertion process would add significant delay to the clock tree and
impact the ability to minimize the clock skew and power. Figure 11-11 illustrates this
clustering approach. Note that the VRAM and VPCU domains have level shifters
(“LS” in the figure) in their clock trees.

ARM1176JZF-S

Clock i
Port f_{
VRAM

VCPU VSOC

Figure 11-11 Bottom Up Clock Tree Clustering

This approach lends itself well to voltage areas that have a good mix of clock and data
buffering such as blocks of standard logic. However, when we have a voltage area
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which contains little standard cell logic but rather many blocks of hard IP, extra care
must be taken to ensure that the imbalance of clock tree and data path buffering will
not introduce significant skew problems as voltage levels are scaled.

Routing

The leading commercial routers today are all low-power aware and will honor the
power intent in the design. There are however some potential pitfalls that can occur
during detailed routing which can be avoided by intelligent floorplanning and design
partitioning.

When a design is partitioned into multiple voltage areas, hard placement and routing
restrictions exist that can impact the routing of the design. This can lead to degrada-
tion of QoR. It is therefore important to consider routing of the design, especially on-
chip bus structures and global control networks, when floorplanning the design.

If the best route for a net from one part of the design to another is across one or many
voltage areas then a decision has to be made on how to deal with the net.

® Route the net through the voltage area(s) and then add the appropriate level
shifters to each voltage area crossing

® Detour the route around the voltage area(s) to the destination

With the first option, adding level shifters to every point at which the net crosses a
voltage area will be expensive in terms of area, power and delay. The second option
will introduce an incremental delay compared to a direct connection that would be
available in the single voltage design; however the impact of this approach is consid-
erably less than with the first option.

Both of these options will impact the QoR and so clearly we want to avoid this situa-
tion. The cost (in time) of rectifying this situation at the detailed routing stage will be
expensive and so avoiding this situation by considered design planning earlier in the
design cycle is recommended. Complete avoidance of this situation in a multi-voltage
design may not always be possible but making every attempt to minimize the problem
is recommended.

Figure 11-12 on page 183 illustrates the detour routing problem. Here a net going
from power domain A to power domain C must cross power domain B which is at a
higher voltage. Rather than adding level shifters to this net and routing it through
power domain C, we can detour route this net around power domain C.
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Figure 11-12 Detour Routing Around a Power Domain

11.8 Power Analysis

Having completed the implementation of our multi-voltage, power gated design, it is
now necessary to verify the integrity of the power network. Two aspects of our power
network are critical: the voltage drop seen by the standard cells in the power gated
blocks and the profile of the in-rush current during power-up sequencing.

Performing power rail analysis of the design is critical. There will be many power
rails in the design and the integrity of each needs verifying and the interaction
between rails (coupling) also needs to be verified. Using a comprehensive rail analy-
sis tool, we can perform extensive analysis of the power networks in the design. The
coarse level power network analysis was completed during the power planning phase.
What we are looking for here are areas in the design where we have excessive voltage
drop due to local level clustering which results in power “hot” spots.

Implementation tools today are very good at performing local clustering of registers,
clock gates and clock tree buffers to ensure that aggressive timing goals are met. This
however can make the voltage drop problem worse in those regions of the chip, espe-
cially in regions with switched power rails. Since logic spreading in these areas is not
viable (this will impact the QoR) we must deal with the voltage drop problem in a dif-
ferent manner and typically sizing the switch cells and power mesh is the best
approach.

The rail analysis gives us valuable data on the voltage drop seen by every standard
cell in the design. Where we have an unacceptably large voltage drop we can try siz-
ing or duplicating power switch cells and sizing the power mesh to alleviate the prob-
lem. Creation of instance specific voltage drop data for a design can then be used by a
signoff static timing to measure the impact of voltage drop on the timing of the
design.
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The second area of power analysis that needs to be addressed is that of in-rush cur-
rent. We have taken great effort in architecting a power gated design that supports a
fast transition from functional mode to standby mode, and maintains the necessary
state to resume functional mode quickly when the design comes out of sleep. Recov-
ering from a sleep mode quickly is important, but not so quick as to induce a large in-
rush current. By performing extensive transient analysis we can model the power-up
sequencing of the design under various conditions and determine the optimal balance
between wake-up speed and rush current management.

11.9 Timing Analysis

A multi-voltage power gated design will need to function in a number of different
modes each operating at different corners. During implementation, we selected a
reduced set of scenarios - operating modes and corners — and used these as con-
straints. Hopefully we chose the best and worst cases and produced a design that will
work under all scenarios.

The purpose of signoff static timing analysis is to prove that we have, in fact, imple-
mented a design that works under all scenarios. As such it is necessary to accurately
specify all of these scenarios and provide all the necessary technology libraries
required to analyze the design at the supported performance levels.

In particular, we need to make sure that the libraries — especially level shifters — are
characterized for the voltages as which we run signoff static timing analysis.

Run times will now be significantly longer than for a design that is not implemented
with aggressive low power techniques.

During the fabrication process for a CMOS based design, it is expected that there will
be minor variations in resistance and capacitance of both the transistors and the metal-
lization. These variations will impact the timing paths in different regions of the chip.
We recommend that a small window of uncertainty be placed around each of these
operating corners to provide a greater level of confidence in the final signoff results.
This window of uncertainty can help counter any on-chip variation (OCV) that may
exist across the die. On-chip variation will derate the path delays in unfavorable
directions, such as speeding up clock and slowing down data for setup checks and
visa-versa for hold checks.
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11.10 Low Power Validation

Having successfully implemented our multi-voltage power gated design that meets all
power and performance targets, it is now necessary to validate the integrity of the
design. Specifically we want to ensure that the low power intent provided at the start
of the implementation process has been successfully implemented in the final design.

We validate functionality and the integrity of our low power implementation using
three methods:

e QGate level logic simulation
e Equivalence checking
e Rule-based methods

Clearly gate level simulation of our final design can tell us if the design still remains
functional with the low power structures. Specifically, we can validate that the design:

e resets cleanly at startup

can be placed into various sleep modes

behaves appropriately during shutdown
e powers-up successfully after shutdown

—=

Formal equivalence checking tools can prove that the gate level netlist is equivalent to
the original RTL plus UPF code.

A rule-base tool can tell us that the power structure of the final gate level netlist
makes sense. It can validate that the isolation cells and level shifters are placed in the
correct domains, and that all nets requiring isolation or level shifting have the appro-
priate cells in place. It can check that cells that required always on power — such as
retention registers, isolation cells, and buffers of power control signals — do, in fact,
have the appropriate supplies. Finally, we can use these tools to find situations where
there are redundant isolation cells or level shifters.

11.11 Manufacturing Test

In a typical voltage scaled system, various parts of the design will be running at
reduced power supply levels. During the implementation process, the design can be
optimized at these voltage levels thereby yielding an overall lower power design that
meets the needs of the system application. However, in most manufacturing test situa-
tions, the design will be tested at nominal supply rail voltage levels which will cause
the design to consume significantly more power during test than it would during nor-
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mal operation. If the design has only been packaged assuming functional power dissi-
pation numbers then thermal failure of both the design and package at test can result.
In addition, this increased power consumption in the core can lead to significant volt-
age drop in the power distribution network which in turn leads to functional failure. It
is therefore necessary to consider the requirements of both the functional and test
modes of the design when implementing voltage scaling.

When performing manufacturing test on designs implemented in very small geome-
tries (90/65/45 nm) it is necessary to use a variety of test models and test strategies.
Specifically, testing the design with stuck-at faults models now needs to be compli-
mented with transition fault delay testing. Delay fault testing is particularly suscepti-
ble to changes in the voltage and frequency at which a design operates. Similarly, path
based testing is also dependant upon the voltage at which the design is being oper-
ated. As will be discussed later in this chapter, the critical path of a voltage scaled
design is not the same path at each voltage level at which the design operates. Each
performance level supported by the design may well have a unique critical path. Each
of these paths needs to be tested during at-speed test in a manufacturing test environ-
ment.

However, as we reduce the supply voltages at which we test our design, delay behav-
ior changes dramatically. In particular, weak circuit elements and defective circuit
elements do not behave in the same way. In addition, the tester environment differs
from the system environment in noise content, heat dissipation and pin load. As a
result, care needs to be taken to distinguish between correct behavior and defective
behavior. In many cases, final decisions on correct timing and voltage levels will need
to wait until silicon is available.

Automating the manufacturing test process will require performing stuck-at fault test-
ing and delay fault testing at several operating voltages, and also may involve both
nominal and high temperature test. Developing the appropriate mix of tests in order to
guarantee sufficient quality at reasonable cost is a complex problem. Different trade-
offs between test time and coverage will apply to different products.

AMD EX1012
AMD v. Realtek

Page 69



APPENDIX B UPF Command Syntax

This chapter describes the syntax for selected UPF commands referenced in the text.

Excerpts from the “Unified Power Format(UPF) Standard, Version 1.0” reproduced by
permission of Accellera. Copyright(c) 2006-2007 by Accellera. Accellera does not
warrant or represent the accuracy or content of the excerpted material, and expressly

disclaims any express or implied warranty. Accellera Standards excerpts are supplied
“ASIS.”

The full standards document in its entirety can be found under www.accellera.org.
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B.1 add_pst_state

Low Power Methodology Manual

Define the states of each of the supply nets for one possible state of the design
Purpose
add_pst_state state_name
-pst table_name
Syntax -state supply states
state_name The power state.
-pst table_name The power state table (PST) to which this state
applies.
-state supply_states The list of supply net state names , listed in the cor- ]
responding order of the -supplies listing in the
Arguments create_pst command.
Return a 1 if successful or a 0 if not.
Return
value

i

'Y 4

The add_pst_state command defines the states of each of the supply nets for one :

possible state of the design.

It is an error if the number of supply state_names is different than the number of supply '*

nets within the PST.

Syntax example:

create pst pt -supplies { PN1 PN2 SOC/OTC/PN3
add_pst_state sl -pst pt -state { s0o8 s08 s08
add_pst_state s2 -pst pt -state { so8 s08 off
add_pst_state s3 -pst pt -state { so8 s09 off

et et s
g )
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B.2 connect_supply net

Purpose Connect a supply net to supply ports and/or pins
connect_supply_net net_name
[-ports list] [-pins list]
[<-cells /ist |-domain domain_name>]
[<-rail_connection rail_type | -pg_type pg type>]*
Syntax [-vet vet_name]
net_name The name of the supply net.
-ports list A list of ports to connect.
-pins /ist A list of pins on cells to connect.
-cells /ist A list of cells to use for -rail_connection or -
pg_type.
-domain domain_name The domain to use for -rail_connection or -
pg_type.
-rail_connection The rail type (for older libraries).
rail_type
-pg_type pg type The power/ground pin type.
-vet vet_name A VCT defining how values are mapped from UPF
Arguments to an HDL model or from the HDL model to UPF.
Return Return the fully qualified name of the supply net if successful or a O if not.
value

Any ports, pins, cells, supply nets, or domains are referenced relative to the current

UPF scope .

The connect_supply_net command provides an explicit connection of a supply net to
any port and overrides (has higher precedence than) the auto-connection semantics
that might otherwise apply. —domain or -cells is required when the -rail_connection or
-pg_type options are specified.

Use:

-ports to connect to supply ports;

-pins to connect to pins on library cells;

-cells to connect to all pins of the appropriate type (power or ground) on the
specified cells;
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—rail_connection to connect to pins having this (rail) type; only use this if the
-cells or -domain options are specified;

—Pg_type to connect only to pins having this power/ground type (the pin type
defined in the library model is used for determining the connection); only use
this if the -cells or -domain options are specified;

-vet to indicate for every HDL port to which the port is connected, the supply
net state shall be converted if it is being propagated into the HDL port, or the
HDL port value shall be converted if it is being propagated onto the supply

net. -vet is ignored for any connections of the supply net to pins or supply
ports defined in UPF.

The following also apply.

— The —ports and —pins options are mutually exclusive with the —cells, —domain,
-rail_connection, and -pg_type options.

— The -rail_connection and -pg_type options are mutually exclusive with each
other.

— A supply net can only be connected to a port, pin, or cell in the same extent as
‘ the domain of that supply net.

: — Itis an error if ner_name has not been previously created; in this case, a 0 shall
be returned.

— Itis an error if any design element specified in this command does not exist.

— It is an error if the value conversions specified in the VCT do not match the
type of the HDL port.

Syntax examples:
connect_supply net v09 -ports {VDD U18/v9 U21/v9}
connect_supply net pdl vdd

-ports pll inst/vdd
-vet upf2vlog vdd
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B.3 create_power_domain

Define a power supply distribution network for a set of design elements
Purpose
create_power_domain domain_name
[-elements /ist]
[-include_scope]
Syntax [-scope instance_name]
domain_name The new power domain; this shall be a simple (non-
hierarchical) name.
-elements /ist Use this set of design elements in the power
domain.
-include_scope Include the scope of the domain in the extent of the
power domain.
-scope instance_name  Create the power domain within this logic hierarchy
Arguments scope.
Return the fully qualified name of the domain (from the current scope) that is
Return e i
valde created or a null string if the power domain is not created.

The create_power_domain command defines a power supply distribution network,
usually for a list of design elements in the power domain. A power domain is a logical
grouping of one or more design elements. A power domain shall have one primary
power net and one primary ground net. A power domain may have additional supply
nets, supply ports, and/or switches.

A power domain is functional only if the primary power and ground supply nets are

specified.

—elements (or the add_domain_elements command) specifies the complete set of
design elements contained within the power domain, i.e., those instances and all their
children (unless specified otherwise).

— list is specified respective to the current scope; it is not influenced by the
-scope argument.

— If —include_scope is also specified, the scope of the domain is included in the
extent of the domain.

—  When neither —elements nor —include_scope is specified, the power domain
consists of the current scope and any of its children not specified (as ele-
ments) in another create_power_domain command.
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-scope specifies the scope, i.e., the instance, where the domain shall be created. This
scope is the current scope for this command; it defines the domain boundary within
the logic design. If —scope is not specified, the power domain shall be created within
the current scope.

Syntax examples:

create_power domain PD1 -elements {top/Ul}

set_scope /top/Ul
create_power_domain PD2
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B.4 create_power switch

Purpose

Define a switch in the power domain

Syntax

create_power_switch switch_name
-domain domain_name
-output_supply_port {port_name supply net_name}
{-input_supply_port {port_name supply net_name}}*
{-control_port {port_name net_name}}*
{-on_state {state_name input_supply port {boolean_function}}}*
[-on_partial_state {state_name input_supply_port {boolean_function}}]*
[-ack_port {port_name net_name [{boolean_function}]}]*
[-ack_delay {port name delay}]*
[-off_state {state_name {boolean_function}}]*
[-error_state {state_name {boolean_function}}]*

Arguments

switch_name

The name of the switch instance to create; this shall
be a simple name.

-domain domain_name

The domain containing the switch.

-output_supply_port
port_name
supply net_name

The output supply port of the switch and the net
where this port connects.

-input_supply_port
port_name
supply net _name

The input supply port of the switch and the net
where this port is connected.

-control_port
{port_name net_name}

A control port on the switch and the net where this
control port connects.

-on_state {state_name

input_supply port
{boolean_function}}

A named state, the input_supply port for which this
is defined, and its corresponding Boolean function.

-on_partial_state
{state_name
input_supply _port
{boolean_function}}

A named state, the input_supply port for which this
is defined, and its corresponding Boolean function.

ack_port {port name
net_name

[{boolean_function}]}

A named state, the input_supply port for which this
is defined, and its corresponding Boolean function
where the switch is in a current-limited state.

-ack_delay {port name
delay}

The acknowledge port on the switch and the signal
net where this port connects. Optionally, a boolean
function can also be specified.

-off_state {state_name
{boolean_function}}

The acknowledge port and delay on the switch
where this port connects.
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-error_state Any error states, which if defined on the switch can
{state_name be flagged during simulation or analysis.
{boolean_function}}

Return the full path name of the created switch if successful or a null string if
Return not.
value

The create_power_switch command defines an instance of a power switch in the
power domain. The switch is created within the scope of the power domain. The
switch is either on or off.

The switch is on if the value on the control port(s) equals an “on” state Boolean
expression; this drives the output port to the “on” state. If a value is specified on the
input supply port, then that value is driven on the output supply port.

If the switch is not on, it is off, and an “off” state is driven onto the output port. Some
“off” states can be identified as error states. The simulation semantics for these error
states is tool dependent.

If a boolean_function is specified for —ack_port, the result of boolean_function is driven
on —ack_port’s port_name delay time units after a control port transition. Otherwise, a
logic 1 shall be driven on the port_name delay time units after the switch is closed and
a logic 0 shall be driven delay time units after the switch is opened. delay (default is 0)
may be specified as a unit-less natural integer or as a Verilog time unit. If specified as
a natural integer, the time unit shall be the same as the simulation precision.

Any -ack_port, -on_state, or -error_state boolean_functions shall be SystemVerilog
Boolean expressions.

The following also apply.

— Itis an error if a specified control port does not exist. The existing connectiv-
ity of the control ports is unmodified.

— All states not covered by three states (on, off, and error) are anonymous error
states.

— Each state name shall be unique.
— Any conflicting state definition is an error.

— No synthesis semantics are associated with any Boolean function, except the
mapped switch has to provide that functionality.

Syntax example:
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create power_switch swl

-domain PD_SODIUM

-output_supply port {vout VN3}

-input_supply port {vinl VN1}

-input_supply port {vin2 VN2}

-control port {ctrl_small ON1}

-control port {ctrl_large ON2}

-control_port {ss SUPPLY_ SELECT}

-on_state {partial_sl vinl {ctrl_small & !ctrl large & ss}}
-on_state {full_sl vinl {ctrl_small & ctrl_large & ss}}
-on_state {partial_s2 vin2 {ctrl_small & !ctrl large & 1ss}}
-on_state {full_s2 vin2 {ctrl_small & ctrl large & 1ss}}
-error_state {no_small {!ctrl_small & ctrl large}}

B.5 create_pst

Plbiione Create a power state table with a specific ordering of supply nets

create_pst table_name
Syntax -supplies /ist

table_name The power state table name (PST).

-supplies /ist The list of supply nets or ports to include in each
Arguments power state of the design.

Return the name of the power state table if it is created or the null string if not.
Return
value

The create_pst command creates a PST, using a specific order of supply nets.

A power state table is used for implementation — specifically for synthesis, analysis,
and optimization. It defines the legal combinations of states, i.e., those combinations
of states that can exist at the same time during operation of the design.

The power state table has no simulation semantics. It is tool-dependent whether
simulation tools report an error if an illegal (unspecified) combination of states
occurs.

It is an error if a specified supply net has not already been created.

Syntax example:

create pst MyPowerStateTable -supplies {PN1 PN2 SOC/OTC/PN3}
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B.6 create supply net

Create a power or ground supply net
Purpose P g PPy
create_supply_net net name
-domain domain_name
Syntax [-reuse] [-resolve <unresolved | one_hot | parallel>]
net_name The name of the supply net; this shall be a simple
(non-hierarchical) name.
-domain domain_name The domain in whose scope the supply net is to be
created.
-reuse Extend net_name as a supply net within
domain_name. No new nets are created.
-resolve <unresolved | A resolution mechanism which determines the state
one_hot | parallel> and voltage of the supply net from the state and
voltage values supplied by each of the individual
Arguments switches. The default is unresolved.
Return the fully qualified name (from the current scope) of the created net or a
Return S 3
vilie null string if the net is not created.

The create_supply_net command creates a supply net. The net is defined for the power
domain, created in the logic hierarchy at the same scope as domain name, and
propagated through implicitly created ports and nets through the logic hierarchy as
required .

The following also apply.

— It is an error if domain_name does not indicate a previously created power
domain.

—  When -reuse is specified, it is an error if ner_name does not already exist.

— When -resolve unresolved is specified, this supply net only allows a single
driver.

Syntax example:

create_supply net v09
-domain PD1

— e ————
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B.7 create_supply port

Create a port on a power domain

Purpose
create_supply_port port name
[-domain domain_name]
Syntax [-direction <in |out>]
port_name The name of the supply port. Hierarchical names
are allowed, unless
-domain is also specified.
-domain domain_name The domain where this port defines a supply net
connection point.
Arguments | -direction <in |out>  The direction of the port. The default is in.
Return the fully qualified name (from the current scope) of the created port or
Return 1 3
valua a null string if the port is not created.

The create_supply_port command defines a supply port at the scope of the power
domain when -domain is specified, or at the current scope if -domain is not specified.

-direction defines how state information is propagated through the supply network as
it is connected to the port. If the port is an input port, the state information of the
external supply net connected to the port shall be propagated into the domain.
Likewise, for an output port, the state information of the internal supply net connected
to the port shall be propagated outside of the domain.

It is an error if port_name creates a name conflict in the logic hierarchy or specifies a
previously created port.

It is an error if domain_name does not indicate a previously created power domain.

Syntax example:

create_supply port VN1
-domain PD1

reg/wire, Bit, Logic
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B.8 set_domain_supply net

Purpose Set the default power and ground supply nets for a power domain
set_domain_supply_net domain_name
-primary_power_net supply net_name
Syntax -primary_ground_net supply net_name
domain_name The domain where the default supply nets are to
applied.
-primary_power_net  The primary power supply net.
supply_net_name
-primary_ground_net  The primary ground net.
Arguments | supply net_name
Return 1 if it succeeds and O if it fails.
Return
value

The set_domain_supply_net command associates the default power and ground supply
nets to the logic elements of the power domain.

The primary power and ground nets are the default nets connected to the logic elements
(or inferred cells) of the power domain. These power and ground nets are used for all
the elements in the power domain. At the gate level, this means all power/ground pins
of all the inferred gates are connected to the primary power/ground nets, unless
specified otherwise in a connect_supply_net, set_retention, or set_isolation command.

It is an error if domain_name does not indicate a previously created power domain.

It is an error if domain_name already contains a primary power and ground net supply.

Syntax example:

set_domain_supply net PD1
-primary_ power net PGl
-primary ground net PGO
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B.9 set_isolation

Specify the elements in the domain to isolate using the specified
Purpose strategy

set_isolation isolation_name
-domain domain_name
<-isolation_power_net net_name | -isolation_ground_net net_name |
-isolation_power_net net_name -isolation_ground_net net_name | -
no_isolation>
[-elements /ist] [-clamp_value <0 | 1 | latch | Z>] [-applies_to <inputs |
Syntax outputs | both>]

isolation_name Isolation strategy name.

-domain domain_name The domain for which this strategy is applied.

<-isolation_power_net The supply net(s) used to supply the isolation logic
net_name | inferred by this strategy. Does not isolate the port,
-isolation_ground_net  pin, or design element specified in the elements list.
net_name |

-isolation_power_net

net_name

-isolation_ground_net

net_name |

-no_isolation>

-elements /ist A list of design elements, input ports/pins, output
ports/pins, and nets to which this strategy is
applied.

-clamp_value The value to which the input or output shall be

<0|1|latch | Z> clamped. The default is 0.

-applies_to <inputs | Whether the domain’s input ports, output ports, or

Arguments | outputs | both> both are isolated. The default is outputs.

Return 1 if it succeeds and O if it fails.

Return
value

The set_isolation command specifies the elements in the domain to isolate using the
specified strategy — the isolation enable signal common to all, clamp value, and
location.

_isolation_supply_nets can specify a single power net, a single ground net, or both. If
only an isolation power net is specified, then the primary ground serves as the

AMD EX1012
AMD v. Realtek
Page 82



280 Low Power Methodology Manual

isolation ground. If only an isolation ground net is specified, then the primary power
net serves as the isolation power.

At least one of -isolation_power_net or -isolation_ground_net shall be specified, unless
-no_isolation is specified. If only -isolation_power_net is specified, the primary ground
net shall be used as the isolation ground supply. If only -isolation_ground_net is
specified, the primary power net shall be used as the isolation power supply. If both
are specified, then these options specify the supply nets to use as the isolation power
and ground nets.

The isolation power and ground nets are automatically connected to the implicit
isolation processes and, when -clamp_value is latch, to the isolation value register
described in section 5 of the full specification or to the power and ground pins of an
isolation cell if an isolation cell is explicitly mapped with the map_isolation_cell
command. The switched off and on semantics for the implicit isolation process and
isolation register, if present, are as described in section 5 of the full specification.

If there are multiple isolation strategies for one domain then, per strategy, —elements
can be used to specify the elements to isolate. If —elements is specified, the elements
shall be in the domain_name. If —elements directly specifies a port by name (not
implicitly, by specifying the port’s instance or an ancestor of that instance), then the
isolation strategy shall apply to that port regardless of whether that port’s mode
matches the one specified by the —applies_to option. When —elements is not specified,
this is equivalent to using the elements list that defines the power domain.

-clamp_value can be:
— logic 0
— logic 1
— latch (the value of the non-isolated port when the isolation signal becomes
active)
— logic Z

The following also apply.
— This command never applies to inout ports.

— If -no_isolation is specified, then all the ports specified in -elements, explicitly
or implicitly, and matching the -applies_to (mode) shall not be isolated.

— It is an error if -no_isolation is specified with any other arguments other than -
domain, -elements, or
-applies_to.

— It is an error if more than one power or ground net is specified.

— It is an error if multiple isolation strategies specify the same design element,
pins, ports, or nets.
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Syntax example:

set_isolation outputs_only
-domain PD1
-isolation power_net VDDbackup
-clamp_value 1
-applies_to outputs

B.10 set_isolation_control

Specify the control signals for a previously defined isolation strategy

Purpose
set_isolation_control isolation_name
-domain domain_name
-isolation_signal signal_name
[-isolation_sense <high | low>]
Syntax [-location <self | parent | sibling | fanout | automatic>]

isolation_name Isolation strategy name.

-domain domain_name The domain where the strategy applies.

-isolation_signal The signal that causes the specified element to drive
signal_name its clamp value.

-location <self | parent Where the isolation cells are placed in the logic
| sibling | fanout | hierarchy. The default is automatic.
Arguments | automatic>

Return 1 if it succeeds and 0 if it fails.
Return

value

The set_isolation_control command allows the specification of the isolation control
signal and sense separate from the set_isolation command for those situations where
the isolation strategy is known, but the control signals are not known until later.

Excepting the set_isolation_control command is executed within the current scope, and
the addition of the —location option, the semantics here are equivalent to having
specified the isolation control signal and sense with the set_isolation command.

_location defines where the isolation cells are placed in the logic hierarchy.
a)  self — the isolation cell is placed inside the model/cell being isolated.

b) parent — the isolation cell is placed in the parent of the cell /model being iso-
lated.
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c) sibling — a new sibling is created into which the isolation cells are placed.

d) fanout — isolation occurs at all fanout locations (sinks) of the port being iso-
lated.

€) automatic — the implementation tool is free to choose the appropriate loca-
tions (the default).

Syntax example:

set_isolation outputs_only
-domain PD1
-isolation_power net VDDbackup
-clamp_value 1 J
-applies_to outputs

set_isolation control outputs_only
-domain PD1

-isolation_signal cpu_iso
-isolation_sense low

-location parent
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Priose Specify a level shifter strategy
set_level_shifter level_shifter_name
-domain domain_name
[-elements /ist] [-applies_to <inputs | outputs | both>]
[-threshold value] [-rule <low_to_high | high_to_low | both>]
Syntax [-location <self | parent | sibling | fanout | automatic>] [-no_shift]
level_shifter_name Level shifter strategy name (used only for report-
ing).
-domain domain_name The domain for which this strategy is applied.
-elements /ist A list of design elements, pins, ports, or nets to
which this strategy is applied.
-applies_to <inputs | Whether the domain’s input ports, output ports, or
outputs | both> both are level shifted. The default is both.
-threshold value The voltage threshold (in volts) for determining
when level shifters are required. The default is 0.
-rule <low_to_high | Which type of level shifters are required. The
high_to_low | both> default is both.
-location <self | par- Where the level shifter is placed in the logic hierar-
ent | sibling | fanout |  chy. The default is automatic.
automatic>
-no_shift Can be specified with the —elements option to pre-
vent the insertion of level shifters on the specified
Arguments ports/pins and nets.
Return 1 if it succeeds and 0 if it fails.
Return
value

The set_level_shifter command can be used to set a strategy for level shifting during
implementation. Level shifters are the placed on signals that have sources and sinks
operating at different voltages, as their associated design elements are connected to
different supply nets. If a level shifter strategy is not specified on a particular power
domain, the default level shifter strategy consists of all elements in the power domain

and uses the default strategy settings.

If —elements is specified, the elements shall be in the domain_name. 1f —elements is used
to specify a port or pin, a level shifter is inserted on that port regardless of any

AMD EX1012
AMD v. Realtek
Page 86



284 Low Power Methodology Manual

-threshold or -rule specifications. The -threshold specification defines how large the
voltage difference between the driver and sink needs to be before level shifters are
inserted. Normally, this threshold is determined from the cell libraries; use this option
to override the library values.

—rule can be low_to_high, high_to_low, or both. If low_to_high is specified, signals
going from a lower voltage to a higher voltage get a level shifter when the voltage
difference exceeds that specified by —threshold. If high_to_low is specified, signals
going from a higher voltage to a lower voltage get a level shifter when the voltage
difference exceeds that specified by —threshold. If both is specified, it is equivalent to
having specified both rules in the strategy.

—location defines where the level shifter cells are placed in the logic hierarchy. All
necessary supplies need to be available in the specified location.

a)  Self - the level shifter cell is placed inside the model/cell being shifted.

b)  Parent — the level shifter cell is placed in the parent of the cell /model being
shifted.

¢) Sibling — a new sibling is created into which the level shifter cells are placed.

d)  Fanout — level shifter occur at all fanout locations (sinks) of the port being
shifted.

€) Automatic — the implementation tool is free to choose the appropriate loca-
tions.

The following also apply.
—  This command never applies to inout ports.

— It is an error if the specified location is not within the logic design starting at
the design root.

Syntax example:

set_level shifter shift up
-domain PowerDomainZ
-applies_to outputs
-threshold 0.02
-rule both
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B.12 set_retention

Specify which registers in the domain need to be retention registers and set the
Purpose save and restore signals for the retention functionality

set_retention refention_name
-domain domain_name
<-retention_power_net net_name | -retention_ground_net net_name
-retention_power_net net_name -retention_ground_net net_name>
Syntax [-elements /ist]

retention_name Retention strategy name (used only for reporting).

-domain domain_name The domain for which this strategy is applied.

<- The supply net(s) used to supply the retention regis-
retention_power_net ters inferred by this strategy.
net_name |
-retention_ground_net
net_name |
-retention_power_net
net_name
-retention_ground_net
net_name>
-elements /ist A list of objects in the power domain: design ele-
ments, named processes, or sequential reg or sig-
Arguments nal names to which this strategy is applied.
Return 1 if it succeeds and O if it fails.
Return
value

The set_retention command specifies which registers in the domain need to be
retention registers and identifies the save and restore signals for the retention
functionality. Only the registers implied in the elements list shall be provided
retention capabilities. If a design element is specified, then all registers within the
design element acquire the specified retention strategy. If a process is specified, then
all registers inferred by the process acquire the specified retention strategy. If a reg,
signal, or variable is specified and that object is a sequential element, then the implied
register acquires the specified retention strategy. Any specified reg, signal, or
variable that does not infer a sequential element shall not be changed by this
command.

At least one of -retention_power_net or -retention_ground_net shall be specified. If
only -retention_power_net is specified, the primary ground net shall be used as the
retention ground supply. If only -retention_ground_net is specified, the primary power
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net shall be used as the retention power supply. If both are specified, then these
options specify the supply nets to use as the retention power and ground nets.

The retention power and ground nets are automatically connected to the implicit save
and restore processes and shadow register or to the power and ground pins of a
retention cell when that retention cell is explicitly mapped with the map_retention_cell
command. The switched off and on semantics for the implicit save and restore
processes and shadow register are as described in section 5 of the full specification.

If -save_signal is specified, then -restore_signal shall be specified. If -save_signal is not
specified, then -restore_signal shall not be specified. If the save and restore signals are
not specified, then they shall be specified in a set_retention_control command.

If —elements is specified, the elements shall be in the domain_name. When —elements is
not specified, this is equivalent to using the elements list that defines the power
domain.

The following also apply.

— It is an error if domain_name does not indicate a previously created power
domain.

— It is an error if more than one power or ground net is specified.

Syntax example:

set_retention my retention
-domain PDA
-retention power net volt_high
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B.13 set_retention_control

Specify the control signals and assertions for a previously defined retention
Purpose strategy
set_retention_control refention_name
-domain domain_name
-save_signal {{net_name <high | low | posedge | negedge>}}
-restore_signal {{net_name <high | low | posedge | negedge>}}
[-assert_r_mutex {{net_name <high | low | posedge | negedge>}}]*
[-assert_s_mutex {{net_name <high | low | posedge | negedge>}}]*
Syntax [-assert_rs_mutex {{net_name <high | low | posedge | negedge>}}]*
retention_name Retention strategy name (used only for reporting).
-domain domain_name The domain for which this strategy is applied.
-save_signal save_net  The signal that causes the register values to be
saved into the shadow registers.
-restore_signal The signal that causes the register values to be
restore_net restored from the shadow registers.
-assert_r_mutex The restore signal for assertion.
{{net_name <high | low
| posedge | negedge>} }
-assert_s_mutex The save signal for assertion.
{{net_name <high | low
| posedge | negedge>}}
-assert_rs_mutex Both signals (save and restore) for assertion.
{{net_name <high | low
Arguments | | posedge | negedge>}}
Return 1 if it succeeds and 0 if it fails.
Return
value

The set_retention_control command allows the specification of the retention control
signal and sense separate from the set_retention command for those situations where
the retention strategy is known, but the control signals are not known until later. As
the assertions are related to the save and restore signals, they can also be specified
with this command.

Excepting the set_retention_control command is executed within the current scope, the
semantics here are equivalent to having specified the retention control signals, senses,
and assertions with the set_retention command.
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The set_retention command can also be used to specify any assertion options. Each
option creates one or more assertions, which verification tools can trigger when the
indicated RTL signals are active simultaneously. If -assert_rs_mutex does not specify
a list of signals, this indicates the save and restore signals themselves are mutually

exclusive.

The following also apply.

— The save signal shall be an existing net, port, or pin in the design.
— The restore signal shall be an existing net, port, or pin in the design.

Syntax example:

set_retention my retention strategy
-domain PDA

set_retention_control my_retention strategy

-domain PDA

-save_signal {power_controller_inst/save_1 high}
-restore_signal {power_controller_inst/restore 1 low}
-assert_rs_mutex {clock_a posedge}

B.14 set_scope

Specify the current UPF scope
Purpose pecity P

set_scope instance
Syntax _S¢op

instance The instance that becomes the current scope upon
Arguments completion of the command.

Returns the current scope prior to execution of the command as a full path
Return string relative to the current design top if successful and the null string if it
value fails (e.g., if the instance does not exist).

If the set_scope command is called with no arguments or the UPF scope is not set, the
scope is set to the top-level design.

If instance is ., the scope remains at the current instance. If instance is . ., the context
is moved up one level in the instance hierarchy. If instance begins with /, the scope
returns to the instance whose name follows the /, relative to the design top.
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Syntax examples:
set_scope foo/bar

set_scope ..
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Glossary

Power Domain: A collection of design elements that share a single primary supply
connection and, at least conceptually, share a common power strategy.

Isolation: Isolation is a technique for controlling the behavior of a signal that is
driven by a powered down power domain. Isolation consists of driving the signal to a
know state - 1, 0, or latching it to a previous value when the power domain is powered
down.

Retention: Retention is a technique for retaining the state value of registers in a pow-
ered down power domain.

Isolation Cells: Cells (gates) that perform the isolation function in a design. Also
knows as clamp cells or clamps.

Level Shifters: Cells (typically buffers) that translate inputs with one voltage swing
to an output with a different voltage swing.

Retention Register: A register than extends the functionality of a normal register
(flip-flop) with the ability to retain its memory during power down, assuming an
appropriate second (always on) supply as well as save and restore signaling.

Shadow Register: The section of a retention register retains the register state during
power down. Also known as a balloon registers (due to the topology of some imple-
mentations).

Power Switch: At the RTL and architectural level, a power switch allows the power
to a power domain to be switched on or off (also known as power gated).
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Switching Network: Physically, the power switch is implemented as a switching net-
work of transistors. Also known as a switching fabric.

Switching Transistor: The individual switching transistor that makes up the switch-
ing network. Also know as a sleep transistor.
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