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SUMMARY A 100 MIPS high speed and low power fixed
point Digital Signal Processor (DSP) has been developed apply-
ing 0.45 um CMOS TLM technology. The DSP contains a 16-bit
X 32K full CMOS static RAM with a hierarchical low power
architecture. The device is a RAM based DSP with a total of 4.2
million transistors and a new low power design and process
which enabled an approximate 50% reduction in power as
compared to conventional DSPs at 40 MHz. In order to cover
very wide application requirements, this DSP is capable of
operating at 1.0 V [1] for DSP core and 3.3 V for I/O. This was
achieved by new level shifter circuitry to interface with cost
effective 3 V external commodity products and confirmed 80% of
power reduction at Core Vpp=2.0V, 1/0 Vpp=33V at 40
MHz. This paper describes the new features of the high speed
and low power DSP.
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1. Introduction

Very high speed (>100 MIPS), low power DSPs are
required for several markets such as wireless communi-
cation terminals, base stations including FPLMTS,
PDA, MODEM and HDD applications. As wireless
telecommunication market grows rapidly, the number
of competitors with attractive devices are increasing.
Thus the market requirements become severe in terms
of cost, power and speed. To meet higher performance
requirement and support large production quantity, it
is needed to apply advanced process. The target
voltage range has been also changed to 3V from
conventional 3 V/5V mixed support range. The char-
acterization results show that more than 50% power
reduction can be achieved by design and process
optimization. In order to increase operating frequency
without changing the power consumption of currently
available 50 MIPS DSPs [1], further power reduction
techniques must be applied. The CPU core uses a
modified Harvard architecture and the CPU employs a
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six-stage instruction pipeline to maximize throughput.
The CPU contains a 40-bit ALU, which can selectively
feed one of two 40-bit accumulators shown in Fig. 1.
The DSP features a multiply-accumulate (MAC)
block capable of a 17 X 17-bit two’s complement multi-
plication and a 40-bit addition in a single cycle. The
new DSP core consumes half of the power of conven-
tional devices. This was archived by both process and
design optimizations. Also in order to obtain quick
TAT of the system, software debugging and flexible
software updating, a very large on-chip RAM has been
implemented in this DSP. The DSP contains 32 KW
on-chip program/data RAM with 8 MW extended
address capability for external program memory space.
Four blocks of 2 KW dual access RAM and three
blocks of 8KW single access RAM modules are placed
in the DSP to obtain 100 MIPS operation. New
hierarchical low power architecture is added since
RAM is one of the modules consuming most power in
the DSP [3], [4]. New level shifter circuitry is im-
plemented to support dual voltage supply operation
maintaining high speed and low power during level
shift operation. These new enhancements contributed
remarkablely to power reduction.

2. Power Reduction and Speed Improvement by
Process

Most of power consumes in the clock circuit of the
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Fig. 1 System diagram of DSP.
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DSP even though the CPU core was designed with low
power circuitry [1], [2]. However, by optimizing both
the process and design and by focusing only on a
maximum supply voltage of 3.3 V, larger power reduc-
tions were confirmed as compared to conventional
DSPs, based on 5V and 3V supply voltages. The
lower voltage device specification allowed a further
shrink in the technology while keeping adequate break
down voltage and I-off current performance. The
technology used was an 84% shrink from 0.6 x«m to 0.45
pm, with gate oxide thickness decreased from 8.5 nm to
7.5 nm. Additionally, the metal system was changed
from CVD-W to A1Cu/TiN. This led to the reduction
of sheet resistance from 150 mOhm/square to 50
mOhm/square. As a results, buffer transistor size was
drastically reduced and clock and bus driver tree
networks were optimized. These optimizations
contributed to a 24-48% power reduction in the CPU
core as shown in Fig. 2, where pattern-A is an applica-
tion test pattern to get maximum power and pattdrn-B
is EXECUTE-NOP. Moreover, a process which
offered a 50% larger I-drive current was selected for
this DSP to maximize speed even though I-off leakage
current of each transistor increases from 10 pA/um to
1 nA/um, I-drive of Pch transistor increases from 175
#A/um to 250 #A/um and I-drive of Nch transistor
increases from 400 1A to 520 A /um. This choice was
based on the fact that most of the target applications
require higher MIPS rather than lower stand-by cur-
rent, such as wireless communication. In the case of a
wireless communications terminal, system level power
down is already applied without usage of DSP stand-
by mode (IDLE-3). Additionally, base station appli-
cation does not use this mode since the system is never
turned off during normal operation. These changes in
process resulted in remarkable speed improvement
while providing a 20% power reduction at 40 MIPS as
compared to conventional devices operated under
identical conditions.
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Fig.2 Power reduction of CPU core.
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3. Clock and Bus Power Reduction and Speed
Improvement

In conventional designs, the master clock of the Scan-
nable Register Latch (SRL) is controlled by the Gated
Clock Driver (GCD). But the slave clock of SRL is
not controlled and is free running. To address this
issue, a novel circuit, the Gated Slave Logic (GSL)
was developed as shown in Fig. 3 and Fig. 4 [2]. This
GSL reduces the slave clock (vst) transitions. Figure
3 shows the diagram with shift registers and GSL and
timing chart. Figure 4 also shows the gate slave logic
circuitry. Functional blocks are only clocked when
they have valid data to process. Transition of the data
inputs to a functional block activates a data ready
signal, which is used to locally gate the master clock.
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Fig. 4 Gated Slave Logic circuit.
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The GSL can control many SRL inputs and the SRL
can have many data keep conditions. This additional
circuit did not impact layout density. As a result, the
GSL was applied to 28 slave clock lines with 504 SRLs
in the CPU core and about 50% of slave clock was
disenabled. Adding this new GSL and clock buffer
size reduction with other minor modifications, a power
reduction of about 17% was achieved as compared with
conventional CPUs.

4. Low Power and High Speed Memory Design

The DSP contains 24 kW single access and 8 kW dual
access memory. In order to reduce power and achieve
100 MIPS operation, the memory has been segmented
into three blocks of 8 kW modules for single access and
four blocks of 2 kW modules for dual access. During
memory access, only one of the memory modules will
be activated, which resulted in power reduction.
Moreover, 6 transistor 38 ym**2 full CMOS static
RAM is used and metal-1 is used for polycide word
line strap to reduce the RC delay of word line. The
smaller memory cell reduced parasitic capacitance of
the bit lines and word lines which also contributed to
power reduction. The new hierarchical low power
architecture was also applied as shown in Fig. 3.
Conventional arrays dissipate more power during
precharge operation since all of the bit lines are dis-
charged through the memory cell during the word line
activation (All 64 bits). A new hierarchical memory
only accesses the necessary 16 bits (1 word) by decod-
ing the global word line and block select signal, thus
eliminating the discharge of the 48 unnecessary bit
lines (64-16 bit). Since the local word lines which are
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Fig. 5 New hierarchical architecture memory.
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not used stay at a low state, and bit and xbit line are
kept in a high state, the memory does not consume
power for precharging these bit lines. In this new
architecture, 16 global bit lines are used commonly by
the read and write circuitry. Grounded shield lines
were added to each global bit line to eliminate cross
talk of signals caused by the large coupling capacitance
of the long parallel wiring. Sense amplifier input
differential voltage requires 5-10% of Vpp voltage to
ensure adequate noise margin and sensitivity. About
50% of the capacitance in the global bit line was due to
line to line coupling. The bit line signal swing at read
operation is about 400 mV at Vpp=3.0V and worst
case cross talk reduces differential voltage at the sense
amplifier input as shown in Fig. 6. The worst case
cross talk occurs when the sensing signal stays high and
both lines go low, in which case the differential voltage
at the amplifier is reduced by AC coupling. By adding
a grounded shield line cross talk can be greatly minim-
ized and faster operation speed is possible due to fast
sense amplifier enable signal timing at 150 mV
differential voltage. Speed improvement in RAM,
especially the 2 kW dual access RAM, is very impor-
tant to allow 100 MIPS operation, since RAM is the
critical path in conventional DSP rather than data
path in CPU core. To eliminate signal transition delay
by cross talk is important for chip level buses, clocks
and other key signal lines adding shield line effect,
considering signal transition phase and line to line
coupling ratio. These routing management could
minimize unexpected delay by cross talk effect in signal
transition, especially between memory and CPU core.
The addition of logic for low power and grounded
shield line for high speed resulted in 9% increase of the
module area but reduced power by 33% during the read
operation and 35% during the write operation.
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Fig. 6 RAM global bit line shield effect.
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5. High Speed Low Power Level Shifter Circuitry

New I/O circuitry to support dual voltage supply
operation was developed to interface with 3.3 V exter-
nal devices. The DSP can operate at less than 1.0 V
with minimum speed degradation due to the newly
developed high speed and low power level shifter
circuitry. New level shifter circuits include NAND/
AND, OR/NOR function to control the tri-state out-
put buffer. The conventional AND/NAND type and
new level shifter circuitry are shown in Fig. 7. The
conventional level shifter requires 10 transistors and
the new one requires 14 transistors. However, in the
conventional level shifter, the Nch devices used were 4
times bigger than the Pch devices since low voltage
input to Nch device I/-drive was reduced. The conven-
tional level shifter has a large short circuit current
during level shifting operation since the level shift
from low to high voltage needs to discharge the output
node which is fed back to the Pch driver devices to turn
them on and off. A larger Nch device was required for
faster level shift operation to minimize signal conflict
between High Voltage (HV) and GND through Pch
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Fig. 7 1/0 buffer with level shifter circuitry.
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Fig. 8 Comparison of level shifter circuit.
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driver and Nch discharge transistors. The new level
shifter circuitry reduced these short circuit currents and
improved the speed of level shifting. Pch devices are
added between Pch driver devices and Nch discharge
transistors. These additional Pch devices act as current
limiters since input voltage swing is small due to Low
Voltage (LV). For example, when HV is 3.3V for
external interface and 1.0 V for DSP core voltage, Pch
Vgs is 0 V-1.0 V and remarkably reduces Pch device
I-drive at 1.0V input. As a result, the Nch device
ratio was reduced from 5 to 2 getting two and half
times faster level shift operation speed. A comparison
table of the conventional and new buffer type level
shifter is shown in Fig. 8. This new circuitry is usable
for buffer type, OR/NOR type, and complex gate type
of circuit combinations. This new capability led to
remarkable power reduction as compared with conven-
tional DSPs. When HV is set to 3.3V and LV set to
2.0 V, the new DSP can operate at 40 MIPS and power
consumption is just 20% of conventional DSP at the
same testing condition. In other words, 80% of the
power consumption is reduced by this new dual volt-
age supply capability.

6. Conclusion

A 100 MIPS RAM based DSP has been developed with
remarkable power reduction and speed improvement
achieved by both process and design optimization.
Compared to conventional DSPs, a power reduction of
about 50% was observed under the same testing condi-
tions. The key feature of this device are summarized in
Table 1. The typical power-performance metric of the
new DSP was 0.7 mA/MHz as compared with 1.3 mA/
MHz for a conventional DSP. Additionally the new
DSP could be operated at twice the frequency without
major changes in power consumption. This typical
power-performance metric assumed a REP-MAC

Table 1 Comparison of conventional DSP vs New DSP.

Conventional DSP New DSP
Technology 0.6um CMOS 0.45um CMOS
Gate Oxide 8.5nm 7.5nm
|-drive (Pch) 175uA/um 250uA/um
I-drive (Nch) 400uA/um 520uA/um
|-off current 10pA/um 1nA/um
Metal Resistance 150mOhm/Square | 50mOhm/Square
Transistors 16M 42M
Package 100/128 TQFP 144 TQFP
Maximum Speed 50MHz 100MHz
Power-Performance 1.3mA/MHz 0.7mA/MHz
IDLE-1 0.25mA/MHz 0.12mAMHz
IDLE-2 0.05mA/MHz 0.03mA/MHz
IDLE-3 100nA 100uA
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Fig.9 Power comparison of conventional DSP and new DSP.
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instruction (50%) and EXECUTE-NOP instruction
(50%). The new DSP is capable of operating at HV=
33V, LV=20V and consumes only 20% the power
(at 40 MHz) of conventional DSPs as shown in Fig. 9.
In case of HV=LV=3.4V, 100 MHz and HV=LV=

Fig. 10 Chip micro graph of new DSP.
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1.0 V, 10 MHz operation is possible shown in Table 2.
The DSP has power down instructions which are
IDLE] to shut down the CPU, IDLE2 to shut down
the CPU and the on-chip peripherals (except PLL)
and IDLE3 to shut down the entire processor. Chip
photograph is shown in Fig. 10. The flexibility and
wide operating margin greatly increase the applica-
tions opportunity of this new DSP.
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