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ABSTRACT

(b) Registers: Techniques based on (2) and (3) above can be
applied here.
(c) Combinational blocks driven by the registers: Techniques (l),
(3) and (4) can be applied here for power minimization.

Clock gating is an effective technique for minimizing dynamic
power in sequential circuits. However, clock gating has some
practical dijjjculties viz., possibility of glitches on the gated clock
and in use of static timing analysis for verijjying timing of the
design. In this paper, we describe a robust scheme for power
minimization that eliminates these dficulties of clock gating and
yet provides nearly the same power savings. n i s scheme does not
rely on propagation delays in the circuit for functioning, and is
robust across process technologies. In this scheme, the controllers
sequencing operations in a datapath are mod@ed so that the
control signals themselves are used as clocks for registers in the
datapath. Since these “control clocks” typically operate at lower
frequencies, power is saved in the registers and in the clock
drivers. This scheme also preserves the cycle boundaries on which
registers in the origkal circuit load data, thereby allowing reuse
of test cases developed for the functional ver$cation of the
origmal circuit.

Power dissipation in the clock drivers is significant in many
sequential circuits as the clock lines are loaded heavily and
operate at the highest frequency. Further, registers in synchronous
circuits are clocked every cycle, even when idle, resulting in
wasteful power dissipation. Figure la shows a single flip-flop that
is a part of a register in which the multiplexer recirculates data
when the register is idle. A commonly used technique for reducing
wastefid power dissipation in registers and clock drivers is clock
gating, in which the clock to registers is disabled when idle. Figure
1b illustrates this concept. If there are several flip-flops sharing the
same gated clock, power is saved in the drivers of the CLOCK
signal. Since the gated clock typically has a lower frequency of
operation compared to the CLOCK, power dissipation inside the
flip-flop is also reduced.

1. INTRODUCTION
DATA

Phenomenal advances in semiconductor process technologies have
enabled higher integration and higher operational frequencies in
present day VLSl designs. High operational frequencies increase
power dissipation per unit area of the die, which affects
packagmg, cooling, and reliability of these designs. Market
demand for portable devices powered by batteries has also
influenced the need for power minimization in such systems.
Power dissipation is therefore a key design parameter in present
day VLSI designs [ 1][2].
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CLOCK
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CLOCK

Figure la. Flip flop that is
part of a register.

Power dissipation in a circuit may be classified as static and
dynamic [1][2]. Leakage and quiescent currents cause static power
dissipation, whereas charging and discharging of parasitic
capacitances and current between supply rails cause dynamic
power dissipation. In many high frequency CMOS digital circuits,
the dynamic power dominates over static power dissipated. The
focus of most minimization techniques is therefore dynamic
power. In sequential circuits, techniques for minimizing dynamic
power are generally based on the following:
1. Precomputation and Guarded Evaluation [8][9], in which a
fkction computed by a large combinational block is
computed using a smaller block for certain inputs.
2. Clock gating [3][4], in which the clocks to flip-flops are
disabled when the circuit is idle.
3. Retiming [7], in which the registers are used to reduce the
depth of combinational logic.
4. State Assignment [5][6],in which the states of an FSM are
encoded suitably to reduce power in the combinational logic
used for generation of the next state.
In a sequential circuit, the sources for dynamic power dissipation
are:
(a) Clock drivers: Minimization techniques based on (2) above
can be applied here.

Figure Ib. AfliP-flOP with
clock gating.

However, clock gating has some practical dificulties, viz.
(a) Possibility of glitches on the gated clock signal: Unless the
CLOCK signal in the circuit corresponding to Figure l b is
delayed suitably with respect to the W T E signal, the gated
clock will glitch. This dependence on the propagation delays
for correct operation complicates the migration of the design
to newer process technologies.
(b) Difficulties in using static timing analysis effectively: In
many circuits the gating signal is a complex function of
inputs and internal signals. This results in non-deterministic
delays on the gated clock, which complicates static timing
analysis.
In this paper we describe a new technique named “Control
Generated Clocking” (CGC) that overcomes these drawbacks of
clock gating, and results in nearly the same power savings. This
technique also preserves the cycle boundaries on which registers
load data, allowing reuse of test cases for functional verification of
the original circuit.
The organization of the rest of t h s paper is follows. in section 2
we provide an overview of the scheme. In section 3, we describe
briefly static timing analysis and cost-benefit aspects of CGC.
Results from application of t h s technique in the regster file of a
processor are discussed in section 4 and we finally conclude in
section 5 .
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Changes to the datapath registers: Positive edge triggered
flip-flops in the datapath registers are replaced by negative
edge triggered ones, because writes to registers in the original
circuit complete on the falling edge of the control signals.
Changes to the clocks: Clocks to datapath registers in the
target logic are replaced by control generated clocks,
indicated as CCLKs in the figure. The CCLKs are control
signals that have been conditioned by the RZ pulse
generators. The Rz pulse generator circuit is described in
subsection 2.2
Changes to the controlling state machines: In this step, the
state machines are recoded in order to reduce the skew of
each CCLK with respect to MCLK and to make each CCLK
glitch free. This step is described in detail in subsection 2. I.

2. CONTROL GENERATED CLOCKING (CGC)
Consider a general sequential circuit shown in figure 2, in which
multiple state machines are shown, sequencing operations in the
datapath. Control signals from the state machines enable the writes
to registers in the datapath. The master clock MCLK synchronizes
all activities in the datapath registers as well as in the controlling
state machines. Power is wasted in the drivers of MCLK and in the
registers, when writes to certain registers are infrequent.

Enables

Datapath Repters
Master Clock MCLK

Figure 2. Schematic of a general
sequential circuit.
Enables

Figure 3 shows the timing diagram for a write to a single flip-flop
in a datapath register. The figure shows the control signal W E
that is synchronous to the clock MCLK. The flip-flop loads the
data on the next rising edge of clock MCLK. Observe that for a
single write operation, this also happens to be the falling edge of
the control signal. Our scheme essentially uses this control signal
as the clock for the flip-flop. The flip-flop must now respond to
the falling edge of the WRITE signal. Note that this simple
arrangement works only when there are no back-to-back writes to
the flip-flop. In such a scenario, the WRITE signal changes only at
the end of the last write to the flip-flop. We alleviate this problem
in the CGC scheme using RZ pulse generator circuits.
MCLK

WRITE
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I
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I

.
..
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.

.....
,

.....
.

.....
.

CCLK6

Datapath Reglsten

Figure 4. Sequential circuit after
implementing CGC.

2.1

FSM recoding

Steps (1)-(3) listed below ensure that the control signals of interest
are available as the output of flip-flops, which in turn ensures that
the control signals are glitch free and have minimal skew with
respect to the master clock.
1.

.....
.

2.
3.

Data is loaded on the next
rismg edge of MCLK

Convert the given state machine into a Moore state machine
to eliminate combinational paths from inputs to the outputs.
To each state that causes a write to atleast one register, assign
a code with a one hot prefix. To each state that does not write
to any register, assign a binary code.
For any register that can be written to by more than one state,
insert shadow flip-flops and retime the control signal.

This procedure is described in the following example. Consider a
state-machine with states SI ,S, ,...,S,, . If S, ,S, and S, are the
only states that cause a write to any register in the datapath, then
the states are encoded as shown in Table 1.

Figure 3. Timing diagram of a single
flip-flop in a register loading data.

In CGC, the general system shown in figure 2 is transformed to a
system shown in the figure 4. This scheme introduces several
changes to the original circuit as listed below:

The assigned codes consist of a one hot prefix followed by a
binary string. The one hot prefix is zeroed out for all states that do
not write to a register. The binary string is zeroed out for states
that write to at least one register. In the example, note that
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and its timing diagram. The output of the RZ pulse generator is
glitch free. The registes in the datapath !pad data on the falling
edge of the control clocks output by this circuit.

S, ,S, and S, are assigned one hot prefixes, and the other states
are encoded in binary.

Table 1. States and their encoding.

State
S,

001 000

Code

State
S,

000010

S,

010000

S,

000011

Code

S,

100000

S,

000 100

S,

000000

S,

000 101

S,

000001

s,,

000 110
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cycle boundaries at
which the flip-flops
load data

Figure 6. Retum to Zero (RZ)pulse generator
circuit and corresponding waveforms.

3. TIMING ANALYSIS AND COST-BENEFIT
ASPECTS OF CGC
The maximum and minimum delay requirements of every timing
path present in a design with CGC can be easily derived [lo]. In
sum, static timing analysis of a design with CGC is simpler
compared to a design with clock gating. This is due to the fact that
the registers are now clocked with signals that have a fixed
propagation delay with respect to the master clock.

...............
.............
.............
..........

MCLK

CCLK

I

1

.

..
.

To next state logic
Shadow

II

MCLK

Step (3) is required if there is more than one state that can write to
the same register. In the example, if states S, ,S, and S, write to
the same register, then the control clock to that register is derived
by performing the logical OR of outputs of state flip-flops
SI,S, and S, . This causes the control clocks to glitch when the
FSM transitions between two such states. This problem is solved
using shadow flip-flops and a simple retiming operation. The
shadow flip-flops mirror all states that write to a particular
register. In order to do this, the shadow flip-flops receive the same
data inputs as the state flip-flops. The retiming operation allows
the shadow flip-flop to be shifted ahead of the OR gate. This
makes the output glitch free, and suitable for use as a control
clock. In the absence,of shadow flip-flops, we need to OR the
outputs of the state flip-flops. This step however precludes any
retiming because the outputs of the state flip-flops are used for the
generation of the next state. Figure Sa illustrates a portion of the
FSM after inserting the shadow flip-flops. Note how the shadow
flip-flops mirror those states that write to a particular register.
Figure 5b illustrates the state machine after retiming. After this
step, the controls are guaranteed to be glitch fiee.

........
.. !.............
. .. ..
.......
........ .
. .
.. ..
.......

km=-

CONTROL

-flop

Analytical expressions for power savings in the registers and the
clock drivers can be easily derived [lo]. The power saved in
registers is a function of the activity in the registers and the
electrical characteristics of the flip-flops used to implement the
registers. The power saved in the clock drivers is a function of the
activity in the registers and the change in the clock net capacitance
after implementing CGC. The number of additional flip-flops
required to implement CGC has a linear relationship with the
number of states that write to any datapath regster.

Contml

MCLK

Figures 5 (a). After insertion of shadow flipflops. (b) After retiming the circuit.

4. RESULTS

2.2

RZ pulse generators

The RZ pulse generator takes the glitch free control signal, and thk
master clock signal MCLK as inputs. It produces an output signal
that toggles once every cycle when the control signal is at logic 'I '
for more than one cycle at a time, when back-to-back writes occur
to the correspondrng register. Back to back writes are possible to a
register if there is a path of length 1 between two states that write
to the same register in the state transition diagram of the
controller. Figure 6 shows the circuit for the RZ pulse generator

In this section we discuss results obtained after implementing
CGC in an experimental processor. The processor has an
instruction set based on the DLX described in [ 1 I]. The processor
has thirty-two 32-bit registers in its register file. The control unit
of the processor has an FSM with six states. When the FSM is in
the WRITEBACK state, the processor writes results of the
instruction into the register file. The processor is coded in VHDL
using RTL constructs. The design is flip-flop based and strictly
synchronous, with all flip-flops clocked by the same clock signal.
A gate level netlist was obtained using logc synthesis with a
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commercial synthesis tool Design Compiler. The gate level netlist
has a gate count equivalent to 28,800 two-input NAND gates. The
target standard cell library has a minimum feature size of 0.18 p .
The cells operate at 1.8 Volts under nominal conditions.

For all three implementations of the processor, we used the samc
timing constraints for synthesis. The operating voltage was set to
1.95 Volts and all three designs were clocked at lOOMhz for
power analysis. Table 2 summarizes the important results
obtained.

Several testcases were run on the gate level netlist within a VHDL
simulation environment using a commercial simulator Modelsim.
The switching activity information obtained during t h s stage was
used to analyze the power consumed by different blocks in the
processor using a commercial tool Designpower. We observed
that the clock drivers consumed 26% and the register file
consumed 36% of the total dynamic power on an average. The
register file consumes a large portion of the dynamic power
because it is clocked in all states of the control FSM. The register
file is written only when the FSM is in the WRITEBACK state. In
all other states, the registers re-circulate data, dissipating power
unnecessarily. The register file which has 1024 flip-flops also
loads the clock line heavily, and causes significant power
dissipation in the clock drivers.

We have also implemented a tool TICTOC, for automatic
synthesis of CGC. It accepts a state machine description and
outputs synthesizable VHDL code after inserting CGC. The tool
also outputs VHDL code for a testbench that instantiates the FSM
with CGC and the original FSM. The test bench uses VHDL
assertion checks to verify the equivalence of the two state
machines. The tool has been implemented in Per1 and has been
written in approximately 1200lines of code.

5. CONCLUSIONS
In this paper, we describe a new scheme named “Control
generated clocking” (CGC) for minimizing dynamic power
dissipation of registers and clock drivers in a synchronous
sequential circuit. CGC minimizes power by utilizing control
signals generated by FSMs as clocks for the registers. The power
savings obtained from CGC are comparable to the savings
obtained from clock gating. CGC is a robust method in which
power minimization is achieved without the possibility of
introducing glitches on the clocks. Timing analysis of a circuit
with CGC is simpler than in circuits with gated clocks. CGC
preserves the cycle boundaries on which registers load data
thereby allowing reuse of test cases developed for the original
design without any modifications. CGC is a structured method and
can be easily incorporated into a synthesis tool for automation.

We implemented the CGC scheme for the register file in RTL,
The entire register file was clocked only during the WRITEBACK
state, using a control signal from the FSM controller. Logic
synthesis was again used to obtain a gate level netlist of the circuit
with CGC. In the new netlist, the timing improved marginally and
the gate count was lower. The same test cases were run on the new
netlist, and power analysis was performed as before.
Implementation of CGC resulted in 65% reduction in the register
file power and 62% reduction in clock power. The overall power
reduced by 35% with CGC.
To compare CGC against clock gating, we implemented another
register file with clock gating. The gating logic enabled the clock
to all registers only in the WRlTEBACK state. The results from
power analysis indicate negligible difference in power consumed
between the two circuits. However, the gate count of the circuit
with clock gating is higher, and its timing is worse than the circuit
with CGC.

Table 2. Summary of results
Without
CGCklock
gating

With CGC

With Clock
Gating

28,800

26,794

29,150

8.97ns

8.6411s

9.30ns

Average
power
consumed

28.49mW

18.29mW
(35% reduction)

18.29mW
(35% reduction)

Average
register file
power

10.34mW

3.59mW
(65% reduction )

3.59mW
(65%reduction)

Average
clock driver
power

7.36mW

2.75mW
(62% reduction)

2.15mW
(62% reduction)

Number of
gates
Worst case

Path
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